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PREFACE 

It is with great pleasure and anticipation that we present to you the inaugural issue of the International 

Journal of Energy Horizon (IJEH), a new open-access, peer-reviewed scientific journal dedicated to 

advancing research and innovation in the field of energy science and technology. 

 

In an era marked by rapid technological change and urgent global challenges—especially the climate crisis 

and the need for sustainable energy solutions—we believe that knowledge must flow freely and 

collaboratively. IJEH was founded with the vision of becoming a vibrant international platform for 

researchers, engineers, and practitioners to share novel findings, discuss emerging trends, and promote 

interdisciplinary dialogue in energy systems, renewable technologies, hydrogen solutions, fuel cells, energy 

policy, and beyond. 

 

This first issue reflects our mission: to bridge academic rigor with real-world relevance. We are proud to 

showcase original research articles and reviews contributed by scholars whose work embodies excellence, 

originality, and impact. 

 

We extend our sincere gratitude to the editorial board, reviewers, and authors who contributed to the 

successful launch of IJEH. Their dedication and collaboration have laid the foundation for what we hope 

will become a respected and influential journal in the energy community. 

 

As we embark on this journey, we warmly invite researchers and professionals from around the world to 

join us—whether as authors, readers, or reviewers—in shaping the future of sustainable energy through 

shared knowledge. 

 

Welcome to the first issue of International Journal of Energy Horizon. 

 

Editorial Team 

International Journal of Energy Horizon (IJEH) 

https://dergipark.org.tr/tr/pub/ijeh 
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A B S T R A C T   

Scramjet (Supersonic Combustion Ramjet) engines are a key propulsion technology for hypersonic flight, where 

stable combustion and efficient fuel–air mixing under supersonic conditions remain fundamental challenges. This 
study presents a two-dimensional computational fluid dynamics (CFD) investigation to optimize cavity geometry 

and fuel injection configurations in a scramjet combustor to enhance mixing and flame stabilization. Rectangular 
and trapezoidal cavity geometries were assessed under varying hydrogen injection pressures (1, 2, and 3 atm) and 

locations (top, middle, and bottom) using ANSYS Fluent. A density-based solver incorporating the SST k-ω 

turbulence model and the Eddy Dissipation Model was employed to simulate reactive flow dynamics. Validation of 
the numerical model was performed through comparison with experimental data, ensuring mesh independence and 

agreement on normalized pressure profiles. Results showed that injection location and cavity geometry significantly 

influence flow recirculation, fuel retention, and temperature distribution. The middle injection at 2 atm in the 
rectangular cavity yielded the most uniform vortex formation and the highest combustion efficiency. In contrast, 

top injection configurations consistently resulted in poor flame holding due to bypassing of the cavity. For the 

trapezoidal cavity, middle and bottom injections at 2 atm exhibited comparable mixing behavior, albeit with lower 
peak temperatures. Overall, the rectangular cavity with centerline injection at 2 atm demonstrated optimal 

performance for sustained combustion in supersonic flow. These findings contribute to the design of efficient 

flameholders in scramjet systems, offering insights for improved performance in future hypersonic propulsion 
applications. 

 

 

 

 

 

 

1. INTRODUCTION 

Supersonic Combustion Ramjet (SCRAMJET) engines are among the most 
promising candidates for hypersonic propulsion, capable of operating efficiently 

at speeds above Mach 5. Unlike traditional rocket systems that rely on onboard 

oxidizers—leading to high propellant mass fractions and limited reusability—
SCRAMJETs utilize atmospheric oxygen for combustion. This significantly 

improves payload capacity and reduces launch costs [1]. 

While ramjets and turbojets perform well at lower supersonic speeds, their 
effectiveness diminishes at hypersonic regimes due to increased flow separation, 

shock–boundary layer interaction, and combustion inefficiencies. SCRAMJETs 

overcome this by sustaining supersonic combustion, enabling continuous thrust at 
high Mach numbers. Nonetheless, key engineering hurdles—such as flame 

stabilization, efficient fuel–air mixing in ultra-short residence times, high thermal 
loads on structural materials, and thermal management—must be resolved [2–4]. 

Flame stabilization in scramjets is particularly challenging due to the supersonic 

flow and short interaction times. Among the studied strategies, cavity-based 
flameholders offer a passive means of anchoring flames via recirculation zones 

that slow and trap the flame within the combustor [5]. Experimental and numerical 

investigations have shown that rectangular, trapezoidal, and strut-assisted cavities 
can enhance flame stabilization under high-speed flows [5-7]. For instance, Liu 

et al. demonstrated ignition and flame stabilization in an ethylene-fueled cavity 

scramjet using high-speed imaging and pressure diagnostics [8]. Moreover, recent 
DNS and LES studies have characterized turbulence–flame interactions within 

cavity shear layers, clarifying how inflow turbulence impacts flame topology and 

stability[3-4] . 

https://dergipark.org.tr/tr/pub/ijeh
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Efficient fuel mixing remains crucial under extreme supersonic conditions. Studies 
by Relangi et al. explored how axisymmetric cavities with angled and transverse 

injections affect mixing, revealing improvements in uniformity and performance 

[9]. Li et al. experimentally demonstrated that adding cavity-floor injection in 

ethylene–air flows can extend stable ignition limits by boosting residence time 

[10]. Other researchers have examined strut-based injectors and their interaction 

with shock-generated vortices, emphasizing the trade-offs between enhanced 
mixing and total pressure losses [11]. 

Combustion dynamics, including thermoacoustic instability and oscillation, 

directly impact durability and control. Jeong et al. applied POD techniques to high-
speed CH* chemiluminescence data, identifying dominant oscillation modes in 

cavity combustors at Mach 2.5 [12]. Newer computational models using shock-

induced stabilization via parallel cavities have been shown to attenuate instabilities 
and maintain stable flames at high Mach regimes [13]. Meanwhile, Huang et al. 

reviewed turbulence modeling and CFD simulation strategies, concluding that 

LES combined with detailed chemistry models offers the most accurate 
predictions of transient processes, including thermal and combustion responses 

[2]. 

Parametric CFD studies remain essential to optimize cavity geometry, fuel 
injection schemes, and operational conditions. Sun et al. assessed ignition 

enhancement techniques for Mach 2 combustors with cavity and floor injection 

under varying equivalence ratios [13]. Zhang and co-workers, analyzing strut/wall 
injection hybrid schemes, reported fuel penetration, flame anchoring, and 

temperature distribution improvements, though pressure losses required further 

mitigation [14]. New numerical work published in late 2024 highlighted that 
cavity length-to-depth ratios of around 4 maximize combustion efficiency while 

minimizing total pressure losses [15]. Collectively, these studies inform the design 

of stable, high-performance supersonic combustors.  

2. NUMERICAL METHODOLOGY AND 

COMPUTATIONAL SETUP 

2.1. Geometric Model 

At The combustor geometry was designed to investigate the effects of cavity shape 
and injection configuration on flame stabilization. Two distinct cavity geometries 

rectangular and trapezoidal were considered. The performance of each was 

evaluated based on fuel–air mixing, recirculation behavior, and combustion 
efficiency. 

A parametric sweep was performed for three offset ratios (Du/D = 1, 2, 3), defined 

as the ratio of the cavity’s front wall length to the rear wall length. For each offset 
ratio, three rear wall ramp angles (θ = 90°, 60°, and 30°) were analyzed. This 

allowed a systematic investigation of cavity shape on internal vortex structure and 

flame anchoring potential. 

In all cases, hydrogen was injected through three discrete positions along the front 

wall—top, middle, and bottom parallel to the main airflow. Injection pressures of 

1 atm, 2 atm, and 3 atm were applied to assess their effect on combustion 
characteristics. 

The main supersonic airflow enters the domain at Mach 3, with a stagnation 

temperature of 1400 K and static pressure of 1 atm. The hydrogen fuel enters at 
Mach 1 and 300 K, under the specified pressure levels. The simulation domain 

was constructed to mirror typical combustor test-section dimensions found in 

experimental studies. 

The main flow was characterized by Mach 3 and 1 atm pressure, with an inlet 

temperature of 1400 K. The fuel inlet was exposed to a series of extreme 

conditions, including temperatures of 300K and velocities of Mach 1, as well as 
variable pressures. 

2.2. Governing Equations And Numerical Modeling 

Approach 

The reactive supersonic flow within the scramjet combustor was modeled as a two-
dimensional, steady, compressible system governed by the conservation laws of 

mass, momentum, and total energy. These equations were solved using ANSYS 

Fluent 2024 R2 with a density-based solver and an implicit formulation. 

The governing equations are as follows: 

1) Continuity Equation (Mass Conservation): 

𝜕𝜌

𝜕𝑡
+ ∇ ⋅ (𝜌𝑣) = 0                                                                                                     (1) 

 

2) Momentum Conservation Equation: 

∂(ρ𝑣⃗⃗)

∂𝑡
+ ∇ ⋅ (ρ𝑣𝑣) = −∇𝑝 + ∇ ⋅ τ + ρ𝑔⃗                                                                  (2) 

where τ is the viscous stress tensor. 

τ𝑖𝑗 = μ(
∂𝑣𝑖

∂𝑥𝑗
+

∂𝑣𝑗

∂𝑥𝑖
) −

2

3
μ(∇ ⋅ 𝑣)δ𝑖𝑗                                                                         (3) 

3) Energy Conservation Equation: 

∂(ρ𝐸)

∂𝑡
+ ∇ ⋅ [𝑣(ρ𝐸 + 𝑝)] = ∇ ⋅ (𝑘eff∇𝑇) + Φ+ 𝑆ℎ                                                  (4) 

𝑆ℎ: heat production term 

𝑘eff: effective thermal conductivity 

Φ: viscous dispersion term 

𝐸: total energy (internal energy + kinetic energy) 

2.2.1. Numerical Model 

In this simulation, the k-ω SST turbulence model is employed to predict the effects 

of disturbances within the flow field with a high degree of accuracy. This model 

is known for its ability to handle complex flow situations, especially in areas with 
strong pressure differences and during transient flow. A primary advantage of the 

present approach is that it offers high accuracy near the wall while maintaining a 

relatively low computational cost compared to other turbulence modelling 
methods. 

The k-ω formulation is applied to enhance accuracy in near-wall regions. The k-ε 

is used in the outer flow regions to blend and allow the SST model to leverage the 
strengths of both formulations. This hybrid approach ensures robust and physically 

consistent turbulence modelling. The k-ω SST model is particularly suitable for 

high-speed flows, such as those found in scramjet combustors [16]. 

∂

∂𝑥𝑖
(ρ𝑘𝑢𝑖) =

∂

∂𝑥𝑖
(Γ𝑘

∂𝑘

∂𝑥𝑗
) + 𝐺𝑘̃ − 𝑌𝑘 + 𝑆𝑘                                                              (5) 

This equation represents turbulent kinetic energy. The right side of the equation 

shows diffusion, production, dispersion and an additional source. 

∂

∂𝑥𝑖
(ρω𝑢𝑖) =

∂

∂𝑥𝑗
(Γω

∂ω

∂𝑥𝑗
) + 𝐺ω − 𝑌ω + 𝐷ω + 𝑆𝜔                                                  (6) 

This equation expresses the transport of specific turbulent dispersion velocity. The 

symbol 𝐷𝜔 denotes the cross-diffusion term. 

𝐷ω = 2(1 − 𝐹1)ρσω2 ⋅
1

ω
⋅
∂𝑘

∂𝑥𝑗
⋅
∂ω

∂𝑥𝑗
                                                                            (7) 

The cross-diffusion term is an important component of the SST model and 
contributes to the ω equation in the transition region. 

Γ𝑘 = μ +
μ𝑡

σ𝑘
,  Γω = μ +

μ𝑡

σω
                                                                                 (8) 

The term ' Γ ' combining the contributions of viscosity and turbulent viscosity in 

turbulent flows. 

μ𝑡 =
ρ𝑘

ω
                                                                                                                     (9) 

The turbulent viscosity definition is used in the SST model. Some versions include 

an SST mixing function. 

∂

∂𝑡
(ρ𝑌𝑖) + ∇ ⋅ (ρ𝑣𝑌𝑖) = −∇ ⋅ 𝐽𝑖⃗⃗⃗ + 𝑅𝑖 + 𝑆𝑖                                                                (10) 

The transport equation for species ‘i’ includes diffusion flux, reaction production 

and external sources. 

The combustion process in supersonic flows is significantly affected by 

turbulence. Considering the considerations, the eddy-dissipation reaction model 

was employed, incorporating the turbulence intensity in the calculations. The 
process under consideration is a one-stage chemical reaction between air and 

hydrogen, represented by the following formula: 2H2+O2→2H2O . 

𝑅𝑖 = min(
𝐴ρϵ

𝑘
⋅
𝑌fuel

νfuel
,
𝐵ρϵ

𝑘
⋅
𝑌oxid

νoxid
)                                                                               (11) 

The reaction rate in this equation is determined by the turbulent mixing ratio. 

𝜈: Stoichiometric coefficient 

𝑌fuel: Mass fraction of H₂ 

𝑌oxid: Mass fraction of O₂ 
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The numerical analysis was conducted using commercial software, namely 
ANSYS-Fluent 2024 R2. In numerical analysis, the Coupled method was 

employed for the pressure-velocity pair, while the second-order UPWIND method 

was utilized for the discretization of the conservation equations. The convergence 

criteria were accepted as 10-5 for the mass and momentum conservation equations 

and 10-5 for the energy conservation equations. The numerical analyses were 

terminated when the convergence criteria were met. 

2.3. Mesh & Boundary Conditions 

To ensure numerical accuracy and solution stability, a high-quality structured 

mesh was generated, with localized refinement in the cavity region where complex 

recirculation and mixing phenomena are expected. The mesh quality was 
quantitatively evaluated based on element quality, aspect ratio, skewness, and 

orthogonal quality, as summarized in Table 1. The average element quality 
exceeded 0.95, indicating minimal distortion and excellent grid resolution in 

regions of interest. Skewness values remained below 0.17, and the orthogonal 

quality was consistently above 0.96, supporting accurate resolution of steep 
gradients in pressure and temperature. The computational domain, including the 

location of the cavity, injectors, and boundary conditions, is illustrated in Figure 

1, which highlights the key regions of flow development and fuel–air interaction. 
Boundary conditions were applied to reflect realistic scramjet operating 

conditions: the main airflow was introduced at Mach 3 with a static pressure of 1 

atm and a total temperature of 1400 K, while the hydrogen fuel was injected at 
Mach 1 and 300 K from three separate locations along the front cavity wall at 

pressures of 1 atm, 2 atm, and 3 atm. All walls were modeled as adiabatic and no-

slip, and a pressure outlet was imposed downstream to allow unrestrained flow 
development. The inlet gas compositions used in all simulations are detailed in 

Table 2, with consistent species mass fractions applied for both air and hydrogen 

in each case. This meshing and boundary setup provided a robust framework for 
capturing the high-speed reactive flow characteristics critical to flame stabilization 

in scramjet cavities. 

Table 1. Mesh metrics 

 Min Max Average 

Element Quality 0.91389 0.99997 0.95149 

Aspect Ratio 1.0011 1.4983 1.3608 

Skewness 1.6287e-006 0.16422 2.6285e-002 

Orthogonal 

Quality 

0.96694 1 0.99717 

 

Table 2. Fluid inlet properties 

Fluid P (atm) T (K) Mach 

Air 1 1200 3 

H2 1,2,3 300 1 

 

 

Fig.1 Computational domain 

3. VALIDATION 

The numerical model was validated through a two-stage process to ensure the 
reliability of the simulation results. First, a mesh independence study was 

conducted to determine the optimal number of grid elements required to achieve 

stable and accurate results. As shown in Figure 3(b) the normalized pressure value 
at the flameholder surface plateaued beyond 76,000 elements, with variations 

remaining below 0.1%, confirming numerical independence and justifying the 

selected mesh density for subsequent simulations. The second stage of validation 
involved direct comparison of numerical predictions with experimental data 

reported by Gruber et al. (2001). The experimental setup used in their study is 

schematically illustrated in Figure 2, including the combustor geometry and 

flameholder placement. Key validation metrics were extracted from the 

normalized pressure distribution along the flameholder surface, calculated as the 

ratio of local pressure to inlet pressure. A comparison of numerical and 
experimental results is presented in Figure 3 (a), demonstrating strong agreement 

in both trend and magnitude, particularly in the effective distance from the leading 

edge of the flameholder to the location of peak pressure. These results confirm the 
model’s capability to accurately replicate critical flow features relevant to 

combustion stabilization in supersonic flow regimes. The validated mesh and 

numerical approach were then employed for further parametric investigations [17]. 

 

Fig.2. Experimental setup 

 

Fig.3. (a) Experimental and CFD results [18]. (b) Element number comparison 

3.1. Cavity Geometry Validation 

A detailed geometric analysis was performed to determine the optimal cavity 

configuration for effective flame stabilization in supersonic flow. Two critical 
geometric parameters were examined: the offset ratio (Du/D) and the rear wall 

ramp angle (θ). The offset ratio, defined as the ratio of the front to rear wall lengths, 

was evaluated at values of 1, 2, and 3. The comparison of normalized cavity 

pressure for these cases is shown in Figure 4, indicating that Du/D = 1 yields the 

highest pressure buildup within the cavity region. This pressure enhancement 

corresponds to stronger recirculation and increased fuel residence time—factors 
known to support stable combustion. Contour plots of pressure, velocity, and 

temperature for each offset ratio are presented in Figure 5 (a-c), where Du/D = 1 
clearly demonstrates superior vortex formation and thermal buildup in the cavity, 

further supporting its selection. 
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Fig.4 Comparison of O.R. 

 

Fig.5. (a) Pressure contours of different O.R. (b) Velocity contours of different 

O.R. (c) Temp. contours of different O.R. 

 

Fig.6. Comparison of ramp angles 

 

Fig.7. (a) Pressure contours of different ramp angles (b) Velocity contours of 

different ramp angles (c) Temp. contours of different ramp angles. 

After identifying Du/D = 1 as optimal, the influence of the rear wall ramp angle 
was investigated by comparing 90°, 60°, and 30° configurations. As shown in 

Figure 6, which compares normalized pressure across these ramp angles, the 

differences were marginal. Although the 30° case displayed slight flow non-
uniformities near the trailing edge, as seen in the contour plots of Figures 3.2.6 to 

3.2.8, the overall pressure, velocity, and temperature distributions remained 

largely consistent across all angles. These findings confirm that while the offset 
ratio significantly impacts cavity performance, the ramp angle plays a secondary 

role. Therefore, the rectangular cavity with Du/D = 1 and rear wall angles of 90° 

and 60° was selected for subsequent combustion analysis and parametric studies. 

4. VALIDATION PARAMETRIC STUDIES 

To evaluate the influence of injector placement and pressure on combustion 

performance, a parametric investigation was carried out using the validated 
rectangular and trapezoidal cavity geometries. The configuration of both cavity 

types, along with the location of top, middle, and bottom injectors, is depicted in 

Figure 8. Each case was analyzed at three injection pressures (1 atm, 2 atm, and 3 
atm), and the results are interpreted through pressure, velocity, temperature, and 

hydrogen concentration contours. These four variables collectively describe the 

flameholding potential and fuel–air mixing efficiency in supersonic conditions. 

 

Fig.8. Rectangular and trapezoidal cavity configuration 

At 1 atm injection pressure, bottom injection yielded the most effective flame 
anchoring conditions. The pressure distribution was more uniform and elevated 

within the cavity compared to middle and top injection, which suffered from 

underdeveloped recirculation zones and low cavity pressure. Velocity contours 
confirmed strong vortex formation only in the bottom configuration, which 

promoted enhanced fuel residence and mixing. Correspondingly, temperature 

fields showed high thermal intensity concentrated near the cavity step, indicating 
robust combustion. Hydrogen distribution maps also revealed that bottom 

injections enable dense and uniform fuel mixing across the cavity. These trends, 

which are visualized in the four sub-contours of Figure 9, support the conclusion 
that bottom injection at 1 atm provides the most favorable aerodynamic and 

thermochemical characteristics for flame stabilization. 

Increasing the injection pressure to 2 atm enhanced overall performance, 
particularly for the middle injection configuration. Compared to 1 atm, both 

pressure and temperature contours showed improved flameholding conditions, 

with middle injection producing the highest internal cavity temperature. Velocity 
fields reflected fully developed recirculation with a more symmetric flow pattern 

in the middle injection case, while bottom injection retained strong mixing 
behavior with slightly reduced thermal uniformity. Hydrogen concentration fields, 

especially in the cavity core, were denser and more uniformly distributed in the 
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middle injection case [19]. These combined effects, captured in Figure 10, suggest 
that 2 atm injection from the middle position achieves optimal balance between 

mixing efficiency and combustion stability. 

 

 

Fig.9. The three injection location at 1 atm (a) Pressure contours (b) Velocity 
contours (c) Temp. contours. (d) Hydrogen concentration. 

 

 

Fig.10. The three injection location at 2 atm (a) Pressure contours (b) Velocity 
contours (c) Temp. contours. (d) Hydrogen concentration. 

 

 

 

 

Fig.11. The three injection location at 3 atm (a) Pressure contours (b) Velocity 

contours (c) Temp. contours. (d) Hydrogen concentration. 

At 3 atm injection pressure, performance began to deteriorate. Although pressure 

levels within the cavity increased further, the gradients became non-uniform and 

less stable, particularly in the bottom and middle injector configurations. The 
resulting pressure asymmetry introduced adverse flow structures, weakening the 

flameholding zone. Velocity contours demonstrated distorted recirculation, and 

temperature fields failed to show significant improvement over the 2 atm case. In 
fact, the temperature rise plateaued, and the hydrogen distribution became less 

compact and uneven. These findings, which are illustrated in Figure 11, indicate 

that excessive injection pressure can negatively affect flow stability and 
combustion uniformity, with diminishing returns above 2 atm. 

Analysis of the 60° trapezoidal cavity geometry at 1 atm injection pressure 

demonstrated that both middle and bottom injector configurations produced viable 
flow recirculation. However, middle injection resulted in more homogeneous 

pressure distribution and temperature fields, while bottom injection concentrated 

combustion near the cavity base with higher thermal peaks. Velocity fields for 
both cases revealed functional vortex structures, although those from the bottom 

injection extended deeper into the cavity. Hydrogen concentration was denser in 

the lower cavity region for bottom injection, whereas middle injection promoted a 
more distributed mixture across the cavity center. These results, synthesized in 

Figure 12, suggest that middle injection may provide improved balance between 

stability and mixture uniformity in trapezoidal cavities operating at lower 
pressures. 

At 2 atm, the trapezoidal geometry showed further improvements in combustion 

behavior. Both middle and bottom injection cases achieved strong and stable 
recirculation zones, as observed from velocity and hydrogen distribution contours. 

Pressure gradients remained smooth, and temperature fields revealed high thermal 

intensity distributed more evenly across the cavity length. Importantly, middle 
injection allowed the fuel to remain centered within the cavity, supporting 

enhanced residence time and mixing quality. These behaviors are documented in 

Figure 13, which highlights the enhanced flameholding and combustion efficiency 
attainable with moderate-pressure injection in optimized cavity geometries. 

Compared to the rectangular cavity, the trapezoidal form provided slightly lower 

peak temperatures but demonstrated more stable fuel retention and reduced 
thermal stress near solid boundaries. 

 

 

 

 



B. Akın et al. International Journal of Energy Horizon 1(1) (2025) 1-7 

6 

 

 

 

Fig.12. The Mid and Bottom Injection location of 60° backwall at 1 atm (a) 

Pressure contours (b) Velocity contours (c) Temp. contours. (d) Hydrogen 
concentration. 

 

 

Fig.13. The Mid and Bottom Injection location of 60° backwall at 2 atm (a) 
Pressure contours (b) Velocity contours (c) Temp. contours. (d) Hydrogen 

concentration. 

5. CONCLUSION 

This study presented a comprehensive CFD-based investigation into the effects of 

cavity geometry and fuel injection configuration on flame stabilization in 

supersonic scramjet combustors. Two cavity types rectangular and trapezoidal 

were evaluated through parametric variations in offset ratio, ramp angle, injection 

location, and injection pressure. The simulation results validated against 

experimental data and subjected to mesh independence checks revealed significant 
dependencies between cavity design, injector setup, and combustion behavior. 

Among the tested geometries, the rectangular cavity with an offset ratio of Du/D 

= 1 demonstrated the most effective vortex formation and pressure retention, 
supporting its selection for detailed analysis. While variations in ramp angle had 

a negligible impact on combustion-relevant flow fields, injection location and 

pressure were found to be critical. The middle injection at 2 atm provided the most 
balanced combination of pressure stability, thermal development, and fuel 

retention. This configuration consistently yielded strong recirculation, high 

combustion efficiency, and uniform hydrogen mixing. In contrast, top injection 
failed to promote adequate fuel-air interaction, and increasing the injection 

pressure to 3 atm did not produce significant performance benefits in some cases, 

it introduced flow instability. 

Comparative analyses also indicated that the 60° trapezoidal cavity geometry, 
while slightly less efficient thermally, offered improved mixture distribution and 

lower thermal gradients along cavity walls. This may be advantageous in reducing 

thermal stress and material fatigue in practical applications. 

Overall, the findings highlight the critical role of cavity design and injector 

strategy in determining scramjet combustor performance. The identified 

configuration rectangular cavity, centerline injection at 2 atm provides a promising 
design baseline for future experimental validation and hardware development. 

Future studies may extend these findings by incorporating angled or pulsed 

injection strategies, as well as exploring multi-element cavity interactions under 
transient flow conditions. 
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A B S T R A C T   

This study presents an economic comparison of four hybrid thermochemical hydrogen production cycles powered 
by nuclear energy, using the IAEA’s HEEP software. The analysis includes estimations of capital expenditures 

(CAPEX) for each cycle, calculated as $200 million for HyS, $264 million for CuCl, $462 million for MgCl, and 

$210 million for CaBr. Based on these estimates, the corresponding hydrogen production costs are determined to be 

below $2.80/kg for HyS, $2.99/kg for CuCl, and $3.61/kg for MgCl. The cost for the CaBr cycle falls within the 

range of $2.86–$3.03/kg. Although the HyS cycle is no longer pursued due to challenges associated with its 

electrolysis step, the CuCl cycle emerges as the most economically favorable and thoroughly investigated alternative 
among the evaluated options. 

 

 

 

 

 

 

 

1. INTRODUCTION 

Thermochemical cycles are recognized for their potential to lower hydrogen 
production costs and improve efficiency. However, their reliance on high 

operating temperatures introduces significant safety risks and technical 

challenges, including issues related to material stability and operational longevity 
[1,6,8,12]. To address these limitations, hybrid cycles have been developed, which 

combine thermal energy with electricity input to facilitate specific reaction steps 

[5]. These hybrid thermochemical processes are particularly attractive due to their 
ability to operate at comparatively lower temperatures by integrating at least one 

electrochemical step, often involving electrolysis. 

The first notable example of such a system is the ISPRA Mark 11, also known as 
the Westinghouse HyS cycle. It operates at a peak temperature of 1120 K and 

features a low-voltage electrolysis step (~0.16 V), aiming to balance efficiency 

and operational simplicity. While its high-temperature requirement might suggest 

feasibility concerns, its cyclic operation avoids complex chemical handling and 

has demonstrated performance levels comparable to those of more intricate high-
temperature thermochemical cycles [7]. The Cu-Cl cycle, initially introduced in 

hybrid form by Dokiya and the U.S. Institute of Gas Technology [2], presents a 

maximum reaction temperature of about 800 K—substantially lower than that 
required for pure thermolysis. Although early progress was limited, interest in the 

Cu-Cl cycle was renewed decades later, and it has since become one of the most 

extensively researched hydrogen production methods [14]. Ongoing research is 
supported by institutions such as Argonne National Laboratory (ANL), Atomic 

Energy of Canada Limited (AECL), and Ontario Tech University. 

Other noteworthy hybrid cycles include the modified CaBr cycle, adapted from 
the UT-3 process, which operates at around 1020 K and involves an electrolysis 

step requiring 0.8 V, and the Mg-Cl cycle, which is a refinement of the chlorine-

based hybrid cycle, functioning at 730 K with an electrolysis voltage of 0.99 V. A 

https://dergipark.org.tr/tr/pub/ijeh
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schematic overview of these hybrid thermochemical cycles is provided in Figure 
1. 

 

 

Fig. 1. Schematics of selected hybrid thermochemical cycles (adapted from [3]) 

2. MATERIALS AND METHODS 

The HEEP software is employed to carry out economic evaluations of selected 

hybrid thermochemical cycles through a series of case studies [3]. As the current 
HEEP database lacks specific data on medium-temperature nuclear reactors, 

customized scenarios are created by incorporating key parameters such as thermal 

power output, efficiency, and the distribution of thermal energy between power 
generation and hydrogen production systems. Ideally, cost analyses for the MgCl 

and Cu-Cl cycles should be based on reactors like the SCWR or other comparable 

nuclear systems operating at similar thermal capacities. However, due to their 
absence in the HEEP database, the High Temperature Gas Reactor (HTGR) is 

adopted as the reference source for both heat and electricity supply in the 

simulations [9]. Figure 2 presents the thermal output characteristics and associated 
economic parameters of the HTGR as listed in the HEEP database, along with the 

relevant data for the modeled hydrogen production plants. 

 

Fig 2. Thermal rating and economic data of the high temperature gas reactor at 

HEEP database (a) and corresponding hydrogen generation plants (b) CuCl, (c) 
MgCl (d) CaBr (e) HyS 

3. RESULTS AND DISCUSSION 

The HEEP (Hydrogen Economic Evaluation Program) tool was used to evaluate 

and tabulate the economic performance of selected hybrid thermochemical 

hydrogen production cycles, as summarized in Table 1. For the Cu-Cl cycle, the 

system requires approximately 133.1 MJ of electricity and 308 MJ of thermal 

energy per kilo mole of hydrogen under practical operating conditions. Given a 
thermal-to-electric conversion efficiency near 50% for the High Temperature Gas 

Reactor (HTGR), this implies that about 270 MJ of thermal input is needed for 

electricity generation, leading to a total thermal energy demand of around 580 MJ 
per kilo mole of hydrogen produced. In configuring the reactor system, both the 

thermal and electrical demands are taken into account. Within HEEP, when a 

power generation module is integrated into the plant design, the software 
automatically assigns 25% of the capital expenditure (CAPEX) to the power 

generation infrastructure. Based on energy input, the system is expected to 

generate 1 kilo mole of hydrogen per second, equating to approximately 2 kg/s. 
On an annual basis, assuming an 85% capacity factor, this results in 53.7 million 

kg of hydrogen production. 

The CAPEX for a large-scale Cu-Cl plant operating at this capacity is estimated 
at USD 264 million. Notably, a major portion of this cost is associated with 

electrolyzer units, although reactor size and auxiliary systems also contribute 

significantly. The levelized cost of hydrogen (LCOH) for this configuration is 

determined to be approximately $2.99/kg, with the bulk of this cost attributed to 

capital and operation & maintenance (O&M) expenses. For the Mg-Cl cycle, 

which follows a three-step configuration, theoretical thermal and electrical 
demands are 152 MJ and 191 MJ per kg of hydrogen, respectively. However, 

drawing comparisons directly to Cu-Cl is problematic, as practical considerations 

such as lower reaction yields, higher steam-to-metal ratios, and extended residence 
times significantly impact real-world performance. A more representative 

evaluation, as discussed in Ozcan & Dincer [10], suggests practical heat and power 

requirements of 287 MJ and 298 MJ per kg of hydrogen. Consequently, the 
associated plant CAPEX is markedly higher—estimated at USD 462 million for 

the same annual hydrogen output. This results in a hydrogen production cost of 

around $3.61/kg, which is consistent with previous exergoeconomic analyses of 
enhanced four-step MgCl cycles, reporting LCOH values up to $3.87/kg [11]. 

Interestingly, due to greater electricity generation capacity in this configuration, 

electricity unit cost is slightly lower. However, the share of electrolyzer-related 
CAPEX is as high as 30%, reflecting the system’s high dependence on electricity-

driven reactions. 

The Hybrid Ca-Br cycle, a variant of the UT-3 process, has received comparatively 

limited attention due to its high-temperature operation requirements. Nevertheless, 

preliminary economic projections can be made by aligning its operational profile 

with that of high-temperature reactor systems [13]. The Ca-Br cycle requires 
roughly 116 MJ of thermal energy and 282 MJ of electrical energy per kilo mole 

of hydrogen. Using ideal assumptions, the total CAPEX is estimated at USD 210 

million for an annual production of 53.7 million kg of hydrogen. This results in a 
hydrogen cost of approximately $2.86/kg. However, in less-than-ideal scenarios—

where elevated steam-to-metal ratios and substantial overpotentials increase 

electrolysis energy consumption—CAPEX may rise by 30%, pushing hydrogen 
costs up to around $3.03/kg. In the base-case scenario, about 20% of the total 

hydrogen cost stems from capital expenses; under more demanding conditions, 

this share could increase significantly. 

The final case study focuses on the HyS (Hybrid Sulfur) cycle, widely recognized 

as one of the most mature hybrid thermochemical cycles. It utilizes a depolarized 

electrolysis step involving sulfur dioxide (SO₂), which theoretically reduces the 
electrical energy demand to about 15% of that required for conventional water 

electrolysis. However, in practice, significant overpotentials can elevate the actual 
cell voltage beyond 0.6 V—nearly triple the theoretical value [4]. For a more 

grounded estimation, an operational voltage of 0.4 V is assumed in this study, 

raising the total power consumption by roughly 50%. The HTGR reactor 
contribution is lower in this configuration since only one major thermal 

decomposition step is present. Nevertheless, the higher operational temperature 

requirements introduce additional engineering and cost challenges. Under these 
assumptions, the total CAPEX of the HTRG-HyS system is estimated at USD 200 

million, resulting in a hydrogen cost of around $2.80/kg. Despite accounting for 

realistic overpotentials and thermal demands, the HyS cycle still delivers the 
lowest hydrogen production cost among the cycles studied—highlighting its 

economic promise, provided that electrolysis system complexity and safety can be 

effectively managed. 

Table 1. HEEP results summary for the cycles 

 

From a broader perspective, this comparative assessment reveals key trade-offs 

between capital intensity, reaction temperature, and electrochemical efficiency 



O. Bayram and A. Tozlu. International Journal of Energy Horizon 1(1) (2025) 8-10 

 

10 

 

 

across hybrid thermochemical cycles. While the Cu-Cl cycle offers a compelling 
compromise between system complexity and cost, its reliance on high-

performance electrolyzers may pose scalability concerns. The Mg-Cl cycle, 

although chemically promising, suffers from significant CAPEX inflation when 

practical parameters are included, making it less economically attractive in the 

near term. The Ca-Br cycle stands out for its moderate CAPEX and flexible 

thermal integration, although it lacks the maturity and experimental validation of 
other options. The HyS cycle, despite technical difficulties associated with SO₂ 

handling and high-temperature electrolysis, remains cost-competitive largely due 

to its favorable energy distribution and simplified reaction steps. However, future 
advancements in materials for high-temperature electrochemical cells and 

improved integration with advanced nuclear systems (e.g., Gen-IV reactors) may 

dramatically alter the cost landscape, particularly for high-temperature cycles like 
Mg-Cl and Ca-Br. 

4. CONCLUSIONS 

Despite ongoing research and development efforts, none of the evaluated hybrid 
cycles are fully mature for commercial deployment. The HyS cycle appears to be 

the most technologically advanced and closest to market readiness, supported by 

pilot-scale demonstrations and a more established research foundation. However, 
both HyS and Cu-Cl cycles face significant technical barriers, particularly in the 

domain of electrochemical process development. High-temperature and 

depolarized electrolysis technologies remain complex, energy-intensive, and 
prone to degradation, which currently limits their scalability and commercial 

feasibility. The Mg-Cl cycle, although based on the well-established hydrochloric 

acid electrolysis process—which has been used in industrial applications for 
decades—yields significantly higher hydrogen production costs under realistic 

process conditions. These costs are primarily driven by elevated electricity 

consumption and associated capital requirements for electrolysis infrastructure. 
While theoretical or idealized evaluations may suggest hydrogen production costs 

below $3/kg, such values are overly optimistic and do not reflect the technical and 

operational constraints observed in practice. Future progress will depend on 
coordinated R&D efforts that span thermochemical engineering, advanced 

materials science, and nuclear-thermal system integration. In parallel, software 

tools such as HEEP should evolve to include a broader spectrum of reactor types, 
enabling more precise economic modeling of medium-temperature cycles. Only 

through such holistic and interdisciplinary approaches can hybrid thermochemical 

hydrogen production evolve into a commercially viable and sustainable energy 
pathway. 
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A B S T R A C T   

Phase change materials have an important role in the field of energy storage. However, due to their low thermal 
conductivity, transferring applied heat to the entire system is difficult. It negatively affects the lack of use of the 

systems. Researchers are investigating many applications to prevent this and increase the thermal conductivity of 

the system. One of these methods is the application of metal foam (MF) embedded inside the phase change material 
(PCM) in the system. This study investigated the melting and natural convection characteristics of a 2D-designed 

rectangular cavity, and copper and aluminium MFs were placed inside this cavity, which was separated into two 

equal compartments. The porosity of these MFs was ɛ=0.90 and 0.95, and their proximity to the heat source was 
examined. The Brinkman-Forchheimer extended Darcy model was used in the cases solved based on the finite 

volume and enthalpy-porosity method. The results showed that RC4 is the case that shows the fastest melting 
performance, and the solid-liquid interface is not affected by natural convection. Increasing the porosity from ɛ=0.90 

to 0.95 caused natural convection to occur. In these parameters, natural convection increases the thermal resistance 

and makes it difficult to transfer heat to unmelted phase change materials. It was determined that RC1 is the case 
that shows the fastest melting after RC4. The melting times of RC4 in Section 1 (S1) and Section 2 (S2) are 2.5 and 

1.4 times faster than RC1, respectively. Besides, the placement of MF and porosity significantly affected the Nusselt 

number (Nu). The average Nu of RC4 is higher than that of RC1, and RC5 at the rate of 34.4% and 48.4%, 
respectively. As melting progressed, a stationary region was formed in the center of the cavity due to melted PCM 

moving upward from the hot wall to the cold section. 

 

 

1. INTRODUCTION 

Renewable energy sources, such as solar, wind, hydroelectric, etc., offer high 

amounts of usable energy, and the amount of instantaneous energy provided by 
solar is especially much higher than the current human usage needs [1]. However, 

the sustainability of these sources is very limited because of daily, seasonal, and 

yearly changes [2]. Considering these limitations and the ecological impacts of 
non-renewable energy sources, it is necessary to take action to store energy from 

a high-capacity source. Energy storage collects energy when it is in excess and 

makes it available when demand is high [3]. Energy can be stored with the help of 
several methods: thermal, mechanical, chemical, magnetic, and electric [4]. Each 

of these methods is a remarkable method, and the leading method among them is 

thermal energy storage (TES). TES systems are engineered to store thermal energy 
through heating, cooling, melting, condensation, or vaporization of a material. 

Based on the temperature range of operation, these materials are maintained at 

elevated or reduced temperatures within an insulated container. The stored energy 
is then retrieved for various purposes, including residential and industrial 

applications such as space heating or cooling, hot water generation, or power 

production. 

Thermal energy can be stored in many ways and this classification has been 

presented by [5]. As stated in their study, sensible, latent, and thermo-chemical 

methods carry out the storage process in TES. Among these methods, the latent 
heat thermal energy storage (LHTES) method uses phase change material (PCM). 

This material has become the focus of more research and interest compared to 
other methods due to its advantages, such as high heat storage capacity, isothermal 

behaviour during melting and freezing processes, and minimum system size [6, 7].  

Although PCM has significant advantages, there are also serious disadvantages to 
its use in thermal systems, such as low thermal conductivity. However, it has been 

proven by many researchers using experimental and numerical analyses that this 

disadvantage can be improved by making enhancement applications, including 
metal foams (MFs), nanoparticles, magnetic fields, etc., on the systems, and some 

of these studies in renewable energy systems are numerically investigated an 

innovative 3D photovoltaic thermal (PVT) system integrated with PCM and MF 
[8]. By introducing copper (Cu) MF with varying porosities (ε) within the PCM 

compartment and employing nanofluid as the working fluid, the research evaluates 

the effects of parameters such as mass flow rate, nanofluid concentration, and ε on 
thermal and electrical performance.  
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Results indicate that increasing ε from 0.2 to 0.8 enhances thermal efficiency by 
33%, with a slight electrical efficiency decrease of 2.6%. Additionally, the 

PVT/PCM+Cu MF system achieves a 25.4% higher thermal efficiency compared 

to the PVT/PCM configuration, underscoring the effectiveness of incorporating 

Cu MF. To enhance the melting rate of MF composite PCM, partial and gradient 

optimizations of the MF pore densities (ω) were explored by Li et al. [9]. Among 

the partially optimized models, Partial-80-5-5 exhibited the most efficient melting, 
highlighting that increasing ω in the top region significantly accelerates the 

melting process. Further analysis of models with varying top-region ω confirmed 

that higher densities lead to faster melting. Gradient optimizations, such as 
Gradient-80-40-5, achieved the fastest melting rate overall. This performance is 

attributed to strong vortex formation at the bottom region, induced by suppressed 

natural convection in the top and middle regions with high ω. Ami Ahmadi et al.  
explored using gradient MFs with graded ε to improve TES performance.  

Numerical simulations of a shell-and-tube TES unit showed that arranging MFs 

with ɛ ranging from 0.65 to 0.94 in the PCM domain reduces charging time and 
entropy generation [10]. Optimized designs achieved a 3.35% faster charging time 

and 7.96% lower entropy generation compared to uniform ε, demonstrating the 

effectiveness of gradient MFs. Prasanth et al. focused on enhancing the thermal 
conductivity of PCMs for solar thermal energy storage using Cu MF and 

Cu/aluminium (Al) wire-woven MF structures [11]. LHTES systems with a 300 

KJ capacity were designed. Both PCM-Al wire woven MF and PCM-Cu MF 

composites exhibited similar melting times, but the heat extraction performance 

of the Al wire woven MF was comparable to Cu MF. Thermal efficiency ranged 

from 60–70% with water and 80–85% with air as heat extraction media. Heat 
extraction lasted 3–4 hours with cold water and 7–8 hours with cold air, increasing 

the outlet temperature by 2–2.5 times the inlet temperature. A pore-scale numerical 

model is developed by Parida et al.  to simulate the melting of PCMs in PCM-MF 
composite energy storage systems [12].  

Unlike volume-averaged approaches, this model resolves the MF geometry, 

enabling accurate analysis of ω, distribution, and localized heat transfer at the 
PCM-MF interface. Incorporating convection effects, the model uses an enthalpy-

based Finite Volume Method (FVM) and is validated against experimental data. 

Results show that convection significantly enhances melting and energy storage 
rates, particularly for MFs with higher ε and larger ω. Nie et al. investigated the 

effect of geometry on the melting and solidification behaviour of PCMs in seven 

vertical shell-tube LHTES systems [13]. Both pure PCM (paraffin RT82) and 
composite PCM (paraffin RT82 embedded in Cu MF) are examined. A two-

dimensional numerical model based on the enthalpy-porosity method (EPM) is 
developed and validated with experimental data. Results show that the conical 

shell system enhances natural convection, while the frustum tube system improves 

both convection and conduction. Geometry modification reduces melting time by 
at least 9.2% for pure PCM and 5.9% for composite PCM. The frustum tube 

system outperforms the conical shell system in both melting and solidification 

processes, regardless of the MF or working fluid used. Karimi et al. explored the 
use of PCMs in LHTES systems for buildings, addressing the issue of low thermal 

conductivity that limits charge/discharge rates [14].  

A new design incorporating a helical coil filled with PCM on both sides and Cu 
MFs (ε=0.9 and ω=12 PPI) in the inner region is proposed to enhance heat transfer. 

The effects of parameters such as HTF inlet flow rate, temperature, and MF on 

thermal performance are analysed experimentally. Results show that MF can 
reduce charge/discharge time by up to 57%, with greater reductions observed at 

higher inlet working fluid temperatures. Increasing the working fluid flow rate 

slightly shortens charging time, especially with MF, and accelerates discharge 
time, with faster depletion at lower working fluid inlet temperatures. Ghalambaz 

et al. investigated the effect of MF layer configurations on melting time in a system 

with parallel channel enclosures [15]. Three configurations were tested: half-split, 
L-shape, and diagonal foam layers. The optimal design was a horizontal split with 

a light foam layer at the top, which reduced charging time by 32%, completing the 

process in 837 seconds. Liu et al. examined the use of MF structures with varying 
ε gradients and multiple PCMs with different melting points to enhance PCM 

melting and improve system efficiency [16].  

Results show that using multiple PCMs reduced melting time by 9.18% compared 
to a single PCM with uniform MF. A multi-PCM system with ε=0.90 was tested 

with one-dimensional and two-dimensional porosity gradients. The one-

dimensional positive gradient reduced melting time by 6.18%, while the negative 
gradient increased it by 19.78%, though the negative gradient minimized 

temperature non-uniformity. The optimal two-dimensional gradient model 

reduced melting time by 17.96% and increased energy storage efficiency by 
20.16% compared to the single PCM system with uniform ε. A dimensionless 

analysis was also conducted to model liquid fraction (β) about Fourier, Stefan, and 

Rayleigh numbers. Joshi and Rathod, compared the thermal performance of fins 
and MF infusion in LHTES systems with identical compactness factors [17]. An 

experimental test rig validated a numerical model based on the coupled EPM. 
Results show that fins enhance thermal transport by 50% during melting and 

5.56% during solidification compared to pure PCM. MF infusion improves 

thermal transport by 16.67% during melting and 33.33% during solidification. 

Fins accelerate melting by 66.67%, but MF enhances solidification by 29.41%. 

Overall, MF reduces total cycle time by 15%, making it a more effective thermal 

performance enhancer than fins. This numerical study conducted by Haddad et al. 
optimized the melting performance of TES partially filled with MF [18].  

A FVM based on the EPM was used for simulations, exploring the effects of foam 

location, ε, and nanoparticle volume fraction. The results show that inserting the 
MF layer diagonally from the top left to right bottom minimizes melting time. 

Compared to pure PCM, the melting time increases by 77.7%, while stored energy 

decreases by 6.7%. The optimal ε is 0.88, offering nearly the same stored energy 
as pure PCM with a 4% deviation. Adding nanoparticles enhances the melting rate 

by 8% but reduces stored energy by 3%. Hybrid systems combining MF at optimal 

ε and nanoparticles are more efficient than using each technique separately. 
Mehryan et al. investigated the melting heat transfer of capric acid PCM in a TES, 

using Cu nanoparticles and Cu MF to improve charging time [19].  

The EPM, combined with the FVM, simulates the free convection melting heat 
transfer of composite PCM. The ε, shape of the Cu MF layer, and nanoparticle 

volume fraction were optimized using the Taguchi approach to minimize charging 

time. Results showed that a left-right triangle porous zone minimized charging 
time. Higher ε and nanoparticle volume fraction further reduced charging time. 

The optimal combination of Cu MF, Cu nanoparticles, and MF design reduced 

melting time by three times, with a 12.8% and 21.96% reduction in charging time 
for MF zone configurations. Chibani et al. investigated the melting process of 

PCM embedded with nanoparticles and MF in a shell-and-tube LHTES, using 

numerical simulations [20].  

The model was first validated with experimental data. The effects of adding 5% 

Al2O3 nanoparticles and using various MFs (Al, Cu, Nickel, Titanium) with ε 

ranging from 0.96 to 0.99 were compared regarding temperature and liquid 
fraction during melting. The MF-PCM systems outperformed pure and nano-

enhanced PCM, significantly reducing melting time. The effectiveness of the MFs 

followed the thermal conductivity order: Cu>Al>Ni>Ti. Increasing ε reduced 
melting time, with the highest porosity (ε=0.99) yielding the best performance. 

This study optimizes the design for improved practical application and reduced 

energy waste. 

When the literature is examined, many methods and configurations have been used 

and examined to increase the thermal conductivity of PCM used for heat storage. 

However, due to these examinations, melting performance and natural convection 

characteristics of a LHTES including MF manufactured from two different 

materials with different physical property variables according to the heat source 
have not been examined in detail. In this study, one-half of a rectangular LHTES 

volume was filled with Al MF and Cu MF with ε=0.9 and 20. The entire volume 

of the rectangular LHTES was filled with RT-58 PCM material and heated from a 
single wall. In the numerical analyses where the MF in contact with the hot wall 

was also variable, a total of 6 different configurations were analysed.  

2. DESCRIPTION OF MODEL AND MATHEMATICAL 

BACKGROUND 

A schematic view of rectangular LHTESs is presented in Figure 1. Entire 

geometric, morphologic, and boundary conditions are similar to each system. A 

rectangular cavity was formed considering 30 cm height and 10 cm width. 350K 
has been applied to the left wall of the cavity, and the other wall is considered 

adiabatic. Moreover, the no-slip condition was applied to all walls. Also, the 

geometry was divided into two equal parts, and half volumes were filled with Al 
and Cu MFs, which changed the arrangement based on the thermal wall. MF 

parameters ε and ω were selected as 0.9 and 20 PPI, respectively, after the detailed 

investigation of the literature based on the Refs [21-23]. Variants of these 
structural parameters, as well as the arrangement of MFs, were used. Because of 

this, six different cases including the parameters in Table 1 have been analysed. 
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Figure 1. Schematic view of the computational domains for; (a) Group I (Al 
contacts hot wall) and (b) Group II (Cu contacts hot wall). 

 

Table 1. Physical configuration of computational domains 

Group I 

Case No Section 1 Section 2 

Material ε ω Material ε ω 

RC1 Al 0.9 20 Cu 0.9 20 

RC2 Al 0.95 20 Cu 0.9 20 

RC3 Al 0.95 20 Cu 0.95 20 

Group II 

Case No 

 

Section 1 Section 2 

Material ε ω Material ε ω 

RC4 Cu 0.9 20 Al 0.9 20 

RC5 Cu 0.95 20 Al 0.9 20 

RC6 Cu 0.95 20 Al 0.95 20 

 

The mentioned above cases have been solved based on the FVM combined with 

EPM [24]. The Brinkman-Forchheimer extended Darcy model [25], and the local 
thermal equilibrium (LTE) hypothesis was used to characterize the MF in the 

analyses [26]. The continuity, momentum, and energy (for LTE) governing 

equations used in melting process solving are given in Eq. 1-3 [27], respectively. 
While applying these equations, some assumptions are given below, taking into 

account. 

 The analysis is carried out for a two-dimensional axisymmetric 

geometry.  

 Due to the low-temperature difference between the solidus and liquidus 
temperature of PCM, the Boussinesq approximation has been used for 

calculating the density [28].  

 Thermophysical properties of PCM and MFs are considered constant.  

 In the energy equation, the effect of viscosity is neglected. 

 Computational domain volume is not changed during the melting 

process. 

 Structural modification of MFs is accepted as isotropic and 

homogeneous. 

 

∇ ∙ V = 0                                                                                                               (1) 

where, V [m.s-1] shows the PCM velocity in the rectangular cavity. 

ρp

ε

∂V

∂t
+

ρp

ε2
V ∙ ∇V = −∇p +

μp

ε
∇2V −

(1−β)2

(β3+0.001)
AmushV − (

μp

K
V +

CF

√K
ρpV|V|) +

                                    ρpgγ∆T0                                                                               (2)                                                           

in which, g [m.s-2], ρ [kg.m-3], p [Pa], T [K], Amush [kg.m−3.s−1], K [m2], and CF [m
-

1] symbolize the gravity (g=9.91 [m.s-2]), density, pressure, temperature, mush 

zone constant (set to 105 kg.m−3.s−1), permeability, and Forchheimer's drag 
coefficient (inertial). 

(ρcp)
eff

(
∂T

∂t
+ V ∙ ∇T) = keff∇

2T − ερpHL
∂β

∂t
                                                       (3) 

where, cp [J.kg-1.K-1], k [W.m-1.K-1], and HL [kJ.kg-1] describe the specific heat, 

thermal conductivity, and latent heat energy. Incorporating MF enhances the 
thermal conductivity of the process named effective and this property is calculated 

with Eq. (4) [29]. 

keff = εkPCM + (1 − ε)kMF                                                                                   (4) 

Other characteristic properties calculated based on the given structural properties 
with ε=0.9 and ω=20 PPI for both MFs are presented in Table 2. Besides, the 

thermo-physical properties of RT-58 (Rubitherm) PCM, Al MF, and Cu MF have 

been presented in Table 3.  

Table 2. Equations used to calculate MF structural properties [30] 

Definition Equation Eq. 

Permeability, [m2] 
K =

ε2dk
2

36 (δ2 − δ)
 

(5) 

Characteristic length, 

[m] 
dk =

δ

3 − δ
dp 

(6) 

Tortuosity coefficient 
δ = 2 + 2 cos [

4π

3
+

1

3
cos−1(2ε − 1)] 

(7) 

Forchheimer's drag 
(inertial) coefficient, 

[1/m] 

CF = 0.00212(1 − ε)−0.132 (
df

dp

)

−1.63

 
(8) 

Fiber diameter, [m] 

df = 1.18√
1 − ε

3π
(

1

1 − e
(−

1−ε
0.04

)
) 

(9) 

Pore diameter, [m] 
dp =

0.0254

ω
 

(10) 

 

Table 3. Thermophysical properties of RT58, Al MF, and Cu MF. 

Properties RT58 [31] Al [32] Cu [33]  

Density, ρ [kg.m-3] 825 2719 8900 

Specific heat, cp [J.kg-1.K-1] 2000 871 385 

Thermal conductivity, k [W.m-

1.K-1] 

0.2 202.4 401 

Dynamic viscosity, μ [kg.m-1.s-1] 0.0269 - - 

Thermal expansion coefficient, γ 

[K-1] 

0.00011 - - 

Latent heat, HL [J.kg-1] 160000 - - 

Solidus temperature, TS [K] 326 - - 

Liquidus temperature, TL [K] 332 - - 
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The EPM is applicable for scenarios where melting occurs progressively across a 
finite temperature range without a well-defined melting front. This method defines 

three distinct phases during the melting process: a solid phase where β=0, a mixed 

solid-liquid phase (mushy) where 0<β<1, and a liquid phase where β=1. The value 

of β depends on the local temperature and is determined using Eq. (11). 

β =
∆H

HL
= {

0 if < TS
T−TS

TL−TS

1 if T > TL

if TS < T < TL                                                                (11)  

where, TS [K], T [K], and TL [K] represent the temperatures of the solid phase, the 

local region, and the liquid phase, respectively. The region with a temperature 

below TS is entirely solid, whereas the area with a temperature above TL is fully 
liquid. Melting occurs when the temperature is within the range between TS and 

TL. In all cases, the initial temperature (Tin) is 298.15 K. 

The governing equations were solved using ANSYS FLUENT 2024 R1 software 
considering the boundary and initial conditions of the computational domains and 

a time-dependent FVM analysis was carried out. To provide a sustainability 

pressure field, the SIMPLE algorithm was selected, and PRESTO! scheme was 
employed for pressure calculations. Besides, the second-order upwind scheme 

method was preferred to calculate the momentum and energy equations while 

residual trends were set to 10-6. 

After determining the physical properties and mathematical background, mesh 

convergence and time step size sensitivity analyses required for time-dependent 

numerical analyses should be performed to provide highly reliable results. In this 
context, the mesh convergence analysis of the rectangular LHTES in question was 

conducted for mesh numbers 3465, 7500, and 13333, and the time step sensitivity 
analysis was conducted for t=0.1, 0.5, and 1.0s, and the obtained liquid fraction-

time graphs are presented in Figure 2(a) and Figure 2(b), respectively. When 

investigating the trends, it can be said that mesh number and time step size did not 
affect the results. According to the numerical results, the average deviation of 

0.51% and 0.74% are calculated between 3465-13333 and 7500-13333, 

respectively, considering the mesh number at t=0.5s. On the other side, 0.71% and 
0.83% average deviations were detected between t=0.1-0.5s and t=0.1-1.0s for 

time step size sensitivity analysis, respectively, at 7500 mesh number. Based on 

these results, a mesh number of 7500 and a time step size of t=0.5s have been 
selected to solve further solutions. On the other hand, the mesh structure of the 

computational domain is given in Figure 3. 

 

 

 

Figure 2. Imperative analyses before major solutions; (a) mesh convergence 
analysis at t=0.5s and (b) time step size sensitivity analysis at 7500 mesh 

number. 

 

 

Figure 3. The mesh structure belongs to the 7500 mesh number. 

Before proceeding to the analyses where the final results will be obtained, the 

solution methods and mesh structure of the numerical analysis, that is, the entire 

analysis setup, must be validated. In this context, the necessary validation is 
compared with the liquid fraction function of the study conducted by Huang et al.  

both as a contour and graphically in Table 4 and Figure 4, respectively [30]. When 

the contours are examined, it is concluded that the liquid-solid interface has almost 

the same distribution at all t times. When the numerical values in the trends are 

examined, it is calculated that the average deviation value between the two trends 

is 0.81%. With these results, it can be concluded that all solution procedures and 
applications applied in the study provide results compatible with the literature. 
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Table 4. Validation of the results as a liquid fraction contour. 
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Figure 4. Validation of the results with Huang et al. study as a liquid fraction 
trend [30] 

3. RESULTS AND DISCUSSION 

The liquid fraction performance of the cases is examined in Figure 5. When Figure 

5(a) showing the S1 characteristic is examined, the RC4, RC5, and RC6 cases, 
where the hot wall is in contact with the Cu MF, give the fastest response to the 

heating effect. The main reason for this situation is the increase in effective 

thermal conductivity in the cases due to the higher thermal conductivity of Cu MF. 
According to the results, RC4 reached full melting at the earliest time (t=1120 s). 

At t=1120 s, the melting rates of PCM in RC1, RC2, RC3, RC5 and RC6 are 

controlled at 82.9%, 49.9%, 49.7%, 78.5% and 72.8%, respectively. It can also be 
understood that the porosity of Cu MF, ε=0.95, exhibits a similar characteristic 

with the ε =0.9 of Al MF, which is close to the wall. From this result, it is 

undeniable that in addition to considering how high the thermal conductivity of 
the MF material used is, its porosity should also be taken into account. In S2, the 

fastest performance was again shown by RC4 in Figure 5(b), although Al MF was. 

The factor that caused this situation is that Cu MF, positioned on the hot wall with 
a low porosity, can conduct heat at a good level and Al MF with ε=0.9 can also 

respond quickly to this performance. However, as the porosity of Cu MF in S1 

increases, RC4 shifted to another characteristic mechanism mentioned above and 
the second fastest performance in S2 was realized in RC1. This is the decrease in 

the level of heat conduction due to the decreasing amount of conductive material 
per unit volume as the porosity increases. A similar result has been found by Ami 

Ahmadi et al. [10]. Since the low porosity value contains more MF with high 

conductivity in volume, in these cases the heat transfer mechanism in the system 

is mostly carried out by conduction. In cases consisting of high porosity MF, an 
environment is created in the system where the PCM can move more easily and 

natural convection increases. However, thermal resistance also tends to increase 

at this point. 

 

 

 

Figure 5. Liquid fraction characteristics in; (a) S 1 and (b) S2 as a function of 

time. 

 

The liquid fraction behaviour of the cases is presented as contour in Table 5. Along 

with these contours, solid-liquid interfaces can be seen and the heat transfer 

progress in LHTES can be understood. When the figures are examined, it is 
observed that the solid-liquid interface in RC4 progresses faster and melts earlier. 

In this melting process, it is seen that the solid-liquid interface, which is in contact 

with the lower and upper points of the rectangular cavity, is in the form of a vertical 
line throughout the melting process. The main factor causing this situation is that 

the porosity of the MFs placed in the sections in RC4 is ɛ= 0.9. This parameter 

occupies more volumetrically the conductive material forming the MF and does 
not allow natural convection, and the heat transfer from the hot wall occurs by 

conduction throughout the process. 

On the other hand, the thermal conductivity of the material from which the MF is 
manufactured is as important as the porosity of the MF. Although there is Cu MF 

with a porosity of ɛ= 0.95 in S1 of RC5 and RC6, no considerable tendency 

towards natural convection is observed here. However, when the heat reached S2, 
which consists of Al MF, the solid-liquid interface showed a logarithmic trend in 

the upper region of the rectangular cavity due to the decrease in the density of the 

PCM melted in the lower region of the rectangular cavity and the effect of the 
buoyancy force. The reason for this situation is that the porosity of S1 in RC5 is 

ɛ=0.95 and therefore the PCM finds more space to move in the cavity. In RC6, the 

porosity is ɛ=0.95 for both Sections and it is observed that the solid-liquid interface 
becomes more pronounced. 
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From these results, it can be determined by the behavior of the solid-liquid 
interface that the parameters of the MF material and porosity in the rectangular 

cavity directly affect the complete melting process of LHTES. 

Figure 6 depicts the final melting time of the sections. According to the results, 
RC4 reaches the fully melted state first because in this case, the MF near the hot 

wall is Cu MF with high thermal conductivity and the porosity in both sections is 

ε=0.90. The combination of these two phenomena makes RC4 the fastest fully 
melted state. On the other hand, the case that provides the second fastest melting 

performance is RC1. Although Al MF is placed in the section close to the hot wall, 

the porosity being ε=0.9 in all sections made RC1 melt faster than the other cases. 
From these results, it can be inferred that the porosity is more important than the 

material type of the MF integrated into the system. The complete melting time in 

the S1 and S2 regions of RC4 was 2.5 and 1.4 times faster than that of RC1, 
respectively. 

Table 5. Comparison of liquid fraction contours of the cases as a function of the 

time 

 

 

 

 

Figure 6 depicts the final melting time of the sections. According to the results, 
RC4 reaches the fully melted state first because in this case, the MF near the hot 

wall is Cu MF with high thermal conductivity and the porosity in both sections is 

ε=0.90. The combination of these two phenomena makes RC4 the fastest fully 
melted state. On the other hand, the case that provides the second fastest melting 

performance is RC1. Although Al MF is placed in the section close to the hot wall, 

the porosity being ε=0.9 in all sections made RC1 melt faster than the other cases. 
From these results, it can be inferred that the porosity is more important than the 

material type of the MF integrated into the system. The complete melting time in 

the S1 and S2 regions of RC4 was 2.5 and 1.4 times faster than that of RC1, 
respectively. 

 

 

 

 

 

 

 

 

 

Figure 6. Full melting time performance of the cases 

To evaluate the effectiveness of heat transfer throughout the melting process, the 
time-dependent Nusselt number (Nu) variation is given in Figure 7. At the onset 

of melting, Nu shows a sudden increase due to heat transfer predominantly realized 

by conduction. 
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The results show that placement and porosity of MFs important for the progress 
of the heat and the cases of Cu MF near the hot wall performed the highest Nu 

compared to identical configurations. The average Nu of RC4, RC5, and RC6 is 

34.4%, 59.6%, and 35.5% higher than that of RC1, RC2, and RC3, respectively. 

On the other hand, increasing porosity also negatively affects the heat progression 

in the LHTES, and the change in S1 affects this progression more than the change 

in S2. This can be obtained by comparing the changes in average Nu between 
RC4-RC5 and RC5-RC6. RC4 with a porosity of ε=0.90 in S1 transfers 48.4% 

more heat than RC5 with a porosity of ε=0.95, and RC5 with a porosity of ε=0.90 

in S2 transfers 23.3% more heat than RC6 with a porosity of ε=0.95. 

 

 

Figure 7. Effect of MF material and porosity configuration 

on time-dependent Nu 

 
Table 6 illustrates the natural convection flow pattern in the cases up to t=1120 s. 

Velocity vectors reveal the flow characteristics arising from natural convection 

and directly affect the convective heat transfer effectiveness. At the beginning of 
the melting process, in all configurations, the flow field remained quite weak and 

the velocity magnitudes remained at low levels. This situation shows that PCM 

substantially remained in a solid form and natural convection did not enhance. As 
the melting progresses over time, increases in the natural convection intensity were 

observed due to temperature differences occurring in the liquid phase. 

Compared to liquid fraction variation in Table 5, velocity vectors remain limited 
beyond the melted region, and high-velocity magnitudes were shown as the 

boundaries. A stationary area was formed in the central region of the cavity by the 

formation of a typical natural convection cycle (from left to right) characterized 
by the upward movement of the hot liquid and the downward movement of the 

cold liquid. These high velocities disappear with the complete melting of the PCM, 

and it is obvious that the changes in the velocity vectors between the cases are 
directly shaped according to the alignment and thermal conductivity of the MF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. Comparison of velocity vectors of the cases as a function of the time 
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4. CONCLUSION 

This paper includes the investigation of different MF types and configurations on 
melting dynamics and flow characteristics of rectangular LHTES. In the study, a 

2D numerical model was developed and six different case configurations were 

solved based on EPM and the Brinkman-Forchheimer extended Darcy model. 
Dynamic responses of melting performance and natural convection characteristics 

have been presented and compared with each other. According to this purpose, the 

major findings are listed as follows: 

1) Cu MF, where placed in S1, quickly responded to the heating 

effect due to it having higher thermal conductivity. 

2) The RC4 case performed the highest melting process because the 
solid-liquid interface progressed faster. 

3) In the RC4 case, the solid-liquid interface contacted with the lower 
and upper points of the rectangular cavity shows vertical progress. 

The main reason for this situation is related to low porosity in both 

sections, and Cu MF is the material conducting the heat into the 
further section. 

4) When S1 was filled with Cu MF with ɛ=0.95 and S2 with Al MF, 

the solid-liquid interface showed a logarithmic trend in the upper 

region of the rectangular cavity; this is due to the decrease in the 

density of molten PCM in the lower region of the rectangular 

cavity and the effect of buoyancy force. 

5) The second faster melting performance has been observed in RC1. 

This result shows that porosity is more important than the material 

type of the MF and that the full melting time in the S1 and S2 
regions of RC4 was 2.5 and 1.4 times faster than that of RC1, 

respectively. 

6) The placement of MF with higher thermal conductivity on the hot 
wall and lower porosity contributed to the improvement of heat 

transfer in LHTES. RC4 has a 34.4% higher Nu performance than 

RC1 and 48.4% higher Nu performance than RC5. 

7) A stationary region was formed in the center of the cavity due to 

melted PCM moving upward from the hot wall to the cold section 

due to buoyancy force as melting progresses. Besides, the velocity 
in the LHTES significantly relies on the alignment and thermal 

conductivity of the MF. 

5. FUTURE PERSPECTIVE 

In future studies, the effects of different types of MF materials, porosity levels, 
and geometric arrangements with PCMs on heat transfer can be investigated more 

comprehensively. In addition, the effects of composite structures formed by 
adding nanoparticles to MF on thermal performance can be investigated, and 

hybrid improvement methods can be evaluated. In addition, 

magnetohydrodynamic studies can be conducted if the nanoparticles are magnetic. 
Experimental verification studies conducted under variable thermal boundary 

conditions reflecting real operating conditions will increase the validity of the 

numerical results obtained. In this context, application-based research supported 
by energy and exergy analyses will make significant contributions to the design of 

more efficient and sustainable thermal energy storage systems. 

Figure 8. Schematic illustration of the proposed roadmap for future studies 

focusing on the enhancement of thermal performance in LHTES systems using 
metal foam-PCM composites. 

Nomenclature 

 

Amush mush zone constant, 

[kg.m-3.s-1] 

T temperature [K] 

cp specific heat, [J.kg-

1.K-1] 

TES thermal energy 

storage 

CF Forchheimer' s drag 

(inertial) coefficient, 

[m-1] 

V velocity [m.s-1] 

df fiber diameter, [m] Greek symbols 

dk characteristic length, 

[m] 

β liquid fraction 

dp pore diameter, [m] ω pore density, 
[PPI] 

EPM enthalpy-porosity 

method 

ɛ porosity 

FVM finite volume 
method 

ρ density, [kg.m-3] 

g gravity, [m.s-2] δ tortuosity 

coefficient 

HL latent heat, [J.kg-1] ∀ unit volume 
[m3] 

k thermal 

conductivity, [W.m-

1.K-1] 

μ dynamic 

viscosity, [kg.m-

1.s-1] 

K permeability [m2] γ thermal 

expansion 

coefficient, [K-

1] 

LHTES latent heat thermal 

energy storage 

Subscripts 

MF metal foam in initial 

p pressure, [Pa] L liquidus 

PCM phase change 

material 

S solidus 

S section   
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A B S T R A C T   

In order to lower transportation-related carbon emissions and promote the use of hydrogen-powered cars, this article 

offers an economic analysis hydrogen refueling station (HRS) that is connected to photovoltaic (PV) system. In the 

study, the HRS system with alkaline and PEM electrolyzers with a nominal hydrogen production rate of 30 Nm3.h-

1 was compared. While the alkaline HRS system required 192.5 kW PV installed power, the PEM HRS system 

required 214.5 kW PV installed power. In order to evaluate the HRS system, the levelized cost of hydrogen (LCOH) 

was calculated by taking into account the initial investment costs, operating expenditures and the amount of 
hydrogen produced. Economic analysis of a PV integrated system for an inactive HRS in Ankara was conducted. 

Based on a daily hydrogen production capacity of 65 kg for both electrolyzers with identical nominal outputs, the 

results of the techno-economic analysis over a 10-year operational period indicate that the levelized cost of hydrogen 
(LCOH) is calculated as 6.39 $.kg-1 H2 for the alkaline electrolyzer and 7.73 $.kg-1 H2 for the PEM electrolyzer, 

respectively. This study helps to build sustainable energy infrastructure including PV integrated HRS design, 

calculation and economic evaluation. The findings give academics, industry stakeholders, and policymakers 
important information to support energy sustainability and the goal of a carbon-neutral transportation sector. 

 
 

 

 

 

 

1. INTRODUCTION  

In the global effort to mitigate climate change and reduce greenhouse gas 

emissions, hydrogen has emerged as a promising clean energy carrier. Its high 
mass-specific energy content (120 MJ·kg⁻¹) and low environmental impact make 

it a suitable alternative to fossil fuel-based energy systems [1]. When produced 

from renewable sources such as solar or wind energy, hydrogen can support a wide 
range of applications, including energy storage, industrial processes, and zero-

emission transportation systems. 

Hydrogen has the unique ability to store surplus renewable electricity through 
water electrolysis, enabling energy balancing across different sectors. The stored 

hydrogen can later be reconverted into electricity via fuel cells or used directly to 

fuel buildings or vehicles. Among these applications, fuel cell electric vehicles 
(FCEVs) have garnered growing attention due to their high efficiency and zero 

emissions - with water being the only byproduct[2]. However, the widespread 

adoption of FCEVs is contingent upon the development of reliable hydrogen 

infrastructure, particularly hydrogen refueling stations (HRS), which serve as the 

cornerstone of hydrogen-powered transportation systems [3]  

HRS are crucial for the commercial viability of FCEVs, as they ensure reliable 
access to hydrogen fuel. Despite the increasing deployment of FCEVs in recent 

years, the lack of accessible and economically viable refueling infrastructure 

remains a significant bottleneck [4]. To overcome this challenge, the integration 
of renewable energy sources, especially solar photovoltaic (PV) systems-with on-

site hydrogen production at HRS has been proposed as an environmentally and 

economically favorable solution. Water electrolysis powered by renewable 
electricity is considered one of the most sustainable hydrogen production 

pathways, promoting energy sector decarbonization and cross-sector coupling. 

Various electrolyzer technologies can be used in renewable-powered HRS 
configurations, including alkaline electrolyzers, proton exchange membrane 

electrolyzers (PEMWEs), anion exchange membrane electrolyzers (AEMWEs), 

and solid oxide electrolyzer cells (SOECs). Among them, alkaline electrolyzers 
are considered a mature and cost-effective technology for large-scale hydrogen    
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and scalability [5, 6]. On the other hand, PEM electrolyzers offer distinct 
advantages such as high current density operation, compact system design, and 

rapid dynamic response, making them particularly well-suited for integration with 

intermittent renewable energy sources [7]. 

Previous research has explored the techno-economic feasibility of HRS integrated 

with renewable energy. For instance, Atabay and Devrim analyzed an HRS using 

AEMWE powered by a 5 MW PV system, reporting a levelized cost of hydrogen 
(LCOH) of 8.54 €·kg⁻¹ for a daily capacity of 170 kg [3]. Gökçek and Kale 

compared hybrid wind-PV-battery and wind-battery configurations, yielding 

hydrogen costs of 8.92 and 11.08 USD·kg⁻¹, respectively [8]. Similarly, Kayfeci 
et al. indicated that the LCOH for PV/electrolysis systems could reach up to 23.33 

USD·kg⁻¹, compared to just 2.08 USD·kg⁻¹ for natural gas-based steam methane 

reforming [9]. While Barhoumi et al. reported an LCOH of 3.32 EUR·kg⁻¹ using 
PV-electrolysis (excluding compression and storage costs) [10], Zhao and 

Brouwer found that solar-powered HRS had an LCOH of 9.14 USD·kg⁻¹, reduced 

to 6.71 USD·kg⁻¹ for wind-powered systems [11]. Perna et al. reported an LCOH 
of 7.92 EUR·kg⁻¹ for an HRS with a capacity of 450 kg/day using PV-assisted 

alkaline electrolysis [12]. 

Despite the growing body of literature, most existing studies tend to focus on a 
single electrolyzer type or general economic trends without conducting a 

comparative techno-economic analysis of different electrolyzer technologies 

under identical renewable energy inputs. Moreover, integrated assessments that 
consider realistic daily refueling capacities, operational lifetimes, and full system-

level costs (including compression, storage, and dispensing units) remain limited. 

These research gaps hinder the development of robust strategies and investment 
decisions needed to scale up hydrogen infrastructure. 

In this study, we aim to address these limitations by presenting a comparative 

techno-economic analysis of HRS configurations that utilize two different 
electrolyzer technologies - alkaline and PEM - integrated with a photovoltaic 

system. HRS systems with alkaline and PEM electrolyzers with a nominal 

hydrogen production rate of 30 Nm3.h-1 were used for comparison. In the alkaline 
HRS system, the alkaline electrolyzer required 192.5 kW PV installed power and 

in the PEM HRS system, the PEM electrolyzer required 214.5 kW PV installed 

power. The levelized cost of hydrogen (LCOH) was calculated over a 10-year 
operational period, considering capital and operational expenditures.  

The findings provide actionable insights for policymakers, researchers, and 

industry stakeholders to support the design and deployment of sustainable 
hydrogen infrastructure in line with decarbonization goals. 

2. PROPERTY OF HRS 

The planned HRS is designed as an integrated system that encompasses on-site 
hydrogen production, compression, high-pressure storage, and dual-pressure 

dispensing units for refueling hydrogen-powered vehicles. The facility is capable 

of producing up to 65 kg of hydrogen per day, which corresponds to the daily 
refueling needs of approximately 13 hydrogen fuel cell electric vehicles (FCEVs). 

Two different system configurations are considered for the hydrogen production 

unit: one based on a 156 kW alkaline electrolyzer, and the other utilizing a 174 
kW PEM electrolyzer, both powered by PV systems with a maximum installed 

capacity of 192.5 kW and 214.5 kW, respectively. The entire HRS system is 

modular in design and comprises the following main components: 

 A 9 m containerized hydrogen production unit (housing the 

electrolyzer and associated balance-of-plant), 

 A 6 m containerized compression unit, 

 High-pressure storage tanks with a total water volume of 4350 liters at 
450 bar, 

 Dispensers for vehicle and boat refueling at two different pressure 
levels. 

Figure 1 provides a schematic overview of the HRS configuration. Both alkaline 

and PEM-based system layouts follow a similar structural and operational design, 
differing primarily in electrolyzer technology and corresponding performance 

characteristics. This dual-configuration approach enables a comparative techno-

economic evaluation of the two electrolyzer technologies under identical operating 
conditions. 

 

 

 

 

 

 

Figure 1. Schematic representation of HRS[13] 

2.1. Method of Process 

The hydrogen produced by the electrolyzer is first directed to a low-pressure (LP) 

storage tank operating at approximately 10 bar. This intermediate storage serves 
as a buffer before compression. The stored hydrogen is then compressed using a 

multi-stage hydrogen compressor, which incrementally increases the gas pressure 

from 10 bar up to 450 bar. Following compression, the hydrogen is transferred to 
a high-pressure storage system, composed of tanks designed to operate at 450 bar. 

These storage units ensure the availability of pressurized hydrogen for continuous 

and efficient refueling operations. 

The hydrogen is finally delivered to vehicles via a dispenser unit calibrated to 

supply fuel at 350 bar. The pressure regulation from the high-pressure storage to 
the dispensing unit ensures safe and controlled refueling. A schematic flow of this 

system involves: 

Electrolyzer → LP Storage (10 bar) → Compressor → HP Storage (450 bar) → 
Dispenser (350 bar). 

The modular configuration of the HRS offers significant advantages in terms of 

scalability, on-site hydrogen generation, and integration with renewable energy 
sources, thereby reducing dependency on centralized hydrogen production and 

distribution networks. The system’s compact design allows for flexible 

deployment in urban and semi-urban environments, while enabling localized, low-
emission hydrogen supply. From a safety perspective, the HRS is equipped with 

advanced monitoring and control systems, including pressure relief valves, gas 

leak detectors, and automated emergency shutdown mechanisms, which ensure the 
safe handling of high-pressure hydrogen throughout the compression, storage, and 

dispensing processes. 
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Table 1. Technical specifications of the main components. 

 

2.2. Solar Radiation of Ankara 

The quantity of energy generated by solar panels depends on many factors, 

including panel size, efficiency, amount of sunlight available, and temperature. In 

addition, it depends on the potential solar radiation and ambient temperature of the 

region where PV will be installed. The establishment of an HRS using a PV-based 
renewable energy system was chosen as a possible application area in Çankaya, 

Ankara, Türkiye. The meterological data’s are taken from Turkish State 

Meteorological Service. Figure 2 shows the total global solar radiation and Figure 
3 shows the ambient temperature of Ankara. 

 

Figure 2. Total global solar radiation in Ankara 

 Figure 3. Ambient temperature of Ankara 

2.3. HRS Components  

2.3.1. PV system 

Using data on observed daily global irradiance, sunlight length, and ambient 

temperature, equations 1 and 2 were used to determine the daily power of the PV 

[3]. 

Tm = Ta + G1 (
NOCT − 20

800
)                                                                                        (1) 

PPV = NPV

G1

G1,ref

[PPV,max + μp(Tm − Tm,ref)]                                                           (2) 

Tm is module temperature (℃), Ta is ambient temperature (℃), GI and GI,ref refer 
to solar irradiance and reference solar irradiation of PV (kW/m2), μp is module 

power coefficient, NOCT is the nominal operating cell temperature [14]. While 

NPV is the number of PV panels, PPV,max  is the max power of PV panels. In the 
system design, a panel with a power of 550 W was selected. While 350 panels 

were used for the Alkali Electrolyzer, 390 panels were used for the PEM 

Electrolyzer in the system. Figure 4 shows the maximum power that calculated by 
Equation 2 produced in PV versus the daily radiation in Ankara.  

Figure 4. Daily produced PV power 

 

PV Panel  

Maximum Power (Pmax) [14] 550 W 

G1, ref 1000 W/m 

Tm, ref 25°C 

NOCT 43°C 

Temperature Coefficient, μp 0,00005 

Number of PV Panels for Alkaline 

Electrolyzer 

350 

Number of PV Panels for PEM Electrolyzer 390 

Alkaline Electrolyzer [15]  

Power 156 kW 

H2 Nominal Flow 30 Nm3.h-1 

Power Consumption 5.2 kWh.Nm-3 

Tap Water Consumption 1.5 - 2 liters.Nm-3 H2 

Electrolyte Quantity 360 L 

Electrolyte H2O + 30% wt. KOH 

PEM Electrolyzer [16]  

Power 174 kW 

H2 Nominal Flow 30 Nm3.h-1 

Power Consumption 5.8 kWh.Nm-3 

Tap Water Consumption 0.8 – 1.2 liters.Nm-3 H
2
 

Hydrogen Compressor [16]   

Mechanical Efficiency  %88 

Gas Storage System (NEL, n.d.)  

Low-Pressure Buffer Tank  10 bar 

Cascade System High-Pressure Tank  450 bar 

Cooling Unit (Chiller and Closed Loop 

Cooling) [16]  

 

Car Dispensing Pressure 350 bar 

Hydrogen delivery temperature -40°C 
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2.3.2. Electrolyzer 

The Alkaline Electrolyzer and PEM Electrolyzer are chosen for hydrogen 
generation in this research. Alkaline electrolyzer operating at up to 10 bar pressure, 

this electrolyzer can produce 30 Nm3/h  of hydrogen while consuming 150 kW of 

electricity and utilizing 1.5-2 liters.m-3H2 of tap water. The PEM Electrolyzer, 
operating at up to 30 bar pressure, can produce 32 Nm³/h of hydrogen while 

consuming 150 kW of electricity and utilizing 0.8–1.2 L/m³ H₂ of tap water 

Equation 3 calculates the daily energy consumption of an alkaline electrolyzer [3]. 

EElectrolyzer =PElectrolyzer × tday                                                                                                        (3) 

where EElectrolyzer is the electrolyzer's daily electricity consumption (kWh), PElectrolyzer 

is its nominal power (kW), and tday is the alkaline electrolyzer's operational time. 

 

2.3.3. Hydrogen Compressor  

Outlet pressure for commercial alkaline electrolyzer in the proposed Hydrogen 
refueling station is approximately 10 bar. In order to use it in hydrogen-powered 

vehicles, A compressor capable of compressing hydrogen at high pressures (450 

bar for this system) must be used. Equation 4 was used to calculate the hydrogen 
compressor's power [8]. 

Wcomp =  Cp

T1

ηc

 [(
P2

P1

)

r−1
r

− 1] mc                                                                              (4) 

where r is the isentropic exponent of hydrogen (r = 1.4), mc is the gas flow rate 

through the hydrogen compressor in kilograms per second (kg.s-1) , T1 is the inlet 

gas temperature of the hydrogen compressor (293 K), ηc is the compressor 
efficiency, P1 and P2 are the inlet and output gas pressures of the hydrogen 

compressor, respectively, and Cp is the specific heat of hydrogen at constant 

pressure (14.304 kJkg-1  K-1) [8]. 

ECompressor =Wcompressor × tcomressor                                                                                               (5)  

ECompressor is the daily energy consumption of the compressor and tcomressor represents 

the compressor’s daily operating time. 

 

2.3.4. Cooling System 

Distribution system is constructed in accordance with the SAE J2601 refueling 
procedure, which specifies the temperature range for hydrogen precooling (-30/-

40℃). Because of its negative Joule-Thompson coefficient, hydrogen expands 

during refueling, raising the gas's temperature [8]. Precooling the hydrogen is 
necessary to prevent a temperature rise over 85°C, which poses a risk to the 

hydrogen tank in FCEVs [4]. In calculating the required cooling power, it was 

assumed that hydrogen would fill minutthe vehicle tank at 350 bar and -40 °C for 
5 minutes. 

Equation 6 was used to calculate HRS's cooling power requirement [17]. 

Pcool =  Nveh𝑚̇H2
CpH2

(TinH2
− ToutH2

)                                                                                   (6) 

where CpH2
 is the specific heat for hydrogen at constant pressure (kJ.kg-1.K-1), Nveh 

is the number of cars, and 𝑚̇H2
 is the mass flow rate (kg.s-1). The input temperature 

(K) of hydrogen is TinH2
, and the exit temperature (K) of hydrogen is ToutH2

. 

 

2.4. Techno-Economic Analysis 

Economic evaluation based on the LCOH study has been conducted to determine 

cost of the suggested HRSs[18]. Based on the HRS's capacity (kg.day-1), LCOH is 

a useful economic measure that enables determining the ultimate cost of 
producing, compressing, and storing hydrogen. Equation 7 is used for calculation 

[4]: 

LCOH =
Total Costs($) − Electrical Revenue($)

H2Annual Production (kg)
                                                 (7) 

Total costs shown in equation 8 include annual investment costs (Cinv,a), annual 
replacement costs (Crep,a), and annual operating costs (CO&M) [12]. 

Total Costs (€) = Cinv,a + Crep,a + CO&M                                                                                                                               (8) 

Equations 10 and 11 are used to annualize investment and replacement expenses 
while taking equation 9's capital recovery factor (CRF) into account [3].  

CRF =
i (1 + i)n

(1 + i)n − 1
                                                                                                        (9) 

Cinv,a =Cinv.CRF                                                                                                                                   (10) 

Crep,a =
Crep

(1 + i)t
CRF                                                                                                   (11) 

where the plant lifetime (n), the nominal discount rate (i), and t represent the 

replacement cost and the related year. Table 2 illustrates the techno-economic 

specs of the components. This table takes into account the cost per kW of the 
commercial products selected for high efficiency, the operational costs specified 

in the literature, and the replacement cost per kW for the products that have 

completed their lifetime in the process selected for the LCOH calculation. In 
addition, depending on the hydrogen capacities produced, decisions were made for 

the cooler, compressor and dispenser. 

Table 2. Techno-economic specs of the components. 

Component Parameter Price ($) 

PV [19] Installation cost [kW-1] 226,24 

Replacement cost [kW-1] 0 

Operation and maintenance 

[year-1 ] 

56,1 

Pv power (kW) 0,55 

Lifetime [year] 25 

Electrolyzer 

(PEM) [8] 

Installation cost [kW-1] 1500 

Replacement cost [kW-1] 0 

Operation and maintenance 
[year-1 ] 

6750 

Max electrolyzer power (kW) 150 

Lifetime [year] 10 

Electrolyzer 

(Alkali) [19] 

Installation cost [kW-1] 1198 

Replacement cost [kW-1] 0 

Operation and maintenance 
[year-1 ] 

3594 

Max electrolyzer power (kW) 150 

Lifetime [year] 10 

Storage tank 
(PEM) [19] 

Installation cost [kg-1  ] 585 

Replacement cost [kg-1  ] 0 

Operation and maintenance 

[year-1 ] 

16380 

Stored H2 [kg] 140 

Lifetime [year] 20 

Storage tank 
(Alkali) [19]  

Installation cost [kg-1  ] 585 

Replacement cost [kg-1  ] 0 

Operation and maintenance 

[year-1 ] 

15210 

Stored H2 [kg] 130 

Lifetime [year] 20 

Compressor [20] Total Installation cost 125625 

Replacement cost [kg-1] 0 

Operation and maintenance 

[year-1] 

25125 
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Lifetime [year] 20 

Cooling 

[3] 

Installation cost [$.kg-1] 5000 

Replacement cost [$.kg-1  ] 0 

Operation and maintenance 

[year-1] 

0 

Lifetime [year] 20 

Dispenser 

[8] 

Total Installation cost [$] 54000 

Replacement cost [kW-1] 0 

Operation and maintenance 

[year-1] 

16200 

Lifetime [year] 10 

 

3. RESULT AND DISCUSSION 

This study evaluated two HRS configurations, each designed to meet a daily 

hydrogen demand of 65 kg-sufficient to refuel 13 vehicles equipped with 5 kg 

tanks. In order to enhance energy reliability, a grid-connected photovoltaic (PV) 

system was employed. While the PV-generated electricity serves as the primary 

energy source for both systems, the grid is utilized to compensate for any 
shortfalls, ensuring continuous operation. 

The analysis revealed that the capital expenditure (CAPEX) of HRS 

configurations is strongly influenced by the required PV capacity. The PV-
integrated alkaline HRS demonstrated a total CAPEX of approximately $43,500, 

whereas the PV-integrated PEM HRS exhibited a higher CAPEX of approximately 

$48,500. This difference arises from the higher specific energy consumption of the 
PEM electrolyzer, which necessitates a larger PV capacity to produce the same 

amount of hydrogen. Excluding the PV system, the electrolyzer represented the 

most substantial component of the total installation cost. Moreover, the 
electrolyzer's shorter operational lifespan compared to other system components 

introduces an additional replacement cost during the system's lifetime. 

The findings underscore that the high upfront capital investment remains a key 
barrier to the widespread deployment of green hydrogen infrastructure, 

particularly in small-scale applications or in regions with limited financial 

resources. To ensure the long-term economic viability of HRS systems, it is 
essential to account for not only initial costs but also ongoing maintenance and 

replacement expenses. Efficient and optimized system operation should be 

prioritized to minimize lifecycle costs and support the broader adoption of 
sustainable hydrogen-based transportation. A comparative analysis of the capital 

cost distribution for two HRS configurations-integrated with either a PEM 

electrolyzer or an alkaline electrolyzer-is presented in Figure 5 (a and b). 

 

 

a) 

b) 

Figure 5. a) Cost ratios of PEM HRS components b) Cost ratios of alkaline HRS 

components 

As depicted in Figure 5 (a), the PEM-based system allocates the largest portion of 
its capital expenditure to the electrolyzer unit (43.08%), followed by the 

compressor (23.13%) and storage tank (14.00%). In contrast, the alkaline-based 

system exhibits a slightly more balanced cost structure, with 38.05% allocated to 
the electrolyzer, 25.58% to the compressor, and 15.49% to the storage tank in 

Figure 5 (b). The PV subsystem accounts for a similar share in both configurations 

(approximately 9%), though the absolute PV capacity required in the PEM system 
is higher due to its greater electricity consumption. Dispenser and cooling systems 

represent minor but non-negligible shares in both systems. Overall, the PEM-

based HRS demonstrates a more capital-intensive profile, largely due to the higher 
cost and energy demands of PEM technology, whereas the alkaline system 

distributes costs more evenly across subsystems. These distinctions are 

particularly relevant for project developers seeking cost-effective solutions for 
small-scale or budget-constrained hydrogen infrastructure projects. 

4. CONCLUSIONS 

This study presents a comparative techno-economic analysis of HRS 

configurations integrated with grid-connected PV systems, taking into account the 

local climatic and geographical conditions of Ankara, Türkiye. The proposed HRS 

includes four main components: a water electrolyzer, hydrogen storage unit, PV 
system, and a dispenser. Two types of electrolyzer technologies-alkaline and 

PEM-each with a nominal hydrogen production capacity of 30 Nm³/h¹ (equivalent 

to 65 kg/day), were analyzed in terms of their enera gy requirements, capital 
investments, and long-term economic performance. 

The analysis revealed that the alkaline HRS configuration required approximately 

192.5 kW of installed PV capacity, whereas the PEM-based system required 
214.5 kW due to its higher specific energy consumption. Over a 10-year 

operational period, the LCOH was calculated to be 6.39 $/kg· H₂ for the alkaline 

system and 7.73 USD/kg H₂ for the PEM system. These findings highlight the 
sensitivity of overall system economics to electrolyzer efficiency and energy input 

requirements. 

In addition to capital expenditures, the study also considers the impact of 
component reliability and replacement over the system’s lifetime. As hydrogen 

infrastructure comprises various subsystems-such as compressors, cooling units, 

and dispensers-with different operational lifespans, stochastic component failure 
and replacement frequencies must be considered for a more realistic cost 

assessment. As recommended by Atabay and Devrim, incorporating the average 

number and timing of component replacements improves the accuracy of long-
term economic projections [3]. 

Ultimately, while green hydrogen production systems may not yet be 

economically superior to conventional methods in all contexts, their 
environmental advantages and alignment with global decarbonization goals make 

them essential for future energy systems. The integration of renewable sources like 

PV with HRS infrastructure represents a critical step toward establishing a 
sustainable, carbon-neutral hydrogen economy. Continued research and policy 

support will be necessary to reduce initial capital barriers and to promote 

widespread adoption of such systems at both regional and global scales. 
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5. RECOMMENDATIONS AND FUTURE WORK 

To enhance the economic feasibility and technical reliability of PV-integrated 
hydrogen refueling stations, several strategies can be recommended. First, further 

research should focus on the optimization of system components through hybrid 

configurations, such as the incorporation of battery energy storage systems 
(BESS) or hybrid renewable sources (e.g., PV-wind combinations) to reduce 

reliance on grid electricity and to smooth fluctuations in renewable energy supply. 

Second,  future studies should also assess the environmental impacts of such 
systems through life cycle assessment (LCA), enabling a more holistic evaluation 

that includes carbon footprint, water use, and resource intensity. Moreover, site-

specific analyses using different geographic and climatic conditions would 
improve generalizability and help identify the most favorable deployment regions. 

From a policy perspective, supportive regulatory frameworks and financial 
incentives-such as feed-in tariffs, carbon credits, or investment subsidies-will be 

critical to promote early adoption and reduce capital cost burdens. Finally, pilot-

scale demonstration projects and real-world data collection are encouraged to 
validate techno-economic models and guide industry stakeholders and 

policymakers in making evidence-based decisions regarding green hydrogen 

infrastructure deployment. 
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A B S T R A C T   

The production of hydrogen from affordable and widely available resources is necessary for the broader adoption 

of hydrogen as a sustainable energy carrier. Aluminium, because of its significant energy content per unit mass, 

natural abundance, and recyclability, has attracted significant attention as a reactive material for on-demand 
hydrogen generation when combined with water or reducing agents such as sodium borohydride (NaBH4) and 

hydrogen chloride (HCl). Furthermore, aluminium scraps are a valuable resource which can be used to produce 

various useful products such as hydrogen, alumina, potash alum, etc. A major limitation in utilising aluminium for 
hydrogen production is the development of a stable oxide layer (Al2O3) on its outer layer, which inhibits its reaction 

with water. To overcome this barrier and improve hydrogen yield, various activation techniques have been explored. 

This review critically examines several activation methods aimed at enhancing the reactivity of aluminium, 
including salt-assisted activation, metal-assisted activation, particle size reduction, etc. The study concludes with a 

discussion on future directions, emphasising the need for environmentally friendly activation strategies, reusable 

reaction systems, and integration with aluminium scrap recycling and renewable energy systems to support 
sustainable hydrogen production.  

 

 

 

1. INTRODUCTION 

The growing global population and enhanced living standards have led to a 

substantial rise in energy demand. Although the majority of current energy needs 

are met through fossil fuels, their limited availability and the environmental issues 
they cause have highlighted the urgent need for alternative energy sources. 

Renewable resources like solar and wind offer cleaner alternatives, but their 

intermittent and location-dependent nature has limited their large-scale 
deployment. Despite these challenges, reliance on renewable energy sources is 

growing rapidly (as shown in Fig. 1) [1]. In response to these concerns, extensive 

research has been conducted to identify clean, reliable alternatives to traditional 
fossil fuels. Hydrogen is one of the most promising alternative energy options, as 

it produces only water during combustion, making it an environmentally friendly 

fuel. This clean characteristic has attracted significant interest, with ongoing focus 
on improving and optimising hydrogen production methods.  

In contrast to conventional batteries, a fuel cell operates like a continuous "factory" 

for redox-based energy conversion. While energy storage devices such as lithium-
ion, lead-acid, and manganese-based batteries can only deliver energy for a limited 

period before needing recharging, fuel cells continue to generate electricity as long 

as fuel is supplied. Similarly, internal combustion engines also function 
continuously, but they involve complex steps to convert chemical energy into 

mechanical and then into electrical energy. In contrast, fuel cells directly convert 

chemical energy into electrical energy, resulting in higher overall efficiency. 

These advantages make fuel cells a promising and commercially viable energy 
technology, prompting extensive ongoing research. The fundamental reaction in a 

fuel cell is as given in equation (1).  

H2(g) +0.5 O2(g)                H2O(g) + Heat      (1) 

 

 

 

 

 

 

 

 

Figure 1. Global renewable electricity generation [1] 
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Hydrogen has a very high gravimetric energy density of 120 MJ/kg, which is about 
three times that of gasoline (44 MJ/kg), making it an excellent energy carrier by 

weight. However, its volumetric energy density is significantly lower 

(approximately 0.01 MJ/L) compared to 32 MJ/L for gasoline. This low 

volumetric density presents a major challenge for practical applications. 

Therefore, developing high-density hydrogen storage methods is crucial for 

improving the overall performance and feasibility of hydrogen-based systems, 
including proton exchange membrane (PEM) fuel cells [2-10].  

Recent research has explored the potential of multinary semiconductors for 

converting solar energy into hydrogen effectively [11]. Additionally, ammonia 
borane has been considered a viable hydrogen source because of its high hydrogen 

content (over 19.6 wt%) and ability for regeneration. Although the release of 

ammonia as a by-product leads to corrosion of both containers and catalysts, 
significantly reducing performance (around 95 Wh/kg), which is much lower than 

that of the sodium borohydride (NaBH4) system (200-400 Wh/kg). Moreover, 

ammonia borane can act as a catalyst poison, limiting its applicability in fuel cell 
systems [9, 12-14]. In contrast, formic acid presents several advantages as a 

hydrogen carrier. It offers a high volumetric hydrogen capacity (53 g H2/L), low 

toxicity, and low flammability in ambient conditions, making it a safer and more 
practical option for hydrogen storage and transport. 

Although lithium-ion batteries are the leading technology for energy storage at 

present, they have several limitations, including lower power density, safety 
concerns, limited life, long recharging times, high cost, and limited design 

flexibility. These drawbacks have driven the search for alternative energy systems 

with better overall performance. Fuel cells have emerged as a strong option in this 
regard. They convert chemical energy directly to electrical energy with high 

efficiency and emit only water as a by-product. Additionally, fuel cells have no 

moving parts, offer potentially long operational lifetimes, and their energy output 
is not constrained by the physical size of the cell, unlike batteries. Despite these 

advantages, the widespread adoption of fuel cells is challenged by factors such as 

high cost, moderate power density, efficiency limitations, and lifespan issues. 
Furthermore, fuel accessibility, storage methods, and the required operating 

temperatures add to the complexity of fuel cell systems. A typical proton exchange 

membrane (PEM) fuel cell setup includes three main components: a fuel cell stack, 
a hydrogen generator, and a hydrogen storage unit. Hydrogen is fed to the anode 

of the fuel cell by the storage unit, and the performance of the cell is influenced 

by the hydrogen purity, back pressure, and flow rate [15,16]. In recent years, 
chemical hydrides have gained attention as promising hydrogen storage materials 

considering their stability at ambient conditions and potential to liberate hydrogen 
instantly through chemical breakdown. Common hydrides comprise alanate 

hydrides, alkali metal hydrides, and metal hydroborates, with compounds such as 

NaBH4, Zn(BH4)2, Ca(BH4)2, LiAlH4, and NaBH(OCH3)3 being the most studied. 
Among them, sodium borohydride (NaBH4) stands out due to its relatively lower 

cost and high hydrogen content (10.6 wt%). However, its hydrolysis reaction 

produces sodium metaborate NaBO2, and a removal or recycling system is 
essential for practical applications [17]. In addition to chemical hydrides, various 

organic compounds have also shown potential for high-rate and efficient hydrogen 

production. However, their commercialisation is limited by the need for expensive 
catalysts [18].  

Water is an abundant and cost-effective source of hydrogen, offering a high 

hydrogen content. Aluminium (Al), on the other hand, is widely available in the 
Earth’s crust and possesses a range of desirable physical and chemical properties. 

These include lower density (2700 kg/m3), high hardness, excellent ductility, 

strong thermal and electrical conductivity, naturally anti-corrosive, and high 
reflectivity. Due to these characteristics, aluminium has gained attention as a 

potential energy carrier. Its ability to resist corrosion is largely due to the formation 

of the stable oxide layer, which is both non-toxic and colorless. Moreover, 
aluminium can be converted into porous sodium alanate (NaAlH4), a material that 

serves as an effective medium for hydrogen storage [19-21]. 

Hydrogen can be produced through various methods, including thermochemical, 
electrolytic, solar, and biological processes. However, current green hydrogen 

production technologies still face problems in terms of efficiency and cost-

effectiveness. For instance, photovoltaic electrolysis cells remain uneconomical. 
Currently, the major portion of hydrogen is generated through hydrocarbons and 

alcohol reforming [22], coal and fossil fuels gasification [23-26], water 

electrolysis [27], renewable energy-based systems [28], thermochemical cycles, 
electro-thermochemical (hybrid thermochemical) cycles and alternative 

approaches like aluminium-based methods [29-40], ammonia reforming [41], and 

plasma reforming [42-44]. Among these, the reforming of hydrocarbons and 
alcohols such as alkanes, alkyl alcohols, and glycerol is commonly carried out 

using auto-thermal reforming and partial oxidation techniques. However, partial 

oxidation is challenged by a lower hydrogen-to-carbon monoxide ratio, complex 
operational requirements, and the need for high operating temperatures [45]. Auto-

thermal reforming, which involves oxygen consumption, is generally not cost-
effective and therefore has limited commercial application [3,45]. In coal 

gasification, various coal types are converted into syngas by reacting them with 

air, steam, or oxygen at elevated temperatures (>900 °C) in a gasifier [24]. This 

process suffers from low efficiency due to the carbon-rich feedstock and is also 

associated with high greenhouse gas (GHG) emissions [3,46]. Electrolysis, 

although a clean method of hydrogen production, demands high electrical energy 
input and involves the use of expensive membranes, which increases operational 

costs [47]. Aluminium-based hydrogen production methods involve reactions 

between aluminium and water or acids, often with the addition of inhibitors to 
control the process [29-40]. The general aluminium hydrolysis and 

hydrochlorination reactions are given in (2), (3), and (4) [48,49]. According to 

reactions (2) and (3), the absolute hydrolysis of 1 gram of aluminium in a non-
acidic medium can produce approximately 1245 mL of hydrogen gas at normal 

temperature and pressure (NTP). The by-products of this reaction, i.e. aluminium 

hydroxide (Al(OH)3) and aluminium oxyhydroxide (AlOOH), are stable, amti-
corrosive, and serve as valuable raw materials for the ceramics and related 

industries. Hydrogen produced through this route is influenced by the alkalinity of 

the solution and can be regulated by adjusting the reaction temperature [20]. These 
reactions are most effective when aluminium is in fresh or activated form, which 

enhances its reactivity. Furthermore, integrating a hydrogen/air sub-cell into the 

system has been shown to increase the maximum power output by up to 20% [50]. 
While these methods offer simplicity and utilize abundant resources, they suffer 

from uncontrolled hydrogen release due to the exothermic nature of the reactions, 

which can pose safety and efficiency challenges. In this study, we focus on the 
direct production of hydrogen with an in-depth discussion on the underlying 

mechanism. The techniques employed to enhance aluminium reactivity for more 

efficient hydrogen generation. 

2Al + 4H2O                2AlOOH + 3H2      (2) 

2Al + 6H2O                2Al(OH)3 + 3H2      (3) 

2Al + 6HCl                2AlCl3 + 3H2                       (4) 

 

2. ACTIVATION OF ALUMINIUM  

Due to the presence of an oxide layer on the aluminium surface, the aluminium 

should be activated, or the oxide layer should be removed to increase the surface 
area for reaction. Various methods are available, which are discussed in this 

section. 

2.1 Aluminium Activation by Gallium-Indium 

High intensity energy (HIE) processing of aluminium (Al) powder using a Gallium 

(Ga)-Indium (In) eutectic alloy, using a planetary ball mill at 220 rpm for 3 

minutes, significantly enhanced the metal's reactivity toward water. The milling 
process employed a steel ball having a diameter of 6 mm, with a powder-to-ball 

mass proportion of 1:30. In contrast, low intensity energy (LIE) processing 

involved manually mixing the Ga-In alloy powder in Al powder using a ceramic 
mortar in a nitrogen gas atmosphere. The results revealed a significant difference 

in hydrogen generation rates between the two methods. LIE-treated aluminium 

achieved the highest hydrogen production rate of 11 mL/min, while the HIE-
treated sample generated a substantially higher rate of 1.28 L/min when 1 g of Al 

is used. Although the eutectic Ga-In alloy improved the reactivity of aluminium, 

it also led to increased brittleness in the material. Temperature was found to 
significantly impact hydrogen generation in both cases. For LIE-treated 

aluminium, the hydrogen generation rate improved with temperature, with values 

of 11 and 95 mL/g/min at 24 °C to 61 °C, respectively. Similarly, for HIE-treated 
aluminium, the yield was enhanced from 1.28 to 2.60 L/g/min when the 

temperature rose from 21 °C to 59 °C [51-54].  

A detailed investigation was carried out to evaluate the optimal temperature and 
pressure conditions for activating aluminium using Ga-In alloy. The results 

revealed that the formation of aluminium oxyhydroxide is thermodynamically 

beneficial at ambient pressure and temperatures more than 21 °C. In contrast, the 
formation of aluminium hydroxide is achievable by maintaining the reaction at 

lower temperatures or under higher pressure. By carefully adjusting the reaction 

conditions, water consumption in the system can be decreased up to 33.3% with 
no effect on the overall hydrogen production. This is achieved by directing the 

reaction pathway toward the formation of AlOOH. Furthermore, by manipulating 
the operating parameters, different by-products can be selectively produced, each 

with distinct industrial applications [55]. 
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2.2 Size of Particles 

Aluminium powders of both nano and micro scale sizes can interact with water 
under atmospheric pressure and moderate temperatures for hydrogen generation. 

Nanosized Al particles are capable of reacting completely with water even at 20 

°C, while micro-sized Al particles require a temperature above 40 °C for effective 
hydrogen generation. This indicates that smaller Al particles can initiate hydrogen 

production without the need for any prior activation or surface reformation. 

Initially, the reaction is governed by the accessible surface area of the Al particles, 
while in later stages it is controlled by the diffusion of water molecules through 

the by-product layer formed on the particle surface. The induction time for the 

onset of the reaction depends on the hydrogen diffusion within the bulk aluminium 
and the critical pressure of gas in hydrogen bubbles formed at the Al/Al2O3 

interface. It has been observed that the activation energy for the reaction increases 
with the average size of the aluminium particles, likely due to the broader particle 

size distribution associated with larger particles. The reaction by-products may 

include baeyerite, boehmite, or a combination of both, and their composition is 
influenced by the temperature at which the reaction takes place [32].  

Aluminium powders produced through ball milling have demonstrated an 

exceptionally high capacity to generate hydrogen from aqueous solutions, even at 
balanced or near-balanced pH levels. Studies have demonstrated that ball milling 

aluminium with various additives such as sodium hydroxide (NaOH), cobalt oxide 

(CoO), and molybdenum oxide (MoO3) significantly alters the morphology and 
microstructure of the Al particles. These structural changes are highly dependent 

on the milling duration and operating conditions. One of the key factors 

contributing to the enhanced hydrogen generation is the increase in the specific 
surface area of the aluminium particles. For instance, after 15 minutes of ball 

milling, the specific surface area of Al was observed to be enhanced dramatically 

from 0.30 m2/g to 9.68 m2/g, thereby promoting more efficient water-splitting 
reactions. Prolonged ball milling of aluminium decreases the interlayer spacing 

among particles, resulting in lower reaction rate with water [56].  

The proportion of Al to NaCl while milling also plays a significant role in 
hydrogen generation. A higher concentration of salt was found to enhance the 

reaction rate, with the maximum average hydrogen production rate recorded at 75 

mL/min per gram of Al for an Al to NaCl molar proportion of 5:1. This 
formulation exhibited 100% conversion within 40 minutes [57]. Activated 

aluminium powder, produced by mechanical pulverisation of Al with silicon 

powder, graphite powder, bismuth powder, and NaCl, was effectively utilised for 
hydrogen production. The powder with an optimal Al to salt molar proportion of 

0.5 was not only highly reactive but also suitable for long-term air storage. It 

demonstrated average hydrogen generation rates of approximately 101 mL/g/min 
and 210 mL/g/min at initial water temperatures of 55 °C and 70 °C, respectively. 

When a bismuth alloy was used, the highest rates observed were about 287 

mL/g/min and 713 mL/g/min at 55 °C and 70 °C, respectively [58]. In parallel 
research, mesoporous alumina catalysts with well-managed pore structure were 

synthesised through the regulated hydrolysis of aluminium alkoxides. Using water 

to alumina ratios between 2 and 15, various alumina compositions were 
developed. After calcination at 700 °C for 2 hours, these supports exhibited surface 

areas of 240-320 m2/g, average pore sizes of 4-18 nm, and pore volumes of 0.4-

1.6 mL/g [59]. Hydrogen production through aluminium oxidation was also 
demonstrated using water vapour, hydrogen peroxide solutions, and water/oxygen 

mixtures. Water was found to inhibit surface passivation of aluminium when 

oxygen was introduced. The formation and expansion of oxide and hydroxide 
nanoparticles during water oxidation advanced the oxidation front deeper into the 

aluminium. To ensure safety, the molar ratio of O2 to H2 was limited to 13% to 

prevent excessive hydrogen accumulation and the risk of explosion [60].  

2.3 Impact of Zinc or Mercury Amalgamation and Al(OH)3 

The aluminium hydrolysis can be effectively operated at temperatures below 65 

°C by employing amalgamation with mercury or zinc. This process significantly 
enhances the hydrogen generation rate, which increases with temperature. The 

maximum hydrogen evolution rate recorded was 7.25 L/min at 65 °C for 

aluminium coated with a zinc conglomerate. Among the two, zinc demonstrated a 
superior activation effect compared to mercury. This is attributed to its lower 

activation energy requirement of 43.4 kJ/mol for zinc coating versus 74.8 kJ/mol 

for mercury. Notably, the by-product formed during this reaction, bayerite, is non-
toxic and environmentally safe [61]. Finely divided and poorly crystalline Al(OH)3 

powder has proven to be an effective additive for enhancing hydrogen production 

in the Al-H2O system. The proposed mechanism of action involves a reaction 
given in (5) with a Gibbs free energy change of 39.40 kJ/mol. The surface area of 

Al(OH)3 plays a major role in influencing the hydrogen yield, with finer particles 

yielding better performance. By leveraging an on-demand, self-driven exothermic 
reaction using a relatively large amount of aluminium (3 g Al to 15 g H2O) and a 

minimal amount of fine β-Al(OH)3, approximately 70% hydrogen conversion was 

achieved within 30 minutes. Importantly, this approach eliminates the need for 
high alkalinity and does not cause corrosion-related issues [39].  

Al2O3 + Al(OH)3             3AlO(OH)                       (5) 

2.4 Carbon Nanoparticles (CNTs), Composites, 

Graphene/Graphite 

The hydrogen production rate was observed to improve with the incorporation of 

carbon nanotubes (CNTs) into the aluminium matrix. CNTs act as localised 

cathodic sites during the hydrolysis process, facilitating rapid hydrogen production 
via galvanic corrosion between the CNTs and the aluminium matrix. Although 

carbon-based by-products arise from the interaction of carbon and water. Yet, no 

carbon monoxide (CO) generation was found [62]. Al@rGO (aluminium-reduced 
graphene oxide) composites, synthesised via ultrasonic atomization, demonstrated 

significantly enhanced hydrogen generation upon exposure to pure water under 

infrared irradiation. The presence of reduced graphene oxide not only accelerates 
the reaction but also provides ~4nm diffusion pathways for efficient transport of 

reactants and products [63]. Similarly, Al/graphite core-shell composites made 

from ball milling exhibited effective hydrogen production. When 23 wt% graphite 
was added, approximately 76.5% of the aluminium content reacted with water to 

produce hydrogen within 6 hours. An increased reaction temperature enhanced the 

hydrogen evolution rate, achieving a maximum of 40 ml/g.min Al at 75 °C [64]. 

Additionally, composites made from bismuth nanoparticle-modified graphene 

oxide (BiNPs@GO) and bismuth nanoparticles (Bi-NPs), synthesised through 

hydrothermal processing, showed further improvements in hydrogen generation 
performance. This enhancement is attributed to the synergetic effects of graphene 

and nano-bismuth, and notably, the system remained effective even at 0 °C. such 

composites are promising for hydrogen generation in fuel cells operating under 
variable temperature and pressure conditions [65].  

2.5 Other Agents 

The use of water-soluble inorganic salts (such as NaCl and KCl) during milling 
effectively minimises aluminium passivation in the pH range of 5 to 9. Higher 

concentrations of these salts, along with smaller aluminium particle sizes, 

significantly enhance the extent of aluminium reacting with water. Additionally, 
elevated temperatures not only improve the hydrogen generation rate but also 

lessen the induction time required to initiate the reaction. Based on the hydrolysis 

reactions that form aluminium hydroxide and baeyerite, approximately 1446 mL 
of hydrogen can be generated by just 1 gram of aluminium [30]. Alloy ingots 

composed of Al-Ga-In-Sn4-Cu have been reported to exhibit superior hydrogen 

yield and faster production rates compared to Al-Ga-In-Sn4 alloys. The addition 
of copper plays a critical role by inhibiting the development of aluminium grains 

and promoting the pulverisation of the Al(Ga) solid solution. This process 

increases the surface area available for reaction, thereby enhancing the reactivity 
of the alloy with water and improving hydrogen production [66]. 

The activation energy needed for the Al-20%Li alloy was significantly lower than 

that of the Al-20%Mg alloy. Consequently, Al-20%Li exhibited a hydrogen 
generation rate of 309.74 mL/g/min and the maximum hydrogen production of 

1038 mL/g. In contrast, the yield achieved from Al-20%Mg is found to be 

approximately 60% of that produced by the Al-20%Li alloy [67]. The addition of 
CaO and Li/Li2O to aluminium systems was found to greatly increase hydrogen 

generation. This improvement is attributed to a decrease in activation energy and 

the autocatalytic properties of the by-product (Al(OH)3) generated during the 
process [68]. Al-based composites synthesised from ball milling mixtures of Al, 

CaO, and salt powder have also been explored for hydrogen generation. A rise in 

the content of CaO and NaCl was shown to be favourable, and the highest 
hydrogen yield was achieved at 30 °C [69, 70]. Incorporating hydrides into 

aluminium-based materials further improved hydrogen generation performance, 

with lithium hydride (LiH) demonstrating the best results. An Al-30 mol% LiH 
sample, milled for 3 hours, achieved a hydrogen yield of 96.3% and a peak 

generation rate of 4556.3 mL/g.min at 75 °C [34, 71]. Additionally, hydrolysis of 

waste aluminium in a mildly alkaline solution (~70 °C) using Ni or Ni/Bi additives 
produced impressive results. This setup achieved a hydrogen generation rate of 

9.00 L/g/min and an overall yield of 1.35 L/g, having nearly a 100% conversion 

rate [72]. 

Bismuth-based composites have demonstrated effective activation properties, and 

the Al-Bi2O2CO3 system, prepared via ball milling, has been successfully 
employed for hydrogen generation. The hydrogen production efficiency was 

influenced by several factors, including the Bi2O2CO3 content, ball milling 

duration, and the powder-to-ball ratio. The hydrolysis reaction yielded by-
products such as Bi2O2CO3, AlO(OH), and Al2O3. Doping the Al-15 wt% 

Bi2O2CO3 composite with 5 wt% of NaCl or AlCl3 effectively eliminated the 

induction period and significantly enhanced both the hydrogen yield and 
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generation rate. The initial temperature of the reaction influenced the rate of 
hydrogen production, though it had a minimal effect on the overall yield. 

Additionally, the reaction yield was affected by the ageing time of the composite 

when exposed to air [73]. 

2.6 Aluminium Reaction with Steam 

Shmelev et al. performed an experiment to generate hydrogen by hydrolysis of 

molten Al (900-950 °C) in a reactor [74]. They used a stainless-steel reactor with 

a diameter of 42 mm and a height of 82 mm. A maximum of 40% hydrogen yield 
was observed, which was increased to 100% by adding 10% KOH in molten Al. 

Furthermore, it was concluded that the reactor could produce a maximum of 13 L 

of hydrogen per minute from 1 L of the melted Al. Gao et al. investigate the 
characteristics and working mechanism of aluminium-gas water and aluminium-

liquid water reactions at temperatures ranging from 250-376 °C and pressures 
between 4.0-23.5 MPa [75]. They found that supercritical steam showed strong 

reactivity, inhibiting passivation, with 8 mm aluminium particles completely 

oxidised at 376 °C and 23.5 MPa. However, steam-based hydrogen yield was 
observed to be slightly less or equal when compared to liquid water-based 

reactions due to differences in working mechanisms and aluminium surface 

contact opportunities. Wang et al. demonstrated the hydrogen production 
behaviour of millimetre-sized aluminium spheres reacting with subcritical and 

supercritical water, without the use of any additives or catalysts [76]. The effect 

of reaction time, temperature, and aluminium sphere size on hydrogen generation 
is systematically analysed. The results reveal that the aluminium-water reaction 

proceeds through four distinct stages, with hydrogen production increasing over 

time. For a 6.35 mm aluminium sphere, a maximum hydrogen yield of 86.7% is 
achieved at temperatures between 550-600 °C. Furthermore, reducing the 

aluminium sphere size significantly enhances reactivity. Spheres with a diameter 

of 2.38 mm attain a hydrogen yield of up to 95% and a reaction ratio of 91.71%. 
These findings suggest that the reaction between millimetre-sized aluminium and 

sub/supercritical water holds potential for integrated hydrogen, heat, and 

electricity generation systems. 

3. CONCLUSION 

This review highlights the potential of aluminium (Al) for hydrogen production, 

with surface passivation identified as a key barrier to efficient Al-water reactions. 

Various strategies and conditions that enhance Al hydrolysis have been thoroughly 
examined. Among the promising approaches, mechanically milled Al 

nanoparticles (~4nm) combined with NaCl at an Al-to-salt ratio of 0.5 

demonstrated both cost-effectiveness and high performance, yielding 101 ml 

H2/g/min at 55 °C and 210 ml H2/g/min at 70 °C. The inclusion of carbon-based 

materials significantly improved hydrogen output. The type of aluminium 
precursor, such as mesoporous/microparticle Al, Al(OH)3, Al2O3 and AlCl3, also 

influenced the yield positively. Additives like NaCl, KCl, CaO, carbon nanotubes 

(CNTs), and graphene further enhanced hydrogen generation. Surface activation 
through amalgamation with Zn or Hg, and alloying with elements such as Bi, Sn, 

Ga, In, and Cu, notably increased reactivity and hydrogen yield. The use of waste 

Al as a hydrogen source was also explored, with galvanic corrosion promoted by 
elements like Bi and Ga playing a significant role. Since these metals are 

expensive, alternatives should be explored, despite their recyclability. Key 

challenges remain in scaling this technology, particularly in managing the 
accumulation of hydrolysis by-products such as Al(OH)3 and AlOOH, which form 

surface deposits and inhibit reaction progress. Efficient removal strategies for 

these by-products and for excess heat generated during the reaction must be 
developed. Finally, integrated studies combining the most effective approaches 

discussed in this review are necessary to overcome current limitations and advance 

aluminium-based hydrogen generation technologies. 
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