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Abstract Original Research Article

An in-depth examination of the design and development of advanced polymer electrolytes specifically for use in fuel cells was
conducted, with a principal focus on harnessing Nigeria's rich natural gas resources to foster sustainable energy solutions. As
natural gas serves as the primary feedstock for hydrogen production, Nigeria is uniquely positioned to become a pivotal player in
the burgeoning global hydrogen fuel cell value chain. Polymer electrolyte membrane fuel cells (PEMFCs) are utilized due to their
exceptional efficiency and near-zero emissions, qualities that make them particularly suitable for clean energy generation. The
research delves deeply into the technical aspects of polymer electrolyte development, scrutinizing critical performance metrics
such as ionic conductivity, durability, and compatibility with the high-temperature and humid conditions that characterize Nigeria’s
unique environmental. An evaluation of the potential for local sourcing of polymer materials is conducted, emphasizing the
importance of establishing a robust supply chain to support the industrialization of PEMFC technology in Nigeria. The study
identifies specific challenges in scaling up production that must be addressed to meet the increasing industrial demand, providing
insights into strategies that can overcome these obstacles. Experimental findings demonstrate the feasibility of utilizing Nigeria’s
vast natural gas resources to produce hydrogen specifically for PEMFC applications. Experimental results shows that polymer
electrolytes have high ionic conductivity (90%), mechanical stability (80%), and fuel cell efficiency (85%), while thermal stability
(75%) requires improvement. For Nigeria's sustainable energy goals, PEFCs show potential in renewable energy expansion (70%),
energy efficiency (60%), and access (80%), with expected contributions to economic development (75%) and moderate climate
mitigation (50%). Effective policy and governance (65%) are essential for their integration into Nigeria’s energy strategy. The
results of this extensive investigation suggest that targeted advancements in polymer electrolyte technology could position Nigeria
as a leader in hydrogen-based energy solutions, ultimately contributing significantly to the global pursuit of sustainable energy
goals. By aligning technological progress with policy support and market strategies, Nigeria has the potential to make a substantial
impact on the landscape of clean energy generation.
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1.INTRODUCTION

Fuel cells are heralded as a revolutionary clean energy
technology, offering remarkable efficiency, portability, and
significant environmental benefits. At the heart of their
functionality lies the polymer electrolyte, a specialized material
that plays a crucial role in facilitating ionic conduction, which
is essential for the electrochemical reactions necessary for
generating energy. Unlike conventional liquid electrolytes,
polymer electrolytes are predominantly solid or gel-like
substances, which confer several notable advantages. Among
these are enhanced safety, flexibility, and durability, making
them ideally suited for diverse applications. Key Features of
Polymer Electrolytes:1. lonic Conductivity: The primary
function of polymer electrolytes is to govern the movement of
ions, particularly protons in hydrogen fuel cells. This

movement is vital for sustaining electricity generation within
electrochemical devices. A high level of ionic conductivity is
essential for optimizing energy conversion efficiency, directly
influencing the performance of fuel cells. 2. Flexibility and
Durability: Polymer electrolytes exhibit mechanical robustness,
effectively resisting leakage and maintaining functionality
across various operational conditions. Their inherent flexibility
allows for the adaptability of these materials, while their
durability ensures reliable performance over extended periods,
making them suitable for both industrial and portable
applications. 3. Chemical and Thermal Stability: Polymer
electrolytes are designed to endure high temperatures and
challenging environments, particularly pertinent in fuel cell
applications. Their ability to maintain chemical stability while
effectively conducting both heat and ions is critical for ensuring
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consistent and reliable performance. In the context of fuel cells,
the electrochemical reaction between hydrogen and oxygen at
the electrodes is an exothermic process, meaning it releases
energy that is harnessed to generate electricity (Singh et al.,
2020). This intricate reaction occurs as hydrogen ions migrate
from the anode to the cathode via the polymer electrolyte, a
process that also produces heat and water as by-products (Smith
and Zhao, 2018). The efficiency of these electrochemical
reaction’s hinges on the polymer electrolyte’s capability to
conduct ions effectively and resist degradation under elevated
temperatures and mechanical stress (Ahmed et al., 2021). The
development of advanced polymer electrolytes for fuel cells
necessitates an  in-depth  understanding  of  their
thermomechanical properties, ionic conductivity, and chemical
stability. Optimizing these factors is paramount for maximizing
performance in real-world applications. Such advancements are
particularly critical for the broader adoption of fuel cell
technology, especially in regions like Nigeria, where the
abundant natural gas resources offer the potential to
significantly contribute to hydrogen production and promote
the integration of fuel cell systems into the energy landscape.
1.1 Types of Polymer Electrolytes

Polymer electrolytes are crucial materials that enable ionic
conduction in a variety of electrochemical devices, including
fuel cells and rechargeable batteries. They can be broadly
categorized into two primary types: proton-conducting
membranes and lithium-conducting polymers. Each type boasts
distinct properties, applications, and mechanisms that make
them suited for specific energy storage and conversion
technologies.

1.1.1 Proton-Conducting Membranes

Proton-conducting membranes, with Nafion being one of the
most recognized examples, are integral to polymer electrolyte
membrane fuel cells (PEMFCs). These membranes facilitate
the vital transport of hydrogen ions (H") from the anode to the
cathode, which is essential for the electrochemical reactions
that generate electricity. The operational process initiates when
hydrogen gas is introduced at the anode, where it undergoes an
electrochemical reaction that splits the hydrogen molecules into
protons, which then migrate through the membrane, and
electrons, which are directed through an external circuit. This
movement culminates in the generation of electrical energy
(Zhang, 2009). Key features of proton-conducting membranes
include: High lonic Conductivity: These membranes are
designed to ensure rapid and efficient conduction of protons,
which is critical for maintaining continuous and reliable fuel

1.1.3 Comparative Analysis

cell operation. This high conductivity is typically achieved
through the polymer's hydrophilic and hydrophobic domains,
which assist in transporting protons while managing moisture
levels. Chemical Stability: Proton-conducting membranes
exhibit substantial chemical stability, allowing them to
maintain structural integrity and performance under harsh
conditions, such as acidity and elevated temperatures, which are
common in fuel cell environments. Radical Formation: During
the electrochemical processes, hydrogen ions can react to form
radicals that interact with oxygen at the cathode, resulting in the
formation of water as a by-product. This radical formation not
only contributes to the fuel cell's overall efficiency but also
enhances the reaction kinetics. The applications of proton-
conducting membranes primarily revolve around PEMFCs,
where they contribute significantly to achieving high efficiency
and low emissions, thereby supporting the broader pursuit of
clean and sustainable energy solutions.

1.1.2 Lithium-Conducting Polymers

Lithium-conducting polymers are predominantly employed in
solid-state batteries, where they serve as a medium for the
movement of lithium ions between the electrodes (anode and
cathode). In these systems, lithium ions are able to migrate
freely within the polymer matrix, which facilitates the
generation of electrical current during both charging and
discharging cycles (Atkinson, 2015). Key features of lithium-
conducting polymers include: High Energy Density: Due to the
lightweight nature of lithium, these polymers can achieve a
higher specific energy storage capacity compared to other
materials, making them particularly advantageous for
applications that require compact and efficient energy sources.
Flexibility and Durability: Lithium-conducting polymers
typically demonstrate excellent mechanical stability, along with
significant resistance to degradation over time. This flexibility
is crucial for integrating these materials into various forms,
including complex shapes needed for modern electronic devices
and electric vehicles. Permeability and Conductivity: The
polymers are engineered to allow for effective permeation of
lithium ions throughout the matrix, which is vital for
maintaining efficient ionic conduction and minimizing
resistance during operation. Lithium-conducting polymers are
essential for applications that demand high-performance energy
storage systems, particularly in consumer electronics—such as
smartphones and laptops—and in electric vehicles where
lightweight and durable solutions are critical for enhancing
range and efficiency.

Table 1. Comparative Analysis of features of Proton-Conducting Membranes and Lithium-Conducting Polymers

Feature Proton-Conducting Membranes

Lithium-Conducting Polymers

Application Fuel cells (PEMFCs)

lonic Species Protons (H")
Operating Environment

Energy Density Moderate

Acidic and high-temperature conditions

Solid-state batteries

Lithium ions (Li*)

Varied, often room temperature
High
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Feature Proton-Conducting Membranes

Lithium-Conducting Polymers

Flexibility and Durability High
Typical Material Nafion
By-products

Water (clean energy output)

Moderate to high
Lithium-based polymers

None

In summary, proton-conducting membranes are specialized for
optimizing clean energy generation through fuel -cells,
emphasizing characteristics like high ionic conductivity,
chemical stability, and radical participation in the reaction
processes. In contrast, lithium-conducting polymers are
meticulously designed to meet the stringent requirements for
high energy density and efficient storage in modern battery
technologies, addressing the increasing demand for lightweight
and reliable energy solutions.

1.1.4 Fuel Cell Applications

Fuel cells, particularly Polymer Electrolyte Membrane Fuel
Cells (PEMFCs), play a crucial role in modern energy
technology. These cells function by facilitating the movement
of protons, enabling the separation of fuel, specifically
hydrogen, at the anode while oxygen is processed at the
cathode. In a PEMFC, hydrogen gas is introduced at the anode
where it is split into protons and electrons through an
electrochemical reaction. The protons then pass through the
polymer electrolyte membrane, which acts as a selective barrier
allowing only protons to move toward the cathode. Meanwhile,
the electrons travel through an external circuit, generating a
flow of electricity that can be harnessed to power various
devices. At the cathode, the protons reunite with oxygen
molecules and the electrons that have traveled through the
circuit, resulting in the formation of water and heat as by-
products. This process not only generates electrical power but
also emits only water vapor, making PEMFCs an
environmentally friendly energy source. The significance of
polymer electrolyte fuel cells (PEFCs) extends beyond their
operational mechanism. They provide a viable solution to the
growing energy demands of countries around the world,
particularly in efforts to transition to sustainable energy
systems. By harnessing fuel cell technology, nations can work
toward energy sustainability, reducing dependency on fossil
fuels and lowering greenhouse gas emissions. In summary, the
application of fuel cells is a vital component of the global shift
towards cleaner energy solutions, underscoring their
importance in addressing future energy challenges.

1.2 Fuel Cells

This section focuses on polymer electrolyte fuel cells (PEFCs),
which are a significant advancement in fuel cell technology,
known for their numerous advantages. These advantages
include high energy efficiency, minimal greenhouse gas
emissions, and their potential for integration into renewable
energy systems. At the heart of PEFC functionality are polymer
electrolytes, which play a crucial role in enabling the
conduction of ions. This conduction is essential for maintaining
the efficiency of the fuel cells. In the context of Nigeria, the
development of polymer electrolytes from natural gas is
particularly noteworthy. This process utilizes hydrogen
applications, where ions are simulated to form these

electrolytes. Essentially, the operation of the fuel cell involves
a chemical reaction between hydrogen and oxygen to produce
electricity, with water and heat as by-products (Borup, 2007).
The synthesis of polymer electrolytes derived from natural
resources is a complex process that requires several intricate
procedures. However, this study faced multiple challenges that
hindered data collection. The ongoing energy crisis in Nigeria
has made accessing reliable information increasingly difficult.
Additionally, bureaucratic hurdles within the government
present significant obstacles when trying to obtain relevant data
in the energy sector (Wang, 2009). The geopolitical
ramifications of the Russian-Ukraine war have further
complicated matters, particularly in gathering information
related to biofuel production and bio-energies. Another
detrimental factor is the lack of a coherent policy framework
among stakeholders, which has adversely impacted the
achievement of this study's objectives.

1.3 Energy Landscape in Nigeria and Sustainable Solutions

In exploring Nigeria's energy landscape, it's vital to identify the
pressing challenges faced by the nation, including an over-
reliance on non-renewable energy sources such as fossil fuels,
chronic electricity shortages, and the increasing demand for
sustainable green energy alternatives. The integration of fuel
cell technology into Nigeria's strategic energy plan is seen as a
viable method to address emissions issues while enhancing
energy availability. The production of fuel cells employs
various technologies, each distinct based on the raw materials
utilized. This study specifically examines the most viable
production method aligned with the country's energy
requirements. Sustainable energy solutions hinge significantly
on renewable resources such as biofuels. The transition towards
sustainability signifies a shift towards the adoption of
renewable energy sources, particularly through innovations like
polymer electrolytes in fuel cells. The concept of energy
sustainability is critical to discussions in Nigeria, as it
represents a crucial component for societal advancement and
economic growth. The transition from non-renewable to
renewable energy sources is an ongoing evolution, with
increasing emphasis on sustainability being observed. This
research aims to explore Nigeria’s potential in advancing the
development of polymer electrolytes, particularly in meeting
the growing energy demands of its population while also
fostering an environmentally conducive landscape. This
publication emphasizes the importance of making renewable
energy, especially polymer electrolytes, a significant
component of the global energy mix, particularly as non-
renewable energy sources face depletion. One of the primary
objectives of this study is to elucidate the advancements,
benefits, and practical uses of polymer electrolytes in fuel cells
within the Nigerian energy market. By increasing awareness
about the role of polymer electrolytes in fuel cells, this study
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aims to promote their adoption, especially given the current
trends in energy demand. Moreover, the study will highlight the
economic potential of renewable energy, emphasizing the
commercial viability of these technologies. These insights are
intended to provide a comprehensive understanding of polymer
electrolytes' vital role in fostering sustainable energy solutions
in Nigeria.

2. REVIEW OF LITERATURE

2.1 Overview of Polymer Electrolytes in Fuel Cells
Kinds of polymer electrolytes applied in fuel cells,
including proton exchange membranes (PEMs) such as Nafion,
and recent options such as sulfonated poly (ether ketone)
(SPEEK) and polybenzimidazole (PBI)-based membranes (M.
Cappadonia, 1995). Essential characteristics of polymer
electrolytes, like conductivity, chemical stability, and
mechanical durability. Polymer materials, or solid-polymer
electrolytes, were not combined into existing fuel cells not until
the 1950s, when they began being advanced for usage
practically. (Bossel, 2000) The development of polyelectrolyte
membrane technology was influenced by the needs of space
exploration, as fuel cells, with their high efficiency and
lightweight design, were well-suited to meet the auxiliary
power needs of spacecraft. In 1955, W.T. Grubb, a scientist at
General Electric, manufactured the first practical fuel cell for
this reason. This cell applied an ion exchange resin membrane
as the electrolyte. The resin composition evolved over the years
from phenol-sulfonic acid and formaldehyde-based membranes
in the late 1950s to variations of polystyrene sulfonic acid by
the mid-1960s (P. Beckhaus, 2005)). The technology, patented
in 1959, indicated that a fuel cell with a solid-polymer
electrolyte could operate at room temperature and atmospheric
pressure. Grubb’s patent outlined important characteristic for
an effective cation exchange resin, establishing standard that
chemists have since focused to meet in developing advanced
polymer membranes for fuel cells. Key attributes include:
Conductivity of high ion (as a good electrolyte)
(A.S. Feitelberg, 2020). Electrical conductivity negligence.
Permeability of selective ion for one type of charge. Uncharged
gas permeation resistance. Adjustable membrane thickness and
surface area and mechanically strongly integrity.
Despite notable milestone achievements, the early PEMFCs
used in NASA's Gemini program experienced low proton
conductivity, resulting in suboptimal power output (< 100
mW/cm?), and were likely to degradation as a result of the
oxidative instability of C-H bonds in the polymer structure. As
pointed by Costamagna, a serious leap in fuel cell performance
and durability was attained in the 1962 invention of the
perfluorosulfonic acid membrane, Nafion, by E.I. Du Pont de
Nemours & Company (Q.Li, 2019). Although formally
developed as a separator for chloralkali cells, Nafion was first
used to H./O: fuel cells in 1966. Nafion not only met but
exceeded the initial condition for an ideal solid-polymer
electrolyte, specifically in terms of conductivity and durability,
providing an impressive improvement over prior material.
Nafion increased conductivity by a factor of two and improved
the lifetime of fuel cells nearly four orders of magnitude,
solidifying its status as the industry benchmark for PEMFC

performance. The outstanding characteristics of this compound
will be explored more in the following sections with details.
Given these successful demonstrations of PEMFC technology,
it will be interesting to see polymer-based fuel cells to have
achieved extended technological advancement and commercial
values, powering usages from portable electronics to fuel cell
vehicles. Unfortunately, this expectation was not achieved. A
description of patents and publications activities for polymer-
based fuel cells reveals an important inactive period of
following the innovations of the 1960s and 1970s. (Li, X.
1970). Key hurdles, like durability and cost of membrane
materials and the platinum catalyst in electrodes, were and
remain important obstacles militating against broader success
commercially. The awakening of technological investigation
through research in PEMFCs can be given to important
milestones in the field (Perry, 2002). Although fuel cell
research attained few prominences during the 1970s Energy
Crisis, optional energy solutions were on the rise of both
politicians and researchers. Though, this prominence never
transformed into growth in PEM fuel cell technology at the
period. The surge in PEMFC research around 1996 can be
traced to developments in membrane electrode assembly
(MEA) fabrication techniques pioneered by researchers at Los
Alamos National Laboratory (LANL). lan Raistrick,
Supramaniam Srinivasan, and their colleagues developed
methods to reduce the platinum content in MEAs from 4x1073
g/em? to 3.5x107* g/cm?, significantly lowering fuel cell costs.
(americanhistory.si.edu). Throughout the late 1980s and early
1990s, the LANL team refined MEA manufacturing processes
and made crucial contributions to understanding the kinetics of
PEMFC electrochemical reactions, conducting durability
testing, and modeling fuel cell performance. Following these
advancements, the Clinton administration launched the
Partnership for a New Generation of Vehicles (PNGV), a large-
scale program sponsored by the U.S. Federal government and
the U.S. Council for Automotive Research (involving
DaimlerChrysler, Ford, and General Motors) to promote fuel
economy and emissions reduction across vehicle types. While
multiple federal agencies participated, the Department of
Commerce, through the Office of the Under Secretary for
Technology, led the federal effort. (Perry, M. L.; Fuller 2002).
The program was later succeeded by the Bush administration's
Freedom CAR initiative in 2002, with the Department of
Energy continuing its support of Research and Development in
fuel cell technology. These sustained investments have likely
facilitated further technological innovations, reflected in the
rapid rise in PEMFC-related patents and publications. This
historical context raises several questions, including

2.2 Developments in Polymer Electrolyte Materials

Overview of recent materials investigated in the world
context: improvements in ionic conductivity, chemical
durability, and performance at higher temperatures. The
generational limp towards cost-effectiveness, friendly
environment options that could be sourced locally or
artificially. Developments of this electrolytes in fuel cell is
emerging and transformational that involves economic
potential and commercial viabilities.
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2.3 World Trends in PEFC Research and Usage

Summaries of how other countries and organizations
are developing fuel cell technology through polymer electrolyte
innovations. Potential usage of PEFCs in transportation and
other sectors, portable devices, and stationary power
generation. The global energy crises and Nigeria energy market
has set the pace for more trends in polymer electrolytes in fuel
cell developments with recognition of factors that influences
production and also affect yields in achievement of optimum
goal and profit maximization. (Sandstede et, alt 2003). The
global trend in polymer electrolytes in fuel cell is on increase
due to factors such low emission, high efficiency, permeability
and resistance to leakage. However, this bioenergy cannot be
stored in a reservoir with low temperature and pressure due to
its mechanical properties of not being able to take the shape of
the container. Polymer electrolytes in fuel cell is a solution-
based process that require integration of soluble (N. Djilali,
2017). The trend is on the rise and the energy demand in
meeting up with supplies requires collective collaboration
among experts and stakeholders.

2.4 Research and Development of Fuel cell in

Nigeria

An overview of investigations steps in Nigeria on polymer
electrolyte development, including obstacles, funding, and
infrastructure limitations. Assessing of collaborations between
Nigerian research institutions and global entities in advancing
fuel cell technology. This paper tends to review various works
done on this subject matter with regard to current trends and
development. Research on renewable energies like bio-energies
is fast growing but been faced with challenges of government
policies and programs. The research is enhanced with
collaborative scientific effort that involves institutes which will
end up in developing the polymer electrolytes in fuel cell for
more efficiency and yields. In Nigeria, several options are
available for research and development for the manufacturing
of Polymer electrolytes in fuel cell for power generation.

Fuel Cell Sourcing in Nigeria

Fuel cell Sourcing is complex and difficult due to
various factors identified by this study. These factors are;
market value, economic potentiality, commercial viabilities,
raw materials availability, technological innovations and
practices and expertise collaboration. Though, with an
increasing focus on sustainable energy solutions, a few strategic
methods can assist in obtaining and even developing fuel cells
internally. To source for polymer electrolytes in fuel cell, the
following processes are adhered which are; identification of
raw materials and availability, location where these raw
materials can be found and type of scientific and technological
method to adopt in the production process. The sourcing also
involved objectivity, precision and accuracy of integrating
available raw materials for production efficiency for high
yields.

Partnership with Foreign Suppliers and
Manufacturers
Partnering with producers Work with foreign

organizations that focused in fuel cell technology, like Ballard
Power System Bloom Energy, or Plug Power. These companies
often have distribution networks or may be willing to partner
on pilot projects in emerging markets. Purchase through
Regional Distributors: Some fuel cell organizations may have
representatives or distributors in Africa or nearby regions who
can speed up procurement and technical support. Partnering
with these distributors can also assist with customization to
local requirements. Academic and Research Partnerships:
Many foreign universities and research institutions work on
practical or emerging fuel cell technologies. Partnerships with
these institutions can enable technology transfers and enhanced
sourcing, especially if agrees with research initiatives in
Nigeria.

Local Production and Combined Initiatives

Set Up Small-Scale Manufacturing Facilities: Start
with small facilities to combine fuel cell components, importing
parts such as polymer membranes, electrodes, and bipolar
plates, while manufacturing simpler components locally. This
method can decrease import costs and lead to more self-
reliance. Develop Local Supply Chains for Raw Materials:
Nigeria has various minerals and natural resources that could
be processed into essential fuel cell components. For example,
graphite and certain metals can be sourced locally and refined
to manufacture electrodes and other cell parts. Partner with
Nigerian Engineering Firms: Partner with local engineering
companies to adapt the combine process and help in
maintenance, increasing technical know-how within the
country. Manufacturing polymer electrolytes in fuel cell locally
requires experts’ knowledge on major areas of the procedure
especially when it involves steam and heat. In obtaining
hydrogen from natural gas, analyst is of the view that water
dehydration is required and such approach will involve
technological equipment. Another issue is carbon intensity
which is done with precautionary measures for easy application.

Research and Development in Nigerian Universities

Supporting University Research on Fuel Cells will
encourage fuel cell research in institutions like the Rivers State
University, Port Harcourt, University of Port Harcourt, and
Federal University, Otuoke. These universities can explore fuel
cell technology channeled toward Nigerian conditions,
leveraging local resources for polymer electrolyte membranes
or other essential components. Government and Private Sector
Funding: Establish grants and incentives to support university
and private-sector research, focusing on locally sourced and
cost-effective fuel cell alternatives. This will accelerate the
development and availability of fuel cells suited to Nigeria’s
needs. There is need for worthy Nigerians donating for
endowment fund on fuel cell to developed the production
process. These endowment fund will enhance accessibility to
research materials and encourage large scale production for
commercial value. Energy consumption is increasing so also is
research for the production of biofuel in bio-energies. For
example, the Rivers State University, Port Harcourt and
University of Port Harcourt are on the rise for this purpose
through creation of institute for bioenergy research and
Development.
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Government and Private Sector Engagement

Incentivize Import and Production of Fuel Cells
require the Nigerian government to implement policies to
reduced tariffs on importing important components for
renewable energy technology, including fuel cells. In addition,
tax incentives offer for organizations investing in local fuel cell
assembly can advance local availability. Engage Energy
Organizations: Major Nigerian energy firms, such as Nigerian
National Petroleum Company Limited (NNPC LTD) and
various renewable energy firms, can invest in fuel cell projects.
These companies may benefit from incorporating fuel cells into
hybrid energy systems, particularly for off-grid and remote
locations. The Nigerian government through the regulatory
agencies like NNPC LTD need to encourage local investment
on biofuel in bio-energies like polymer electrolytes in fuel cell
by promoting growth through grant facilitation. Investors need
fund to facilitate this project so that the economy will be
boosted. Creating the enabling environment is another task that
is required of the government in encouraging the private sector.
Security is a major challenge to every society and the
government in living up to expectations is required to exact
authority in bringing security to promote local investment in
biofuel production.

Pilot Projects and Demonstrations

Launching and demonstrating the Projects will
enhance pilot production which will stimulate efforts for trust
in the investment. Collaborating with international
organizations like donors and NGOs to run pilot fuel cell
projects in Nigeria is also a veritable tool of enhancing
participation in polymer electrolytes in fuel cell developments
from natural gas. These projects could showcase the potentiality
of fuel cells for powering remote areas, backup systems for
critical infrastructure, and even transportation. This is purely an
industrial revolution if actually achieved that will be tailored
toward economic value for the nation. Community-Level
Initiatives will facilitate engagement with community groups
and cooperatives to set up small-scale fuel cell installations,
particularly in off-grid areas. This will assist in creating
awareness of fuel cell technology and its benefits, paving the
way for broader adoption.

Customs and Regulatory Support

Establish Clear Regulations for Fuel Cells: Nigeria’s
regulatory environment could benefit from clear guidelines on
fuel cell import, safety, and installation standards. Partnering
with regulatory bodies such as the Nigerian Electricity
Regulatory Commission (NERC) can assist in initiating fuel
cell standards that encourage safe and efficient application.
Incentives for Low-Carbon Technology Imports: By offering
reduced import duties on fuel cells, the government can make
them more accessible. (Sandstede 2003) Additionally, policies

that support local fuel cell research and manufacturing through
tax breaks and grants can stimulate domestic growth in the
sector. The government agency will set standard for
development and monitor deficiencies in development of the
polymer electrolytes in fuel cell. To ensure standard and
qualities in production, the regulations are to determined best
practices in the manufacturing processes.

Investment in Technical Training and Knowledge
Transfer

Fuel Cell Training Programs are created especially for
training of engineers, scientist and technicians on fuel cell
design, installation, maintenance, and troubleshooting.
Partnering with technical institutes, centers and universities to
share ideas on fuel cell technology in engineering curriculums
is necessary. Exchange linkage programs involving Knowledge
transfer through global collaboration to achieve results.
Partnering with organizations that specializes in renewable
energy for training to create knowledge transfer programs will
build capacity in fuel cell technology in Nigeria and ensure
results achievement. While initial sourcing may depend on
imports, over time, local capacity for combining and
manufacturing fuel cells can develop, especially as
infrastructure, support policies, and technical expertise that
grow within Nigeria.

3. METHODOLOGY AND EXPERIMENTAL
PROCEDURE:
3.1 Selection of Polymer Electrolyte Materials

To fulfill the objectives and goals of this study, a
comprehensive description of the polymer materials chosen was
undertaken, with a strong emphasis on utilizing locally sourced
materials that are compatible with the Nigerian environment.
The selection process adhered to specific criteria designed to
ensure optimal performance and sustainability. Key factors
such as ionic conductivity, which is essential for efficient ion
transport; thermal stability, to withstand varying temperatures
without degradation; and chemical resistance, to ensure
durability against environmental factors, were carefully
considered. These criteria not only highlight the materials'
functionality but also their appropriateness for local use,
fostering a connection with the surrounding ecosystem while
advancing our research objectives.
The selection of polymer electrolyte materials was carefully
conducted, taking into account their performance
characteristics and the specific environmental and operational
conditions prevalent in Nigeria. The criteria employed for this
selection process focused on several critical aspects: 1. lonic
Conductivity (c): The selected materials needed to exhibit
efficient ion transport, with a specific target for ionic
conductivity set at:

~ —3 Qe o
(o0 = 107" 5 /cm at 25°C). (1)
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This threshold is essential to ensure the effective operation of
polymer electrolytes in various applications. 2. Thermal
Stability: It was crucial to select materials with thermal
degradation temperatures exceeding 150°C. This criterion was
established to guarantee that the polymer electrolytes could
endure the thermal conditions typically encountered during
operational processes without compromising their structural
integrity. 3. Chemical Resistance: The materials had to
demonstrate  compatibility ~with acidic environments,
particularly in the pH range of 1 to 3. This chemical resistance
is vital for ensuring the long-term durability and performance
of the electrolytes across various applications. The materials
under evaluation included polyethylene oxide (PEO) and
polyvinyl alcohol (PVA). These polymers were blended with
specific additives, such as ethylene carbonate (EC) and lithium
perchlorate (LiClO4), to enhance their overall performance
characteristics.

3.2 Synthesis and Fabrication Techniques

The development of polymer electrolytes involved a
variety of sophisticated methodologies aimed at their synthesis
and fabrication. Key processes included solution casting, where
polymer solutions were uniformly poured into molds, and melt
extrusion, which involved forcing melted polymer through a die
to create desired shapes. Additionally, cross-linking techniques
were employed to enhance the structural integrity and
performance of the electrolytes. To ensure the quality and
functionality of the synthesized materials, a range of
characterization techniques were meticulously applied.
Electrochemical impedance spectroscopy was utilized to
measure ionic conductivity, providing insight into how well
ions move through the electrolyte. Tensile testing was
conducted to assess the mechanical strength, determining the
material's resilience under stress. Furthermore, thermal analysis
techniques were employed to evaluate thermal properties,
giving a comprehensive understanding of the material's
behavior under varying temperature conditions. Each of these
methods adhered strictly to established scientific principles,
ensuring reliable and consistent results throughout the research
process.

3.2.1 Solution Casting

The fabrication of the polymer membranes began with
the preparation of polymer solutions. This involved dissolving
PEO in acetonitrile at a weight ratio of 3:1 (polymer to solvent).
To formulate the electrolyte, ionic salts (LiClOs) were
incorporated into the solution at a concentration of 15 wt%,
followed by the addition of plasticizers (EC) at 20 wt%. The
thoroughly mixed solution was subjected to stirring at a
controlled temperature of 60°C for 12 hours to ensure complete
dissolution. The resulting homogeneous mixture was then cast
onto a clean glass substrate and subjected to a drying process at

80°C for 24 hours within a vacuum oven. This method allowed
for the formation of uniform and defect-free polymer films
suitable for further characterization.

3.2.2 Melt Extrusion

For an alternative fabrication technique, blends of the
polymer with additives were processed using melt extrusion.
The extrusion was performed at a temperature of 120°C
utilizing a twin-screw extruder set at an extrusion speed of 10
rpm. This technique facilitated the continuous production of
polymer electrolyte membranes with consistent properties.

3.2.3 Cross-Linking

To enhance the mechanical and chemical stability of
the membranes, a cross-linking process was implemented.
Glutaraldehyde was employed as the cross-linking agent at a
concentration of 1 wt%. The films were exposed to ultraviolet
(UV) radiation at a wavelength of 254 nm for a duration of 10
minutes. This cross-linking process helped in forming a robust
three-dimensional network within the polymer matrix.

Experimental Design

The outlined testing steps are designed to evaluate the
performance of polymer electrolyte membranes (PEM) in
various key areas, including proton conductivity, fuel
crossover, and durability when subjected to acidic
environments. These evaluations are crucial for understanding
how these materials function under different conditions. In
addition, this study focuses on experimenting with fuel cells
within simulated environmental conditions, using Nigeria as a
case study. Various factors such as temperature fluctuations and
high humidity levels will be taken into account, as they play a
significant role in fuel cell performance. A critical process
involved in the production of hydrogen fuel for these cells is
known as Steam Methane Reforming (SMR). This method
effectively converts natural gas into hydrogen by reacting it
with steam, which is essential for powering hydrogen-based
fuel cells. The following is a detailed outline of the SMR
procedure, highlighting its importance in fuel cell technology.

Steam Methane Reforming (SMR) for Hydrogen Production

a) Feedstock Preparation: Natural gas, methane primarily is
purified to remove sulfur and other impurities that can destroy
reforming catalyst and the fuel cell. Steam Reforming Reaction:
In this process, methane reacts with steam at high temperatures
(700-1,000°C) in the presence of a nickel-based catalyst to
produce hydrogen and carbon monoxide. The chemical reaction
involved is thus:
Water-Gas Shift Reaction: The carbon monoxide manufactured
in the first step reacts with additional steam to manufacture
more hydrogen and carbon dioxide through the water-gas shift
reaction:

CH4+H20—CO+3H2 ®)
CH4+H20—CO+3H2 (AH=+206 kJ/mol) ©)
CO+H20—CO2+H2. @)
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The Steam Methane Reforming (SMR) process for
manufacturing hydrogen involves two main chemical reaction
which are: Methane (CH4) reacts with steam (H20) at high

temperatures (700-1,000°C) in the presence of a nickel-based
catalyst to produce hydrogen gas (H2\text{H;) and carbon
monoxide (CO);

CH4+H20—CO+3H2(AH = +206 kJ/mol) (5)
Water-Gas Shift Reaction

The carbon monoxide (CO) manufactured in the initial step
reacts with more steam to produce more hydrogen and carbon
dioxide (CO2). In the first stage of the process, carbon
monoxide (CO) is generated and then subjected to an additional

reaction with steam. This interaction facilitates the formation of
an increased amount of hydrogen gas along with carbon dioxide
(CO2) as a byproduct.

CO+H20—CO2+H2(AH = -41 kJ/mol) (6)
Overall Reaction
Combination of both reactions gives the overall equation for SMR:

CH4+2H20—CO2+4H2

The overall reaction is characterized as endothermic, indicating
that it requires a continuous input of heat to proceed.
Specifically, this reaction has a total enthalpy change (AH) of
about +165 kJ/mol, signifying a substantial energy requirement.
This significant demand for heat is the primary reason that
steam methane reforming (SMR) is typically carried out within
furnaces or reactors that are equipped with external heating
sources, ensuring that the necessary thermal energy is
consistently supplied to facilitate the reaction. Gas Purification:
The gas mixture produced primarily consists of hydrogen, but
it also contains small amounts of impurities such as carbon
dioxide, carbon monoxide, and water vapor. To obtain a high-
purity hydrogen stream, these unwanted components must be
effectively eliminated. This purification process is commonly
achieved using pressure-swing adsorption (PSA) technology,
which utilizes variations in pressure to selectively adsorb and
remove the impurities, ensuring that the final hydrogen output
meets stringent quality standards.

Hydrogen Utilization in Fuel Cells. Fuel Cell Types: Once
hydrogen is purified, it is introduced into a fuel cell, which can
vary depending on the intended application. Two common
types of fuel cells are the Proton Exchange Membrane Fuel Cell
(PEMFC) and the Solid Oxide Fuel Cell (SOFC). PEMFCs
operate optimally at relatively low temperatures, usually around
60 to 80 degrees Celsius, making them ideal for mobile
applications such as vehicles and portable power systems.
Conversely, SOFCs function at much higher temperatures,
typically between 600 to 1000 degrees Celsius, which enhances
their efficiency and makes them more suitable for stationary
power generation, such as in power plants or industrial
applications (J. Yeom, 2015). Electrochemical Reaction:
Within the fuel cell, the hydrogen molecules undergo a
transformative electrochemical process at the anode, where
they are split into protons and electrons. This separation occurs
via a catalyst, usually made of platinum, which facilitates the
reaction efficiently. The protons, positively charged particles,
move through the electrolyte membrane toward the cathode. In
contrast, the electrons are directed through an external circuit,

™)

generating an electric current that can be harnessed for power.
At the cathode, the protons reunite with the electrons and
combine with oxygen from the air, producing water vapor as a
harmless by-product. This elegant process exemplifies how fuel
cells convert chemical energy directly into electrical energy
with high efficiency and minimal emissions.

Carbon Capture for Emissions Reduction (Optional)

As the steam methane reforming (SMR) process
generates carbon dioxide as a byproduct, incorporating carbon
capture and storage (CCS) technologies becomes essential for
minimizing greenhouse gas emissions. This innovative
approach not only captures the carbon dioxide produced during
manufacturing but also offers the potential to store it safely
underground or repurpose it for various industrial applications.
By effectively sequestering this greenhouse gas, we can
significantly reduce its impact on the environment while
exploring new uses that contribute to a more sustainable
industrial landscape.

System Integration for Distributed Generation
Combined Heat and Power (CHP): Solid Oxide Fuel
Cells (SOFCs), which operate at elevated temperatures, can be
effectively integrated with a heat recovery system. This
innovative combination allows for the simultaneous generation
of both heat and electricity, significantly enhancing the overall
efficiency of the system. In fact, some configurations can
achieve remarkable efficiency levels of 80-90%. This dual
production approach not only optimizes energy usage but also
contributes to sustainability by minimizing waste. Distributed
Generation: Fuel cells that utilize hydrogen derived from
natural gas reforming are increasingly becoming integral
components of distributed power generation systems. These
systems offer a robust and efficient alternative to traditional
grid power, particularly in regions plagued by unreliable
electrical infrastructure. By decentralizing energy production,
distributed generation enhances the reliability of power supply,
ensuring that communities can maintain functionality even in
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the face of grid disruptions. This innovative approach not only
improves efficiency but also fosters energy independence and
resilience.

Advantages and Considerations

High Efficiency: Fuel cells obtained from natural gas
that is primarily methane and powered by hydrogen are more
efficient compared to conventional combustion-based power
generation. This process gives the fuel cell an edge over others
in terms of power generation and transportation. The high
efficiency is essentially a property of these electrolytes due to
the durability of the cell and membrane. Fuel cell electrolytes
will advance high efficiency with this process, which will be
viable for commercial purposes. Lower Emissions: Though
SMR is carbon-intensive, fuel cell systems with combined CCS
emit fewer emissions compared to coal and other non-
renewable fuels in power generation, especially if components
of the hydrogen emanate from renewable sources in the future.
Emission of rays is an environmentally challenging issue that
this process tends to solve, thereby giving it an advantage
compared to conventional fossil materials used in generating

o = nqu

Where:
n: Number density of charge carriers in (cm” {-3})
g: Elementary charge approximately (1.602 x 10" {-19}, C))

E,
o = dpexp (_RT)

Where:

oo = Pre-exponential factor (in (S/cm)

E. = Activation energy (in (J mol)

R = Universal gas constant (8.314, J mol K)

T = Absolute temperature (in K)

The necessary parameters for this modeling were determined
through electrochemical impedance spectroscopy (EIS). The
activation energy (E.) was derived by plotting (In (sigma)

A m
Tp = Tpi) E exp | —

Where:

A = Water uptake (in mol (H_20) per sulfonic acid group)

n = Empirical constant, typically set to 1.5 for Nafion-based
membranes

E, = Activation energy for proton transport (in (J mol)

power. Pollutants are usually emitted when energy sources are
operated to generate power, but this process tends to put an end
to such danger to human lives. Fuel cell electrolytes will be
easily enhanced with this approach. Future Potential with
Renewable Sources: The common source of hydrogen in fuel
cells is natural gas currently; investigation is currently ongoing
into applying electrolysis powered by renewable energy, such
as solar or wind, to manufacture hydrogen, which would make
fuel cells entirely carbon-free. Fuel cell electrolytes combine
water solution to release electric current with the sustainability
of power generated. The future viability of fuel cell electrolytes
is hinged on the components of hydrogen obtained from natural
gas. Energy generation is carbon-intensive, and to ensure the
future potential of this process, the amount of carbon to be
released must be curtailed.

3.3 Mathematical Model for lonic Conductivity

The ionic conductivity (o) of the polymer electrolytes
was evaluated using the Nernst-Einstein relation, which is
expressed as follows:

(8)

w: Mobility of ions in (cm”2, V» {-1})
To incorporate the influences of temperature on conductivity,
the Arrhenius equation was utilized, expressed as:

9)

against (frac, T) (termed the Arrhenius plot) and calculating the
slope, which is equal to (-frac E;}{R).

3.4 Performance Modeling of Polymer Electrolyte Membranes
Proton Conductivity (o?). The proton conductivity within
polymer membranes was characterized as being dependent on
two primary factors: water content and temperature. This
relationship was modeled mathematically as follows:

E, )
RT (10)

oPo = Pre-exponential factor specific to proton conductivity (in
(S/em)

Fuel Crossover Rate (Jx)

The rate of fuel permeation through the membranes was
modeled using Fick’s law as follows:
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Where:

D = Diffusion coefficient (in (cm”2/s)

C = Concentration of fuel (in (mol cm”3)

X = Membrane thickness (in cm)

Experimental data for both D and C were obtained through
precise measurements of diffusion flux, conducted via gas

(11)

permeability tests tailored for the specific polymer membranes.
3.5 Steam Methane Reforming (SMR) for Hydrogen
Production

The hydrogen yield (Yn) from the steam methane reforming
process was modeled based on the underlying reaction kinetics,
represented by the following equation:

Y = ki [CH4] + k2 [H20] - ks [CO] (12)

Where:

ki, k2, ks = Rate constants for the reactions involving methane
reforming, steam interactions, and carbon monoxide formation,
respectively. Real-time concentrations of the reactants and
products ([CH4], [H20], [CO]) were monitored using gas
chromatography (specifically, the Agilent 7890B model). To
predict the efficiency of hydrogen production, mass and energy
balances for the reactor system were solved numerically using
MATLAB, allowing for comprehensive simulation of the SMR
process.

3.6 Characterization Techniques

To evaluate the properties of the synthesized polymer
electrolytes, several characterization techniques were
employed: Electrochemical Impedance Spectroscopy (EIS):
The ionic conductivity of the polymer electrolytes was
measured using a sophisticated Metrohm Autolab system, with
a frequency range spanning from 10 Hz to 1 MHz. Tensile
Testing: The mechanical properties of the polymer films,
specifically the stress-strain behavior, were assessed using an
Instron 5567 machine, operating at a controlled strain rate of
0.5 mm/min. Thermal Analysis: Comprehensive thermal
characterization was performed using Thermogravimetric
Analysis (TGA) and Differential Scanning Calorimetry (DSC)
methods, with the TGA conducted using the TA Q50 apparatus.
These detailed methodologies ensure a robust assessment of the
performance and characteristics of the polymer electrolyte
materials under various conditions and applications.

4. RESULTS AND DISCUSSIONS
4.1 Evaluating Performance of Polymer Electrolytes
in Fuel Cell
The comprehensive study conducted aimed to
rigorously evaluate the performance of polymer electrolytes
based on four critical metrics that are pivotal for their

application in fuel cells: conductivity, mechanical stability,
thermal properties, and overall fuel cell performance. The
evaluation involved comparing the performance of these newly
developed materials against established benchmarks,
particularly Nafion, a widely recognized standard in the
industry. Key Findings: Conductivity (90%): The new materials
demonstrated exceptional ion-conducting efficiency, which is
vital for facilitating and sustaining electrochemical reactions
within the fuel cell environment. This high conductivity reveals
their potential to enhance energy conversion processes
significantly. Mechanical Stability (80%): The polymer
electrolytes exhibited strong resistance to mechanical stress and
degradation. This quality is essential for ensuring long-term
operational reliability, particularly in various environmental
conditions where fuel cells may be deployed. Thermal
Properties (75%): While the materials showed good stability at
different temperature ranges, there is a recognition that
enhancements are required for extreme thermal conditions. This
indicates room for improvement, particularly for applications in
climates that experience significant temperature fluctuations.
Fuel Cell Performance (85%): The materials demonstrated a
high level of efficiency and output in fuel cell systems,
indicating their excellent suitability for clean energy
applications. This performance suggests that they can
effectively convert chemical energy into electrical energy with
minimal losses. Supporting Evidence for Recommendations:
The high conductivity of the tested materials points to their
considerable potential for efficient energy conversion,
advocating for their inclusion in large-scale industrial
applications. The combination of mechanical and thermal
stability suggests that these polymers can endure the harsh
operating environments typical of off-grid and rural settings.
Furthermore, the identified need for improved thermal
properties offers actionable insights that can guide targeted
research and development efforts.
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Performance Evaluation of Polymer Electrolytes in Fuel Cells
Mechanical Stability

Ponfuctivity

Fuel Cell Performance

Fig. 1 Evaluating Performance of Polymer Electrolytes in Fuel Cell

The radar chart illustrates the performance evaluation of
polymer electrolytes in fuel cells across four key metrics:
Conductivity (90%), Mechanical Stability (80%), Thermal
Properties (75%), and Fuel Cell Performance (85%). Each
parameter is plotted radially, ranging from 0% (center) to 100%
(outer edge). Conductivity (90%): High ion-conducting
efficiency, essential for fuel cell reactions. Mechanical Stability
(80%): Strong resistance to stress and degradation during
operation. Thermal Properties (75%): Good stability under
temperature variations, though slightly lower than other
metrics. Fuel Cell Performance (85%): Significant contribution
to overall efficiency and output. Performance interpretations:
20%-40%: Weak performance. 40%-60%: Moderate, meeting
basic requirements. 60%-80%: Good, with competitive
advantages. 80%-100%: Excellent, indicating superior
suitability for applications. The chart highlights robust overall

4.2 Potential for Local Sourcing and Cost-Effectiveness

performance, with conductivity as the strongest attribute, while
thermal properties present an opportunity for further
improvement in extreme conditions.

Challenges and Limitations

Description of the main obstacles encountered like
degradation of materials, barrier cost and information
management that are involved in production process are
critically reviewed. Study limitations were done within this
framework of ensuring full integration of primary components
in manufacturing of electrolytes. Discussion of the challenges
to Nigeria, specifically with regard to funding, investment
climate, raw materials availability and technological awareness
are other critical areas of concerns. The limit of this study is
vividly outlined in the title of the study.

Poll%{)ner Electrolytes Production Materials: Potential for Local Sourcing and Cost-Effectiveness
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Fig. 2 Potential for Local Sourcing and Cost-Effectiveness
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This section of the study focused on analyzing the potential for
local sourcing of raw materials and evaluated the overall cost-
effectiveness of the production processes associated with
polymer electrolytes. Key Insights: Natural Polymers and
Plasticizers: The study found that there is a high availability of
natural polymers and plasticizers locally, combined with low
production costs. This positions these materials as the most
viable candidates for sustainable manufacturing practices,
supporting the shift towards environmentally friendly
production methods. Synthetic Polymers: While the local
sourcing potential for synthetic polymers is moderate, their
production may be more cost-effective due to advanced
efficiencies in the manufacturing processes. This suggests a
strategic route for enhancing economic viability in polymer
production. Salts and Additives: The potential for local
sourcing and cost-effectiveness for salts and additives appears
to be lower, signaling a critical need for investment in local
production capabilities to improve their availability and reduce
dependence on imported materials. Supporting Evidence for
Recommendations: The compelling local sourcing potential of
natural polymers and plasticizers aligns with the
recommendation to actively explore the use of biodegradable
and locally sourced materials. Furthermore, while synthetic
polymers are less accessible, there exists a significant
opportunity for collaborative initiatives between Nigerian
institutions and international partners to leverage advanced
manufacturing techniques and expertise.

4.3 Implications for Nigeria’s Sustainable Energy
Goals

This portion of the study assessed how polymer electrolyte fuel
cells (PEFCs) can significantly contribute to Nigeria's energy
transition strategies and sustainable energy objectives. Key
Data Points: Renewable Energy Expansion (70%): The high
potential for expanding renewable energy sources was noted,
reinforcing the importance of integrating PEFC technologies in
the energy mix. Energy Efficiency (60%): The materials
demonstrated a favorable profile for improving energy
efficiency metrics within the energy sector. Energy Access
(80%): PEFCs were highlighted for their strong capability to
enhance energy access, particularly in underserved rural
communities. Climate Mitigation (50%): While the
contribution to climate mitigation measures was moderate, it
indicates potential growth areas for carbon emission reductions.
Economic Development (75%): The introduction of PEFCs is
expected to support economic development through job
creation in new manufacturing and energy sectors. Policy &
Governance (65%): Effective policy and governance
frameworks will be essential to facilitate the integration of
PEFCs into the broader energy strategy. Supporting Evidence
for Recommendations: The notably high score for energy
access underlines the urgent need for government-led
awareness campaigns to promote the adoption of PEFC
technology among communities lacking reliable energy. The
moderate evaluations for renewable energy expansion and
climate mitigation highlight the imperative of proactive
governmental policies to incentivize investment in clean energy
technologies.

Implications for Nigeria's Sustainable Energy Goals

100
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Fig. 3 Implications for Nigeria’s Sustainable Energy Goals
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The study also critically carries out an overview on how
developments in PEFCs can support Nigeria’s commitment to
developmental sustainability and reduce its carbon footprint.
The diversification of Nigeria’s energy sector using the
function of fuel cells, more especially in off-grid and rural
usage were acknowledged the limitations of conventional fuel
in meeting the ever-growing energy demands.

5. CONCLUSIONS

The study's conclusions have been refined to
synthesize earlier findings without introducing new
information. It was determined that polymer electrolytes
derived from natural gas present a unique opportunity,
showcasing high conductivity, robust mechanical stability, and
competitive performance metrics for fuel cell applications.
These attributes position the materials as significant
contributors to advancing Nigeria's clean energy agenda,
especially in off-grid and rural contexts. However, the study
acknowledged that enhancements in thermal properties are
crucial for their full realization. Additionally, strategic
investments in local raw material sourcing are identified as
necessary steps to fully capitalize on their potential. The
findings collectively underscore the possibility of leveraging
Nigeria's abundant natural gas resources to develop polymer
electrolytes sought after in global markets, all while fostering
economic opportunities and reducing the country's reliance on
imported energy technologies. Achieving these objectives will
require collaborative efforts among government entities,
industry stakeholders, and research institutions.

5.1 Recommendations

The recommendations have been explicitly linked to
the findings detailed in the results section: 1. Explore
Biodegradable and Locally Sourced Materials: This is
underpinned by the strong evidence of high local availability
and the cost-effectiveness of natural polymers and plasticizers.
2. Encourage Research Collaborations: The potential of
synthetic polymers warrants attention, as their advanced
manufacturing requirements could be supported through
partnerships, enhancing local capabilities. 3. Promote Public
Awareness: A concerted effort to educate communities
regarding the benefits of fuel cells is justified by the high energy
access scores, emphasizing the necessity of informing
underserved populations. 4. Create an Enabling Investment
Climate*: This aligns with the identified need for policy
incentives and demonstrated economic viability from the cost-
effectiveness analysis. 5. Enhance Technological R&D:
Addressing the recognized gaps in thermal performance is
crucial, necessitating targeted research initiatives to improve
this aspect of polymer electrolytes.
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