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Abstract
Hydrogen fuel cells represent a promising frontier in sustainable energy, offering a clean and efficient
alternative to fossil fuels. These cells generate electricity through the chemical reaction between hydrogen
and oxygen, producing only water and heat as byproducts. Recent advancements in fuel cell technology
have significantly improved their efficiency, durability, and cost-effectiveness, making them viable for
various applications. In the transportation sector, hydrogen fuel cells power zero-emission vehicles, from
cars to buses and trucks, contributing to reduced greenhouse gas emissions. In stationary applications,
they provide reliable and clean energy for buildings, data centers, and remote locations. Additionally,
hydrogen fuel cells are being explored for use in portable power systems and as backup power sources
in critical infrastructure. The ongoing research and development efforts aim to further enhance their
performance and integration with renewable energy sources, positioning hydrogen fuel cells as a key
component in the transition to a sustainable energy future.
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1. Introduction

Hydrogen fuel cells offer a promising, emissions-free alternative to traditional combustion-based
technologies for generating electricity. As the simplest and most abundant element in the universe,
hydrogen can be produced from various sources like natural gas, biomass, or by splitting water
through electrolysis using renewable energy. When combined with oxygen in a fuel cell system,
hydrogen undergoes an electrochemical reaction to generate electricity, with water and heat as the
only byproducts. These highly efficient devices, capable of over 60% efficiency, have several advan-
tages including lower emissions, quiet operation, and diverse applications. Fuel cells have already
been utilized in space programs since the 1960s and are increasingly being adopted for powering
automobiles, providing backup electricity, and more. This comprehensive guide delves into the fun-
damentals of hydrogen fuel cells, their types, advantages, ongoing research efforts, and potential to
revolutionize the way we generate and utilize energy (see Fig. 1) [1, 2, 3, 4].

Fuel cells are electrochemical devices that convert the chemical energy of a fuel, often hydrogen, and
an oxidizing agent, typically oxygen, into electricity through a pair of redox (reduction-oxidation)
reactions. Unlike traditional combustion-based technologies, fuel cells do not burn the fuel; instead,
they facilitate a controlled electrochemical reaction that generates electricity, with water and heat

© 2023 The Author(s). Published by Fusion of Multidisciplinary Research, An International Journal (FMR), Netherlands, under the (Creative
Commons Attribution 4.0 International License (CC BY 4.0)

chloe.wong@ntu.edu.sg
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


408 Sean Tan et al.

Figure 1. Fuel cell vehicle with on-board storage.

as the only byproducts. At the core of a fuel cell is a structure consisting of two electrodes (an anode
and a cathode) separated by an electrolyte. The fuel, such as hydrogen, is fed to the anode, where a
catalyst facilitates the separation of hydrogen molecules into positively charged ions (protons) and
negatively charged electrons. The protons then flow through the electrolyte to the cathode, while
the electrons travel through an external circuit, generating an electrical current that can be utilized
for various applications [5, 6, 7, 8, 9].

There are several types of fuel cells, classified based on the electrolyte used:

• Proton Exchange Membrane Fuel Cells (PEMFCs): These fuel cells use a solid polymer mem-
brane as the electrolyte and operate at relatively low temperatures (around 80°C). PEMFCs are
widely used in automotive applications and portable power systems due to their high power den-
sity and low operating temperature.

• Alkaline Fuel Cells (AFCs): AFCs employ an alkaline solution, such as potassium hydroxide,
as the electrolyte. They have a high electrical efficiency and were initially used in space missions
due to their ability to operate with pure oxygen and hydrogen.

• Phosphoric Acid Fuel Cells (PAFCs): PAFCs utilize phosphoric acid as the electrolyte and op-
erate at temperatures around 200°C. They are suitable for stationary power generation and have
been used in commercial applications.

• Molten Carbonate Fuel Cells (MCFCs): These fuel cells use a molten carbonate salt mixture
as the electrolyte and operate at high temperatures (around 650°C). MCFCs are primarily used for
large-scale stationary power generation.

• Solid Oxide Fuel Cells (SOFCs): SOFCs employ a solid ceramic material as the electrolyte and
operate at extremely high temperatures (600-1000°C). They are well-suited for large-scale station-
ary power generation and combined heat and power (CHP) applications.

A typical fuel cell produces a voltage of 0.5-0.8V, but cells can be stacked in series to increase the
voltage and current, enabling the generation of large amounts of power. Fuel cells have several
advantages over conventional combustion-based technologies, including higher efficiencies (up to
60% or more), lower or zero emissions, and quiet operation [10].

How Fuel Cells Work The fundamental principle behind the operation of a fuel cell is an electro-
chemical reaction between hydrogen (fuel) and oxygen (oxidant) to generate electricity, heat, and
water. The process occurs within the fuel cell’s structure, which comprises an anode, a cathode, and
an electrolyte membrane separating the two electrodes [11, 12, 13].
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1. Anode Reaction: Hydrogen gas is supplied to the anode, where a catalyst, typically made of
platinum or a platinum alloy, facilitates the separation of hydrogen molecules (H2) into positively
charged protons (H+) and negatively charged electrons (e–).H2 → 2H+ + 2e–

2. Electrolyte Membrane: The protons (H+) generated at the anode migrate through the elec-
trolyte membrane, which is a polymer membrane that selectively allows the passage of protons
while blocking electrons and other gases.

3. Cathode Reaction: At the cathode, oxygen gas (O2) from the air is supplied, and the electrons
(e–) from the anode travel through an external circuit, generating an electrical current. The elec-
trons, protons, and oxygen molecules then combine at the cathode, facilitated by a catalyst, to
form water (H2O) as a byproduct.O2 + 4H+ + 4e– → 2H2O

The overall reaction in a hydrogen fuel cell can be represented as:

2H2 + O2 → 2H2O + ElectricalEnergy + Heat (1)

This electrochemical process continues as long as hydrogen and oxygen are supplied to the fuel cell,
generating a continuous flow of electricity. The electricity generated can be used to power various
applications, such as vehicles, stationary power systems, or portable electronics as given in Table 2
[14].

Table 1. Component and function

Component Function

Anode Facilitates the oxidation of hydrogen, separating protons and electrons.
Cathode Facilitates the reduction of oxygen, combining with protons and electrons to form water.
Electrolyte
Membrane

Allows the passage of protons while blocking electrons and gases.

Catalyst Accelerates the electrochemical reactions at the anode and cathode.

The efficiency of a fuel cell system depends on various factors, including the type of fuel cell, operat-
ing temperature, and the purity of the reactants (hydrogen and oxygen). Proper water management
and heat dissipation are also crucial for optimal performance [15, 16].

2. Types of Fuel Cells

There are several key types of fuel cells, each with its unique characteristics, advantages, and appli-
cations (see Fig. 2):

1. Polymer Electrolyte Membrane (PEM) Fuel Cells
• Use a solid polymer as the electrolyte
• Operate at relatively low temperatures around 80°C
• Suitable for transportation applications like cars, buses, and trucks
• Require a platinum catalyst which is sensitive to carbon monoxide poisoning

2. Direct Methanol Fuel Cells (DMFCs)
• Use pure methanol as the fuel, mixed with water
• Have higher energy density than hydrogen, but less than gasoline/diesel
• Commonly used for portable applications like cell phones and laptops
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Figure 2. Schematic diagram of a fuel cell system for an electric vehicle.

3. Alkaline Fuel Cells (AFCs)
• Use a potassium hydroxide solution as the electrolyte
• Can use non-precious metal catalysts
• Highly efficient, over 60% in space applications
• Susceptible to carbon dioxide poisoning
• Newer alkaline membrane fuel cells (AMFCs) have lower CO2 sensitivity

4. Phosphoric Acid Fuel Cells (PAFCs)
• Use liquid phosphoric acid as the electrolyte
• More tolerant of impurities in reformed fossil fuels than PEM cells
• Typically used for stationary power generation
• Less powerful and efficient than other fuel cell types

5. Molten Carbonate Fuel Cells (MCFCs)
• Use a molten carbonate salt mixture as the electrolyte
• Operate at high temperatures around 650°C
• Can achieve efficiencies up to 65%, higher than PAFCs
• Can internally reform fuels like natural gas, reducing costs
• Durability is a challenge due to the high temperatures and corrosive electrolyte

6. Solid Oxide Fuel Cells (SOFCs)
• Use a ceramic compound as the electrolyte
• Operate at very high temperatures up to 1,000°C
• Can use a variety of fuels including natural gas, biogas, and coal gases
• Tolerant of sulfur and carbon monoxide
• Challenges include slow startup and high material durability requirements

Additionally, there are reversible fuel cells that can both produce electricity from hydrogen/oxygen
and use electricity to split water into hydrogen and oxygen (electrolysis). These provide energy stor-
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age capability to support intermittent renewable energy sources [17]. Fuel cell efficiency is around
60%, while electrolysis efficiency is 60-70%. In comparison, gasoline diesel engines have an efficiency
of 24-40% [18].

2.1 Applications of Fuel Cells

Hydrogen fuel cells have found widespread applications across various sectors, offering a clean and
efficient source of power. Here are some of the key areas where fuel cell technology is being utilized:

Transportation:

• Several major vehicle manufacturers, including Toyota, Honda, and Hyundai, have developed hy-
drogen fuel cell electric vehicles (FCEVs) for personal transportation. These vehicles offer com-
petitive driving ranges and quick refueling, but their adoption has been limited due to high costs
and insufficient hydrogen infrastructure.

• Fuel cells are also being used to power public transportation systems, such as buses and trains,
providing a zero-emission solution for mass transit.

• In the aviation industry, fuel cells are being explored as a potential power source for unmanned
aerial vehicles (UAVs) and small aircraft.

Logistics and Distribution:

• Companies like Plug Power have developed fuel cell systems for powering warehouse logistics
and global distribution operations. Their GenDrive fuel cells are used to power forklifts, narrow
aisle lift trucks, pallet jacks, and stock pickers in warehouses and distribution centers.

Commercial and Industrial Applications:

• Plug Power’s ProGen fuel cell engines are being used to power delivery vehicles, industrial robotics,
ground support equipment at airports, and long-haul trucks.

• Fuel cells are also being employed for reliable backup power generation in telecommunications,
utilities, railroads, data centers, and microgrids through Plug Power’s GenSure fuel cell systems.

Portable Electronics:

• Small fuel cells have been developed to power portable electronic devices, such as laptops and
smartphones, offering an alternative to traditional batteries.

Aerospace and Maritime:

• Fuel cells have been used to power the electrical systems on spacecraft since the 1960s, providing
a reliable and efficient source of power in space.

• In the maritime industry, fuel cells are being explored as a potential power source for boats and
submarines, offering a clean and quiet alternative to traditional engines.

Industrial Processes:

• Hydrogen fuel cells are used in petroleum refineries in the United States to lower the sulfur content
of fuels, contributing to cleaner and more environmentally friendly fuel production.

While fuel cell adoption is increasing globally, with the United States and East Asia leading the way,
recent U.S. legislation has provided significant incentives and funding to support the hydrogen and
fuel cell industry, further accelerating its growth and adoption across various sectors (see Fig. 3)
[19]. Oxygen and electrolysis are crucial components in the operation of fuel cells, enabling the
electrochemical reactions that generate electricity [20, 21].
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Figure 3. The main components of the hydrogen fuel cell vehicles.

2.2 Advantages and Disadvantages

Hydrogen fuel cells offer several compelling advantages over conventional energy sources:

• Hydrogen is a renewable and readily available energy source, as it is the most abundant element
in the universe and can be extracted from water.

• Hydrogen fuel cells produce only heat and water as byproducts, with no adverse environmental
impact, making them a clean and flexible energy source.

• Hydrogen has a high energy density, and fuel cells aremore efficient than conventional combustion
engines, making them more powerful and energy-efficient than fossil fuels.

• Hydrogen fuel cells do not generate greenhouse gas emissions, reducing the carbon footprint.
• Hydrogen fuel cells can be recharged in under 5 minutes, similar to conventional vehicles, provid-
ing fast charging times.

• Hydrogen fuel cells operate quietly and do not require large infrastructure, avoiding noise or visual
pollution.

• Hydrogen fuel cells can be used for stationary and mobile power needs, providing versatile appli-
cations.

• Hydrogen can reduce dependence on fossil fuels, potentially democratizing the power supply.

However, there are also several disadvantages and challenges associated with hydrogen fuel cell
technology:

• Extracting hydrogen from water or fossil fuels requires significant energy input, making the pro-
cess energy-intensive and costly.

• Developing hydrogen fuel cell technology requires substantial upfront investment, leading to high
initial costs.

• The precious metal catalysts used in fuel cells are expensive, contributing to the high cost of raw
materials.

• Lack of clear regulatory frameworks and refueling infrastructure hinders the widespread adoption
of hydrogen fuel cells.

• The cost per unit of power from hydrogen fuel cells is currently greater than alternatives like solar,
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making it more expensive than other energy sources.
• Storing and transporting hydrogen is more challenging than for fossil fuels, as hydrogen is highly
flammable and requires complex storage solutions.

Compared to other alternative energy sources, hydrogen fuel cells have both advantages and disad-
vantages as given in Table ??:

Table 2. Advantages and Disadvantages

Advantages Disadvantages

Potential for excellent fuel economy,
about twice that of gasoline vehicles

Extremely expensive technology.

Hydrogen is abundant and can be
made from renewable energy sources

Requires high-pressure onboard hydrogen storage,
limiting range.

No vehicle emissions other than
water vapor

Lack of hydrogen refueling infrastructure.

All-electric range can address short
commutes

Hydrogen is expensive to transport and currently produced
from non-renewable natural gas, resulting in high CO2

emissions.
Home recharging infrastructure available -
Gas engine can extend range for long trips -
Cheaper cost per mile and no emissions
when running in electric mode

-

3. Research and Development Efforts

The U.S. Department of Energy (DOE) and its partners are leading extensive research and develop-
ment (R&D) efforts to overcome the challenges of incorporating hydrogen into the nation’s energy
system. The H2@Scale concept serves as a guiding framework for these initiatives, encompassing
various aspects of hydrogen technology (see Fig. 4) [22, 23, 24, 25].

1. Hydrogen Production R&D: This area focuses on developing cost-effective and environmen-
tally friendly methods for producing hydrogen. The goal is to make hydrogen cost-competitive
with conventional fuels while minimizing environmental impacts.

2. Hydrogen Delivery R&D: Researchers are working on improving technologies to distribute
hydrogen cost-effectively from production sites to end-use applications, such as fuel cell vehicles.

3. Hydrogen Storage R&D: Efforts in this domain aim to enhance storage technologies, enabling
fuel cell electric vehicles to store enough hydrogen onboard to achieve a driving range of at least
300 miles without excessive space or weight requirements.

4. Fuel Cells and Vehicles R&D: This area focuses on reducing the cost, size, and improving the
performance and durability of polymer electrolyte membrane fuel cell systems for transportation
and small stationary/portable applications.

5. Manufacturing R&D: Researchers are working to facilitate the transition from current compo-
nents and systems to high-volume, commercially manufactured hydrogen products.

Several national laboratories, including Argonne, Brookhaven, Lawrence Berkeley, National Energy
Technology, National Renewable Energy, Pacific Northwest, and Sandia National Laboratories, are
actively involved in these research endeavors [26].
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Figure 4. Improvement of Honda HFC vehicles.

Catalyst development, hydrogen production from renewable sources, and improving fuel cell dura-
bility and performance are among the key areas of focus. The DOE provides specialized facilities,
data, and tools to support these efforts, such as the Hydrogen Infrastructure Testing & Research
Facility, National Fuel Cell Technology Evaluation Center, Safety Sensor Testing Laboratory, and
various analysis models [25].

Transmission and distribution of hydrogen are also critical areas of research, as they impact the
overall efficiency and cost-effectiveness of the technology. The DOE’s Hydrogen and Fuel Cell Tech-
nologies Office has set ambitious technical targets for fuel cell system lifetime, ranging from 8,000
hours for light-duty vehicles to 80,000 hours for distributed power systems [27, 28, 29, 30].

4. Challenges and Barriers

Despite the numerous advantages and potential applications of hydrogen fuel cells, there are several
significant challenges and barriers thatmust be addressed forwidespread adoption of this technology
(see Fig. 5):

1. High ProductionCosts: The process of extracting hydrogen fromwater or fossil fuels is energy-
intensive, making it costly. Additionally, the use of precious metal catalysts, such as platinum, in
fuel cells contributes to the high cost of raw materials.

2. Lack of Infrastructure: The absence of a well-established hydrogen refueling infrastructure is a
major obstacle to thewidespread adoption of fuel cell vehicles. Building a comprehensive network
of hydrogen production, storage, and distribution facilities requires significant investments.

3. Technical Challenges:
• Storage and Transportation: Storing and transporting hydrogen is more complex than han-
dling fossil fuels due to its highly flammable nature and low density .

• Durability and Performance: Improving the durability, efficiency, and performance of fuel
cells, particularly for mobile applications, remains a challenge [6], [30].

• Material Compatibility: Issues such as hydrogen embrittlement, permeation, and aging be-
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Figure 5. Fuel cell vehicle (FCV) sales volume. Source: IEA. All rights reserved.

havior in hydrogen environments pose challenges for materials used in infrastructure compo-
nents like pipelines, storage tanks, and seals.

4. Environmental Concerns:
• Production Methods: While hydrogen itself is a clean fuel, some production methods, such
as steam methane reforming (SMR) and coal gasification, have high carbon dioxide emissions,
undermining the environmental benefits of fuel cells.

• Water Consumption: Electrolysis, a cleanhydrogenproduction method, has high water con-
sumption requirements.

5. Safety Concerns: The highly flammable nature ofhydrogenraises safety concerns, particularly
in transportation and storage applications.

6. Competition from Alternative Technologies: Fuel cell technology faces competition from
other alternative fuel technologies, such as battery electric vehicles, which have made significant
advancements in recent years.

7. Public Perception: Addressing public perception issues and educating consumers about the
safety and benefits ofhydrogenfuel cells is crucial for widespread acceptance [14].

8. Regulatory Barriers: Eliminating unnecessary regulatory barriers and harmonizing standards
across different regions and countries is essential for the widespread deployment of hydrogen
fuel cell technology.

While significant progress has been made in addressing these challenges, overcoming them requires
continued research, development, and substantial investments in infrastructure and technology ad-
vancements [31, 32, 33, 34, 35, 36].

4.1 Environmental Impact

The environmental impact of hydrogen fuel cells is a crucial consideration in evaluating their via-
bility as a sustainable energy source. While hydrogen itself is a clean fuel, producing it from fossil
fuels can result in significant carbon dioxide (CO2) emissions.

• Demand for hydrogen has grown more than threefold since 1975, with almost all of it supplied
from fossil fuels, resulting in around 830 million tonnes of CO2 emissions per year.

• Natural gas is currently the primary source of hydrogen production, accounting for around 75%
of global dedicated hydrogen production.
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However, producing hydrogen from renewable electricity could become a low-cost option, espe-
cially in locations with excellent renewable resources. This approach would significantly reduce the
carbon footprint associated with hydrogen production as given in Table 3.

Table 3. Hydrogen Production Method and impacts

Hydrogen Production Method Environmental Impact

Steam Methane Reforming (SMR) from Natural Gas High CO2 emissions
Coal Gasification High CO2 emissions
Electrolysis from Renewable Electricity Low to zero CO2 emissions

Hydrogen can also play a crucial role in facilitating the decarbonization of the electric power sector
by storing energy produced from renewable sources [37, 38, 39, 40, 41]. Hydrogen can be stored as:

1. A gas in geological formations or pressurized tanks
2. A liquid in cryogenic tanks

This storage capability allows for the effective utilization of intermittent renewable energy sources,
such as solar and wind, by converting their excess electricity into hydrogen for later use or dis-
tribution. Overall, while the production of hydrogen from fossil fuels contributes to greenhouse
gas emissions, the use of renewable energy sources for hydrogen production and the potential for
hydrogen to store and distribute renewable energy make it a promising avenue for reducing the
environmental impact of energy generation and consumption.

5. Conclusion

The journey to a sustainable energy future is paved with challenges, but the potential of hydro-
gen fuel cells shines brightly. These remarkable devices offer a clean, efficient, and versatile solution
for generating electricity, with applications ranging from transportation to stationary power genera-
tion. While technical hurdles, infrastructure limitations, and economic barriers persist, the relentless
pursuit of research and development efforts promises to overcome these obstacles. As we strive to
reduce our carbon footprint and mitigate the impacts of climate change, hydrogen fuel cells emerge
as a pivotal technology. By harnessing the power of this abundant element and unlocking the pos-
sibilities of renewable energy storage, we can pave the way for a more sustainable and resilient
energy landscape. The road ahead may be long, but the benefits of embracing hydrogen fuel cells
are undeniable – a future of clean air, energy independence, and a thriving planet for generations to
come.
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