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Abstract

The share of renewable energy sources in the energy mix has become increasingly important for electricity generation in recent years. However,

renewable energy sources have limitations; for example, they are not always available. An advanced adiabatic compressed air energy storage

system is proposed to address this problem and maintain the balance between energy demand and production. When energy supply exceeds

demand, it can be stored and released later when demand increases. This maintains a steady and uninterrupted electricity supply. The goal of this

paper is to cut costs, improve energy efficiency, and speed up system response time. The findings indicate that increasing the compression ratio

from 2 to 10 reduces the efficiency of an adiabatic compressed-air energy-storage system from 71% to 24%. In addition, using volcanic rocks as

a storage material achieves high thermal storage efficiency, up to 85%.
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1. Introduction

Compressed air storage, which can use underground caverns
or above-ground reservoirs, is one of the most promising tech-
nologies for scale energy storage. Although this technology is
still under development, several studies have been conducted
to improve its overall performance. Using compressed air to
store energy has been around since the 1940s [1].

Since then, numerous improvements have been made to CAES
systems to enhance performance and reduce energy consump-
tion. The goal is to make the system as efficient as possible.

During the charging phase, the compressor compresses atmo-
spheric air using the excess energy generated by renewable
energy sources. During the discharge phase, the stored com-
pressed air will be released and injected into the turbine. Final-
ly, the mechanical energy generated by the turbine is converted
into electrical energy through a generator and then injected
into the grid. In addition, during the storage process, com-

pressed air is usually stored in underground locations such as
salt caverns, aquifer (capable of supporting 2 to 8 MPa pres-
sures) [2], abandoned mines, etc. Conventional (compressed
air energy storage) is characterized by relatively low efficiency,
about 50% [3]. The low efficiency of the system is explained by
two primary energy deficits: heat loss during compression and
the need to preheat compressed air before discharge. During
the charging phase, compressed air generates significant heat,
which is usually lost to the environment rather than being
stored for reuse. Conversely, during discharge, expanded air
is significantly colder, often requires preheating via fossil-fuel
combustion to avoid thermal stress on turbine components
and to maintain operating efficiency. It reduces the use of
additional energy to supply usable heat during charging and
to refill the air during discharge, thereby reducing round-trip
efficiency of the system (ratio of energy produced to energy
input). In addition, dependence on external fuel sources to
re-increase operating costs and increases greenhouse gas
emissions, reducing the environmental benefits of energy stor-
age technology. [4]. To date, existing storage plants have been
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on service and operational for over 20 years [5]; Hunter is the first,
built in 1978 in Germany, with a storage capacity of 290 MW and an
efficiency of about 46%. The McIntosh factory in the United States
is the second, built in 1991, with a storage capacity of 110 MW and
an efficiency of 54% [6].

Adiabatic compressed air energy storage addresses the limitations
of traditional CAES by integrating thermal energy storage (TES) to
recover heat that would otherwise be lost, usually in materials such
as molten salts or solid media, rather than allowing it to dissipate
into the environment. During discharge, this stored heat is recycled
to preheat the extended air before it enters the turbine, thereby
eliminating the requirement for fossil fuel combustion. By main-
taining near-adiabatic conditions (reducing heat exchange with the
environment), adiabatic compressed-air energy storage (A-CAES)
achieves a system efliciency of 60-70%, a marked improvement
over traditional CAES systems, which operate at 40-50% efliciency
due to their dependence on external fuel. This closed-loop thermal
management not only enhances energy recovery but also eradicates
greenhouse gas emissions associated with the use of supporting
fuel. [7]. In addition, by reproducing the stored heat used to warm
compressed air before its expansion in turbines, the thermal energy
storage system eliminates the need for fuel combustion. As a result,
the A-CAES not only achieves high efficiency, but also functions
as a zero-furnace process during discharge, strengthening its role
in permanent energy storage solutions. [8-9]. Thus, the economic
uncertainty of CAES is reduced [10].

Recent research, such as that conducted by Yang et al., shows that
maintaining a constant expansion pressure while reducing the
number of compression stages increases the system’s output power.
Conversely, increasing the number of expansion stages while main-
taining a constant compression pressure improves the power output
per unit mass of air. Advanced adiabatic compressed air energy stor-
age (AA-CAES) systems with a constant overall pressure ratio are
ideally configured with two compression stages and three expansion
stages. The TES efficiency of the AA-CAES system is around 85%
[11].

Zhao et al. [12-14] developed a dynamic model of an energy storage
system combined with wind energy, where the storage system used
is of the advanced adiabatic type. The simulation results showed that
the output power was sufficient to satisfy the load demand.

Liu et al. [15] found that the exhaust temperature remained too high
at the outlet of the low-pressure turbine of the AA-CAES, resulting
in significant losses. They proposed improvements to increase the
energy efficiency of AA-CAES systems. The analysis of the above-
ground gas storage device for CAES yielded an overall efficiency of
about 69.9%.

Lu [16] developed an experimental model combining CAES with
solar and wind energy. The study examined different parameters
under various conditions and using different fluids, and proposed

guidelines for an ideal storage system based on an analysis of system
efficiency.

Du et al. [17] developed a mathematical model of the storage effi-
ciency of the system based on the first law of thermodynamics. The
results demonstrated an average system storage efficiency of 76.9%,
and a volumetric energy density of 309.48 kJ/m?®, which was double
that of traditional rigid gas storage tanks.

Mou, H. et al. [18] provide an overview of different CAES derivatives,
especially the adiabatic system. The overview covers the theoretical
developments and current trends in CAES systems. It concludes
that the efficiency of an Adiabatic CAES can reach 70 %, whereas
the diabatic or traditional CAES system cannot exceed 50 %, and
requires fossil fuels. Moreover, the study discusses the importance of
integrating Thermal Energy Storage (TES), explaining how TES can
help maintain efficiency and provide potential economic benefits,
particularly when combined with renewable energy sources.

Chen et al. [19] performed a feasibility study of large-scale CAES
systems, focusing on the technical difficulties of creating effective
heat storage systems. To improve overall system performance, you
need to reduce heat loss during the compression and expansion
processes. The study indicates that enhancements to the TES sys-
tem would increase the efficiency of the A-CAES system, potentially
raising it to 65%-75%.

Li et al. [20] conducted an analysis of the thermodynamic efficien-
cy of A-CAES systems under various conditions. This analysis also
looks at how well thermal storage systems work based on the materi-
als used to store them. The research indicates that a well-constructed
adiabatic CAES system can achieve an overall efficiency of up to
70%, contingent on the materials used.

Boudries et al. [21] investigated how temperature and pressure in
underground cavern storage affect how well Adiabatic CAES sys-
tems work overall. The study finds that using advanced insulation
techniques to maintain stable cavern conditions can improve system
efficiency by up to 10%. It emphasizes that future systems require
real-time monitoring and advanced thermal control to operate op-
timally.

Liu et al. [22] examined the impact of diverse factors, including
geological attributes and aquifer permeability, on the efficacy of
A-CAES systems. It was found that if the aquifer is highly permeable,
thermal energy can escape, which reduces the overall efficiency of
the Adiabatic CAES system. However, these effects can be mitigated
by using improved thermal insulation and selecting optimal storage
locations for items. This keeps the system operating at approximate-
ly 70% efhiciency.

Bushehri, M. etal. [23] provides an in-depth examination of the scal-
ability and technical difficulties associated with large-scale Adiabatic
CAES systems. The study shows that when thermal energy recovery
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is at its best, there is a lot of room for high efficiency. However, it
also makes clear that high capital costs and complex engineering,
especially in heat exchanger design, remain significant challenges.

Sarmast, S. Et al. looked for ways to improve the performance of a
near-adiabatic CAES system. They sought to determine the design
and size of this system. The study found that if you balance the heat
and air compression right you can store energy more efficiently and
make the whole system work better [24].

Ultimately, the performance of a compressed air energy storage
system depends on the temperature and pressure of the air when
it is discharged from the well. These two factors affect system effi-
ciency. The people conducting the study also found that the amount
of air injected into the system is an important factor. It affects the
temperature and pressure, in the cavern, which’s a key part of the
Compressed Air Energy Storage system [25].

The work on compressed air energy storage, or A-CAES, has been
substantially improved by addressing key issues concerning the ma-
terials used, system performance, and overall system optimization.
The other studies only looked at materials that can store heat, such
as molten salts or solids that do not change phase. We examined
more than 20 materials, including volcanic rocks, metals, and fluids
that undergo phase changes. We sought materials for thermal ener-
gy storage so that we could achieve efficiencies of up to 85 percent.

We also developed a method to the A-CAES system’s response to
changes, which other studies have paid little attention to. By exam-
ining the system’s thermal performance and cost, we can design en-
ergy storage systems that are cost-effective and integrate effectively
with renewable energy.

All of these findings that we identified are important for enabling
the global deployment of A-CAES technology. The A-CAES tech-
nology can be scaled up. The goal is to use it in real life. The A-CAES
systems can be made to work and to be more efficient, which is what
we need to do.

This paper begins with an introduction to the subject, followed by
a comprehensive literature review. In the methodology section, the
mathematical analysis of the model is described in detail to provide
a clear understanding of the system’s operational principles. Finally,
the results are presented in three phases: the system without Ther-
mal Energy Storage (TES), the system with TES, and the proposed
improvements aimed at enhancing the overall system efficiency.

2. Material and method

Our adiabatic CAES system incorporates a thermal storage unit to
recover energy degraded during charging. This degraded energy
will later be reused to heat the air at the turbine inlet during the
discharge process.

STORAGE
VOLUME

3)

COMPRESSOR

THERMAL STORAGE
SYSTEM

Qrecovred

Figure 1. Studied system

We present the main equations used to analyze this system at each
point shown in Figure 1.

2.1. Air compression (1) to (2)

In this stage, the air undergoes adiabatic compression, in which the
power consumed by the compressor is denoted as W, [kW].

The power required to compress the air is calculated using the fol-
lowing equation:

Wi, = m - Cp * (Tz— T]) (1)

For an adiabatic compression process, we have the following:

P+ T" = Constant (2)
Therefore,

T,=T, - (%)_ (3)
And,

P, = P,.mtc (4)

The final expression for the power consumed by the compressor is:

. P\

Wa=m- G- T | () -1] (5)
Where;

. 1h is the mass flow rate of air(kg/s),

. Cp is the specific heat capacity (J/(kg-K)),

. T is the inlet air temperature (K),

. P, is the inlet air pressure (Pa),

. P, is the outlet air pressure (Pa),

. y is the specific heat ratio.

The actual work of the compressor is given by:

Win
Tlis (6)

Waclual =

Where 7 is the isentropic efficiency of the compressor.
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Using the expressions of W and W_, we can derive the expression RT
of heat losses in the compressor. Vsorage = mT (16)
2.2. Thermal energy storage (2’) to (4') Where:

. m is the mass of stored fluid (kg).
The heat lost during the charging process is calculated as: . R is the specific gas constant (J/mol.K®).

. T is the absolute temperature of the fluid (°K).
Quosses = Wactual - Win (7) . P is the absolute pressure of the fluid (bar).

(5] 050 ®

The thermal energy stored in the TES is given by:

ansses =rh - Cp < T, -

Qstored =m - Cp * (TSmck - Tenv) (9)
Where:

. T is the ambient temperature (°K),

. T, .. is the storage temperature, also it is typically the tem-

perature at the compressor outlet (°K).

The thermal energy recovered from the TES is given by:

Qrecovered =m - Cp ° (Trecnvered - Tenv) (10)

is the temperature after heat recovery.

recovered

The efficiency of the TES is defined as the ratio of recovered energy
to stored energy:

Ty = gt ()
Ih * Cp ° (Trecovered - Tenv)

5 = "5 G, (Tyoa - Tow) (12)
The formula of T . is expressed as:
Trecovered = Teny + T]TES.(Tz - Tenv) (13)
Thus,

P,V
Trecovered = Teny + Nres * | Ti ¢ <?1> - Tew (14)
For, T =T =T, we have:

-1
Trecoverea = T [1 + Mes * (7'537— 1)] (15)

2.3. Compressed air storage (2) to (4)
The storage volume V, _is an essential part of the energy storage
system. This volume provides storage for compressed air or other

fluids at a specific pressure and temperature.

The storage volume can be expressed as:

Drop in temperature and pressure can occur during storage.
These losses can be calculated as follows:

The pressure in the storage volume varies over time according to the
equation:
P,(t) = (P,- AP.,) - ™ (17)

Where k is a leakage constant and AP, reflects the pressure drop
caused by the extracted mass or volume.

The temperature in the storage volume varies over time according
to the equation:
T3(t) = Tz.eraht+T1.(1 - e—aht) (18)

Where h is the heat transfer coeflicient and is geometry and thermal
factor.

2.4. Compressed air expansion (4) to (5)

In this case, we have an adiabatic expansion:

Wou = m Cp * (T4 - Ts) (19)
T, calculated using the following formula:
T,=T:+ T]TES-(TStock - T3) (20)

Thus, using the expression of T, and T, we can establish the final
formula of the temperature at the turbine inlet:

T4 = Tz * erht+T1 * (1 _e—ht) + Mres * (Tz—Tz ° e’m+T1 * (1 - e'ht))

(21)
a-1 T, Ll_Tl, Ll_ -ht
T,=T - TEcYN‘ ce™+ T (1- e'h‘) + TMeres * ( - o +)
T, - (1-e™)
(22)
1 .
T4 = Tl . [7‘[:T . e—ht . (1 _ T]TF,S) + (1 _ e—h[) . (1 _ T]TES) +(T]TF,S . 71_:7)]

(23)



Masaaf, et al.

1314

Finally, we obtain:

To=T - [(z5 - 1) e"+1) - - + (s - 25)] 20)
For adiabatic expansion, we have:

T=T, - (%)7 (25)
And,

P, = Ps.mt (26)
The final expression of the power generated by the turbine is:
Wo=th+C, o T, - [1 (%)*] (27)

2.5. System efficiency

The system efficiency is the ratio of the output energy/work to the
input energy/ work.

WOU(
T]System = Win (28)
Therefore, poyEL
x5 b
T [1 '(P4) }
Neysem = 7 2L 7 (29)

T [(B)7 ]

2.6. Response time of the compressed air energy storage
system

The response time of a compressed air energy storage system can be
calculated using the following equation.

=Y (30)

\Y%

The continuity equation and energy equation help to determine the
expression of the response time:

. . _dov

Min - Mou = dt (31)
Q-w=47 (32)
Where:

. th;, is the incoming mass flow rate (kg/s),

. th,. is the outgoing mass flow rate (kg/s),

. p is the air density (kg/m3),

. V is the storage reservoir volume (m3),

. Q is the heat transferred (W),

. W is the work done (W),

. U is the internal energy(]),

. T is the response time (s),

. V is the rate of change of the reservoir volume (m?/s).

From the expressions of the incoming mass flow rate rh., and
outgoing mass flow rate .., and by assuming that the volume is
constant, we can derive:

Ihin - l'hmn = g (33)
. Py \.,in

M = R (34)
. _ PV

Mo = R (35)

By substituting these expressions into the continuity equation ob-
tained, we get:

Pin : Vin Poul : vout V

R-T,  R-Taw ~ T

(36)

Therefore, the final expression for calculating the system’s response
time becomes:

oV

Py - \.fin Pouw * vout
R-Ty ~ R Tou

T = (37)

2.7. Economic feasibility of the system

To assess the economic feasibility of the system, we must calculate
the installation costs and various economic parameters. The follow-
ing formulas are used:

The LCOE (Levelized Cost of Energy) is defined by the following
equation:

Lo+ Y (O&M + F)

LCOE = 38
SE (38)
Where:
. I is the total investment cost ($),
. O&M is the operation and maintenance cost($/kWh),
. F is the fuel cost($/kWh),
. E is the energy produced each year (kWh).
The total investment cost is given by:
Teaes = Lcompressor + Lstorage + Liurbine + Lres (39)
The investment cost of the CAES system depends on 7. :
Iw[ = ICAES.( 1+ log(m )) (40)
By varying, m. we get:
Lot () + O&M +F
LCOE(n.) = () + 2. ) (41)

> E(m)
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3. Result & discussion

3.1. Simulation of the system without thermal energy storage
system

In this case, the compressed air storage system is designed without a
thermal energy storage system.

Win as function of Mc

225 4

200

175 4

Win (kW)

150 4

125 4

100

~
w
IS
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<
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Figure 2. Compressor works as a function of the compression ratio

Figure 2 illustrates the evolution of compressor work as a function
of the compression ratio. Input power increases with compression
ratio. Since Win is directly linked to the compression ratio, the com-
pressor work follows its evolution.

140 4 = Ms=0.65
—— Ns=0.70
— ns=075
120 1 — s =0.80
— nis=0.85

— Ns=0.90

i —

2 3 a 5 6 7 8 9
Compression ratio M, [-]

Figure 3. Compressor thermal losses as a function of compression
ratio and isentropic efficiency

Figure 3 shows the development of the thermal energy degraded
by the compressor. The loss of heat increases as compression ratio
increases, indicating that the high ratio leads to more significant
thermal damage. In addition, it has decreased heat loss, which is
accompanied by an increase in isentropic efficiency. High isentropic
efficiency enables a more efficient conversion of work during com-
pression, thereby reducing the generation of excess thermal energy.

This explains why the loss of heat is reduced, as is the loss of isen-
tropic efficiency.

W,y as function of M¢

Wout (kW)

Figure 4. Work provided by the turbine as a function of
compression ratio

Figure 4 shows that the output power W_ increases with ., howev-
er with a less steep slope compared to W, . This reflects the efficiency
of recovering thermal energy converted into mechanical work at the
turbine outlet, depending on temperature T, and expansion ratio
T .

Nsystem (%]

Figure 5. Overall system efficiency as a function of compression
ratio

Figure 5 shows how system efliciency varies with compression ratio.
System efliciency decreases significantly as the compression ratio in-
creases. This is mainly due to increased energy degradation associat-
ed with high compression ratios, including increased thermal losses
and inefficiencies in the compression process. As the compression
ratio increases, the air requires more energy to compress, and the
efficiency of energy conversion drops, leading to a decline in overall
system performance. The optimal design of a CAES system should
therefore strike a balance between measures that reduce heat loss,
achieve an adequate compression ratio, and maximize overall effi-
ciency for storage. These results identify the problems and approach
we need to address to improve the performance of compressed air
energy storage systems. We must consider how to manage the com-
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pression and thermal-recovery components of a Compressed Air
Energy Storage system.

3.2. Simulation of the system with thermal energy storage
system

In this section, the effect of thermal energy storage (TES) on a
compressed air energy storage (CAES) system will be explored,
specifically the transition of the CAES from diabatic to adiabatic
operation. This can be achieved by using a TES system to store the
heat generated during compression and reusing it to reheat the air
before it enters the turbine.

T, as function of M,

520 4

500 1

480 4

460 1

440

Ta (K)

420 4

400 4

380 1

Figure 6. Turbine inlet temperature as a function of compression
ratio

Adding the TES system enables reheating of compressed air before it
enters the turbine, thus increasing T, the turbine inlet temperature.
Figure 6 shows an improvement in turbine inlet temperatures as the
compression ratio increases. This temperature increase is due to the
heat recovered by the TES system.

Wout as function of Me
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Figure 7. System output works as a function of compression ratio

Figure 7 shows that the output power increases with the compres-
sion ratio. Furthermore, the addition of TES increases power output
relative to a system without TES. TES maximizes the recovery of
thermal energy, which, in turn, increases the turbine’s energy output
because that output is directly linked to temperature T,.

65

60 1

Nsystem [%]
-
&

Figure 8. Overall system efficiency as a function of compression
ratio

The improvement in turbine power output resulting from the addi-
tion of TES directly influences overall system efficiency. The system
has two advantages: increased power output at the system exits and
constant input power because it is not influenced by TES. As a result,
there was a significant improvement in system efficiency of 10%.
However, Figure 8 shows that efficiency decreases as compression
ratio increases, although this decrease may be less pronounced than
in the case without TES. In summary, an adiabatic CAES system
enables recovery and reuse of heat generated during the compres-
sion phase, in addition to TES, which improves system efficiency
and increases the air Temperature before it enters the turbine. This
results in higher energy production. Despite these benefits, the over-
all efficiency may still decrease as the compression ratio increases

740 +

~

N

S
L

700 4

Response time T (s)

680

660

|
2 4 6 8 10
I, M

Figure 9. System response time as a function of compression ratio
Figure 9 shows the relationship between the response time and the

compression ratio. It is observed that as 7.increases, T increases,
indicating a nonlinear behavior. The increase in T is slight as the
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compression ratio increases. This means that the system’s response
time increases as the compression ratio increases, but this effect di-
minishes at higher ratios. The curves exponential rise demonstrates
that the pressure and temperature calculations depend on the expo-
nential components.

The practical application of the system shows that higher compres-
sion ratios lead to longer response times because larger energy stor-
age systems need extended periods for stabilization.

To improve our system, the following actions could be implement-
ed:

. Extending the time range for t beyond 100 seconds might
be useful to observe long-term behavior.
. Impact of variables: adding graphs that vary other param-

eters TMus (such ask or h) could help visualize their influ-
ence on T and better understand their impact on response
time.

3.3. Proposed system improvements

This part focuses on altering the storage material of the TES system
to enhance TES performance and thus the overall efficiency of the
system.

To estimate the efficiency of the TES system, it is necessary to de-
termine both the amount of heat stored and the amount recovered.

The heat stored in the TES is calculated from the thermal capacities
of the materials, their masses, and the temperature change experi-
enced by each material.

Qsmred = M material ‘Cp.AT (42)

Qsmred = .Omaterial.V.Cp.(Tair - Tma[ena]) (43)

The recovered heat depends on the efficiency of the TES and on
thermal losses. For simplicity, we will assume that thermal losses are
proportional to the temperature difference and to time.

Qioses = L AAT A (44)
Where:

. T, e 18 the initial temperature of materials;

. T, is compressed air temperature;

. h is the convective energy heat transfer coefficient;

. A is the contact area;

. t is the storage duration

To calculate the efficiency of the thermal energy storage (TES) sys-
tem, we use Equation 11.

We also have:

Quorred = Qures « Qo (45)
e Qéi?l (46)
- % (47)

Therefore, to improve the efficiency of the thermal storage system,
we need to increase the percentage of heat stored. The amount of
stored heat depends on T_(equal to T, in our case). Alternatively, it
also depends on: m C,andT . ,whicharedirectly related to

‘material’ material

the nature of the material used for thermal storage.

Table 1 illustrates the values of density p, initial temperature T

material”

and specific energy heat capacity C_for 20 materials commonly used
for thermal storage, including volcanic rocks.

Table 1. Thermal Properties of Various Materials for Thermal Storage [26-40]

Material Density (kg/m®)
Volcanic Rocks 3000
Granite 2650
Basalt 2900
Sand 1600
Concrete 2400
Refractory Brick 2200
Steel 7850
Aluminum 2700
Copper 8960
Iron 7200

Initial Temperature (K°) Specific energy Heat Capacity (J/

(kg:K?))
300 840
300 790
300 840
300 830
300 880
300 1000
300 490
300 900
300 385
300 550
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Water 1000
Ethylene Glycol 1110
Paraffin 900
Thermal Oil 900
Molten Salt (nitrate) 1800
Quartz 2650
Cement 3100
Graphite 2260
Zirconium 6500
Lithium 534

300 4186
300 2470
300 2100
300 2000
300 1500
300 730
300 900
300 710
300 270
300 3570

The evolution of heat losses generated by the compressor as a
function of compression ratio for several materials used in ther-
mal energy storage systems. The graph reveals that losses increase
progressively with compression ratio, consistent with the idea that
higher pressures or thermal stresses cause greater heat losses. Ther-
mal losses are independent of the materials used in thermal energy
recovery. However, the stored energy depends on the material used.

Q_stored as a function of m«c for different materials

300

N
=1
a

,_.
o
a

Q_stored (kWh)

Figure 10. Amount of Thermal Energy Recovered by TES as a
function of Compression Ratio

Figure 10 illustrates the stored energy as a function of compression
ratio for different storage materials. Stored energy increases with the
compression ratio, but the rate of increase varies with the materials
used. Volcanic rocks and materials, such as steel and copper, exhibit
higher levels of stored energy, making them potentially useful in
applications that require high thermal capacity. Materials such as
quartz and paraffin, although efficient, have moderate energy stor-
age capacities.

— Volcanic Rocks

—— Granite

—— Basalt

— Sand

—— Concrete

—— Refractory Brick
Steel

— Aluminum
Copper

— Castlron

— Water

—— Ethylene Glycol

— Paraffin

— Thermal Oil

—— Molten Salt (nitrate)

— Quartz
Cement

—— Graphite
Zirconium

— Lithium

404

System efficiency [%]

Compression ratio [-]

Figure 11. System Efficiency as a function of Compression Ratio

Figure 11 presents the evolution of system efliciency as a function
of the compression ratio. TES efliciency remains generally constant
with increasing compression ratios for most materials. This sug-
gests that the efficiency of TES systems depends less on variations
in compression ratio than on intrinsic material properties. System
efficiency differs slightly (Fig.11). Volcanic rocks and granite exhib-
it thermal efficiencies of up to 71%, whereas other materials have
lower efficiencies. The thermal performance of concrete and steel is
insuflicient for applications that require minimizing thermal losses.
The TES system demonstrates material performance through its
thermal losses, storage capacity, and efficiency, as shown in Figures
10 and 11. The right material selection should follow the system
requirements because thermal losses, stored energy, and overall ef-
ficiency need to be evaluated together. The different criteria require
trade-off decisions, as shown by the results.
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Figure 12. System efficiency as a function of expansion ratio for
different values of the heat transfer coefficient

Figure 12 shows how system efliciency varies with different com-
pression ratios that were tested at multiple values of h. Efficiency
decreases with increasing h, indicating that higher convective losses
reduce overall system performance. The convective heat transfer
coefficient, h, represents thermal losses due to convection, which
in turn affect the compressed-air storage volume. Indeed, this phe-
nomenon reduces the air temperature. For high values of h, thermal
losses are significant, leading to a decrease in overall efficiency. The
figure shows that, to maintain high efficiency, it is crucial to mini-
mize convective losses, especially at high compression ratios.

Response time as function of compression ratio for t=100s

time T (s)

Figure 13. System Response Time as a Function of Compression
Ratio (with Improvement)

Figure 13 shows the variation in response time with compression
ratio at a time of 100s.

Inverse Trend: Conversely to figure 10 where response time in-
creased with the increase of w., Figure 13 shows that response
time decreases significantly as m. increases. This reflects behavior
opposite to that previously observed, suggesting a different dynamic
resulting from parameter adjustments.

Amplitude: The initial response time in Figure 13 is much higher
(around 60 seconds) and decreases to about 20 seconds at a high
compression ratio. This rapid reduction suggests an improvement
in response 7. time.

The effect of compressible gas dynamics may explain the improve-
ment in results through better modulation of the compression 7.
ratio. As input pressure increases, energy storage capacity increases,
leading to a faster response time to system disturbances. Therefore,
the system reaches equilibrium more rapidly.

More Efficient Energy Storage and Release: By more efficiently man-
aging compression and input/output temperatures, the system can
adapt more quickly to pressure changes, reducing the time required
to reach a new equilibrium.

Parameter Optimization: By adjusting parameters such as time
(t), the convection coeflicient (h), and other factors, the system
can become more responsive. This is visible as a decrease in T as
the compression ratio increases. This means that improvements in
thermodynamic parameters and initial conditions have optimized
the process, leading to faster system responsiveness. The modifica-
tion of the modeling parameters has produced a more physically
intuitive result: systems with higher compression ratios are more
responsive, thereby reducing response time. This shows that, in an
energy storage system such as A-CAES, greater compression can
allow faster adjustments in the system, consistent with the behavior
of compressible thermodynamic processes.

Wenjun Shi et al. [39] studied a multi-objective optimization ap-
proach to improve both thermal and economic performances of an
AA-CAES system. The results indicate a thermal efficiency of ap-
proximately 70% under optimal conditions. The study demonstrat-
ed that higher heat storage capacity improves both efficiency and
economiic viability.

Nguyen et al. [40] examines the thermodynamic efficiency of
near-isothermal CAES system focusing more on pressure release
mechanisms using internal combustion engines. The results show
an efficiency of up to 75% for near-isothermal CAES systems, com-
pared with 50% for traditional systems. The study also highlights the
reduction in energy losses due to improved pressure management.
Assumed TES efficiencies align with experimental values reported
in [11,15], where volcanic rocks achieved 85% efficiency under sim-
ilar conditions. In our results, overall efficiency reaches 71%, which
compares to [4,7,8,11,15,40] a report of 70% for an AA-CAES sys-
tem and 75% for near-Isothmal CAES system respectively. Although
our system is based on AA-CAES, achieving 71% indicates that our
approach not only matches, but is slightly more efficient than the
same designs, thereby the effectiveness of our thermal energy stor-
age strategy.
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3.4. Economic Analysis

The economic analysis in this paper is based on the estimation of the
Levelized Cost of Energy (LCOE).

The LCOE is a key metric for evaluating the economic viability of
the CAES system. This metric helps determine whether the system
can provide an economically competitive energy source compared
to other storage technologies.

Considering the LCOE values observed in our analysis, the adiabat-
ic CAES system has a higher cost than other energy storage solu-
tions. The increase in LCOE with higher compression conditions
indicates that, while improvement of system performance can lead
to cost-effectiveness, higher compression conditions may not be
cost-effective. It is important to consider the cost-benefit balance
and assess whether the system’s performance gains are sufficient to
justify additional costs.

Figure 14 illustrates the variation in LCOE as a function of the com-
pression ratio over a 25-year lifespan. LCOE increases progressively
as the compression ratio rises. For low compression ratios, LCOE re-
mains relatively low, but it increases with compression ratio. A high
compression ratio results in low system efliciency; because LCOE is
inversely related to system efficiency, LCOE increases as the com-
pression ratio increases. This, in turn, leads to a much higher system
cost, eventually overtaking benefits.

LCOE as function of compression ratio for 25 years of lifetime

—— LCOE pour 25 ans
0.0275 4

0.0250 1

0.0225

0.0200

0.0175 1

LCOE ($/kWh)

0.0150

0.0125 4

0.0100

Figure 14. LCOE as a function of Compression Ratio

The levelized cost of energy (LCOE) for the adiabatic CAES system
in this study ranges from 0.01-0.03 $/kWh for compression ratios
2-10. This positions A-CAES as competitive with other large-scale
energy storage technologies. For context:

Li-ion batteries exhibit higher costs (0.15-0.30$/kWh) due to short-
er lifespans and material constraints [50].

Pumped hydro storage, while cheaper (0.05-0.15$/kWh*), faces
geographical and environmental limitations [51].

The economic viability of A-CAES is further strengthened by
its scalability and fuel independence, offering a balanced solution
for grid-scale renewable integration.

4. Conclusion

The adiabatic compressed air energy storage system demonstrates
its capacity to store. The system requires solutions to three main
challenges: handling temperature control, choosing suitable mate-
rials, and creating systems compatible with current facilities. The
assessment of thermal characteristics, energy storage capacity and
economic performance informs the development of suitable solu-
tions for compressed-air energy storage technologies. The study
demonstrated that increasing the compression ratio produced two
opposing effects. The first effect results from increased thermal
energy loss during the compression process, which reduces system
efficiency. The second effect causes delays because the system re-
quires additional time to reach high pressure during compression
and decompression of air. The system achieved better performance
because response time decreased as a result of previous improve-
ments, enabling faster system operation to handle energy demand
and supply changes.

The thermal energy storage system stores more thermal energy as
the compression ratio increases. The compression process generates
additional heat because higher pressure leads to further compres-
sion. The efficiency of the thermal energy storage system remains
constant because its performance depends on the system’s materials
and design rather than on the amount of heat introduced.

The economic analysis shows that higher compression ratios lead
to increased energy costs. The need for high-pressure compressors,
robust air storage tanks, and efficient heat exchangers increases
costs because the system requires these components for both con-
struction and operation. The system requires more labor to operate
because employees must handle more complex systems that lead to
additional expenses. The system requires full construction through
design work; although a high compression ratio benefits thermody-
namic performance, in this case the complete system design must
be finalized first. According to current research, there are effective
ways to address these obstacles. Improved materials development
for thermal energy storage systems will increase heat storage and
transfer capabilities by enhancing material performance, which
will decrease heat loss. The system will maintain its operational
speed via efficient operation when we implement advanced control
algorithms that determine optimal operational settings linking the
compression ratio to system response time. The levelized cost of
energy will remain manageable if we develop cost-effective meth-
ods for producing high-pressure components using new materials
and manufacturing techniques. Advances in adiabatic compressed
air energy storage systems will improve operational performance,
economic competitiveness, and reliability.
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The advanced adiabatic compressed-air energy storage system faces
multiple research challenges that must be resolved to increase its op-
erational capabilities. The main problem arises when administrators
operate thermal energy storage systems: they must choose among
various materials with differing performance capabilities to design
effective heat-exchange systems that minimize thermal energy loss-
es. The development of compressor and turbine systems needs to
focus on two main research areas: achieving higher energy conver-
sion efficiency and reducing capital and operational expenditures.
The system integration process requires additional and economic
solutions because it requires advanced control methods and the
successful implementation of larger systems to connect stalled and
renewable energy sources while maintaining grid stability.

Nomenclature

m Mass flow rate of air, kg/s

G, Specific heat capacity at constant pressure,
J/(kg-K°)

Inlet air temperature, K°

Inlet air pressure Pa

Outlet air pressure, Pa

Specific heat ratio,-

Isentropic efficiency of compressor, %

Ambient temperature,

Storage temperature, K°

Temperature after heat recovery, K°

Mass of stored fluid, kg

Specific gas constant, J/(mol.K®)

Incoming mass flow rate, kg/s

Outgoing mass flow rate, kg/s

Storage reservoir volume, m3,

Heat transferred, W

Density,

Work, W

Internal energy, J

Response time, s

Rate of change of the reservoir volume, m*/s

Total investment cost ($),

Operation and Maintenance cost, $/kWh

Fuel cost, $/kWh

Energy produced each year, kWh

Initial temperature of materials, K°

Compressed air temperature, K°

Convective energy heat transfer coefficient,
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