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Hydrogen desorption from metal hydrides, especially magnesium hydrides, presents a major challenge in
hydrogen storage applications due to their low thermal conductivity and high hydrogen release temperature.
Efficient hydrogen release is crucial for operation, as thermal conductivity is key in heat transfer and desorption
kinetics. Previous studies have largely assumed a constant thermal conductivity, but considering its temperature
dependence is essential for accurate modeling and optimization of the process. In this study, a numerical eval-
uation of temperature-dependent thermal conductivity in hydrogen desorption from magnesium hydride was
conducted using COMSOL Multiphysics and the finite element method (FEM). Two distinct methods, thermo-
chemical storage systems (TCSS) and radial heat flux were investigated under slow and fast hydrogen release
conditions. The results show that accounting for temperature-dependent thermal conductivity significantly re-
duces desorption time, shortening it by approximately 9 min in slow desorption processes and 0.6 min in fast
desorption compared to constant thermal conductivity models. Furthermore, the temperature-dependent model
enhanced heat distribution, leading to a lower equilibrium pressure of 1.96 MPa (MPa) compared to 2.09 MPa in
constant models, and accelerated hydrogen release, as demonstrated by an increase in Darcy’s velocity. The
findings suggest that incorporating temperature-dependent thermal conductivity in hydrogen storage models is
essential for improving heat transfer efficiency, optimizing desorption kinetics, and enhancing overall system
performance. These insights will aid in the development of hydrogen storage in metal hydrides and contribute to
more accurate predictions of hydrogen storage system performance.

1. Introduction

Renewable energy sources have become increasingly important in
modern energy systems due to their role in providing clean, sustainable,
and stable power solutions and managing the challenges of the 21st
century energy crisis and environmental pollution. Among these,
hydrogen is widely recognized as a high-capacity energy carrier with
significant potential for large-scale energy storage and conversion [1].
Solid-state hydrogen storage has drawn substantial research attention
due to its safety and high volumetric density compared to gas and liquid
storage [2,3]. Various materials have been explored for solid-state
hydrogen storage, including lithium, sodium, and titanium-based hy-
drides such as LiH (Lithium hydride), NaBH4 (Sodium borohydride), and
TiH; (Titanium hydride), each offering distinct advantages such as high
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hydrogen capacity and low release temperatures [4]. However, mag-
nesium hydride (MgH>) has gained particular interest due to its high
hydrogen storage capacity (~7.6 wt%) relative to its weight,
cost-effectiveness, and chemical stability [5,6]. Despite these advan-
tages, MgH, presents key challenges, primarily its high hydrogen
desorption temperature and high activation energy, which hinder
practical applications [7]. Moreover, its low thermal conductivity
significantly impacts heat transfer efficiency, resulting in non-uniform
heat distribution during hydrogen desorption, which in turn limits the
release rate and overall system efficiency [8,9]. As the hydride heats up
and begins to desorb hydrogen, its rising thermal conductivity creates a
positive feedback: heat spreads more effectively, accelerating further
desorption. Additionally, the phase transformation from MgH, to Mg +
Hs at 500-600 K alters microstructure and thermal transport properties,
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affecting heat transfer efficiency in the desorption process [10]. As a
result, low thermal conductivity is considered a crucial factor that in-
creases hydrogen release temperatures and decreases activation effi-
ciency [11]. To overcome these limitations, enhancing the thermal
conductivity of magnesium hydride has been a central research focus, as
increased thermal conductivity can significantly accelerate the desorp-
tion process and improve the overall efficiency of MgH, in hydrogen
storage applications [12]. It is hypothesized that accounting for the in-
crease in MgHy’s thermal conductivity with temperature will result in
faster hydrogen desorption rates and more uniform temperature pro-
files, compared to the traditional constant-conductivity assumption (see
Tables 3-6).

Several studies have explored methods to improve the thermal con-
ductivity of magnesium hydride. Popilevsky et al. [13] examined the
addition of multi-walled carbon nanotubes (MWCNTSs) to magnesium
composites, demonstrating a 20 % increase in thermal conductivity
compared to pure magnesium. Similarly, Kumar et al. [14] investigated
thermochemical energy storage in an Mg + 5 wt% LaNigeAlp.4 com-
posite, showing improved heat transfer using plate-making techniques
and a 3D copper mesh structure. Yoshida et al. [15] experimentally
analyzed hydrogen desorption from MgH, using convective heat trans-
fer from a hot gas stream, finding that a 1.4-fold increase in thermal
conductivity improved energy efficiency by 12 %, while a doubled argon
flow rate raised efficiency by 21 %.

Beyond thermal conductivity enhancement, research has shown that
metal hydride tank performance also depends on thermal conductivity
directionality, grain size, and porosity [16]. Thongtan et al. [17]
demonstrated that in cylindrical MgHy-based storage tanks, thermal
conductivity varies between axial and radial directions, influencing
hydrogen release rates. Yoshida et al. [18] further optimized heat
transfer by arranging porous MgHj; sheets in parallel and heating them
with hot hydrogen flow, reducing the total desorption time to 103 min.
Additionally, reducing grain size and optimizing porous structures have
been found to significantly improve heat transfer and hydrogen release
kinetics [19].

Although many studies assume a constant thermal conductivity for
metal hydrides to simplify numerical simulations, this simplification
may not fully capture the material’s thermal behavior, particularly in
MgH,, where thermal conductivity is known to vary with temperature
and undergo changes during phase transitions [20,21]. Larpruenrudee
et al. [22] highlighted that enhancing thermal conditions within
magnesium-based hydride systems plays a vital role in accelerating
hydrogen absorption and improving overall storage performance.
Several experimental and numerical studies have highlighted the
importance of incorporating temperature-dependent thermal conduc-
tivity in order to improve the accuracy of thermal modeling in hydrogen
storage systems [23,24]. Shen and Zhao [25] modeled the transient heat
and mass transfer process in MgH,/Mg systems and found that ac-
counting for this temperature dependence provides better agreement
with observed desorption behavior. The hydrogen desorption range of
500-600 K introduces notable physical and chemical changes, which
significantly impact heat transfer mechanisms [26]. As described in
thermal behavior studies of hydride systems [27,28], these changes
include latent heat effects, porosity evolution, and phase trans-
formation, all of which influence effective thermal conductivity. Bennett
et al. [29] demonstrated that models with constant thermal conductivity
may lead to deviations in predicting transient heat transfer, while
temperature-dependent models tend to align more closely with experi-
mental outcomes. Notably, while most studies report that MgH, thermal
conductivity increases with temperature [13] observed that pure mag-
nesium exhibits a decreasing trend, underlining the need for continued
validation through both experimental and numerical approaches [30].
This distinction between metallic and hydride phases is key to under-
standing their differing thermal transport mechanisms [31].

In this study, we present a systematic investigation of the tempera-
ture dependence of thermal conductivity during the hydrogen
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desorption process in MgH». Unlike previous studies that often assume a
constant thermal conductivity, this research evaluates its dynamic
variation under different thermal conditions, considering both fast and
slow desorption processes. The novelty of this study lies in analyzing
how temperature-dependent thermal conductivity influences hydrogen
release kinetics and overall system performance. Because no single
formula exists for MgH,’s thermal conductivity as a function of tem-
perature, we aggregate literature data and use effective medium theory
to derive an experimental correlation. This approach allows us to
incorporate the impact of structural and phase changes on heat transfer,
leading to more accurate modeling and predictions of hydrogen
desorption behavior. By deriving temperature-dependent formulas for
thermal conductivity, this work provides a more precise and realistic
framework for modeling heat transfer in MgHj storage systems. These
findings contribute to optimizing hydrogen storage technologies and
improving their efficiency for practical applications.

2. Methodology
2.1. Geometry and material description

In this study, numerical simulations were conducted to investigate
the hydrogen release process from magnesium hydride (MgHg) struc-
tures using COMSOL Multiphysics software, which employs the finite
element method (FEM) for computational analysis. The simulations
focused on temperature-dependent thermal behavior under different
conditions and were designed to assess the influence of thermal con-
ductivity variations on hydrogen desorption. Two distinct geometries, as
shown in Fig. 1, were developed, each representing a different hydrogen
release mechanism and heat transfer condition.

The first geometry models a thermochemical storage system (TCSS),
which focuses on heat management within magnesium hydride during
slow hydrogen desorption. This configuration is designed to simulate
low-intensity heat transfer, representing conditions where heat con-
duction and hydrogen release occur gradually. The second geometry
represents a system subjected to radial heat flux, simulating a high-rate
hydrogen release scenario. This setup is intended to analyze the effect of
intense localized heat fluxes on thermal conductivity and the overall
hydrogen desorption rate. Both geometries were modeled in a sym-
metric two-dimensional domain to optimize computational efficiency
while accurately capturing the heat transfer dynamics. The domain
consists of a porous magnesium hydride layer with hydrogen gas exit
paths at the center, ensuring precise simulation of heat and mass transfer
interactions. The boundary conditions were defined to reflect realistic
operating conditions, including a fixed boundary surface, convective
heat transfer regions, and hydrogen gas inlet/outlet boundaries. Addi-
tionally, key parameters such as initial temperature, gas velocity, and
hydride temperature were systematically varied to examine their in-
fluence on thermal behavior during the desorption process. The physical
and thermal properties of the materials used in this study, including
density, thermal conductivity, and specific heat capacity, are summa-
rized in Table 1.

These values are derived from experimental data and literature
sources on hydrogen storage materials (see Table 2). By incorporating
temperature-dependent thermal conductivity, the models enable a more
accurate representation of the transient thermal behavior in the mag-
nesium hydride system. These geometries provide a framework for
analyzing heat transfer rates, hydrogen release efficiency, and overall
system performance under varying temperature conditions.

2.2. Modeling and equations

In the Modeling and Governing Equations section, heat transfer and
Darcy’s velocity field within porous media are analyzed. The heat
transfer equation (Eq. (1)), derived from energy conservation, models
heat distribution in the hydrogen storage system [32]:
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Radial Heat Flux

Fig. 1. Schematic geometries for hydrogen desorption under various desorption times.

Table 1
Thermophysical properties of materials.
Description Value Symbol Parameter
Initial pressure Py 0.1 MPa Initial hydrogen
pressure in MgH»
Porosity € 0.32 Porosity of MgH, bed
Density of magnesium P MgH, 1450 kg/m® Density of MgH,
hydride
Density of magnesium P Mgo 3580 kg/m® Density of MgO
oxide
Density of magnesium Pug(oH), 2340 kg/m3 Density of Mg(OH),
hydroxide
Thermal conductivity of A MgH, 4.2 W/m-K Heat transfer capability
magnesium hydride of MgH,
Thermal conductivity of A Mgo 45 W/m-K Heat transfer capability
magnesium oxide of MgO
Thermal conductivity of Mvig(OH), 0.55W/m-K Heat transfer capability
magnesium hydroxide of Mg(OH),
Specific heat capacity of Cp mgH, 1250 J/kg-K Heat capacity of MgH;
magnesium hydride
Specific heat capacity of Cp mgo 880 J/kg-K Heat capacity of MgO
magnesium oxide
Specific heat capacity of Cp mg(oH), 1030 J/kg-K Heat capacity of Mg
magnesium hydroxide (OH),
Thermal conductivity of A, 0.168 W/m-K  Heat transfer in gaseous
hydrogen hydrogen
Specific heat capacity of Cp 1, 14200 J/kg-K  Heat capacity of
hydrogen hydrogen gas
Thermal conductivity of A H,0 0.58 W/m-K Heat transfer in water
water
Specific heat capacity of Cp 1,0 4184 J/kg-K Heat capacity of water
water
Activation energy E, 41 kJ/mol Activation energy for
hydrogen desorption
Arrhenius pre- A 101/s Arrhenius reaction rate
exponential factor parameter
Hydrogen volume by, 1.0 MgH,, tank is fully
fraction at t = 0 saturated with Hy at t
=0
Water volume fraction at b0 0.0 MgO tank is initially

t=0 empty att =0

(pCp)eff%Jr(pCp)u.VT:V-(AVT) +0 @

Here, (pCp). is the effective heat capacity (J/m3-K), & is the tem-
perature change over time (K/s), pCp is the heat capacity of the fluid
(J/m3K), u is the fluid velocity (m/s), and VT is the temperature
gradient (K/m). The term V-(kVT) represents heat conduction (W/ m3),
where ) is thermal conductivity (W/m-K), and Q is the heat generation
rate (W/m3). It is important to distinguish between the effective heat
capacity, (pCp).¢ , and the fluid’s heat capacity pCp. The effective heat
capacity, (pCp). , is @ weighted average of the heat capacities of both
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the solid and fluid phases (accounting for porosity), while pCp refers
only to the fluid’s heat capacity. This distinction is crucial for accurately
modeling energy storage and convective heat transfer. This equation
captures conductive and convective heat transfer and thermal effects
from chemical reactions. The Arrhenius equation (Eq. (2)) describes the
hydrogen desorption rate from magnesium hydride [32]:

k=A-exp ( RFF)

where k is the reaction rate (1/s), A is the Arrhenius coefficient (1/s), E,
is activation energy (J/mol), R is the gas constant (8.314 J/mol-K), and
T is temperature (K). This equation highlights that reaction rates in-
crease exponentially with temperature, with E, determining the
required activation energy. The mass conservation of hydrogen in the
system is governed by the continuity equation (Eq. (3)) [33]:

(2)

@JrV«(pu) =0

i 3

where u is hydrogen velocity (m/s). This equation ensures that hydrogen
inflow, volume changes, and evacuation are balanced, preventing mass
loss or spontaneous production. The Van’t Hoff equation (Eq. (4)) de-
scribes the relationship between equilibrium pressure and temperature
in hydrogen storage [34]:

AH AS,
b ((22) - (25))

where Peqn, is equilibrium pressure (Pa), Py is reference pressure
(typically 1 atm), AH;, is enthalpy change (J/mol), and AS; is entropy
change (J/mol-K). This equation is essential for evaluating hydrogen
absorption and desorption performance, as these processes strongly
depend on temperature and pressure. Hydrogen flow in porous media is
described by Darcy’s law (Eq. (5)), which models hydrogen diffusion
within the metal hydride reservoir [34]:

4

v= —Svp 6)
n

where v is flow velocity (m/s), k is permeability, p is dynamic viscosity,
and P is pressure. Darcy’s law provides key insights into hydrogen
transport through porous structures, directly influencing desorption ef-
ficiency. To determine the effective specific heat capacity of the metal
hydride system, Eq. (6) is used. It accounts for the contributions of both
gas and solid phases in the porous structure, ensuring accurate thermal
modeling during hydrogen desorption and storage [35]:

(PCr)ett =€PgCpg + (1 —€)p,Cps (6)
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where ¢ is bed porosity (dimensionless), p, the gas phase density unit
kg/m3, C,, the specific heat capacity of the gas unit J/ kg- K, p, is the
density of the solid phase unit kg/m?® and finally C, is the specific heat
capacity of the solid unit J/kg-K.

2.3. Effective thermal conductivity assessment

Several variables influence the magnesium dehydrogenation process
during the desorption phase, primarily due to complex chemical re-
actions and prolonged reaction times. To achieve optimal dehydroge-
nation, the system requires a significant increase in temperature,
typically about 300 °C above ambient temperature. These temperature
variations strongly affect the performance and efficiency of hydrogen
storage systems. One of the most important parameters affecting this
process is the thermal conductivity of the materials, which varies
dynamically with temperature. Given the lack of a comprehensive and
unified formula to describe the temperature-dependent thermal con-
ductivity of magnesium-based materials, this study introduces a new
modeling approach that combines theoretical formulation and experi-
mental validation. In this model, the system’s effective thermal con-
ductivity is expressed as a function of porosity and the temperature-
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dependent conductivities of the gas and solid phases, as given in Eq.
(7) [35].

hett =& X Agas(T) + (1 — &) x Ay (T) 7)

Here, € denotes the porosity of the metal hydride structure, Ag,s(T) is the
temperature-dependent thermal conductivity of hydrogen gas, and
vn (T) is the thermal conductivity of the solid hydride material. This
formulation enables accurate modeling of heat transfer in a porous hy-
dride bed by incorporating both conduction pathways. The thermal
conductivity of hydrogen gas increases with temperature due to
enhanced molecular motion and more efficient energy transfer. Exper-
imental expressions for the thermal conductivity of hydrogen and steam
were adopted from the studies of Kapischke et al. [35] and Cooper [36].

T 0.69

Mtyarogen (T) = 0.171 (m) Y
T 0.76

Asteam (T) =0.025 (m) 9

To evaluate the temperature dependence of the solid-phase thermal
conductivity, extensive experimental data were collected from the
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Fig. 2. Temperature-dependent thermal conductivity and cubic fitted curve formula.
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literature. This dataset covers a wide range of temperatures relevant to
the hydrogen desorption process and includes three key materials used
for hydrogen storage.

e Pure magnesium [37,38,56].

e Magnesium hydride with expanded natural graphite (ENG) [39-41,
43,45,46].

e Magnesium hydroxide (Mg(OH)2) [47-52,54,55].

Additional reference data from Bhouri and Biirger [42] and Liang
[53] were also reviewed, primarily for comparative analysis. The vali-
dation dataset, including single-point and multipoint values was
adapted from the studies of Lutz et al. [32], Chez et al. [44], Herberg
et al. [45], Garrier et al. [46], and Zamengo et al. [S0-55]. The collected
experimental data were analyzed using a curve-fitting technique. Fig. 2
illustrates the process used to determine the temperature-dependent
thermal conductivity profiles. A cubic polynomial fit was applied to
the data to accurately reflect the observed nonlinear behavior over a
wide temperature range. The resulting experimental formulas, summa-
rized in Fig. 2(d), offer practical expressions for modeling the
temperature-dependent thermal conductivity of solid-phase materials in
porous hydride systems.

The final integrated models for effective thermal conductivity
including the combination of gas and solid phases are presented below
for magnesium hydride and magnesium hydroxide:

T 069
eft(mgh,) =€ X 0.171 <M)

+(1-¢)(-4.8691 x 1077 T*4+9.0978 x 10 *T> — 0.5308T+103.7514)
(10)

T 076
Aeff(Mg(0H,)) =€ X 0.025 (m>

+(1-¢)(8.2712x10°T*—9.3661 x 10 °T*>+5.3543 x 10> T—0.6735)
an

In this formulation, the instantaneous temperature T is the sole variable
governing dynamic changes in thermal conductivity during the
hydrogen release process. A comprehensive evaluation of the fitting
quality-based on R? coefficients, absolute error, and relative error is
presented in the next section. This validation confirms good agreement
between model predictions and experimental results across a wide range
of data sources. The resulting model provides a robust and reliable tool
for simulating thermal behavior in metal hydride systems and enhancing
the accuracy of hydrogen desorption performance predictions. It should
be noted that the experimental conductivity correlations obtained here
are specific to MgH» and its composites (ENG enhanced and Mg(OH),).
Extrapolation to different hydride formulations or new alloys will
require additional experimental data and model recalibration. However,
the developed method can be applied to other materials in future work.

2.4. Validation of temperature-dependent thermal conductivity model

To verify the accuracy and generalizability of the temperature-
dependent thermal conductivity model developed in this study, a
comprehensive comparison was conducted using a wide range of
experimental datasets reported in the scientific literature. These datasets
include single-point and multipoint thermal conductivity measurements
for magnesium hydride, its composites, and magnesium hydroxide,
covering a broad spectrum of temperatures and structural configura-
tions. The proposed model, presented as Eq. (7) in the main text, was
derived through a least-squares polynomial fit applied to experimental
thermal conductivity values obtained from eleven independent studies.
To evaluate the model’s accuracy with respect to the reference data, the
following statistical measures were calculated.
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e Coefficient of Determination (R?): To evaluate the accuracy of the
fitted model against reference datasets, the coefficient of determi-
nation (R?) was used. This metric quantifies the proportion of vari-
ance in the observed data that is explained by the model. It is
calculated as:

R2—1— Y - v 12)
Yy — y)z

Where y; are the reference (experimental) values, y} are the predicted

values from the fitted model, and y is the mean of the reference values.

An (R?) value close to 1 indicates a strong agreement between the model

and the experimental data and confirms the reliability of the proposed

fitting method.

e Absolute error (AE): Absolute difference between predicted and
experimental thermal conductivity values:

Absolut Error = |xExperimmI — M 13)

e Relative error (RE %): Percentage deviation between predicted and
experimental values:

}\Experimental - A |

Relative Error = (‘ ) x 100 14)

Experimental

The results of this analysis are summarized in the Tables 2 and 3
below.

In the meantime, the data reported by Lutz et al. [32], specifically
6.18 W/m-K at 553 K, were selected as a reference for the numerical
simulations due to their high level of reliability. The corresponding
value predicted by the proposed model at this temperature was 6.33
W/mK, yielding a small absolute error of 0.15 W/m-K and a relative
error of 2.4 %. The datasets from both Lutz et al. [32] and Chaise et al.
[44] were also incorporated into Fig. 6 of the main manuscript, as their
reported conditions closely matched the boundary conditions applied in
our simulation scenarios. These sources provided not only thermal
conductivity measurements but also essential operating parameters such
as initial temperature and pressure, allowing for consistent numerical
validation. Other datasets were excluded from the visual comparison in
the main text due to differing experimental assumptions and boundary
conditions, which could have introduced discrepancies unrelated to the
model’s predictive accuracy.

In addition to magnesium hydride and its composites, magnesium
hydroxide was also included in the validation process due to its role in
system thermal management design strategies. The model showed close
alignment with experimental values for Mg(OH)2, confirming its appli-
cability not only to metal hydrides but also to thermochemical energy
storage materials. Despite some variances in the literature data espe-
cially for advanced composite materials such as ENG-based structures,
the model provided consistent and accurate performance fits across most
datasets as far as can be seen in Tables 4 and 5. These results confirm
that the proposed temperature-dependent thermal conductivity model is
suitable for integration into numerical simulations of hydrogen
desorption processes and can be used as a predictable and reliable tool in
the design and optimization of hydrogen storage.

Table 2
Error and analysis for datasets with multiple experimental points.

Dataset R? Average Absolute Error Average Relative Error
Value (W/m-K) (%)
Kapischke 0.912 0.54 6.5
[35]
Le-Quoc [40] 0.743 1.07 11.2
Madaria [41] 0.862 0.78 8.7
Bhouri [49] 0.431 1.66 16.3
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Table 3
Error analysis for datasets with single experimental points.
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Dataset Temperature (K) Experimental 4 Predicted 4 Absolute Error (W/m.K) Relative Error (%)
Lutz [32] 553 6.18 6.33 0.15 2.4
Shim [43] 673 13.29 12.51 0.78 5.87
Chaise [44] 623 10.71 10.61 0.10 0.96
Herbrig [45] 623 10.57 10.61 0.04 0.38
Pohlmann [38] 573 13.71 7.94 5.77 42.08
Garrier [46] 553 6.00 6.43 0.43 7.17
Dong [31] 473 2.87 3.04 0.17 5.92
2.6. Boundary and initial conditions
Table 4

Error and analysis for datasets with multiple experimental points.

Dataset R? Average Absolute Error Average Relative Error
Value (W/m-K) (%)
Zamengo 0.93 0.06 4.57
[50]
Zamengo 0.9 0.08 6.21
[51]
Zamengo 0.94 0.05 3.77
[52]
Liang [53] 0.81 0.17 13.2

2.5. Assumptions

Since this study focuses on the temperature dependence of the
thermal conductivity coefficient during hydrogen release, the following
assumptions and simplifications were applied in the numerical analysis.

e Uniform Bed Porosity:

The porosity of the bed is assumed to be uniform and constant
throughout the reaction process. Variations due to particle complexity
and non-uniformity are neglected.

e Local Thermal Equilibrium (LTE):

The solid and gas phases are assumed to be in local thermal equi-
librium at all stages of desorption, simplifying the model by disregarding
temperature differences between the two phases.

e Negligible Radiative Heat Transfer:

Radiative heat transfer is excluded from the analysis due to its
minimal effect on heat conduction in porous substrates.

e Neglect of Pressure Gradient Effects:

The impact of pressure gradients on hydrogen desorption is consid-
ered negligible and is therefore omitted from the simulation.

e Adiabatic Reactor Conditions:

The reactor is assumed to be adiabatic, with no heat exchange be-
tween the system and its surroundings.

Table 5
Error analysis for datasets with single experimental points.

This section outlines the boundary conditions governing the
hydrogen release process in magnesium hydride for the two geometries
studied. Fig. 3 illustrates the boundary conditions for each case, while
Table 6 provides a summary of the corresponding values and relation-
ships for each boundary.

These conditions are integral to modeling the hydrogen release
process in magnesium hydride systems and form the foundation for heat
and mass transfer analysis across the three cases. Moreover, the nu-
merical simulation was initiated with well-defined baseline conditions
to ensure consistency in modeling the hydrogen desorption dynamics.
The entire computational domain was set to an initial temperature of
553 K, representing the preheated state before desorption begins. The
system’s initial pressure was defined as 0.1 MPa, corresponding to the
ambient hydrogen pressure within the metal hydride bed. The porous
matrix was assumed to be filled with hydrogen, and the magnesium
hydride (MgH>) phase initially comprising 100 % of the solid phase. The
system consists of two interconnected tanks: a magnesium hydride tank
and a magnesium oxide tank. At the initial time step (t = 0), the mag-
nesium hydride tank is fully saturated with hydrogen, meaning the
hydrogen volume fraction is 1.0. In contrast, the magnesium oxide tank
is initially devoid of hydrogen, with a water volume fraction of zero (v =
0.0). As the process begins, water is absorbed into the MgO tank, where
it reacts with MgO to form magnesium hydroxide (Mg(OH),), releasing
heat in the process. This heat is subsequently transferred to the mag-
nesium hydride tank, supplying the thermal energy required to initiate
hydrogen desorption. This setup simulates a thermochemical storage
system in which heat is generated internally rather than supplied
externally. These initial conditions establish a reference state for
analyzing the impact of temperature-dependent thermal conductivity
and various operating conditions on the hydrogen desorption process.

2.7. Research workflow

This section describes the numerical methodology employed in this
study, outlining the sequential steps required to establish the initial and
boundary conditions necessary for obtaining the final solution. As
illustrated in Fig. 4, the analysis follows a structured workflow that in-
volves comparing two different scenarios: one in which the thermal
conductivity coefficient is assumed to be constant and another where it
is considered temperature-dependent.

The process begins with an initial simulation conducted using a
constant thermal conductivity coefficient, and the corresponding results
are recorded. Following this, a second simulation is performed using a
temperature-dependent thermal conductivity coefficient, taking into

Predicted A Absolute Error (W/m.K) Relative Error (%)

Dataset Temperature (K) Experimental 4
Zamengo [54] 573 1.17
Zamengo & kato [55] 603 1.19
Lutz [32] 553 1.15
Bhouri [49] 613 1.17

1.2 0.03 2.56
1.23 0.04 3.36
1.17 0.02 1.73
1.27 0.1 8.55
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Thermochemical Storage System (TCSS)
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Fig. 3. Geometry and the definition of boundary conditions.

Table 6

Boundary values for each boundary.
Boundary Condition Location Value/Description
Thermochemical Storage System
(TCSS)
Hydrogen outlet pressure Boundary 5 P =1 bar
Water vapor inlet pressure Boundary 7 P = 5bar
Thermal insulation Boundaries 1-5,7 V- q = 0 (no heat flux)
Steel wall heat transfer Boundary 6 h = 10,000 W/m?K
Initial temperature Entire system To = 553K
Initial hydrogen pressure MgH, tank Pp =1.1bar
Initial hydrogen Composition MgO substrate Xh,0=0.999,y,,0 =

0.001
Symmetry Boundaries 1-4
(Radial heat flux) Location Value/Description
Heat flux Boundary 4 (case q = q;, = 6900 W/m?
2)

Boundaries 3
Boundaries 1-2

Thermal insulation
Symmetry

V- q = 0 (no heat flux)

account variations in thermal properties with temperature changes.
Once both sets of results are obtained, they are carefully compared
against experimental data to evaluate their accuracy. If the temperature-
dependent model yields results that closely align with the experimental
findings, the methodology is deemed validated, and the process is
concluded. However, if discrepancies persist and the simulated results
deviate from the experimental observations, the initial conditions and
parameters associated with the temperature-dependent thermal con-
ductivity coefficient are redefined, and the simulation is repeated. This
iterative approach ensures that the model effectively captures the
thermal behavior of the system, with adjustments being made until a
high level of agreement with experimental data is achieved, thereby
refining the accuracy of the numerical predictions.
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2.8. Mesh independence

In this study, two distinct mesh configurations were examined to
assess their impact on simulation accuracy and computational effi-
ciency. Both geometries, which were designed for thermochemical
material structures and radial heat transfer, respectively, featured
symmetrical layouts, making them well-suited for a mapped mesh
configuration. The mapped mesh, known for its higher-order accuracy
and efficient element distribution, allowed for a reduction in the number
of required elements while maintaining precise results. Specifically,
accurate and experimentally consistent findings were obtained with just
1824 rectangular elements in the mapped mesh.

To further refine the meshing strategy, five different mesh densities
were systematically evaluated. The results indicated that beyond the
fourth meshing step, additional refinement did not yield significant
improvements in accuracy. In particular, the discrepancies between the
fourth and fifth mesh refinements were found to be negligible, con-
firming that a configuration of 1824 mapped mesh elements was suffi-
cient for reliable simulations. Throughout this evaluation, two critical
parameters were continuously monitored: desorption time and the
maximum temperature within the metal hydride structure. These vari-
ables played a pivotal role in determining the effectiveness of each
meshing configuration. As illustrated in Fig. 5, the findings demonstrate
that the fourth meshing configuration achieves an optimal balance be-
tween computational efficiency and result accuracy, ensuring reliable
predictions without unnecessary computational overhead.

3. Result and discussion
3.1. Validation

To ensure the accuracy of the numerical simulations, the results were
validated against experimental data by Chaise et al. [44] and numerical

studies by Chaise et al. [44] and Lutz et al. [32]. The survey by Chaise
et al. [44] provides one of the most comprehensive experimental
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Fig. 5. Mesh independence for both mesh types.

investigations on magnesium hydride reinforced with natural graphite,
covering the temperature range of 550-650 K and the pressure range of
1-5 bar, which is fully consistent with the present study. In addition,
Lutz et al. [32] performed a numerical analysis focusing on hydrogen
release under slow-release conditions, making it a suitable benchmark
for comparison. These resources provide a strong basis for validating the
temperature, pressure, and hydrogen release volume predicted by the
numerical model.

The comparison showed that the numerical model including the
temperature-dependent thermal conductivity significantly improves the
accuracy of temperature prediction, and the error rate in matching the
temperature data is less than 1 %. The simulated temperature trends
follow the experimental data with acceptable accuracy and effectively
capture the heat transfer in the metal hydride system. Minor deviations
occurring over long periods can be attributed to differences in boundary
conditions and kinetic interactions in the experimental setup. Apart
from temperature, further validation was performed on the volume of
desorbed hydrogen, a critical parameter in assessing the effectiveness of
the desorption process. The numerical results closely follow the exper-
imental trends, especially in the early stages when heat transfer is
dominant in the desorption kinetics. In contrast, the models assuming
constant thermal conductivity show larger deviations, emphasizing the
importance of temperature-dependent effects in accurately capturing
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the hydrogen release characteristics. The improved correlation of the
temperature-dependent simulations with the experimental data further
confirms that the incorporation of dynamic thermal properties is
essential for the realistic modeling of hydrogen desorption behavior.
Since the temperature-dependent model aligns well with the experi-
mental data, its predictions will be evaluated in two distinct scenarios:
slow desorption in a thermochemical storage system and rapid desorp-
tion under radial heating.

3.2. Analysis of thermochemical storage system (TCSS) in slow hydrogen
desorption processes

To optimize energy consumption, thermochemical materials are
among the most effective systems for hydrogen storage. However, their
inherently low thermal conductivity slows down the hydrogen storage
process by delaying the system’s adaptation to imposed temperature
gradients. During hydrogen desorption, efficient heat distribution is
essential to sustain the chemical reactions required for hydrogen release.
Increased thermal conductivity enhances heat transfer, promotes a more
uniform temperature distribution within the reservoir, accelerates re-
action rates, and minimizes localized delays. To investigate this effect,
the system was selected as a case study to analyze the impact of
temperature-dependent thermal conductivity on the slower desorption
processes in MgH; and Mg(OH),. For comparison, the numerical study
by Lutz et al. [32] was used as a reference, in which effective constant
thermal conductivity values of 4.2 W/m-K for magnesium hydride and
0.55 W/m-K for magnesium hydroxide were assumed, providing a
baseline for evaluation.

Fig. 7 presents a comparative analysis of MgH» and Mg(OH),, illus-
trating their temperature contours (right semicircle) and reaction ki-
netics (left semicircle). The results indicate that a significant portion of
the reaction kinetics is completed within 150 min. Considerably, the
magnesium hydride system exhibits faster kinetics, with most of the
reaction concluding within 120 min, whereas in magnesium hydroxide,
the reaction extends to approximately 150 min. This accelerated reac-
tion in the magnesium hydride system is primarily attributed to its
higher thermal conductivity, which facilitates more efficient heat
transfer. The magnesium hydroxide environment generates a sharper
temperature gradient (40 K) that persists for up to 240 min, whereas in
the magnesium hydride system, the temperature gradient is approxi-
mately 20 K. These findings demonstrate that higher thermal conduc-
tivity contributes to a more uniform temperature distribution, which is
essential for optimizing heat transfer and hydrogen desorption during
heat exchange and the skin-shell reaction. These comparisons

Hydrogen Volume Validation

T T T T T T T T
Chaise numerical [44]

804 = Chaise experimental [44] “ E
&y ----Lutzetal. [32] i
< ----Constant
o —— Temperature dependent 2F
£ 604 4
5 60
o
>
c
S
g 404 e
=
o
>
=
3
2 204 E
P
[*]
7]
@
[a]

0+ i
T

T T T T T T T
100 0 100 200 300 400 500 600 700 800
Time (min)
(b)

Fig. 6. Numerical analysis validation.



D. Abdi Lanbaran et al.

Left: Reaction Kinematics(1)

International Journal of Hydrogen Energy 138 (2025) 491-508

Right: Hydride Temperature (K)

y MgH TMg(OH)
1 13 595
564
0.9 0.9 590
0.8 0.8 562 585
0.7 0:7 560 580
0.6 0.6
558 575
0.5 0.5
570
0.4 0.4 556
565
0.3 0.3 t=90 min t=120 min t=150 min t=180 min 554
560
0.2 0.2
552 555
0.1 0.1
550 550
0 0

t=210 min t=240 min

t=270 min t=300 min

Fig. 7. Temperature and reaction kinetics contours for thermochemical storage system (TCSS).

underscore the critical influence of thermal conductivity on reaction
kinetics and highlight the necessity of incorporating temperature-
dependent thermal conductivity models to enhance the accuracy of
numerical simulations for hydrogen storage materials.

Fig. 8(a) illustrates the process of analyzing two key aspects of
magnesium hydride (MgH») decomposition: the reaction kinetics and
the material’s temperature profile during hydrogen release. This anal-
ysis evaluates the role of temperature-dependent thermal conductivity
in influencing heat transfer and reaction rates. The results indicate that
when a variable thermal conductivity coefficient is applied, the con-
version rate of MgH, to Mg increases significantly, underscoring the
importance of incorporating this parameter in kinetic modeling. To
compare constant and temperature-dependent thermal conductivity
models, simulations introduce the concept of average temperature (Taye)
as a reference point. Given the substantial difference between initial and
peak temperatures in metal hydride tanks, using only the initial tem-
perature to define a constant conductivity value may lead to oscillations
in simulation results and discrepancies from experimental data. To

Temperature and Magnesium Hydride Kinetics
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mitigate these issues, Taye is calculated as:

T ax 1 Tmin

m;
Tave =

3 (15)

This temperature is then applied in the effective thermal conduc-
tivity equations (Egs. (10) and (11)) to establish a benchmark for
comparison with the temperature-dependent model. Implementing T,ve
in the constant model helps minimize fluctuations and improve agree-
ment between simulation outcomes and experimental data. The impact
of temperature-dependent conductivity extends beyond improving heat
transfer; it also accelerates hydrogen desorption. In materials such as
MgH; and magnesium hydroxide reinforced with natural graphite,
thermal conductivity increases with rising temperature (as shown in
Fig. 2(d)), creating a synergistic effect. Higher temperatures not only
enhance molecular kinetic energy and lower activation barriers for
chemical reactions but also promote more uniform heat distribution.
This ensures a consistent reaction rate throughout the material, pre-
venting localized temperature extremes that can otherwise hinder effi-
ciency. Performance comparisons indicate that 90 % hydrogen
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Fig. 8. Temperature and magnesium hydride kinetics diagram.
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desorption is achieved in 129 min with temperature-dependent con-
ductivity, whereas it takes 138 min under constant conductivity. Addi-
tionally, the temperature-dependent model reduces the time required to
reach the maximum temperature, accelerating the overall desorption
process. The constant thermal conductivity model limits the heat dis-
tribution, which results in a slower desorption process and a longer
hydrogen release time. Since the thermal conductivity remains constant,
the heat is distributed uniformly but does not adapt to temperature
changes, causing some regions to reach the activation temperature
required for hydrogen desorption. In contrast, the temperature-
dependent thermal conductivity model increases the heat distribution
by increasing the conductivity with increasing temperature. This ac-
celerates the heating of the metal hydride and allows more regions to
reach desorption conditions sooner. The simulation results, confirmed
by experimental data, highlight the advantages of using temperature-
dependent models, as they more accurately represent the thermal
behavior of the metal hydride system and optimize the hydrogen
desorption efficiency.

Fig. 8(b) presents Darcy’s velocity and hydrogen pressure variation
patterns within the metal hydride tank, comparing the effects of
temperature-dependent and constant thermal conductivity in the TCSS
system. The pressure pattern mirrors the temperature trends, high-
lighting the strong correlation between thermal conductivity, heat
transfer, and hydrogen desorption dynamics. The results indicate that

Temperature Dependent

International Journal of Hydrogen Energy 138 (2025) 491-508

although both models achieve a maximum pressure of 1.57 MPa, the
time required to reach this pressure differs significantly. Under the
temperature-dependent model, peak pressure is reached earlier (point
F), whereas a noticeable delay occurs with constant conductivity. This
earlier pressure build-up results from improved heat distribution: higher
temperatures increase conductivity, facilitating more efficient heat
spread within the metal hydride. Since Darcy’s velocity is directly
influenced by the pressure gradient, the more uniform and accelerated
heating in the temperature-dependent model enhances the local tem-
perature rise, thereby accelerating hydrogen desorption. Consequently,
steeper pressure gradients develop, leading to higher Darcy’s velocity.
At 25 min (point E), the Darcy velocity under temperature-dependent
conductivity reaches 0.0018 m/s, exceeding that of the constant con-
ductivity model. The velocity continues to rise, reaching a maximum of
0.00057 m/s at point F, at which stage hydrogen discharge is nearly
complete. In contrast, under constant conductivity, the Darcy velocity
increases more gradually, peaking later at point G with a lower value of
0.00044 m/s. This delayed response reflects the limited heat distribution
of the constant conductivity model, which slows pressure gradient for-
mation and hydrogen release. The diagrams demonstrate that
temperature-dependent thermal conductivity enhances heat distribu-
tion, enabling faster pressure build-up and a higher pressure gradient,
which in turn increases Darcy’s velocity and accelerates hydrogen
desorption. Unlike the constant conductivity model, where heat spreads
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uniformly without adapting to temperature changes, the temperature-
dependent model allows heat to diffuse more efficiently as tempera-
ture rises, ensuring that more regions reach desorption conditions
sooner.

Based on the analysis of the temperature and reaction time curves in
Figs. 8(a) and 9, this section examines the graphical contours that
illustrate the temperature distribution and reaction kinetics of the
magnesium hydride system. Fig. 8(a) highlights key comparison points
(A and B) corresponding to different locations within the magnesium
hydride structure, while Fig. 9 presents the heat flux paths and pressure
variations at the MgH>-Mg(OH); interface. At 143 min, the temperature
profile in the magnesium hydride region within the temperature-
dependent thermal conductivity model is significantly higher than in
the constant conductivity model. This behavior can be explained by the
Arrhenius equation (Eq. (2)), which describes the strong temperature
dependence of the reaction rate. A more uniform temperature distri-
bution ensures that all regions of the metal hydride are exposed to
consistently high temperatures, preventing localized reaction slow-
downs and sustaining high material desorption rates. This relationship
underscores the crucial role of temperature-dependent thermal con-
ductivity in maintaining optimal reaction conditions and emphasizes the
importance of accurately modeling this parameter in hydrogen desorp-
tion simulations.

Additionally, the pressure in the magnesium hydroxide region on the
right side of the contour view is lower compared to the constant thermal
conductivity case. This results in a stronger pressure-driven force at the
interface with magnesium hydride, accelerating hydrogen diffusion and
increasing the reaction rate. Moreover, the Darcy velocity for magne-
sium hydride in the temperature-dependent state is considerably higher,
indicating a more efficient gas release mechanism under pressure, which
further enhances reaction kinetics and accelerates hydrogen desorption.
By 157 min, the hydrogen desorption reaction in the temperature-
dependent thermal conductivity model is complete, whereas in the
constant thermal conductivity model, desorption is still ongoing. This
suggests that temperature-dependent thermal conductivity not only
accelerates the hydrogen desorption process but also improves overall
efficiency compared to the constant model. These findings highlight the
crucial role of temperature-dependent thermal conductivity in achieving
higher temperatures, enhancing reaction kinetics, and ultimately
enabling a more efficient hydrogen decomposition process than when
assuming constant thermal conductivity. Accurate temperature-

Left : Reaction Kinetics (1)
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dependent thermal modeling is essential for optimizing hydrogen stor-
age systems, as it improves release efficiency and reduces processing
time compared to constant thermal assumptions.

3.3. Radial heat analysis: fast desorption

Unlike the gradual heating in TCSS, the radial heat case imposes a
strong heat flux, leading to distinct dynamic behavior, as shown in
Figs. 10-12. In this configuration, heat is applied radially, causing a
more concentrated and rapid temperature increase, which significantly
influences the hydrogen release rate and reaction kinetics. This section
analyzes the hydrogen desorption process over a short duration using a
radial heat model. A constant heat flux of 6900 W/m? was applied
radially to evaluate the effectiveness and rate of hydrogen release.
Fig. 10 presents the temperature and kinetic contours of magnesium
hydride, illustrating temperature variations over time and the corre-
sponding kinetic behavior. The temperature contour highlights varia-
tions at different time intervals. During the initial and intermediate
stages (0-50 min), the temperature rises uniformly and gradually,
reaching 598 K, indicating consistent heat absorption and a steady
hydrogen release rate. In the final stage (50-60 min), a sharp temper-
ature increase of approximately 70 K is observed due to significant
hydrogen desorption, which leads to heat accumulation and a rapid
temperature rise. This behavior underscores the role of thermal con-
ductivity in desorption dynamics.

The kinetic contour of the magnesium hydride reaction in Fig. 10
confirms that hydrogen release is a continuous process. The reaction rate
remains steady in the early and middle stages, correlating with uniform
temperature increases. However, as hydrogen content decreases toward
the end of desorption, the reaction rate slows slightly, aligning with the
observed temperature surge. Increasing the heating rate proportionally
accelerates desorption, making heat optimization crucial for improving
system efficiency while preventing localized overheating.

Fig. 11(a) illustrates how radial heat transfer influences the accel-
eration of hydrogen desorption in a magnesium hydride tank, particu-
larly under temperature-dependent and constant thermal conductivity
conditions. In the early stage of desorption (0-15 min, Block H), both the
temperature-dependent and constant thermal conductivity models
exhibit similar kinetic behavior due to a relatively small temperature
gradient, resulting in comparable heat transfer rates. However, as
desorption progresses beyond 50 min, the differences between the two
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Fig. 10. Temperature and reaction kinetics contours.
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Temperature and Magnesium Hydride Kinetics
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Fig. 11. Temperature vs. Magnesium Hydride Kinetics and Darcy Velocity vs. Equilibrium Pressure for radial heat transfer.

models become more pronounced. The temperature-dependent model
enhances heat transfer efficiency and ultimately reduces the desorption
time by approximately 0.6 min compared to the constant thermal con-
ductivity model. While this reduction may appear minor, its significance
lies not in the duration alone but in the improved heat responsiveness
and system behavior it represents. In both models, the same amount of
heat is applied, yet the temperature-dependent model adapts more
effectively to thermal gradients as desorption advances. This leads to
greater desorption responsiveness, smoother pressure propagation, and
higher system stability. In large-scale or continuous hydrogen storage
systems, such differences accumulate over time and translate into
meaningful operational improvements, enhancing cyclic efficiency,
reducing thermal stress, and improving real-time system responsiveness
under fluctuating input conditions.

In the final phase of desorption (after 90 % hydrogen release, point
I), a sharp temperature increase is observed as the depletion of hydrogen
alters the heat transfer mechanism, leading to increased thermal resis-
tance and localized heat accumulation. This temperature rise is more
pronounced in the temperature-dependent model, reaching approxi-
mately 3.2 K higher (Block J) than in the constant thermal conductivity
model. This difference arises because, as hydrogen content decreases,
thermal resistance increases, causing heat buildup. In contrast, the
constant thermal conductivity model, which does not account for tem-
perature variations, exhibits lower heat transfer efficiency, leading to a
slightly prolonged desorption process. These findings highlight the
critical role of temperature-dependent thermal conductivity in
improving heat distribution, preventing localized overheating, and
optimizing the thermal performance of hydrogen storage systems.

Fig. 11(b) presents the evolution of Darcy’s velocity and equilibrium
pressure during hydrogen desorption in magnesium hydride, comparing
temperature-dependent and constant thermal conductivity models.
Initially, Darcy’s velocity in the constant thermal conductivity model
increases rapidly, surpassing that of the temperature-dependent model
until point K. At this stage, the temperature-dependent model overtakes
the constant model due to its enhanced heat transfer capability, which
generates a steeper pressure gradient and improves hydrogen mobility.
This trend continues until point L, where the temperature-dependent
model accelerates hydrogen discharge. However, as hydrogen content
declines, the pressure gradient weakens, causing Darcy’s velocity in the
temperature-dependent case to drop below that of the constant thermal
conductivity model. This occurs because of greater heat absorption in
the temperature-dependent model, leading to a faster reduction in
pressure gradients and a gradual decline in velocity. Throughout most of
the desorption process, the equilibrium pressure trends remain similar
for both models. However, as shown in the enlarged section at point M,
the equilibrium pressure in the constant thermal conductivity model

exceeds that of the temperature-dependent model. This difference arises
because the constant thermal conductivity model struggles with efficient
heat transfer, stabilizing pressure at a higher level. In contrast, the
temperature-dependent model facilitates smoother heat dissipation,
preventing excessive pressure peaks and ensuring more uniform pres-
sure distribution. The complete hydrogen desorption process occurs in
approximately 60 min. After this point, the constant thermal conduc-
tivity model results in a higher residual pressure than the temperature-
dependent model, with a difference of approximately 0.13 MPa. This
disparity is attributed to the heat distribution mechanisms in each case.
In the constant thermal conductivity model, heat spreads uniformly,
leading to localized pressure buildup. Conversely, the temperature-
dependent model optimizes heat dissipation, reducing thermal resis-
tance and ensuring a smoother pressure decline. As a result, in box M,
the equilibrium pressure in the constant thermal conductivity model
reaches 2.09 MPa, whereas in the temperature-dependent model, it re-
mains at 1.96 MPa. These findings emphasize the crucial role of
temperature-dependent thermal conductivity in enhancing system
adaptability by dynamically responding to thermal variations. This
improved thermal response optimizes pressure and velocity behavior,
accelerating hydrogen desorption and ensuring greater efficiency in
hydrogen storage systems. Incorporating temperature-dependent
models in future designs could significantly improve the performance
of hydrogen storage technologies for advanced energy applications.

Fig. 12 presents the evolution of Darcy’s velocity and equilibrium
pressure in magnesium hydride at three distinct time steps, illustrating
how these properties change under temperature-dependent and con-
stant thermal conductivity conditions. At t = 5 min, the equilibrium
pressure in the constant thermal conductivity model is twice as high as
in the temperature-dependent model. This elevated pressure results in a
higher Darcy’s velocity in the constant model at this stage, as observed
in the contour plot. However, as the desorption process advances, the
difference in Darcy’s velocity between the two models gradually di-
minishes, leading to a more balanced state by t = 30 min. This time
interval corresponds to the intersection point in Fig. 7, where Darcy’s
velocity values for both models become approximately equal.

At the final stage of desorption, when the magnesium hydride tank is
fully depleted, the equilibrium pressure remains higher in the constant
thermal conductivity model than in the temperature-dependent model.
However, Darcy’s velocity in the constant model is lower, due to the
steeper pressure gradient inside the tank. This results in a non-uniform
pressure distribution, which restricts gas velocity and slows hydrogen
desorption. The contours at different time steps demonstrate that the
evolution of Darcy’s velocity and equilibrium pressure under
temperature-dependent thermal conductivity follows a smooth and
continuous trend, ensuring better thermal distribution and desorption

503



D. Abdi Lanbaran et al.

Temperature Dependent
V_Darcy (m/s)

P_Equilibrium (Pa)

International Journal of Hydrogen Energy 138 (2025) 491-508

Constant

- eq
x1073 x10°
10 1.3
g 1.28
7 t=5 min I-2°
6 i
5 S— B
: 1.22
3 1.2
2 1.18
(1) 1.16
x1073 x10°
10 1.5
9
8 1.46
J . |
6 t=30 min 1.42
5 P——

4 1.38
3
2 1.34
1
0 1.3
- x10°
x10 2.02
35 2
I3° 1.98
|25 t=60 min '
120 e— 1.96
15 1.94
" 1.92
" :
1.9

Fig. 12. Darcy’s velocity and the equilibrium pressure of radial heat under three distinct time steps.

efficiency. These findings highlight the importance of temperature-
dependent thermal conductivity in providing a more accurate and
realistic representation of the hydrogen desorption process, aligning
closely with experimental observations and real-world storage
conditions.

3.4. System behavior under changing initial conditions: a parametric
analysis

3.4.1. Parametric analysis for the thermochemical storage system (TCSS)

Fig. 13 presents the effect of initial conditions, specifically variations
in temperature and pressure, on the desorption dynamics of a magne-
sium hydride storage system. The analysis compares how these varia-
tions influence desorption time under both constant and temperature-

504

dependent thermal conductivity models. The reference case assumes
an initial temperature of 553 K and an initial pressure of 0.1 MPa. To
examine temperature effects, incremental changes of +5 K and +10 K
are introduced. The results indicate that increasing the initial temper-
ature prolongs desorption time, with the effect being more pronounced
in the temperature-dependent thermal conductivity model due to its
influence on heat transfer dynamics. A 10 K increase extends desorption
time by 25 % in the temperature-dependent case and 17 % in the con-
stant thermal conductivity model. Similarly, a 5 K increase results in a
moderate extension of desorption time, reinforcing that temperature-
dependent thermal conductivity amplifies system sensitivity.
Conversely, reducing the initial temperature shortens desorption time,
with a stronger impact in the constant thermal conductivity model. A 10
K decrease leads to an 18 % reduction in desorption time under constant
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Fig. 13. Sensitivity analysis of initial conditions in the Thermochemical Storage System (TCSS).

thermal conductivity, compared to 15 % in the temperature-dependent
case. An unexpected observation in the thermochemical storage system
(TCSS) is that increasing the initial temperature leads to a longer
hydrogen desorption time. This behavior can be attributed to the
interaction between magnesium hydroxide Mg(OH); and magnesium
hydride MgH,. Since Mg(OH),, has a lower thermal conductivity than
MgHo,, it acts as a thermal barrier and limits the rate of heat transfer
between the two materials. When the initial temperature increases, the
thermal gradient between Mg(OH),;, and MgH, becomes less pro-
nounced, diminishing the driving force for heat flow and thus lowering
heat flux. Additionally, while the hydration reaction (MgO + H,0 — Mg
(OH)3) proceeds as expected, the heat it generates is finite due to the
fixed quantities of water and MgO. At higher initial temperatures, a
portion of this heat is used to elevate the surrounding temperature to the
new baseline before any excess energy can be transferred to the MgH»
layer. As a result, the effective thermal gradient driving heat flow to-
ward the hydride becomes smaller, reducing heat transfer efficiency and
slowing the desorption process. This behavior is consistent with the
findings of Lutz et al. [32], who pointed out similar limitations due to
the low thermal conductivity of Mg(OH)s, a factor that delays the energy
transfer to the MgH> region under adiabatic conditions.

On the other hand, the inherent low thermal conductivity of mag-
nesium hydride results in the formation of steep thermal gradients
during operation, particularly in systems without temperature-
dependent conductivity adjustments. These steep gradients hinder uni-
form heat diffusion and act as a limiting factor in the overall desorption
process. In temperature-dependent models, this issue is alleviated due to
the adaptive nature of thermal conductivity, allowing the system to
better respond to temperature variations and maintain more stable heat
propagation. A similar trend is observed for pressure variations. When
initial pressure is modified by +20,000 Pa and +40,000 Pa, desorption
time increases with rising pressure. However, the magnitude of this

505

effect is notably smaller compared to temperature variations, indicating
that pressure fluctuations play a lesser role in controlling desorption
kinetics. A 40,000 Pa increase extends desorption time by 9 % under
temperature-dependent thermal conductivity and 6 % under constant
thermal conductivity. These findings emphasize that temperature vari-
ations exert a stronger influence on desorption time than pressure
changes, demonstrating the system’s relative independence from pres-
sure fluctuations. These findings highlight the necessity of incorporating
temperature-dependent thermal conductivity in modeling thermo-
chemical hydrogen storage, as it provides a more accurate and dynamic
representation of system behavior. The results further highlight that
temperature variations exert a stronger influence on desorption time
compared to pressure changes, making thermal conductivity a key
parameter in optimizing hydrogen storage performance.

3.4.2. Parametric analysis for the radial heat flux system

Fig. 14 examines how variations in initial temperature and pressure
influence the hydrogen desorption process in a magnesium hydride
storage system under radial heating conditions. The study evaluates how
these factors affect desorption time and system performance under
temperature-dependent and constant thermal conductivity models. To
assess the impact of temperature variations, incremental changes of
+25 K and +50 K were introduced.

A key observation is that the system exhibits greater sensitivity to
temperature reductions than to increases, highlighting an asymmetrical
response in desorption kinetics. For instance, lowering the initial tem-
perature to 503 K (—50 K) extends the desorption time by 3 %, whereas
increasing it to 603 K (+50 K) shortens the desorption time by just 1 %.
This saturation effect suggests that beyond a critical temperature,
further increases yield diminishing returns in desorption performance,
as thermal conductivity variations become less influential at higher
temperatures. It is also important to distinguish between the
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Fig. 14. Sensitivity analysis of initial conditions in the radial heat system.

temperature sensitivity of different system configurations. In the ther-
mochemical storage system (TCSS), where hydrogen desorption depends
entirely on the internally generated heat from hydration reactions, the
process is highly sensitive to changes in initial temperature. Even a
modest increase in temperature significantly weakens the thermal
gradient and reduces the net available thermal energy for desorption. In
contrast, the radial heat flux system receives a continuous external heat
input, which maintains thermal propagation regardless of moderate
initial temperature changes. As such, while a 10 K increase in TCSS
significantly extends desorption time, a 50 K increase in the radial heat
system leads to only a slight decrease in desorption duration. This
highlights the dominant role of heat delivery mechanisms in governing
temperature sensitivity. A similar trend is observed for initial pressure
variations, which were adjusted by +40,000 Pa and +80,000 Pa. The
system responds more strongly to pressure reductions than to increases.
Lowering the initial pressure significantly extends desorption time due
to the reduced pressure-driven force on hydrogen release. In contrast,
increasing pressure beyond 80,000 Pa results in only a 0.7 % reduction
in desorption time, despite the considerable energy input required. This
highlights the inefficiency of excessive pressure increases for improving
desorption performance. Overall, these results confirm that temperature
changes have a much stronger effect than pressure variations on the
radial heating system. While increasing both temperature and pressure
can accelerate the desorption process, their effects diminish beyond a
certain threshold, particularly for pressure. Optimizing initial temper-
ature conditions is a more effective strategy than pressure adjustments
for improving desorption efficiency, particularly under temperature-
dependent thermal conductivity. These findings emphasize the need to
prioritize thermal management strategies over pressure-based ap-
proaches when designing hydrogen storage systems for practical
applications.
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4. Conclusion

This study presents a comprehensive numerical investigation of the
role of temperature-dependent thermal conductivity in hydrogen
desorption from magnesium hydride. Through detailed modeling and
validation, it demonstrates that assuming constant thermal conductivity
significantly underestimates thermal gradient effects and introduces
bias in predicting system behavior. In contrast, incorporating a
temperature-dependent thermal conductivity model provides more ac-
curate simulations of desorption time, thermal distribution, pressure
evolution, and Darcy’s velocity. In slow desorption processes, such as
thermochemical storage systems, the temperature-dependent model
reduced hydrogen diffusion time by approximately 9 min compared to
the constant model. Under conditions of rapid radial heat flux, the
reduction was about 0.6 min; however, even this seemingly small dif-
ference becomes critical in large-scale or continuous hydrogen storage
systems. Furthermore, the temperature-dependent model improved
equilibrium pressure predictions and enabled a more efficient thermal
response, as confirmed by sensitivity analyses under various initial
conditions. The key innovation of this work lies in developing thermal
conductivity expressions based on experimental data. This addresses a
gap in the literature, specifically the absence of a unified temperature-
dependent formulation for magnesium hydride. This methodological
advancement enables more accurate heat transfer modeling in metal
hydrides and overcomes a long-standing limitation in hydrogen storage
simulations. Compared to previous studies that have largely relied on
constant thermal conductivity assumptions for computational
simplicity, this study offers a more realistic and dynamic representation
of heat transfer phenomena. By incorporating temperature-dependent
formulations and assessing their impact across both slow and fast
desorption scenarios, our model shows marked improvements in simu-
lation accuracy and predictive capability. This modeling approach can
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be extended in future work to other hydride materials and thermal
enhancement techniques such as composite structures or multilayered
designs. It may also be coupled with pressure-dependent models or in-
tegrated into real-time control algorithms to develop more intelligent
and efficient hydrogen storage and delivery systems. Additionally,
expanding experimental datasets across wider temperature and pressure
ranges will further refine the model and broaden its applicability to real-
world hydrogen energy systems.

Symbol Expression Unit
A Arrhenius coefficient 1
s
T Temperature K
t Time s
A Thermal conductivity W/(m-K)
Aesf Effective thermal conductivity of the system W/(m-K)
3 Porosity of the system (dimensionless) -
Agas(T) Thermal conductivity of hydrogen (temperature- W/(m-K)
dependent)
A (T) Thermal conductivity of metal hydride material W/(m-K)
(temperature-dependent)
Miydrogen(T)  Thermal conductivity of hydrogen as a function of W/(m-K)
temperature
Asteam (T) Thermal conductivity of steam as a function of W/(m-K)
temperature
Neff (MgH,) Effective thermal conductivity of magnesium hydride W/(m-K)
heff(Mg(om,))  Effective thermal conductivity of magnesium hydroxide ~ W/(m-K)
P Hydrogen density kg/m®
Py Gas phase density kg/m®
Ps Solid phase density kg/m®
(PCp)egs Effective heat capacity of the system J/(m® -K)
K Permeability m?
k Reaction rate 1
s
JT/ ot Change of temperature with respect to time K/s
u Fluid velocity vector m/s
vT Temperature gradient K/m
V- (kVT) Heat flux due to conduction w/m?
Q Rate of heat production w/m?
Cp Heat capacity at constant pressure J/(kgK)
Cpg Specific heat capacity of the gas J/(kgK)
Cps Specific heat capacity of the solid J/(kgK)
A Arrhenius coefficient 1/s
E, Activation energy J/mol
R Gas constant J/(mol -K)
AH, Enthalpy change for the reaction process J
AS; Entropy change for the reaction process J/K
Pogn, Equilibrium pressure of hydrogen Pa
Pres Reference pressure Pa
v Flow velocity m/s
H Dynamic viscosity Pa:s
dp/ ot Change in hydrogen density over time kg/(m®-s)
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