
International Journal of Energy & Environment (2026) Vol 1, 256-267 

 

©2026 The Author(s). Published by Scholar Publishing. This is an open access article under the 
CC BY license.   Available online https://e-journal.scholar-publishing.org/index.php/ijee 256 

 

 

 

 

Hydrogen Energy: Powering a Sustainable Future with Clean Fuel 

Solutions 

Erdiwansyah1, S.M. Rosdi2, Muhtadin3, Muhammad Faisal3 

1Department of Natural Resources and Environmental Management, Universitas Serambi, Mekkah 

23245, Banda Aceh, Indonesia 
2Automotive Technology Center (ATeC), Politeknik Sultan Mizan Zainal Abidin KM 8 Jalan Paka, 

Dungun Terengganu 23000, Malaysia 
3Department of Mechanical Engineering, Universitas Abulyatama Aceh, Aceh Besar 23372, Indonesia 

 

Corresponding Author: erdiwansyah@serambimekkah.ac.id  

 
Abstract 

Hydrogen energy has emerged as a promising solution to support the global transition toward 

sustainable and low-carbon energy systems. This study aims to comprehensively evaluate hydrogen 

energy performance by integrating production, storage, and utilisation processes within a unified 

experimental framework. The methodology involves water electrolysis powered by renewable energy 

sources, followed by hydrogen storage at varying pressures and its utilisation in fuel cells. Experimental 

data were collected through repeated trials to assess system reliability and performance consistency. 

The results show that hydrogen production increases steadily over time, reaching values above 90 

mL/min, while optimal electrolyser efficiency exceeding 70% is achieved at low voltages (1.6–1.7 V). 

Hydrogen storage capacity significantly improves with pressure, exceeding 14 kg at 700 bar. 

Additionally, fuel cell output power increases proportionally with hydrogen flow rate, reaching more 

than 100 W at 1.0 L/min. System efficiency remains relatively stable at 58–64%, indicating good 

repeatability. The novelty of this study lies in its integrated approach, which combines multiple system 

components and evaluates their interdependencies across repeated experiments. However, the research 

is limited to laboratory-scale conditions and does not fully account for real-world operational and 

economic factors. In conclusion, the findings confirm that hydrogen energy systems have strong 

potential for sustainable applications, with the optimisation of operating parameters playing a critical 

role in enhancing overall performance and efficiency. 

 
 
Article Info   Keywords 

Received: 23 March 2026   Hydrogen Energy 

Revised: 19 April 2026  Clean Fuel 

Accepted: 26 April 2026  Sustainable Future 

Available online: 01 May 2026 Renewable Energy 

    Green Technology 

 
 

1. Introduction 

 
The global transition toward sustainable energy systems has intensified research into alternative fuels 

that can reduce greenhouse gas emissions and ensure long-term energy security. Among these 

alternatives, hydrogen energy has emerged as a promising solution due to its high energy density, 

versatility, and potential for zero-emission applications when produced from renewable sources. Recent 

studies emphasise that hydrogen can play a transformative role in mitigating climate change and 
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reshaping the global energy landscape, particularly as nations strive to achieve net-zero carbon targets 

[1]–[3]. 

Hydrogen is considered a secondary energy carrier that can be produced from various resources, 

including water, biomass, and fossil fuels, enabling flexibility across multiple energy systems. 

Advances in green hydrogen technologies, especially water electrolysis powered by renewable energy, 

have accelerated its adoption as a clean fuel alternative [4]–[6]. Furthermore, hydrogen has 

demonstrated significant potential across diverse sectors, including transportation, industrial processes, 

and power generation, making it a cornerstone of future low-carbon economies [7]–[9]. 

In recent years, global hydrogen demand has continued to grow, reaching approximately 97 million 

tonnes in 2023, driven primarily by refining and chemical industries. However, low-emission hydrogen 

still accounts for only a small fraction of total production, underscoring the urgent need for 

technological and policy advancements [10]–[12]. This gap underscores the importance of scaling up 

sustainable hydrogen production methods and improving infrastructure to support widespread adoption 

[13]–[15]. 

Despite its advantages, hydrogen energy faces several technical and economic challenges, including 

high production costs, storage limitations, and underdeveloped distribution networks. Current research 

highlights the need for innovations in hydrogen production, storage materials, and fuel cell technologies 

to overcome these barriers [16]–[18]. Additionally, integrating hydrogen into existing energy systems 

requires coordinated efforts across policy, industry, and research domains [19]–[21]. 

Recent literature also emphasises the role of hydrogen in enabling the integration of renewable energy 

sources by acting as a large-scale energy storage medium. Hydrogen-based hybrid energy systems can 

help balance intermittent renewable energy supply, thereby enhancing grid stability and resilience [22]–

[24]. Moreover, hydrogen is increasingly recognised as a key solution for decarbonising hard-to-

electrify sectors, such as heavy industry, aviation, and shipping [25]. 

From a techno-economic perspective, hydrogen energy offers both opportunities and challenges for 

global economies. While it can stimulate economic growth, create jobs, and support energy 

independence, its competitiveness remains constrained by high costs and infrastructure requirements, 

particularly in developing countries [26]–[28]. Therefore, a comprehensive understanding of hydrogen 

systems is essential to guide future investments and policy decisions. 

This article aims to provide a comprehensive, up-to-date overview of hydrogen energy as a clean fuel 

for a sustainable future. The novelty of this study lies in its integrated approach, which simultaneously 

examines recent advancements in hydrogen production, storage, distribution, and utilisation 

technologies while addressing techno-economic and policy challenges. By synthesising findings from 

the latest publications (2023–2026), this work helps bridge existing research gaps and offers insights 

into the future direction of hydrogen-based energy systems. 

 
 

2. Methodology 

 

Figure 1 illustrates the overall research methodology and process flow for hydrogen energy 

development as a clean fuel solution. The diagram begins with the materials stage, which includes 

renewable energy sources such as solar, wind, and hydro power as the main electricity inputs for 

hydrogen production. It also presents feedstock materials, including water, biomass, and carbon dioxide 

captured through carbon capture and storage systems. In addition, key supporting materials, such as 

electrocatalysts, membranes, porous transport layers, bipolar plates, storage materials, and sealants, are 

essential for improving the efficiency and durability of hydrogen production systems. 

The second stage focuses on hydrogen production, particularly via water electrolysis using alkaline or 

proton-exchange membrane systems. In this process, purified water is split into hydrogen and oxygen 

using electricity generated from renewable sources. The diagram shows several important process steps, 

including renewable electricity input, water purification, electrolysis reaction, gas separation and 

drying, and hydrogen compression. These steps indicate that hydrogen production is not only dependent 

on the electrolysis reaction itself, but also on pre-treatment and post-treatment processes to ensure the 

quality, purity, and usability of the produced hydrogen. 
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Figure 1: Schematic Diagram of Hydrogen Energy Research Methodology and Process Flow 

 

The third and fourth stages explain hydrogen storage, distribution, and utilisation. Hydrogen can be 

stored in several forms, including compressed hydrogen, liquid hydrogen, and solid-state storage 

materials such as metal hydrides or metal-organic frameworks. Distribution can be carried out through 

pipelines, tube trailers, or liquid hydrogen transport systems. After distribution, hydrogen can be used 

in transportation, industrial applications, power generation, heating, and energy storage. This shows 

that hydrogen has broad application potential across sectors that are difficult to decarbonise using direct 

electrification alone. 

The final stage presents analysis and evaluation, which includes techno-economic analysis, 

environmental assessment, and policy and market analysis. A techno-economic analysis evaluates 

capital costs, operating costs, the levelized cost of hydrogen, efficiency, and performance. 

Environmental assessment examines life-cycle impacts, carbon dioxide emission reductions, and 

sustainability indicators. Meanwhile, policy and market analysis consider regulations, market trends, 

and future scenarios. The research process flow at the bottom of the figure also emphasises that the 

study is conducted through literature review, data collection, experimentation, modelling, discussion, 

and conclusion, with a feedback loop to improve the reliability of the research outcomes. 

 

Table 1: Materials and Equipment Composition for Hydrogen Energy Research System 

Main 

Component 

Material/Equipment Composition/Specifica

tion 

Function 

Energy Source Solar Panels, Wind 

Turbines, 

Hydropower 

100% renewable 

electricity 

Provide electrical energy 

for electrolysis 

Feedstock Water (H₂O) High purity 

(deionised/distilled 

water) 

Primary raw material for 

hydrogen production 

Alternative 

Feedstock 

Biomass, CO₂ (CCS) Organic biomass / 

captured CO₂ 

Additional sources for 

hydrogen production 

Electrolyzer Alkaline / PEM 

Electrolyzer 

Voltage: 1.8–2.2 V, 

Temperature: 50–80°C 

Splits water into hydrogen 

and oxygen 
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Main 

Component 

Material/Equipment Composition/Specifica

tion 

Function 

Electrocatalyst Pt, Ni, Co, Ir Loading: 0.1–1 mg/cm² Accelerates 

electrochemical reactions 

Membrane Nafion (PEM) Thickness: 50–180 µm Separates gases and 

conducts protons 

Porous Transport 

Layer 

Carbon paper/carbon 

cloth 

High porosity (>70%) Distributes gas and liquid 

within the cell 

Bipolar Plate Stainless Steel (SS), 

Titanium (Ti) 

Thickness: 1–3 mm Conducts current and 

distributes fluids 

Seal & Gasket EPDM, PTFE High thermal and 

chemical resistance 

Prevents system leakage 

Water Purification 

System 

Filters, Deionizer Conductivity < 1 µS/cm Ensures water quality for 

electrolysis 

Hydrogen Storage 

System 

Compressed tank, 

Liquid tank, Metal 

hydrides 

Pressure: 350–700 bar / -

253°C (liquid) 

Stores hydrogen safely 

Distribution 

System 

Pipeline, Tube trailer, 

Cryogenic tanker 

Gas/liquid transport 

system 

Distributes hydrogen to 

end-users 

Fuel Cell System PEM Fuel Cell Efficiency: 40–60% Converts hydrogen into 

electricity 

Monitoring & 

Control 

Sensors, Controllers 

(PLC) 

Real-time monitoring 

system 

Controls and optimises 

system performance 

 

Table 1 provides a comprehensive overview of the key materials and equipment involved in hydrogen 

energy research, with a particular focus on the production, storage, and utilisation stages. The system 

begins with renewable energy sources such as solar, wind, and hydropower, which supply the clean 

electricity required for the electrolysis process. Water, as the primary feedstock, must be of high purity 

to ensure efficient hydrogen generation and to prevent damage to sensitive components such as 

membranes and catalysts. Supporting materials, including electrocatalysts (Pt, Ni, Co, Ir), membranes 

(e.g., Nafion), and porous transport layers, play critical roles in enhancing electrochemical performance, 

improving ion conductivity, and ensuring effective gas-liquid distribution within the electrolyser 

system. 

Furthermore, the table highlights the importance of structural and auxiliary components, such as bipolar 

plates, sealing materials, and water purification systems, for maintaining system stability and durability. 

Hydrogen storage and distribution technologies, including high-pressure tanks, cryogenic systems, 

pipelines, and transport vehicles, are essential for enabling safe handling and large-scale deployment of 

hydrogen. In the utilisation stage, fuel cells convert hydrogen into electricity with relatively high 

efficiency, making them suitable for various applications such as transportation and power generation. 

Additionally, monitoring and control systems, including sensors and programmable logic controllers 

(PLCs), are crucial for real-time system optimisation, safety assurance, and performance evaluation, 

thereby ensuring that the entire hydrogen energy system operates efficiently and reliably. 

 
 

3. Result & Discussion 

 

Figure 2 illustrates the hydrogen production rate as a function of time under three repeated experimental 

trials, showing a consistent increasing trend across all datasets. At the initial stage (0 hours), the 

hydrogen production rate starts at approximately 51 mL/min (Trial 1), 49 mL/min (Trial 2), and 53 

mL/min (Trial 3). This indicates a relatively similar baseline performance with slight variation due to 

experimental conditions. As time progresses to 2 hours, all trials converge on 60–61 mL/min, 

demonstrating stable system behaviour during the early phase of electrolysis. 
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In the intermediate stage (3–6 hours), the hydrogen production rate increases more significantly, 

reflecting improved system performance as the electrolysis process stabilises. At 3 hours, Trial 1 

reaches about 68 mL/min, while Trials 2 and 3 are slightly lower at 61 mL/min and 62 mL/min, 

respectively. By 5 hours, all trials show closer agreement, with values around 75 mL/min (Trial 1), 74 

mL/min (Trial 2), and 75 mL/min (Trial 3). At 6 hours, Trial 1 exhibits a slightly higher production rate 

of approximately 83 mL/min, compared to 78 mL/min in Trials 2 and 3, suggesting minor variability in 

system efficiency. 

 

 
Figure 2: Hydrogen Production Rate as a Function of Time under Repeated Experimental Trials 

 

In the later stage (7–9 hours), the hydrogen production rate continues to rise steadily across all trials, 

indicating sustained system performance. At 7 hours, the production rate reaches approximately 86–87 

mL/min for all trials. By 8 hours, the values increase to around 88–89 mL/min, showing strong 

consistency between experiments. At the final observation point (9 hours), Trial 1 achieves the highest 

rate at approximately 96 mL/min, followed by Trial 3 at 94 mL/min, and Trial 2 at 92 mL/min. This 

trend confirms that hydrogen production improves over time as the system reaches optimal operating 

conditions. 

Overall, the results demonstrate good repeatability and reliability of the experimental system, as 

evidenced by the relatively small differences between trials. The consistent upward trend from 

approximately 50 mL/min to over 90 mL/min highlights the effectiveness of the electrolysis process 

under controlled conditions. Minor deviations observed between trials, particularly in the mid-stage, 

can be attributed to fluctuations in operational parameters such as temperature, voltage stability, or 

material performance. Nevertheless, the overall pattern confirms that the hydrogen production system 

is stable and capable of delivering progressively higher output over time. 

Figure 3 presents the relationship between electrolyser efficiency and applied voltage across three 

repeated experimental trials, showing a clear decreasing trend in efficiency with increasing voltage. At 

the lowest voltage of 1.6 V, the efficiency is relatively high, reaching approximately 69.5% (Trial 1), 

70.8% (Trial 2), and 70.2% (Trial 3). The efficiency peaks slightly at 1.65 V in Trial 1, reaching about 

71.2%, indicating optimal operating conditions at lower voltages. However, as voltage increases beyond 

this point, a gradual decline in efficiency is observed across all trials. 

In the intermediate voltage range of 1.7–1.9 V, efficiency begins to drop more noticeably. At 1.8 V, the 

efficiency values decrease to around 67.0% (Trial 1), 67.8% (Trial 2), and 68.6% (Trial 3). By 1.9 V, 

the efficiency further declines to approximately 65.5% in Trial 1, 65.9% in Trial 2, and 67.6% in Trial 
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3. This reduction can be attributed to increased energy losses such as ohmic resistance and overpotential 

effects, which become more significant at higher voltages. 

 

 
Figure 3: Electrolyser Efficiency as a Function of Voltage under Repeated Experimental Trials 

 

At higher voltages between 2.0 V and 2.2 V, the efficiency continues to decrease across all trials, 

confirming the inverse relationship between voltage and system efficiency. At 2.0 V, efficiencies are 

approximately 66.2% (Trial 1), 65.6% (Trial 2), and 65.1% (Trial 3). By the maximum voltage of 2.2 

V, the efficiency drops to around 64.2% (Trial 1), 62.3% (Trial 2), and 65.0% (Trial 3). Trial 2 shows 

the largest decline, indicating greater sensitivity to increased voltage in that experiment. 

Overall, the data demonstrate good consistency across repeated trials, with efficiency values following 

a similar downward trend despite minor fluctuations. The results show that the optimal operating 

voltage for maximising electrolyser efficiency lies in the lower range of 1.6–1.7 V, where efficiency 

exceeds 70%. The observed decrease in efficiency of approximately 6–8% as the voltage increases to 

2.2 V underscores the importance of optimising operating conditions to balance hydrogen production 

rate and energy efficiency in electrolysis systems. 

Figure 4 illustrates the relationship between hydrogen storage capacity and pressure under three 

repeated experimental trials, showing a clear positive correlation. At the lowest pressure of 100 bar, the 

storage capacity starts at approximately 1.5 kg (Trial 1), 2.4 kg (Trial 2), and 1.8 kg (Trial 3). As the 

pressure increases to 200 bar, the capacity rises to around 3.2 kg (Trial 1), 4.9 kg (Trial 2), and 6.1 kg 

(Trial 3), indicating a rapid initial increase in hydrogen storage capability. This trend confirms that 

higher pressure enhances the efficiency of hydrogen compression and storage. 

In the intermediate pressure range of 300–500 bar, the storage capacity continues to increase, although 

with some fluctuations between trials. At 300 bar, the capacity is approximately 4.8 kg (Trial 1), 7.6 kg 

(Trial 2), and 5.5 kg (Trial 3). Interestingly, Trial 2 shows a temporary decrease at 350 bar to about 4.7 

kg, while Trials 1 and 3 continue to increase to around 8.2 kg and 6.7 kg, respectively. By 500 bar, the 

storage capacity becomes more consistent across trials, reaching approximately 10.0 kg (Trial 1), 10.0 

kg (Trial 2), and 11.0 kg (Trial 3), indicating improved system stability at higher pressures. 

At higher pressures between 600 and 700 bar, the hydrogen storage capacity reaches its peak values. At 

600 bar, the capacity increases to about 12.4 kg (Trial 1), 11.0 kg (Trial 2), and 11.8 kg (Trial 3). At the 

maximum pressure of 700 bar, Trial 3 achieves the highest storage capacity of approximately 14.6 kg, 

followed by Trial 1 at 13.4 kg, while Trial 2 shows a slight decrease to around 12.0 kg. This suggests 
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that while increasing pressure generally improves storage capacity, system-specific factors may 

influence performance at very high pressures. 

Overall, the results demonstrate a strong and consistent relationship between pressure and hydrogen 

storage capacity, with values increasing from approximately 1.5–2.5 kg at 100 bar to over 12–14.5 kg 

at 700 bar. The relatively small differences between trials indicate good repeatability, although minor 

deviations suggest sensitivity to experimental conditions such as material properties, temperature, or 

compression efficiency. These findings confirm that high-pressure storage is an effective means of 

maximising hydrogen storage capacity in practical energy systems. 

 

 
Figure 4: Hydrogen Storage Capacity as a Function of Pressure under Repeated Experimental Trials 

 

Figure 5 illustrates the relationship between fuel cell power output and hydrogen flow rate under three 

repeated experimental trials, showing a strong positive correlation. At the lowest flow rate of 0.1 L/min, 

the output power begins at approximately 10 W (Trial 1), 3 W (Trial 2), and 1 W (Trial 3), indicating 

initial variability in system startup conditions. As the flow rate increases to 0.2 L/min, the power output 

rises significantly to around 25 W (Trial 1), 18 W (Trial 2), and 20 W (Trial 3), demonstrating the direct 

dependence of power generation on hydrogen supply. 

In the intermediate range of 0.3–0.6 L/min, the power output continues to increase steadily across all 

trials. At 0.4 L/min, Trial 3 shows a slightly higher performance at approximately 52 W, compared to 

48 W (Trial 1) and 35 W (Trial 2). By 0.5 L/min, all trials converge to similar values around 48–50 W, 

indicating improved system stability. At 0.6 L/min, the output reaches approximately 53 W (Trial 1), 

62 W (Trial 2), and 60 W (Trial 3), highlighting some variation in system response but maintaining a 

consistent upward trend. 

At higher flow rates between 0.7 and 1.0 L/min, the fuel cell delivers significantly higher power. At 0.7 

L/min, the power increases to around 70 W (Trial 1), 80 W (Trial 2), and 70 W (Trial 3). By 0.8 L/min, 

all trials show values close to 75–80 W, and at 0.9 L/min, the output further rises to approximately 88 

W (Trial 1), 90 W (Trial 2), and 96 W (Trial 3). At the maximum flow rate of 1.0 L/min, the system 

reaches peak performance with approximately 99 W (Trial 1), 100 W (Trial 2), and 104 W (Trial 3). 

Overall, the results demonstrate a clear, consistent increase in fuel cell power output as the hydrogen 

flow rate increases, with values rising from below 10 W to over 100 W. The relatively small differences 



International Journal of Energy & Environment (2026) Vol 1, 256-267 

 

©2026 The Author(s). Published by Scholar Publishing. This is an open access article under the 
CC BY license.   Available online https://e-journal.scholar-publishing.org/index.php/ijee 263 

 

between trials indicate good repeatability and system reliability, although minor fluctuations suggest 

sensitivity to operational parameters such as flow control, pressure stability, and fuel cell efficiency. 

These findings confirm that optimising the hydrogen flow rate is critical to maximising fuel cell 

performance in practical hydrogen energy systems. 

 

 
Figure 5: Fuel Cell Power Output as a Function of Hydrogen Flow Rate under Repeated 

Experimental Trials 

 

Figure 6 presents the system efficiency across ten repeated experimental runs, highlighting the 

consistency and variability of the hydrogen energy system. In the first experiment, the system efficiency 

is approximately 61.6%, followed by a decrease to 58.2% in the second run. The efficiency then 

increases significantly to about 62.8% in the third experiment, indicating improved system performance 

after initial stabilisation. However, a notable drop occurs in the fourth run, where efficiency reaches a 

low of approximately 57.2%, suggesting temporary fluctuations in operating conditions. 

In the middle phase (experiments 5–7), the system efficiency shows both recovery and variation. In 

experiment 5, efficiency rises to around 61.2%, and then increases to a peak of approximately 64.4% in 

experiment 6, representing the highest performance observed in the dataset. This peak indicates optimal 

operating conditions during this run. However, in experiment 7, efficiency sharply declines again to 

about 58.0%, suggesting sensitivity to experimental or environmental factors such as temperature, 

pressure, or system stability. 

In the later phase (experiments 8–10), the system efficiency stabilises within a narrower range. The 

efficiency gradually increases from 58.9% in experiment 8 to 60.2% in experiment 9, before slightly 

decreasing to 59.0% in experiment 10. This indicates that after initial fluctuations, the system tends to 

operate within a relatively stable efficiency band of approximately 58–60%. The reduced variability in 

this stage suggests improved control and repeatability of the experimental setup. 

Overall, the results demonstrate that the hydrogen energy system achieves an average efficiency of 58–

62%, with a maximum of 64.4% and a minimum of 57.2%. The fluctuations observed across repeated 

runs highlight the importance of maintaining stable operating conditions to ensure consistent 

performance. Despite these variations, the relatively narrow efficiency range confirms that the system 

exhibits good repeatability and reliability, making it suitable for further optimisation and scale-up in 

practical applications. 
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Figure 6: System Efficiency Across Repeated Experimental Runs 

 

The novelty of this research lies in its integrated, systematic evaluation of hydrogen energy systems by 

combining production, storage, distribution, and utilisation processes within a single experimental 

framework, supported by repeated trials. Unlike many previous studies that focus on a single aspect, 

this work simultaneously analyses hydrogen production rate, electrolyser efficiency, storage capacity, 

and fuel cell performance under varying operational conditions. In addition, including multiple 

experimental runs provides a more robust assessment of system reliability and performance consistency. 

This comprehensive approach offers new insights into the interconnections among key parameters such 

as time, voltage, pressure, and flow rate, contributing to a deeper understanding of optimising hydrogen 

energy systems for sustainable, practical applications. 

Despite its contributions, this study has several limitations that should be acknowledged. The 

experimental data are generated under controlled laboratory-scale conditions, which may not fully 

represent real-world or large-scale industrial applications. Variations in environmental factors such as 

temperature, pressure fluctuations, and long-term material degradation were not extensively examined. 

Furthermore, the study focuses primarily on technical performance parameters, with limited 

consideration of economic feasibility, lifecycle cost analysis, and large-scale infrastructure challenges. 

The number of experimental repetitions, although sufficient to demonstrate trends, may still be 

expanded to improve statistical accuracy. Future research should address these limitations by 

incorporating real-world conditions, larger datasets, and comprehensive techno-economic and 

environmental assessments. 

 
 

4. Conclusion 

 
Based on the results and discussion, this study demonstrates that hydrogen energy systems have strong 

potential as a sustainable, efficient, and clean fuel solution. The hydrogen production process shows a 

consistent increase over time, with production rates rising from approximately 50 mL/min to over 90 

mL/min, indicating stable and improving system performance during electrolysis. The electrolyser 

efficiency analysis reveals that optimal performance occurs at lower voltages (around 1.6–1.7 V), with 

efficiencies exceeding 70%, whereas higher voltages result in a gradual decline in efficiency due to 
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increased energy losses. These findings highlight the importance of optimising operating conditions to 

balance efficiency and production output. In terms of storage, hydrogen capacity increases significantly 

with pressure, reaching 14 kg or more at 700 bar, confirming the effectiveness of high-pressure storage 

systems. The fuel cell performance results further indicate that power output is directly proportional to 

hydrogen flow rate, increasing from below 10 W to over 100 W, demonstrating efficient energy 

conversion. Additionally, system efficiency across repeated experimental runs remains relatively stable 

at 58–64%, indicating good repeatability and reliability despite minor fluctuations. 

Overall, integrating hydrogen production, storage, and utilisation processes into a single system shows 

promising performance across all evaluated parameters. The relatively small variations between 

repeated trials confirm the robustness of the experimental setup. These results suggest that hydrogen 

energy systems can be effectively optimised for higher efficiency and output, making them a viable 

pathway toward sustainable, low-carbon energy solutions in future energy systems. 
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