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Abstract. The decrease in generation costs of renewable energy, combined with
advances in electrolyser technologies, suggest that green hydrogen production
may be a viable option in the ongoing energy transition. Yet, a green hydrogen
economy requires not only production solutions but also storage options, which
prove to be challenging. An underexplored solution is the underground storage
of hydrogen gas (H2) in cased boreholes or shafts. Its integration would bring
versatility in the implementation, and large applicability since it does not require a
particular geological context. The objective of this paper is to evaluate the technical
viability of this new storage technology. Accurate prediction of temperature and
pressure variations is essential for design, materials selection and safety reasons.
This work uses numerical models based on the mass and energy conservation
equations to simulate hydrogen storage operations in cased boreholes. The study
shows that the heat transfer at the cavity walls strongly affects temperature and
pressure variations. This effect is accentuated by a borehole’s geometry providing
significant contact area. Thus, such technology mitigates extreme pressure and
temperature variations and yields a higher hydrogen density than conventional
caverns for a given pressure constraint. Results show that with a radius of 0.2 m, a
hydrogen density of 30 kgm−3 can be attained at a maximum pressure of 50MPa.
The response of the system in terms of maximum temperature and pressure is
relatively linear with an injection over 4 h but quickly becomes non-linear with a
shorter injection time. The optimization of the initial storage conditions appears
essential to minimize the cooling cost and maximize the storage mass.

Keywords: Energy storage · Renewable energy · Thermodynamics · Cased
well · Heat transfer

1 Introduction

1.1 Context

As an energy vector, green hydrogen has received increasing attention in recent years
as an attempt to overcome the intermittency of renewable energy [1]. Indeed, energy
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like solar and wind exhibit a mismatch between the fluctuating power generation and the
demand [2]. Power to gas technology has the potential to sustainably alleviate this imbal-
ance with the chemical storage of electricity such as hydrogen, ammonia, or synthetic
fuel [2]. In addition, green hydrogen is proving to be an attractive route for the decar-
bonization of the transportation and industrial sector. Ships [3], remote trains[4], long
distance trucks [5], steal production [6], fertiliser [7, 8], and high temperature industrial
heat [9] are just few examples of hard to abate sectors that can be leveraged to achieve
ambitious climate goals [10].

With the conjuncture of electrolyzers commercialization and declining costs of
renewable energy [11], cost forecasting analysis [12–14] suggests that large-scale green
hydrogen production can be a viable component of the energy transition.

However, a green hydrogen economy requires not only production solutions but also
storage options, which prove to be challenging. Innovations in liquid organic hydrogen
carrier (LOHC) [15, 16] and metal hydride (MH) [17, 18] technologies are promising,
although they are still constrained by technical and economic bottlenecks [19, 20]. As
for conventional hydrogen tanks (2–15 m3 [21]), they still have some problems that
affect performance and cost effectiveness, such as gas leaks, hazards of hydrogen jet
diffusion flame [22], temperature rise in the fast-filling process [23–25], embrittlement
and fatigue crack growth [26].

On a large scale (30,000–1,000,000 m3 [27]), storage solutions are limited to under-
ground hydrogen storage (UHS) in geological environments such as salt caverns [28–
30], aquifers [31, 32] and depleted oil and gas reservoirs [33]. However, depleted gas
reservoirs and aquifers present challenges with leakage management and environmental
impacts [27]. Salt caverns appear to be a tighter environment and the most economic
alternative [34, 35].Modelswere even established recently for the construction of caverns
at depths of more than 2,000 m [36] and in the deep sea [37–39]. However, occurrence
and quality of salt formation is specific to certain regions. In the province of Quebec,
salt formations are only occurring in the Magdalen Basin in the Gulf of St. Lawrence
[40, 41].

An alternative and still relatively underexplored solution is the storage of hydrogen
gas in cased boreholes or shafts (Fig. 1). It has potential to drive a rapid deployment of
UHS, especially for industrial purposes. Indeed, its integration would bring versatility
in the implementation, and better reproducibility since it does not require a particular
geological context to install the storage infrastructure.

1.2 Formulation of the Problem

The development of this type of storage technology is facing several barriers such as
technical and safety limitations, legal barriers, cost effectiveness, conflicts of interest and
social acceptance [42]. The present study focuses on technical and safety limitations only
and makes certain assumptions.

First, the study assumes that the well casing can operate at a maximum pressure of
between 50 and 60 MPa; indeed, this type of pressure is common in oil and gas wells
[43, 44].

Second, hydrogen resistant structuralmaterials have attracted a lot of research interest
lately notably for pipeline application [45, 46] and hydrogen conversion of underground
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Fig. 1. Design of a hydrogen storage infrastructure in a cased borehole.

natural gas storage [47]. However, these applications are not subject to a pressure regime
comparable to the one targeted by the cased borehole storage technology. Therefore, the
study assumes a careful selection of well components, including casing, tubing, cement
and plug. For example, high-strength steel can be severely affected by hydrogen embrit-
tlement [48]. Hence, the selection of appropriate materials will require consideration
of hydrogen blistering, hydrogen-induced cracking, embrittlement, cement degradation,
elastomer failure and microbial casing corrosion [48]. The latter is however greatly
reduced as the system is closed and the hydrogen is not in direct contact with a geological
reservoir.

Temperature and pressure predictions can ensure the integrity of these components
which are indeed sensitive to operating conditions. Such predictions are also required for
the selection of the storage volume and the injection temperature. Thus, the present study
addresses the evaluation of pressure and temperature variations during the operation
cycle of hydrogen storage in a cased borehole.

Kushnir et al. [49] developed a numerical model for temperature and pressure vari-
ations in CAES cavern on the basis of mass and energy conservation equations coupled
with the conduction equation of the surrounding rocks. In their paper, the air properties
were based on a simplified thermodynamicmodel that appeared adequate for the targeted
pressure variations (of the order of 2 MPa). However, in order to evaluate the technical
viability of the technology through prediction of pressure and temperature variations,
this study adapts the Kushnir et al. [49] model for hydrogen and utilizes an exact gas
model for thermodynamic properties that was found to be robust to cover a wide range
of pressure variation.
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Table 1. Geometrical parameters

Input parameter Case 1
(Borehole)

Case 2
(Shaft-Cavern)

Radius (m) 0.2 1

Length (m) 250 10

Volume (m3) 31.43 31.43

2 Methodology

2.1 Numerical Model

The temperature and pressure variation during hydrogen storage operation can be calcu-
lated using the numerical model of Kushnir et al. [49] (initially written for air storage),
with modifications considering the thermodynamic properties of hydrogen. Thus, the
mass and energy conservation equations, subject to the generalized gas equation, are:

V
dρ

dt
= (Fi + Fe)ṁc (1)

Vρcv
dT

dt
= Fiṁc(hi − h) + ([Fi + Fe]ṁc)

(
ZRT − ρ

∂u

∂ρ

∣∣∣∣
T

)
+ Q̇ (2)

p = ZρRT (3)

In the above equations, V (m3) is the cavity volume, ρ (kg m−3) is the gas density,
Fi and Fe are respectively the injection and extraction functions (dimensionless and
periodic), ṁc (kg s−1) is the gas mass flow rate, cv (J kg 1 K−1) is the constant volume
specific heat, T (K) is the gas temperature, t (s) is the time, h (J) is the specific enthalpy,
hi (J) is the injected specific enthalpy, u (J kg−1) is the specific internal energy, Z (−) is
the gas compressibility factor, R (J kg−1 K−1) is the specific gas constant, Q̇ (W) is the
heat transfer rate across the cavern walls and p (Pa) is the gas pressure.

The heat losses can be expressed in Eq. (4) by the heat transfer coefficient, hc (W
m−2 K−1), the total surface of the cavity, Ac (m2) and the rock wall temperature, TRw
(K).

Q̇ = hcAc(TRw − T ) (4)

The temperature at the cavity wall (the term TRw in Eq. (4) varies with time and is
obtained by solving Eq. (5), which gives the temperature in the rock (TR) as a function
of time and distance r (m) from the center of the cylindrical cavity. In the later, ρR (kg
m−3) is the rock density, kR (W m−1 K−1) is the thermal conductivity of rock and cpR
(J Kg−1 K−1) is the constant pressure specific heat capacity of rock.

ρRcpR
dTR
dt

= 1

r

∂

∂r

(
kRr

∂TR
∂r

)
(5)
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Table 2. Operating parameters

Input parameter Values

Injection temperature (°C) 50

Initial temperature (°C) 30

Initial pressure (kPa) 101.3

Mass rate (kg s−1) 0.0944

Target mass (kg) 935

Equations (1), (2) and (5) can be transformed into a system of coupled differential
equations with initial conditions. In order to do this, Eq. (5) must be discretized with
appropriate boundary conditions (see Kushnir et al. [49] for details). The solution for
the time evolution of temperature in the cavity is obtain by numerically integrating
the system of differential equations thus formed. We used a non-stiff solver for the
injection phase and a stiff solver for the discharge and storage period. With the help of
thermodynamic properties relationships, the enthalpies (h and hi), the specific heat (cv)

and the partial derivative of internal energywith respect to density (ρ ∂u
∂ρ

∣∣∣
T
) are calculated

at each time step of the numerical integration scheme using the corresponding pressure
and density with Eq. (3). Furthermore, we used the specific hydrogen compressibility
model of Lemmon et al. [50] to calculate, at each time step, the compressibility factor
(Z) (and its derivatives appearing in the thermodynamic properties). The equations for
the thermodynamic properties relationships, the compressibility factor for hydrogen and
its derivatives are not given in this paper.

The temperature obtained numerically with our code was validated by comparing
it with the analytical and semi analytical solutions for adiabatic and perfect conduction
scenarios given in Kushnir et al. [49]. The compressibility factor, enthalpy and specific
heat calculated with our code at different pressure and temperature was validated with
published data for hydrogen [51].

2.2 Simulations

2.2.1 Geometry

In order to compare the thermodynamic responses, the study considered not only the
cased borehole geometry but also amore studied geometry that is similar to an abandoned
mine shaft or cylindrical mine cavern [35, 49, 52, 53]. Thus, the two geometry scenarios
are presented in Table 1 and since the storage volume remains constant between both
cases, it allows to maintain the same injection rate.

2.2.2 Operating Parameters

Regarding the operating parameters, the study considers a 24-h storage cycle with a
period of injection, storage and withdrawal. The mass flow rate used is equivalent to the
hydrogen production of a Silyzer 300 electrolyzer of 17.5 MW (340 kg h−1) developed
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Table 3. Thermal properties

Input parameter Values

Thermal conductivity of
rock (W m−1 K−1)

2.6

Specific heat capacity of
rock (J Kg−1 K−1)

820

Density of rock (kg m−3) 2200

Diffusivity of rock (mm2 s−1) 1.44

Effusivity of rock (W s0.5 m−2 K−1) 2165

Heat transfer coefficient (W m−2 K−1) 30

by Siemens Energy [54]. The target storage mass is 935 kg or 29.75 kgm−3 and involves
an injection time of 2.75 h. Variation of the injection speed has also been investigated.
Indeed, the study asses the influence of the parameters of injection speed and injection
temperature to maximize the storage mass by optimization. Specifically, the sensitivity
analysis was split between factors associated with the operation of the infrastructure and
those associated with the site. The operation parameters are summarized in Table 2.

2.2.3 Site-Related Parameters

Site-related input parameters are thermal properties of the rock and are listed in Table
3. The thermal conductivity, heat capacity and density given are those associated with
a shale rock [55], which is typical of the St Lawrence Lowlands in Quebec. Since the
thermal conductivity and heat capacity vary with mineralogy (mostly quartz content),
porosity and anisotropy of the rock [56], a sensitivity analysis was conducted to evaluate
the impact of the rock thermal properties. Thermal conductivity of rocks usually ranges
between 0.40 and 7.00 W m−1 K−1 [56].

αR = kR
ρRcpR

(6)

eR =
√
kRρRcpR (7)

The thermal diffusivity of rock, αR (m2 s−1) is given by Eq. (6). It expresses the
speed at which a material responds to a change in temperature [56] and is widely used
in the literature. In contrast, Kushnir et al. [49] uses the thermal effusivity of rock,
eR (W s0.5 m−2 K−1) which reflects the ability of a material to exchange heat with the
environment, i.e., to store or dissipate heat [56]. The thermal effusivity is directly related
to the thermal diffusivity, allowing a comparison of results through their relationship
with Eq. (6) and Eq. (7). The sensitivity analysis on diffusivity corresponds to a thermal
conductivity range of 0.8 to 4.5 W m−1 K−1.

In Kushnir et al. [49], the heat transfer coefficient is represented by a constant value
of 30 W m−2 K−1. This assumption was suitable for the case of a cavern due to the
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Fig. 2. Pressure and temperature evolution with a hydrogen flow rate of 340 kg/h (equivalent to
the production of the 17.5 MW Silyzer electrolyzer) for different geometry cases.

successful reproduction of the operational data of the Huntorf CAES power plant. Our
model allows us to use a time-dependent heat transfer coefficient. Indeed, the convective
heat transfer coefficient is dependent on the properties of the gas, the shape and size
of the cavity, and the temperature difference between the gas and the wall [49, 57]. In
addition, turbulent gas flow due to charging or discharging of the reservoir can increase
the heat transfer coefficient [57].

Thus, an estimationor laboratorymeasurement of the heat transfer coefficient specific
to the design of hydrogen storage in cased borehole at high pressure regime would be
beneficial. In the present study we have conducted a sensitivity analysis of this factor
using a base value of 30 W m−2 K−1.

3 Results

3.1 Storage Cycle and Geometry

The temperature and pressure variations in the cavity were studied for a 24 h operational
cycle where the extraction takes place at 12:00 after 9 h and 15 min of storage. In
addition, the extraction mass flow rate is equivalent to the injection flow rate. Also, in
addition to addressing the cased borehole geometry of Case 1, the study considers a
second geometry (Case 2) which reflects an increase in borehole radius from 0.2 to 1 m
with an infrastructure analogous to a mine shaft or abandoned mine cavern allowing a
larger scale storage.

Figure 2 shows that for Case 1 (cased borehole), the operating parameters of Table
2 generates a slight pressure peak reaching 54 MPa and the temperature remains below
65 °C. In addition, the extraction generates a temperature that remains above the freezing
point in the borehole (7 °C). As for case two, it exhibits a higher pressure and temperature
variation with a range of 123 to −47 °C and a significant pressure peak of 64.5 MPa.

This discrepancy between the geometry scenarios is due to the difference in contact
area. Indeed, a high surface contact accentuates the heat transfer between the hydrogen
and the rock limiting extreme fluctuations of temperature and pressure.
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Fig. 3. Sensitivity analysis of the heat transfer coefficient on the cased borehole design (Case 1).

Fig. 4. Sensitivity of the heat transfer coefficient on the cased borehole design (Case 1).

3.2 Thermal Diffusivity

Figure 3 presents a sensitivity analysis on the rock thermal diffusivity for Case 1. It
allows to assess the impact of the various rock types and to understand the impact of
different heat transfer processes. The decrease of 90% to an increase of 200% on thermal
diffusivity with respect to the base case value of 1.44 mm2 s−1 shows a narrow range
of temperature and pressure variations. The thermal conductivity mostly controls heat
diffusion in the rock. As for the gas temperature, it is related to the heat loss which
depends on the contact surface but also on the temperature difference between gas
and rock. With this geometry, even a low thermal conductivity ensures that the heat
propagates in the rock and therefore the wall remains cooler than the gas, thus allowing
efficient heat exchange.

3.3 Heat Transfer Coefficient

Figure 4 shows a sensitivity analysis on the heat transfer coefficient for Case 1 since the
specific geometry and pressure regime requires to estimate this parameter. The analysis
reflects an increase and decrease of the heat transfer coefficient up to 90%. A more
significant increase of the parameter was not undertaken since a heat transfer coefficient
that tends to infinity simply generates a temperature that converges to the rock’s initial
temperature.
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Fig. 5. Sensitivity of the operating parameters with the cased borehole design (Case 1) and the
thermal properties of Table 3.

Thus, the interest liesmainly in the decrease of the heat transfer coefficient. A decline
of 90% from 30 to 3 W m−2 K−1 generates a significant pressure and temperature peak
and a deeper decrease of the coefficient leads to an exponential effect.

3.4 Operating Conditions

Figure 5 investigates the impact of operational factors, i.e., injection rate and injection
temperature, on the maximum temperature and pressure achieved in the cycle with the
cased borehole geometry (Case 1). It shows that with over 4 h of injection time, even an
injection temperature of 200 °C results in a maximum pressure of less than 60 MPa and
a temperature of less than 90 °C. As for the previous injection time of 2.75 h, a pressure
of 60 MPa is reached at an injection temperature of 160 °C. Moreover, it appears that
the response of the system is quite linear for this range of injection speed (over 4 h). On
the other hand, beyond a certain speed, the maximum temperature and pressure reached
during the charging process rises considerably.

A compelling comparison is made between these results and the geometry of Case
2 (Fig. 6), which reflects a design intended for larger-scale storage, analogous to a mine
shaft or abandoned mine cavern. This decrease in contact area to volume ratio generates
a system response that is nonlinear across the domain and an optimization method is
desired to maximize storage mass and minimize cooling costs while meeting design
constraints.
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Fig. 6. Sensitivity of the operating parameters on Case 2 with the thermal properties of Table 3.

4 Discussion and Conclusions

In summary, the geometry of the cased borehole concept offers an advantage over a large
diameter cavern or shaft design. While a high surface area to volume ratio increases the
mass flow rate and likelihood of leakage [52, 53], it also enhances heat exchanges and
thereby limits extreme temperature and pressure variations. Indeed, this greater heat
transfer rate with a smaller diameter maximizes the storage mass for a given pressure
constraint while minimizing the risk of thermal shock between injection and extraction
stages.

Thus, the system may even be analogous to the isothermal technology developed for
CAES [52–54], which aims to maintain a constant temperature in the cavity. It therefore
allows higher pressures without significant temperature variation, and the input of fossil
energy for gas expansion becomes unnecessary, which results in greater efficiency [59].
Indeed, in the case of borehole storage, the rock has the potential to cool and warm the
gas during injection and extraction.

However, ameasurement or estimation of the heat transfer coefficient for this specific
application is recommended for futurework.A lowheat transfer coefficientwould reduce
the propagation of the thermal perturbation in the host rock. Interest should also be given
to rock formations with high thermal diffusivity, but this does not represent a constraint
to the implementation since its effect on the heat transfer is minor in comparison to the
surface area or geometry. Even a low thermal diffusivity allows heat to propagate in the
rock and maintains a temperature difference between the wall and the gas.

Regarding the operating parameters, for a hydrogen storage density of 30 kgm−3 and
a radius of 0.2 m, an injection of more than 4 h can sustain an injection temperature of
200 °Cwith amaximumpressure below60MPaand amaximum temperature under 90 °C
in the borehole. Indeed, the response of the system in terms of maximum temperature
and pressure is relatively linear. On the other hand, the thermodynamic response of the
system quickly becomes non-linear with a shorter injection time or a modification of the
geometry.
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Thus, an optimized operating procedure is recommended to maximize storage con-
tent and minimize maximum temperature especially in cases of fast injection and large
radius infrastructures (more than 0.5 m).
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