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Abstract

The air injection for brine drainage affects the thermodynamic characteristics of the salt cavern in the
operation of a compressed air energy storage (CAES). To investigate the impact of air injection and
brine drainage on the thermodynamic characteristics of salt cavern air storage, this study develops a
thermodynamic model for predicting temperature and pressure variations in salt caverns during the
air injection for brine drainage process and operational cycles. Results show that the air injection flow
rate and the cross-sectional area of the brine drainage pipeline significantly influence the
thermodynamic characteristics and duration of each stage in the air injection and brine drainage
process. Moreover, they have an impact on the upper and lower limits of temperature and pressure,
particularly during the initial operational cycles. This research offers insights for optimizing the
design and operation of the CAES system with salt cavern air storage.

Keywords: compressed air energy storage; salt cavern air storage; brine drainage; thermodynamic
characteristics

1. Introduction

Renewable energy sources, including solar, wind, and tidal energy, are occupying a growing
share within the energy structure. Nevertheless, their reliance on weather conditions leads to issues
of intermittency and instability, preventing these renewable energy sources from being seamlessly
incorporated into the power grid. Large-scale energy storage plays a crucial role in stabilizing and
ensuring the reliability of intermittent energy sources [1]. Among various technologies, the
compressed air energy storage stands out as a promising large-scale solution with significant
commercial potential [2]. In recent years, CAES has garnered considerable attention due to its
advantages, including a long operational lifespan, rapid response capabilities, and site flexibility [3].
Figure 1 depicts a typical adiabatic compressed air energy storage (ACAES) system. In the off-peak
hours, surplus electricity or renewable energy is utilized to power the compressor for compressing
air. After heat storage and cooling, the compressed air is stored in the air storage. During peak hours,
the compressed air is released from the cavern for heating purposes. The heated air then expands
within the air turbine, driving the generator to generate electricity.

Research on ACAES mainly focuses on the thermodynamic performance of the system and
experimental studies of its key components. Courtois et al. [4] concentrated on the variation of cycle
efficiency with system parameters (such as temperature and compression/expansion ratio). They
delved deeply into the calculation method of system performance, enabling it to be applicable to
various ACAES systems. Amir et al.[5] incorporated wind power assessment into the system for
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thermodynamic analysis. This study proposed an ACAES operation scheme based on the actual wind
speed of a real wind farm. Chen et al. [6] proposed a novel isobaric ACAES system containing a
volatile fluid. This volatile liquid (carbon dioxide is recommended) has two functions: discharging
air from the storage container and evaporating in the heat exchanger to generate cooling energy.
Volker et al.[7] further improved the system’s dynamics and flexibility through an additional
auxiliary heating element. Such P2H elements offer an alternative enhancement solution for ACAES,
improving the actual energy utilization rate and reducing the comprehensive cost. The above
research mainly focuses on the system performance of ACAES, such as efficiency analysis,
design/non-design condition analysis, and parameter analysis. In addition, some researchers have
conducted in-depth studies on its core component, the thermal energy storage. Shadi et al. [8]
investigated a novel, efficient, and green adiabatic compressed air energy storage system. This system
is based on heat storage using a cascaded packed bed filled with encapsulated phase change
materials. Sciacovelli et al. [9] studied the dynamic performance of a specific ACAES power plant
with TES. They established a comprehensive system model composed of hybrid dynamic sub-models
of each part, which detailed described the transient characteristics of the heat storage, cavern, and
compression/expansion stages. A number of investigations within the field of CAES have
concentrated on the development the enhancement of existing equipment, such as compressors,
expanders and heat exchangers to elevate overall system efficiency [10-15].
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Figure 1. A typical adiabatic CAES system.

The gas storage is a crucial component of large-scale CAES power plants and an important factor
restricting its development. The construction of artificial gas storage facilities incurs prohibitively
high costs. Salt mine resources are abundant, and salt caverns are widely distributed. These caverns
exhibit characteristics such as low porosity, low permeability, and strong plastic deformation
resistance. Utilizing abandoned salt caverns as gas storage facilities for CAES has emerged as the
most economically viable option in the development of CAES technologies[16]. Zhou et al. [17] put
forward analytical and numerical solutions regarding the stability of a lined rock cavern used for
CAES when subjected to temperature and pressure variations. Li et al. [18], developed an analytical
solution based on metamorphic thermodynamics to predict these variations during operational
cycles and validated it against field tests, enabling subsequent thermo-mechanical simulations to
assess stress evolution and optimize operational parameters. Wu et al. [19] put forward a coupled
thermo-hydro-mechanical model for evaluating the thermodynamic performance of the cavern with
air leakage taken into account. Li et al. [20] introduced a coupled thermal-mechanical framework that
integrates creep mechanics, demonstrating that long-term stability depends more on salt rheology
than cyclic loading amplitude. Their findings—stress maxima at the cavern roof, confined ~10 m of
thermal impact, and negligible bulk expansion risk —serve as benchmarks for risk assessment models.
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Han et al. [21] introduced a coupled explicit finite difference model that captures these effects,
revealing a non-linear relationship where injection mass rate dictates temperature/pressure spikes
while inner diameter/roughness show minimal influence.

There are two main construction schemes for salt cavern underground gas storage: the first
scheme involves drilling engineering to drive casings into the underground salt layer and then using
the water dissolution method to dissolve the salt layer, thereby forming an artificial dissolved cavity
with a stable shape. After decades of research, this method has become relatively mature[22]. The
second scheme is to screen and conduct stability evaluations according to the conditions suitable for
construction of the gas storage. For the existing underground dissolved cavities, they are designed
and reconstructed in accordance with the normal operating requirements of gas storage to adapt to
the storage of air and natural gas. The gas injection for brine drainage process is a necessary step in
the development of underground salt cavern gas storage using the water dissolution method.
Compared with underground salt cavern gas storage designed for long-term natural gas storage,
compressed air energy storage facilities experience more frequent injection and discharge operations.
Consequently, the thermodynamic characteristics of air within CAES facilities have garnered greater
attention. The air injection for brine drainage process induces significant thermodynamic property
variations of the stored air. These variations, in turn, exert a profound impact on the operational
characteristics of the CAES’s operational cycles. The impact of the brine drainage process on the
operational characteristics of salt cavern gas storage and efficiency of CAES power plant remains
largely unelucidated.

Against this background, we developed a thermodynamic model for predicting temperature
and pressure variations in salt caverns during the air injection for brine drainage process and
operational cycles. The model includes governing equations for air flow in the injection/extraction
well pipeline (I/EWP) and thermodynamic changes in the cavern, validated with published data.

2. Models and Governing Equations

2.1. Assumptions

We established a thermodynamic model to calculate the thermodynamic characteristics of air
inside the salt cavern air storage. The model depicts the air injection for brine drainage process during
the development of the storage and the operational cycles during the operation of the CAES plant.
The model is composed of two components: the airflow within the I/EWP and the thermodynamic
characteristics of air inside the cavern. Parts of the model are referenced from Reference[21]. The
following assumptions are adopted during the modeling process:

(1) Air leakage is not considered.

(2) The volume of the cavern stays constant.

(3) The air density, temperature, and pressure are uniform throughout the cavern space.

(4) The density of brine is constant.

(5) The airflow in the I/EWP and flow of brine in the brine drainage pipe is assumed to be in a
steady state.

(6) The cross-sectional area of the I/EWP remains unchanged, and the airflow through the I/EWP
is regarded as one-dimensional single-phase flow.

(7) The radius of the air injection pipe is twice that of the brine drainage pipe (BDP). The impact
on thermodynamic properties by equivalently replacing multiple BDPs with the same total cross-
sectional area with a single BDP’s cross-sectional area.

(8) The vaporization and condensation processes of brine are not considered.

The physical properties of real gas are determined by the data fitted using the Peng-Robinson
equation, which is stored in the database.

2.2. Cavern Thermodynamics

When the gas flows into the cavern, the energy conservation equation is:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1971.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.1971.v1

4 of 22

d(mu) dm
=h —+h A (T -T 1
dt in dt ca ca( ™w ) ( )

where m is the gas mass, u is the internal energy, f is the time, hin is the specific enthalpy of injected
air. hica is the average heat transfer coefficient, A« is the cavern surface area, and Tiw is the cavern
surface temperature, T is the compressed air temperature in the cavern.

The specific enthalpy and internal energy are expressed as:

9RT 1877
h =CT,. + ¢ _|]-—< |P.
n p-cm 128MPL( Tﬁn ] cin (2)
RT 1877
u=CT+ ORT, 1- 8; P—ZRT (3)
7 128MP. T M

where Ten and Pen denote the temperature and pressure at the outlet of the I/EWP during injection
process, Z denotes the compressibility factor, and T and P. denote the critical temperature and critical
pressure.

The mass conservation equation is:

dm
dt qmln ( )

To calculate the air temperature, the heat conduction equation of the surrounding salt rock needs
to be solved. The heat conduction in the surrounding salt rock is considered as one-dimensional and
radial, and the equation describing the temperature of the rock is:

a7, 19 arT,
=——(Kr-r j (5)

Prm dt ror or

where 7 is the radial distance from the cavern center. The subscript r denotes the surrounding salt
rock, where pr, Cpr, and «r are the rock density, rock specific heat, and rock thermal conductivity. Tr
is the temperature of the salt rock.

The boundary conditions are:

r= rw’_Kr a]; = hca (T;-H _Trw)
or (6)
= oo’ T; = T(')

where rw is the cavern radius.

During the shut-in period, the mass of cavern gas is constant, and the temperature and pressure
are only influenced by the heat transfer from the cavern walls. The energy and mass conservation
equations are:

M = hca AL’G (Trw - T)
dr 7)
dm_q (
dt

During the extraction period, the mass of gas in the cavern is reduced. The energy and mass
conservation equations are:

d(mu) = _houl d_m + hcaAca (Trw - T)
dt dt ®)
dm _
dt qmout

where hout is the specific enthalpy of withdrawn air; gmout is the withdrawn air mass rate.
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2.3. Model of I/EWP Flow

In actual engineering, the length-to-diameter ratio of the I/EWP can reach 1000~5000. Therefore,
the I/EWP air flow can be considered a one-dimensional flow in the length direction [23]. According
to the momentum equation within a microsegment, we obtain the following equation:

dP+%pv25dz+pvdv+pgdz:0 )

where P is the air pressure; z is the depth below surface; p is the gas density; g is the acceleration of
gravity; fis the friction coefficient; v is the gas flow rate; D is the inner diameter of the I/EWP.
The friction coefficient is calculated according to Colebrook-White equation as[24]:

-2
e 21.25
=|1.14=-2lg| —+——- 10)
f { g ( A ﬂ (
where ¢ is the roughness of the I/EWP wall; Re denotes Reynolds number, which can be calculated
as:
Dy, 4
Re=—"2P = “dn_ (11)
# urD

where p is the viscosity of air.
The air temperature is computed by the energy equation, which is:

AQ. =m(dh+vdv —gdz) (12)
AQr is the heat transferred from the tubing to gas in the radial direction, as Eq. (13) shows [25]:
2 k
AQ, _ Uk (T, = T)dzdt (13)
JOrU, +k,

where Ut is the overall heat transfer coefficient; f(t) is the dimensionless time function to help calculate
transferred heat. k- donates the thermal conductivity of the surrounding salt rock; Te=az+b denotes the
initial temperature of the salt rock, where a is the temperature gradient of the formation; b is the
surface temperature.

The dimensionless time function f{t) is [26]:

L1281, (1031, ), 1, <15

f)= 0.6 (14)
(0.5Int, +0.4063)[1+t—], t, >1.5

D

where ¢ =t /1, denotes the dimensionless time; a is the thermal diffusivity of the salt rock. t is the

injection or extraction time.

2.4. Model of Air Injection for Brine Drainage

A dynamic model is established for simulating the initial air injection for brine drainage process
in a salt cavern gas storage. The model iteratively calculates the thermodynamic state changes within
the storage cavern, including pressure, temperature, and velocity, to evaluate the operational
characteristics of the gas storage cavern during different stages. The primary objective of the model
is to determine the end time of the brine drainage process, the termination conditions of the air
injection process, and key parameters in the dynamic changes of the system.

The schematic diagram of the salt cavern in the process of air injection for brine drainage is
illustrated in Figure 2. In the figure, Ha represents the height of the air within the salt cavern, Ho
represents the height of the brine, H. represents the height of the salt cavern, Hwen represents the
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height of the I/EWP, Dsop represents the diameter of the BDP, and Dyewe represents the diameter of

the I/EWP.
~Depp
.< Ground
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|
/N
/ E Y H,
VB
H.

Figure 2. Schematic diagram of the salt cavern in the process of air injection for brine drainage.

The air injection process can be divided into the following three stages, and the flow chart of air
injection process is showed in Figure 3.

(" start ) — . Finish o
10, P:=Po, Hy=Huax No
AIPIS, Eq.(15)
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No PaZPu?
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Figure 3. Flow chart of air injection for brine drainage.
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2.4.1. Air Injection and Pressure Increase Stage (AIPIS)

When the air pressure within the cavern is insufficient to drainage the brine, the system is in
AIPIS. During this stage, the volume of air within the cavern remains constant, and the air undergoes
isochoric pressure increase upon air injection. The energy and mass conservation equations are:

d(mu) dm
———=h —+h A (T, -T)+h AT, —-T
dt in df ca ca( ™ ) b b( b )
dm _ (15)
dt qmin
v, =0

where I is the average heat transfer coefficient between the compressed air and the brine, Av is the
interfacial area between the brine and air, Tv is the brine temperature, and v is the velocity of the
brine in the BDP.

2.4.2. Pressure Increase and Brine Drainage Stage (PIBDS)

When the air pressure inside the salt cavern reaches the brine drainage pressure (Pod), the
continuous injection of air leads to the sustained discharge of brine, and the air pressure continues to
rise. Pva is defined as follows:

By =p,xgx(H g +H,)+F (16)
where pv is the density of brine, Hwen is the height of the I/EWP, and Po is the atmospheric pressure.

The flow velocity of brine within the brine drainage pipe is calculated based on the following
governing equations:

d(mu) dm
—=h —+h A (T, -T)+h A (T —T
dt in dt ca ca( ™w ) hb b( b )
dm
E_qmin (17)
})a _})bd — pbvl? +(Hwell+Hb)fpr§
2DBDP

where Pa is the pressure of the air in salt cavern, and f is the friction factor, which is calculated
according to the Baldamus equation as:

03164

f "R (18)

2.4.3. Halt Injection and Brine Drainage Stage (HIBDS)

When the internal air pressure within the salt cavern reaches the upper limit of its bearing
capacity, the air injection into the cavern is terminated, and the residual pressure is utilized to
continue draining the brine. The governing equation in this stage is as follows:

d(mu) dm
=h —+h A (T -T)+h AT -T
dt in dt ca ca( ™w ) hb b( b )
dm
EZO (19)

P _P — pbvs +(Hwell+Hb)fpbv§
a bd 2 2Dbd
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As the brine is continuously drained, the air space within the salt cavern gradually expands,
resulting in a progressive decrease in air pressure. When the air pressure drops to the lower limit of
the cavern’s bearing capacity, the system re-enters the AIPIS. At any stage mentioned above, the air
injection and brine drainage process are completed when the brine level height Hp in the cavern drops
below Hmin. The parameter settings for the air injection and brine drainage process are presented in
Table 1. The parameter settings are referenced from an under-construction CAES power plant in
China.

Table 1. Parameter settings for the air injection and brine drainage process.

Parameters Unit Value
Average cavern radius, r m 50
Cavern volume, Ve m3 968800
Height of the cavern, Hea m 125
Initial height of the brine, Hmax m 120
Terminal height of the brine, Hmin m 2.5
Height of the I/EWP, Hwen m 1200
Heat transfer coefficient of cavern, hca W/(m2K) 30
Heat transfer coefficient at the gas-liquid interface, v~ W/(m*>K) 45
Initial air temperature in the cavern, To K 313.15

3. Results and Discussion

3.1. Verification of Time Step Independence

Six models with different time steps are set for one operational cycle of the CAES system, and
the pressure and temperature of the compressed air is selected as the basis for judging the time step
independence. The curve is shown in Figure 4. The figure implies that when dt is below 100 s, the
pressure and temperature of the compressed air remain relatively close throughout the entire cycle.
However, when dt exceeds 100 s, a noticeable difference in pressure and temperature occurs during
the standby phase.

331.0 . :
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i —— dt=10s i
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16450 - i | —— di=100s 3282 : :
i i ——— dt=200s : ’
| i _ 1 1
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14700 ! | T 3170 ! I N S
0 14400 28800 43200 57600 14400 28800 43200 57600 72000 86400
Time (s) Time (s)
(a) (b)

Figure 4. Pressure and temperature variation under different time steps: (a) Pressure variation under different

time steps; (b) Temperature variation under different time steps.

The pressure and temperature at the end of the energy release stage were compiled as criteria
for time-step independence verification, with the corresponding curves plotted in Figure 5. It can be
seen from the figure that the difference of pressure and temperature is less than 0.2% after decreasing
the time steps below 60s. As a result, a time step of 60 s meets the calculation requirements.
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Figure 5. Verification of time step independence.

3.2. Validation of Cavern Thermodynamics

To validate the thermodynamic model, experimental data from the Huntorf plant is utilized for
comparative analysis [27]. The simulation parameters are detailed in Table 2. The cavern’s air mass
variation during a 24-hour operational cycle is presented in Figure 6, with pressure and temperature
results visualized in subplots 7a and 7b. The data reveals synchronized pressure and temperature
fluctuations corresponding to air mass variations. Both parameters exhibit increases during air
injection phases and decreases during withdrawal periods, except during the shut-in phase where air
mass remains constant. During this phase, temperature variations occur due to heat transfer with
surrounding salt rock formations, subsequently influencing pressure dynamics. Heat transfer effects
are governed by temperature differentials, which inherently produce nonlinear temperature
responses. Comparative analysis demonstrates that the proposed model’s calculated pressure and
temperature values align closely with Huntorf plant operational data, despite minor discrepancies.
These deviations likely stem from uncertainties in cavern surface area measurements and
approximations in calculating known prior-state values.

Table 2. Parameter settings of the thermodynamic in the cavern for validation.

Parameters Unit Value of Huntorf[27]
Average cavern radius, r m 20
Cavern volume, Ve m? 141000
Cavern surface area, Aca m3 25000
Heat transfer coefficient of cavern, hca W/(m?2-K) 30
Initial air temperature in the cavern, To K 313.15
Initial air pressure in the cavern, Po MPa 59
Injection temperature, Tin K 323.15
Injection pressure, Pin MPa 7.2
Injection mass rate, gmin kg/s 50
Withdrawal mass rate, gmout kg/s 190

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Variation of air mass in the cavern
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Figure 7. Comparison of simulation results and test data for Huntorf plant: (a) Pressure variation in the cavern;

(b) Temperature variation in the cavern.

This study investigates the influence of air injection mass flow rate and inner diameter of the
BDP on the thermodynamic characteristics of air within the storage cavern during the air injection
for brine drainage process and the operational cycles of CAES plants.

3.3. Influence of the Injection Flow Rates

Figure 8 illustrates the inverse relationship between air mass flow rate (80~120 kg/s) and
temporal characteristics of three stages in the air injection for brine drainage process. As air flow rate
increases, the time for brine drainage commencement decreases, indicating a more efficient
displacement process, while the cessation of air injection shifts towards higher flow rates and earlier
times. The observed trends are rooted in the physics of fluid displacement and pressure accumulation
within enclosed spaces. During air injection, the incoming compressed air exerts pressure on the brine,
forcing it out of the cavern. The rate at which this displacement occurs is directly influenced by the
mass flow rate of the injected air. Higher flow rates result in faster pressure buildup and more rapid
brine displacement, thereby reducing the overall time required for each stage of the process. However,
physical limitations such as the geometry of the salt cavern, the viscosity and density of the brine,
and the maximum operable pressure of the system impose constraints on the achievable
displacement rate. Consequently, beyond a certain air flow rate, the marginal benefit in terms of time
reduction diminishes.
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Figure 8. Duration at various stages under different injection flow rates.

Figure 9 illustrates the intricate relationship between the maximum temperature achieved and
the timing of its occurrence during the air injection and brine drainage process, as these variables
fluctuate across different air mass flow rates. The maximum temperature encountered during the
process exhibits a discernible upward trend, indicating that higher air mass flow rates result in
elevated maximum temperatures within the salt cavern. This positive correlation can be attributed to
the increased heat generation caused by the friction and compression of air during injection.
Conversely, the second curve, depicting the timing of maximum temperature occurrence, reveals an
inverse relationship with the air mass flow rate. As the flow rate increases, the time at which the
maximum temperature is recorded shifts earlier, suggesting that higher air flow rates accelerate the
temperature build-up within the salt cavern.
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Figure 9. Maximum temperature of air under different injection flow rates.

Figure 10 presents the relationship between the mass flow rate of air and the internal air pressure
and temperature within a salt cavern air storage reservoir at the completion of brine drainage. The
decrease in pressure with increasing mass flow rate can be attributed to the fact that when the mass
flow rate of the injected air increases, the rate of increase in air pressure accelerates. This leads to a
higher velocity of the brine during the drainage process. Simultaneously, the air expands at a faster
rate. As a result, at the end of the brine-drainage process, the pressure is lower. The decrease in
temperature with increasing mass flow rate is mainly due to the air expansion and the heat exchange
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between the injected air and the salt rock wall of the cavern. On one hand, a larger mass flow rate of
the injected air results in a faster expansion rate of the air. On the other hand, with a higher mass flow
rate of the injected gas, the brine drainage process is completed in a shorter time. This means that the
air in the salt cavern has less time to exchange heat with the surrounding salt rock. Therefore,
although the temperature still decreases due to air expansion, the rate of temperature decrease with
increasing mass flow rate is slower than that of pressure because of the reduced heat-exchange time
during the shorter brine drainage process.
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Figure 10. Pressure and temperature of air when completing of brine drainage.

Figure 11 illustrates the pressure variation of air in a salt cavern during air injection for brine
drainage process under different injection rates. The pressure rises rapidly in the AIPIS, with higher
injection rates leading to steeper pressure increases. As the process moves to the PIBDS, the brine
begins to be discharged from the salt cavern, resulting in an increase in the volume available for air
within the cavern. As air continues to be injected, the rate of pressure increase inside the salt cavern
gradually slows down. As a result, all pressures continue to rise but at a more moderate rate, yet the
differences between rates become less pronounced. Eventually, during the HIBDS, the brine
continues to be discharged from the salt cavern, further increasing the available volume for air within
the cavity. Once the air injection is halted, the entrapped air within the salt cavern gradually expands.
This expansive behavior leads to a progressive decline in air pressure within the cavern. Moreover,
it is observed that as the injection rate increases, the durations of both the AIPIS and PIBDS
significantly shorten. This phenomenon arises because higher injection rates introduce greater air
volumes into the salt cavern within a shorter timeframe, thereby accelerating the pressure buildup
that initiates or expedites the brine drainage process. Counterintuitively, however, the HIBDS
exhibits prolonged duration at elevated injection rates. This phenomenon can be attributed to the
following mechanisms: the increased air injection flow rate accelerates the air expansion rate during
the HIBDS. This more rapid air expansion leads to a swifter decline in air pressure, which in turn
reduces the driving force for brine drainage. Consequently, the brine velocity experiences a faster
attenuation rate as the pressure differential diminishes more quickly. Under the condition of constant
total brine volume, these combined effects result in a proportionally longer duration for the HIBDS
phase. Notably, despite the lengthier HIBDS duration at higher injection rates, the overall brine
drainage time throughout the entire air injection process demonstrates a net reduction. This outcome
stems from the disproportionately greater time savings achieved in the AIPIS and PIBDS, which more
than offset the incremental extension in the HIBDS.
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Figure 11. Pressure variation of air under different injection flow rates.

Figure 12 illustrates the temperature variation of air in a salt cavern during air injection and
brine drainage for compressed air energy storage under different injection rates. All curves show an
initial increase in temperature during the AIPIS, where air is compressed and injected into the cavern.
Higher injection rates lead to steeper temperature rises and higher peak temperatures due to reduced
heat dissipation time. During the PIBDS, the displacement of brine leads to an augmentation in the
volumetric capacity of the salt cavern, thereby facilitating air expansion. Distinct from the pressure
variation, the continuous air injection notwithstanding, the air temperature within the cavern exhibits
a trend of initial increase followed by a subsequent decrease when accounting for the heat transfer
interactions with the surrounding salt rock formation. Eventually, during the HIBDS, the
temperature decline steeper as injection stops and the residual pressure continues to displace brine.
Lower injection rates generally result in more gradual temperature changes and less pronounced
peaks compared to higher rates.
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Figure 12. Temperature variation of air under different injection flow rates.

Figure 13 presents the brine discharge velocity variation during the air injection for brine
drainage process in a salt cavern under different air injection rates. During the AIPIS, the velocity
remains zero as air is injected to build up pressure within the cavern, but insufficient to initiate brine
discharge. The greater the gas injection flow rate, the earlier the air pressure inside the cavern reaches
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the brine drainage pressure, thereby initiating the PIBDS. Once the air pressure reaches the brine
drainage pressure and enters the PIBDS, the velocity increases rapidly, with higher injection rates
leading to steeper rises and higher peak velocities due to greater pressure differentials driving the
brine discharge. The peak velocities occur earlier for higher injection rates. In the HIBDS, air injection
stops, and the velocity further declines as the remaining pressure continues to push out the brine at
a decelerating rate until the process concludes. Lower injection rates generally result in more gradual
velocity changes and less pronounced peaks compared to higher rates.
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Figure 13. Velocity variation of brine under different injection flow rates.

3.4. Influence of the BDP Cross-Sectional Area

Since air injection flow rates remains the same and the cross-sectional area of the BDP does not
influence the AIPIS, Figure 14 presents the relationship between the area of the BDP and the time
required for two stages in the air injection and brine drainage process of a salt cavern. As the cross-
sectional area of the BDP increases, the brine discharge velocity escalates, thereby enhancing the brine
drainage efficiency. Consequently, the time required to complete the brine drainage process
progressively diminishes. As the BDP area increases from 3.0 to 7.8 m? the time for ceasing air
injection shows a linear increasing trend, rising from 25.2 h to 41.3 h. When the cross-sectional area
of the BDP exceeds 7.8 m?, the brine is completely drained before the air in the salt cavern reaches its
maximum allowable pressure. Consequently, the HIBDS is eliminated from the air injection for brine
drainage process. In this scenario, the time for ceasing air injection coincides precisely with the
completion time of brine drainage. Moreover, as the BDP cross-sectional area continues to increase,
the time for ceasing air injection demonstrates a consistent decreasing trend.
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Figure 14. Duration at various stages under different BDP cross-sectional area.

Figure 15 presents the relationship between the area of the BDP and the maximum temperature
of air as well as the time when this maximum temperature occurs during the air injection and brine
drainage process in a salt cavern. The highest air temperature during the air injection and brine
drainage process occurs in the early stage of the PIBDS. At this moment, the brine drainage volume
is relatively small; therefore, the cross-sectional area of the BDP has minimal influence on both the
maximum temperature value and its occurrence timing. Specifically, as the BDP cross-sectional area
increases, the peak temperature decreases slightly, while the timing of peak temperature occurrence
advances marginally.
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Figure 15. Maximum temperature of air under different BDP cross-sectional area.

Figure 16 presents the relationship between the area of the BDP and the pressure and
temperature at the end of the air injection and brine drainage process in a salt cavern. As the BDP
area increases from 3.0 to 7.8 m?, both the pressure and temperature exhibit a general upward trend,
reaching peak values of approximately 17.38 MPa and 332.5 K, respectively. This phenomenon can
be attributed to the enhanced brine drainage velocity induced by a larger BDP cross-sectional area.
Consequently, during the HIBDS, both the air expansion duration and the heat transfer period with
the surrounding salt rock are substantially reduced. As a result, the air temperature and pressure at
the end of the brine drainage process exhibit a positive correlation with the BDP cross-sectional area,
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demonstrating an upward trend with increasing BDP size. When the cross-sectional area of the BDP
exceeds 7.8 m? the air injection and brine drainage process is completed during the PIBDS. An
increase in the BDP cross-sectional area results in a shorter pressurization duration, leading to a lower
air pressure at the end of the brine drainage process. However, since the air temperature has already
entered a slow decline phase during the PIBDS, a larger BDP cross-sectional area conversely leads to
a higher air temperature at the termination of the brine drainage process.
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Figure 16. Pressure and temperature of air when completing of brine drainage.

Figure 17 presents the pressure variation during the air injection and brine drainage process in
a salt cavern, with curves corresponding to different BDP areas. During the AIPIS, all curves show
the same rapid pressure increase as air is injected into the cavern. As the process transitions to the
PIBDS, pressure continues to rise but at a decreasing rate. Larger BDPs display more efficient brine
displacement, leading to a more moderate pressure increase. When the cross-sectional area of the
BDP exceeds 7.8 m?, the air injection and brine drainage process is completed during this stage. The
HIBDS sees pressure slightly drop as injection stops and residual pressure continues to displace brine.
As the cross-sectional area of the BDP increases, the duration of the PIBDS progressively elongates,
while the HIBDS exhibits a progressively diminishing duration that ultimately reduces to zero.
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Figure 17. Pressure variation of air under different BDP cross-sectional area.
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Figure 18 illustrates the temperature variation during the air injection and brine drainage
process, with curves corresponding to different BDP cross-sectional areas. During the PIBDS which
begins at 20.1 h, the air temperature initially continues to rise slightly with ongoing air injection until
reaching a peak value, after which it begins to decline as brine expulsion occurs and the entrapped
air undergoes expansion. Notably, a larger cross-sectional area of the BDP results in a shorter
temperature ascent duration and a reduced peak temperature value. Meanwhile, during the PIDBS,
a larger cross-sectional area of the BDP results in an accelerated brine discharge velocity. This
enhanced expulsion rate intensifies the air expansion process within the cavern, thereby accelerating
the rate of air temperature decline.
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Figure 18. Temperature variation of air under different BDP cross-sectional area.

Figure 19 presents the brine discharge velocity variation during the air injection for brine
drainage process in a salt cavern for compressed air energy storage, with curves corresponding to
different BDP cross-sectional areas. During the AIPIS, the brine drainage rate remains at 0. In the
PIDBS, as air is injected, the pressure rises, and the brine drainage velocity increases dramatically.
Subsequently, as the volume of air in the salt cavern expands, the rate of pressure increase slows
down or even decreases, and the brine drainage rate also changes accordingly. The larger the BDP
cross-sectional area, the greater the change rate of the brine drainage rate, and the higher the peak
value of the rate. During the HIBDS, air injection stops, and the velocity further declines as the
remaining pressure continues to push out the brine at a decelerating rate until the process concludes.
Smaller BDP shows more significant velocity fluctuations and higher peak velocities during the initial
stages due to restricted flow and greater pressure differentials.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1971.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.1971.v1

18 of 22

2.0
1.6 -
<12t
E N
i3]
<08k Area=3.59m’
> Area=4.78m?
Area=5.98m’
0.4 ' Area=7.18m’
——— Area=8.37m’?
| —— Area=9.57m?
00 " i 1 " 1 1 i " i "
0 15 30 45 60 75

Figure 19. Velocity variation of brine under different BDP cross-sectional area.

3.5. Effects on Operational Cycles

Figure 19 delineates the pressure dynamics during the air injection for brine drainage process
and subsequent operational cycles in an underground salt cavern gas storage system. The variable gm
specifically denotes the air injection flow rate during the air injection for brine drainage process. All
parameters of subsequent operational cycle, including the injection and withdrawal air flow rates,
remain consistent. Five curves corresponding to injection flow rate of 80~120 kg/s exhibit a shared
temporal pattern: initial rapid pressure ascent, and sustained equilibrium with minor oscillations
over the remaining operational cycles. During the air injection for brine drainage process, higher gn
values induce steeper pressure gradients, achieving 85~90% of the maximum pressure within 30
hours, whereas lower gn requires about 45 hours to reach comparable levels. In the first operational
cycle after the gas injection and brine drainage process, the air pressure inside the salt cavern
immediately enters a stable periodic fluctuation state in response to the operational status variations
of the CAES power plant. The air pressure at the end of the gas injection and brine drainage process
determines the upper and lower limits of the periodic fluctuations. The maximum difference during
the operational cycles is 691.5 kPa.
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Figure 19. Pressure variation of air under different injection flow rates.
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Figure 20 delineates the temperature dynamics of compressed air across multiple operational
cycles under different air injection rates. The larger the gas injection flow rate during the gas injection
for brine drainage process, the shorter the time required to complete this process. Meanwhile, the
temperature fluctuations inside the cavern will exhibit higher peaks and greater amplitudes. After
the completion of the gas injection for brine drainage process, the air inside the cavern does not enter
the periodic fluctuation stage during the first operational cycle. The observed flow-rate-dependent
temperature separation persists throughout operational cycles, though inter-cycle hysteresis
diminishes gradually as the system approaches thermodynamic equilibrium due to the sufficient heat
exchange between the air and the surrounding salt rock. The temperature at the end of the gas
injection for brine drainage process affects the amplitude of subsequent operational-cycle
fluctuations as well as the peak temperature. The higher the temperature at the end of the process,
the greater the fluctuation amplitude and the higher the peak temperature of the working cycles.
Under different gas injection flow rates, the difference between the maximum peak value and the
minimum peak value is 4.90 K.
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Figure 20. Temperature variation of air under different injection flow rates.

4. Conclusion

To investigate the impact of air injection and brine drainage on the thermodynamic
characteristics of salt cavern air storage, this study develops a thermodynamic model for predicting
temperature and pressure variations in salt caverns during the air injection for brine drainage process
and operational cycles. Results show that the air injection flow rate and the cross-sectional area of the
brine drainage pipeline significantly influence the thermodynamic characteristics and duration of
each stage in the air injection and brine drainage process. Moreover, they have an impact on the upper
and lower limits of temperature and pressure, particularly during the initial operational cycle. This
research offers insights for optimizing the design and operation of the CAES system with salt cavern
air storage.
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Abbreviations

The following abbreviations are used in this manuscript:

CAES Compressed air energy storage

ACAES  Adiabatic compressed air energy storage
BDP Brine drainage pipeline

I/EWP Injection/extraction well pipeline

AIPIS Air injection and pressure increase stage
PIBDS Pressure increase and brine drainage stage

HIBDS Halt injection and brine drainage stage
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