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Efficient thermal integration is a critical bottleneck in energy-intensive systems such as solid-state hydrogen
storage, where internal heat exchanger design governs both reaction kinetics and net energy efficiency. Existing
evaluations, however, rarely couple thermal performance with the auxiliary energy required for system opera-
tion, limiting their applicability across technologies and scales. This study introduces a Net Energy Gain (NEG)
framework as a unified performance indicator that integrates enthalpy change, pump work, storage volume, and
reaction progress. The method is validated using four representative heat exchanger geometries, including spiral
tubes, jacketed walls, straight-tube arrays, and fin-enhanced designs, across operating pressures of 6-20 bar.
Results show that while finned structures reduce hydrogenation time by up to 35 % at 6 bar, they incur NEG
penalties of ~10 J/s, whereas compact geometries sustain positive NEG values across the full pressure range,
peaking at 15.75 J/s at 8 bar. NEG trends exhibit a non-monotonic dependence on pressure, revealing an optimal
10-12 bar window for balancing speed and efficiency. Guided by these insights, a new spiral-fin design was
developed that achieves significant time reductions with minimal NEG loss, demonstrating the capability for
structure-performance co-optimization of the framework. Beyond hydrogen storage, the NEG concept is
architecture-agnostic, material-independent, and applicable to diverse thermal energy systems, offering a scal-
able methodology for maximizing net energy yield in renewable integration, energy conversion, and storage
applications.

1. Introduction hydrogen storage technologies.

In this context, existing investigations into solid-state hydrogen

Solid-state hydrogen storage constitutes a critical domain within
hydrogen energy utilization [1], finding extensive application in
hydrogen-powered vehicles [2], hydrogen energy transportation sys-
tems [3-71, hydrogen fuel cells [8-11], and the integration of hydrogen
with [12-14]. A key component in these systems is the solid-state
hydrogen storage container, which serves both as a containment unit
and a reaction site for hydrogen absorption and desorption processes.
These processes are governed by strongly coupled heat and mass transfer
mechanisms in porous media, posing significant engineering and ther-
modynamic challenges. However, despite extensive efforts to improve
heat and mass transfer performance, current research lacks a standard-
ized framework for evaluating the energy efficiency of different
container configurations under varying operational conditions.
Addressing this gap is essential for guiding the rational development of
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storage containers primarily examine the influence of structural con-
figurations such as finned tubes, spiral tubes, and phase change material
(PCM) coatings [15-20] and operational parameters such as pressure,
temperature, and thermal conductivity [21-25] on the hydrogen uptake
and discharge kinetics. A majority of these studies employ modeling and
experimental validation of various structures as a foundation to explore
container properties such as hydrogen absorption/desorption rates and
reactor temperature distributions under varying pressure and tempera-
ture conditions. For instance, Vivek et al. [26] modeled a 60 kg LaNis
alloy multi-tubular hydride reactor to investigate structural effects on
large-scale hydrogen storage system performance. The 90 % hydrogen
absorption times for configurations with 7, 14, and 19 tubes were 985 s,
404 s, and 317 s, respectively. The introduction of longitudinal fins
within the tubes further enhanced hydrogen absorption/desorption
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performance, demonstrating that both increasing tube count and
incorporating fins significantly improve reactor efficiency. Wang et al.
[27] leveraging electromagnetic dissipation principles, deduced the
optimal fin shape for a cylindrical reactor to be a pin fin structure. By
varying fin thickness, fin spacing, and reactor radius, they found that the
pin fin reactor reduced hydrogen uptake time by 19.1 % compared to
conventional uniform-thickness fins. Krishna et al. [28] designed a novel
bionic leaf-vein fin structure for metal hydride reactors and proposed
two new reactor designs based on it: a center straight tube and a narrow
trapezoidal tube. These designs provided superior heat transfer and
temperature uniformity, achieving 90 % reaction completion in 210 s,
145 s, and 80 s for the base fin structure versus the two novel structures,
respectively. Ankush et al. [29] conducted numerical simulations of a
concentric cylindrical reactor utilizing magnesium (Mg) as the hydrogen
storage alloy and encapsulated sodium nitrate as the PCM. The addition
of copper fins within the MH and PCM regions and the investigation of
their effect on hydrogen absorption by varying fin number, thickness,
and spacing revealed that reactors with 10 and 30 fins required 86.5 %
and 97.3 % less time for hydrogen uptake, respectively, compared to the
finless configuration. These findings collectively demonstrate that
appropriate structural design, including tube arrangement and fin ge-
ometry, can substantially enhance heat and mass transfer, thereby
accelerating hydrogen absorption.

However, beyond structural optimization, material-level thermal
management also plays a critical role. The heat transfer process within
different regions of the hydrogen storage container during the reaction is
particularly complex, involving multiple mechanisms such as conduc-
tion, porous media heat transfer, and phase transition heat transfer.
Variations in thermal conductivity significantly impact the hydrogen
storage reaction kinetics. Praveen et al. [30] employed graphene oxide
(GO), a novel two-dimensional material, to enhance the heat transfer
performance of an MH reactor for faster hydrogen storage rates in LaNis.
Results indicated that the addition of 1 wt% GO yielded relatively su-
perior heat transfer, reducing reaction time by 61.7 % and achieving 90
% hydrogen storage capacity under comparable conditions. Atalmis
et al. [31] increased the thermal conductivity of the metal hydride by
incorporating expanded natural graphite (ENG) particles and copper
additives, achieving a 3.5-fold increase which substantially reduced
reaction time. Serge et al. [32] numerically investigated the Hy charging
and discharging process of a metal hydride tank filled with LaNis and
equipped with a paraffin wax (RT35) PCM jacket. By varying the ther-
mal conductivity of both LaNis and the PCM, they demonstrated that
higher conductivities led to a significant reduction in reaction time.
Mohamed et al. [15] designed three metal hydride beds to evaluate
whether enhanced heat transfer and the addition of high-conductivity
materials could improve hydrogen storage and release performance.
Their results showed that increasing the heat transfer coefficient from
100 to 3000 W/(m?K) reduced the hydrogen storage time from 668 s to
344 s, while the release time showed a smaller reduction, decreasing
from 372 s to 246 s. These studies collectively indicate that improving
the thermal conductivity of the storage medium through additive ma-
terials or structural modification can effectively enhance hydrogen ab-
sorption rates and facilitate more efficient heat management during
operation.

In addition to improving thermal conductivity through material
modification, operating temperature also plays a crucial role in gov-
erning heat transfer behavior and reaction kinetics. As an exothermic
process, the initial reaction temperature significantly influences the
performance of solid-state hydrogen storage containers. Tong et al. [33]
employed temperature as a key variable in their analysis of the tem-
perature distribution with a coiled-tube during hydrogen absorption,
demonstrating that a 20 K temperature differential effectively mitigated
localized high-temperature regions within the metal hydride. Atef et al.
[34] developed a two-dimensional mathematical model to investigate
heat transfer phenomena during hydrogen absorption in a large-scale
metal hydride storage reactor. Their results indicated that elevated
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operating bed temperatures impair heat transfer efficiency within the
container and consequently diminish the reaction kinetics of the
hydrogen storage metal. Seyed et al. [35] modeled and optimized the
transient behavior in a two-dimensional metal hydride storage tank,
selecting the PCM initial temperature as the optimization variable for
hydrogen uptake. Their findings revealed that reducing the initial
temperature from 293 K to 273 K increased the reaction rate by 33 %.
Cherif et al. [36] conducted numerical simulations on a LaNis hydrogen
storage reactor to characterize the temperature distribution across
various reactor sections and elucidate the impact of heat transfer dy-
namics. Their simulation indicated that lowering the initial metal tem-
perature does not affect overall storage capacity but facilitates a more
rapid return to thermal equilibrium post-reaction. Chang et al. [37]
investigated the influence of parameters including inlet coolant tem-
perature, hydrogen pressure, and flow rate on hydrogen charging/dis-
charging kinetics, utilizing a multi-spiral finned heat exchanger. Given
that hydrogen absorption is exothermic and desorption is endothermic,
lowering the operational temperature enhanced the absorption rate by
20 %, while increasing it accelerated the desorption rate by 25 %. Singh
et al. [38] investigated the absorption performance of a cylindrical
hydrogen storage system by adjusting the inlet temperature, revealing
that at 288 K the system achieved 1 wt% hydrogen uptake within 560 s.
Yuan et al. [39] modeled a spiral mini-channel reactor to study the in-
fluence of hydrogen inlet temperature on heat and mass transfer char-
acteristics. Their results showed that the maximum hydrogen storage
capacity was achieved near 318 K, with limited variation between 303 K
and 333 K. These results highlight the sensitivity of hydrogen absorption
and desorption dynamics to thermal boundary conditions. In addition to
temperature, pressure represents another critical operating parameter
that governs reaction kinetics and energy behavior in hydrogen storage
systems.

Among investigations employing pressure as a variable parameter,
Jing et al. [40] developed a three-dimensional model of a metal hydride
reactor integrated with salt hydrate phase change material (PCM) for
thermal recovery. Their analysis of the influence of PCM operating
pressure and metal hydride reaction pressure on reactor performance
optimization revealed that increasing the operating pressure accelerates
the hydrogen absorption kinetics. Specifically, raising the pressure from
6 bar to 10 bar reduced the reaction completion time by 24 %. Lewis
et al. [16] studied heat transfer processes during hydrogen absorption in
a phase-change hydrogen storage reactor, utilizing inlet hydrogen
pressure as the variable. They reported that elevated pressure progres-
sively shortens the reaction duration but concomitantly induces a sig-
nificant rise in the metal hydride reaction temperature. Afzal et al. [41]
designed a heat exchanger based on a hexagonal honeycomb structure.
Increasing the pressure from 15 bar to 40 bar resulted in a 22 %
reduction in reaction time. Miled et al. [19] modeled a novel reactor
incorporating PCM to store absorption heat for subsequent release
during desorption, specifically examining the impact of pressure varia-
tions on absorption and desorption dynamics. Their simulations
demonstrated that higher pressures substantially decrease reaction time
while increasing the reaction temperature. Wang et al. [42] imple-
mented a branch-tube microchannel heat exchanger. Upon increasing
the pressure incrementally from 5 bar to 25 bar, the reduction in reac-
tion time was non-uniform, exhibiting a difference of 170 s between the
reductions achieved in the 5-10 bar and 20-25 bar intervals. Avik et al.
[43] investigated a large-scale hydrogen storage reactor under different
hydrogen supply pressures. Their findings indicate that supply pressure
critically governs the absorption rate; however, excessive pressure
significantly elevates the internal container temperature. This phe-
nomenon is attributed to the conversion of increased hydrogen molecule
kinetic energy into thermal energy, thereby heating the metal hydride.

Although previous studies provide valuable insights into the
enhancement of heat exchangers, they are often limited to isolated
structural configurations or narrow parametric scopes, lacking a
generalized framework for energy performance evaluation. To address
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this gap, the present study proposes a unified evaluation index based on
Net Energy Gain (NEG), which simultaneously accounts for hydrogen
absorption kinetics and auxiliary power consumption. Specifically, the
NEG framework is designed for cross-structural and cross-scale evalua-
tion of energy efficiency in solid-state hydrogen storage reactors that
incorporate various internal heat-exchanger configurations, such as
spiral tubes, fins, and baffle-enhanced designs. It provides a quantitative
metric to assess the balance between effective hydrogen absorption and
additional energy consumption under different operating pressures and
heat supply conditions. Physically, NEG represents the economy of
hydrogen absorption by hydrogen storage materials per unit mass, and
the variation of this economy among distinct structures can be reflected
through changes in system parameters. This framework is particularly
suited for thermally coupled metal hydride systems applied in renew-
able energy integration, energy conversion, and storage scenarios, of-
fering a system-level criterion for practical design optimization.

The overall research structure and methodology are illustrated in
Fig. 1, which outlines the conceptual foundation, model development,
parametric evaluation, and performance validation steps. In this
framework, pressure is treated as the primary operational variable, and
the enthalpy evolution during hydrogen absorption is analyzed to define
a cumulative NEG that quantifies effective energy output. Four repre-
sentative internal heat exchanger configurations are examined using a
two-dimensional axisymmetric model to investigate how structural
variations influence energy performance. A sensitivity analysis is further
conducted to assess the model’s robustness across a range of pressure
conditions. This NEG-based framework not only bridges a key gap in the
current hydrogen storage system design methodology, but also offers a
scalable theoretical foundation for optimizing energy-efficient heat
exchanger structures in practical applications.

2. Development and conceptual validation of the NEG Model
2.1. Evaluation rationale and data basis

To establish a comprehensive framework for evaluating performance
and energy efficiency in solid-state hydrogen storage systems, this study
first analyzes representative exchanger configurations and material
systems documented in the literature [44,45]. Particular attention is
given to LaNis, which is selected as the working material due to its low
hydrogenation temperature, high reversibility, and activation-free
behavior. These characteristics not only contribute to its widespread
application in practical systems but also ensure reliable, consistent data
for model development. A complete list of literature sources used for
model construction is provided in the Supporting Information of
Table S1.
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In solid-state hydrogenation, both pressure and temperature criti-
cally influence heat exchanger performance. However, pressure is
typically the more dominant factor, exerting a stronger effect on both
hydrogen uptake kinetics and auxiliary energy input. Based on this, our
analysis focuses primarily on pressure-dependent system behavior. As
summarized in Fig. 2, four representative internal heat exchanger con-
figurations are identified from existing LaNis-based studies: (a) spiral
tubes, (b) jacketed walls, (c) straight-tube arrays, and (d) finned struc-
tures. These configurations vary in thermal transport characteristics and
exhibit distinct trade-offs between heat transfer enhancement and
power consumption.

Despite numerous efforts to optimize such exchangers, existing
evaluation approaches remain fragmented, as they often focus on spe-
cific operating conditions or rely on single-objective metrics. As a result,
cross-comparisons among designs are limited by inconsistent assump-
tions, boundary conditions, and performance priorities. To address this
challenge, we propose a unified performance indicator that incorporates
both energy input and system response across varying pressures. This
integrated metric lays the foundation for the NEG model introduced in
the following section.

2.2. Thermodynamic derivation of the NEG model

To quantitatively evaluate the energy efficiency of hydrogen storage
containers under varying operational pressures, a thermodynamic
framework is constructed. The core idea is to quantify both the energy
output from hydrogen uptake and the auxiliary energy input required to
sustain the reaction. A stepwise derivation is presented below.

The analysis begins with the definition of the mass-based hydrogen
storage fraction, which serves as a dimensionless indicator of hydrogen
uptake [42]. It is expressed as:

wt% = (m, —my,) /my, (€]

where my, is the mass of the metal hydride before absorption (g) and m, is
the mass after hydrogenation (g). Although this metric reveals the
temporal evolution of hydrogen storage, it does not provide direct
insight into energy efficiency, as it lacks physical units and cannot be
compared to power consumption.

To bridge this gap, the effective work (W,) is introduced as a measure
of the recoverable energy released by the absorbed hydrogen. The
calorific value of hydrogen is 71,500 J/g, W, is computed as:

W, =P, xm x V x 71500 2

where P, is the hydrogen mass adsorption rate (g/s), m is the fraction of
hydrogen absorbed per unit volume of the metal hydride, and V is the
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Fig. 1. Research workflow of the NEG-based evaluation framework.
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Fig. 2. Four different hydrogen storage heat exchanger configurations.

volume of the hydride bed (m3). This formulation captures the energetic
output of the system but does not reflect the auxiliary energy cost, as it
omits the energy penalty required to drive absorption.

The cumulative input work (Wj,) accounts for this cost and includes
power consumed by the hydrogen pressurization and coolant systems.
Assuming constant power operation, Wi, is computed as:

Py =Pin X V=X Vi X Pin /1, 3)
Py =pin X Sx Vi /ny (€]
Win = (Pg+Py) xt ©)

where 55 and 7 represent the efficiency of the gas and cooling pumps,
respectively, pin represents the inlet pressure of hydrogen (bar), V¢
represents the flow rate at the outlet of the cooling pump (m/s), S rep-
resents the cross-sectional area of the cooling pump tube (m?), and Vi,
represents the volume per unit mass of hydrogen (g/L). It should be
mentioned that since the efficiencies of the gas and coolant pumps are
empirical parameters that are seldom reported in the literature, repre-
sentative nominal values of n; = = 0.70 were adopted according to
typical engineering ranges of small-scale hydrogen circulation and
compression systems. Sensitivity tests showed that variations within
+10 % of these values do not affect the overall P,e; and NEG trends.
Combining these two metrics, the net work Wy is then defined as:

Wner = We - ‘/Vin (6)

This indicator reflects the net energy recoverable from the storage
process. Wy is defined as the difference between the calorific value of
hydrogen (representing the theoretical maximum recoverable energy)
and the auxiliary pump work, reflecting the net useful work performed
by the storage system. While Wy is valuable for pressure sensitivity

studies within a single system, it lacks generality across geometries.
Structural parameters (e.g., surface area, flow path) alter both W, and
Win, making Wpe; non-transferable.

To enable cross-configuration benchmarking, we define the net
power (Ppe) as the differential rate between energy output and input at a
given reaction stage:

Pnet = Wnet/i (7)

where t represents the time required to reach different reaction scores.
While Py provides an effective assessment of instantaneous container
performance at various stages of the reaction, significant variability in
the data during the early phase of hydrogenation limits the ability to
extract consistent and reliable trends. To obtain a smoother, geometry-
independent performance metric, we introduce the Net Energy Gain
(NEG), defined as the accumulated positive net power from the ther-
modynamic breakeven point (where Pyet) onward:

X = /(At-Pnet) (€))]

This metric captures the accumulated surplus energy from hydrogen
absorption relative to input cost after the breakeven. Color-coded scatter
plots visualize NEG across systems and pressures, revealing general
trends in energy efficiency and system optimization. Together, the
derivation of We, Win, Whet, Pret, and NEG establishes a comprehensive
thermodynamic framework for evaluating and comparing hydrogen
storage container performance under pressure-driven conditions.

2.3. Transient energy dynamics and efficiency degradation under varying
pressures

To further evaluate the NEG model’s applicability under realistic
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operating conditions, we analyze the time-dependent evolution of en-
ergy parameters (W, Wip, and Wye) under different hydrogenation
pressures. As shown in Fig. 3a, the hydrogen storage fraction increases
nearly linearly during the initial and mid-reaction stages, indicating
steady hydrogen uptake. As shown in Fig. 3b, this behavior is mirrored
by the effective work W, which is directly proportional to the absorbed
hydrogen mass. In contrast, the cumulative input work Wj, (Fig. 3c)
grows more steeply at higher pressures due to increased compression
and cooling demands. Consequently, in Fig. 3d, the net work Wpet
initially rises but later declines, as hydrogen uptake slows while auxil-
iary power input continues to accumulate. This shift in trend marks the
thermodynamic breakeven, indicating the onset of energy inefficiency
as the auxiliary input continues to rise while the hydrogen uptake slows
down.

While time-based analysis provides intuitive insight into energy
accumulation and dissipation, it is inherently constrained by reaction
duration and structural scale, which limits its generalizability across
different systems. To address this, Fig. 4 redefines the independent
variable as the reaction fraction, thereby decoupling the analysis from
temporal progression. This reframing enables more universal bench-
marking and reveals performance features that time-based plots may
obscure.

As shown in Fig. 4, net power Py exhibits a characteristic three-
phase pattern: it initially rises (0-25 % reaction), peaks during moder-
ate hydrogenation (25-45 %), and subsequently declines to negative
values beyond 45 %. This pattern arises from fast initial uptake,
pressure-driven acceleration in the mid-stage, and reduced absorption at
later stages due to saturation, with auxiliary systems running continu-
ously throughout the process.

This three-phase behavior stems from distinct underlying physico-
chemical mechanisms. In the initial phase (0-25 %), hydrogen uptake is
rapid due to abundant active sites on the metal hydride surface, and the
energy output rate (effective work) exceeds the auxiliary power input,
resulting in positive Ppe;. However, under higher pressures, elevated
local temperatures induced by exothermic absorption begin to offset the
reaction rate. In the intermediate phase (25-45 %), higher hydrogen
pressures enhance molecular flux and kinetic energy, temporarily
accelerating absorption despite thermal inhibition. During this window,
Pyt reaches its peak, offering the best trade-off between speed and
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Fig. 4. P, versus reaction fraction under different pressure conditions. Posi-
tive regions indicate net energy gain, while negative regions reflect an ener-
getic penalty.

energy efficiency. When the reaction fraction exceeds 45 %, Ppet be-
comes negative because the auxiliary pumping power surpasses the
instantaneous hydrogen absorption heat. This reflects the gradual
saturation of reaction sites and reduced thermal driving force at high
conversion, leading to increased energy losses if the operation con-
tinues. In practical systems, this regime should be avoided to ensure
energy-efficient operation. Most active sites become saturated, slowing
the absorption kinetics. Nonetheless, the gas compression and cooling
systems continue to operate at constant power, leading to rising energy
costs without significant hydrogen gain. Although this divergence cau-
ses Ppet to drop below zero, the hydrogen storage capacity at this point
reaches only about 45 % of the maximum value. Thus, rather than ter-
minating the reaction prematurely, the hydrogen supply and liquid-
pump pressures can be optimized to maintain a positive Ppey,
balancing economic efficiency with storage completeness.

Although expressing Pyt as a function of reaction progress enhances
interpretability, it remains a stage-dependent and instantaneous metric.
The strong sensitivity of Py to early-stage fluctuations and its inability
to capture cumulative system performance limit its utility as a
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Fig. 3. Time evolution of key energy parameters under different pressure conditions: (a) mass-based hydrogen storage fraction wt%, (b) effective work W, (c)

cumulative power input Wj,, and (d) net work Wye;.
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standalone indicator. These limitations underscore the need for a more
stable, integrative metric that accounts for the entire hydrogenation
cycle and supports geometry-independent comparison. This motivates
the introduction of the NEG indicator, which accumulates net power
from the breakeven point onward and provides a robust basis for eval-
uating structural efficiency across different operating pressures. In the
following sections, NEG will be applied to compare multiple heat
exchanger configurations and validate its general applicability.

2.4. NEG validation across multiple structural configurations

Following the theoretical derivation and pressure-dependent vali-
dation of the NEG indicator, it is essential to assess its general applica-
bility across structurally diverse hydrogen storage systems. To ensure
comparability among datasets from different literature sources, only
cases with consistent boundary conditions (hydrogen inlet temperature,
porosity, and activation energy) were selected. All parameters were
standardized to SI units, and NEG values were normalized with respect
to system mass and volume, thereby ensuring that the observed trends
reflect the intrinsic pressure-dependent behavior rather than variations
in experimental setup. Structural independence is a fundamental
requirement for any performance metric intended for cross-design
benchmarking. This implies that the metric should maintain its reli-
ability and clarity regardless of variations in geometry or topology. To
this end, we evaluated the NEG trends across seven representative heat
exchanger configurations extracted from the literature, under varying
hydrogenation pressures.

Fig. 5 presents a consolidated NEG response map using color-mapped
scatter plots, where each marker shape denotes a specific structural type
and each color encodes the corresponding NEG value. Because the
original data reported in the literature were derived under different
simulation and boundary conditions, a certain degree of data deviation
exists. Consequently, the scatter observed among structures of the same
type does not indicate inconsistency in the overall NEG trend but reflects
variations in model assumptions and parameter settings. Despite the
heterogeneity in design and source data, all configurations exhibit a
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consistent trend: as pressure increases, hydrogenation response times
shorten, while NEG values gradually decline. This behavior reflects the
growing auxiliary energy burden associated with higher-pressure oper-
ation and confirms the thermodynamic validity of NEG as an integrated
performance indicator.

To quantify these trends more rigorously, a nonlinear regression was
performed using a power-law model (y = a-xb) to capture the pressure-
dependent variation of NEG. This form offers better adaptability to the
nonlinear scatter distribution and aligns with the theoretical relation-
ship between reaction kinetics and pressure. The fitting results (Figs. 5a-
5d) show high correlation coefficients (R2 > 0.95), indicating reliable
regression performance. In contrast, optimized designs such as coiled
tubes and spiral fins exhibit much lower a-values, with a minimum of
556, indicating enhanced thermodynamic response and better adapta-
tion to pressure changes. These results illustrate that NEG is not only
sensitive to efficiency degradation trends but also effective in differen-
tiating structural quality on a normalized basis.

More importantly, the NEG profiles as a function of pressure remain
smooth and continuous for all configurations, forming clearly
segmented trajectories across different pressure ranges without any
abrupt transitions. This structural invariance strongly supports the
geometry-agnostic nature of NEG. For instance, while jacketed walls and
straight-finned tubes show steep NEG declines at elevated pressures,
spiral-fin exchangers maintain both high NEG values and consistent
energy-performance profiles, particularly within the 9-15 bar operating
window.

Fig. 6 further compares the seven configurations by plotting pressure
versus hydrogenation response time, with color-coded NEG overlays.
Notably, the improved spiral-fin heat exchanger consistently maintains
positive NEG values while achieving the shortest response times over the
entire pressure range. This dual advantage highlights its suitability for
pressure-driven system optimization.

A particularly insightful observation is the emergence of a NEG
breakeven threshold around 20 bar, shared across all configurations.
This point marks the onset of diminishing returns: additional pressure no
longer improves hydrogen uptake but significantly increases energy
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costs. The consistency of this threshold across structures reinforces the
physical grounding of the NEG framework and its ability to capture
system-level efficiency limits independent of geometric factors.

These findings collectively confirm that NEG serves as a reliable
metric for assessing efficiency under variable pressures and supports fair
benchmarking of heat exchanger performance regardless of structural
differences. This universality enables broad application of NEG in design
evaluation, operational planning, and system optimization for solid-
state hydrogen storage systems.

Beyond its theoretical rigor, the NEG model holds substantial engi-
neering value. By integrating hydrogen uptake kinetics with auxiliary
energy consumption, it enables multi-objective optimization under real-
world constraints. For systems operating under tight energy budgets,
designs with modest capacity but high NEG values may be favored.
Conversely, for scenarios requiring rapid hydrogenation, NEG helps
quantify the trade-offs between speed and energy penalty. Furthermore,
its applicability across material systems and design types makes it a
powerful tool for rational structure selection, system planning, and
standardized evaluation.

3. Validation and engineering application of the NEG
Framework

3.1. Simulation-based model validation

To verify the accuracy and practical reliability of the proposed NEG
framework, numerical simulations were conducted using a representa-
tive straight-tube heat exchanger configuration. A finite element model
was developed in COMSOL, replicating a cylindrical solid-state
hydrogen storage container constructed from aluminum, filled with
LaNis powder at a porosity of 0.5. The system was maintained at a
constant hydrogen inlet temperature of 298 K, with geometric param-
eters adapted from literature benchmarks [46] (Fig. 7).

To assess model fidelity, simulation outputs were compared against
published experimental datasets. The hydrogenation reaction time and
the derived NEG values were identified as the two key metrics for per-
formance validation. Pressures below 9 bar cause excessively long hy-
drogenation durations with negligible kinetic significance, whereas
pressures above 20 bar may exceed the mechanical tolerance of the
storage vessel and lead to model instability. Accordingly, the simulation
was performed within 9-15 bar and 15-20 bar intervals to balance re-
action rate, safety, and numerical stability. As summarized in Support-
ing Information of Tables S2 and S3, the simulated values closely
tracked experimental results across all conditions. For example, at 8 bar,
the simulated reaction time was 1400 s versus 1420 s from literature
data, and the corresponding NEG was 15.75 J/s compared to 15.99 J/s.
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Fig. 7. Variation of reaction time and NEG with pressure for straight tube
heat exchanger.

The small discrepancies (<1.5 %) between simulated and reference data
mainly result from manual extraction and interpolation of published
values, as well as minor uncertainties in boundary conditions and ma-
terial properties. These differences are within the acceptable range for
numerical verification, confirming the reliability of the model. Quanti-
tative evaluation yielded mean relative errors of 1.32 % for reaction
time and 1.12 % for NEG, indicating strong agreement and validating
the physical and thermodynamic consistency of the simulation
approach. These low deviations confirm that the NEG metric not only
reflects theoretical efficiency trends but can also be reliably reproduced
using numerical methods, thereby reinforcing its applicability in both
predictive modeling and system optimization tasks.

3.2. Material transferability: Mg-based system validation

To further validate the material independence of the NEG metric,
comparative analyses were conducted using magnesium-based
hydrogen storage systems [47,48]. As shown in Table 1, the results
extracted from prior studies demonstrate consistent pressure-dependent
trends: with increasing pressure, both reaction time and NEG values
decrease, in line with the behaviors previously observed in LaNis-based
systems. For example, the NEG value shifts from +2.50 J/s at 10 bar to
—30.74 J/s at 16 bar, while response time shortens from 605 s to 447 s.
This consistency across different hydride materials supports the trans-
ferability of the NEG metric and highlights its robustness as a universal
performance indicator applicable to multi-material hydrogen storage
systems.

3.3. Performance boundaries and pressure-dependent trends

To evaluate the applicability of NEG in extreme operating condi-
tions, extended simulations were conducted under two pressure re-
gimes: low-pressure (4-6 bar) and high-pressure (18-24 bar) zones. The
straight-tube configuration served as the base model [49]. Fig. 7 illus-
trates the variation of reaction time and NEG across these conditions,
using a color gradient to represent NEG values from +210 J to —210 J.

At low pressures, reaction times increase substantially, and NEG
values appear elevated at low pressures, but this reflects prolonged

Table 1

Reaction time and NEG values for Mg-based [29] storage container.
Pressure (bar) 10 12 14 16
Response Time (s) 605 533 483 447
NEG (J/s) 2.50 —7.82 —18.40 —-30.74
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energy input over extended durations rather than improved thermody-
namic performance. The system becomes inefficient as the extended
duration negates the marginal thermal benefit. Conversely, in the high-
pressure regime, reaction times decrease but with diminishing
improvement. NEG values continue to drop linearly, revealing an energy
penalty that outpaces kinetic enhancement. These trends confirm the
non-monotonic pressure dependency of NEG, validating its utility as a
tool for rapid identification of optimal pressure windows.

The results further indicate that although heat transfer-enhancing
structures (e.g., fins or tubes) can accelerate hydrogenation, they often
incur additional auxiliary energy costs that erode net performance,
particularly under higher pressure conditions. Thus, a performance-
efficiency trade-off emerges. NEG effectively captures this balance by
simultaneously accounting for hydrogen absorption kinetics and energy
input burden, making it a suitable metric for multi-objective structural
evaluations.

3.4. Structure optimization via NEG analysis

Building on the observed NEG-pressure trends and the identified
optimal operation window, this part explores how the NEG metric can be
applied to structural performance evaluation and the rational design of
internal heat exchangers. First, we analyze the relationship between
NEG variation and response time reduction in a baseline straight-tube
heat exchanger configuration. Table 2 summarizes the rate of response
time reduction per unit decrease in NEG across four pressure intervals.
Results reveal a non-monotonic trend in energy-efficiency trade-offs: the
10-12 bar interval yields the highest efficiency gain (123.9 s per J/s
reduction in NEG), while performance benefits diminish beyond this
range. These findings suggest an optimal operating window of 10-12 bar
for the straight-tube configuration, where pressure elevation yields the
most favorable balance between hydrogen uptake kinetics and energy
cost.

Guided by these insights, the improved helical-fin configuration
(Fig. 8) is particularly suitable for rapid hydrogen charging and dis-
charging scenarios such as in hydrogen fuel cells, mobile hydrogen-
powered devices, or small-scale storage systems requiring high respon-
siveness. In contrast, for stationary applications emphasizing economic
efficiency, lower-pressure operation is preferable. This analysis dem-
onstrates that the proposed design effectively balances kinetic
enhancement with practical operational demands. As shown in Table 3,
the results show a substantial performance enhancement, especially
under low-pressure conditions. For instance, at 6 bar, the hydrogenation
time was reduced by 33 %, which from 395 s (literature baseline [34]) to
264 s, while the corresponding NEG value dropped by less than 5 %
(from 70.8 to 67.3 J/s). This asymmetric gain, where a modest energy
trade-off yields significant kinetic improvements, reflects the structure’s
efficiency under energy-constrained conditions. Moreover, even in the
mid-pressure range (8-10 bar), the structure maintained a positive and
stable NEG, demonstrating adaptability across operating conditions. The
reduction in hydrogenation time achieved by the improved helical-fin
structure outweighs the minor decrease in NEG, suggesting that the
energy cost of enhancement remains economically acceptable. In fast-
response scenarios such as hydrogen refueling or fuel-cell vehicles,
operating at slightly higher pressure is advantageous to maximize
throughput. In contrast, stationary energy-storage systems prioritize
cost-effectiveness, where lower pressure operation is preferred to
maintain economic efficiency. This comparison demonstrates the NEG
framework’s ability to quantitatively evaluate the trade-off between
performance improvement and energy expenditure.

Table 2

Response time change per unit NEG reduction across pressure intervals.
Pressure (bar) 8-10 10-12 12-14 14-16
Time Reduction Factor (J/s) 85.8 123.9 28.7 28.2
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Table 3
Performance parameter comparison between fins of literature [37] and
improved fins.

Pressure Literature Simulation Literature Simulation
(bar) time (s) time (s) NEG (J/s) NEG (J/s)
6 395 264 70.8 67.3
8 280 202 62.1 60.1
10 205 190 52.8 44.3
12 189 180 43.3 30.0
14 180 175 29.9 11.7

Compared to previously reported spiral, pin-fin, and PCM-coated
geometries, our design uniquely achieves both the shortest response
time and a consistently positive NEG across the full pressure spectrum.
This marks the first instance, to the best of our knowledge, of a hydrogen
storage structure delivering dual-optimal performance in terms of en-
ergy and kinetics. Furthermore, the results illustrate that the NEG-based
framework can go beyond analysis to actively inform the development
of superior structural solutions. From model construction to structural
application and system-wide validation, this section demonstrates a full-
cycle NEG-driven design pathway. The proposed strategy is not only
computationally accessible but also practically implementable. Given its
robustness and scalability, the design is particularly well-suited for
distributed hydrogen systems, portable energy modules, and applica-
tions where auxiliary power is limited. As such, it represents a versatile
and high-performance template for the next generation of thermally
integrated hydrogen storage systems.

3.5. Practical relevance and comparative advantages

Having demonstrated the value of NEG in guiding structural opti-
mization and validating its practical engineering benefits, it is now
essential to examine the broader significance of NEG as a unified per-
formance metric. This section shifts focus from structural design out-
comes to a methodological analysis of NEG’s comparative strengths,
evaluating how it outperforms conventional indicators under dynamic
and complex conditions. Studies by Atef [36] and Mellouli [18] have
reported that finned structures, while improving localized thermal
performance, often result in increased system complexity, internal flow
resistance, and parasitic heat losses. These adverse effects align with
NEG-based results, wherein higher power inputs and reduced thermo-
dynamic returns are penalized quantitatively. Thus, NEG provides a
consistent interpretation of system-level efficiency beyond traditional
heat transfer metrics.

Furthermore, compared to conventional evaluation criteria such as
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COP (coefficient of performance) or steady-state thermal efficiency,
NEG captures transient dynamics and energy overheads associated with
auxiliary equipment. This makes the metric particularly relevant for
compact and time-dependent systems. It also enables performance
assessment under dynamically changing conditions, an aspect that is
often overlooked by traditional indicators.

Nonetheless, the current implementation of the NEG model assumes
quasi-steady operation and spatial uniformity in heat and mass distri-
bution. While this provides analytical tractability, it may limit predictive
power in large-scale or geometrically complex systems. Future de-
velopments could incorporate spatially resolved models and dynamic
control inputs to enhance applicability.

In summary, the NEG metric exhibits strong agreement with both
simulation and experimental data, performs consistently across different
structures and materials, and reveals nuanced pressure-dependent
trends. It holds substantial promise for guiding the design and optimi-
zation of solid-state hydrogen storage systems, especially in energy-
constrained or performance-critical applications.

4. Conclusion

This study proposes a NEG-based evaluation framework as a unified
metric for assessing heat exchanger performance in solid-state hydrogen
storage systems. By integrating thermal effectiveness with auxiliary
energy input, the NEG model enables system-level energy efficiency
analysis across diverse structural configurations. Comparative simula-
tions of four representative geometries, including U-shaped tubes, jac-
keted surfaces, straight-tube arrays, and fin-enhanced exchangers,
demonstrate that the model effectively captures the balance between
hydrogenation performance and associated energy consumption. While
extended-surface designs accelerate absorption and increase storage
capacity, they often incur higher energy penalties due to added thermal
resistance or flow complexity. In contrast, compact or geometrically
efficient structures achieve higher NEG by optimizing the balance be-
tween heat transfer gain and power input.

The NEG model aligns with experimental observations reported in
the literature and complements traditional thermal performance metrics
such as COP and energy efficiency. Crucially, it extends beyond steady-
state evaluations by incorporating transient behavior, geometric
compactness, and auxiliary load considerations. Although the current
implementation assumes quasi-steady operation and uniform thermal
distribution, the framework is inherently scalable. It provides a robust
foundation for future enhancements involving dynamic heat-mass
coupling, spatial heterogeneity, or material-specific thermophysical
properties. More broadly, the NEG approach offers a generalized,
transferable methodology for optimizing thermal integration in a wide
range of energy-intensive technologies, including fuel cells, thermal
batteries, and power-to-gas systems.
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