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A B S T R A C T   

In this paper, four mining levels in a closed coal mine in the Asturian Central Coal Basin (NW Spain) have been 
selected as a case study to investigate the technical feasibility of underground compressed air energy storage 
systems. First, in order to determine the suitable level and type of concrete lining, a numerical model has been 
established to analyze the geomechanical performance considering air pressures of 6, 10, 20 and 25 MPa and 
three different embodiments of concrete lining. Then, another numerical model is used to study the coupled 
thermo-mechanical performance at level 3, considering 100 operation cycles between 6 and 10 MPa air pressure 
using a circular concrete lining with a 20 mm thick sealing layer. The results obtained indicate that the de
formations are lower at levels 1 and 3, where the shales are located at the top of the coal seam. Deformations and 
tensile stresses are significantly reduced when a circular concrete lining is used. As the thermal analysis shows, 
temperature fluctuations are restricted to sealing layer and concrete lining and do not reach the rock mass itself. 
Therefore, negligible deformations are produced by the effect of temperature compared to the effect of air 
pressure. Maximum tensile stress and total displacements during the operation occur at the top of the mining 
drift and reach 9.5 MPa and 3.6 mm, respectively. A technical feasibility can be achieved using a circular 
concrete lining with a suitable reinforcement system.   

1. Introduction 

In the transition from fossil energy production to so-called ‘green 
energies’, renewable energy production is of paramount importance. 
Renewable Energy Sources (RES) emit low pollutants and greenhouse 
gases, but have the significant disadvantage of being uncontrollable and 
discontinuous since they highly depend on actual weather conditions. 
The share of these energy sources constantly grows [1]. To ensure the 
stability of the electrical energy system, a balance between producers 
and consumers must be guaranteed all the time [2,3]. Due to the fluc
tuating energy production of RES, the ability to store excess energy 
becomes increasingly important. These storages should be of large-scale, 
such as Pumped Hydro Storage (PHS). Menéndez et al. [4,5] analyzed 
the use of abandoned coal mines in NW Spain as underground water 

reservoirs for PHS and presented empirical analysis and geomechanical 
modeling of an underground water reservoir for hydroelectric power 
plants. The study aims to analyze the behavior and stability of the 
reservoir and provides insights into its geomechanical response under 
different conditions. Another type of large-scale systems includes 
hydrogen storage facilities and Compressed Air Energy Storage (CAES) 
systems [6–8]. CAES systems can be implemented on the surface or 
underground in rock salt formations or other types of rock mass. The 
underground openings can be existing or newly constructed ones. This 
article focuses on existing ones: abandoned mines. As a positive side 
effect, post-mining areas can obtain new perspectives with positive local 
social and economic impact. 

Storing fossil energy sources, hydrogen, and compressed air in un
derground facilities has been a research topic for decades. Due to 
favorable low permeability, the focus has been on rock salt caverns. 
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Researchers have investigated rheological behavior, damage, and 
permeability changes under construction and operating conditions 
[9–12]. Currently, there are two operating and well-documented Dia
batic Compressed Air Energy Storage (D-CAES) facilities in the world: 
the Huntorf plant in Germany, built in 1978, with an installed power of 
320 MW using a rock salt cavern at a depth of 600 m with a volume of 
310,000 m3 and operating pressure between 4 and 7 MPa. It is capable of 
running at full load for 2–3 h once fully charged [13,14]. The 110 MW 
McIntosh plant (USA) recovers heat from the exhaust to reduce fossil 
energy consumption. The associated cavern, at a depth of 450 m, has a 
volume of 538,000 m3 and operates between 4.5 and 7.6 MPa for up to 
24 h at full load [15,16]. D-CAES plants use natural gas to raise the 
temperature of the outflowing compressed air, resulting in a consider
able CO2 footprint during operation. A-CAES plants store the energy 
from the compression load cycle and charge Thermal Energy Storage 
(TES) systems. This energy is later transmitted to the decompression 
process to condition the air for the turbine. The round-trip efficiency was 
evaluated for current D-CAES plants (Huntorf and McIntosh plants) 
considering the required fuel for the expansion process [17,18]. Ibrahim 
et al. [19] investigated the efficiency of A-CAES using a TES system at 
the inlet of the expansion process. 

The use of abandoned underground mines as facilities for storing 
energy in form of compressed air has been investigated by Lutynski et al. 
[18] and Ishitata et al. [20]. Compared to underground storage caverns, 
CAES reservoirs are subjected to relatively high-frequency load cycles on 
a daily or even hourly basis. It is essential to understand the effects of 
high air pressure, temperature variation, and cyclic loading on the 
storage system. While there is good understanding of this topic in respect 
to rock salt, not many investigations exist for rock mass behavior of 
abandoned coal mines under high pressure, temperature variations, and 
cyclic loading. As stated by Pudewills and Droste [21] and Serbin et al. 
[22], in rock salt caverns, temperature has a significant influence on the 
creep rate, leading to large deformations and, ultimately, an effective 
volume loss of the reservoir. Japanese researchers presented monitoring 
data of a 1600 m3 lined cavern at a depth of 450 m [20], and a 200 m3 

unlined cavern at a depth of 1000 m, tracking deformations under a 
pressure from 0.6 MPa down to atmospheric pressure over 5 h [23]. 
Rutquist et al. [24] modeled a concrete-lined rock cavern for CAES use 
under thermo-mechanical aspects. Khaledi et al. [25,26] showed that 

cyclic loading affects the stability of rock salt caverns by the develop
ment of tensile stress and crack initiation and propagation. Size and 
shape of the cavern have an important influence on stability. Both, 
stability and volume loss depend highly on the chosen operating pres
sure levels of CAES cavern. Damjanac et al. [27] conducted a numerical 
stress analysis for the 50 m high lined rock cavern in granite at Halmstad 
and found an increase in displacements with increasing number of load 
cycles. These results are confirmed by in-situ tests performed by 
Johansson [28] on a 9 m high shaft, 50 m deep in granitic rock. Perazelli 
et al. [29] documented very large deformations for CAES tunnels in 
weak rocks via numerical analysis in a continuous rock mass. Konietzky 
et al. [30] demonstrates that initial crack patterns, loading conditions, 
environmental conditions such as temperature, and fluid flows have an 
impact on the lifetime of crystalline rocks. Zhou et al. [31] indicates that 
the creation of tension cracks during CAES operation increases the 
permeability and reduces efficiency due to the loss of air. The same 
problem was encountered by Becattini et al. [8] with a trial cavern for an 
Advanced Adiabatic CAES (AA-CAES) plant constructed in a 120 m-long 
part of an access tunnel to the Gotthard Base Tunnel. Concrete plugs 
were used to isolate the high-pressure cavern from the atmosphere, and 
a TES was placed inside. Due to leaks in the concrete plugs, only a 
pressure of 7 bar (maximum system pressure is 33 bar) was achieved. An 
overall round-trip efficiency of 60–75 % was reached. According to the 
British Geological Survey (BGS), up to 100 CAES plants can be installed 
as salt caverns located in the Cheshire Basin (UK) [32]. According to 
Lutynski et al. [18], the benefits of CAES plants in abandoned coal mines 
are the lack of a need for new construction of openings, the restructuring 
of mining areas, and the promotion of green energy storage systems. Air 
leakage and stability assessment are challenges, as well as the distance to 
the existing energy grid system. Zhou et al. [31] performed a coupled 
thermo-mechanical simulation for an underground CAES system and 
found that efficiency increases with increasing injection temperature 
and decreasing ambient temperature. A thicker lining increases stability 
of the opening, but may negatively impact storage performance, and a 
polymer layer used for sealing has lower thermal conductivity, resulting 
in lower fluctuations of rock and concrete temperature. Schmidt et al. 
[33] analyzed the geomechanical performance of two different lining 
options for abandoned mine drifts: one with a 15 cm thick concrete 
lining and another without lining. Two 3D numerical models were 

Nomenclature 

Ta air temperature inside the reservoir (K) 
ṁ air mass flow rate (kg s− 1) 
t time (s) 
L mine roadway length (m) 
Cp specific heat at constant pressure (J kg− 1 K− 1) 
Cv specific heat at constant volume (J kg− 1 K− 1) 
h heat transfer coefficient (W m− 2 K− 1) 
Tw1 temperature on the sealing layer wall (K) 
m0 initial air mass (kg) 
m air mass inside the reservoir (kg) 
r1 equivalent radius of sealing layer (m) 
T0 Temperature of the air mass flow inlet (K) 
Pa air pressure inside the reservoir (Pa) 
Pc air pressure at critical conditions (MPa) 
Tc air temperature at critical conditions (K) 
V reservoir volume (m3) 
Z compressibility factor (− ) 
R gas constant (J mol− 1 K− 1) 
fs shear failure envelope 
σ1 total maximum principal stress (MPa) 
σ3 total minimum principal stress (MPa) 

ϕ friction angle (◦) 
c cohesion (MPa) 
mb Hoek Brown constant for the rock mass (–) 
mi Hoek Brown constant for the intact rock (–) 
s Hoek-Brown constant (–) 
a Hoek-Brown constant (–) 
GSI Geological Strength Index (–) 
D disturbance factor (–) 
Emass rock mass deformation modulus (MPa) 
Ei Young's modulus of the intact rock (MPa) 
σtmass uniaxial tensile strength of rock mass (MPa) 
σci uniaxial compression strength of intact rock (MPa) 

Acronyms 
CAES compressed air energy storage 
D-CAES diabatic compressed air energy storage 
A-CAES adiabatic compressed air energy storage 
TES thermal energy storage 
MC Mohr-Coulomb 
HB Hoek-Brown 
ACCB Asturian Central Coal Basin 
RES renewable energy sources 
ISRM International Society for Rock Mechanics  
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developed to simulate the behavior of the rock mass for the entire ser
vice life, including the daily charge and discharge processes. The results 
suggest that the rock mass can resist the pressure with moderate de
formations and small thicknesses of plastic zones, and no fatigue failure 
is expected during the operation time. Analytical and numerical models 
were developed by Alvarez et al. [34] to investigate the thermal per
formance of an underground reservoir considering a 50 m long mining 
tunnel and materials for sealing layers. They concluded that the stored 
energy increases when the thermal conductivity of sealing layer and 
rock mass increases. Menéndez et al. [35] analyzed the round-trip en
ergy efficiency of CAES systems considering different operating condi
tions. They concluded that the round-trip efficiency increases when the 
variation of temperature inside the reservoir decreases. In addition, they 
also observed that the efficiency decreases when the air inlet tempera
ture increases. The excavation damage zone was studied in a pilot lined 
cavern at shadow depth [36,37]. The research work concluded that air 
leakage and tensile fractures are reduced when the excavation damage 
zone is minimized. A numerical investigation was carried out by Chen 
and Wang [38] to investigate the stability of a mining tunnels as an 
underground reservoir for CAES systems. A thermo-hydro-mechanical 
coupled model was developed to analyze the influence of the excava
tion damage zone on deformation and stability of the cavern. Xu et al. 
[39] studied the thermo-mechanical response in an underground mining 

tunnel considering different construction and sealing schemes. A mine 
tunnel and a shaft are considered as an underground reservoir with air 
pressure between 4.5 and 7.58 MPa. A thermo-hydro-mechanical 
coupled model was conducted by Wu et al. [40] to investigate the air 
leakage in an unlined CAES reservoir. They concluded that the rock 
permeability has to be reduced essentially to reduce the air leakage 
during the operation of CAES systems. Jiang et al. [41] conducted a 
numerical and experimental analysis for a pilot lined rock cavern at 
shallow depth in China using a 20 mm thick fiber-reinforced plastic 
(FRP) as sealing layer around the compressed air. During the operation 
of the CAES system, they observed that the influence of the high pressure 
on the surrounding rock mass was limited and verified the good per
formance of the sealing layer employed. Menendez et al. [42] developed 
analytical models for A-CAES systems in lined tunnels. They considered 
operating pressures between 4.5 and 7.5 MPa and 0.4 m thick concrete 
lining and analyzed the heat transfer during the operating phase. 
Recently, researchers have analyzed the use of CAES systems in com
bination with renewable energy and hydrogen [43–47]. Lyu et al. [48] 
investigated the stress transfer in mining shafts structure. Kuang et al. 
[49] analyzed the construction of pumped storage hydropower plants in 
post-mining shafts. The underground water reservoirs and the power
house caverns would be located underground. 

In this paper, a closed coal mine in the Asturian Central Coal Basin 

Fig. 1. (a) Schematic diagram of the adiabatic compressed air energy storage facilities and abandoned mine drifts at different levels; (b) stratigraphic column used 
for the numerical models. 
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(ACCB) is selected as a case study to investigate the technical feasibility 
as an underground reservoir for CAES systems. Geology and geotechnics 
are well known in the study area after decades of coal mining exploi
tation in underground mines. CAES systems are being analyzed for their 
implementation in the study area due to the closure of mining operations 
and the increase demand in energy production from renewable sources. 
To adapt the existing drifts to the operating conditions, concrete lining 
and sealing layer are required. In addition, according to the geology of 
the study area, shale, sandstone and a coal seams are considered in the 
models. Considering an adiabatic CAES (A-CAES) system, an analytical 
approach to obtain pressure and temperature of the stored air as input 
parameters for the numerical model has also been developed. Three 
different shapes of concrete lining with a thickness of 0.35 m are 
investigated: horseshoe-shaped, horseshoe-shaped optimized and 
circular-shaped. Time-dependence of air temperature and pressure 
changes of the A-CAES operation are applied to the inner surface of the 
lining. The impact on the surrounding rock mass, consisting of shale, 
coal, and sandstone, as well as the ground surface using a model with 
four mining levels (model A) are examined. In order to select the most 
appropriate mining level and concrete lining, total displacements and 
damage are studied in the four levels considering air pressures of 6, 10, 
20 and 25 MPa. Then, according to the results obtained, a second model 
(model B) is used to simulate the coupled thermo-mechanical perfor
mance at Level 3 (− 260 m) considering 100 operation cycles with air 
pressures from 6 to 10 MPa in a circular-shaped opening with concrete 
lining of 0.35 m thickness and FRP sealing layer. A reservoir volume of 
68,000 m3 and daily operating cycles with 8 h for charging, 4 h for 
expansion and 12 h for storing are considered. Temperature variations, 
displacements and stress field are analyzed in sealing layer, concrete 
lining, shale, sandstone and coal. 

2. Methodology 

2.1. Problem statement 

The schematic diagram of the abandoned coal mine and the CAES 
facilities is presented in Fig. 1a. The ambient air is compressed in the 
compression train and the heat is stored in the TES system. Then, the air 
is stored in the mining drifts up to a pressure of 10 MPa. When electricity 
is needed, the air is released, heated in the TES and expanded in the 
turbines to generate electricity. Compression train, TES and turbines are 
installed on the surface while the compressed air reservoir is under
ground. In the present work, four mining levels are considered to 
investigate the stability of the underground reservoir in lined mining 
drifts. The stratigraphic column of the study area is presented in Fig. 1b. 
The mining drifts follow the coal seams with sandstone and shale on the 
top or bottom of the coal seams depending on the mining level. 

First, suitable mining level and type of concrete lining must be 

determined. Total displacements, plastified areas and stress field are 
analyzed considering air pressures of 6, 10, 20 and 25 MPa. Based on the 
existing horseshoe mining drifts, three different options of concrete 
lining with a minimum thickness of 0.35 m are considered as shown in 
Fig. 2: a horseshoe-shaped concrete lining (Fig. 2a), an optimized shape 
featuring rounded corners at the bottom (Fig. 2b) and a third version 
with circular inner shape (Fig. 2c). 

As documented in Fig. 2c, in case of the circular lining, the concrete 
thickness reaches a minimum of 0.35 m on the roof and floor areas of the 
drift, increasing significantly in other areas. Concrete lining has high 
resistance and is capable of form adapted filling of the opening in order 
to transmit the loads to the bedrock. In addition, the mining drifts follow 
the weak coal seams which surfaces have to be properly reinforced to 
avoid collapse, damage or leakage. A comparative analysis between the 
three cross sections is presented in Table 1 considering a 20 mm thick 
sealing layer on the inner face of the concrete lining. Tunnel length, 
concrete volume and surface of sealing layers are analyzed for the three 
types of lining. To reach a useful volume of 68,000 m3, the length of the 
mining drifts is 16.96 km when cross section 3 is used. Concrete lining 
volume and surface of sealing layer reach 86,175 m3 and 118,303 m2, 
respectively. Note that the volume of concrete required for the circular 
lining (Fig. 2c) increases more than 100 % in comparison to the horse
shoe lining (Fig. 2a). The proposed construction procedure is as follows: 
first, the installation of the corrugated steel bar reinforcement in the 
mining roadways is carried out. Then, a formwork system adapted to the 
geometry is installed and the highly resistant concrete is poured with the 
minimum indicated thickness. Extensive quality controls would be 
necessary during the construction works. 

2.2. Analytical model and thermal properties 

The evolution of air temperature and pressure during the operation 
of the CAES system has been analyzed for 100 charge and discharge 
cycles. The results of the analytical model have been used as boundary 
condition for the numerical models to investigate the coupled thermo- 
mechanical performance. The thermal performance of the air com
pressed inside the abandoned mining drifts has been resolved using a 
one-dimensional model developed in MATLAB. Fig. 3 shows a scheme of 

Fig. 2. Existing cross-section of mining drift and variants of concrete lining: (a) Horseshoe-shaped concrete lining; (b) horseshoe-shaped concrete lining optimized; 
(c) circular-shaped concrete lining. 

Table 1 
Total tunnel length, concrete volume and surface of sealing layer for the three 
cross-sections considered.  

Cross 
section 

Useful cross 
section (m2) 

Total tunnel 
length (m) 

Concrete 
lining (m3) 

Sealing layer 
(m2) 

CS 1  5.77  11,785  42,888  107,833 
CS 2  5.70  11,929  44,250  105,101 
CS 3  4.01  16,957  86,175  118,303  
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the lined tunnel with a total volume of 68,000 m3, a total length L =
16.96 km and a useful cross-section of 4.01 m2 (r1 = 1.13 m, r2 = 1.15 
m), insulated with a sealing layer of 20 mm thickness. Two additional 
external layers (reinforced concrete lining and rock mass) are modeled 
to simulate the radial heat transfer towards the external regions with 
constant temperature of 300 K (TE) as a boundary condition. The model 
resolves unsteadily the evolution of the air temperature (Ta), density (ρa) 
and air pressure (Pa) inside the reservoir as a function of the inlet 
(compressing at ṁa = 100 kg/s, T0 = 300 K) or outlet (releasing at ṁa =

− 180 kg/s, T = Ta) mass flow rate. Daily operation cycles are considered 
with a duration of 8, 6, 4, and 6 h for charging, storage and expansion 
stages, respectively. 

Application of the energy equation to the control volume occupied 
by the compressed air including the mass conservation to balance the 
inlet/outlet mass flowrates leads to the following equation system: 

dTa

dt
=

ṁ
m

[
Cp

Cv
T0 +

1
2Cv

(
ṁ
m

L
)2

− Ta

]

−
h2πr1L

Cvm
(Ta − Tw1) (1)  

m = m0 + ṁ t (2) 

The unsteady solution of the system provides the temporal evolution 
of the air temperature inside the drift. Note that the solution depends on 
the instantaneous amount of trapped air (thermal properties, Cv = 1006 
J kg− 1 K− 1, Cp = R + Cv), as well as the heat transfer established by 
convection to the surrounding wall (at temperature Tw1). The temper
ature of the sealing layer is computed as a function of the external 
temperature, TE, assuming lumped heat transfer by conduction through 
the different rock layers. More details about the complete numerical 
model can be found in [34]. For this study, due to the large storage 
volume and the wall thermal properties, a typical film coefficient of h =
50 W m− 2 K− 1 is adopted as representative for the convection between 
the air and the sealing layer [31,50]. The model has been resolved 
iteratively, using a backward Euler explicit discretization to resolve the 
coupled system of equations with a time step of 0.01 s. The computation 
is stopped when a maximum prescribed pressure is attained inside the 
reservoir (in this case ranging from 6 to 10 MPa). 

In addition, the air has been considered as a real gas with a 
compressibility factor (Z) which is computed via the Berthelot gas state 
equation [34]. This formulation allows to estimate the instantaneous air 
pressure as a function of the temperature overtime: 

Pa =

(
R
V

)

ZmTa (3)  

Z = 1 −
9

128

(
Pa

Pc

)(
Tc

T

)(
6T2

c

T2 − 1
)

(4) 

Tc and Pc are air temperature and pressure at critical conditions, 

respectively, assumed to be 132.65 K and 3.76 MPa [34]. Additional 
properties for both, solid and fluid materials employed in the numerical 
model are listed in Table 2. 

2.3. Numerical modeling 

2.3.1. Model geometries, meshes and boundary conditions 
Numerical simulations are conducted using the FLAC3D code to 

assess the stability of the lined mining drifts as underground reservoirs 
of CAES plants [51]. FLAC3D uses the finite difference method to solve 
the mechanical and thermal problems in an explicit manner. The 
method is numerically very robust even under plastic flow and physical 
instabilities. Two distinct plain-strain models are developed for this 
analysis. Fig. 4 and Fig. 5 illustrate the geometry of these models: model 
A (Fig. 4a) encompasses four coal drifts located at great depths, allowing 
the study of high-pressure effects during operation. Model A features a 
free surface at the top, enabling observation of the impact on the ground 
surface resulting from the operation. More detailed views are presented 
in Fig. 4b (showcases level 2, 180 m below ground). These specific 
models are employed to investigate three different variants of drift lin
ing (Fig. 4b): a horseshoe-shaped lining constructed with 35 cm thick 
concrete, a second variant with an optimized shape featuring rounded 
corners at the bottom, and a third version that adapts the lining to 
achieve a resulting circular inner shape. The third version introduces a 
variable concrete lining thickness to examine its influence on evolution 
of plastic zones and deformations during operation. The proposed model 
has an extension of 300 m by 450 m, encompassing a total of 25,200 
zones. The four levels are positioned at depths of − 80 m, − 180 m, − 260 
m, and − 340 m, allowing for independent pressurization at each level. 
The mining drifts are situated directly within the corresponding coal 
seam, sandstone on one side and shale on other side depending on the 
level. To investigate the effects of cyclic loading, a new model for level 3, 

Fig. 3. Scheme of the horseshoe-shaped concrete lining tunnel used as compressed air reservoir (a) cross-section; (b) longitudinal section.  

Table 2 
Thermodynamic properties of air, concrete lining, rock mass and sealing layer 
[34,35,41].  

Material Specific 
heat (J kg− 1 

K− 1) 

Thermal 
conductivity (W 
m− 1 K− 1) 

Density 
(KN m− 3) 

Thermal 
expansion 
coefficient (1 
K− 1) 

Air  1006  0.0242  0.0117 1.0e− 5 
Concrete  1000  1.65  23 1.0e− 5 
Sandstone  950  3.50  25 1.0e− 5 
Shale  800  1.50  24 1.0e− 5 
Coal  1180  0.85  15.68 1.0e− 5 
Sealing 

layer  
384  0.40  8.82 0.54e− 5  
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located at 260 m below the ground surface, is set-up. This model B 
(Fig. 5) has outer dimensions of 22 m in width and height. It comprises a 
total of 20,500 zones. The circular lining is subjected to the operating 
pressure of the CAES system. At level 3, the inclined shale layers reside 
in the upper section, while the sandstone layers are situated in the lower 
part. The drift intersects the coal seam between these layers. Fig. 5b 
illustrates the study section of Model B, where the mining drift follows a 
1.5 m thick coal seam dipping 60◦. To analyze the coupled thermo- 
mechanical response during the operation, 21 observation points are 
strategically placed within sealing layer, concrete lining and around the 
study section in the rock mass (Fig. 5c). The model also includes a 20 
mm thick sealing layer. On its inner face the pressure and temperature 
are applied as boundary condition. Fig. 5d shows the location of the 
observation points in the sealing layer at the top of the drift. The study 
section represents the most critical area, where the geomechanical 
conditions are least favorable to withstanding high pressures. 

Computational domains, discretization, and boundary conditions for 
both models are depicted in Fig. 4 and Fig. 5. The cross-section of the 
coal drifts is approximately 9.4 m2. The coal drift possesses a height of 3 
m and a width of 3.6 m, with a semi-circular roof, having a radius of 1.8 
m. To enhance calculation accuracy, the mesh is refined in the proximity 
of the excavations and becomes gradually coarser towards the outer 
regions. In both models, roller boundaries are implemented at the bot
tom and along the vertical outer boundaries. On the upper boundary of 
model B, a vertical load of 6.5 MPa is applied, representing the weight of 
the overburden. 

According to experience from the study area, the rock mass strength 
can be characterized by the Mohr-Coulomb (M-C) failure criterion 
[4,33]. In the conventional M-C model, it is assumed that the strength 
properties of the materials remain constant once plasticity occurs. This 
assumption implies that the material can sustain a stress equal to the 
failure strength even after surpassing the failure envelope. The M-C 
failure criterion is expressed by Eqs. (5) and (6). 

f s = σ1 − σ3Nϕ + 2c
̅̅̅̅̅̅
Nϕ

√
(5)  

Nϕ =
1 + sin(ϕ)
1 − sin(ϕ)

(6)  

where fs is the shear failure envelope, σ1 and σ3 are the total maximum 
and minimum principal stresses, respectively, ϕ is the friction angle (◦) 
and c is the cohesion (MPa). 

2.3.2. Simulation procedure 
To simulate the impact of high air pressure and cyclic loading, the 

following procedures are applied. Initially, isotropic stress conditions 
are assumed (σxx = σYY = σZZ). In model A, the initial primary stress 
varies between 0.0 MPa at the free surface and 11.2 MPa at the bottom of 
the model. As for model B, the initial primary stress is set at 6.5 MPa at 
the level of the drift. The in-situ horizontal stresses were estimated using 
empirical equations based on global data and a compilation of local data 
specific to the ACCB region in northwest Spain [4,5,33]. These estima
tions were crucial for determining the initial stress distribution within 
the models. 

For model A, the simulation involves the following steps: (1) gen
eration of the primary stress field: vertical and horizontal stresses are 
initialized, (2) excavation of the four drift levels: The process of exca
vating the four drift levels is simulated, replicating the actual under
ground excavation sequence. After that, the installation of the 
correspondent concrete lining is carried out, (3) application of air 
pressures: air pressure values of 6, 10, 20, and 25 MPa are applied, 
starting from the lowest level (level 4) and subsequently progressing to 
the next drift level above. This sequence ensured that all four pressure 
levels are sequentially applied to the active drifts, culminating in the 
final step where all four drifts are subjected to the indicated air 
pressures. 

These aforementioned steps are executed for all three concrete lining 
variants. Throughout the simulation, plasticity state, stress field, as well 

Fig. 4. Model A. (a) Geometry, mesh and boundary conditions of model A; (b) detail of the geometry of the existing coal drifts and three different concrete linings at 
level 2. 
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as deformations are monitored and analyzed. The purpose was to track 
and evaluate the response of the system under varying pressure condi
tions, providing insights into the behavior of the underground 
infrastructure. 

In the case of model B, the simulation involves the following steps: 
(1) generation of the primary stress field, (2) excavation of coal mining 
drifts, (3) installation of circular concrete lining. Additionally, a 2 cm 
thick fiber-reinforced sealing is applied to the inner side of the concrete 
lining, (4) resetting of displacements: displacements within the model 
were reset to their initial positions in order to measure the effects of 
pressure and temperature accurately, (5) application of cyclic loads: 
cyclic pressures and temperatures resulting from the charge and 
discharge processes are applied to the inner face of the sealing layer. The 
applied pressures range from 6 MPa to 10 MPa during 100 operating 
cycles, with each complete cycle lasting 24 h, resembling the operational 
conditions of the CAES system. To isolate the effects of temperature and 

pressure, separate runs were conducted for temperature-only, pressure- 
only, and combined temperature and pressure variations. This separa
tion is necessary as the influence of temperature is found to be minimal 
compared to the effects of pressure. 

These steps are crucial in investigating the response of the system to 
cyclic loading, assessing the impact of pressure and temperature, and 
their combined effects on plasticity, displacements, and stress re
distributions within the concrete lining. 

2.4. Material properties 

The rocks properties were determined by laboratory testing 
following the suggested methods of the International Society for Rock 
Mechanics (ISRM) [52]. Laboratory tests were performed on 40 core 
samples at the Mechanical Laboratory of the University of Oviedo. Un
confined compressive strength tests, Brazilian tensile tests, direct shear 

Fig. 5. Model B. (a) Geometry, materials, mesh and boundary conditions for level 3; (b) mesh details, concrete lining, sealing layer and observation points; (c) 
location of observation points; (d) detail of observation points in the 20 mm thick sealing layer at the top of the drift. 
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tests of discontinuities and triaxial compression tests were carried out to 
determine the intact rock properties. Table 3 shows the intact rock 
properties (unit weight, intact uniaxial compressive strength, intact 
Young's modulus and intact rock constant mi), Geological Strength Index 
(GSI) and Hoek-Brown constants (mb, s and a) for shale, sandstone and 
coal. 

The Hoek-Brown parameters for the rock mass were obtained by 
applying Eqs. (7), (8) and (9) considering GSI and disturbance factor (D), 
which accounts for the extent of disruption experienced by the rock mass 
during the excavation phase, particularly due to blast damage. Distur
bance factors of 0 and 0.8 for shale and sandstone and coal have been 
considered, respectively. The rock mass properties such as deformation 
modulus (Emass) and uniaxial tensile strength (σtmass) were obtained by 
applying Eqs. (10) and (11), respectively. Finally, the Hoek-Brown 
failure criterion has been employed to obtain the equivalent M-C 
strength parameters (cohesive strength and friction angle) [53]. The 
geotechnical properties of rock mass, concrete lining and sealing layer 
are shown in Table 4. 

mb = miexp
(

GSI − 100
28 − 14D

)

(7)  

s = exp
(

GSI − 100
9 − 3D

)

(8)  

Table 3 
Intact rock properties, GSI and Hoek-Brown constants [4,33].  

Parameter Shale Sandstone Coal 

Unit weight, γ (kN m− 3)  22.68  25.87  15.00 
Intact Young's modulus, Ei 

(MPa)  
21,000  43,650  32,900 

Intact uniaxial comp. strength, 
σci (MPa)  

35  150.8  8.0 

Intact rock constant (mi)  9.2  15.4  8.0 
GSI  35  50  51 
mb  0.903  2.582  0.433 
s  0.00073  0.00386  0.00059 
a  0.5159  0.5057  0.5053  

Table 4 
Properties of rock mass, concrete lining and sealing layer [4,33,41].  

Lithology Young's 
modulus 
(MPa) 

Poisson's 
ratio 

Tensile 
strength 
(MPa) 

Cohesion 
(MPa) 

Friction 
angle (◦) 

Shale  2381  0.27  0.028  0.67  37.7 
Sandstone  13,409  0.25  0.226  2.02  52.7 
Coal  3200  0.32  0.010  0.25  20.0 
Concrete  23,000  0.27  2.000  5.00  40.0 
Sealing 

layer  
2900  0.22  130  1.5  30  

Fig. 6. Model validation. Comparison with analytical model developed by Zhou et al. [54].  

Fig. 7. Model validation. Comparison with experimental model developed by Jiang et al. [41].  
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a =
1
2
+

1
6

[

exp
(
− GSI

15

)

− exp
(
− 20

3

)]

(9)  

Emass = Ei

(

0.02+
1 − D/2

1 + exp((60+15D− GSI)/11 )

)

(10)  

σtmass =
− s σci

mb
(11)  

2.5. Model validation 

The results of the analytical model have been compared with other 
approaches provided in literature. Fig. 6 shows a comparative analysis 
with the analytical model developed by Zhou et al. [54]. Zhou et al. 
carried a coupled thermo-mechanical analysis for an operation of CAES 
systems in lined rock caverns. Air temperature (Fig. 6a) and pressure 
(Fig. 6b) are compared during the first operation cycle, reaching good 
agreements. In addition, to justify the accuracy of the one-dimensional 
thermal model, the results have also been compared with an experi
mental model performed by Jiang et al. [41] in a lined rock cavern at 
shallow depth. As shown in Fig. 7, good agreements have been obtained 
between the present model (solid blue lines) and the experimental 
model (dots). 

3. Results and discussion 

3.1. Analytical model 

Results of the one-dimensional analytical model are presented in 
Fig. 8. Air temperature and pressure are used as boundary conditions for 
the numerical analysis. The evolution of the air pressure during the first 
operation cycle is shown in Fig. 8a. Daily operation cycles with 8 h of 
charging, 6 h of storage after charging, 4 h of discharging and 6 h of 
storage after discharging are considered. Air mass flow rates of 100 and 
180 kg s− 1 have been considered for charging and discharging stages, 
respectively, in an underground reservoir with 68,000 m3. Fig. 8c and 
d show the temperature variation at the air inside the reservoir during 
the first cycle and 100 operation cycles, respectively. Maximum and 
minimum temperatures of 308 K and 292 K, respectively, are reached 
during operation inside the reservoir considering an inlet temperature 
after compression of 300 K. 

3.2. Mechanical performance 

In order to determine the most appropriate level and type of concrete 
lining, a stability analysis is carried out for the four mining levels. The 
lined tunnels are subjected to air pressures of 6, 10, 20 and 25 MPa 
considering the three variants of concrete lining. In order to analyze the 
behavior of the system (total displacements, plasticity and tensile stress 
in the concrete lining) the openings were submitted to extreme air 
pressures, much higher than the operating pressure. According to the 

Fig. 8. Evolution of air pressure and temperature inside the underground reservoir during charge and discharge. (a) Air pressure during the first cycle; (b) air 
pressure during 100 operation cycles; (c) air temperature during the first cycle; (d) air temperature during 100 operation cycles. 
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stratigraphy, shales are located at the top of the coal seam in levels 1 and 
3 and at the bottom of the coal seam in levels 2 and 4. Total displace
ments are shown in Fig. 9 for the three variants of concrete lining and air 
pressures. Smaller values of total displacements are reached in levels 1 
and 3, where the shales and sandstone are located at the top and bottom 
of the coal seams, respectively (Fig. 9a and c). Maximum total dis
placements of 27.4 mm are reached at level 2 when a pressure of 25 MPa 
is applied and the horseshoe-shaped concrete lining is used (Fig. 9b). 
The displacements are reduced down to 6 mm when the circular con
crete lining is used. Total displacements are significantly reduced in all 
cases when the circular concrete lining is used. The lowest values of 
deformation are obtained for levels 1 and 3. At an operation pressure of 
10 MPa, total displacements reach 3.8 and 4.3 mm in levels 1 and 3, 
respectively, being reduced to 1.8 and 2.2 mm when using the circular 
concrete lining. Therefore, similar deformation results are obtained in 
levels 1 and 3. Level 1 is the oldest level and its current state of con
servation could cause safety issues. Furthermore, the total length of 
drifts available at level 1 is less than those at level 3. Based on stability 
analysis and availability of drifts, level 3 with a circular-shaped concrete 
lining is selected as the most appropriate location for a CAES system. 

Total displacements for level 3 are represented in Fig. 10 and Fig. 11 
for the three variants of concrete lining considering air pressures of 10 
and 6 MPa (operating pressure). The maximum values in the concrete 
lining occur at the left wall in all the analyzed scenarios. In addition, 
significant deformations can also be observed at the floor of the drifts. 

Total displacements reach 4.3 mm at an operating pressure of 10 MPa 
(Fig. 10a) using the horseshoe-shaped concrete lining, being reduced 
down to 3.6 and 2.3 mm for the horseshoe-shaped optimized and cir
cular concrete lining, respectively. Total displacements reach 2.5 mm at 
6 MPa (Fig. 11b), decreasing to 1.3 mm in the case of circular concrete 
lining (Fig. 11c). 

Plastification type and extent in the rock mass around the mine drifts 
is shown are Fig. 12 for an air pressure of 10 MPa considering the three 
variants of concrete lining. A combination of tensile and shear plastifi
cations is observed mainly in the left wall and the floor. The plastifica
tions are associated with the coal seam due to its lower resistance 
compared to shale and sandstone. Shear and tensile failures are reduced 
when the circular concrete lining is employed, mainly in the floor of the 
drift (Fig. 12c). In this scenario, the concrete lining absorbs air pressure 
and reduces stresses in the rock mass. Finally, the tensile stress in the 
concrete lining is shown in Fig. 13 considering a maximum operating 
pressure of 10 MPa. The maximum value reaches 50 MPa and occurs at 
the left corner on the floor using the horseshoe-shaped concrete lining. 
Note that this high value is obtained due to the elastic behavior that has 
been assumed for the concrete lining. Elastic material is used for the 
concrete to demonstrate the effect of the liner shape on the evolution of 
tensile stresses. Tensile stresses decrease significantly to less than 10 
MPa when circular concrete lining is employed (Fig. 13c). For the elastic 
concrete lining a circumferential strain of 0.006 % is expected during to 
the operation. This should be kept in mind for rebar design and potential 

Fig. 9. Total displacements considering air pressures of 6, 10, 20 and 25 MPa and three concrete linings. (a) Level 1 (− 80 m); (b) level 2 (− 180 m); (c) level 3 (− 260 
m); (d) level 4 (− 340 m). 
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crack formation, but is not considered here. 

3.3. Thermo-mechanical coupled analysis 

The thermo-mechanical response of the lined drifts is investigated for 
level 3 (− 260 m) considering cyclic loading with air pressures between 6 
and 10 MPa during 100 operating cycles with an inlet temperature of 
300 K. First, the effect of the temperature variations on the stability of 
the lined drifts is analyzed. The evolution of the temperature during 
charging, storage and discharging at sealing layer, concrete lining and 
rock mass is shown in Fig. 14. Fig. 14a shows the temperature variation 
at the top of the drift during the first 48 h of operation (2 cycles). Slight 
temperature fluctuations are observed in sealing layer and concrete 
lining, but nearly no temperature variations occur in the rock mass. The 
maximum temperature variation reaches 16 K at point P1, a contact of 
the sealing layer with the compressed air. At point P5 (contact surface 

between concrete lining and rock mass) a temperature variation of 1.5 K 
is obtained. The temperature fluctuates between 305.3 K and 296.5 K at 
point P3. The evolution of the temperature is presented in Fig. 14b for 
100 operation cycles. As can be seen, the temperature variation remains 
constant at all points during the long-term operation of the CAES system. 

The distribution of temperature in sealing layer and concrete lining is 
presented in Fig. 15 after 8 h compression at 10 MPa when the value is 
the greatest (Fig. 15a) and after 6 h expansion at 6 MPa when the value is 
the lowest (Fig. 15b). These two states are representative for the entire 
100 cycles, since Fig. 14b shows no overall increase in temperature. 
During charging, the temperature of the compressed air increases and 
heat is transferred to sealing layer and concrete lining. As indicated 
previously, due to the thermal conductivity of the FRP, slight tempera
ture fluctuations occur. Conversely, as shown in Fig. 15b, during the 
expansion stage the temperature of the concrete lining is higher and heat 
is transferred to the compressed air inside the reservoir. As shown in 

Fig. 10. Total displacements at level 3 considering an air pressure of 10 MPa. (a) Horseshoe-shaped concrete lining; (b) horseshoe-shaped concrete lining optimized; 
(c) circular-shaped concrete lining. 

Fig. 11. Total displacements at level 3 considering an air pressure of 6 MPa. (a) Horseshoe-shaped concrete lining; (b) horseshoe-shaped concrete lining optimized; 
(c) circular-shaped concrete lining. 
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Fig. 12. Failure zones at level 3 considering an air pressure of 10 MPa. (a) Horseshoe-shaped concrete lining; (b) horseshoe-shaped concrete lining optimized; (c) 
circular-shaped concrete lining. 

Fig. 13. Tensile stress in concrete lining at 10 MPa air pressure. (a) Horseshoe-shaped concrete lining; (b) horseshoe-shaped concrete lining optimized; (c) circular- 
shaped concrete lining. 

Fig. 14. Evolution of the temperature during air charge and discharge at sealing layer, concrete lining and rock mass at the top of the drift. (a) First 48 h of operation; 
(b) 100 operation cycles. Points P1 to P5 are located at the top of mining drift. See Fig. 5 for the exact location of the observation points. 
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Fig. 15, the results obtained also indicate a homogeneous temperature in 
other areas of the cross section (walls and floor). 

Fig. 16 shows the total displacements at the top of the drift during the 
operation of the CAES system. Total displacements follow the air pres
sure. Fig. 16a presents the results for 48 h of operation and Fig. 16b 
indicate the results during 100 operation cycles. Maximum displace
ments reach 3.6 mm at P1 after 16 h of compression. Total displace
ments of 2.4 mm can be observed at point P4 (concrete lining). 
Regarding the deformation in the rock mass, displacements less than 1 
mm are obtained (P7). The results show a very limited influence of the 
temperature on the stability compared to the effects of air pressure. As 
shown in Fig. 16b, the total displacements remain constant over 100 
operating cycles. 

Fig. 17 shows the total displacements in the concrete lining for 
different observation points. Due to the location of shale and sandstone, 
the deformation increases at the top and on the left wall of the drifts and 
decreases on floor and right wall. Displacements less than 1 mm are 

reached at points P9 and P14. Finally, the total displacements in shale, 
sandstone and coal seam, are presented in Fig. 18. Displacements less 
than 0.6 mm can be observed in sandstone (P10 and P16) increasing up 
to 1.4 and 2.1 mm in shales at P6 and P20, respectively. 

Maximum and minimum principal stresses are depicted in Fig. 19 at 
the concrete lining for the monitoring points P4 and P9 at the top and 
right wall of the drift, respectively. Fig. 19a represents the evolution of 
the principal stresses after two operation cycles. 

Note that the maximum principal stress (= least major compressive 
or even tensile stress) at points P4 and P9 follows the air pressure. The 
maximum principal stress in the charging stage at point P4 increases 
rapidly reaching a tensile stress of 9.5 MPa. The tensile stress reaches 
4.6 MPa at point P9 at the right wall, where the sandstone is located. The 
minor principle stresses at points P4 and P9 fluctuate between − 2.8 MPa 
and − 3.7 MPa and between − 5.1 MPa and − 7.8 MPa, respectively, 
during the CAES operation. Please note: Due to the sign convention, 
negative values indicate compressive stresses and positive values tensile 

Fig. 15. Thermo-mechanical analysis. Temperature distribution in the sealing layer and concrete lining. (a) Maximum air temperature at 10 MPa; (b) minimum air 
temperature at 6 MPa. 

Fig. 16. Thermo-mechanical analysis. Total displacements in sealing layer, concrete lining and shale rock mass at the top of the drift. (a) First 48 h of operation; (b) 
100 days of operation. P1 point is located in the sealing layer, P4 in the concrete lining and P6 and P7 points in the rock mass at the top of the mining drift. See Fig. 5 
for exact locations of observation points. 
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stresses. 
Maximum displacements and maximum principal stresses in the 

concrete lining during the CAES operation are shown in Fig. 20. The 

maximum displacements reach 3.61 mm and occur at the top and left 
wall of the drift, where shale and coal seam are located. As shown in 
Fig. 20b, the tensile stress reaches 9.5 MPa in a thickness of 

Fig. 17. Thermo-mechanical analysis. Total displacements at concrete lining. (a) First 48 h of operation; (b) 100 days of operation. P4, P9, P14 and P19 points are 
located in the concrete lining at top, right wall, floor and left wall of the mining drift. See Fig. 5 for exact location of observation points. 

Fig. 18. Thermo-mechanical analysis. Total displacements at shale, sandstone and coal seam. (a) First 48 h of operation; (b) 100 days of operation. See Fig. 5 for 
exact location of observation points. 

Fig. 19. Thermo-mechanical analysis. Maximum and minimum principal stresses in the concrete lining (P4 and P9) at the top of the drift. (a) First 48 h of operation; 
(b) 100 days of operation. See Fig. 5 for exact location of observation points P4 and P9. 
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approximately 0.3 m at the top, floor and left wall of the drift. A suitable 
reinforcement in the concrete should be applied in those areas, where 
the maximum values of tensile stress are observed during the operation. 
The tensile stress decreases in the right wall, mainly due to the presence 
of sandstone. Note that at the bottom corners of the concrete lining the 
maximum principal stress is negative, indicating that these areas are 
under compression (compressive stress values up to 7 MPa are reached). 

4. Conclusions 

The stability of lined mining drifts as an underground reservoir of 
CAES systems is investigated. Four levels in a closed coal mine with 
three different variants of concrete lining are considered. A numerical 
model has been conducted to determine the most appropriate mining 
level and concrete lining. Air pressures of 6, 10, 20 and 25 MPa are 
applied considering the three variants of concrete lining with a mini
mum thickness of 0.35 m. In order to understand the behavior of the 
system, the openings are submitted to extreme pressures (much higher 
than the operating pressure). The results obtained indicate that lower 
deformations and tensile stresses in the concrete lining are reached at 
levels 1 and 3 employing an inner circular concrete lining. Due to the 
length of available drifts and state of conservation, level 3 is selected to 
analyze the coupled thermo-mechanical behavior of the lined drifts 
during the operation of the CAES system. At level 3, the mining drifts 
follow the coal seam with shale on top and sandstone at the bottom of 
the coal seam. The use of the horseshoe-shaped concrete lining implies 
less concrete and length of mining roadways to reach the useful volume 
of 68,000 m3, reducing the investment costs. However, according to the 
results obtained, due to the tensile stress evolution and larger total 
displacements reached in the concrete lining this cross section is critical. 
Therefore, a technical feasibility could be achieved using a circular 
concrete lining. 

Therefore, to investigate the stability of level 3, a more detailed 
thermo-mechanical numerical model is established considering cyclic 
loading with air pressures from 6 to 10 MPa and circular concrete lining 
with a 20 mm thick sealing layer on the inner face of the concrete. In 
order to determine the boundary conditions of the numerical model, a 
one-dimensional model is developed to predict the evolution of the air 
temperature and pressure inside the reservoir for 100 operation cycles. 
With the materials and operating conditions considered for the CAES 
plant, the evolution of the temperature field and total displacements 
remain constant and no additional cycles are required to investigate the 
coupled thermo-mechanical performance during the operation. 

The obtained results show that slight temperature fluctuations are 
observed in the sealing layer and concrete lining and temperature var
iations in the rock mass are insignificant. Therefore, a very limited in
fluence of the temperature on the stability compared to the effects of air 
pressure is observed. However, the temperature field depends on the 
capacity of the reservoir, operating conditions (air mass flow rates and 
air inlet temperature) and thermal properties of the materials, mainly 
thermal conductivity. When the air inlet temperature and the air mass 
flow rate increase, the charging period is reduced and the temperature 
field varies, reaching the rock mass. The maximum tensile stress reached 
9.5 MPa in the concrete lining decreasing at the right wall, where the 
sandstone rock mass is located. Total displacements reached 3.6 mm at a 
pressure inside the reservoir of 10 MPa at the top of the mine drift. 
However, lower deformations are obtained at the floor and right wall. 
Tensile stresses and deformations remain constant during the long-term 
operation of the CAES system. Finally, the technical feasibility of the 
underground reservoir in lined mine drifts can be achieved for the 
operating conditions considered using a circular concrete lining with a 
suitable reinforcement in the concrete lining to resist the tensile and 
compressive stresses. Note, that thermo-mechanical cyclic fatigue ef
fects are not yet considered, but they are important for any long-term 
considerations, lifetime and maintenance. 
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Fig. 20. Thermo-mechanical analysis. (a) Total displacements observed during the operation; (b) maximum principal stress in the concrete lining.  
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