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Life-cycle exergetic efficiency and CO2 intensity of diabatic and adiabatic 
compressed air energy storage systems
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a Department of Geoscience and Engineering, Delft University of Technology, the Netherlands
b Shell Global Solutions International, the Netherlands
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A B S T R A C T

This study uses the concept of exergy-return on exergy-investment (ERoEI) to evaluate the life-cycle exergetic efficiency and CO₂ intensity (grams CO₂ per MJ of 
electricity) of (diabatic and adiabatic) compressed air energy storage (CAES) systems. Several CAES configurations are assessed under defined system boundaries, 
including diabatic systems powered by methane (CH₄) or hydrogen (H2), and adiabatic system with a thermal energy storage (TES) facility.

The results show that conventional (diabatic) CAES system powered by natural gas has the lower exergetic efficiency and higher CO2 intensity compared to 
adiabatic CAES due to the heat dissipation during compression stage and additional fuel requirements for reheating the air during expansion. Integrating carbon 
capture and storage (CCS) plant with conventional diabatic CAES can nearly halve the CO₂ intensity for electricity generation although the additional exergy in
vestment for the CCS process reduces the exergetic efficiency of the system. Transitioning to green H2 (produced from low-carbon electricity) as the primary turbine 
fuel in the diabatic CAES results in a 65–76 % reduction in CO₂ intensity. However, the average exergetic efficiency of system decreases by around 10 %, mainly due 
to the substantial exergy investment associated with hydrogen production. It is also found that the adiabatic CAES system integrated with TES demonstrates the 
highest thermodynamic and environmental performance. When 100 % of compression heat is captured and reused during discharge phase, the system reaches ERoEI 
values up to 61 % with CO2 intensity of 12–26 g CO₂ per MJe.

Disclaimer: The results and performance metrics presented in this study are based on modelled scenarios and literature-derived parameters under defined system boundaries. 
Actual performance of CAES systems may vary depending on site-specific conditions, technology maturity, and operational configurations. All efficiency values, CO₂ intensity 
estimates, and comparative assessments should be interpreted within the context of the assumptions and limitations described herein. This study does not constitute a commercial 
endorsement or performance guarantee. The authors have made every effort to ensure accuracy but accept no liability for decisions made based on this analysis.

Nomenclature ​ Subscripts ​
Ex Exergy (MJ) out Outlet
ėx Exergy rate (MJ/s) in Inlet
ERoEI Exergy Return on Exergy 

Investment
0 Environment state

T Temperature (K) comp Compressor
h Specific enthalpy (kJ/kg) exp Expansion
s Specific entropy (kJ/kg K) t Turbine
ṁ Mass rate (kg/s) m Motor
m Mass (kg) g Generator
c Specific heat capacity (kJ/ K) b Burner
CO2 CO2 Intensity (g-CO2/MJe) mech Mechanical
L Leak rate ccs Carbon capture 

storage
W Specific carbon emission (g- 

CO2/MJ)
tes Thermal energy 

storage
G Global Warming Potential 

Value
h Heat

​ ​ f Fuel

(continued on next column)

(continued )

​ ​ ch Chemical
​ ​ pr Production
Greek symbols ​ eq.int Equivalent intensity
η – efficiency ​ leak Leakage
​ ​ dir Direct
​ ​ indir Indirect

1. Introduction

Over the past years, the extensive use of fossil fuels has led to sig
nificant environmental issues primarily due to the release of greenhouse 
gases. To decrease reliance on fossil fuels, there has been a substantial 
increase in the use of renewable energy sources [1]. According to the 
International Energy Agency (IEA), global renewable energy production 
is growing at an average annual rate of 1.1 %, accounting for approxi
mately 30 % of the total electricity generation in 2023 [2]. However, the 
intermittent nature of renewable energy sources like wind and solar 
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makes it challenging to provide a continuous electricity supply [3]. 
Electrical energy storage (EES) technologies offer a promising solution 
to address this problem. By storing excess electricity during times of low 
demand and releasing it in high demand period, EES systems can sta
bilize the power balance over time [3,4]. Different EES technologies 
have been investigated in the literature. The examples include Pumped 
Hydro Storage (PHS), Compressed Air Energy Storage (CAES), batteries, 
fuel cells, flywheels. The PHS and CAES systems can supply large grid- 
scale (>100 MW) electricity. Nevertheless, the implementation of PHS 
faces challenges due to geographical limitations, such as availability of 
suitable sites and water resources, and ecological concerns regarding the 
potential habitat destruction caused by dam construction [4–7].

Compressed Air Energy Storage (CAES) is a promising technology for 
storing large grid-scale (>100 MW) electricity [4,8–10]. CAES systems 
operate by compressing air during periods of low electricity demand and 
storing it in underground geological formations. This technology usually 
utilizes salt caverns or depleted gas fields due to their capacity for 
storing large amounts of energy. During periods of high electricity de
mand, the compressed air is released, heated, and expanded through a 
turbine to generate electricity [4,8–10]. CAES systems offer several 
benefits, including low operating costs, stable operation, and quick start- 
up capabilities. These advantages enhance the feasibility and scalability 
of CAES, especially in regions with favorable geological conditions 
[4,8–10]. Currently, there are two CAES plants in Germany and USA that 
have been producing electricity for decades with capacity of 321 MW 
and 110 MW, respectively [4,8].

CAES systems can be classified into diabatic and adiabatic types 
based on their management of thermal energy in compression phase 
[4,8,9]. Diabatic CAES (D-CAES) systems release the generated heat 
during compression to the environment, which requires additional fuel 
to reheat the air during the expansion stage. This defines thermody
namic cycle where air is compressed and cooled, stored under high 
pressure, then externally reheated before expansion to generate elec
tricity. Reheating is typically achieved by combusting fuels such as 
methane (CH₄), hydrogen (H₂), biogas, or their blends. While D-CAES 
systems are technically simpler and have lower initial capital costs 
compared to adiabatic systems, it is characterized by low overall effi
ciency and large carbon dioxide (CO2) emissions due to use of fossil fuels 
and dissipating heat [4,8,9]. To address these issues, the concept of 
Adiabatic CAES (A-CAES) has been proposed. Unlike D-CAES, A-CAES 
systems capture and store thermal energy during compression and uti
lize it to reheat the air during the expansion phase. The captured heat 
can be stored in thermal energy facilities, such as molten salts, natural 
rocks, packed beds and liquid tanks. Then, the stored heat can then be 
utilized with the help of heat exchangers to meet the required heat de
mand during the discharging phase for expanding the air. This internal 
heat integration forms a close adiabatic thermodynamic cycle and 
minimizing external heat exchange in the system. As a result, A-CAES 
systems, enhance the overall efficiency and reduce carbon emission of 
the process. Nevertheless, a major challenge of A-CAES systems is to 
identify the suitable thermal storage media to efficiently capture heat 
and store it for a long period without heat loss [8–11].

Currently, three main techniques are used as thermal storage options 
in the A-CAES applications: sensible, latent and thermochemical heat 
storage, among which the sensible heat storage is the most widely used 
and mature method. It stores heat by changing temperature of system 
without a phase change. The liquid media, such as water or oil tanks or 
packed beds with solid media like sand or rocks are used in this method. 
In addition, the large heat exchange area in packed-bed configurations 
helps minimize heat loss [10,12–14]. The latent heat storage method 
provides higher energy storage density because the heat is stored by 
changing the phase of the applied media, such as molten salt, paraffin 
wax, and water/ice. Both sensible and latent heat storage methods can 
operate at temperature up to 1000 ◦C, depending on the used materials 
[10,12–14]. In the thermochemical method the heat is stored in the 
chemical bonds of the generated substance via reversible chemical 

reactions. Common thermochemical reactions include metal redox re
actions with oxygen exchange, carbonate decomposition and reforma
tion, and reversible metal hydrate formation. The thermochemical 
systems could keep temperatures as high as 1200 ◦C. However, the re
action efficiency decreases over the time. Furthermore, compared to 
sensible and latent heat storage methods, this method is less mature and 
more research is required to develop it further [12,13,15].

Recent literatures [9,11,16–24], have explored various configura
tions and optimization scenarios to improve the overall efficiency of 
both diabatic and adiabatic CAES systems. Thermodynamic analysis, 
particularly using the concept of exergy, is a commonly used method to 
evaluate the sustainability (measured by exergetic efficiency) of the 
considered systems and to identify potential energy losses and weak 
points within the system [9,16,25,26]. Kim et al. [9] performed an 
exergy analysis of the A-CAES system with thermal storage option and 
calculated 68 % efficiency when storing released heat of compression in 
TES. Barbour et al. [11] conducted an exergy analysis of the A-CAES 
system using packed beds as thermal storage media. Their results 
demonstrated that an exergy efficiency of up to 70 % is achievable, with 
the most exergy destruction occurring in the compressors and ex
panders. Szablowskiet et al. [16] found a round-trip efficiency of 50 % 
for the A-CAES system with oil tank, demonstrating the compressors and 
turbines as the main sources of exergy destruction. Wolf and Budt [17] 
conducted a study to integrate adiabatic CAES with TES, estimating an 
exergy efficiency of approximately 56 %. They showed that A-CAES with 
lower TES temperatures can be economically more viable due to quicker 
start-up times. Furthermore, Pickard et al. [18] performed an integrated 
energy and exergy analysis of an advanced A-CAES system, estimating a 
cycle efficiency of roughly 50–64 %. Accordingly, it was noted that the 
exergy (heat) losses and inefficiencies of the motor, compressor, 
generator, and expanders impose limitations on achieving higher effi
ciency. Yu et al. [19] investigated a CAES system integrated with 
packed-bed latent thermal energy storage using phase change materials 
(PCMs). They tested different combinations based on the thermophys
ical properties (melting temperature, density, latent heat, specific heat 
capacity, thermal conductivity) of PCMs and found that round-trip ef
ficiencies ranged from 43.4 % to 63.5 %. Chen et al. [20] proposed a 
novel integration of water-based carbon capture with an adiabatic CAES 
system, using flue gas with elevated CO₂ concentration as the working 
fluid. Their thermodynamic analysis shows that the integrated system 
attains an exergy efficiency of 69.6 %, while the water-based capture 
process consumes only 354 kWh/t CO₂, substantially less than conven
tional amine-based methods. Ding et al. [5] introduced a novel com
bined cooling, heating, and power (CCHP) system for D-CAES, which 
achieves an exergy efficiency of 51 %. However, they found that the 
combustion chamber as the main source of exergy destruction, respon
sible for more than half of the total exergy losses. Sciacovelli et al. [21] 
focused on dynamic performance of packed bed TES and found that A- 
CAES can achieve exergy efficiency from 60 % to 70 % when the TES 
system operates at thermal storage efficiencies exceeding 90–100 %. 
Elmegaarda and Brix [22] found that the overall efficiency of conven
tional CAES systems exhibit relatively low efficiencies ranging from 25 
% to 45 %, with main exergy loss occurring in combustion and heat 
transfer processes during the discharge phase. However, adiabatic CAES 
presents a promising alternative, potentially reaching efficiencies as 
high as 70 %. Xue et al. [23] analysed a CAES system integrated with a 
water electrolysis unit and an H₂-fuelled gas turbine, reporting a CAES 
subsystem with exergy efficiency of 64.28 %. Safaei and Aziz [24] found 
that an A-CAES system utilizing physical heat storage achieved the 
highest exergy efficiency, with 69.5 %. In contrast, the analysed con
ventional D-CAES system attained 54.3 % efficiency, while the H2- 
powered system demonstrated the lowest efficiency, at around 35 % due 
to significant exergy loss in the electrolyser.

In summary, although numerous studies have proposed various so
lutions to enhance the thermodynamic performance of Compressed Air 
Energy Storage (CAES) systems, there remains a substantial need for 
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further research to identify the most optimal configuration from both 
thermodynamic and environmental perspectives. To date, the literature 
has predominantly concentrated on thermodynamic (exergy) analysis, 
often neglecting the environmental impacts of these processes, partic
ularly their carbon emissions. However, to comprehensively evaluate 
the sustainability of energy systems, it is imperative to integrate exergy 
efficiency assessments with evaluations of carbon dioxide (CO2) in
tensity [27–29]. Furthermore, most existing exergy or energy analyses of 
CAES systems focus solely on the core operational phases (compression, 
storage, and expansion), while neglecting supporting processes such as 
fuel production and auxiliary energy use. This limited scope often leads 
to incomplete or overly optimistic assessments of system sustainability.

In this paper, we propose various scenarios for optimizing the per
formance of CAES systems and investigate them from both thermody
namic and environmental perspectives. In the first scenario, the 
integration of a Carbon Capture and Storage (CCS) plant within tradi
tional D-CAES systems (powered by methane, CH4) is examined, which 
can mitigate the CO2 footprint of the process by capturing the CO2 
released from the combustion of CH4 (D-CAES with CH4 + CCS). The 
second scenario (D-CAES with hydrogen, H2) involves the utilization of 
hydrogen as an alternative to methane in the traditional diabatic CAES 
systems (D-CAES with CH4). Compared to other low-carbon fuels, such 
as ammonia (NH3) or biofuels, higher (mass) energy density (118 MJ/ 
kg), and clean-burning properties of H2 offer the potential to enhance 
exergy efficiency and reduce carbon emissions. Another scenario ex
plores an A-CAES system integrated with a TES facility (A-CAES with 
TES) to increase exergy efficiency and reduce CO2 intensity by recov
ering compression heat and eliminating the need for fuel use. By 
comparing traditional diabatic systems with the proposed alternative 
configurations, we aim to identify the advantages and limitations of 
each approach.

The primary objective of this work is to bridge the gap between 
thermodynamic and environmental analyses by applying the concept of 
Exergy Returned on Exergy Invested (ERoEI) to the proposed CAES 
scenarios. ERoEI is a common method for examining the sustainability 
of energy systems from a thermodynamic perspective. ERoEI, or exer
getic efficiency, represents the fraction of invested exergy that is con
verted into useful work. While conventional indicators such as round- 
trip efficiency (RTE) or energy efficiency are widely used in thermody
namic analysis, they typically overlook the quality of energy trans
formations and do not account for irreversible losses. In contrast, the 
exergy-based ERoEI metric provides a more rigorous sustainability in
dicator by incorporating both the quality and quantity of energy flows, 
based on the second law of thermodynamics. Building upon the ERoEI 
framework, the study further incorporates an environmental assessment 
through the calculation of operational CO₂ intensity, expressed in mass 
(grams) of CO₂ emitted per MJ of electricity generated. This integrated 
approach allows simultaneous evaluation of system performance from 
both thermodynamic and environmental perspectives [29–31].

Unlike previous studies, the proposed holistic framework adopts a 
life-cycle approach, which accounts for exergy investment at all stages of 
the entire process, from inception to operational end. This approach 
enables us to identify the scale and origin of thermodynamic in
efficiencies at different stages of the life-cycle process and subsequently 
convert these inefficiencies into CO2 equivalent intensity to accurately 
reflect the environmental impact of each segment [29–32].

In summary, based on ERoEI framework, the main contributions of 
this study are as follows: 

• Development of a life-cycle-based ERoEI methodology for assessing 
thermodynamic and environmental performance of various CAES 
systems (diabatic and adiabatic).

• Introduction of a dual-indicator framework combining exergetic ef
ficiency (ERoEI) with CO₂-equivalent intensity to holistically eval
uate different CAES scenarios, including diabatic systems with CH₄ 
and H₂ (with and without CCS), and adiabatic CAES with TES.

• Integration of upstream auxiliary processes such as fuel (CH₄ or H₂) 
production and CCS energy penalties into the exergy and emission 
accounting.

• Identification and quantification of key sources of exergy loss and 
CO₂ emissions across the full CAES life-cycle.

The structure of this paper is as follows: First, we define the system 
boundaries for both diabatic and adiabatic CAES systems with 
describing their work principle. Based on these boundaries, we establish 
an exergy workflow, including work and material streams, to calculate 
exergy efficiency and CO2 intensity for each system, including D-CAES 
with CH4, D-CAES with CH4 + CCS, D-CAES with H2, A-CAES with TES. 
Next, we present our results in a comparative manner to identify the 
most optimal CAES scenario. The paper concludes with insightful re
marks summarizing the findings.

2. System definition

Compressed Air Energy Storage (CAES) systems operate through two 
primary stages: charging and discharging (Fig. 1). During the charging 
phase, air is compressed using surplus electricity from low-carbon wind 
sources, thereby converting electrical energy into mechanical and 
thermal energy. The compressed air is subsequently stored in under
ground salt caverns. During the discharging phase, when electricity 
demand is elevated, the pressurized air is heated and expanded through 
a turbine to generate electricity. In this study, we examine two principal 
configurations of CAES systems: diabatic and adiabatic. Detailed de
scriptions of the configurations of these systems are provided in the 
subsequent sections. The inlet and outlet temperature and pressure 
values in the configurations (Fig. 2 and Fig. 3) were taken from pub
lished data [5,7–9,16,24,25,33–41].

2.1. Diabatic CAES

As mentioned previously, in the diabatic CAES system, the heat 
generated during the compression process is not recovered, necessi
tating the combustion of fuel during the discharging process. Fig. 2 il
lustrates the schematic of the diabatic CAES system, including the main 
process components and thermodynamic boundary conditions. During 
the charging stage, air is compressed up to 70 bar in two stages with a 
low-pressure (LP) and high-pressure (HP) compressors, increasing the 
compressor temperature up to 631 ◦C. Following the charging or 
compression process, the air is stored in a salt cavern, where the tem
perature and pressure are maintained at 20 ◦C and 70 bar, respectively. 
During periods of high electricity demand, the compressed air is released 
from the cavern and reheated in a combustor before entering the tur
bine. The reheating process can raise the air temperature as high as 825 
◦C and even up to 1650 ◦C, depending on the fuel type (CH4 or H2) 
[5,7,39,40].

When CH4 is used, the inlet air temperature range can be from 825 ◦C 
to 1350 ◦C [5,7–9,25,35,39,40]. However, considering the higher en
ergy density of H2, the inlet temperature range increases to 1200 ◦C - 
1650 ◦C [38]. In addition to higher temperature, which makes the dis
charging process more efficient, burning H2 produces only water vapor, 
eliminating CO2 emissions. However, the higher energy and economic 
cost of hydrogen production presents a significant challenge. Further
more, while higher inlet temperatures can increase turbine output, they 
also pose difficulties in terms of finding materials that can resist such 
high temperatures [38].

During the discharging stage, the air expands through two turbines 
(low pressure and high pressure). After the first stage of the expansion, 
the air pressure decreases to 12.8 bar, with final outlet temperatures 
ranging between 468 ◦C and 876 ◦C. If CH4 is used as the fuel, CO2 is 
generated as a byproduct. Consequently, to mitigate these emissions, a 
CO₂ capture unit should be integrated into the process, which results in 
additional energy penalty. The pressure and temperature conditions of 
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each stream in the diabatic CAES system are summarized in Table 1.

2.2. Adiabatic CAES with thermal energy storage

The adiabatic CAES system, captures and stores the heat generated 
during compression in a Thermal Energy Storage (TES) facility, which is 
later used during the expansion phase. By storing the heat, the adiabatic 
system eliminates the usage of additional fuel and ensures a CO2-neutral 
process [8–11].

The schematic view and system boundaries of the adiabatic CAES 
configuration are illustrated in Fig. 3. Similar to the conventional dia
batic CAES systems, the process starts with compressing air to 70 bar in 
two stages, which increases the outlet air temperature to approximately 
631 ◦C. Following each compression stage, the hot air passes through a 
heat exchanger (HE) and enters the packed bed (TES facility). Here, heat 

is exchanged with the gravel within the TES, which acts as a storage 
material, capturing heat for later use. Afterwards, the air enters the 
cavern at a nearly ambient temperature and high pressure (70 bar).

During the discharge process, energy is extracted by withdrawing 
high-pressure air from the cavern. The compressed air is initially heated 
using thermal energy stored in the TES, reaching a temperature of 630 
◦C prior to expansion. The air is then expanded through a two-stage 
turbine to generate electricity. The outlet temperature and pressure of 
the air are fixed at 134 ◦C and 1 bar, respectively, after the final turbine 
stage (Fig. 3) [42]. The pressure and temperature conditions of each 
stream are summarized in Table 2.

3. Life-cycle exergy analysis

Exergy analysis is robust thermodynamic that evaluate the quality 

Fig. 1. Schematic view of a general CAES system using exergy concept.

Fig. 2. Schematic view of the diabatic CAES system. Streams 1–8 represent the main air flow path, shown with solid lines. The dashed lines indicate the auxiliary fuel 
loop, which supplies heat to the turbine via fuel combustion.

Fig. 3. Schematic view of the adiabatic CAES system. Streams 1–10 represent the main air flow path, shown with solid lines. The dashed lines indicate the auxiliary 
thermal energy storage loop, where compression heat is captured, stored, and reused during the expansion process.
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and usefulness of energy within a system based on the second law of 
thermodynamics. In essence, exergy represents the maximum useful 
work that can be obtained from the system, when it moves into equi
librium with its environment. Unlike energy, exergy can be destroyed by 
irreversibility in system components, thereby revealing the true poten
tial of an energy system. Assuming negligible potential, kinetic, and 
chemical effects, the exergy (MJ) of an air stream is given by [8,41,43]: 

Ex = m×((h − h0) − T0(s − s0) ) (1) 

where h (kJ/kg) and s (kJ/kg K) are specific enthalpy and entropy, and 
subscript 0 denotes environmental conditions or dead state (T0 = 293 K, 
P0 = 1bar).

In practice, especially for continuous flows, it is more useful to use 
exergy rate (MJ/s) in the analysis, where ṁ (kg/s) is mass flow rate of 
air. 

ėx = ṁ×((h − h0) − T0(s − s0) ) (2) 

3.1. Exergy return on exergy investment (ERoEI)

Exergy Return on Exergy Investment (ERoEI) is an analytical metric 
for evaluating the thermodynamic and environmental performance of 
various energy systems. Here, we extend the application to examine the 
exergetic efficiency and CO2 intensity of proposed diabatic and adiabatic 
CAES systems. Conventionally, ERoEI is defined as the ratio of exergy 
output (returned exergy rate) to exergy input (invested exergy rate) 
[29–31]: 

ERoEI =
ėxreturned

ėxinvested
(3) 

where ėxreturned is the amount of the rate of gained exergy from the sys

tem and ėxinvested is the total invested exergy rate in different stages of the 
process. Theoretically, the value of ERoEI can range from 0 to +∞ 
[29,30].

The exergy analysis workflow is performed by splitting system into 
material (ėxreturned) and work (ėxinvested) streams depicted in Fig. 1. The 
workflow of exergy analysis has performed in Excell based Coolprop 
freeware. CoolProp uses Peng-Robinson and Soave-Redlich-Kwong 
(SRK) equation of state (standard cubic equation of state) for calcula
tion of thermodynamic properties [44].

The main assumptions of the analysis are as follows: 

• The system operates under steady state condition, with equal dura
tions allocated for both the charging and discharging phases.

• The mass flow rate of air is maintained at a constant 120 kg/s during 
both charging and discharging phases.

• Air leakage is considered negligible throughout the process.
• In the D-CAES configuration, either H2 or CH4 is used as a fuel, with 

respective chemical exergy values of 118 MJ/kg and 51.8 MJ/kg 
[45].

• In the A-CAES configuration, the exergy requirement for heat ex
changers is considered negligible.

3.1.1. Work stream
In this section, we introduce the work stream of both D-CAES and A- 

CAES systems. The work stream is the total exergy investment during the 
charging and discharging phases, including air compression, injection, 
and withdrawal. Furthermore, all fuel consumption and exergy in
vestments associated with fuel generation are included in this analysis. 
Specific references to either the diabatic or adiabatic system are indi
cated in brackets where applicable.

3.1.1.1. Compression. Initially, air is compressed from atmospheric 
pressure to 70 bar through both low- and high-pressure compression 
stages. In the diabatic CAES (D-CAES) system, the heat generated from 
compression is released into the atmosphere, whereas in the adiabatic 
CAES (A-CAES) system, this heat is captured and recovered. The exergy 
consumption rate of the compression process is calculated using Eq. 4
referred to as the theoretical exergy of compression [9,41,46]. 

ėxcomp = ṁair ×((hout − hin) − T0(sout − sin) ) (4) 

where hout (kJ/kg), hin (kJ/kg) are the specific enthalpies of the output 
and input streams at a given pressure and temperature; sout (kJ/kg K), sin 
(kJ/kg K) are the specific entropies of the output and input streams at a 
given pressure and temperature, ṁair is the mass flow rate of air (kg/s), 
and T0 is the ambient temperature, 293 K.

To obtain the practical exergy rate, the efficiencies of the compressor 
and motor are considered (Table 3). Thus, 

Table 1 
Thermodynamic boundary conditions of air in each process stream shown in 
Fig. 2.

Stream 
No.

Temperature 
(◦C)

Pressure 
(bar)

Description

1 20 1.01 Inlet of LP compressor
2 200 8.5 Outlet of LP compressor / Inlet of 

HP compressor
3 631 70 Outlet of HP compressor
4 20 70 Inlet of salt cavern (after cooling)
5 20 70 Outlet of salt cavern
6 825–1650 70 Inlet of HP turbine (after 

combustion heating)
7 550–950 12.8 Outlet of HP turbine / Inlet of LP 

turbine
8 468–876 1.01 Outlet of LP turbine

Table 2 
Thermodynamic boundary conditions of air in each process stream shown in 
Fig. 3.

Stream 
No.

Temperature 
(◦C)

Pressure 
(bar)

Description

1 20 1.01 Inlet of LP compressor
2 300 8.5 Outlet of LP compressor
3 200 8.5 Inlet of HP compressor
4 631 70 Outlet of HP compressor
5 20 70 Inlet of salt cavern (after heat 

transfer)
6 20 70 Outlet of salt cavern
7 630 70 Inlet of HP turbine 

(after reheating via TES)
8 300 11 Outlet of HP turbine
9 382 11 Inlet of LP turbine 

(after reheating via TES)
10 134 1.01 Outlet of LP turbine

Table 3 
Main assumptions and parameters for performing life-cycle exergy analysis.

Parameter Value Reference

ṁ 120 kg/s –
cair 1.01 kJ/K [11]
ηc 70–90 % [51,52]
ηb 80–90 % [25,53]
ηt 70–93 % [5,54]
ηm 90–98 % [23,55,56]
ηg 90–98 % [23,55,56]
ηmech. 100 % [5]
ηtes 90–100 % [21,46]
ηccs 80–90 % [50]
Expr. (blue H2) 165–296 MJ/kg H2 [48,49,57]
Expr. (green H2) 169–252 MJ/kg H2 [49,58,59]
Expr. (CH4) 3–8 MJ/kg CH4 [30]
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ėxcomp =
ṁair × ((hout − hin) − T0(sout − sin) )

ηc × ηm
(5) 

3.1.1.2. Heat demand for air expansion (D-CAES). In the diabatic CAES 
configuration, the heat generated during the charging process remains 
unrecovered. Consequently, fuel combustion is required during the 
discharging process to expand air and drive the turbine for electricity 
generation. Depending on the selected fuel (CH4 or H2), turbine inlet 
temperatures can range from 850 ◦C to 1650 ◦C. The theoretical exergy 
rate of the heat demand can be estimated using Eq. 6 [11,43,46,47]. 

ėxh =

cair × ṁair ×

(

Tin − Tout − T0ln Tin
Tout

)

ηb
(6) 

where cair (kJ/K) is specific heat capacity of air, Tin (K) is the air tem
perature of the air in the inlet of the turbine, Tout (K) is the air temper
ature in the cavern outlet, and ηb is the burner efficiency.

3.1.1.3. Production of consumed fuel (D-CAES). After estimating the 
heat demand for air expansion during the discharging phase, the mass 
rate of consumed fuel (kg/s) is calculated using the following equation: 

ṁf =
ėxh.

Exch.
(7) 

where, Exch. is the fuel chemical exergy. The exergy rate for producing 
the fuel 

(
Exf

)
is determined using Eq. 8. 

ėxf = ṁf × Expr. (8) 

Here, Expr. is the exergy required to produce 1 kg H2 or CH4, which 
varies depending on the selected production method. In the analysis, 
hydrogen is considered to produce from two sources: blue H2, produced 
from natural gas with the capture of CO₂ generated during the process, 
and green H2, produced through water electrolysis process powered by 
renewable low-carbon energy (wind or solar) source (Table 3) [48,49].

3.1.1.4. Carbon capture and storage (D-CAES). The exergy requirement 

for CO2 capture and storage 
(

ėxccs

)

is assumed to be between 2.5 and 6 

MJ/kg CO2, using a monoethanolamine (MEA) based method, with a 
capture efficiency of 80–90 % [29,30,50].

3.1.2. Material stream
The material stream of the D-CAES and A-CAES systems refers to the 

amount of useful work obtained from the turbine during the discharging 
process, which is converted into electricity.

3.1.2.1. Air expansion. This returned exergy results from the expansion 
of compressed air, which drives the turbine to produce electricity. In the 
A-CAES system, the required heat for air expansion is supplied from a 
thermal energy storage (TES) facility, whereas in the D-CAES system, it 
is obtained through fuel combustion. The final exergy output of the 
turbine depends on the inlet and outlet temperatures and air pressure. 
For an isentropic expansion process the exergy rate is estimated from 
[21,41,46]: 

ėxexp. = ṁair ×(hin − hout) (9) 

The practical exergy rate is calculated by considering efficiency of 
turbine, generator and TES facility (Table 3): 

ėxexp. = ṁair ×(hin − hout)× ηt × ηg × ηtes (10) 

3.1.2.2. Thermal energy storage (TES) facility (A-CAES). In this study, a 
sensible heat storage method - packed gravel bed is assumed to use as a 
TES facility to store the heat captured during the compression stage. We 

assume the efficiency of the thermal storage facility to be between 90 % 
and 100 % [21,46], corresponding to 10 % to 0 % heat loss.

3.2. CO2 equivalent intensity

After estimating the invested exergy rates, the total CO2 equivalent 
intensity of the process can be calculated. CO2 intensity is defined as the 
mass of CO2 released per unit of exergy (grams of CO2 per megajoule 
electricity, g-CO2/MJe) [29,30]. Therefore, it is essential to first esti
mate the mass rate of CO2 emitted over the entire life cycle of the pro
cess. To better evaluate the sources of emissions, they are classified into 
two categories: direct emissions and indirect emissions. Direct emissions 
refer to those generated directly during the active operations of the 
CAES system, such as air compression and fuel combustion. The indirect 
emissions arise from life-cyclic activities that support the operation but 
occur outside of the immediate processes such as fuel production and 
leakage. The total CO2 emission is the sum of direct and indirect emis
sions. Final CO2 intensity of the process can be expressed as: 

CO2eq,int =
ṁco2

dir. + ṁco2
indir.

ėxreturned
(11) 

To calculate the CO2 intensity separately for diabatic and adiabat 
CAES systems, the following assumptions are made: 

• This study considers only CO2eq emissions generate in the opera
tional phase of system. Emissions related to infrastructure, con
struction, material production, and decommissioning are excluded 
from the analysis.

• The compression stage is powered by low-carbon electricity sources, 
assumed to be provided by offshore windmills, with a specific carbon 
intensity of 7 g-CO2eq/MJe [60].

• The specific CO2 intensity of CH4 combustion is 55 g-CO2/MJ [61].
• The CO2 intensity of H2 production assumed to be 1–5 kg CO2/kg H2 

for the blue H2 (from natural gas with CCS) and 1–3 kg CO2/kg H2 for 
the green H2 (from electrolysis using wind or solar energy) 
[49,57,62].

• Leakage rates during fuel production stage are assumed to be 1–1.5 
% for blue H2, 2–4 % for green H2 and 0–1.5 % for CH4 [29,63].

• The global warming potential (GWP) values for CH4 and H2 over a 
100-year periods are 28 and 12, respectively [64,65].

In D-CAES system, the total equivalent mass (rate) of generated CO2 

is the sum of emissions from compression 
(

ṁco2
comp.

)

, fuel 

combustion
(

ṁco2
h.

)

, and fuel production 
(

ṁco2
f .

)

stages. Furthermore, 

CH4 and H2 leakages 
(

ṁco2
leak.

)

during the fuel production stage are 

included in the analysis, with adjustments made based on their global 
warming potential (GWP) over a 100-year period: 

CO2eq,int =
ṁco2

comp. + ṁco2
h. + ṁco2

f . + ṁco2
leak.

ėxreturned
(12) 

In more detail, in the formula, CO2 emissions from 

compression
(

ṁco2
comp.

)

, and heat 
(

ṁco2
h.

)

generation from fuel combus

tion are determined by multiplying the exergy investment rate for these 
processes by the specific CO₂ emissions associated with each energy 

source. The emissions from the fuel production stage 
(

ṁco2
f .

)

are esti

mated by adjusting the specific CO2 intensity values of the selected fuel 
production method. The method to calculate CO2 equivalent emissions 

from leakage stage 
(

ṁco2
leak.

)

accounts for the leak rate and the GWP 

values of specific gases (CH4 or H2) as described in our previous work 
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[29]. For the A-CAES system, the equation can be expressed as, 

CO2eq,int =
ṁco2

comp.

ėxreturned
(13) 

4. Results and discussions

This section presents the outcomes of a life-cycle exergy analysis 
conducted on five distinct Compressed Air Energy Storage (CAES) sce
narios, which are primarily differentiated by their heat management and 
fuel consumption strategies. Initially, the exergetic efficiency and prin
cipal exergy losses of each system are scrutinized. Subsequently, the CO2 
equivalent intensity of the proposed CAES systems is analysed in a 
comparative context. Finally, the results are compared with findings 
from related literature. The entire exergy analysis workflow was 
executed utilizing an Excel-based platform, which is integrated with the 
CoolProp freeware library.

4.1. Exergetic efficiency (ERoEI)

The exergy analysis starts with the calculation of exergy rates for 
each process step within the work and material streams, as depicted in 
Fig. 2 and Fig. 3. The calculated ranges of invested and returned exergy 
rates are presented in Table 4 for both diabatic and adiabatic CAES 
configurations. These values are derived using the equations (Eqs. 4–10) 
outlined in the previous section.

Fig. 4 illustrates the maximum and minimum estimated ERoEI values 
of each scenario. It is important to mention that in addition to maximum 
and minimum ranges of ERoEI, in each scenario the invested exergy 
rates should correspond to correct output rate. For example, in the 
diabatic CAES systems, the maximum ERoEI is associated with the lower 
exergy consumption in the compressor stage coupled with the higher 
turbine output, while the minimum ERoEI corresponds to higher 
compressor energy demand, lower turbine output, and consequently 
reduced fuel consumption. A detailed example of the calculation is given 
below for the D-CAES with CH4 configuration: 

ERoEI (D − CAES with CH4)max =
91.2

97.2 + 126.3 + 8.8
= 0.39 

ERoEI (D − CAES with CH4)min =
32.4

132 + 58.8 + 6.3
= 0.16 

The same calculation procedure was used for the other proposed 
configurations. Overall, the results of analysis indicate that traditional 
D-CAES system powered by CH4 exhibits low exergetic efficiency, in the 
range of 0.16–0.39, primarily due to significant heat dissipation during 
the charging phase. Adding an energy-intensive CCS plant to this system 
leads to additional exergy loss. The final exergetic efficiency for D-CAES 
with CH4 and CCS (CH4 + CCS) is calculated in the range of 0.15–0.36 
(Fig. 4). This reveals that a substantial part of the exergy input (63–85 
%) is lost at different stages of the system. Fig. 5 shows that the largest 
exergy loss for this scenario (34 %) occurs in the compression process. 

The heat consumption for air expansion is second highest contributor 
accounting for 27 % loss. Integration of CCS plant and inefficiencies in 
turbine operation consume nearly equal portion, comprising 5–6 % of 
exergy input. Since CH4 is a primary energy source, its production re
quires minimal exergy demand.

When using H₂ instead of CH₄ to power the turbine, the inlet 
temperate is higher due to higher lower heating value (LHV) of H2. As 
previously discussed, the total electricity output from the turbine de
pends on inlet and outlet temperatures and pressures. Therefore, in these 
scenarios (D-CAES with blue and green H2), the elevated inlet temper
ature results in greater power output (returned exergy). However, pro
ducing H2 fuel requires substantial amount of energy (Table 4) and 
offsets this increased exergy gain (Fig. 4). As shown from Fig. 6, H2 
production constitutes a significant share of the total exergy investment 
compared to CH4 production, resulting in a notable reduction in ERoEI. 
On average, the H2-fuelled system exhibits approximately 10 % lower 
life-cycle exergetic efficiency than the CH4-based diabatic system due to 
the energy intensive H2 production stage. In the H2 fuelled D-CAES 
system, compression and heat consumption are the second largest con
tributors, each comprising 21 % of the total exergy input.

The maximum ERoEI for the A-CAES with the TES reaches 61 % 
when heat recovery efficiency is 100 %, i.e., the case with no heat loss 
(Fig. 4). The higher efficiency is mainly due to the heat recovery during 
compression stage, which is used to heat up air in the expansion process. 
However, the ERoEI of this system is strongly dependent on the thermal 
efficiency of the storage facility. For example, with 90 % TES efficiency 
(10 % heat loss in TES), the maximum exergetic efficiency drops to 55 %. 
In the A-CAES system, the main exergy loss is in the compression stage, 
with 46 % of supplied exergy. With typical TES efficiencies ranging 
between 90 and 100 %, only a minor fraction (3 %) of the available 
exergy is destructed due to heat loss. Additionally, inefficiencies in the 
turbine account for around 7 % of the total exergy input. Consequently, 
the remaining 44 % of the exergy input is returned as useful output, 
representing the average life-cycle exergetic efficiency of this 
configuration.

In summary, among the analysed configurations, the A-CAES system 
with TES demonstrates the highest ERoEI, providing, on average, a 18 % 
and 27 % increase in thermodynamic efficiency compared to D-CAES 
systems fuelled by CH4 and H2, respectively. However, it is important to 
note that most industrial TES applications currently offer storage du
rations ranging from only a few hours to a few days with minimal or no 
heat loss. For longer durations, thermal loss becomes significant, leading 
to a reduction in exergetic efficiency. To address this limitation, future 
enhancements could focus directly on improving the storge capacity and 
duration of TES facility with combining sensible and latent heat storage 
options which can enhance system exergy efficiency. Alternatively, a 
hybrid configuration integrating diabatic and adiabatic CAES systems 
could also be considered to extend storage duration while benefiting the 
advantages of both approaches.

4.2. CO2 equivalent intensity

Following the exergy analysis, the CO2 intensity of the proposed 
configurations was estimated using Eqs. 12 and 13.

Fig. 7 presents the minimum and maximum life-cycle CO2 equivalent 
intensity of the different CAES scenarios. As shown in Fig. 7, the D-CAES 
system exhibits the highest carbon footprint, primarily due to CO₂ 
emissions from CH₄ combustion during the discharging phase. More
over, CH4 leakage (0–1.5 %) can occur during fuel production and 
supply. CH4 has 28 times more global warming potential (GWP) 
compared to CO2 over a 100-year period [29,64]. However, integrating 
a CCS plant with a capture efficiency of 80–90 % significantly reduces 
emissions from the combustion stage, lowering the overall CO₂ intensity 
by an average of 50 %.

Another promising strategy to reduce the carbon emission of the D- 
CAES systems is to employ green H2 as fuel during the discharge phase. 

Table 4 
Main input parameters used to calculate exergy rates of the work and material 
streams for diabatic and adiabatic (with TES) CAES systems.

Invested and Returned Exergy Rates Applicable Scenario Value (MJ/s)

ėxcomp D-CAES and A-CAES 97.2–132
ėxh D-CAES with CH4 58.8–126.3
ėxh D-CAES with H2 84.4–145.6
ėxf D-CAES with CH4 6.3–8.8
ėxccs D-CAES with CH4 + CCS 17.3–19.5
ėxf D-CAES with blue H2 216.2–241.5
ėxf D-CAES with green H2 178.9–208.5
ėxexp. D-CAES with CH4 32.4–91.2
ėxexp. D-CAES with H2 48–103.2
ėxexp. A-CAES with TES 36–58.8
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Although H2 combustion itself does not emit CO2, the production of 
green H2, even when powered by low-carbon wind resources, generates 
approximately 1–3 kg CO2 per kg of H2 [59,62]. Additionally, 2–4 % of 
H2 leakage may occur during the production and utilization, necessi
tating its inclusion in the calculations as equivalent intensity conversion 
[63]. The GWP of H2 is 12 compared to CO2 in 100 year period [65]. 
Nonetheless, the results remain optimistic, with only 21–70 g of CO2 
generated per MJ of electricity production, which is 65–76 % less than 
the conventional diabatic CAES scenario (Fig. 7). In contrast, utilization 
of blue H2 instead of green H2 does not lead to a significant reduction in 
CO2 intensity. While integration of CCS plant in the H2 production stage 
decreases carbon emission, the process still releases 1–5 kg CO2 per kg of 
H2 [49,62]. Additionally, during manufacturing of blue H2, 1–1.5 % of 
H2 leakage and 0–1.5 % of CH4 leakage (during reforming, oxidation 
process) are assumed [29,63]. These factors notably increase the life- 
cycle CO2eq intensity, which makes using blue H2 in the CAES systems 
less beneficial in terms of carbon intensity (Fig. 7).

To assess the environmental impact of CAES systems, we define 
direct and indirect emission terms in the methodology section. As 
illustrated in Fig. 8, the relative contributions of these two categories 
vary across the different D-CAES scenarios. As mentioned before, direct 
emissions refer to CO2 generation during the operation of the CAES 
system, while indirect emissions are caused by life-cyclic processes such 
as fuel production and leakage. For example, in options where CAES 
systems are powered by H2 (both blue and green), substantial share of 
the total carbon footprint arises from the indirect emission category. 
This means that the largest fraction of emissions is not directly attrib
uted to the compression or expansion stages, but rather to hydrogen 
production and the occurrence of gas leakage (CH4 and H2). As, blue H2 
is mainly produced from natural gas, both CH₄ and H₂ leakage occur 
within the process, significantly increases emission rate from leakage. 
Consequently, the D-CAES scenario with blue H₂ indicates the highest 
indirect emission rate in Fig. 8, with approximately 79 % of the total 
emissions. For the case with green H2 as the fuel, indirect emissions are 

Fig. 4. Maximum and Minimum values of Exergy Return on Exergy Investment (ERoEI) or exergy efficiency of different CAES systems.

Fig. 5. Exergy flow distribution and average exergy loss fractions for diabatic CAES systems powered by CH4 (with CCS option).
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comparatively lower, around 69 %. Overall, direct emissions account for 
only 21–31 % of the total emissions in hydrogen-fuelled systems (either 
blue or green). This includes only the air compression stage. Notably, in 
these scenarios, there are no carbon emissions from the combustion 
phase, as combustion of hydrogen does not produce CO2. Thus, this 
phase is excluded from the direct emissions category, reducing its 
overall contribution to the carbon footprint of the system.

In contrast, the CH4 + CCS configuration exhibits a substantially 
higher share of direct emissions (90 %), which is largely driven by 
compression (37 %), combustion (33 %), and CCS operations (20 %). 
Indirect emissions, such as CH4 production and leakage, play a 
comparatively small role, accounting for just 10 % of the total emissions 
(Fig. 8).

The lowest CO2 intensity among different CAES configurations is 

calculated for the A-CAES system. This method eliminates the need for 
using any additional fuel in the discharging phase leading to reduction 
in its CO2 footprint. The total CO2eq intensity of the electricity genera
tion for this system is 12–26 g-CO2eq/MJe with 90–100 % TES efficiency. 
This involves only the air compression process powered by the low- 
carbon wind source (Fig. 7).

In summary, the results indicate that, despite utilizing hydrogen as a 
fuel in the D-CAES system, the life-cycle CO2 intensity of the system is 
substantially higher (by an average of 60 %) compared to the A-CAES 
option. The leakage of methane (in the case of blue hydrogen) and 
hydrogen during the fuel production and utilization stages significantly 
exacerbates the total equivalent intensity. Rigorous monitoring and 
minimization of these leaks could enhance the overall environmental 
performance of hydrogen-based CAES systems.

Fig. 6. Exergy flow distribution and average exergy loss fractions for diabatic CAES systems powered by H2. The results for blue and green H₂ scenarios are similar, 
therefore they have been averaged into a single representation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 7. CO2 equivalent intensity of different CAES systems.
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4.3. Comparison with literature studies

In this section, we compare the results of our exergy analysis with 
various studies reported in the literature. We selected the most relevant 
studies for each proposed CAES scenario. The primary distinction of our 
work is the adoption of a life-cycle approach, as opposed to considering 
only the operational phase of the system.

For the D-CAES systems powered by natural gas, Elmangart et al. 
[22] report storage efficiencies ranging from 25 % to 45 %, which 
closely align with our calculated range of 16 % to 40 %. While their 
analysis focused solely on the operational phase, our study expands on 
this by incorporating a life-cycle approach that includes methane pro
duction stages. Additionally, they employed a different configuration in 
the compression stage. These factors primarily account for the slight 
differences observed. Safei et al. [24] also conducted an exergy analysis 
of a conventional D-CAES system, reporting an exergy efficiency of 54 
%, which does not account for the energy demand of the fuel production 
stage. Our study further differs in terms of component performance as
sumptions, utilizing variable ranges for compressor and turbine effi
ciencies rather than fixed values. This approach allows for a practical 
evaluation of exergy across a range of operating conditions. Moreover, 
we consider varying air temperatures at the turbine inlet and outlet and 
include motor and generator efficiencies, thereby refining our analysis 
and providing a more comprehensive picture of system performance.

The concept of utilizing hydrogen as fuel in CAES systems is rela
tively novel, with limited studies available in the literature. Safei et al. 
[24] investigate the use of hydrogen as fuel in CAES in their study; 
however, their proposed configuration differs from ours. They utilized 
the waste heat from compression to produce hydrogen via a high- 
temperature steam electrolysis process and subsequently used the pro
duced hydrogen as fuel in the turbine. The exergy efficiency of this 
system is estimated to be 35 %, with fixed values for the inlet and outlet 
temperatures in the turbine, as well as for the compressor and turbine 
efficiency.

In contrast, our study considers hydrogen production through 
various methods, primarily from natural gas and water electrolysis. To 
capture a realistic range of potential efficiencies, we model variable inlet 
and outlet temperatures for the turbine air, based on the heat capacity 
gained from hydrogen combustion. Additionally, we assess the effi
ciencies of the compressor, turbine, generator, and motor across a range 

of values, providing a more adaptable model for evaluating maximum 
and minimum exergy efficiencies under different operational 
conditions.

Several works have examined the thermodynamic efficiency of A- 
CAES systems with integrated Thermal Energy Storage (TES). The sys
tem proposed for A-CAES by Sciacovelli et al. [21] is similar to our setup, 
which employs a packed bed for storing the heat generated during the 
compression stage. They reported a maximum round-trip efficiency 
between 60 % and 70 %, with TES efficiency above 90 %, closely 
aligning with our results, where we calculated a maximum exergetic 
efficiency of 61 %. We also factored in motor and generator efficiencies 
in this value. Similarly, they found that the greatest exergy losses 
occurred during the compression stage, while the minimum losses 
occurred in the TES facility due to heat loss—both outcomes consistent 
with our findings. In addition, Kim et al. [9] assessed the thermody
namic performance of an A-CAES system with TES, indicating a 68 % 
electrical storage efficiency, considering the same fixed compressor and 
turbine efficiency for the system. However, they considered a 50 bar 
operational pressure for storing air in the cavern, which can result in 
slight differences in exergy efficiency compared to our study.

5. Conclusion

This study simultaneously evaluates the thermodynamic (exergetic 
efficiency) and environmental (CO2 intensity) performance of different 
Compressed Air Energy Storage (CAES) systems by applying the concept 
of Exergy-return on Exergy-investment (ERoEI). Various CAES config
urations were analysed as potential optimization scenarios. The findings 
reveal that traditional diabatic CAES system, which powered by CH4 
suffers from significant exergy loss in the charging phase, due to heat 
dissipation. The thermodynamic efficiency of this system is notably low, 
which pose a major challenge to its broader adoption and effectiveness. 
Furthermore, this system also has considerable environmental impact 
due to high CO2 emissions associated with CH4 combustion. The inte
gration of CO2 capture plants into system reduces the CO2 intensity in 
electricity generation, albeit at the expense of reduced exergy efficiency 
(ERoEI) due to the extra energy demand for CCS plant.

Furthermore, the introduction of hydrogen as a fuel source in the 
CAES system offers a pathway to achieve higher efficiency due to its 
higher lower heating value (LHV). The transition to green H2 as the 

Fig. 8. Average fraction of direct and indirect carbon emissions generated in different diabatic CAES systems.
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primary fuel source for reheating and expansion of air indicates an 
estimated reduction of 65–76 % in CO2 intensity. However, it is essential 
to monitor H2 and CH4 leak rates (especially in the case of the use of blue 
H2) during the production and utilization of hydrogen, as these leaks can 
increase remarkably equivalent CO2 intensity. While the scenario with 
green H2 shows a lower CO2 impact, the overall exergetic efficiency is 
low due to the high energy cost of producing hydrogen.

The most significant advancement is observed in adiabatic CAES 
system (A-CAES) with integration Thermal Energy Storage (TES). This 
system demonstrates the highest exergy efficiency (61 %) and lowest 
CO2 intensity (12–26 g-CO2eq/MJe), particularly when full heat recov
ery is implemented. By capturing the generated heat during air 
compression stage and retrieve it in discharging phase, this system 
effectively minimizes additional exergy investment and enhance ERoEI. 
However, the thermal efficiency of thermal storage facility plays a sig
nificant role in this process. If we consider that many TES applications 
achieve high efficiencies (90–100 %) only over short durations (hours to 
daily scales), integrating diabatic and adiabatic CAES systems in a 
hybrid configuration may enhance the capability for longer storage 
duration.

In conclusion, our life-cycle exergy analysis provides a robust 
framework balancing the energy demand and environmental challenges 
in various CAES configurations, offering key insights for system opti
mization. The results of the exergy analysis combined with future 
techno-economic considerations, can support stakeholders in identi
fying the most optimal scenario, with the highest life-cycle efficiency 
and the lowest environmental impact.
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