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Abstract - Hydrogen energy represents a promising solution for addressing global energy challenges, transitioning towards a 

low-carbon future, and mitigating the environmental impact of traditional fossil fuels. This review explores the multifaceted 

aspects of hydrogen energy, including production methods, storage technologies, fuel cell advancements, and the challenges 

and opportunities associated with its adoption. Important methods for producing hydrogen, including biomass gasification and 

electrolysis, are examined together with cutting-edge strategies for increasing sustainability and efficiency. The viability and 

safety of several hydrogen storage solutions, such as material-based absorption, cryogenic storage, and high-pressure tanks, 

are assessed. In the context of portable power production and clean transportation, the function of hydrogen fuel cells is 

examined, with particular attention to developments in Methanol Fuel Cell Direct (MFCDs) and Polymer Electrolyte Membrane 

Fuel Cells (PEMFCs). Hydrogen energy faces challenges such as high production and storage costs, inadequate infrastructure, 

and safety concerns. Innovations in advanced electrolysis, solid-state storage, and renewable integration offer promising 

solutions. The review emphasizes the importance of lifecycle analysis to minimize emissions and resource consumption, 

reinforcing hydrogen’s role in a sustainable energy future. 

Keywords - Hydrogen, Energy, sustainability, Energy storage, Fuel cell. 

1. Introduction 
Growing awareness of the effects of environmental 

change and the predictable availability of fossil gases has led 

to greater acceptance of using renewable energy sources. They 

will expand quickly, making up roughly 90% of the growth in 

power capacity worldwide by 2025 [1]. Renewable energy 

from solar and wind currently has more attention because it 

can offer a sustainable, economical, and eco-friendly power 

source that can help lower greenhouse gas emissions [2]. On 

the other hand, these renewable resources experience more 

challenges in presenting a constant energy supply due to some 

issues with the existence of the shining sun and wind [3]. 

Therefore, because of its long-term energy storage capacity, 

hydrogen may be utilized as a viable renewable energy source 

to address these problems [4]. Using hydrogen as a clean fuel 

source, hydrogen energy may be used for heating, 

transportation, and power production. The most plentiful 

element in the universe, hydrogen, may be created from a 

variety of materials, such as biomass, natural gas (by SMR), 

and water (by electrolysis) [5]. When Hydrogen is used in fuel 

cells, hydrogen produces water vapour as a byproduct, which 

is considered environmentally friendly. It balances the energy 

supply and demand, where the excess energy generated from 

renewable energy resources can be stored. More countries 

strive to reduce greenhouse emissions, so hydrogen is the key 

that offers a pathway to decarbonizing sectors such as 

steelmaking and cement and for long-haul transportation. It 

reduces the independence of fossil fuels and so enhances 

energy security [6]. Recently, hydrogen has become a key 

component for a low-carbon economy, and it is used to 

capitalize on the potential of this flexible fuel [7]. Because of 

its high energy density, hydrogen possesses more energy per 

mass unit [8].  

Efficient and sustainable materials are essential for 

economical and environmentally friendly hydrogen 

production. Reference [9] provides a comprehensive overview 

of advancements in hydrogen generation technologies, 

emphasizing the need for sustainable approaches. It covers 

production methods such as SMR, coal and biomass 

gasification, water electrolysis, and emerging techniques like 

solid oxide electrolysis cells and photocatalytic water 

splitting. Additionally, it highlights challenges in large-scale 

hydrogen production, including material durability, cost-

effectiveness, and environmental impact, while discussing 

ongoing research efforts to improve catalysts and materials for 

enhanced efficiency and sustainability. Reference [10] 

addressed the difficulties of storing and transporting 

hydrogen, particularly the developments in materials and 

processes while concentrating on the state of hydrogen 
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generation systems, such as electrolysis and SMR. It draws 

attention to the safety requirements, economic feasibility, and 

environmental effects of many facets of hydrogen production, 

storage, and refuelling systems. The process of refuelling 

hydrogen for fuel cell electric cars is also covered, 

emphasizing the need to maximize refuelling durations and 

safety precautions to increase the viability of hydrogen as a 

clean energy source. 

Biomass Hydrogen production presents a sustainable and 

carbon-neutral approach. Thermochemical processes can be 

used to convert Biomass to syngas. Thermochemical 

processes include gasification and pyrolysis, as well as 

biological methods like anaerobic digestion [11]. Syngas, 

which is mainly methane, was reformed to produce hydrogen. 

Research focuses on cost-effective syngas production and 

efficient impurity removal techniques to enhance the 

economic viability of biomass gasification.  
 

Advanced methods like supercritical water gasification 

and plasma gasification offer significant benefits. Plasma 

gasification enhances reactivity, reducing contaminants and 

gas cleanup costs [12]. Meanwhile, supercritical water 

gasification efficiently produces hydrogen-rich syngas at high 

temperatures and pressures (374°C and 220 bar), minimizing 

sulfur oxides (SOx) and nitrogen oxides (NOx) emissions 

while eliminating the need for drying [13, 14]. 
 

Cost-effective decarbonization solutions are essential to 

the long-term implementation of a sustainable and green 

energy transition. By passing legislation and making strategic 

investments, renewable hydrogen might become more 

competitive than carbon-based alternatives [15]. The practical 

transport and storage of hydrogen is essential for fuel cell 

development and hydrogen technologies, which are used in 

mobility solutions, portable devices, and stationary power [16, 

17].  
 

Strong infrastructure must be established to encourage the 

widespread use of hydrogen as an energy carrier. It includes 

liquefaction facilities, pipelines, storage tanks, transport 

vehicles, compressors, and dispensers at filling stations to 

transfer effectively hydrogen to consumers [18]. 

Hydrogen regenerative fuel cells are key advantages over 

rechargeable batteries, such as remote energy storage, stable 

discharge voltage regardless of the State of Charge (SoC), and 

flexible recharge and discharge rates for various applications. 

Using green hydrogen in fuel-cell electric vehicles (FCEVs) 

can enhance efficiency twice as much as hydrogen-based 

internal combustion engines [19]. Advances in technology and 

economic feasibility suggested that hydrogen-powered 

FCEVs could become a leading solution for heavy-duty 

transportation and industrial applications [20]. Furthermore, 

ammonia has emerged as a promising carbon-free fuel 

alternative for transportation, supporting the transition to a 

carbon-neutral economy [21, 22]. 

Hydrogen-based renewable energy systems are 

considered promising for reducing greenhouse gas emissions 

and facilitating the transition to a low-carbon energy future. It 

is essential to conduct a comprehensive environmental and 

economic analysis to evaluate their feasibility and advantages. 

This assessment should account for the entire lifecycle of the 

hydrogen system, from production to final consumption, 

addressing several key environmental aspects [23, 24]. While 

these systems are expected to produce significantly fewer 

greenhouse gas emissions than fossil fuel-based systems, the 

emissions associated with hydrogen generation, 

transportation, and storage must be considered. The 

substantial water consumption required for hydrogen 

production must be evaluated to understand its impact on 

water resources. Land use is another critical factor, as the 

space needed for hydrogen production and storage could 

potentially lead to habitat loss and biodiversity decline if not 

carefully managed. Furthermore, it must examine the air 

pollution from hydrogen generation and transportation 

processes to minimize negative environmental impacts. A 

thorough lifecycle-based analysis will ensure that hydrogen 

systems are sustainable and aligned with environmental and 

economic goals [23, 24]. 

The high cost of producing and storing hydrogen, which 

is now higher than traditional fossil fuels, is one of the primary 

obstacles to the growth of hydrogen energy [25]. Another 

obstacle to the widespread use of hydrogen energy is the 

absence of suitable infrastructure, such as storage facilities 

and refuelling stations [26]. Because hydrogen is highly 

flammable, it is imperative to address safety issues with its 

manufacture, storage, and transportation [27]. Researchers 

must create safe and dependable hydrogen handling 

techniques. Another drawback is that hydrogen has a lower 

energy density than conventional fossil fuels, meaning it takes 

up a lot more storage area to store the same amount of energy. 

This issue necessitates advancements in the design and 

efficiency of hydrogen storage systems. 

Furthermore, the current hydrogen production methods 

are energy-intensive and contribute to greenhouse gas 

emissions, highlighting the need for more efficient and 

environmentally sustainable production techniques. 

Hydrogen's high reactivity also poses challenges, as it can 

cause embrittlement and material degradation. To overcome 

this, researchers must develop materials capable of 

withstanding the demanding conditions associated with 

hydrogen production, storage, and use [28]. 

This paper examines the potential of hydrogen energy as 

a sustainable solution for reducing greenhouse gas emissions 

and facilitating the transition to a low-carbon energy system. 

It highlights the primary challenges facing the development 

and implementation of hydrogen energy systems, such as the 

high production and storage costs and the lack of necessary 

infrastructure like refuelling stations and storage facilities. 
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The study emphasizes the importance of advancing production 

technologies and creating more efficient storage solutions, 

particularly due to hydrogen's low energy density compared to 

conventional fuels. Furthermore, the research addresses safety 

concerns related to hydrogen’s reactivity with different 

materials, underscoring the need for robust materials and 

technologies capable of enduring the challenging conditions 

associated with hydrogen production and storage. Through 

this study, the paper stresses the critical need for technological 

innovation, infrastructure development, and supportive 

policies to fully unlock hydrogen energy’s potential as a clean 

and sustainable power source. 

2. Methods of Hydrogen Production 
Green, purple, and blue hydrogen are the three primary 

types of hydrogen generation. The latter two use natural gas 

and coal gasification to produce hydrogen, frequently in 

conjunction with carbon capture and storage (CCS) 

technology. Despite being a CO2-intensive process, SMR 

presently accounts for most hydrogen generation worldwide. 

On the other hand, green hydrogen may be produced using 

renewable power. Electrolysis is a traditional method that uses 

electrical current to divide water into hydrogen and oxygen. 

Electrolysis produces no direct CO2 emissions when this 

power is generated using renewable energy. One significant 

obstacle is still the high cost of producing hydrogen, especially 

green hydrogen. The cost of hydrogen produced by SMR is 

around three times higher than that of hydrogen generated 

using natural gas. At an electricity rate of 5 cents/kWh, 

electrolysis-based hydrogen generation is almost twice as 

expensive as natural gas-based hydrogen. According to recent 

research by Renewable World Energy, wind energy in the US 

is predicted to sell for a record-low 2.5 cents per kWh, making 

electricity for hydrogen production almost four times more 

economical than natural gas-based hydrogen generation. 

Furthermore, CO2 emissions from present natural gas 

reforming operations can be decreased by utilizing existing 

pipelines for transportation and combining hydrogen with 

natural gas [29]. 

For a few important reasons, hydrogen fuel is becoming 

increasingly popular worldwide. First off, there is flexibility 

in the generation of hydrogen since it may be produced using 

a variety of energy sources. Second, hydrogen is one of the 

cleanest fuels on the market since it is extremely ecologically 

friendly and only creates water as a byproduct when used in 

fuel cells or combustion processes. Furthermore, hydrogen is 

adaptable and may be used to power various energy 

applications, such as fuel cell automobiles, homes, energy 

carriers, and systems that combine heating and power 

generation. Additionally, hydrogen has the potential to be 

used in decarbonizing sectors like the marine industry, where 

it may be generated from off-grid offshore wind energy to 

produce clean fuels like ammonia or hydrogen. Hydrogen is 

also a perfect energy transporter, making it possible to store 

energy effectively. Since hydrogen does not contribute to CO2 

emissions at the time of use, unlike other carbon-based fuels 

like methanol, dimethyl ether, and synthetic methane, it does 

not interfere with Direct Air Capture (DAC) or CCS activities.  

Important procedures such as the steam-iron process, steam 

reformation of waste oil, partial oxidation of heavy coal and 

oil, solar and PV water electrolysis, high-temperature water 

electrolysis, chloralkaline electrolysis, biomass gasification, 

photobiological processes, thermochemical water splitting, 

photoelectrochemical water decomposition, hydrogen sulfide 

(H2S) methane reforming, naphtha reforming, coal 

gasification, and methane/natural gas pyrolysis and 

photocatalytic water decomposition are all shown in Table 1 

along with a comparative analysis of the costs and 

performance characteristics of these methods. This chart 

explains each method's cost comparisons, efficiency, and 

optimal and realistic energy needs.  

Figure 1 presents a comprehensive framework for 

hydrogen production, outlining the key components: source, 

system, and service. The sources act as primary energy inputs, 

integrated with the hydrogen production system to meet 

supply and demand. Following this, storage and distribution 

processes are crucial, utilizing existing infrastructure to 

supply hydrogen for various applications. These include 

power generation via fuel cells, hydrogen fuel cell vehicles, 

internal combustion engines, and the production of chemicals 

like hydrochloric acid, methanol, ammonia, and 

pharmaceuticals. The framework also covers domestic uses 

such as space heating, cooling, electricity generation, 

freshwater production, and combined heat and power systems. 

The approach prioritizes environmentally friendly energy 

production methods that minimize greenhouse gas emissions 

and other environmental impacts. The book's first volume 

reviews hydrogen characteristics in-depth, focusing on water 

electrolysis, Proton Exchange Membrane (PEM) cells and 

stacks, and gas permeation in PEM electrolysis. The second 

volume dives into hydrogen production, detailing PEM water 

electrolysis facilities, performance degradation, power-to-gas 

systems, and the selection characteristics of hydrogen.  

Numerous overview studies on the production, storage, and 

use of hydrogen have been gathered; they include subjects 

including the generation of hydrogen using solar and nuclear 

energy [30], biomass and waste-based hydrogen production, 

and the use of wind energy to produce hydrogen in developing 

nations [31] and the implementation of renewable hydrogen 

for transportation, energy storage, and stationary applications 

[32]. 

Additionally, reviews on the reliability and performance 

of hydrogen transportation infrastructure [33], sustainable 

development in the transportation sector through hydrogen 

energy systems [34], and recent trends in hydrogen production 

and utilization [35] are included. Selecting the appropriate 

primary energy source for hydrogen production is crucial. The 

energy source must be abundant, clean, reliable, and cost-

effective. It should also be widely available, hygienic, stable, 



Fahad Albalawi / IJRES, 12(2), 79-91, 2025 

 

82 

and economical. About 95% of hydrogen is produced from 

fossil fuels, mainly through processes like coal gasification, 

methane partial oxidation, and natural gas reforming. It is 

essential to transition away from carbon-based sources and 

address issues such as carbon capture, utilization, and storage 

(CCUS) to maintain sustainability while also considering the 

potential re-release of CO2 during combustion.  

Integrating reliable and efficient storage systems is key 

for intermittent renewable energy sources. Recent studies by 

Renewable World Energy show that wind energy in the U.S. 

can be generated at a cost as low as 2.5 cents per kWh, making 

hydrogen production from electricity much more affordable 

than natural gas. Selecting the appropriate system and source 

is vital to achieve the best results. This approach promises to 

generate environmentally friendly, sustainable, and clean 

hydrogen.  

Figure 2 presents a classification of traditional, 

renewable, and alternative hydrogen production methods, 

providing a comprehensive overview of the various pathways 

and energy sources used in hydrogen generation. The chart 

begins with fossil fuel-based methods, such as coal 

gasification and steam methane reforming (SMR), focusing on 

the critical need for CO2 capture to reduce environmental 

impact. It then highlights renewable energy sources like 

biomass, ocean thermal, hydro, solar, wind, geothermal, and 

tidal energy, all of which play a role in hydrogen production 

via water electrolysis. 

Additionally, the diagram includes advanced methods 

such as ultrasonic techniques, chlor-alkali processes, 

aluminium-based reactions, nuclear energy, plasma 

reforming, ammonia reforming, and biological methods.  

The chart emphasizes two key energy inputs for these 

processes: thermal energy, used in heat-driven methods, and 

electrical energy, required for electrolysis and other 

electricity-dependent techniques. Ultimately, hydrogen can be 

produced through processes like electrolysis, 

photoelectrochemical and photocatalytic water splitting, and 

thermochemical reactions.

  

 
Fig. 1 Strategy for producing and using hydrogen-powered by renewable energy 

Table 1. Comparative aspects of hydrogen generation methods' costs and performance [29] 

Process Efficiency [%] 

Energy consumption (kWh/m3) 

 

Ideal          Practical 

Status of Tech. 

Steam methane reforming (SMR) 70e80 0.78 2e2.5 mature 

H2S methane reforming 50 1.5 e R&D 

Landfill gas dry reformation 47e58  R&D 

Partial oxidation of heavy oil 70 0.94 4.9 mature 

Coal gasification (TEXACO) 60 1.01 8.6 mature 

Grid electrolysis of water 27 3.54 4.9 R&D 
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Fig. 2 Techniques for producing hydrogen 

3. Storage of Hydrogen 
Since hydrogen has the highest gravimetric energy 

density but the lowest volumetric energy density, hydrogen 

storage is an essential technique for its use. When developing 

hydrogen storage systems, this disparity needs to be carefully 

considered. There are several ways to store hydrogen now, as 

Fig. 3 illustrates. Compressing hydrogen into high-pressure 

tanks—which often hold hydrogen at 350 bar or 700 bar—is 

the most used method. For example, 700-bar hydrogen tanks 

are a fuel cell electric cars (FCEVs) feature, including the 

Toyota Mirai and Hyundai Nexo. It takes around five minutes 

to replenish these tanks at retail dispensers, which are often 

found at petrol stations. Up to 560 kilometres of driving range 

is possible with a full tank. 

High-pressure hydrogen storage is currently the most 

practical solution due to its lower cost and simplicity than 

other storage methods. However, safety concerns arise with 

hydrogen stored under high pressure, particularly regarding 

potential leaks. Reliable and efficient hydrogen leak detection 

systems are essential to ensure safety, as hydrogen is odourless 

and colourless. Proper sensor placement and ventilation 

systems are critical for detecting and safely dispersing 

hydrogen in the event of a leak. A study by Tang et al. on 

hydrogen leakage in various environments  ,such as open areas, 

garages, and tunnels ,  revealed that hydrogen alarms at the 

highest points in enclosed spaces most effectively detect leaks. 

The study also highlighted the need for enhanced ventilation 

systems to enable rapid evacuation of hydrogen and the 

importance of meticulously managing container design and 

maintenance to reduce the risks of failure and ensure long-

term integrity. To address these concerns, standards for the 

design, manufacturing, and testing of hydrogen storage 

systems must be established [36, 37]. The second method of 

hydrogen storage involves liquefying hydrogen at cryogenic 

temperatures. While this approach mitigates some concerns 

regarding leaks and degradation of sealant materials, it 

requires significantly more energy input and results in more 

significant heat losses than high-pressure storage. Maintaining 

hydrogen in liquid form demands extremely low temperatures, 

as hydrogen has a boiling point of -253°C at 1 bar pressure. 

Therefore, detailed energy balance analyses are crucial for 

optimizing this storage method. 

Figure 3 provides a detailed representation of hydrogen 

storage methods categorized into two primary types: metal-

based and physical-based storage.  Hydrogen is stored in forms 
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such as compressed gas, cold-cryogenic compressed 

hydrogen, and liquid hydrogen for physical-based storage. 

These methods rely on physical processes to store hydrogen 

efficiently, with compressed gas being the most common 

form, requiring high-pressure cylinders. Cold-cryogenic 

compression involves cooling hydrogen to extremely low 

temperatures to enhance storage density. In contrast, liquid 

hydrogen storage further increases energy density by 

maintaining hydrogen in a liquid state through advanced 

cooling and insulation technologies.  Hydrogen is chemically 

bonded or adsorbed onto advanced materials on the metal-

based storage side. Categories include chemical hydrogen 

storage (e.g., ammonia borane), complex hydrides (e.g., 

sodium alanate, NaAlH4), interstitial hydrides (e.g., 

lanthanum nickel hydride, LaNi5H6), liquid organic hydrogen 

carriers (e.g., methyl cyclopentane), and adsorbents like 

metal-organic frameworks (MOFs). These materials enable 

hydrogen storage at lower pressures and temperatures, 

offering higher safety and efficiency. 

The diagram highlights the versatility of hydrogen 

storage technologies, demonstrating how different methods 

can be tailored to specific applications, balancing factors like 

energy density, safety, and feasibility for large-scale 

deployment.

 

 
Fig. 3 Methods for storing hydrogen that make use of material-based absorption, high pressure, and low temperature. 

4. Hydrogen Fuel Cells 
An energy conversion device called a fuel cell is made to 

transform chemical energy into heat and electrical energy. 

Despite having complicated construction, the conventional 

fuel cell system only requires a few essential parts to function. 

The anode receives a constant hydrogen fuel supply, and the 

cathode receives an airborne oxidant. Positive hydrogen ions 

(H+) and negative hydrogen ions (H−) are the two types 

produced at the anode from the hydrogen. In theory, an 

electrolyte separates the route between the anode and cathode. 

As an insulator, the electrolyte only permits the flow of H+ 

ions from the anode to the cathode and prevents the flow of 

H− ions. Three primary reactions occur at the anode and 

cathode in the fuel cell system, which are described by the 

following equations [38]: 

Anode:  H2 → 2H+ + 2e−                                 (1) 

 

Cathode: O2 + 2H + 2→ H2O2                                  (2) 

Improving fuel cell design can be achieved by gaining a 

deeper understanding of the internal processes that govern 

their operation through fuel cell system modeling. Simulating 

a fuel cell model can significantly speed up the design process, 

as it is quicker and more cost-effective than running a full-

scale device. Over the past decade, much research has focused 

on developing reliable computational models for fuel cells. 

The advantage of fuel cells lies in their efficiency, which 

remains relatively constant regardless of the size, making their 

performance advantage much more significant in smaller 

systems. Furthermore, integrating high-temperature fuel cells 

with gas turbines can help reduce emissions of sulfur oxides 
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(SOx), nitrogen oxides (NOx), and carbon oxides (COx) while 

achieving higher efficiency than large-scale combined power 

plants [39, 40, 41]. 

4.1. Methanol Fuel Cell Direct (MFCDs) 

Along with other relevant technical improvements, recent 

developments in polymer electrolyte membranes (PEMs) for 

MFCDs have significantly improved the practicality and 

reduced the cost of these systems. A review of the 

development of MFCD technology shows that a few materials 

are being developed that satisfy DOE requirements [42, 43]. 

Significant technological advancements include: (i) the 

development of durable, cost-effective membranes, such as 

polyfoils-produced hydrocarbon membranes, which have a 

lifespan of up to 5000 hours in passive DMFCs; (ii) the 

creation of high-performance non-platinum cathode catalysts 

with low metal loading (0.2–0.5 mg cm−2), such as palladium 

alloys; (iii) the use of oxidation-resistant non-carbon cathode 

supports, like porous titanium; and (iv) the development of 

low platinum or high-performance non-platinum anode 

catalysts (<0.2 mg cm−2). MFCD technologies are being 

developed for various applications, including military uses, 

portable electronics, small power-range vehicles like forklifts, 

material handling vehicles (MHVs), and scooters. These 

technologies are considered potential replacements for or 

additions to lithium-ion (Li-ion) batteries [44]. 

By finding strong and active catalysts to lower kinetic 

losses, choosing materials to limit ohmic losses, and 

improving operating conditions to lessen mass transport 

losses, much research has been done on lowering primary 

losses in MFCDs. Although issues with cost and durability 

still exist, MFCDs have improved to a standard appropriate for 

real-world uses as knowledge in these fields has increased. 

According to recent research, MFCDs' long-term activity is 

getting better. Mass transport phenomena, which have been 

summed up in a few review publications [45], have received 

much attention in the research focused on enhancing the 

performance and durability of PEM and catalyst materials. 

However, most research has focused on specific facets of 

MFCD durability and quality rather than providing a thorough 

grasp of the mechanisms behind deterioration. This 

emphasizes the necessity of a thorough report covering the 

spectrum of MFCD degradation problems and performance 

restoration techniques to offset performance losses [46].  

This overview briefly reviews new research on the long-

term operation of MFCDs (Methanol Fuel Cell Devices) from 

industry and academia, focusing on performance degradation 

and strategies for restoring efficiency. The primary causes of 

performance decline are thoroughly examined, and various 

methods for addressing these issues are proposed. Durability 

studies of MFCDs have been conducted over extended periods 

to understand better the factors contributing to deterioration. 

In-situ electrochemical techniques and ex-situ analytical 

methods have been employed to assess the condition of the 

Membrane Electrode Assembly (MEA) and identify the 

causes behind MFCD degradation during life tests or failure 

events [47]. These models account for mass transfer in the 

anode compartment and proton exchange membrane and the 

effects of ohmic and kinetic resistance at the catalyst surface. 

Moreover, the models examine the impact of critical factors 

on anode performance and methanol crossover, which can 

lead to methanol waste and reduced fuel efficiency, 

particularly at low current densities and high methanol 

concentrations. A semi-analytical MFCD model developed in 

previous research [48] addresses performance issues related to 

the anode catalyst layer. 

4.2. Polymer Electrolyte Membrane Fuel Cells (PEMFCs) 

In applications requiring portable or distant power 

production, PEMFCs compete with MFCDs, as seen in Figure 

4 [49]. The MEA, which sits between the anode and cathode's 

Flow Field Plates (FFPs), is one of their essential parts. 

However, because pure hydrogen necessitates costly fuel 

transmission infrastructure, PEMFCs struggle with fuel 

supply procedures. Furthermore, on-site fuel processors that 

use liquid fuels are expensive and large and require a long time 

to start [50]. 

One of the many technical obstacles that fuel cell 

technologies must overcome is the theoretical maximum 

voltage at which they can function, which is affected by the 

operating temperature. Lower maximum voltages and 

theoretical efficiency are linked to higher temperatures. 

Nonetheless, waste heat efficiency is increased by higher 

temperature operations [51, 52]. In PEMFCs, heat is generated 

due to entropic reactions and irredeemable losses connected to 

hydrogen. Other factors include electrochemical reaction 

stimulation, ohmic resistances against proton and electron 

flow, and heat transport to the anode [52]. 

 
Fig. 4 Overview of fuel cells using polymer electrolyte membranes. 
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 Figure 4 demonstrates the operation of a Proton 

Exchange Membrane (PEM) fuel cell, which converts 

chemical energy into electrical energy via an electrochemical 

reaction. At the same time, oxygen is supplied to the cathode, 

which reacts with the protons and electrons to produce water 

as a byproduct. This process also generates heat, making PEM 

fuel cells an environmentally friendly energy source, as the 

only outputs are water and heat. This makes them suitable for 

sustainable energy uses, including transportation and 

stationary power generation. 

4.2. Solid Oxide Fuel Cell (SOFCs) 

High-temperature fuel cells, or SOFCs, have drawn much 

interest for application in power production, heating, and 

cooling systems. In SOFCs, there are two kinds of 

electrolytes: proton-conducting (SOFC–H⁺) and oxygen ion-

conducting (SOFC–O₂⁻). Figure 5 [55] shows SOFC–O₂⁻ and 

SOFC–H⁺models.  Proton-conducting oxides based on BaZrO₃ 

are being thoroughly investigated due to their strong bulk 

conductivity and chemical stability. La₁₋ₓSrₓMO₃ (where M = 

Mn and Fe) and other first-generation SOFC cathodes have 

outstanding chemical stability and great chemical and thermal 

compatibility with electrolyte materials, according to Xu et al. 

However, these cathodes are not entirely useful because of 

their poor performance. This has been addressed by 

successfully fabricating La₀.₅Sr₀.₅FeO₃-δ with Pr-doping to get 

around current restrictions. 

Furthermore, Tarutina et al. effectively constructed the 

complex oxide BaCe₀.₇₋ₓZr₀.₂Y₀.₁FeₓO₃−δ for SOFC–H⁺ 

applications [53, 54].  The modeling of Solid Oxide Fuel Cells 

(SOFCs) can be divided into two main types based on the ions 

that conduct through the electrolyte: oxygen ions (SOFC–O²⁻) 

and protons (SOFC–H⁺). In an oxygen-ion conducting SOFC, 

the electrolyte typically consists of materials like yttria-

stabilized zirconia (YSZ), which allows oxygen ions to move 

from the cathode to the anode. At the cathode, oxygen 

molecules are reduced, forming oxygen ions that travel 

through the electrolyte to the anode, where they react with 

hydrogen or other fuels to release energy.  On the other hand, 

a proton-conducting SOFC uses materials such as doped 

barium zirconate, which conducts protons instead of oxygen 

ions. Hydrogen is split into protons and electrons at the anode 

in this system. The protons then move through the electrolyte 

to the cathode, where they combine with oxygen to form 

water, releasing energy.  The key difference between the two 

types of SOFCs lies in the type of ion they conduct—oxygen 

ions or protons—and the materials used for the electrolyte. 

Each type of fuel cell offers different performance 

characteristics, and the choice between them depends on 

factors like temperature, efficiency, and the desired 

application. Both systems require careful modelling of factors 

such as conductivity, temperature dependence, and 

electrochemical reactions to optimize their design for power 

generation and energy efficiency. 

 
Fig. 5 Modeling of (A) SOFC–O2−, which conducts oxygen ions, and (B) SOFC–H+, which conducts protons 

5. Economic and Environmental Evaluation 

The economic and environmental evaluation of hydrogen 

production is critical for understanding its potential to 

contribute to a sustainable energy transition. From an 

economic perspective, hydrogen production is influenced by 

various factors such as production methods, scale, raw 

material costs, and market competitiveness. For instance, 

electrolysis, which splits water into hydrogen and oxygen 

using electricity, offers a highly sustainable pathway, 

especially when powered by renewable energy sources like 

wind and solar. However, the high cost of renewable 

electricity and the economic and environmental assessment of 

hydrogen production are essential for determining its role in 

the transition to sustainable energy. From an economic 

standpoint, hydrogen production is impacted by production 

methods, scale, material costs, and market dynamics [56, 57]. 

Water consumption is another critical factor, as hydrogen 

production requires substantial water. A careful evaluation of 

the system's impact on water resources is needed to ensure it 
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does not deplete available water supplies. Land use is also an 

important consideration; the space needed for hydrogen 

generation and storage should be analyzed to avoid potential 

habitat destruction or loss of biodiversity. Moreover, the 

possibility of air pollution from hydrogen production and 

transportation should be investigated due to its potential 

environmental effects [56, 57]. Economically, comparing the 

costs and benefits of hydrogen-based renewable energy 

systems with alternative energy sources is important. Key 

economic factors include initial capital costs, which cover the 

expenses related to hydrogen production, storage, and 

transportation infrastructure. These investments are crucial for 

evaluating the overall economic feasibility of the system [58, 

59]. Additionally, long-term operating costs, such as 

personnel and maintenance, must be assessed to determine the 

system's economic viability. Despite its higher upfront costs, 

electrolysis remains a promising technology due to its zero-

emission potential when powered by clean energy. 

On the other hand, SMR is currently the most common 

and cost-effective method for producing hydrogen, as it relies 

on natural gas as a feedstock. However, this method produces 

significant carbon dioxide emissions, diminishing its 

environmental benefits unless paired with CCS technology. 

The economic advantage of SMR lies in the lower cost of 

natural gas compared to renewable electricity, making it a 

more affordable option for hydrogen production. However, 

the environmental drawbacks of SMR are substantial, 

especially if CCS is not implemented, as it continues to 

contribute to greenhouse gas emissions.  The production scale 

also plays a key role in the economics of hydrogen production. 

Larger production facilities tend to benefit from economies of 

scale, where the cost per unit of hydrogen decreases as 

production capacity increases. This can make renewable-

based hydrogen production more competitive as production 

volumes grow. Moreover, ongoing advancements in 

electrolyzed technology and decreasing costs for renewable 

energy systems are expected to improve the economic 

viability of electrolysis in the coming years. 

From an environmental perspective, the sustainability of 

hydrogen production depends mainly on the energy source 

used to power the process. Hydrogen produced from 

renewable electricity through electrolysis offers significant 

environmental advantages, resulting in no direct emissions 

and reducing reliance on fossil fuels. However, the 

environmental impact of hydrogen production is not limited to 

emissions; water usage for electrolysis can be a concern, 

particularly in areas with limited water resources. 

Additionally, the materials required for electroliers, such as 

platinum and iridium, are rare and could face supply 

constraints as hydrogen production scales up Steam Methane 

Reforming (SMR), which has a complex environmental 

impact. Without Carbon Capture and Storage (CCS), it 

remains a significant source of carbon emissions. Integrating 

CCS can mitigate these emissions but increases costs and 

technical complexity. SMR relies on finite fossil fuels, leading 

to resource depletion and environmental degradation during 

extraction and transport. A Lifecycle Analysis (LCA) is 

crucial to evaluate the full environmental impact, considering 

factors like energy input, emissions, resource consumption, 

and waste across all stages of hydrogen production. 

6. Challenges and Opportunities 

The high cost of producing and storing hydrogen, which 

is now higher than traditional fossil fuels, is a significant 

obstacle for hydrogen energy producers [60]. This poses a 

serious challenge to scientists trying to lower the cost and 

increase the usefulness of hydrogen. The absence of 

infrastructure, such as hydrogen filling stations and storage 

facilities, to support hydrogen energy is another problem. The 

infrastructure required to make hydrogen energy broadly 

available and usable must be developed and established by 

researchers [61]. Furthermore, the very flammable nature of 

hydrogen raises safety issues during transportation, storage, 

and manufacturing [62, 63]. Creating dependable, safe 

techniques and technologies for managing hydrogen is 

necessary to address these problems. 

Additionally, hydrogen has a lower energy density than 

conventional fossil fuels, requiring a lot more space to store 

the same amount of energy. Researchers must increase the 

effectiveness of hydrogen storage technologies to overcome 

this obstacle. Furthermore, the existing energy-intensive and 

greenhouse gas-producing processes for hydrogen synthesis 

necessitate the development of more effective and 

ecologically friendly production techniques. The reactivity of 

hydrogen can also lead to material degradation, such as 

embrittlement in certain materials. As a result, creating 

materials that are compatible with hydrogen and can survive 

the extreme circumstances involved in its manufacture, 

storage, and usage is essential [64]. 

Renewable energy sources like solar and wind can be 

harnessed to produce hydrogen, offering a sustainable way to 

incorporate these sources into the energy mix and reduce 

greenhouse gas emissions. Hydrogen fuel cell vehicles have 

the potential to replace traditional gasoline-powered cars, 

leading to further emissions reductions and improved air 

quality. Researchers should focus on advancing hydrogen fuel 

cell technology to accelerate their adoption. Figure 6 visually 

presents the opportunities and challenges in this field. 

Additionally, hydrogen enables the integration of intermittent 

renewable energy sources, such as solar and wind, into the 

grid, making it a valuable solution for energy storage. It can 

also replace fossil fuels in power generation, heating, and 

transportation, reducing greenhouse gas emissions and 

helping to mitigate climate change. Hydrogen is also a 

valuable feedstock in industries such as chemicals and steel 

production. Researchers focus on enhancing hydrogen-based 

industrial technologies to improve their use further [65]. 
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Although hydrogen energy is still a relatively new field, 

there are significant opportunities for innovation. Researchers 

can make substantial contributions to expanding hydrogen 

energy use by developing new technologies, techniques, and 

materials. The public, industry leaders, legislators, and 

academics must work together to overcome hydrogen energy's 

obstacles. Cutting-edge technologies like solid-state hydrogen 

storage materials and sophisticated electrolysis systems may 

resolve some problems. Significant infrastructure investment, 

such as building pipelines and hydrogen filling stations, will 

also be necessary to adopt hydrogen energy systems. In order 

to debunk misconceptions and doubts regarding hydrogen 

energy and encourage its broader use, public awareness and 

education will be essential. 

 

Fig. 6 Opportunities and challenges in the hydrogen industry 

7. Conclusion 

Hydrogen energy has the potential to revolutionize the 

world's energy system by providing a low-carbon, sustainable 

solution to urgent environmental and energy issues. In 

addition to highlighting the significant advancements in 

hydrogen technology, this analysis has pointed out important 

obstacles that must be removed to realize their full potential. 

Important realizations highlight how crucial it is to provide 

economical, environmentally friendly methods of producing 

hydrogen, creative storage options, and dependable fuel cell 

devices to facilitate broad adoption.  Hydrogen energy has 

unmatched potential to integrate renewable energy, lower 

emissions in industry and transportation, and improve grid 

resilience through sophisticated storage systems despite the 

obstacles presented by high costs, limited infrastructure, and 

material shortages.  Despite the challenges posed by high 

costs, infrastructure constraints, and material limitations, 

hydrogen energy presents unparalleled opportunities to 

integrate renewable energy, reduce emissions across 

transportation and industry, and enhance grid resilience 

through advanced storage solutions. The potential to 

decarbonize multiple sectors and provide a clean, versatile 

energy carrier makes hydrogen a pivotal element in achieving 

global climate goals.  Realizing the full potential of hydrogen 

energy will require a united effort from researchers, 

policymakers, industries, and the public. Strategic investments 

in infrastructure, technological advancements, and heightened 

public awareness are essential to overcome existing hurdles. 

By leveraging innovation and fostering collaboration, 

hydrogen energy can emerge as a cornerstone of a sustainable, 

resilient, and low-carbon energy future, contributing 

significantly to global efforts in combating climate change. 
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