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A B S T R A C T

The massive integration of renewable energy sources and the development of advanced technologies to mitigate 
climate change are key factors in the energy transition towards a sustainable model. Increasing the contribution 
of renewables to the electricity market requires developing new energy storage systems. The novel CO2-based 
electrothermal energy and geological storage system could be a viable option for large-scale storage in renewable 
power generation plants in the near future. This system utilises transcritical CO2 cycles to convert electrical 
energy into thermal and mechanical energy, enabling integration with carbon capture and storage systems in 
geological formations, with an initial efficiency range of 52.8–61.5%. This dual approach enhances energy 
storage capabilities and contributes to reducing atmospheric CO2 levels, offering a sustainable solution to address 
both energy and environmental challenges. This study evaluates, for the first time, the subsurface potential as a 
thermohydraulic buffer that ensures long-term operational stability and pressure management. Through long- 
term temporal simulations, a numerical model featuring coupled thermohydraulic simulations has been devel
oped to incorporate subsurface heat transfer processes, considering a salt cavern scenario. Different scenarios are 
analysed depending on the characteristics of the production/injection processes, well depth, cavern size, or 
storage time. The research identifies a critical transition from an initial transient phase to a dynamic steady state. 
The results demonstrate that while operational fluid streams almost entirely govern the system’s short-term 
energetic response, geothermal interaction could be critical for long-term stabilisation. The energy gain dur
ing injection directly influences the required CO2 conditions at the wellhead. Wellhead pressure and temperature 
must be adjusted according to the desired conditions at the bottomhole. Maintaining high-pressure conditions in 
the salt cavern is essential to ensure proper coupling with the surface cycles and to operate with high electricity- 
to-electricity conversion efficiencies, reaching the range of 50.3–65.6% when the pressure approaches the upper 
limit. Active management of mass flow rates and pressures, along with advanced thermal control strategies, will 
be essential to improve system efficiency and flexibility.

1. Introduction

In recent decades, the transition toward a more sustainable energy 
model has driven an unprecedented expansion of renewable energy 
sources, such as solar photovoltaic (PV) and wind power [1]. However, 
the growing penetration of these technologies has highlighted one of 

their main limitations: their intermittent nature and dependence on 
weather conditions. This variability introduces significant challenges to 
the stability and reliability of electricity grids, making it difficult to 
balance energy supply and demand consistently [2]. Given this scenario, 
the need to develop efficient, flexible, and scalable energy storage sys
tems has become a priority to guarantee the security of the electricity 
supply and facilitate the massive integration of renewables into the 
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global energy mix [3] and decarbonisation of energy-using sectors, 
essential for tackling climate change [4]. Currently, the main large-scale 
electricity storage technologies include reversible pumped hydro and 
compressed air storage [5]. While they have demonstrated operational 
effectiveness, these solutions face significant limitations related to 
geographic availability, high infrastructure costs, and environmental 
restrictions [6]. The global transition toward a decarbonized energy grid 
necessitates the deployment of Long-Duration Energy Storage (LDES) to 
manage the inherent intermittency of renewable sources. In response to 
these challenges, thermal energy storage (TES) systems are emerging as 
a robust and versatile alternative, allowing the storage of surplus elec
trical energy in the form of thermal energy, or heat, which can be 
retained for long periods and subsequently used for power generation or 
industrial thermal processes [7]. Their high storage capacity, low rela
tive cost, and compatibility with diverse energy sources position TES as 
a strategic option in the development of more flexible and sustainable 
energy grids [8].

Among emerging thermal–mechanical candidates, Carnot Batteries, 
also known as Pumped Thermal Energy Storage (PTES), have gained 
significant attention due to their high energy density and lack of 
geographical constraints [9]. This concept is based on converting sur
plus electricity into heat using heat pumps, storing that heat in high- 
thermal-capacity materials, and subsequently converting it back into 
electricity using heat engines, such as steam turbines or Brayton cycles 
[10]. Its name refers to the Carnot cycle, as its overall efficiency is 
strongly influenced by the temperature difference between the cycle's 
sources or thermal storage [9]. It is still in the development and pilot 
implementation phase, but it offers key advantages, such as the use of 
mature technologies, low storage material costs, a long service life, and 
potential for integration with existing thermal infrastructure [11]. 
Carnot battery systems have been studied by many researchers, 
addressing various aspects of the cycle. The review on Carnot batteries 
of Vecchi et al. [12] shows the differences in the techno-economics of 
various Carnot Battery technologies, the wide range of some perfor
mance metrics and a certain discrepancy between the systems addressed 
by the scientific community and the projects under development. The 
relevant technical aspects of the thermal storage were studied in [13]. 
The state-of-the-art of the thermal storage system is presented and 
classified. It was found that solid and sensible TES units can be repre
sented as an efficient component of a Carnot Battery in the high 

temperature range. A more general analysis of TES technologies for 
achieving carbon neutrality was done by Zhao et al. [14], investigating 
both TES and Carnot batteries. The advantages and challenges of 
different heat storage technologies and of Carnot batteries for carbon- 
neutrality processes were analysed. Furthermore, several authors 
address the optimisation of Carnot batteries to enhance round-trip ef
ficiency or reduce system cost. Hence, the influence of standard engi
neering parameters such as heat source conditions and module 
efficiency on the overall performance of the system was studied in [15]. 
The results show that changes in compressor efficiency have little effect 
on energy storage cost (<5%) compared with changes in turbine effi
ciency. A multi-objective algorithm is used to identify the optimal design 
parameters, yielding an optimal solution with an efficiency of 48.95% 
and a levelized cost of storage (LCOS) of 0.319 $⋅kWh− 1. Wang et al. 
analysed the heat transfer fluid and several other parameters of a Carnot 
battery. [16]. A multi-criteria decision-making method was employed to 
determine the optimal system configurations and working fluids for 
different decision criteria. When economic considerations dominate, a 
system with helium as the working fluid is preferred. Three cities in 
China were studied as potential application sites for investigating the 
feasibility of a Carnot battery, considering low-grade industrial waste 
heat recovery [17]. A vapour injection technology was applied to the 
heat pump module, and a dual-pressure evaporation technology to the 
Organic Rankine Cycle (ORC) module. Compared with the conventional 
Carnot battery, the LCOS can be reduced by 26.7%. There are several 
studies on the modelling and numerical optimisation of Carnot batteries. 
However, only a few studies considered the geothermal part of the cycle 
in detail.

Systems utilising carbon dioxide (CO2) or supercritical CO2 (sCO2) as 
the working fluid offer distinct thermodynamic advantages. CO2 is a 
non-toxic, chemically stable, and significantly less expensive alternative 
to other heat transfer fluids [18]. Early conceptual work by McTigue 
et al. [19] established the superior power density of sCO2 cycles, 
demonstrating that thermal integration with solar heat could drive 
round-trip efficiencies (RTE) toward 78%. As the technology moved 
toward commercial viability, Novotny V. et al. [20] provided a critical 
bridge between academic theory and industry, identifying CO2 batteries 
as a “site-independent” and long-lived alternative to traditional pumped 
hydro. This was followed by a comprehensive system mapping by 
Shamsi et al. [21], who identified the near-ambient critical point of CO2 
(31.1 ◦C) as the key factor enabling compact, high-efficiency tran
scritical cycles. Recent research has shifted from steady-state feasibility 
to operational complexity; Tang et al. [22] explored the synergy be
tween sCO2 and industrial waste heat, while Girelli S. et al. [23]
addressed economic barriers through “shared component” designs to 
reduce capital expenditures. Liang et al. [24] performed a thermo- 
economic assessment of a novel transcritical CO2 Carnot battery inte
grating partial condensation, recompression, and waste heat recovery. 
Comparative results indicated that using CO2/R32 zeotropic mixtures 
improves RTE by up to 12% over traditional sCO2 recompression cycles. 
Economic modelling further estimated a payback period of 11.9 to 13.1 
years, contingent upon regional factors, storage capacity, and waste heat 
availability. Finally, Chang et al. [25] evaluated a 6.8 MW high- 
temperature CO2 heat pump Carnot battery designed for multi-energy 
cogeneration using thermal oil and water storage. Through dynamic 
modelling, the authors demonstrated that optimising compressor suc
tion temperature and discharge pressure (to 400.15 K and 27.29 MPa, 
respectively) yielded a RTE of 50% while successfully providing simul
taneous power, heat, and cooling. Although the study identified per
formance degradation in single-tank configurations due to thermal 
mixing during transient operation, it proved that transcritical CO2 sys
tems can maintain high performance under the fluctuating loads of 
modern decentralized grids. Transcritical CO2 (tCO2) cycles offer rapid 
response, high power density, and the ability to operate at relatively low 
temperatures compared to other conventional thermal cycles [26]. This 
configuration leverages the thermodynamic properties of CO2 near its 

Nomenclature

CCS Carbon Capture and Storage
CEEGS CO2-based Electrothermal Energy and Geological 

Storage
CO2 Carbon dioxide
HE Heat Engine
HP Heat Pump
HT High temperature
hx Heat exchanger
LCOS Levelised cost of storage
LDES Long-Duration Energy Storage
LT Low temperature
ORC Organic Rankine Cycle
PCHE Printed circuit heat exchangers
PTES Pumped Thermal Energy Storage
PV Photovoltaic
RTE Round-trip Efficiency
sCO2 Supercritical CO2
tCO2 Transcritical CO2
TES Thermal Energy Storage
TRL Technology Readiness Level
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critical point, where it exhibits high energy density and excellent heat- 
transfer capacity [27]. The coupling of the heat storage and the heat 
pump or power cycle is a crucial design aspect. Guccione et al. [28]
explored these couplings between the TES and a broad spectrum of 
power block configurations. A preliminary experimental investigation 
[29] addresses the design of a tCO2 cycle for energy storage cycle, where 
the technical requirements and challenges for designing and operating a 
CO2-based TES, as well as first experimental results, were presented. 
Collectively, these advancements position CO2-based Carnot batteries as 
a cornerstone for future industrial decarbonization and multi-energy 
integration.

A recent evolution of the Carnot battery concept with transcritical 
CO2 cycles has been the inclusion of geological CO2 storage [30]. This 
concept combines thermal storage, energy conversion, and geological 
processes of CO2 injection and production [31]. In this approach, CO2 
not only acts as the working fluid in the thermoelectric cycle but is also 
temporarily or permanently stored in underground geological forma
tions [32]. The high-pressure and relatively low-temperature charac
teristics of transcritical cycles are well-suited to the integration of 
geological storage processes [33], allowing the desired conditions to be 
achieved without additional energy input [34]. This allows the system to 
have additional benefits, such as natural exploitation of the geothermal 
gradient or CO2 fixation mechanisms [35]. This integration offers a 
seasonal storage solution with high energy density, leveraging carbon 
capture and storage (CCS) and the added value of utilising passive 
geothermal resources. The technology is currently under development, 
linked to the European Horizon Programme project “ CO2-based Elec
trothermal Energy and Geological Storage” (CEEGS) [36], which aims to 
provide scientific proof of the feasibility of the concept [37], addressing 
gaps in the interface between the surface transcritical cycle and under
ground CO2 storage, and testing it at laboratory scale [38], raising the 
training readiness level to 4 (TRL-4). The system represents a conver
gence of thermal engineering, renewables, and geosciences, opening 
new avenues toward flexible, large-scale, and deeply coupled energy 
storage with the subsurface.

Despite the rapid progression in CO2 Carnot battery research, several 
critical gaps remain. First, most current literature relies on “design- 
point” efficiencies, leaving a void in data regarding off-design perfor
mance and component behaviour during part-load operation. Second, 
existing studies often utilise simplified models for thermal storage; there 
is a distinct lack of research on the interactions between sCO2 and 
complex geothermal reservoirs. Finally, the impact of high-pressure CO2 
on the large-scale installations has yet to be rigorously compared to 
competing technologies. This paper addresses a novel framework that 
utilizes pressurized CO2 subsurface storage for long-duration capacity 
and thermal enhancement, providing a comprehensive system-level 
interpretation of long-term operational dynamics. While previous 
foundational research demonstrated the isolated optimisation of surface 
transcritical cycles [37] and preliminary steady-state wellhead cou
plings [34], the subsurface asset was treated as a static boundary con
dition. Conversely, this study addresses the critical gap of dynamic, fully 
coupled thermohydraulic evolution over extended operating horizons, 
where the surface plant and the underground reservoir actively interact. 
Using simulations of up to six months, this study identifies a transition 
period of 800 to 1,000 h required to reach a stable dynamic state, which 
is highly dependent on specific injection and production conditions. In 
addition, this work introduces practical operational criteria to guide the 
sizing of wells based on cavern size, while ensuring that the state of CO2 
stored underground is optimally coupled with the surface cycle for high- 
efficiency operation. Finally, the role of geothermal interaction is 
quantified and reframed as a key factor for thermal stabilisation and 
long-term safety, rather than as a primary energy source. This work 
extends previous studies by explicitly resolving the long-term thermo
hydraulic evolution of the integrated system over thousands of hours, 
providing new insights into the transition toward dynamic steady 
operation and the role of subsurface constraints on cycle feasibility. 

These contributions go beyond conceptual assessment to provide a 
robust framework for designing and deploying integrated energy storage 
systems.

2. Methods

This section describes the integrated numerical approach used to 
simulate the energy and geological storage system. It encompasses the 
configuration of the transcritical CO2 cycles, the governing mathemat
ical equations for (i) surface transcritical CO2 cycles, (ii) geological in
jection and production processes, and (iii) the salt cavity, and the 
Python-based model validation.

2.1. CO2-based electrothermal energy and geological storage system 
overview

The schematic of the energy and geological storage system analysed 
in this work is shown in Fig. 1. The electrothermal energy storage system 
is designed as a Carnot battery or reversible heat pump, which employs 
tCO2 cycles and thermal storage as sensible heat on the high- 
temperature side (HT-TES) and as latent heat on the low-temperature 
side (LT-TES). The charging phase (conversion of electrical energy 
from renewable sources into thermal energy) involves compressing 
gaseous CO2 to supercritical conditions, heat transfer in HT-hx, and 
supercritical cooling to dense-liquid conditions (below the critical 
temperature), followed by expansion and evaporation in LT-hx. The 
discharge phase (conversion of stored thermal energy into electricity) 
involves pumping liquid CO2 above the critical pressure, heat transfer in 
HT-hx and heating under supercritical conditions, expansion in the 
power turbine to subcritical conditions, heat transfer in LT-hx and 
condensation of the CO2.

On the surface, tCO2 cycles can be connected to a PV plant as a 
renewable energy source, to the electrical grid, and to HT- and LT-TES. 
Underground CO2 storage in one or more salt cavities, through one or 
more wells. The tCO2 cycle of the charging phase can use a recuperative 
configuration by transferring heat between the expander inlet and the 
compressor inlet. The tCO2 cycle for the discharge phase employs a 
simple configuration. Both cycles are connected to the HT- and LT-TES 
via heat exchangers. System balancing is achieved by additional heat 
input in LT-TES using a simple compression refrigeration cycle (Ref 
cycle). The CO2 produced in the salt cavity is incorporated during the 
charging phase (4p in Fig. 1) after expansion and during the discharging 
phase (6p in Fig. 1) after pumping. CO2 injection occurs after heat re
covery during the charging phase (3* in Fig. 1) and before pumping 
during the discharging phase (5 in Fig. 1). The coupling between the 
transcritical CO2 cycle and the wellhead requires a conditioning process 
[34], which involves expansion/compression, depending on the 
conditions.

The thermal and power components required in the proposed system 
are proven technologies, with a high degree of technological maturity, 
supported by their use in other industrial sectors [39]. Sensible heat 
exchangers can be designed in compact brazed-plate or microchannel 
configurations [40], widely used in supercritical Brayton cycles and 
ORC systems [41]. These printed circuit heat exchangers (PCHE) are 
very compact and cost-effective [42]. Here, channels are etched into 
steel plates stacked above one another and connected via diffusion 
bonding. The thermal–hydraulic characteristics and design optimisa
tions of the PCHE have been studied in recent years, and more complex 
flow-channel structures have been applied to enhance heat-transfer 
performance [43]. The development of more generalised empirical 
correlations covering wide ranges of channel structures and flow con
ditions is an ongoing research activity, as flow behaviour for conden
sation or boiling heat transfer [44]. CO2 evaporators and condensers 
operate under subcritical conditions, similar to those in commercial CO2 
refrigeration systems [41]. Conventional heat transfer equipment, using 
pipes for heat transfer, is a well-developed technology. The 
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corresponding heat transfer and pressure drop correlations have been 
intensively developed in recent years for the relevant pressure and 
temperature ranges, and new correlations achieve a relative deviation of 
less than ± 20% [45]. Regarding power equipment, CO2 compressors 
designed to operate at supercritical pressures (100–200 bar) are already 
used in applications such as CO2 transport under supercritical conditions 
[46], industrial waste-heat valorisation [47] or power production [48]. 
Both centrifugal and reciprocating compressors can be used, with 
intercycle cooling and pulsation control [49]. Subcooled CO2 pumps 
(dense liquid) are technically equivalent to those used in liquid CO2 
liquefaction and transport processes [50] and are characterised by their 
high volumetric efficiency and low specific consumption [51]. Liquid 
CO2 expanders that recover useful work from pressure drops are being 
integrated into energy-recovery pilot plants in liquefied CO2 distribution 
networks. Finally, turbines operating with supercritical CO2 are part of 
the technological core of high-efficiency Brayton cycles, in both axial 
[52] and radial [53] designs. These turbines stand out for their 
compactness, high energy density, and reasonable dynamic control [54].

Thermal storage requires a good integration of the temperature 
profiles of CO2 and the storage fluid. By using lightly pressurised water 
as the fluid in HT-TES, the system can benefit from its properties and the 
potential to reach temperatures above 100 ◦C. The tanks are typically 
made of carbon steel, thermally insulated, and designed as pressure 
vessels. It is a mature technology, used in district heating networks and 
industrial plants, with high efficiency (heat losses < 1% per day) and 
low LCOS [55]. In the case of LT-TES, ice slurry storage exploits both the 
fluid's sensible heat and the ice's latent heat of fusion. With an operating 
temperature of − 2 to 0 ◦C, the mixture of water and a eutectic solution 
(usually water-glycol) forms a suspension of ice microcrystals, which 
can be pumped and stored in insulated tanks [56]. The ice content can be 
20–30% by mass, with an energy density of ~ 250 kWh/m3 (latent heat 
~ 334 kJ/kg) [57]. Thermal losses can be around 1–3% per day with 
well-insulated tanks [58]. It has excellent thermal homogeneity and pipe 
transport capacity. This type of system is primarily used for refrigeration 

and air conditioning, though it is gaining interest in industrial applica
tions due to its high thermal-discharge efficiency.

CO2 storage in underground saline cavities has emerged as a prom
ising solution for large-scale energy storage applications [59]. These 
cavities offer a sealed environment due to the impervious behaviour of 
salt rock and high geomechanical integrity [60], making them ideal 
candidates for containing pressurised fluids [61]. These cavities can 
operate at high pressures, usually close to lithostatic, and their high 
thermal conductivity allows for efficient recovery of stored thermal and 
mechanical energy [62]. However, temperature variations during gas 
injection and withdrawal cycles can influence the thermohydraulic 
behaviour of the surrounding salt formation. Previous studies have 
shown that temperature fluctuations associated with gas compression 
and expansion may generate thermal stresses, stress concentrations at 
the cavern walls, and long-term creep or thermo-mechanical fatigue 
effects in rock salt [63–65]. While these processes may affect cavern 
integrity during cyclic operation, they are not explicitly considered in 
the present study, as the objective is to analyse the thermodynamic 
performance and overall energy efficiency of the integrated surface and 
subsurface storage system. Salt cavities used for energy storage are often 
limited to depths of 2000–2500 m, where temperatures can be too high, 
the plasticity of the salt increases, and the cavity tends to close under its 
own weight. These advances suggest high scalability and cost- 
effectiveness potential for this type of energy storage, especially by 
reusing existing saline cavities and leveraging the availability of deep 
reservoirs in various regions worldwide.

The operation of the integrated electrothermal-geological storage 
system comprises different operating stages depending on the level of 
CO2 stored in the salt formation: filling stage, cyclical stage, and shut-in 
stage. The filling stage is characterised by continuous CO2 injection into 
the cavern, increasing the pressure in the salt cavity. It is aimed at 
establishing a cushion gas volume sufficient to maintain minimum 
pressure and ensure geomechanical stability of the cavity. This stage 
requires an external CO2 source, such as a capture plant. The captured 

Fig. 1. Overview of the CO2-based electrothermal energy and geological storage system. a) Simplified diagram of the system, differentiating between surface 
equipment (tCO2 cycles and HT-, LT-TES) and underground CO2 storage (‘wh’ refers to wellhead and ‘bh’ refers to bottomhole). b) Detailed diagram of the integration 
between the tCO2 cycles of the Carnot battery and CO2 storage in an underground saline cavity: charging phase (1-1r-1*-2–3-3*-4-4p) consisting of a recuperator 
(Rec-hx), expander (Exp), compressor (Comp) and heat exchangers (hx), connecting with the discharging phase (5–6-6p-7–8) which uses a pump and tur
bine (Turbine).
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CO2 would arrive at the energy storage plant via pipeline or storage 
tanks, then pass through the transcritical TES cycle and be injected into 
the salt cavity. When the pressure in the cavern exceeds a minimum 
threshold (commonly based on lithostatic pressure) above the pressure 
induced by the cushion gas, the system can enter a cyclical operating 
stage. The CO2 produced from the geological formation passes through 
the transcritical TES cycle and is finally injected back into the cavity. 
This process can be carried out in the same cycle, when two salt cavities 
are available, or in separate cycles using an auxiliary tank on the surface. 
It does not require an external CO2 source. The system benefits from 
thermohydraulic storage and geothermal heat extraction, depending on 
the system characteristics (flow rates) and cavity size, as well as the 
operating mode (runtime). Finally, the system requires downtime during 
which it uses only closed-loop tCO2 cycles, excluding CO2 injection or 
production processes into the geological reservoir. These downtimes can 
range from hours to months. They can be motivated by various reasons, 
including maintenance issues or operational strategies to maintain 
thermal equilibrium between the injected CO2 and the higher- 
temperature salt rock, thereby increasing the temperature of the 
stored CO2 to enable greater heat extraction.

2.2. Mathematical modelling

A comprehensive model has been developed that encompasses three 
main components: (i) the charge and discharge phases of the surface 
transcritical CO2 cycle, responsible for electric-to-electric energy con
version; (ii) the geological injection and production processes, which 
simulate the behaviour of CO2 inside the well; and (iii) the salt cavity, 
which acts as geological scenario for overpressurised CO2 storage. The 
approach adopted combines thermodynamic analysis, heat transfer, and 
simplified thermohydraulic simulations, enabling evaluation of the ef
fects of parameters such as cavern depth, cavity volume, thermal cycle 
duration, and geological environment temperature. Each of these sub
systems has been modelled in a coupled manner, accounting for realistic 
operating conditions and the detailed physical properties of CO2. A 
numerical model has been developed in the Python language (version 
Python 3.12.7) and the open source CoolProp [66] library for the 
calculation of substance properties. These models have been used to 
evaluate the system's behaviour through numerical simulation.

2.2.1. Surface transcritical CO2 cycles
The surface energy conversion system is based on two transcritical 

CO2 cycles: one dedicated to the charging phase, in which electrical 
energy is converted into thermal energy and stored in the form of sen
sible (HT-side) and latent (LT-side) heat; and another corresponding to 
the discharge phase, where the stored thermal energy is reconverted into 
electricity through turbine expansion. A reference CO2 mass flow rate of 
30 kg/s is adopted; the water and ice mass flow rates required in the heat 
transfer systems, and the power of the main equipment are calculated 
from an energy balance, based on Eqs. (1)–(2). 

Q̇hx = ṁhot •
(

hhot
in − hhot

out

)
= − ṁcold •

(
hcold

in − hcold
out

)
(1) 

Ẇ = ṁ • (hin − hout) = ṁ • Δh (2) 

Where, Q̇hx and Ẇ represent heat transfer rate in heat exchangers (kWth) 
and mechanical power in compressors, pumps and turbines (kW), ṁ is 
the mass flow rate (kg/s) and the subscripts 'in' and 'out' are the inlet and 
outlet conditions that define the specific enthalpy change (kJ/kg). The 
power equipment is modelled using an isentropic efficiency-based 
approach, using characteristic efficiencies reported in the literature for 
equivalent technologies under similar conditions [67]. The high- 
temperature side heat exchanges simulate the thermal coupling be
tween supercritical CO2 and pressurised liquid water. To accurately 
represent heat transfer, the nonlinear temperature profile of CO2 during 

transcritical heating/cooling is considered, compared to the linear 
profile of water. The heat-exchange surface and thermal power are 
optimised by ensuring a minimum design temperature difference, which 
serves as a second-law constraint to avoid excessive irreversibilities. 
Heat transfer is performed in four stages to improve the integration of 
temperature profiles. Thermal exchanges on the low-temperature side, 
corresponding to the evaporation and condensation of CO2, are coupled 
with the freezing and melting of water (0 ◦C), constituting the latent 
heat transfer stage. For these stages, a constant CO2 evaporation tem
perature near –4 ◦C and a condensation temperature of 4 ◦C are 
assumed, with a minimum temperature difference of at least 4 ◦C to 
avoid thermal penalties. The CO2 pressure on the LT side depends on the 
CO2 phase-change temperature (evaporation during charging and 
condensation during discharging), according to the LT-TES phase- 
change temperature. The main assumptions in modelling the tCO2 cycles 
are listed in Table 1.

To quantify electric-to-electric conversion efficiency, Eqs. (3)–(4) are 
defined, differentiating between the HT and LT sides. The indicators 
quantify the conversion of electrical energy from the perspective of the 
two TES temperature levels. The indicator is based on the ratio of the 
electrical energy generated during the discharging phase (heat engine 
mode operation − HE) to the electrical energy consumed during the 
charging phase (heat pump mode operation − HP). Considering that all 
the energy stored during the charging phase is used in the power pro

duction of the discharging phase [∅HT,LT− TES
HP = ∅

HT,LT− TES
HE ], at each 

temperature level, the efficiency indicators depend only on the shape of 
the CO2 transcritical charge–discharge cycles. Detailed mathematical 
development in references [34,37]. 

Eff ele
LT =

(ẆT
HE + ẆP

HE) • Q̇LT− TES
HP

(ẆC
HP + ẆExp

HP ) • Q̇LT− TES
HE

(3) 

Effele
HT =

(ẆT
HE + ẆP

HE) • Q̇HT− TES
HP

(ẆC
HP + ẆExp

HP ) • Q̇
HT− TES
HE

(4) 

Where Q̇XX− TES
HP and Q̇XX− TES

HE refer to the thermal power (kWth) in the HT- 

hx or LT-hx for each phase, charging and discharging. ẆX
HP,HE is the 

power (kW) developed by the compression and expansion equipment, 
compressor (C), pump (P), expander (Exp) and gas turbine (T) in 
charging (HP) or discharging (HE) phases. This difference in efficiency 
across the overall conversion process establishes a range that depends on 
the thermal energy stored at each temperature level.

2.2.2. Injection and production processes
The developed well model allows simulation of CO2 injection and 

production processes between the surface and an underground cavity, 

Table 1 
Main starting assumptions in the modelling of the surface tCO2 cycles.

Parameter Equipment Value Unit Reference

Efficiency CO2 compressor 0.89 − [26,37]
​ CO2 turbine 0.91 − [26,37]
​ CO2 pump 0.86 − [26,37]
​ CO2 expander 0.88 − [26,37]
Minimum temperature 

difference
HT-hx 4 ◦C [30,37]

​ LT-hx 4 ◦C [30,37]
Phase change temperature LT-TES 0 ◦C [26,37]
Number of stages HT-TES 4 − [37]
Charging cycle CO2 HT- 

Pressure
200 bar [30,37]

Discharging cycle CO2 HT- 
Pressure

200 bar [30,37]

CO2 flow rate Cycle 30 kg/ 
s

[37]

Recuperative configuration Rec-hx 100 % [37,68]
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accounting for thermal conduction into the geological environment. A 
one-dimensional, steady flow is assumed, with no accumulation of mass 
or energy along the well axis, as shown in Fig. 2.

The wellbore is represented as a vertical column, divided into ‘n’ 
segments of equal length (Δz). At each node ‘i’, the thermodynamic 
properties of CO2 (pressure, temperature, density and enthalpy) are 
calculated using an equilibrium model for wellbore flow [69] and heat 
transfer [70] that takes into account depth, heat transfer with the sur
rounding geological formation, pressure losses and geothermal gradient, 
as shown in Eqs. (5)–(10). 

Δhi = g • Δz +
ΔTi

Rtotal,i • ṁ
(5) 

ΔPi = g • ρi • Δz + ΔPloss,i (6) 

Rtotal = Rfluid
conv,i +Rtub

cond +Rins
cond +Rcas

cond +Rcim
cond +Rgr

cond +Rfill
conv,i (7) 

Rcond =
ln(ro/ri)

k • 2πΔz
(8) 

Rconv =
1

A • hf i
(9) 

ΔPloss,i = fD
L
D

•
ρi • v2

2
(10) 

Where Δh and ΔP represent the incremental increases in specific 
enthalpy (J/kg) and pressure (Pa), respectively, as a function of depth 
segment (Δz, m), and g is the acceleration due to gravity (m/s2). The 
update of the thermodynamic state depends on the heat exchange area 
of each segment (A, m2) and the mass flow of CO2 (ṁ, kg/s), the wellbore 
radius (rwell, m) and a network of conductive (Rcond, K/W) and convective 
(Rconv, K/W) thermal resistances. Conductive resistance of the ground 
(Rgr

cond, K/W) depends on the thermal depth, a transient function of the 
geological formation thermal properties and the operation time. Pres
sure losses (ΔPloss,i, Pa) are estimated from the Darcy–Weisbach equa
tion, where (fD) is the dimensionless Darcy friction factor, L is the length 

of each segment (m), D is the tube diameter (m), ρi and v are the density 
(kg/m3) and velocity (m/s) of the fluid, and hf i is the convective heat 
transfer coefficient (W/m2K).

2.2.3. Salt cavity
A thermohydraulic model has been developed to analyse the 

behaviour of CO2 and the response of the surrounding wall of the saline 
cavity, considering the thermal effects induced by CO2 injection and 
production. Although salt cavities are usually elongated in depth, for 
modelling purposes, the salt cavity is considered as a fixed-volume 
sphere that stores CO2 under high-pressure conditions. See Fig. 3.

The purpose of this sub-model is to determine the thermodynamic 
state of the stored CO2 over time, accounting for mass inflow and 
outflow, as well as heat exchange with the surrounding geological for
mation. The cavern is modelled as a rigid control volume (V = cte), in 
which the properties are uniform throughout the volume. Changes in 
kinetic and potential energy are considered negligible. The thermody
namic properties of CO2 are evaluated using equations of state from the 
CoolProp library in Python. Although heat penetration in the 

Fig. 2. Well modelling scheme: steel tubing characterised by a thermal conductivity of 45 W/m⋅K, an internal surface roughness of 50 µm, and a wall thickness equal 
to one-tenth of the tube's inner radius. Surrounding the tubing, thermal insulation is applied with a conductivity of 0.8 W/m⋅K and a thickness of 4 mm. The steel 
casing enclosing the well has a thickness of 10 mm. The cement layer between the casing and the geological formation is modelled with a thermal conductivity of 0.5 
W/m⋅K and a thickness corresponding to one-sixth of the tube’s outer diameter. The surrounding rock formation is characterised by a thermal conductivity of 1.73 
W/m⋅K, a density of 2600 kg/m3, and a specific heat capacity of 902.7 J/kg⋅K.

Fig. 3. Salt cavity modelling. The surrounding salt rock formation is charac
terized by a thermal conductivity of 5.6 W/m⋅K, a density of 2100 kg/m3, and a 
specific heat capacity of 1120 J/kg⋅K. Heat transfer between the stored fluid 
and the surrounding rock salt is modelled as transient radial conduction from 
an infinite medium at geothermal temperature.
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surrounding salt rock is inherently transient, for the time scales 
considered, the thermal penetration depth is comparable to the cavern 
radius, and the rock mass can be modelled as an infinite medium at 
geothermal temperature. The energy balance depends on heat transfer 
with the surrounding geological formation, and injection and produc
tion are limited by time slots and pressure limits that vary with the depth 
of the cavern, as described in Eqs. (11)–(15). 

dU
dt

= ṁinhin − ṁouthout + Q̇geo (11) 

dm
dt

= ṁin − ṁout (12) 

Q̇geo = ΔT/Rreservoir (13) 

Rreservoir =
1

4π • r • k
(14) 

ut = Ut/Mtotal,t (15) 

Where dU represents the total internal energy increment (J) within the 
numerical time step dt (s), ṁin and ṁout the CO2 mass flow rate (kg/s) 
during the injection (under bottomhole conditions − hin, specific 
enthalpy in J/kg) and production (under the conditions of CO2 stored in 
the salt cavity − hout , specific enthalpy in J/kg) processes, and Q̇geo 

represents the geothermal heat transfer rate from the rock formation 
walls (Wth). For a spherical cavern embedded in an infinite medium, the 
thermal resistance of the reservoir (Rreservoir, K/W) is inversely propor
tional to the cavern radius (r, m) and the rock thermal conductivity k 
(W/mK). Since the volume (m3) is constant, the density (kg/m3) evolves 
as ρ = m/V. The thermodynamic state of CO2 is obtained by solving P=P 
(u,ρ), and T = T(u,ρ), using a real-gas equation of state, where ‘u’ is the 
specific internal energy (J/kg), U is the total internal energy (J) and 
Mtotal is the total mass (kg) of CO2 stored in the cavern.

The governing equations are solved using an explicit Euler time 
integration scheme. The developed framework is flexible, allowing the 
implementation of any user-defined time step (Δt) depending on the 
computational criteria. To optimise computational efficiency while 
ensuring numerical accuracy across the different evaluation horizons of 
this study, the mathematical integration for long-term multi-cycle sim
ulations (1-week to more than 6-month horizons) utilises a time step of 
Δt = 1 h. This 1-hour discretization is mathematically adequate for long- 
term multi-cycle horizons without sacrificing the accuracy required for 
short-term daily analysis. Since the plant scheduling could involve 
operational periods of 6–12 h or less, a 1-hour step provides sufficient 
resolution to capture the transient slopes, pressure peaks, and thermal 
responses of each operating phase without non-physical attenuation. 
This approach allows the model to accurately evaluate the cumulative 
impact of short-cycle operations over extended horizons while main
taining computational feasibility. These settings were verified through 
preliminary numerical sensitivity analyses (Δt = 15 min), which 
confirmed that decreasing the time step further yields overlapping and 
consistent thermodynamic trajectories, whereas utilising excessively 
large integration intervals triggers numerical oscillations and conver
gence issues due to the strong non-linearities of real-gas properties. The 
selected settings guarantee strict mass and energy conservation while 
ensuring computational feasibility over the extended operational 
horizon.

Table 2 shows the main assumptions made in the modelling of the 
salt cavity. The pressure limits will define the duration of the filling 
stage until the cavity reaches the reference pressure, and the charac
teristics of the injection and production cycles during the cyclic opera
tion stage.

2.3. Validation of the model and limitations

The developed modelling framework combines validated approaches 
for each subsystem (surface cycles, wellbore flow, and subsurface stor
age) into an integrated system-level simulation. Given the lack of 
experimental data for the fully coupled concept, the validation strategy 
is based on component-wise benchmarking against well-established 
literature.

The surface thermal energy storage model is implemented in Python 
using the CoolProp library [66] and follows a methodology consistent 
with previous studies by the authors in the first integration of tran
scritical CO2 cycles and salt cavities. [34] and in an in-depth study of all 
aspects of surface equipment, including recuperative configurations 
[37] and foundational works in transcritical CO2 cycles of Morandin 
et al. [67] and Merchangoz et al. [26]. Using identical design parameters 
(isentropic efficiencies, pressure levels, and temperature pinch con
straints), the model reproduces electric-to-electric efficiencies within a 
deviation below 1–2% compared to published results. This level of 
agreement provides confidence that the thermodynamic implementa
tion correctly captures mass and energy balances and cycle perfor
mance. The thermal integration between CO2 and the storage media (ice 
and hot water) is physically consistent, with minimum temperature 
differences (pinch points) maintained and no temperature crossings 
occurring. The obtained electric-to-electric efficiency range is highly 
consistent with similar tCO2-based electrothermal systems.

The wellbore modelling framework has been previously applied and 
validated in the first study, considering salt cavities as a geological 
scenario in the CO2-based thermal energy storage system using tCO2 
cycles [34]. Wellbore flow modelling is governed by the conservation 
equations formulated by Adams et al. [69], with 1% well discretisation 
uncertainty used, and similar values of 2.5 km, 0.27 m diameter well 
with a CO2 mass flow rate of 170 kg/s, and velocity under 7.3 m/s, 
which is a kinetic energy change of 0.05% of the total energy change. 
Heat exchange with the surrounding geological formation follows the 
methodology proposed in Li et al. [70], accountings for the specific 
thermal properties of the completion materials—including steel casing, 
cement, and insulation—and the site-specific geological formation, 
following a methodology equivalent to that of the CO2 injection/pro
duction reference studies [34]. The resulting pressure gradients, domi
nated by the hydrostatic column, are consistent with reported values in 
CO2 injection studies and industrial-scale systems. Under comparable 
conditions, the model reproduces the expected pressure increase of 
approximately 12 MPa per 1000 m depth, while friction losses remain 
secondary.

The salt cavern is modelled using a lumped-parameter thermody
namic approach with transient radial heat transfer to the surrounding 
rock. This formulation is consistent with widely used models in CAES 
and CO2 storage studies. The simulated pressure limits (30–80% of 
lithostatic pressure) and thermal behaviour are aligned with established 
geotechnical and thermodynamic guidelines for salt caverns. Despite 
this consistency, the model incorporates several simplifying assump
tions that must be considered when interpreting the results. The cavern 
is represented as a rigid spherical volume with uniform thermodynamic 
properties, and the wellbore is modelled as a 1D system. These as
sumptions neglect localised spatial gradients and short-term transients, 

Table 2 
Main starting assumptions in the modelling of the system.

Reference Equipment Value Unit

Lithostatic pressure limits Lower limit (30%) 100 bar
[71,72] Reference (50%) 165 bar
​ Upper limit (80%) 265 bar
Terrain Geothermal gradient 30 ◦C/km
​ Surface temperature 15 ◦C
Cavern Size 100–10000 m3

​ Depth 1500 m
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particularly near the wellbore interface. The salt cavity model is based 
on a thermohydraulic approach that accounts for mass and energy bal
ances within a fixed-volume sphere. The transient heat exchange be
tween the stored CO2 and the surrounding rock salt is modelled as radial 
conduction into an infinite medium at geothermal temperature. This 
formulation considers the specific thermal properties of the formation: 
thermal conductivity, density and specific heat capacity. The reliability 
of the numerical integration, performed via an explicit Euler scheme, is 
supported by its consistency with analytical solutions for spherical heat 
transfer, where the increase in transfer area with radius compensates for 
the decreasing temperature gradient. The use of internal energy and 
density as primary state variables ensures numerical robustness under 
high-pressure real-gas conditions and guarantees energy conservation in 
the presence of mass injection and production. The modelling frame
work and the pressure-limit constraints have been previously success
fully applied and reviewed in the context of CO2-based energy storage 
systems, ensuring that the simulated thermodynamic states and thermal 
penetration depths remain within physically realistic and safe opera
tional bounds [60]. Within the salt cavern, thermodynamic properties 
are assumed to be uniform. This lumped-parameter approach is physi
cally justified by the high diffusivity and intense convective mixing 
induced by the high mass-flow injection of supercritical CO2 over the 
simulated operational time scales. While localized thermal stratification 
or 3D flow effects near the wellhead may occur during rapid transitions, 
their impact on daily energy totals is negligible [74]. Furthermore, the 
rigid spherical cavern geometry provides a generalized representation of 
the subsurface volume. Although actual solution-mined salt caverns are 
typically elongated, the spherical approximation—which minimizes the 
surface-area-to-volume ratio—allows for a conservative estimate of 
geothermal heat exchange. This simplification is highly acceptable 
because the transient energy balance of the system is completely 
dominated by the mass inflow and outflow streams. Consequently, the 
long-term thermodynamic state of the stored CO2 is governed by the 
global plant scheduling and charging/discharging cycles rather than the 
specific geometry of the cavity, using volume as a reference parameter 
[60]. This approach enables the simulation of extended operational 
horizons (over 4,000 h) with a manageable computational cost while 
providing a reliable, high-fidelity evaluation of the system’s macro-level 
pressure and thermal boundaries [71]. Furthermore, the operational 
pressure limits for the salt cavity are strictly defined between 30% and 
80% of the lithostatic pressure, following the maximum and minimum 
pressure values used as pressure limits in the compressed air energy 
storage (CAES) industry [71,72], ensuring CO2 remains in a supercritical 
state while preventing sealing loss or cavity closure, following estab
lished geotechnical guidelines for salt caverns. The maximum depth of 
the salt cavity would be the same as typically recommended for CAES or 
natural gas storage, which is 2500 m, to avoid salt plasticity at high 
temperatures [72]. The consistency of these models with existing liter
ature on CO2 plume geothermal systems and CAES provides the neces
sary reliability for the analysis of the integrated system. The results show 
that the global energy balance is dominated by mass inflow and outflow 
(8–10 MW), while geothermal heat transfer remains below ~ 20 kW 
under cyclic operation (<0.25% of the energy balance). Therefore, the 
impact of spatial heterogeneity on system-level performance is expected 
to be limited.

The comprehensive model exhibits appropriate robustness for 
system-level evaluation, although the current modelling framework in
corporates several simplifying assumptions. Regarding transient 
behaviour, the combined effect of the 1D wellbore and lumped- 
parameter assumptions may slightly smooth out localized, short-lived 
pressure and temperature peaks during rapid operational transitions. 
Nevertheless, due to the high compressibility and fast thermal diffusivity 
of dense sCO2, these localised gradients attenuate rapidly without 
altering daily energy totals. Furthermore, the spherical cavern approx
imation establishes a thermally conservative baseline by minimizing the 
heat transfer area, ensuring that the system's operational safety margins 

regarding overpressurisation or thermal fatigue are not overstated. 
Consequently, the integrated framework remains highly accurate for 
establishing macro-level plant scheduling and global efficiency bound
aries. Furthermore, the simulation parameters and time steps were 
selected and coupled to ensure the numerical model operates within its 
mathematical stability limits. This mathematical stability directly re
flects the physical design requirements of the system, where the cavern 
volume, mass flow rates, and plant scheduling parameters are strictly 
interrelated. By properly calibrating these operational variables against 
the thermal and volumetric inertia of the cavern, the numerical frame
work effectively handles the strong non-linearities of supercritical CO2 
real-gas properties. With this configuration, the numerical framework 
strictly adheres to the fundamental laws of mass and energy conserva
tion throughout the long-term (over 1000 h) simulation horizon, suc
cessfully achieving an optimal balance between numerical accuracy and 
computational speed. The present framework should be interpreted as a 
first-order, system-level model, suitable for analysing long-term opera
tional trends, pressure constraints, and energy balances, but not for 
resolving detailed local thermofluid or geomechanical phenomena.

3. Results

The results section presents the performance of the proposed system, 
coupling the transcritical surface thermal energy storage cycle, injection 
and production processes, and underground saline formation. The 
following subsections analyse its operational phases, from surface en
ergy conversion to underground storage dynamics, detailing cycle effi
ciencies, the transient behaviour of CO2 within the saline cavern, the 
effect of depth, and the long-term impact of geothermal heat exchange 
relative to cavern size.

3.1. Transcritical CO2 cycles as an energy storage and power generation 
system

Fig. 4 presents the results related to the tCO2 cycles operating in 
isolation mode, as a conventional Carnot battery. Fig. 4a shows the 
temperature–entropy (T–s) diagram of the transcritical CO2 cycles used 
in the system, operating in charge and discharge modes. In the charge 
phase, CO2 evaporates at − 4 ◦C at a pressure of 31.3 bar, while in the 
discharge phase it condenses at 4 ◦C at a pressure of 38.7 bar. Heat 
exchange in LT-hx maintains a minimum temperature difference of 4 ◦C. 
Thermal storage in the LT-side releases and absorbs latent heat at a 
constant temperature of 0 ◦C. Both phases operate at a pressure of 200 
bar on the HT side. In the charge cycle, a recuperative configuration 
with an internal heat exchanger is used to increase the fluid temperature 
before compression, thereby improving process efficiency. The 
compressor outlet temperature reaches 192.6 ◦C, the highest in the 
system. The turbine inlet temperature is 167.1 ◦C. The temperature 
values and cycle shape are almost identical to those presented in the 
recuperative configuration in [37], considering the pressure values 
mentioned above. The heating at the compressor inlet is conditioning 
the turbine outlet, whose expansion line shifts to the right in the dia
gram, away from the saturation bell. The coupling point with geological 
injection would be in the dense liquid zone, after supercritical cooling in 
the charging phase (200 bar, 8.5 ◦C) and after condensation in the dis
charging phase (38.7 bar, 4 ◦C, saturated liquid). The CO2 conditions at 
the coupling point of the production process must be similar to those at 
the inlet of the evaporator in the charging phase (31.3 bar, − 4 ◦C, 
saturated liquid) and those at the inlet of the supercritical heating in the 
discharging phase (200 bar, 28 ◦C).

Fig. 4b-c represents the power balance of both cycles, differentiating 
between thermal (red bars − cooling and blue bars − heating) and 
electrical (green bars − compression and yellow bars − expansion) 
powers. In the charging phase (Fig. 4b), the compressor accounts for the 
largest energy consumption (~3.5 MWe), achieving heat transfer of ~ 
10 MWth in HT-hx and ~ 7 MWth in LT-hx. In the discharging phase 
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(Fig. 4c), the turbine generates approximately 2.4 MWe, with heat 
transfer of ~ 9.6 MWth from HT-hx and ~ 7.8 MWth from LT-hx. The 
recuperative cycle achieves an electric-to-electric conversion efficiency 
of 52.8% to 61.5%, depending on how the excess thermal energy is 
managed on the HT side relative to the LT side. This value is above the 
simple cycle configurations' efficiencies of 42.4–53.9% [30], and 
48.3–56.4% [37], and in the same range in which it is placed, the 
recuperator configuration case in [37], in which the electric-to-electric 
efficiency would be in the range of 52.6–61.4%, and the round-trip ef
ficiency would be 57.9% using an ammonia refrigeration cycle for 
balancing. The efficiency range relates the time during which the dis
charging phase can operate to the operating time of the charging phase. 
The mass flow rate in both cycles is the same (30 kg/s). The available 
operating time of the discharging phase (available discharging hours) 
can be adjusted based on the mass flow rate ratio between phases, which 
is directly related to the equipment's power.

The results show the consistency of the surface cycle model when 
compared with reference cases, published results and validated simu
lations of the foundational cases of Morandin et al. [67] and Merchangoz 
et al. [26], as well as previous studies on integrated storage by Carro 
et al. [30,31]. The model’s reliability is confirmed by the high degree of 
consistency in design parameters and results: using identical isentropic 
efficiencies (0.85 for compression and 0.90 for expansion), a high- 
pressure limit of 200 bar, and a 4 ◦C pinch point, the obtained 
electric-to-electric efficiency range (52.8%–61.5%) aligns with the 
60.0% reported by Morandin et al. [67] and the 52.6%–61.4% range 
validated for recuperative cycles in [37]. The thermal integration be
tween CO2 and the storage media (ice and hot water) is physically 
consistent, ensuring no temperature crossings occur. This quantitative 
agreement across all thermodynamic nodes and performance indicators 

demonstrates the robustness of the surface cycle implementation for 
system-level analysis.

While the electric-to-electric efficiency (52.8–61.5%) is primarily 
determined by the surface transcritical CO2 cycles, the subsurface sys
tem plays a critical indirect role by constraining the thermodynamic 
state of CO2 at the wellhead. In particular, the pressure and temperature 
conditions within the salt cavern directly affect the feasibility of 
achieving the required inlet conditions for the LT and HT heat ex
changers. When cavern pressure approaches the lower limit, the pro
duced CO2 tends to shift toward gaseous conditions, leading to 
suboptimal integration with the surface cycle. Conversely, operation 
near the upper pressure limit maintains CO2 in a dense supercritical 
state, which enables more favourable thermodynamic matching. 
Therefore, although the underground processes contribute negligibly to 
the total energy balance in terms of direct power exchange, they play a 
fundamental role in defining the operational envelope of the system and, 
consequently, the achievable cycle efficiency.

3.2. Salt cavity as the geological reservoir

This section presents the results of the temporal simulation of the 
integrated system, analysing the behaviour of CO2 stored inside a saline 
cavity. The cavern, with a volume of 10,000 m3, is located at an average 
depth of 1600 m. A tube diameter of 30 cm and a mass flow rate of 30 
kg/s are considered in wells, with a vertical profile that accounts for the 
fluid's thermodynamics as it descends or ascends. In the analysis of the 
production process, the CO2 stored in the cavern is initially considered 
to be in thermal equilibrium and at the reference pressure (50% of the 
lithostatic pressure) corresponding to the depth. The injection condi
tions at the wellhead are those required to achieve a pressure slightly 
higher than that of the CO2 stored in the geological formation. Fig. 5
shows the numerical simulation of CO2 behaviour during the injection 
process through the well connected to the salt cavity.

Fig. 5a analyses the temperature and thermal power of the process. 
Heat transfer increases with depth, depending on the temperature dif
ference between the fluid and the ground. Both the fluid temperature 
(blue) and the ground temperature (orange) increase with depth. 
Although the thermal power is negative until almost halfway down the 
well, the fluid temperature increases throughout the process due to the 
increase in pressure with depth, which is the dominant process in the 
energy balance. Heat transfer also depends on thermal insulation, which 
is not governed by convective resistance (Fig. 5b). Pressure increases 
with depth due to the weight of the fluid column, rising from about 60 
bar at the surface to almost 180 bar at the bottom. See Fig. 5c. Gains per 
gravitational column (blue) are the dominant factor, while friction los
ses (red) are negligible (close to zero). Fig. 5d shows the evolution of 
density (blue) and velocity (green). As pressure increases with depth, the 
fluid compresses, increasing its density from ~ 720 kg/m3 to ~ 790 kg/ 
m3. Due to the conservation of mass, as the fluid becomes denser at the 
bottom, its velocity decreases (~0.54 m/s). Pressure in the injection 
process is dominated by gravity (hydrostatic column), where the fluid 
increases in temperature and density as it descends, reducing its veloc
ity. These results are consistent with those obtained in similar studies 
[34]. At the bottom of the well, CO2 is under supercritical conditions, 
with a pressure of approximately 185 bar and a temperature of 45 ◦C. 
The bottomhole conditions obtained (185 bar and 45 ◦C) are remarkably 
consistent with the theoretical peak power envelopes for sCO2 turbines 
installed at 1500 m depth reported by Minkley et al. [60], where similar 
pressure levels are required to maintain the supercritical state and 
maximize mechanical energy storage. Pressure evolution in the injection 
well is similarly dominated by the gravitational column. Specifically, for 
a vertical depth of 1500–1600 m, both models report a pressure increase 
from surface conditions (~60 bar) to approximately 180 bar at the 
bottomhole. The negligible impact of friction losses (< 2 MPa) and the 
evolution of CO2 density (from ~ 720 to ~ 790 kg/m3) are in full 
agreement with the thermodynamic trajectories validated for salt dome 

Fig. 4. Transcritical CO2 cycles as an energy storage and power generation 
system: a) T-s diagram of the charging phase (brown) and discharging phase 
(green), b) Power diagram in the charging phase, and c) Power diagram in the 
discharging phase. Description of the charging cycle: (1-1r) Heating in the 
recuperator (Rec-hot), (1r-2) compressor (Comp), (2–3) cooling of sCO2 (HT- 
hx-hot), (3-3r) cooling in the recuperator (Rec-cold), (3r-4) expander (Exp), 
(4–1) evaporation of CO2 (LT-hx). Description of the discharging phase: (5–6) 
pump (Pump), (6–7) sCO2 heating (HT-hx-cold), (7–8) turbine (Turb), (8–1) 
CO2 condensation (LT-hx).
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storage in. The total mechanical power of the injection process would be 
around 518 kW, in the order of magnitude of the transcritical surface 
cycle pump or expander (dense zone), compared to the 69.4 kW of 
thermal power exchanged with the ground, far from the 7–10 MWth of 
HT-hx and LT-hx.

Considering a plant schedule of 6-hour periods, in which the injec
tion and production processes operate every day with the same mass 
flow rate (30 kg/s), from 6 am to 12 pm and from 12 pm to 6 pm, 
respectively, the contribution of the injection and production processes 
is presented in the energy balance in Fig. 6, over a period of one week 
(approximately 170 h). The temporal resolution is designed to address 
the inherent intermittency of renewable energy sources. A 6-hour 
operational cycle is adopted to represent the standard charging (sur
plus) and discharging (demand) windows of solar and wind energy.

Fig. 6a presents the time evolution of the pressure (green) and den
sity (brown) of the stored CO2. A cyclic behaviour is observed, 
depending on the operating periods of the injection and production 
processes, with pressure peaks reaching up to 260 bar. The baseline 
pressure level gradually decreases, approaching the cavern's lower 
pressure limit. The conditions at the wellhead depend directly on the 
conditions in the subterranean geological formation, determining the 
efficiency of the entire system. The density follows the pressure profile, 
oscillating between approximately 655 and 720 kg/m3, depending on 
the mass of CO2 stored within the salt cavern. Fig. 6b shows the time 
evolution of the stored CO2 temperature and the thermal power of the 
energy balance. The temperature (orange) shows a cooling trend due to 
the lower temperature of the injected CO2. The maximum temperature 
drops from around 75 ◦C to about 55 ◦C in the last, while the minimum 
reaches 40 ◦C. The temperature is governed by injection and production 
processes, with geothermal gains playing a secondary role. The mass 
(Fig. 6c) oscillates between approximately 6550 and 7200 tonnes of CO2 
(increments of approximately 10%). The equivalent power peaks of the 
rate of change of internal energy are in the 8–10 MW range, well above 
the 20 kW thermal power peaks from geothermal gains. The simulated 
thermal response—characterized by a cooling trend from 75 ◦C to 40 ◦C 
due to cyclic injection—is consistent with the long-term coupled ther
mohydraulic behaviour reported by [60] for supercritical CO2 storage. 
The identification of geothermal gains (~20 kW) as a secondary factor 
compared to the dominant mechanical power (8–10 MW) aligns with the 
findings in, where the subsurface acts primarily as a thermal buffer.

The difference between the energy gains from the injection and 
production processes and the progressive loss of temperature and pres
sure associated with them indicates that the amount of CO2 stored in the 
cavern could increase over time until a certain level is reached that will 
determine the plant's schedule, keeping pressure levels within the 

cavern limits. Fig. 7 shows the temporal evolution over a period of six 
months (approximately 4350 h) in two cases: injection mass flow equal 
to production of 30 kg/s of CO2, and an injection mass flow of 30 kg/s, 
greater than production of 25 kg/s. Comparing the short-term simula
tion (170 h) with the new long-term simulation (4350 h), we observe the 
system transitioning from an initial transient phase to a state of dynamic 
equilibrium, or steady state.

In the first case (Fig. 7-left), a progressive pressure drop is observed 
until the lower limit is reached, after which the operating periods of the 
production process are restricted. As the mass stored in the cavern in
creases, density also rises, shifting from peaks of 720 kg/m3 at the start 
to nearly 780 kg/m3 by the end. In the long term, thermal stabilisation is 
observed. While the temperature showed a “free-fall” in the short term, 
suggesting continuous cooling, the long-term data reveal that after the 
first 800 h, the temperature ceases to drop and stabilises within a con
stant oscillatory range (between 35 ◦C and 50 ◦C). This indicates that the 
system acquires a new state of dynamic equilibrium, governed by the 
injection and production processes rather than by the terrain's 
geothermal gradient. In the second case (Fig. 7-right), the equilibrium 
state is reached at approximately the same time (~1000 h), with 
different operating parameter values but the same trend. The pressure 
change occurs incrementally toward the upper pressure limit of the 
cavern. This is associated with an increase in the cavern's storage ca
pacity, which stabilises at around 8300 tonnes of CO2, up from 7750 
tonnes in the previous case. In this case, the operating periods of the 
injection process are restricted. Thermally, the temperature stabilises in 
the 40 ◦C to 55 ◦C range, slightly higher than the 35–50 ◦C range 
observed previously.

The new dynamic steady state, occurring around 800–1,000 h, de
fines the representative operational regime of the energy storage system. 
The salt cavern’s energy balance is dominated by the injection and 
production streams (8–10 MW), which depend on the wellhead condi
tions during injection, the mass flow ratio, and the operating period. 
Considering daily injection–production cycles, a mass flow rate that 
allows for 10% oscillations in the total mass of stored CO2 (at reference 
conditions) is an appropriate criterion for wellbore sizing based on the 
salt cavern volume. This ensures that the pressure remains within safety 
limits. The ratio between the injection and production mass flow rates 
drives the system towards its upper or lower lithostatic limits, which 
ultimately necessitate operational restrictions on the duration of the 
injection (upper limit) and production (lower limit) processes. The 
wellhead injection pressure must be set such that, following the injec
tion process (governed by the pressure increase relative to depth), the 
bottomhole pressure matches the cavern’s requirements according to 
the oscillations. Consequently, once the wellhead injection pressure is 

Fig. 5. CO2 injection into a 1600 m depth salt cavity: a) Heat transfer (temperature and thermal power), b) Transfer properties (thermal resistances and form 
coefficients), c) Mechanical power (pressure evolution and power as a function of depth), and d) Fluid behaviour (velocity and density).
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fixed, the formation temperature at thermal equilibrium can be 
controlled by the wellhead injection temperature, taking into account 
the formation depth. The output of the injection process is a significant 
parameter for the efficiency of the transcritical CO2 cycle. Performance 
indicators, such as electric-to-electric conversion efficiency, must be 
evaluated during this stabilised dynamic phase to reflect the plant's long- 
term viability accurately. Table 3 presents the energy balance taking 
into account the two simulated scenarios, in which the new dynamic 
equilibrium lies at either the lower or upper limit, and the mass flow rate 

of CO2 produced/injected is 50% of the mass flow rate of CO2 passing 
through the compressor during the charging phase and the turbine 
during the discharging phase.

The state of CO2 stored within the salt formation directly impacts the 
efficiency of the transcritical CO2 energy storage cycle. In cases where 
the pressure fluctuates around the lower limit, the temperature and 
pressure conditions of the CO2 may enter the gas-supercritical transition 
zone. At the production wellhead, the CO2 is at around 30 bar and 
temperatures below 0 ◦C, within the two-phase region. Coupling in the 

Fig. 6. Temporal analysis of the energy balance in the salt cavity over a period of one week, alternately using injection and production processes in 6-hour intervals, 
respecting the pressure limits of the cavern: a) Mechanical energy storage (pressure and density), b) Geothermal gains (temperature and thermal power), c) Impact of 
injection and production (CO2 mass and energy increases), and d) Increase in total internal energy.
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charging phase would set the vapour quality at 0.39, significantly 
reducing heat transfer in the LT-hx and thermal energy transfer to the 
LT-TES. In the case of the discharging phase, the coupling involves 
significant compression from the two-phase region, which raises ques
tions regarding feasibility, or prior condensation that increases the 
thermal requirements from the LT-hx. Both options reduce the cycle 
efficiency on the LT side, which would be in the range of 36.2–60.5%. 

Conversely, when the pressure approaches the upper limit, the CO2 
stored in the salt cavern is under supercritical conditions, within the 
dense region of the diagram. Following production (153.4 bar, 38.8 ◦C), 
expansion brings the fluid to suitable conditions (vapour quality of 0.18) 
for entry into the LT-hx during the charging phase, and effective 
pumping of dense supercritical fluid (150 bar, 22 ◦C) during the dis
charging phase. Injection would provide the system with the capacity to 

Fig. 7. Temporal analysis of the energy balance in the salt cavity over a period of six months, alternately using injection and production processes in 6-hour intervals, 
respecting the pressure limits of the cavern in two cases: 30 kg/s CO2 flow rate in injection and production [left], and 30 kg/s CO2 flow rate in injection and 25 kg/s 
CO2 flow rate in production [right]; a) Mechanical energy storage (pressure and density), b) Geothermal gains (temperature and thermal power), c) Impact of in
jection and production (CO2 mass and energy increases), and d) Increase in total internal energy.
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store approximately 450 kW of mechanical power, in addition to the 
6–10 MWth in each heat exchanger. The selection of appropriate storage 
conditions within the salt cavern ensures that the transcritical CO2 cycle 
configuration is optimised to operate with high electricity-to-electricity 
conversion efficiencies, reaching the range of 50.3–65.6%.

The storage pressure and temperature must be suitable to allow 
adjustment of conditions from the wellhead to states approaching the 
dense liquid phase at the inlet of the LT-hx during charging, or at the 
inlet of the HT-hx during discharging. High pressure values, with greater 
importance, and temperature, enable a conditioning process involving 
ambient cooling to shift the CO2 towards the dense region of the prop
erty diagrams before its pressure is adjusted. Consequently, for an 
optimal surface–subsurface coupling, actively controlling the thermo
dynamic state of the stored CO2 is crucial.

3.3. Depth in CO2 injection and production processes

Fig. 8 presents the results from the numerical simulation of CO2 
behaviour during the production and injection processes through a well 
connected to a salt cavity. The analysis focuses on a depth range between 
1,000 m and 2,500 m, encompassing both the evolution of the fluid's 
thermodynamic properties and the associated energy gains. The same 
wellhead inlet conditions of 120 bar and 20 ◦C are used for the injection 
process. The simulation shows the behaviour of the fluid within the well, 
enabling analysis of how key variables such as pressure, temperature, 
velocity, and density evolve. Energy gains, such as specific enthalpy, 
heat transfer, potential energy, and friction losses, are quantified.

Fig. 8a shows the evolution of the thermodynamic properties of CO2 
as it ascends through the production process. A progressive decrease in 
pressure is observed, consistent with the fluid expanding as it rises in the 
well. The temperature decreases along the wellbore due to the negative 
geothermal gradient and cooling from expansion. The density decreases, 
consistent with fluid expansion, as the pressure decreases. The velocity 
increases due to the expansion of CO2 and the reduction in density. At 
depths below 1500 m, an abrupt change in the trend of the density and 
velocity curves is observed because the pressure and temperature are 

below the critical point, and the CO2 enters the saturation bell 
(biphasic). During the injection process (Fig. 8c), the pressure increases 
almost linearly with depth, due to the weight of the fluid column and the 
progressive compression. The temperature also increases with depth, 
driven by the geothermal gradient and compression. The combination of 
both effects causes the density (and velocity) to evolve differently 
depending on the section of the well analysed. Depending on the depth, 
the injection wellhead conditions must be tailored to achieve the 
appropriate state within the salt formation during the dynamic steady 
state. This ensures the desired production wellhead conditions required 
for a high-efficiency transcritical CO2 energy conversion cycle.

3.4. Cavity size and geothermal heat effects

Fig. 9 shows the time evolution of pressure (a) and temperature (b) of 
CO2 confined in an underground cavern, considering different storage 
capacities, represented by the volume of the cavern (from 100 to 10,000 
m3). All scenarios start from common initial conditions (depth of 1500 
m, reference pressure of 165 bar and temperature of 40 ◦C, lower than 
that of the geological formation) and are subjected to a constant 
geothermal environment. The total simulation duration is extended to 
4,350 h (6 months) to ensure that the performance metrics reflect the 
system's behaviour, accounting for the long-term thermal interaction 
between the stored CO2 and the geological formation.

Both graphs show that smaller caverns experience faster, more sig
nificant increases in pressure and temperature. From a thermodynamic 
perspective, these results reflect the damping effect of the thermal mass 
associated with larger fluid volumes. This implies that systems with 
smaller storage capacity respond more quickly to the thermal gradient of 
the geological environment. Although geothermal heat transfer are 
negligible compared to those from the operational fluid streams, during 
prolonged shutdown periods, when mass flows drop to zero, these 
accumulated thermal gains become significant and must be taken into 
account, as the slow rise in pressure driven by the thermal gains could 
affect the cavern’s safety limits. The pressure increase resulting from this 
phenomenon could lead to the upper pressure limit of the cavern being 

Table 3 
Power balance in the equipment in two states of dynamic equilibrium: pressure at the lower limit and at the upper limit.

Process Pressure in the lower limit Pressure in the upper limit

Inlet Outlet Power Inlet Outlet Power

Production 105 bar 
35 ◦C

29 bar 
− 6.8 ◦C (0.4)

− 259 kW 
218 kWth

281.5 bar 
55 ◦C

153.4 bar 
38.8 ◦C

− 259 kW 
− 81.5 kWth

Expander/Pump LT 29 bar 
− 6.8 ◦C (0.4)

31.3 bar 
− 4 ◦C (0.39)

− 21.8 kW 153.4 bar 
25 ◦C

31.3 bar 
− 4 ◦C (0.18)

205.2 kW

LT-hx Evaporator 31.3 bar 
− 4 (0.2)

31.3 bar 
− 4 (1)

5786.6 kWth 31.3 bar 
− 4 (0.1)

31.3 bar 
− 4 (1)

6550.7 kWth

Compressor 31.3 bar 
22.2 ◦C

200 bar 
192.6 ◦C

3545 kW 31.3 bar 
22.2 ◦C

200 bar 
192.6 ◦C

3545 kW

HT-hx Cooling 200 bar 
192.6 ◦C

200 bar 
26.2 ◦C

− 10219 kWth 200 bar 
192.6 ◦C

200 bar 
26.2 ◦C

− 10219 kWth

Expander HT 200 bar 
8.5 ◦C

45.3 bar 
10 ◦C

210.8 kW 
439.3 kWth

200 bar 
8.5 ◦C

135 bar 
10 ◦C

89.7 kW 
170 kWth

Injection 45.3 bar 
10 ◦C

183 bar 
28.5 ◦C

259 kW 
190.3 kWth

135 bar 
10 ◦C

283 bar 
25.8 ◦C

259 kW 
203.5 kWth

Production 105 bar 
35 ◦C

29 bar 
− 6.8 ◦C (0.4)

− 259 kW 
218 kWth

281.5 bar 
55 ◦C

153.4 bar 
38.8 ◦C

− 259 kW 
− 81.5 kWth

Pump HT 29 bar 
− 6.8 ◦C (0.4)

200 bar 
58.3 ◦C

− 545.3 kW 153.4 bar 
22 ◦C

200 bar 
26.3 ◦C

− 90 kW

HT-hx Heating 200 bar 
39.1 ◦C

200 bar 
167.1 ◦C

8249.8 kWth 200 bar 
22.3 ◦C

200 bar 
167.1 ◦C

9347.5 kWth

Turbine 200 bar 
167.1 ◦C

38.7 bar 
31.2 ◦C

2389.7 kW 200 bar 
167.1 ◦C

38.7 bar 
31.2 ◦C

2389.7 kW

LT-hx Condenser 38.7 bar 
31.2 ◦C

38.7 bar 
4 ◦C (0)

− 7818 kWth 38.7 bar 
31.2 ◦C

38.7 bar 
4 ◦C (0)

− 7818 kWth

Pump LT 38.7 bar 
4 ◦C

45.3 bar 
10 ◦C

− 12.8 kW 
222.8 kWth

38.7 bar 
4 ◦C

135.9 bar 
13 ◦C

− 184.4 kW

Injection 45.3 bar 
10 ◦C

183.1 bar 
28 ◦C

259 kW 
190.3 kWth

135.9 bar 
13 ◦C

283.6 bar 
28.3 ◦C

259 kW 
177.5 kWth
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exceeded in cases where the previous dynamic steady state was close to 
this limit, as in the case of Fig. 7-right (injection mass flow rate higher 
than production and operational limitations in the injection process due 
to the upper pressure limit of the cavern). The model’s ability to capture 
the damping effect of thermal mass in larger caverns (10,000 m3 vs. 100 

m3) and the slow evolution toward geothermal equilibrium during 
shutdown periods matches the analytical solutions described in the 
foundational CAES stability studies [72].

Fig. 8. CO2 injection and production processes: a) Evolution of CO2 properties (pressure, temperature, velocity and density) as a function of depth in the production 
process, b) Power gains (specific enthalpy, thermal gains, potential gains, pressure losses) as a function of depth in the production process, c) Evolution of CO2 
properties (pressure, temperature, velocity and density as a function of depth) as a function of depth in the injection process, d) Power gains (specific enthalpy, 
thermal gains, potential gains, pressure losses) as a function of depth in the injection process.
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4. Conclusions

This study presents a system-level evaluation of a novel CO2-based 
electrothermal energy and geological storage concept integrating tran
scritical CO2 cycles with subsurface storage in salt caverns. The results 
indicate that the system is capable of achieving electric-to-electric effi
ciencies in the range of 52.8–61.5% under the assumed operating con
ditions. The thermodynamic performance is primarily governed by the 
surface cycles, while the subsurface system acts as a thermohydraulic 
buffer that constrains pressure and temperature conditions and enables 
long-term operational stability.

The saline cavity scenario involves pressure requirements within the 
geological formation, limited by lithostatic pressure, which is a function 
of depth. The surface thermal energy storage system involves alternating 
periods of injection, production, and shutdown. The salt cavity volume 
significantly influences the system's thermal dynamics. Smaller caverns 
experience faster increases in pressure and temperature, which benefits 
efficiency in short cycles, though it may limit operational stability. The 
CO2 mass flow rates for injection and production depend on the plant's 
schedule and the size of the salt cavity. The criterion of using mass 
variations of 10% of the total CO2 stored in the formation, at equilibrium 
conditions, is adequate to maintain the pressure within the limits. In a 
salt cavity of approximately 10,000 m3, a mass flow rate of 30 kg/s is 
adequate using alternating operating periods of 6 h injection/ 
production.

The salt cavern’s energy balance is dominated by the injection and 
production streams, which depend on the wellhead conditions during 
injection, the mass flow ratio, and the operating period. The system 
evolves from an initial transient phase towards a state of thermodynamic 

stability after approximately 800–1000 h of operation. The new oper
ating point must be selected, controlling the injection conditions, so that 
after production, it can be conditioned in terms of pressure and tem
perature to those required by the CO2 transcritical cycle, in the dense 
liquid zone. Storage in the underground saline cavity under high- 
pressure (supercritical) conditions facilitates proper coupling between 
the surface and underground parts. This is a fundamental operational 
requirement for maintaining the shape of surface CO2 transcritical cy
cles, operating with high conversion efficiency (>50%), surface thermal 
storage (7–10 MWth) and incorporating mechanical energy storage 
(~500 kW). The analysis identifies a transition from an initial transient 
regime to a dynamic steady state after approximately 800–1000 h of 
operation, highlighting the importance of long-term simulations in 
assessing system behaviour.

The depth of the formation influences the conditions required at the 
injection wellhead to achieve the appropriate state within the saline 
formation during dynamic steady state. The behaviour of CO2 during 
production and injection is governed by thermal and pressure gradients. 
During injection, pressure and temperature are increasing with depth, 
resulting in significant energy accumulation. The energy gain during 
injection directly influences the required CO2 conditions at the well
head. Wellhead pressure and temperature must be adjusted according to 
the desired conditions at the bottomhole. During production, fluid 
expansion causes a decrease in pressure, temperature, and density, and 
an increase in velocity. The production process may be interrupted if the 
properties of CO2 at the wellhead evolve toward the gaseous zone, 
thereby limiting the plant's operating configuration.

The energy balance in the cavern is dominated by injection and 
production processes, while geothermal contributions remain secondary 

Fig. 9. Time evolution of the properties of CO2 stored inside a salt cavity as a function of the volume of the salt cavity: a) time evolution of the pressure, b) time 
evolution of the temperature. Pressure limits are shown, set according to the lithostatic pressure of the cavern (30–80%) and the temperature of the geological 
formation (60 ◦C).
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during cyclic operation but could become relevant during prolonged 
shut-in periods. The results further show that maintaining high-pressure 
conditions in the salt cavern is essential to ensure proper coupling with 
the surface cycles and to operate with high electricity-to-electricity 
conversion efficiencies, reaching the range of 50.3–65.6% when the 
pressure approaches the upper limit of this scenario. Suboptimal pres
sure regimes may lead to thermodynamic mismatches that reduce 
operational feasibility.

Geothermal heat transfer, whilst providing negligible geothermal 
heat transfer compared to the energy increases derived from injection 
and production processes, can have critical long-term effects. There is a 
risk of overpressure due to geothermal equilibrium during prolonged 
shut-in periods. Although thermal gains from the ground are minimal 
compared to those during cyclic operation phases, during extended 
closure periods, they become the sole driver of the energy balance, 
pushing the system towards a new steady state based on the ground 
temperature. This phenomenon causes a progressive increase in internal 
pressure, which, in high-capacity scenarios where the system is near its 
maximum threshold, may lead to an exceedance of cavern safety limits.

The modelling framework is based on a set of simplifying assump
tions, including a lumped-parameter cavern model and one-dimensional 
wellbore representation. Therefore, the findings should be interpreted as 
first-order system-level trends, suitable for identifying design criteria 
and operational limits rather than detailed local phenomena. Overall, 
the proposed concept shows potential for large-scale energy storage 
applications, although further work is required to include more detailed 
geomechanical modelling, multi-dimensional effects, and experimental 
validation.

Regarding practical feasibility, the subsurface component is based on 
operational conditions and engineering approaches well established in 
industrial underground gas storage and CAES applications. The adopted 
pressure limits (30–80% lithostatic pressure), cavern depth range, and 
wellbore configurations are consistent with existing salt cavern storage 
practice and with previous studies on supercritical CO2 storage in salt 
formations. Still, this is a first order system-level assessment rather than 
a site-specific engineering design. Future research should consider 
detailed analysis of operational constrains posed to wellbore manage
ment by batch injection and production of CO2, and implications of the 
cavern geometry to the geothermal heat transfer and pressure build up 
during long closure periods.

Nevertheless, field deployment would require site-specific assess
ment of salt creep, cyclic thermo-mechanical loading, well integrity, 
sealing performance, and monitoring requirements. However, these 
aspects are routinely addressed for natural gas storage in salt caverns 
and do not represent fundamental technological barriers. In fact, the 
novelty of the approach does not lie on utilising the salt cavern for fluid 
storage itself, but on their integrated operation with surface thermal 
energy storage and transcritical CO2 charge–discharge cycles.

These findings open new opportunities to design efficient and opti
mised hybrid energy storage systems that integrate flexible power gen
eration with geological storage of captured CO2, compatible with 
intermittent renewable sources such as PV, wind, and geothermal. 
Active management of mass flow rates and pressures, along with 
advanced thermal control strategies, will be essential to improve system 
efficiency and flexibility. The findings described in this study are critical 
for the proper design of the storage system, as they adequately couple 
the thermal energy storage and electrical power production cycle with 
underground CO2 storage.
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