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Abstract. With the worldwide demand for electricity, renewable energy is attracting
increasing attention. As this energy has an intermittent character, large-scale storage
technologies are necessary. One of the most promising systems is the advanced adiabatic
compressed air energy storage (AA-CAES) in underground lined rock caverns. The high
cyclic thermal and mechanical loadings involved in the system can disturb the surrounding
geological barrier and thus lead to the failure of the system. The implementation of a special
lining capable of limiting the thermal losses, reducing the air leakage and ensuring the caverns
stability, is therefore required.
This paper presents the governing equations for fully coupled thermo-hydro-mechanical
(THM) processes in saturated deformable media filled with dry air which characterize the
conditions of the storing system. The assumptions used to simplify the equations are
discussed and the neglected terms are underlined. These equations take into account the
dependence of thermal conductivity on temperature, convection and heat compression. The air
properties are derived using Helmholtz energy. A comprehensive comparison between the
proposed model and a simple THM model based on constant parameters, ideal gas and
conductive flux is made in order to emphasize the phenomena that could occur and their
influences. Finally, thermo-hydro-mechanical simulations of the different lining materials are
carried out to analyze the advantages and the drawbacks of each solution.
1

INTRODUCTION

The use of fossil fuel reserves to produce electricity presents many drawbacks; it is a finite
resource and releases CO2 which is the major cause of global warming [1,2]. Renewable
energy is becoming more and more widespread, but it has two major problems: the first one
is the big distance between energy resources and energy demand, which causes additional
significant costs; the second one is the stochastic nature of this source [3]. Large-scale energy
storage systems can solve these problems. Two systems are known to be the best: the pumped
hydroelectric storage (PHS) and the compressed air energy storage (CAES) because of their
high cost effectiveness. (PHS) system has a high cost and requires a suitable topography,
which is rare; so, the (CAES) is the best promising technology to store energy [1].
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The first storage station using an underground compressed air reservoir was a 290MW unit
built in Huntorf, Germany, in 1978. It consists of two salt caverns with a total volume of
310,000m3 [4,5] and an operating pressure between 4.8MPa and 6.8MPa. The second was a
110MW unit built in MacIntosh, USA. It consists of one salt cavern with a volume of
560,000m3 and an operating pressure between 4.5MPa and 7.4MPa [1]. In the USA, a big
interest is given nowadays to the construction of this type of plants; the largest is the
2,700 MW Iowa Stored Energy Park [6,7,8].
This system converts the off-peak electricity taken from the grid to a compressed air and
stores it in an underground cavern. Then the air is used to drive a turbine to generate
electricity when needed. After the compression stage, this system uses an inter-cooler and an
after-cooler in order to reduce the air temperature, which leads to the decrease of the thermal
stresses on the cavern walls and the reduction of the storage volume. Fuel is combusted then
inside the turbine to increase the air temperature and thus its efficiency.
The advanced adiabatic compressed air energy storage (AA-CAES) is a modification of the
(CAES) system; the innovative idea is that the heat generated during compression is stored in
a thermal energy storage unit (TES) and recovered in the expansion phase (Fig. 1). AA-CAES
is then more efficient and less damaging to the environment (no CO2 emissions).
The high cyclic thermal and mechanical loadings applied to the TES walls (temperature up
to 5500C and pressure up to 15MPa) would damage the surrounding rock mass and then lead
to the failure of the system. This type of loading has never been treated in a gas storage
application. To solve this problem, the implementation of a special lining, which role is to
help the rock mass hold the gas pressure, to ensure a sufficient thermal isolation and to reduce
the air leakage to an acceptable rate, is therefore necessary.
Two major studies have been held in Sweden to study natural gas storage in lining rock
caverns. In Grängesberg and in Skallen [9,10,11], the caverns were constructed in fractured
granite and lined by concrete and steel. As for CAES, a study was made on a former coal
mine in Hokkaido Prefecture [3], Japan. The lining consists of 0.7 m concrete filled with a
synthetic rubber seal. A recent study presented in [3,8] explored the potential of CAES in
lined rock caverns at shallow depth (100 m), and has shown its feasibility from a leakage and
energy-efficiency perspective. The lining consists of 1 m concrete.
In the experiences stated above, the steel and the synthetic rubber have a sealing function, the
concrete has the pressure transmitting function and the rock mass has the pressure absorbing
function.
The Preliminary simulations for the (TES) lined with steel and concrete showed a failure of
the system. The stress criteria indicate that the materials will break because of the highly
compressive thermal stresses generated by the high temperature. Thus, the implementation of
a cooling system in the front wall of concrete layer is quite necessary to prevent the instability
of the concrete and of the rock mass. Furthermore, an insulating material is added in front of
the concrete layer to ensure thermal insulation.
The understanding of the interaction of different physics in the system is necessary to
design the lining of the TES. Thus, a fully Thermo-Hydro-Mechanical model in saturated
deformable media filled with dry air is presented. This model takes into consideration the
dependency of the thermal conductivity of the materials and dry air properties on the
temperature, convection and heat compression. A comparison with a simple THM model
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(constant parameters, conductive flux) is made and a geomechanical analysis of the TES
lining is carried out in order to optimize the design.
2. GENERAL BALANCE EQUATIONS
In the following derivations, we consider a deformable porous media fully saturated with
air, and it is considered to be in local thermal equilibrium with the solid phase. A macroscopic
approach is applied, meaning that the porous medium can be treated as a continuum where
volume-averaged quantities replace local ones. The balance equations are derived by
considering the conservation laws of two phases (solid and fluid) and by summing the
contribution of both phases.
2.1 Mass balance equation
The Eulerian forms of mass balances of both phases are given by:
(1)
(2)
Where is the porosity of the porous media,
and
are the mass per unit of volume for
the fluid and the solid respectively.
and
are the velocities of the fluid and the solid
respectively with respect to a fixed reference. Developing eq.(1) and eq.(2) leads to the total
mass balance equation:
(3)
where

is the skeleton volumetric strain,

is the flux density vector with respect to the

is the co-moving time derivative for tracking the motion of a solid
solid particles, and
particle along its trajectory.
2.2 Momentum balance
In the absence of inertia forces, the law of conservation of linear momentum is given by :
(4)
where is the total stress tensor, is a vector representing the acceleration of gravity and
is the average density of the mixture:
(5)
2.3 Energy balance
Neglecting the dissipation of energy due to the viscosity of the air and the irreversible
energy dissipation in the skeleton, and any heat transfer caused by the solid displacement, the
energy balance equation for both phases is then given by:
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(6)
(7)
where and
are the conductive fluxes of the solid and the fluid respectively,
and
are the isobaric heat capacities of the solid and the fluid respectively and
is the velocity of
the fluid particles with respect to the solid.
3. GENERAL CONSTITUTIVE EQUATIONS
3.1 Hydraulic
Neglecting any influence of thermal gradient on the air flux (thermo-osmosis) and any
change in permeability due to air slippage (Klinkenberg effect), the mass flux could be written
then in the following form:
(8)
is the intrinsic permeability of the media,
is the dynamic viscosity of the fluid
where
and is the elevation.
The thermodynamic state of the air, considered as an homogenous fluid resulting from the
mixture of different gases, is described by the couple
. The rate of change of air density
is given by:


(9)

is the compressibility modulus of the fluid and
is the linear thermal expansion
where
coefficient (both are function of the couple
. For an ideal gas, these parameters are
given by:

(10)

(11)
C) and pressures (up to
15MPa), the assumption that the fluid is an ideal gas may not be sufficient. Thus, using a state
law for dry air proposed by Lemmon [12] would be a better approach. This law uses the
Helmholtz free energy given by:



(12)

where

and

a state of reference. The coefficients ,

,

,



and

are constants. Knowing this thermodynamic potential, all the thermodynamic properties of
dry air can be easily computed. A comparison between the two models described above was
carried out. Fig. 2 (a, b) shows
and
as a function of pressure and for a fixed value of
temperature (200°C). For both parameters, we note a relative difference going up to 10%. Fig.
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3 shows
as a function of temperature and for a fixed value of pressure (5MPa). Again, a
relative difference going up to 14% is remarked. For accuracy purposes, Lemmo ’
used. Fig. 4 (a, b, c) shows
,
and
as a function of temperature and for different
pressures according to this model.
3.2 Thermal
Neglecting any heat flux caused by a pressure gradient, the heat conduction flux could be
written as:

(13) 

where is the sum of the thermal conductive heat flux of the fluid and the thermal conductive
is the apparent macroscopic thermal conductivity over all phases; it
heat flux in the solid,
is expressed as:

(14)
Experimental results showed that the thermal conductivity for the insulation material and
for the refractory concrete is a linear function of temperature. Details are showed in table 1.
3.3 Mechanical
Adopting a small strain approach, the total strain tensor
given by

and the volumetric strain are
(15)

(16)
where is the displacement vector and denotes the transpose of the tensor. The effective
stress law for fully saturated media is given by [13]:
(17)
where

is the macroscopic effective stress tensor given by:
(18)

where is the tangential stiffness matrix, and
is the total solid skeletal strain tensor,
the thermal strain caused by temperature increase; it is given by:

is
(19)

is the drained linear thermal expansion coefficient and
is the strain caused from
where
compression of grains by internal hydrostatic fluid pressure, it is given by:
(20)
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where
is the bulk modulus of solid grains. The constitutive equation required to calculate
the changes in solid grains, for small changes in grain density, is given by [14]:
(21)
where
is the linear thermal expansion coefficient of solid grains and the subscript 0 labels
a reference state.
4. FINAL EQUATIONS
4.1 Hydraulic
Combining the aforementioned balance and constitutive equations and neglecting the terms
,
and
, we obtain:
(22)
where:
(23)
is an isothermal storage coefficient and
(24)
is the linear differential thermal expansion coefficient. Note that
coefficient.

is the well-known Biot

4.2 Thermal
Using the assumptions of local thermal equilibrium, neglecting
and combining eq. (6), (7) and (11), we obtain:

,

and
(25)

where:
(26)
4.3 Mechanical
Combining eq. (4), (15), (16) and (17) and neglecting gravity forces, we obtain the wellknown equilibrium equation:
(27)
where

and

L

’

y

.

6
1507

Anis El Murr, Faouzi Hadj-Hassen, Ahmed Rouabhi and Michel Tijani

5. NUMERICAL MODEL
5.1 Model geometry
The cavity is a vertical cylinder with a 20 m diameter, a 50 m height, a domed roof and
rounded invert. In order to simplify the simulations, the cavity is represented by a 1D
axisymmetric model neglecting the effect of gravity and the cavity extremities. The
simulations were carried out on two basic configurations shown in Fig. (2, 3).
5.2 Materials model
Since no information is available on the mechanical behavior of these materials under high
temperature and high pressure, an elastic behavior was assumed. The thermo-hydromechanical properties adopted for these materials are given in detail in table 1.
Table 1: Thermo-hydro-mechanical properties.

Property
Y
’
GP )
Poisson ratio
Uniaxial compressive strength (MPa)
Thermal conductivity (W/m/K)
;
, where T is in °C

Refractory
concrete
5
0.2
40
(0.0005, 3.4)

Insulation
material
1
0.25
2
(0.0001, 0.36)

Concrete

Granite

20
0.2
30

35
0.2
60

1.75

2.5

Heat capacity (J/kg/K)

950

1100

880

970

Permeability (m2)

10-19

10-11

10-18

10-15

0.78 10-5

0.6 10-5

1 10-5

0.9 10-5

0.9

0.9

0.9

0.9

Drained linear thermal expansion
coefficient (1/K)
B

’s coefficient

5.3 Initial and boundary conditions
The initial stress regime in the granite rock is assumed to be isotropic and equal to 3.24
MPa. The excavation of the cavern is modeled using the convergence-confinement method.
The mechanical load comprises 3 main phases: an increase of the pressure during 5 days from
0 to 5.2 MPa, then the pressure is maintained constant during 46 days before performing 9
cycles of 24 hours for each of them. As shown in Fig. 7a, the pressure is cycling between 4
and 8 MPa. In the same way, the thermal load also comprises three main phases: an increase
of temperature during the first 5 days from 12.5 to 370°C, then the temperature is held
constant during 46 days, followed by 9 cycles oscillating between 170 and 470°C of 24 hours
for each of them (Fig. 7b). The limit of the model within the granite layer was defined
sufficiently far to ensure that no radial displacement will occur. The numerical code used is
COMSOL MULTIphysics. Coupling conduction and convection with poroelasticity was
carried out by the earth science module.
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6. RESULTS
Preliminary simulations showed that the deformation caused by the mechanical load does
not significantly affect the hydrostatic pressure field, thus the predominant coupling is
thermo-hydraulic. This means that once the temperature and the pressure fields are computed,
they are provided to the mechanical module in order to compute the stresses.
6.1 Thermo-hydraulic coupling
As mentioned in the introduction, comparisons were made between the model presented
above and a simple THM model (constant parameters, no convection, no heat
…). F
,
v
24
y
showed differences in temperature and in hydrostatic pressure between both models. Fig.8a
shows that a difference from -12 to 10°C in the temperature field could occur. This difference
does not significantly affect the daily thermal losses which are equal to 0.56% for the first
configuration and to 0.64% for the second one. As for the pressure field, the comparison for
the first configuration did not show any significant difference (daily losses: 0.18%), but in the
second one, the difference could reach 1,15MPa as shown in Fig. 8b. Furthermore, the
concrete layer is sufficient to maintain daily air losses below 1%. No significant difference is
noted between both models from an air leakage point of view.
6.2 Stability analysis
The stability of the cavity is analyzed using the Mohr-C
by:

b’

v
(28)

and
are the effective principal stresses, is the passive pressure coefficient
where
(
and corresponds to a friction angle of 30°) and
is the uniaxial compressive strength.
The materials are considered to support no tensile stress.
(29)
The Mohr-C
b’
classic one, and that there is no failure in shear for both configurations (
for the first
configuration and
for the second configuration, where is the safety factor, Fig. 9 (a,
in the final
b)). A tensile stress might occur in the refractory concrete due to the term
hydraulic equation. The tensile stress is not only dependent on the linear thermal expansion
coefficient of , b
B ’
,
1,
more the stresses are higher. This result requires a deep understanding of the poroelastic
b v
y
B ’ coefficient.
7. CONCLUSION
A fully coupled THM model has been developed to study the lining behavior in a TES
cavern of an AA-CAES system. Comprehensive comparisons were made with a classic THM
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model in order to point out the major differences. The daily heat losses and daily air losses are
below 1% for both lining configurations, which is acceptable. It has also been shown that
there is no failure by excess of shear; in order to increase the safety factor especially in the
first configuration
, the use of thermal joints (inserted between the blocs of the
insulation material) that compensate the thermal expansion and thus reduce thermomechanical stresses is therefore necessary. Simulation also showed that a tensile stress could
occur. A detailed study of the poroelastic properties of the refractory concrete is needed.
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Figure 1: The concept of an AA-CAES system

Figure 2 (a, b):

and

as a function of pressure and for a fixed value of temperature (200°C).
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Figure 3:

Figure 4 (a, b, c):

as a function of temperature and for a fixed value of pressure (5MPa).

,

and

as a function of temperature and for different pressures according to
L
’
[12].

Figure 5: Configuration 1: insulation material + cooling system (in red) + concrete+ granite.
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Figure 6: Configuration 2: refractory concrete + insulation material+ cooling system + concrete+ granite.

Figure 7: Mechanical (a) and thermal (b) loadings for one cycle (24 hours).

Figure 8: Comparison with a classic THM model, differences for temperature (a) and pressure (b) between both
models for the second configuration.

Figure 9 (a, b): Mohr-C

b’

b
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