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ABSTRACT 

In an era where environmental concerns have reached a critical point, the quest 

for clean and efficient energy sources has become paramount. Proton exchange 

membrane fuel cells (PEMFCs) offer a glimmer of hope, with their ability to directly 

convert the chemical energy of fuels into useful work, leaving a negligible environmental 

impact. However, maximizing the performance of PEMFCs requires innovative design 

approaches, particularly in the realm of flow field Designs (FFDs) of the bipolar plates 

(BPs). 

The study presents a comprehensive analysis of the performance and local species 

transport phenomena of PEMFCs, focusing on the impact of geometric designs and FFDs. 

An enhanced FFD provides more homogeneous reactant diffusion in the cell, lowers the 

pressure drop, and provides higher electrical performance. The FFDs can be improved by 

adding baffles in the flow channel, developing completely new and innovative FFDs, or 

adopting nature/bio-inspired designs. However, a detailed analysis of various aspects of 

FFDs like cell performance, cost, and manufacturing difficulties has to be done  

Therefore, a simple and novel tapered-trapezoidal FFD is proposed considering the 

varying dimensions of the parallel sides at the inlet, denoted as "a" and "b", aiming to 

enhance the performance of PEMFCs compared to conventional straight parallel FFD and 

tapered FFD. For this purpose, a three-dimensional non-isothermal, single-phase, steady-

state, model for a single PEMFC is developed. The equations governing the transfer of 
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mass and momentum are carefully solved by the ANSYS program using the 

computational fluid dynamics (CFD) technique, taking into account the relevant source 

terms arising from electrochemical reactions occurring in various zones of the fuel cell. 

The study revealed that the geometrical dimensions of the FFDs had a substantial impact 

on the electrochemical reactions and electrical characteristics of the cell. Compared with 

the conventional straight parallel FFD and tapered FFD, the proposed novel tapered-

trapezoidal FFD enhances the temperature distributions, reactants distributions, water 

removal, and cell performance. According to the results, the limiting current density and 

maximum power density of the proposed novel tapered-trapezoidal FFD with case C4 

have 13.8 % and 8.1 % with respect to the conventional straight parallel FFD respectively, 

and 7.9 % and 4.3 % with respect to the tapered FFD at 0.5 V. Moreover, an increase in 

the maximum temperature of the novel FFDs compared to C1 and C2 results in improved 

heat transfer efficiency of the PEMFC. The average oxygen mass fraction at the interface 

between the channel and GDL on the cathode side for case C4 is 19.8 % more than C1. 

In addition, the water removal capability has also improved for the novel tapered-

trapezoidal FFDs. Therefore, the employment of the proposed design can be strongly 

recommended for high current-density operating conditions. The present study discusses 

in detail the reasoning for the mentioned observations. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 ENERGY CRISIS 

The energy crisis emerges as one of the top ten global threats, ranking fourth, 

alongside rising fuel costs, disruptions in supply chains, global expansion, and the 

effects of Russia's involvement in Ukraine [1]. The world is currently experiencing an 

unprecedented "truly global energy crisis," according to the International Energy 

Agency (IEA). This crisis not only puts millions of people in difficult situations but also 

has the potential to benefit them in the long run [2]. The intergovernmental 

organization's Renewables 2022 report says that since Russia invaded Ukraine in 

February, there has been a significant increase in the expansion of green energy 

capacity. The report features that worldwide renewable capacity growth is projected to 

almost twofold throughout the following five years, outperforming coal as the essential 

supporter of the power age [3]. “Renewable energy sources were already experiencing 

rapid expansion, but the current global energy crisis has propelled them into an 

exceptional new stage of accelerated development as nations strive to leverage their 

advantages in energy security,” says IEA Executive Director Fatih Birol. The current 

energy crisis is a significant turning point that has the potential to prompt a paradigm 

shift in favor of a more secure and environmentally friendly energy system. In order to 

preserve the potential of achieving the objective of capping global warming at 1.5 

degrees Celsius, renewable energy sources must continue to advance at a rapid pace [4]. 

1.2 ENERGY SCENARIO 

Energy has shifted from being a broad technological field to a crucial aspect of 

economic planning and international relations. It serves as the bedrock for the socio-

economic development of any nation. In a country like India where 80% of demand is 

still being met by fossil fuels. Energy is a very crucial entity for its economic as well as 

social developments. India has established its rank as the third-largest energy consumer 

in the world as a result of increasing incomes and improved living standards. India's per 

capita energy usage and emissions are below half of the worldwide average, along with 
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other significant indicators such as vehicle ownership, steel production, and cement 

output. [5]. India had an improvement in its primary energy consumption in 2021, 

surpassing its pre-pandemic level in 2019 by 3.7%, after recovering from the economic 

crisis brought on by the Covid-19 pandemic. All other fuels had a spike in usage during 

the same time period, with the exception of nuclear and hydropower.[6]. Table 1.1 

depicts the breakdown of primary energy in India. 

Table 1.1. Breakdown of Primary Energy in India [6] 

Consumption Year wise Distribution Growth rate per year in % 

2010 2020 2021 2010-20 2021 

Primary energy 23 32 35 3.6 10 

Oil 6.6 9.1 9.4 3.2 3.9 

Natural Gas 2.1 2.2 2.2 0.2 3.1 

Coal 12 17 20 3.6 16 

Nuclear 0.2 0.4 0.4 6.2 -1.6 

Hydro 1.1 1.5 1.5 3.6 -2.2 

Renewable 0.4 1.6 1.8 14.7 13.2 

• Units in EJ unless otherwise stated 

Oil, gas, and coal together comprised 90% of the energy consumed, maintaining 

a level similar to before the pandemic. Notably, coal exhibited the highest growth rate 

among these fuels, with a 16% increase and surpassing its 2019 level by 8%. Coal's 

share in primary energy reached 57%, in contrast to the global average of 24%. It is 

worth mentioning that India, as the second-largest coal producer in the world, (after 

China), accounts for 12.5% of global coal consumption.[6]. Natural gas, a versatile and 

abundant fossil fuel, plays a crucial role in powering various sectors of Indian economic 

activities such as transportation as well as electricity. India's natural gas production 

increased by 20%, hitting 29 billion cubic metres (bcm), nevertheless, it is still below 

the peak of 47 bcm seen in 2010. In contrast, imports of liquefied natural gas (LNG) fell 

by 8.1% to 33.6 bcm. Qatar had the largest proportion (41%) of the nation’s supplying 

LNG to India [6]. 
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Figure 1.1: India's Overall Primary Energy Demand 2000-2020 [5] 

1.3 RENEWABLE ENERGY SOURCES 

India is rapidly transforming its power generation mix towards a greater 

percentage of renewable energy in line with the goals of sustainable development. India 

ranks fourth globally in terms of its installed renewable energy capacity, which includes 

large hydroelectric power projects. According to the REN21 Renewables 2022 Global 

Status Report, its wind and solar power capacity places it in fourth place. India set a 

lofty goal to produce 500 GW of clean energy by the year 2030 during the COP26 

summit. As of February 2023, the total installed capacity of large hydropower and other 

renewable energy sources stands at 178.79 GW as depicted in Table 1.2 [7]: 

Table 1.2. India's Installed Capacity for Renewable Energy [7] 

India's installed capacity for renewable energy in GW 

Solar Wind Large Hydro Small Hydro Biomass Waste to Energy 

66.7 42.6 46.85 4.94 10.2 0.55 

India's installed non-fossil fuel capacity has grown by an astonishing 396% 

during the past 8.5 years, achieving a historic milestone of over 178.79 gigawatts (GW), 

including huge hydro. As of May 2023, this represents over 43% of the nation's entire 

capacity. In 2022, India achieved the highest year-on-year growth in renewable energy 

additions, with a notable increase of 9.83%. As of May 2023, the installed solar energy 

capacity had increased by a noteworthy 24.4 times during the previous nine years, 

reaching 66.7 GW. The installed renewable energy capacity, which includes large 

hydro, has seen a significant increase of about 128% since 2014 [7]. With ambitious 
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targets and continued efforts India’s renewable energy share is continuously increasing 

as shown in Figure 1.2, resulting in more economic independence and developments of 

more sustainable technologies like electrolyzers and fuel cells which helped India to 

achieve its net zero carbon emission by the year 2070. Figure 1.2 depicts the power 

generation from renewable energy sources in India from 1997. 

 

Figure 1.2: Power Generation from Renewable Energy Sources [8] 

1.4 THE FUTURE OUTLOOK 

Before the worldwide pandemic, the anticipated growth in India's energy 

demand was nearly 50% from 2019 to 2030. However, in the STEPS (Stated Policies 

Scenario) and the "Delayed Recovery Scenario," the expected growth during this time 

has been lowered to around 35% and 25%, respectively [5]. According to the IEA's 

World Energy Outlook 2021, India currently accounts for 6.1% of the world's primary 

energy usage, and under the scenario of the stated policies, the figure is expected to 

grow to almost 9.8% by 2050 [2]. According to the BPSR research, throughout a 40-

year period, coal's share of total primary energy has stayed largely constant at 45% 

since 2019. However, the share of coal decreases and is anticipated to vary from 6% to 

33% by 2050 in all three scenarios (Accelerated, Net Zero, and New Momentum). On 

the other hand, demand from the industrial and heavy road transport sectors drives an 

increase in natural gas's share of total primary energy across all scenarios, from 5% in 

2019 to 7-11% in 2050 [6]. Renewable energy grows strongly in all scenarios, at an 

average of 4-6% a year. As a result, in the Accelerated and Net Zero scenarios as well 

as the New Momentum scenario, renewable energy surpasses coal as the dominant 
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energy source in 2050. Electricity generation in 2050 is around four times that in 2019 

in New Momentum and Accelerated, and five times in Net Zero, with solar and wind 

power providing 57% to 95% of that growth. Solar and wind installed capacities in 2050 

reach 1.3-2.2 TW and 0.3-1.2TW, respectively, depending on the scenarios. Hydrogen 

demand grows by a factor of four in New Momentum up to a twelve-fold increase in 

Net Zero. 

 

Figure 1.3 By Scenario, Energy Demand in India 2019-2040 [9] 

In 2050 green hydrogen represents 47% of total production in New Momentum 

and 80% in Net Zero [6]. The goal for India is to produce 5 million tonnes of renewable 

hydrogen by 2030. This will be supported by 125 GW of renewable energy capacity. 

India has approved 57 solar parks, totaling a capacity of 39.28 GW. The offshore wind 

energy aim is 30 GW by 2030 [7] 

1.5 DEGRADATION OF THE GLOBAL ENVIRONMENT 

The uncontrolled and inefficient consumption of energy has led to 

environmental deterioration, necessitating thorough investigation. The generation, 

transportation, and usage of energy produce air pollutants. The ineffective utilization of 

energy has strained the Earth's ecosystems, as evident from the extraordinary and 

negative natural events witnessed in recent years. Examples of these consequences 

include the greenhouse effect, climate change, acid rain, air pollution, deforestation, and 

alterations in weather patterns. The escalating severity of these issues highlights the 

urgent need to study and address the environmental impacts of energy usage. The 

atmospheric concentration of carbon dioxide plays a role in both global warming and 
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the ensuing climate change. The atmospheric concentration of carbon dioxide has 

increased by 50% over a period of less than two centuries due to human activity. The 

data presented in Figure 1.4 depicts recent observations of CO2 concentrations in the 

atmosphere at the Mauna Loa Observatory in Hawaii., ignoring seasonal and natural 

changes. The CO2 content has climbed from 365 ppm in 2002 to more than 400 ppm at 

this time. These measurements are based on data from the mid-troposphere, which is the 

atmospheric layer that is located between 8 and 12 kilometres above the surface of the 

Earth [10]. 

 

Figure 1.4: CO2 Measurements:1958-Present [10] 

Figure 1.5 depicts the variations in CO2 levels throughout the Earth's previous 

three glacial cycles. Since the 18th century, when the industrial period began, human 

actions have led to a 50% increase in atmospheric CO2, resulting in the current 

concentration being 150% of its value in 1750. This rise surpasses the natural changes 

that occurred about 20,000 years ago, near the end of the last ice age. 

 

Figure 1.5: CO2 Concentrations During the Previous Three Glacial Cycles on Earth [10] 

Therefore, human activities are amplifying the naturally occurring greenhouse 

effect and raising global temperatures by increasing the concentration of CO2 in the 
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atmosphere. According to the NOAA Global Monitoring Lab, CO2 constituted 

approximately two-thirds of the overall warming impact attributed to human-generated 

greenhouse gases in 2021 [10]. 

1.6 CO2 EMISSION OUTLOOK 

Global carbon dioxide emissions are predicted to increase from 35.3 billion 

metric tonnes in 2018 to roughly 43.08 billion metric tonnes by 2050 under a business-

as-usual scenario as shown in Figure 1.6. 2018 witnessed the greatest level of carbon 

dioxide emissions recorded in history due to a strong economy and severe weather. 

Summer heat waves increase the need for air conditioning, and harsher winters raise the 

need for heating, which leads to increased CO2 emissions in the future[11]. 

 

Figure 1.6: CO2 Emissions worldwide from 2018 to 2050 [11] 

Figure 1.7 illustrates the geographical distribution of global CO2 emissions 

across different regions. Historically, until the early 20th century, Europe and the 

United States were the primary contributors to global emissions. In 1900, Europe and 

the US accounted for more than 90% of emissions, and even in 1950, they continued to 

make for more than 85% of emissions on an annual basis. But in recent years, there has 

been a noticeable change. In particular, Asia, with China being the most notable, saw a 

significant rise in emissions throughout the second half of the 20th century, followed by 

India. Currently, the US and Europe together contribute to less than one-third of global 

emissions. [12]. India's economy and population are both developing quickly, which has 

resulted in a large rise in emissions in recent years. It is now, after China and the United 

States, the world's third-largest emitter of greenhouse gases (GHGs). India contributed 

around 7% of the world's emissions in 2021, totaling 3.9 billion metric tonnes of carbon 

dioxide equivalent (GtCO2e). India's numbers are far lower than the global average 
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when per capita emissions are taken into account, coming in at just 2.8 tCO2e. In 

contrast, per-person emissions in China and the United States are 9.6 and 17.6 tCO2e, 

respectively. Additionally, India's historical cumulative CO2 emissions, which total less 

than 4%, are much lower than those of other large economies[12]. 

 

Figure 1.7: Annual CO2 Emission by the World Region [12] 

Figure 1.8 displays the global and Indian CO2 emissions by fuel or industry type. 

It is obvious that coal, which is followed by oil and then gas, has a major effect on CO2 

emissions worldwide as well as in India. 

 

Figure 1.8: CO2 Emissions by the Fuel or Industry Type [12] 
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1.7 CLIMATE CHANGE 

A region's predominant, long-term weather patterns are referred to as its climate. 

It encompasses various elements such as precipitation, temperature, humidity, sunshine, 

wind speed, and natural phenomena like fog, frost, and hailstorms. Climate change can 

be referred to the alterations in the climate over time, whether caused by natural 

variations or human actions. Climate change is defined as changes in the climate that 

can be directly or indirectly ascribed to anthropogenic activity in the UNFCCC reports. 

Along with the natural climate variations that have been seen over comparable time 

periods, these activities have an effect on the composition of the Earth’s atmosphere. 

The atmosphere's rising greenhouse gas (GHG) content is the main factor in climate 

change. This accumulation of GHGs is promptly transforming the way atmosphere 

absorbs and retains energy. The main culprits among these gases are CO2, released via 

the burning of fossil fuels; methane (CH4) and nitrous oxide (N2O), emitted from 

agricultural practices, land use changes, and other human activities; ozone (O3), 

primarily generated by vehicle emissions; and chlorofluorocarbons (CFCs) [13]. These 

greenhouse gases hinder the emission of infrared radiation from the Earth's atmosphere 

into outer space, leading to what is commonly referred to as "global warming.". 

Between the years 2030 and 2050, it is projected that climate change will lead to an 

extra 250,000 deaths each year, mainly caused by factors such as famine, malaria, 

diarrhea, and heat-induced strain. By 2030, it is predicted that these consequences will 

cost the healthcare industry somewhere between US$2 billion and US$4 billion 

annually. Without outside assistance for readiness and reaction, developing countries, 

especially those with weak healthcare facilities, will suffer the greatest difficulties in 

addressing these repercussions [14]. 

Mitigation and adaptation are the two primary pillars of climate change policy. 

The goal of mitigation is to lower greenhouse gas emissions through the use of 

renewable energy, environmentally friendly transportation, energy conservation, and 

carbon capture. Adaptation aims to reduce the repercussions of climate change through 

resilient infrastructure, improved water management, agricultural practices, early 

warning systems, and ecosystem preservation. Both pillars are crucial for addressing 

climate change and building a sustainable and resilient future. 
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1.7.1 Effect of Global Warming 

Fossil fuels, which are also referred to as oil, gas, and coal, are the primary 

drivers of the global climate problem. Over 75% of all greenhouse gas emissions 

worldwide are attributed to them, with CO2 solely making up around 90% of those 

emissions. As a result of these emissions, the atmosphere generates a layer that absorbs 

heat from the sun, creating climate change as a result of global warming. Across the 

world, rising temperatures are endangering all life forms, including humans, by altering 

weather patterns and upsetting nature's delicate balance [15]. 

 

Figure 1.9: Impact of Climate Change in the World [14] 

Assigning particular long-term causes to specific natural phenomena can pose a 

challenge, but certain consequences of recent climate change may already be 

observable. These include rising sea levels, shrinking glaciers, diminished Arctic ice, 

and disrupted agricultural patterns. forecast for secondary and regional repercussions 

encompass acute weather events, increased prevalence of tropical diseases, altered 

seasonal patterns in ecosystems, and significant economic implications. These concerns 

have spurred political activism, with calls for measures to mitigate, eliminate, or adapt 

to climate change. 

1.7.2 Greenhouse Gas Emission Around the World 

The release of GHGs, the primary driver of climate change, is an outcome of 

anthropogenic activities. China, the United States, and India collectively account for 

42.6% of global emissions, which renders them the three biggest contributors. In 

contrast, only 2.9% of global emissions come from the bottom 100 nations. Agriculture 
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is the second-largest source of world emissions, accounting for close to 75% of them. 

The production of power and heat within the energy industry is the main source of 

emissions, followed by manufacturing and transportation. As they may both produce 

and absorb greenhouse gases and land use, are major sectors in the transition to a 

sustainable future and essential to reaching net-zero emissions [16]. 

 

Figure 1.10: Green House Emission in the World [16] 

1.7.3 Kyoto Protocol, Paris Agreement & COP 26 

A notable international agreement to combat climate change was the Kyoto 

Protocol, which was enacted in 1997. It offered ground-breaking ideas like "carbon 

credits" and "carbon trading" and imposed binding emission reduction targets on 

developed nations. It presents three mechanisms to deal with its targets, specifically: 

emissions trading, the clean development mechanism, and joint implementation. 

Although the convention represented a big step forward, it mainly concentrated on 

developed countries and ignored large emitters from emerging nations. 

In comparison, the 2015 Paris agreement is a more inclusive and comprehensive 

global climate pact. It establishes a long-term plan to keep the increase in global 

temperature well below 2°C and supports efforts to keep it below 1.5°C. The Paris 

Agreement, in contrast to the Kyoto Protocol, calls for contributions from all nations, 

not only developed ones, to cut emissions in accordance with their own plans known as 
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nationally determined contributions (NDCs). The agreement also places a focus on 

adaption strategies and offers assistance to underdeveloped nations. 

The Conference of the Parties (COP) oversees both the Kyoto Protocol and the 

Paris Agreement. Significant discussions on a number of important topics, including 

phasing out coal, accelerating the use of renewable energy, and solving climate finance 

shortages, took place at COP 26. Hence, to accomplish the goals outlined in the Paris 

Agreement, the conference sought to reach a consensus on important priorities and 

policies. COP 26 emphasized the urgent need for more international cooperation and 

bold measures to reduce the devastating effects of climate change[17]. 

1.8 ROLE OF RENEWABLE ENERGY IN THE INDIAN ECONOMY 

India has made impressive strides in its switch to renewable energy, with 

installed capacity rising dramatically from a few megawatts in 2010 to over 178.79 GW 

as of February 2023. This rise has been largely fueled by the nation's renewable energy 

goals and enabling policy environment. With the cancellation and retirement of multiple 

coal projects totaling more than 606 GW and 15.6 GW, respectively, from 2010 to 

2022, India has also been actively lowering its reliance on coal-fired electricity. 

However, India's current account deficit has been negatively impacted by the country's 

growing reliance on imported coal as a result of domestic supply limitations and 

skyrocketing prices. The rise in coal costs has also contributed to inflation, which 

reached 15% in May/June 2022 according to the Wholesale Price Index (WPI). These 

difficulties emphasize how critical it is to reduce coal dependency and support India's 

ongoing energy transition [18]. 

The Institute for Energy Economics and Financial Analysis (IEEFA) and CEF 

(the India team of the Climate Policy Initiative) predict that renewable energy capacity 

would increase rapidly within India, with annual additions of 35–40 GW anticipated 

through FY2029–30, reaching a total of 405 GW. This increase is fuelled by factors 

such as competition from intermittent renewable energy sources, skyrocketing fossil 

fuel prices due to hyperinflation, and growing global commitments to capital 

investments through the Glasgow Finance Alliance for Net Zero (GFANZ). As a result, 

it is anticipated that thermal power generation will steadily lose market share, going 

from 72.3% in FY2021/22 to 53.4% in FY2029/30. These forecasts are bolstered by the 

aggressive capacity addition goals established by the government of India and promise 
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from numerous companies in sectors including power, oil & gas, steel, and cement. 

NTPC, a state-owned company, Adani Green Energy, Tata Power, ReNew Power, and 

Acme Solar are important players with total expansion capacity targets in the utility-

scale category of roughly 231 GW by 2030. Therefore, to achieve its goals, the 

government of India is committed to promoting growth in the renewable energy sector. 

[18]. Figure 1.11 shows various factors that are key drivers for renewable energy 

capacity addition in India. In decentralized renewable energy, policy reforms and 

demand-side drivers are expected to drive significant growth in various segments. 

 

Figure 1.11: Demand and Supply Side Drivers of Renewable Energy Capacity 

Addition in India [18] 

The financial assistance of the Indian government, domestic corporations, and 

international investors strengthens the sector participants' capacity expansion goals. The 

forecast for renewable energy in India is generally favorable, with reduced regulations, 

dynamic market conditions, and high demand generating profitable returns and enabling 

the sector's explosive expansion.  

Green hydrogen holds significant potential to propel India's clean energy 

aspirations on a large scale. With an aspiration of achieving 5 million tonnes per annum 

(MTPA) of green hydrogen production by 2030, India will need approximately 118 GW 

of additional renewable energy capacity. Corporate giants like Reliance Industries and 
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Adani Group have strongly embraced the green hydrogen policy, notified in June 2022, 

and have made substantial commitments towards achieving the 5 MTPA target [18]. 

1.9 NECESSITY OF FUEL CELLS 

The above discussions highlight the pressing issues faced by India, namely the 

rapid drainage of fossil fuels and the environmental crisis. It is crucial to address these 

challenges promptly by decreasing reliance on petroleum-based fuels, which would 

have positive ramifications on both the environment and the economy. The usage of 

hydrogen in fuel cells as a clean and emission-free fuel for the twenty-first century has 

been extensively acknowledged by virtue of its outstanding prospects for energy 

efficiency and lack of emissions [19]. 

Fuel cells (FCs) have a variety of benefits over conventional combustion-based 

technologies, which are extensively used in autos and power plants. Compared to 

combustion engines, they operate more efficiently, instantly transforming the chemical 

energy of the fuel into electrical energy with a theoretical efficiency of more than 60%. 

In comparison to IC engines, FCs emit very little or none at all. Especially when used 

with hydrogen FCs, which produce only water, this substantially eliminates carbon 

dioxide emissions, one of the major climate issues. Additionally, at the site of operation, 

they do not produce air pollutants that lead to smog formation and health problems. FCs 

also have few moving parts, which makes them function silently [20]. There have been 

substantial improvements achieved in the use and functioning of fuel cells (FCs) since 

their inception in the 19th century. However, certain obstacles continue to stand in the 

way of their growth and usage in applications with high energy demands. 

1.9.1 Historical background 

The idea of FCs in 1839 while creating the first voltaic battery made of platinum 

and zinc foil plates was originated by Sir William Robert Grove [21], [22]. In this 

notion, two metals and two electrolytes were combined, with the producing metal 

having a higher attraction to the anion of the in-contact electrolyte as depicted in Figure 

1.12 [23]. In 1889, Ludwig Mond and Carl Langer expanded upon Grove's notion by 

developing the fuel cell, a gas-powered battery. An electrolyte has been used between 

electrodes to build a gas-powered battery that could generate 2-2.5 A and 0.73 V [24]. 

Francis Bacon researched FCs in the 1930s with the goal of creating an affordable 

technology that could be used widely. Bacon used nickel electrodes to improve the 
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solubility of gases in alkaline systems [25] By 1959, FCs were being used to power a 

variety of devices, including forklift trucks, circular saws, and welding equipment [26]. 

The first proton exchange membrane fuel cell (PEMFC) was notably used during the 

NASA Gemini space mission, which took place between 1962 and 1966 and is often 

regarded as such. [27]. 

 

Figure 1.12: Gas Battery (left) and Gas Chain (right) Originated by Sir William Robert Grove’s 

[23] 

1.9.2 FCs Concept 

Figure 1.13 illustrates the functional concept of fuel cells (FCs), wherein each 

cell comprises two electrodes (anode and cathode) and a membrane-electrode-assembly 

(MEA) [28], [29]. The anode and cathode are made up of porous composite materials 

known as cermet, which is a combination of ceramics and metals, they facilitate the 

movement of gases between the channels and the electrolyte, while the MEA acts as a 

catalyst for the electrochemical reactions and facilitates the transfer of current flow. 

[30]. The anode of a fuel cell is where the fuel undergoes oxidation, while the cathode is 

where the oxidant undergoes reduction. The electrolyte within the fuel cell serves as a 

conductor for ions (such as H+ and O2-) at the same time allowing the flow of 

electrons. These electrons evolved through the anode reaction, and pass through an 

external circuit to reach the cathode, where they participate in the cathode reaction [31], 

[32]. 
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Figure 1.13: Basic principle of the FC. 

There are various types of FCs, which are, PEMFC [33], phosphoric acid fuel 

cells [34] direct methanol fuel cells [35], molten carbonate fuel cells [36] alkaline fuel 

cells [37], microfluidic fuel cells [38] solid oxide fuel cells [39]. Comparative data on 

various FCs are included in Table 1.3:  

Table 1.3. Comparison of Various Types of FCs [33]–[39] 

S.No. Types of 

FC 

Fuel Membrane Oxidizer Operational 

Temperature 

(°C) 

Electrical 

Efficiency 

(%) 

1. Solid 

Oxide FC 

H2, CO Ion 

conducting 

ceramic 

O2 1000 60 

2. Carbonate 

FC 

Molten 

Alkaline melt 

O2; CO2 650 50 

3. Phosphoric 

Acid FC 

H2 Phosphoric 

acid 

O2 200 40 

4. Direct 

Methanol 

FC 

CH3OH Ion 

conducting 

polymer 

80-110 50 

5. Proton 

Exchange 

Membrane 

FC 

H2 65-85 40-60 

6. Alkaline 

FC 

Caustic 

potash 

20-90 60 
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1.9.3 Applications of FCs 

Fuel cells find diverse applications in the modern world, as outlined below [40]:- 

➢ Power backup: They act as a power backup source when the main power supply 

is disrupted. Backup systems for manufacturing plants, household use, and 

computer networks are a few examples. 

➢ More than 200 units of fuel cells from Ballard Industries are bought by Aditya 

Birla Group in September 2015 to power its telecom towers. 

➢ Intelligent Energy obtained a €1.2 billion contract in September 2015 to provide 

fuel cells for 27,400 towers in India.  

➢ A fuel cell-powered, zero-emission train called Coradia iLint was demonstrated 

by Alstom, a French rail vehicle manufacturer, in association with Germany and 

Canada.  

➢ The first fuel cell-powered bus in India was to be introduced, according to a 

March 2018 announcement from TATA. 

➢ Toyota Mirai, Honda FCX Clarity, Mercedes Benz F-Cell, and Hyundai ix35 

FCEV are just a few of the fuel cell cars that have been created. 

➢ By 2020, Toyota and Fuel Cell Energy hope to have a megawatt-scale carbonate 

fuel cell power plant up and running. It is situated near the port of Long Beach, 

California, and plans to produce 1.2 tonnes of hydrogen every day and 2.36 

megawatts of energy each day. 

➢ The Japanese government intends to build 35 hydrogen petrol stations in the city 

and put 6,000 fuel cell-powered vehicles on the roads in time for the 2020 

Olympics in Tokyo. Tokyo will also see a rise in the number of buses powered 

by fuel cells. 

➢ Aircraft with zero carbon emissions, such as the Lockheed CL-400 Sultan and 

HY4, also use fuel cell technology. 

1.10 PROTON EXCHANGE MEMBRANE FUEL CELL 

Proton exchange membrane fuel cells (PEMFCs) were created by “Niedrach and 

Grubb” in 1960 at “General Electric Company”. Due to their small size and capacity to 

work at low temperatures, these fuel cells are extensively used. The Nafion polymer 

membrane used in the PEM fuel cell serves as a mediator in the electrochemical 
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process. Faster start-up and response times are made possible by the polymer 

membrane's solid-state properties, which lower reaction temperatures and increase 

efficiency. Placing a polymer separation membrane between two platinum electrodes 

with perforations eliminates the possibility of pollution. The PEMFC interacts at a 

temperature of around 80 °C, and the membrane conducts ions when it comes into 

contact with water [41], [42]. These cells have a high-power density relative to other 

cell types, with values ranging from 350-600 mW/cm2, and their efficiency can reach 

45–60%. Equations (1.1–1.3) describe the reactions in PEMFC. 

At anode CL [43]: 

H2 → 2H+ + 2e−                                             (1.1) 

At cathode CL [43]: 

2H+ + 2e− +
1

2
O2 → H2O + Heat               (1.2) 

Overall Reaction [43]: 

𝐻2 +
1

2
O2 → H2O + Electricity + Heat        (1.3) 

PEMFCs offer several benefits and drawbacks as listed in Table 1.4 below: 

Table 1.4. Benefits and Drawbacks of PEMFC [41]–[43] 

S.No. Benefits Drawbacks 

1. High energy density Need of pure H2 

2. Compact design Need of pure O2 

3. High specific power per unit weight and volume Water flooding 

4. Quick start-up time Costly 

5. Lower operating temperature Platinum catalyst poisoning  

6. Easy and safe handling 

7. Less maintenance (no moving parts) required 

8. Uninterrupted electrical energy supply 
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1.11 PRESENT WORK 

The Fuel cell has been discussed in detail within the framework of the current 

study. Among them PEMFCs are widely researched and advanced fuel cell technology 

amongst all. Primarily due to the highly innovative and promising approach to power 

generation that offers significant benefits in terms of efficiency, environmental 

sustainability, and reliability. PEMFCs are an excellent solution for a number of uses, 

such as transportation, stationary power generation, portable electronics, and the space 

industry because of their quick start-up time, low operating temperature, and high-

power density. PEMFCs are complex electrochemical systems that involve several 

different disciplines, including electrochemistry, materials science, fluid dynamics, and 

heat transfer. In the present era, outstanding progress has been made in developing high-

performance PEMFCs. The performance of a PEMFC can be regulated by a variety of 

factors, counting the design and structure of the catalyst layer (CL), the gas diffusion 

layer (GDL), and the flow field Design (FFD). The FFD in a PEMFC is crucial to 

achieving optimal performance and large-scale commercialization. The FFD plays a 

vital role in ensuring that the reactant species i.e., oxygen, and hydrogen, are efficiently 

delivered to the electrochemical reaction sites, while also removing the product water 

that is generated during the reaction. A well-designed FFD can aid in better water and 

mass removal, homogeneous distribution of the physical quantities, reduced pressure 

drop, and low cost. A number of studies have been conducted to optimize and envisaged 

the FFDs, considering factors such as the geometry of the channels, the shape and size 

of the FFD, and the material considerations of the flow field. Overall, the design of flow 

fields for PEMFC is an evolving area of research, with the goal of developing cost-

effective and efficient fuel cell systems for a range of applications. Hence, in the present 

work, an effort is made to develop the novel tapered-trapezoidal FFD for the straight 

parallel flow field. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 INTRODUCTION 

As demarcated in the preceding chapter, the quest for renewable energy sources 

has gained momentum due to the escalating prices and uncertainties surrounding 

petroleum availability along with their effect on the environment. Researchers and 

scientists have been actively engaged in exploring viable alternatives, and one 

promising contender is the PEMFC. The PEMFC presents numerous advantages, 

including its renewable nature, eco-friendliness, and ease of production, particularly in 

rural areas where there is a pressing need for modern energy solutions. With its 

renewable nature, environmental friendliness, and potential to address energy security 

concerns, PEMFCs represent a significant step toward achieving a greener and more 

sustainable future. The continuous efforts of researchers and scientists worldwide are 

propelling the field forward, driving the development of efficient, durable, and cost-

effective PEMFCs. As these advancements continue, the realization of widespread 

implementation and adoption of PEMFCs in various sectors is well within reach, 

ushering in a new era of clean energy generation. 

2.2 FLOW FIELD DESIGN OF BIPOLAR PLATE OF PEMFC 

A PEMFC consists of an intricately assembled suite of bipolar plates (BPPs), gas 

diffusion layers (GDLs), catalyst layers (CLs), and a proton exchange membrane (PEM) 

working together in unison [44], [45]. Among these components, the bipolar plates are 

of particular importance as they form the flow channels that distribute reactant gases 

[46], [47]. The membrane electrode assembly (MEA) is analogous to the heart of a fuel 

cell, while the BPPs serve as a means to distribute gases (hydrogen and air) and 

facilitate the efficient transport of electricity, similar to veins [48]. It comprises 45% of 

the stack cost and 80% of the total weight of the stack [49]. The main functions and 

requirements of BPPs are summarized as follows [43], [50], [51]: - 
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➢ The BPP bolsters the MEA by giving the PEMFC as a whole adequate 

mechanical strength. It must therefore have enough strength. Additionally, 

selecting materials with higher specific strength will improve power density. 

➢ The surface of the BPP requires processing to create a flow field, which acts as 

channels for gas and water. Hence, it is crucial to maintain good processing 

capabilities. 

➢ Excellent electrical conductivity is required for the BPPs to function as a current 

collector and conductor. 

➢ The BPP is expected to properly separate the oxidant and the reducing agent by 

exhibiting low gas permeability. 

➢ Since the PEMFC's electrolyte is an acidic medium, the BPPs resistance to 

chemical and electrochemical corrosion must be excellent in order to prolong its 

life of it. 

➢ The BPP should have a low thermal expansion coefficient and excellent thermal 

conductivity because the fuel cell's internal operating temperature is around 80 

°C. 

➢ The BPP needs to be inexpensive in order to be appropriate for mass commercial 

manufacture. 

The FFD pertains to the shape and structure of the channels found in the BPP. It's 

absolutely essential to keep in mind that these channels can be made using machining 

operations (often used for graphite plates) or formed using a variety of approaches (such 

as die stamping, forming, and other methods, typically used for BPPs made of metal) 

[52]. The purpose of the flow field is to deliver the necessary amounts of reactants to 

the GDL and the CL while minimizing the drop in pressure on the cathode and anode 

sides, respectively. High electrical and thermal conductivity, robust material strength to 

endure clamping pressure, non-toxicity, water resistance, and ease of machining are 

among the crucial properties of flow field materials [53]. The flow field plates used for 

this function are frequently made of stainless steel or plain graphite, with graphite being 

the material of preference. In addition to providing reactants to the anode and cathode 

sides, these FFD also facilitate the movement of water and electrons from and to the 

CL. A well-designed flow field enhances water management and overall performance 

by preventing water flooding in the cathode [53]. 
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Various flow field patterns are widely utilized in PEMFC, exhibiting notable 

differences. These include patterns characterized by single straight, parallel, serpentine, 

interdigitated, pin, cylindrical, spiral, radial, square, natural-inspired, tubular, and fractal 

designs. Figure 2.1 illustrates the flow field designs that are commonly employed in 

PEMFC. The performance of PEMFC is significantly influenced by the design of the 

flow field, prompting numerous modifications aimed at enhancing its effectiveness [53]. 

 

Figure 2.1: Different Types of Flow field Design 

The use of parallel, serpentine, interdigitated, or a combination of these flow 

fields is a commonly employed practice in the production of FFDs for commercial 

PEMFCs [54], [55]. Parallel FFDs have a low-pressure drop due to reactant diffusion, 

but may not provide enough reactant supply or efficient water removal, leading to poor 

performance. While serpentine [56] and interdigitated [57] FFDs enhanced water 

extraction and reactant distribution rates at the expense of high pressure decreases and 

decreased energy efficiency due to pumping loss. To sum up, each of the three FFDs - 

parallel, serpentine, and interdigitated - has its own set of advantages and disadvantages 

when utilized in PEM fuel cells. A lot of effort has been invested in enhancing the 

efficiency of the aforementioned fundamental designs, with the aim of achieving better 

performance. Therefore, this literature review evaluates different FFDs for PEMFCs, 

such as conventional, modified, novel, and nature/bio-inspired designs, and their merits 

and demerits. The literature review also examines the state of the art of FFDs and 

provides important observations, giving valuable insights into recent trends in PEMF’s 

FFD, which may help in the development of the new FFDs. 
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2.3 LITERATURE REVIEW 

Cooper et al. [57] created bipolar plates with varying cross-sectional sizes and 

conducted experiments to confirm that the performance of the plates in PEMFC is 

greatly influenced by the proportion of channel width to rib width in both parallel and 

interdigitated channels. This ratio plays a pivotal role in determining their performance. 

Hamrang et al. [58] thoroughly investigated the performance of two FFD types, 

namely the parallel serpentine flow field (PSFF) and the parallel serpentine-baffled flow 

field (PSBFF) with a blocked exit channel, which was evaluated to assess the influence 

of operational and geometric parameters. The findings indicated that the PSBFF design 

exhibited superior performance in comparison to the PSFF design. 

Li et al. [59] developed a methodology to optimize the parallel FFD in a PEMFC 

by partially blocking a channel. The results of the study demonstrate that optimizing the 

channel led to an improvement of approximately 10.9% in the net power output of the 

PEMFC. 

Gong et al.[60] focused on the multi-stage Tesla valve (MSTV) flow field in 

PEMFCs and aimed to evaluate the transport properties and performance of both 

forward and reverse flow. It has been discovered that at high-load situations, the 

MSTV-Reverse FFD’s current density distribution is more homogenous, which can 

effectively counteract local fuel starvation. 

Lin et al. [61] examined the key-shaped 3D FFD on both performance and mass 

transfer. The researchers compared a conventional straight single FFD with a new 

channel and found that the latter improved performance by up to 30%.  

Yang et al.[62] studied two different geometrical parameters of the M-shaped 

flow channel in PEMFCs and found that the M-shaped flow channel gives enhanced 

mass transfer without the cost of the high drop in pressure.  

Dang et al. [63] introduced three distinct designs for the cathode of a PEMFC, 

each of which utilized pin-type FFD with circular, square pins, and diamonds. The 

researchers concluded that square pins remove water faster but create more pressure 

than streamlined or rounded pins. 
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Monsaf et al. [64] developed a FORTRAN program was developed to examine 

the effects of channel width, the number of turns in the spiral channel, and flow 

direction on reactant dissipation in a PEMFC utilizing a spiral flow field design. The 

program was designed to investigate how these parameters impact the dissipation of 

reactants within the fuel cell. 

Suarez et al. [65] in their study explored new FFDs that were inspired by lungs, 

leaves, and sponges, each of which had distinct characteristics. The newly proposed 

biomimetic design demonstrated superior performance when working at higher relative 

humidity levels of 90%, achieving a peak power output that was 6.0% higher. This 

suggests that the novel biomimetic FFD is especially effective at improving water 

management when dealing with high reactant humidity conditions. 

Dang et al. [66] studied a symmetrical leaf-shaped FFD based on Murray's Law. 

The literature suggests that this design results in a superior drop in pressure than the 

traditional FFDs, which can enhance the performance of fuel cells. 

Ascencio et al. [67] set up a numerical model in three dimensions and an entropy 

generation analysis was created for a PEMFC with tree-like FFDs. The objective of the 

study was to identify a geometry that facilitates a uniform scattering of species within 

PEMFC. The results show that the angles and number of bifurcations have remarkable 

effects on the various operational parameters of the PEMFC. 

Alvarado et al. [68] examine the significance of flow distribution homogeneity 

and the impact of channel area by modeling the constructal design, as a gas distributor 

in both electrode sections of a PEMFC. The aim is to inspect the role of this design in 

the performance of the fuel cell. The findings presented in the study indicate that the 

suggested flow configurations based on constructal theory are unsuitable for serving as 

BPPs in fuel cell applications. 

Oedegaard et al. [69] aim to explore the impact of fractal FFD on the transport 

properties of PEMFCs and, consequently, the stability of FCs operations. It was 

proposed that utilizing fractal structures could be a beneficial substitute. 

Huang et al. [70] present five distinct flow channel structures with baffles in 

straight parallel flow fields and compare their mass transfer and performance in PEMFC 

using the CFD solution. The results indicate that the PEMFC equipped with a 
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cylindrical baffle that includes a cut performs the most effectively, achieving an output 

current density of 1.82 A/m2 at a voltage of 0.4 V. 

Zuo et al. [71] introduces a novel configuration was introduced for PEMFC, 

which involved staggered blocks placed on the parallel flow channels along with 

auxiliary flow channels beneath the ribs. The findings demonstrate that at an operating 

voltage of 0.5 V, the current density achieved by the proposed structure is 21.74% 

higher compared to the conventional SPFF design. Furthermore, the power density of 

the proposed structure is measured to be 0.65 Wcm-2.  

Zhang et al. [72] observed a new FFD that enhances the performance and 

improves the mass transfer of the FC. The new FFD exhibits an enhancement of 

approximately 25.2% in the total power density compared to the conventional design 

when operating at the same output current density of 2.0 A/cm2. It also improves the 

cross-flow beneath the surface and increases the effective mass transfer coefficient.  

Chen et al. [73] present a novel stepped FFD for PEMFC bipolar plates that aims 

to enhance several operational and electrical parameters of PEMFC. The study 

examines the distribution of water content, oxygen concentration, liquid water 

saturation, and gas velocity within FCs to assess the efficacy of this particular design. 

The results indicate enhancement in the distribution of liquid water and alleviating 

water flooding issues at the interfaces of GDL/CL and CL/MEM. 

Pashaki et al. [74] evaluated the numerical analysis conducted to evaluate the 

performance of a curved (arc-shaped) PEMFC in comparison to a straight (planar) 

PEMFC. The study revealed that the curved design exhibited higher average current 

density and total current at the same operating voltage. Despite generating more water 

due to the increased electrical current, the bent PEMFC demonstrated slightly lower 

water content due to improved water removal through convection. 

Wang et al. [75] developed a tapered parallel FFD to enhance the species 

transport, water drainage, and overall performance of FCs. The study examines the 

effect of the ratio between the side length of the inlet and that of the outlet (LI/O) in the 

new FFD design by analyzing the distribution of internal physical quantities within the 

PEMFC. The result shows the PEMFC with (LI/O˃1) gives a superior performance as 

compared to (LI/O˂1).  
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Chen et al. [76] conducted an analysis of a PEMFC that was non-isothermal and 

multi-phase, three-dimensional, and used a single straight channel. Through 

optimization, a trapezoidal channel was determined to be the optimal channel. The 

power density of the FC in the optimal channel was found to increase by 4.43%. 

2.4 OUTCOMES OF LITERATURE REVIEW 

As an outcome of review of literatures, the following major findings can be drawn; 

➢ As the conventional FFDs have become stagnant, hence further research into 

them will be futile. Researchers have found that the serpentine flow field is more 

efficient than parallel and interdigitated flow fields but due to a large pressure 

drop more pumping power is required. 

➢ The design of modified FFDs is not constrained by size or structure and thus has 

a high potential for development. The modified FFDs formed through 

dimensional optimization of conventional FFDs have limited potential for 

improvement in fuel cell performance, service life, or costs due to constraints 

within conventional designs 

➢ The FFDs with obstacles or baffles are a significant branch of the modified 

FFDs, and the addition of baffles to conventional FFDs can improve 

performance cost-effectively. However, there is limited research space left for 

optimizing conventional FFDs with baffles, and further development requires 

exploring different forms, layouts, and parameter optimization. 

➢ The innovative FFDs have also shown unprecedented performance improvement 

in PEMFCs. Due to the emergence and rapid development of innovative FFD, 

conventional FFDs are still favored for their ease of manufacturing and low cost, 

hence innovative FFDs have significant potential for development and require 

further optimization 

➢ the nature/bio-inspired FFDs have yet to demonstrate significant performance 

improvement, advanced materials, and manufacturing processes offer potential 

for bio-inspired designs such as fractal FFDs to achieve a leap in performance in 

the future. Therefore, further research on nature/bio-inspired FFDs should not be 

abandoned. 

➢ Mass transport of reactants and products improved by converging or diverging 

the flow field Channel. 
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➢ Exhaustive studies suggest that every flow field design has its own merits and 

demerits. 

➢ Researchers optimized a straight parallel FFD because of its easy fabrication. 

➢ Tapering the conventional FFD improves the results of PEMFC. 

➢ A trapezoidal straight parallel flow field gives more homogeneous current 

density and improved water removal from the cathode side. 

➢ Very little quantum of investigation has been done for the trapezoidal cross-

section with converging or diverging straight parallel flow field design. 

2.5 RESEARCH GAP ANALYSIS 

After the exhaustive review of the literature, the following research gaps were 

identified: 

➢ Despite enormous studies on the FFDs, the effect of the trapezoidal cross-

section with converging or diverging straight parallel flow fields has been less 

unexplored. 

➢ The effect of these FFDs on the diffusion of reactants and products into the GDL 

is to be studied. 

➢ It is necessary to examine the relationship between cell performance and the 

pressure drop along the flow channel. 

➢ How well the water is drained from the fuel call needs to be studied. 

➢ The effect of operating parameters like temperature and pressure should be 

optimized for better performance. 

2.6 RESEARCH OBJECTIVES 

The following objectives were envisaged for the present research work: 

➢ Study of Existing Straight Parallel FFD of PEMFC and identification of current 

design Flaws and pathways for it’s improvement. 

➢ Development of the new trapezoidal cross-section with converging or diverging 

straight parallel flow field. 

➢ Evaluation of V-I characteristics of new flow field design and its comparison 

with existing Parallel FFD. 

➢ To study the effect of temperature distribution, reactants distribution, pressure 

drop, and water removal capability on the performance of new FFD. 

➢ Optimization of geometric dimensions of new flow field design for higher 

current and power density. 
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CHAPTER 3 

 

MODEL DEVELOPMENT AND COMPUTATIONAL PROCEDURE 

 

 

3.1 INTRODUCTION 

Fuel cells are sophisticated systems that simultaneously include, 

electrochemical, physical, and mechanical processes. Effective improvements in FC 

performance, efficiency, and manufacturing costs can be made with the help of a 

comprehensive knowledge of these complicated phenomena. For understanding the FC 

devices and the processes they are related to, pragmatic modeling and experimental 

verification techniques are effective mechanisms. Despite the fact that experimental 

approaches are typically regarded as superior and more reliable, cost and time 

restrictions have led to a preference for modeling. It is crucial to precisely measure the 

impact of current density because it has a large impact on FC performance [77], [78]. 

Nevertheless, there are several drawbacks to using experimental methods. For instance, 

it becomes difficult to quantify the impact of current density on fuel cell efficiency 

when there are only slight modifications. Additionally, even while experimental 

methods can generate data and create V-I polarisation curves, pinpointing the factors 

that affect the curve's shape is incredibly challenging, especially when fuel cells are 

working in a variety of environments. However, modeling methods have a number of 

advantages when it comes to simulating the impacts of various FC parameter values. 

However, the analytical models used for fuel cells are sometimes overly idealized and 

simplified. They frequently decrease the model's dimensions to zero or one, simplifying 

the underlying physics through the linearization of the equations, which would 

otherwise prevent them from being solved analytically. As a result, analytical models 

become less accurate, especially when dealing with large current densities. For 

estimating voltage-current relationships and performing rapid computations on simpler 

systems, analytical methods are preferable [79]. Under ideal circumstances, analytical 

models can offer the fundamental perspective. 
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3.2 THERMODYNAMICS OF PEMFC 

The inquiry into the nature of the electrochemical, thermal, and electrical 

reactions occurring inside the fuel cell is covered by thermodynamic fuel cell analysis. 

Understanding these reactions' foundational mechanisms and how they interact enables 

researchers to evaluate the FCs' effectiveness and performance. The term "Gibbs-free 

energy" describes the energy that can be used to carry out external work, excluding any 

work involving adjustments to pressure or volume. Gibbs free energy per unit mole is 

written as [80], 

                                                  Δg = Δh − TΔs                                                            (3.1) 

Hydrogen and oxygen gases react in PEMFCs as discussed in Equation (1.1-

1.3), and this reaction produces water so the Gibbs free energy of formation for the 

electrochemical reaction becomes: 

Δgf =  Δgf(Product; H2O) − Δgf(Reactant; H2) − Δgf (Reactant;  
1

2
O2)         (3.2) 

The Gibbs Free energy does not entirely transform into electrical energy when it 

enters the cell, even if losses are neglected. As for each H2 molecule, two electrons pass 

around the external circuit. Hence, the charge that passes through the external circuit for 

one mole of H2 can be expressed as; 

                                                              2e ∗ N = 2F                                                            (3.3) 

In the equation, "e" represents the charge carried by electrons, and "N" denotes 

Avogadro's number (6.023*1023), and "F" represents Faraday's constant, which is 

equivalent to 96,487 J/V-mole. If E is the voltage of the FC, then the electrical work 

originated with the charge flowing in the circuit is  

                                             W (
J

mol
) = −2F (

C

mol
) ∗ E (

J

C
)                                        (3.4) 

The electrical work achieved in a reversible system is equivalent to the Gibbs free 

energy released according to equation (1.3) [81], [82] ; 

                                      Δgf
− (

J

mol
) = W(

J

mol
) = −2FE (

J

mol
)                                 (3.5) 
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This leads to the reversible open circuit voltage (OCV), or electromotive force 

(EMF). 

                                                         Eo = E =
−Δgf

−

2F
                                                       (3.6) 

The OCV corresponds to the actual operating conditions during fuel cell 

operation at a specific temperature. It is influenced by the changes in Gibbs energy that 

occurs when the reactants enter the cell and interact with the operating parameters. 

These factors are depending on the electrochemical reactions which take place within 

the FCs. The Nernst equation establishes the correlation between the OCV (Eo) under 

standard conditions and the operating voltage (E) of FC at varying temperatures and 

pressures. 

                                                 E = Eo +
RT

2F
ln(

PH2
. PO2

1
2

PH2O
)                                           (3.7) 

In the equation, "R" represents the gas constant (8.314 KJ/K-mol), "T" denotes 

the temperature in Kelvin, and "P" signifies the gas pressure in both the anode and 

cathode (in bar). Therefore, the Nernst equation gives the dependency of OCV in the 

pressure of reactants and products of the PEMFC as well as on the operating 

temperature of the PEMFC [80]. 

3.3 POLARISATION PHENOMENON 

Under load conditions, the voltage of the FC decreases by around 60% to 70% 

compared to the OCV. The V-I curve characteristics are determined by both the output 

voltage and current density. The output voltage of a PEMFC is closely linked to the 

thermodynamically speculated voltage in FCs, taking into account three main types of 

losses: activation losses, ohmic losses, and concentration losses. Activation losses arise 

from the electrochemical reactions taking place, ohmic losses stem from ionic and 

electronic conditions, and concentration losses occur due to species mass transport [83]. 

It is clear from Figure 3.1 that the OCV (Eo) is lower than the reversible voltage's 

predicted value [83]. Fuel crossover and internal currents across the electrolyte, which 

should ideally only permit ion movement, are the main causes of this loss. The PEM 

does, however, conduct only a modest amount of fuel and electrons. The polarisation 

curve shows how this conductivity of fuel and electrons through the electrolyte reduces 
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the OCV. Due to activation losses brought on by the sluggishness of the reaction going 

on the electrode surfaces, the voltage decreases initially and quickly as the current 

deviates from zero. As it drives the chemical reaction that drives electrons to and from 

the electrode, some of the voltage generated is lost. The voltage losses show a linear 

pattern and decrease more slowly at moderate current densities. These linear features 

represent ohmic losses, also known as "resistive losses," which result from the 

resistance that ions in the electrolyte and electrons encounter when moving through 

various fuel cell components. 

 

Figure 3.1: The Schematic Diagram of Polarization Curve and Three Losses 

The linear pattern of the voltage drops and its relationship to the current density are 

both present. However, due to restrictions on mass movement within the fuel cell, the 

voltage rapidly decreases with greater current densities. These restrictions, also known 

as "mass transport or concentration losses," are brought on by changes in the 

concentration of reactants at the electrode surfaces. These variations in concentration 

can be caused by a number of variables [80]:- 

1. A barrier that prevents the gases from getting to the membrane's active areas. 

2. The augmentation of water products obstructing the flow channels within the 

BPPs or the GDL. To prevent a significant decrement in power density in this 

region, it is recommended to operate the FC system at its peak power density. 

The following parts contain a thorough treatment of the modeling of geometry, 

creation of numerical models, discretization method, boundary conditions, and model 

validations. 
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3.4 MODEL ASSUMPTIONS 

The model created for this research is a three-dimensional, steady-state, single-

phase model for a PEMFC. This work makes use of the following model assumptions in 

order to streamline and effectively solve the model [75], [84], [85]:- 

• The model assumes that all gases follow the ideal gas equation. 

• The flow has a low Reynold number in the PEMFC i.e., laminar flow. 

• Water is considered to be in the gaseous phase. 

• A thoroughly humidified membrane is expected. 

• The materials of membrane, electrode, and GDL are isotropic. 

• The resistance to thermal and electrical contact is not taken into account. 

3.5 GEOMETRY MODELS 

Figures 3.1 illustrate diagrams of the PEMFC featuring conventional, tapered, 

and novel tapered-trapezoidal straight parallel FFDs. In the case of the conventional 

straight parallel FFD, the dimensions of the ribs and channels are 1.0 mm in height and 

width, respectively, and 50.0 mm in length is the same as that in the reference [75]. 

Table 3.1 presents the PEMFC geometrical properties. 

Table 3.1 Geometrical Features of PEMFC [75] 

Geometrical Parameters Numerical Value 

Channel length, width, height 50mm, 1mm, 1mm 

Land width length, width, height 50mm, 1mm, 1mm 

Thickness of GDL 0.2mm 

Thickness of CL 0.02mm 

Thickness of MEM 0.005 

Reactive area 1 mm2 

For the present study, an optimum tapered flow field (LI/O=1.6) is taken from the 

reference [75] shown in Figure 3.2 (2.) as case C2. The electrode (both anode and 

cathode) BPs are adjusted for the novel tapered-trapezoidal straight parallel FFDs. In 

this study, three distinct types of tapered-trapezoidal FFDs are created by varying the 

dimensions of the parallel sides, namely “a” and “b” at the inlet, as illustrated in Fig.3.2 

(6.). It should be mentioned that the novel tapered-trapezoidal straight parallel FFDs 

possess the same inlet cross-sectional area, inlet height, and length of PEMFC 

comparable to those of the conventional straight parallel FFD. As a result, this 
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simulation study will examine three variations of tapered-trapezoidal FFDs, which are 

differentiated by the dimensions “a” and “b” of the proposed FFD, in order to keep the 

same inlet cross-sectional area and inlet height, which are shown in Table 3.2. Figure 

3.3 presents a diagrammatic representation of a geometric model, illustrating the inlet 

and outlet at both electrodes. On the other hand, Figure 3.4 illustrates the schematic 

diagrams of a PEMFC, emphasizing the computational domains and the specifically 

generated mesh for case C1. Additionally, Figure 3.5 presents the schematic diagrams 

of a PEMFC, demonstrating the computational domain and mesh generated for the 

remaining cases, namely C2, C3, C4, and C5. 

   

   

   
Figure 3.2: Geometrical Model of Different Cases 1.C1, 2.C2, 3.C3, 4.C4 & 5.C5 and 6. Description 

of cross-section of Tapered-Trapezoidal FFDs 

Table 3.2 Specifications of the Modelled Cases for the Different Designs 

Case Types of FFD Description 

C1 Conventional Straight Parallel FFD - 

C2 Tapered Straight Parallel FFD a = 1.00mm; b = 1.00mm 

C3 Tapered-Trapezoidal Straight Parallel FFD a = 1.20mm; b = 0.80mm 

C4 Tapered-Trapezoidal Straight Parallel FFD a = 1.40mm; b = 0.60mm 

C5 Tapered-Trapezoidal Straight Parallel FFD a = 1.60mm; b = 0.40mm 

 

1.C1 2.C2 3.C3 

4.C4 5.C5 

6. Description of cross-

section of tapered-

trapezoidal FFDs 
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Figure 3.3: Schematic of Geometrical Model showing the Inlet and Outlet at Anode and Cathode 

side 

 

Figure 3.4: Schematics of a PEMFC with Computational Domain and Mesh Generated for the C1 

  

  

Figure 3.5: Schematics of a PEMFC with Computational Domain and Mesh Generated for the C2, 

C3, C4, & C5 

 

C2 C3 

C4 C5 
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3.6 NUMERICAL MODELS 

The PEMFC is a complex system that involves multiple physical processes 

occurring simultaneously during its operation. These processes include the transfer of 

substances such as hydrogen, oxygen, and water, which is linked to the flow of fluid, as 

well as the transfer of heat and the occurrence of electrochemical reactions. 

A mathematical model of a PEMFC is created that accurately represents its 

behavior, and a three-dimensional CFD model is employed. This model takes into 

account various equations, including those related to mass conservation (Eq. 3.8 to 

3.12), Navier-Stokes equations (Eq. 3.13 to 3.14), species transport (Eq. 3.15 to 3.16), 

energy (eq. 3.17 to 3.18), and electrical charge (eq. 3.19 to 3.23). Additionally, Butler-

Volmer equations are incorporated into the model to describe the electrochemical 

reactions (eq. 3.24 to 3.28) occurring in the catalyst layers. 

Mass conservation equations [86]–[88] 

                                        ∇⃗⃗ ⋅ (ρu⃗ ) = SH2
+ SO2

+ SH2O                                                  (3.8) 

In the equation, the density of the gas mixture, denoted as ρ, is calculated by 

using the ideal gas equation as indicated in equation (3.9) [87]. 

                                                        ρ =
P

RT∑
Yi
Mi

                                                               (3.9)  

The equations (3.10) to (3.12) are used to compute the source terms for the 

utilization of hydrogen and oxygen, as well as the production of water [86], [88], [89]. 

                                                 SH2
= −

jan
2F

MH2
                                                             (3.10) 

                                                S O2
= −

jca
4F

MO2
                                                             (3.11) 

                                              SH2O = +
jca
2F

MH2O                                                          (3.12) 

Momentum conservation equations[90], [91]; 

                            ∇⃗⃗ ⋅ (ρu⃗ u⃗ ) = −∇⃗⃗ P + ∇⃗⃗ ⋅ (∇⃗⃗ μu⃗ ) + Su                                            (3.13) 
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The momentum equation's source term is determined by Darcy's law in porous 

media and can be represented by equation (3.14) [62]; 

                                           Su = −
μ

kp
εu⃗                                                                      (3.14) 

Species conservation equations [92] 

                                         ∇⃗⃗ ⋅ (ρu⃗ Yi) = ∇⃗⃗ ⋅ (ρDi
eff∇⃗⃗ Yi) + Si                                    (3.15)    

The equation for the source term, Si, was described in equations (3.10) to (3.12). 

The effective reactant species diffusivity (Deffi) is obtained from eq. (3.16) [93], [94]; 

                                                Di
eff = ε1.5Di                                                              (3.16) 

Energy conservation equations [87] 

                                    ∇ ⋅ (ρCpu⃗ T) = ∇ ⋅ (keff∇T) + Sh                                  (3.17) 

Where, 𝑆ℎ is the source term of the energy equation [71]. It contains 𝐼2𝑅0ℎ𝑚 , 

ℎreact and 𝑗an.ca 𝜂an.ca  which refers to the following factors contributing to the overall 

heating: ohmic heating, the heat generated from electrochemical reactions, and the 

product of the overpotential and transfer current in the cathode or anode catalyst layers, 

respectively. 

                                  Sh = I2R0hm + hreact + jan.ca ηan.ca                                     (3.18) 

Electric charge conservation equation [86], [93], [94]; 

                              ∇ ⋅ (σsol ∇φsol ) + Ssol = 0                                                        (3.19) 

                             ∇ ⋅ (σmem ∇φmem ) + Smem = 0                                                (3.20) 

The equation (3.21) provides an empirical correlation for obtaining the 

membrane conductivity, which is referred to as Smem [95] 

          σmem = [0.514λ − 0.326] exp [1268 (
1

303
−

1

T
)]                               (3.21) 

Equations (3.22) and (3.23) describe the connections between the source terms 

of the phase potential equations and the transfer current densities [87], [96]; 
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                               Ssol = −jan.ca                                                                             (3.22) 

                         Smem = jan.ca                                                                                   (3.23) 

Electrochemical reactions [87], [88] in the Butler-Volmer model, the volumetric 

transfer current densities at the electrode (both anode and cathode) sides are given by 

equations (3.24) and (3.25), respectively. 

jan = ξanjan
ref (

CH2

CH2
ref)

γan

(exp (
αanF

RT
ηan) − exp (

−αcaF

RT
ηan))                (3.24) 

jca = ξcarca
ref (

CO2

CO2

ref
)

γca

(−exp (
αcaF

RT
ηca) + exp (

−αcaF

RT
ηca))         (3.25) 

The driving force behind the electrochemical reaction is the surface over-

potential, which represents the disparity between the phase potentials of the solid 

(which facilitates electron conduction) and the electrolyte (which facilitates proton 

conduction). The activation over-potentials at the electrode (both anode and cathode) 

sides, represented by ƞan and ƞca respectively, are calculated using equations (22) and 

(23) [87], [93], [94]. 

                                      ηan = φsol − φmem                                                         (3.26) 

                              ηca = φsol − φmem − VOC                                                   (3.27) 

Equation (3.28) shows an approximation for the OCV of the overall reaction 

[94]. 

                        VOC = E0 +
RT

2F
ln [

PH2PO2
0.5

PH2O
]                                                 (3.28) 

Equation (3.29) governs the process of water transport through the PEM, which 

is caused by electro-osmotic drag, water concentration gradient, and pressure gradient 

force [53], [94], [97]. 

               ∇⃗⃗ ⋅ (
nd ⋅ MH2O

F
I − DW∇⃗⃗ CW − CW

kp

μH2O
∇⃗⃗ P) = 0                        (3.29) 

Equations (3.30) to (3.32) are used to calculate the electro-osmotic drag 

coefficient, water diffusivity, and water mass concentration, respectively[53], [94], [97]. 
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Equation (3.33) is used to decide the water content of the membrane, while Equation 

(3.34) is used to find out the water activity[94]. 

                                              nd = 2.5
λ

22
                                                                (3.30) 

DW = {
3.1 × 10−7λ[exp(0.28λ) − 1] exp [−

2346

T
] λ ≤ 3

4.17 × 10−8λ[1 + 161 exp(−λ)] exp [−
2346

T
] λ > 3

                     (3.31) 

CW =
ρm.dry 

Mm.dry 

λ                              (3.32) 

λ = {
0.043 + 17.81aw − 39.85aw

2 + 36aw
3 0 < aW < 1

14 + 1.4(aw − 1) 1 ≤ aw ≤ 3
                        (3.33) 

                                                  aw =
XH2OP

Psat 

                                                               (3.34) 

3.6.1 Boundary Conditions 

The boundary conditions and calculation region for the 3D model must be 

established before carrying out the numerical simulation. The operational pressure for 

the gas outlets, which are denoted as pressure outlets, is set at 1 atm. The cathode and 

anode gas inlets, on the other hand, are calculated using equations (3.35) and (3.36) and 

are defined as mass flow inlets [75]. A uniform temperature of 343.15 K was assigned 

to the external walls, as well as the anode and cathode inlets, to maintain a constant 

temperature. The determination of the molar concentration of reactant gas species 

involves considering factors such as temperature, relative humidity, and operating 

pressure. Table 3.3 outlines the primary parameters discussed in this paper. 

                                            ma =
ρg

aIrefζaA

2FC2

                                                         (3.35) 

                                             mc =
ρg

cIrefζcA

4FO2

                                                       (3.36) 

At the interfaces between MEM/CL and GDL/BP, a condition of zero flux was 

established for mass, momentum, species, and water. Nevertheless, at interfaces 

between MEM/CL, for the charge, heat, and water transport, and at interfaces between 
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GDL/BP, for heat transport and electronic phase, coupled boundary conditions were 

implemented. The anode terminal was maintained at a fixed voltage of zero, while the 

cathode terminal was set to operate at the established potential. 

Table 3.3 Operational and Electrochemical Parameters [73]–[75], [88], [91], [98] 

Parameters Value Units 

OCV 1.10 V 

Operating Temperature 343.15 K 

Operating Pressure 1.0 atm 

Anode Stoichiometric Ratio 2.0 - 

Cathode Stoichiometric Ratio 3.0 - 

Anode/Cathode Relative Humidity 100/100 % 

Anode reference Current density 10000 A/cm2 

Anode reference Current density 10 A/cm2 

PEM equivalent weight 1.1 kg/mol 

Anode/Cathode transfer coefficient 0.5/0.5 - 

Reference concentration of H2/O2 56.4/3.39 mol/m3 

Density of MEM 1980.0 kg/m3 

Liquid water density 1000.0 kg/m3 

Thermal Conductivity of CL, GDL, MEM, 

BP 

1.0, 1.7, 0.95, 20.0 W/mK 

Electronic Conductivity of BP, GDL, CL 80000, 5000, 1000 S/m 

The porosity of GDL, CL 0.6, 0.3 - 

Permeability of GDL, MEM, CL 10-12, 10-20, 10-13,  m2 

Bulk Diffusivity of H2, O2 and water vapour 9.73*10-5, 2.73*10-5, 2.33*10-

5 

m2/s 

3.6.2 Numerical Treatment 

The complete set of partial differential equations that govern the PEMFC was 

solved through the use of computational fluid dynamics (CFD) code Ansys Fluent 2022 

R1, with the aid of PEMFC add-on modules. In this study, the utilized code employs a 

double-precision scheme that applies the finite volume method (FVM) to discretize all 

the differential equations associated with continuity, momentum, species, energy, 

protonic potential, electrical potential, and water content. The SIMPLE algorithm was 



40 
 

used to control the velocity-pressure coupling in the momentum equation., while an 

interpolation function based on the second-order upwind method was utilized. The 

iteration residual for all solution variables was fixed at 10-6, and appropriate under-

relaxation factors were applied to each variable to achieve a steady convergence. 

3.7 GRID INDEPENDENCE AND MODEL VALIDATION 

The computing domain was discretized using the suitable meshing scheme, as 

depicted in Figures 3.4 and 3.5. The mesh was chosen based on a grid-independent 

examination. Five different grid numbers were used in the investigation at 0.5V to 

assess the grid independence such as 1,23,929, 2,43,689, 4,41,677, 7,99,377, and 

11,01,739, as illustrated in Figure 3.6. The current density showed a variation of less 

than 0.5% for the mesh with 7,99,377 nodes as compared to the mesh with 11,01,739 

nodes. Based on the trade-off between accuracy and computational cost, a mesh size of 

7,99,377 nodes was chosen for the numerical simulation. In the entire domain, a 

structured hexahedron mesh was utilized. 

 

Figure 3.6: Mesh Independence Test at 0.5V 

In order to demonstrate the accuracy of the fuel cell model developed in this 

study, a comparison was made between the simulated outcomes and the results obtained 

through experiment data provided by Wang et al.[99]. The results revealed a consistent 

decrease in current density as the cell voltage increased, as depicted in Figure 3.7. 

Throughout the entire range of current densities, the model's results aligned well with 

the experimental outcomes. However, a slight inconsistency was observed in the higher 

current density region. As a result, the numerical model envisaged in this study is 

feasible and realistic. 
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Figure 3.7: Comparison between the Polarization Curves of Simulation Results and Experimental 

Results 

3.8 PARAMETERS SELECTION 

Careful selection of appropriate parameters is crucial for studying the 

performance of PEMFCs, and the parameters were chosen with great caution. The 

following are the key parameters sought from the PEMFC: 

• Current density 

• Power density 

• Pressure drop 

• Temperature distribution 

• Velocity distribution 

• Reactant’s concentration 

• Water removal capability 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

 

4.1 INTRODUCTION 

The key goal of this research is to create innovative tapered-trapezoidal FFDs 

that can enhance reactant distribution and water removal in PEMFCs. To achieve this, 

three novel tapered-trapezoidal FFDs were compared based on different parameters, 

specifically at an output voltage of 0.5V. 

4.2 PERFORMANCE CURVES  

The polarization and power density curves for all five cases are presented in 

Figures 4.1 and 4.2. Overall, the different FFDs exhibited similar behavior in terms of 

activation, ohmic, and concentration losses. However, the polarization curves for the 

parallel FFD followed a nearly logarithmic pattern, indicating that the primary factor 

influencing cell performance is the limitation of mass transport. This suggests that there 

is an insufficient amount of gases available for the reactions, leading to gas depletion in 

certain regions of the active area. As an outcome, the performance of the PEMFC is 

significantly reduced. 

 

Figure 4.1: Polarization Curves for all the Five Cases 



43 
 

When the operating voltage exceeds 0.7V, specifically in the region of activation 

and ohmic losses, the polarization curves for the different FFDs coincide, indicating that 

the FFDs do not impact the performance of the PEMFC. When working at higher 

voltages, the rate of the electrochemical reaction is slower and oxygen utilization is 

limited, a small quantity of oxygen is adequate for the chemical reaction. This can be 

observed in Figure 1.4. The variation in reactant distribution does not affect the 

electrochemical reactions, as all five cases provide sufficient oxygen for these reactions. 

As a result, all the designs exhibit similar levels of performance. 

 

Figure 4.2: Power Density Curves for All the Five Cases 

Nevertheless, as the operating voltage decreases, particularly in the region of 

concentration losses, the rate of electrochemical reactions increases along with oxygen 

consumption. Consequently, the FFD plays a substantial role in deciding the overall 

performance of the cell. The introduction of novel tapered-trapezoidal FFDs, with 

varying dimensions of "a" and "b" as depicted in Figure-3.2, yields notable distinctions 

in polarization and power density curves when compared to both the conventional 

straight parallel FFD and the tapered parallel FFD. It becomes evident that all the novel 

tapered-trapezoidal FFDs consistently enhance cell performance by facilitating 

improved reactant transport, which is attributed to increased contact areas between the 

channels and GDL at a lower operating potential. 

It should be noted that the cell performance first increases for case C3(a=1.2; 

b=0.8) and C4 (a=1.4; b=0.6) and then decreases for case C5 (a=1.6; b=0.4) due to 

alterations in the amount of dissolved water content in the MEA. The trade-off between 

mass transport and water removal capability has been carefully considered to obtain the 
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optimal tapered-trapezoidal FFD. This indicates that the FFD significantly contributes 

to minimizing concentration losses, particularly at high current densities. A further 

observation of Figure 4.1 and 4.2 indicate that C4 (a=1.4; b=0.6) has the maximum cell 

performance among all five cases at 0.5 V, which improves the limiting current density 

and peak power density by 13.8 % and 8.1 % relative to the case C1, respectively and 

by 7.9 % and 4.3 % compared to C2 (tapered parallel FFD) respectively. The results 

here indicate that the proposed novel FFD has a positive effect on the operational 

efficiency, especially at lower cell voltage. However, the operational efficiency will be 

different with changes in dimensions of “a” and “b” (as shown in Figure-3.2). and the 

variation in the cell performance for all the cases is further explained in the following 

section. 

4.3 TEMPERATURE DISTRIBUTION 

The fuel cell only relies on convective heat transfer from the reaction gases for 

heat dissipation because the PEMFC model used in this study lacks a cooling channel. It 

is widely recognized that a higher temperature within the PEM in the PEMFC can aid in 

reducing voltage losses and ultimately result in improved cell performance. This 

relationship is demonstrated in Figure-4.3, which portrays the situation when the FC 

operates at an output voltage of 0.5V. 

C1 

 

 

C2 

 

C3 

 

C4 

 

C5 

 

Figure-4.3: Static Temperature Distribution Profile within Membrane at 0.5 

V 

The temperature inside the membrane of C1 is lower than that of the C2, C3, C4, 

and C5. This is because the C1 has a reduced concentration of reactants which results in 

a weaker reaction and generates less heat. On the other hand, the C2, C3, C4, and C5 

have a higher concentration of reactants, leading to an increase in the temperature inside 

the membrane as well as an increase in heat production respectively. The maximum 
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temperature inside all five cases of the PEMFC with different FFDs is 350.6 K, 351.9K, 

352.4K, 353.3K, and 354.6 K respectively, resulting in a higher average temperature 

within the PEM as shown in Figure-4.4. 

 

Figure-4.4: Average Temperature within Membrane at 0.5 V 

The temperature distribution is a crucial parameter that impacts the performance 

of PEMFCs. This conveyance is connected with the electrochemical activities 

happening inside the energy unit. The MEA, which comprises the GDL, CL, and PEM, 

serves as the location for these reactions and involves intricate transport processes. A 

non-homogeneous temperature distribution or the presence of localized hotspots can 

cause thermal stress within the MEA, adversely affecting its service life. Figure 4.3 

portrays the temperature variation in the z-direction within the MEA, highlighting 

temperature tops occurring in the middle of the PEM. By comparing all five cases, it is 

observed that the conventional FFDs in the PEMFC result in a non-homogeneous 

temperature variation in the z-direction because of excessive concentration losses. 

However, the novel tapered-trapezoidal FFDs effectively mitigate this issue by reducing 

concentration polarization and minimizing the rate of temperature drop. Nevertheless, 

C5 exhibits a less uniform temperature distribution compared to C3 and C4, which will 

be further explained in subsequent stages of the present study. Consequently, the novel 

tapered-trapezoidal FFDs C4 leads to a consistently uniform temperature variation 

within the MEA. As an outcome, these FFDs have the ability to enhance heat transfer 

effectiveness and significantly improve the homogeneity of temperature variation within 

the MEA, particularly in regions with high current density. 
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4.4 VELOCITY DISTRIBUTION 

The reaction activities within the MEA are primarily influenced by the 

distribution of reactants, which is, in turn, heavily dependent on the fluid flow 

conditions within the PEMFC. Figure 4.5 shows the velocity profile on the x-z -plane at 

the interface of the cathode channel and the CGDL with an output voltage of 0.5 V. 

C1  

 

C2  

C3  

C4  

C5  

 Flow Direction 

Figure-4.5: Velocity Magnitude Profile at Cathode Channel and CGDL Interface at 

0.5 V 

As the conventional FFD (C1) shows a higher velocity along the flow direction 

hence resulting in less diffusion of reactants into GDL and consequently low amount of 

oxygen takes part in the electrochemical reaction. It is obvious from Figure 4.5 

demonstrates that the novel tapered-trapezoidal FFDs significantly slow the gas's 

velocity in the flow direction on the cathode side. Pressure changes in the flow channel 

as a result of the varying velocity in the z-direction cause a pressure gradient between 

the GDL and the flow channel. This pressure gradient facilitates the diffusion of fluid 

and promotes its transport. The enhancement of diffusive transport of the novel tapered-

Trapezoidal FFD also yields an increase in under rib reactants concentration for C2, C3, 

C4, and C5 respectively with the reduction in average velocities along the flow 

direction at the interface between the GDL and the cathode channel as shown in Figure 

4.6. From Figure 4.6 it is clear that the novel tapered-trapezoidal FFDs C5 results in the 

highest reduction in average velocity with 11.85 % as compared to the straight 

conventional FFD followed by C4, C3, and C2 with 10.48 %, 8.03 %, and 3.31 % 

respectively at 0.5 V. Consequently, this leads to improved uniformity of reactant gases 

within the GDLs, significantly influencing the mass transfer of reactants when 

implementing the suggested novel tapered-trapezoidal FFDs. As a result, the 

consumption of oxygen is more evenly distributed when the gas velocity on the cathode 
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side is decreased, resulting in a uniform distribution of current density. The discoveries 

of Zeroual et al. are consistent with this observation [100]. 

 

Figure-4.6: Reduction in Average Velocity Magnitude at Cathode Channel and CGDL Interface at 

0.5 V 

Therefore, the implementation of novel tapered-trapezoidal FFDs with wider 

and thinner ribs facilitates a more consistent consumption of reactants. 

4.5 PRESSURE DROP 

When designing FC, the flow channel's geometry is imperative in determining 

the pressure drop. By and large, the progressions in the cross-sectional shape 

significantly affect the pressure drop, which can be ascribed to the impact of the 

hydraulic diameter on the pressure drop. On account of a PEMFC with parallel through 

channels or serpentine channels, the pressure drops essentially result from the friction 

between the fluid and the channel. The friction that occurs between the fluid and the 

flow channel is the primary factor that contributes to pressure drop. The Darcy-

Weisbach equation can be used to describe the frictional loss when the Reynolds 

number is less than 2000. 

ΔPf =
1

2
fΔl

ρg.ug
2

Dh
                          (4.1) 

Where, 𝛥𝑃𝑓 𝑟epresenets the friction loss; 𝑓 =
64

𝑅𝑒
 : the coefficient of friction; 𝛥𝑙: the 

length in the section of developed flow; 𝜌𝑔.and 𝑢𝑔: the density and velocity of reactant 

gas, respectively; 𝐷ℎ is the hydraulic diameter. Figure 4.7 illustrates the distribution of 

pressure along the flow direction within the cathode channel for all five cases at 0.5V. 

The pressure variation is a crucial parameter that directly or indirectly impacts the 
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reactions and electrical performance of the cell. Additionally, it interacts with other 

factors within the cell, including water control, further influencing overall performance. 

C1 

 

 

C2 
 

C3 
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 Flow Direction 

Fig 4.7: Static Pressure Profile at Cathode Channel at 0.5 V 

It is noticed that the conventional straight parallel FFD has less variation along 

the flow direction. Hence it results in less pressure drop along the flow direction as 

displayed in Figure 4.8. which also portrays that case C2 has the highest pressure drop 

among all the FFDs. 

 

Figure-4.8: Pressure Drop within the Cathode Channel at 0.5 V 

An increase in pressure drop necessitates additional power for pumping the 

reactants. Therefore, a better way to assess the performance of the FFD in PEMFCs is to 

measure the net power density, which is calculated by subtracting the cell power density 

from the parasitic power loss (pumping losses). As we can see from Figure 4.8 that the 

novel tapered-trapezoidal FFDs have more pressure drop as compared to C1 while less 

pressure drop as compared to C2. Hence, the novel tapered-trapezoidal FFDs will result 

in higher net power density as compared to C1 and C2. The pressure drop for C4 is 
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minimum among the tapered-trapezoidal FFDs, hence it results in the maximum net 

power density. Therefore, C4 gives maximum performance among all the FFDs. 

 

4.6 REACTANTS CONCENTRATION FIELD 

The reaction is started by the reactant gas entering the catalytic layer through the 

GDL from the flow channel. As a result, determining the channel's capacity to 

efficiently transfer reactant mass relies heavily on the mass fraction of the reactants 

present on the surface of the GDL. Figures 4.9 and 4.10 compare the distribution of 

reactants at the interface between the GDL and the channel in each of the five cases at 

0.5 V. Because, as the reactants are consumed through electrochemical reactions, their 

proportion tends to decrease as they move along the flow direction in FC. 
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Figure 4.9 Mass Fraction of H2 at Channel and GDL interface of Anode Side at 0.5 

V 

Figure 4.9 and Figure 4.10 demonstrated that the concentration of hydrogen 

exhibits a more consistent distribution compared to the concentration of oxygen at the 

interface between the channel and GDL in all scenarios. The primary reason behind the 

limited variation in hydrogen concentration is attributed to its higher diffusivity in 

comparison to oxygen. 
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Figure 4.10: Mass Fraction of O2 at Channel and GDL Interface of Cathode Side at 

0.5 V 
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The use of novel tapered-trapezoidal FFDs in the anode side of  FC led to a 

more uniform hydrogen concentration compared to the conventional FFD as shown in 

Figure 4.9. This is owing to the fact that the channel has a trapezoidal cross-section as 

well as the slope has a positive inclination along the course of the stream, which 

expands the contact region between the channel and the GDL. As a result, there is a 

higher diffusion of hydrogen towards the GDL, leading to a more uniform hydrogen 

distribution. The average hydrogen mass fraction at the interface between the channel 

and the GDL on the anode side is depicted in Figure 4.11 for each of the five scenarios. 

It demonstrates that the average hydrogen mass fraction is higher by approximately 

2.0%, 3.5%, 4.0%, and 5% for the cases C2, C3, C4, and C5 respectively when 

compared to the conventional FFD. 

 

Figure 4.11: Average Mass Fraction of H2 at Anode Channel and AGDL Interface at 0.5 V 

Nevertheless, the primary electrochemical reaction predominantly occurs on the 

cathode side at the CL. This is where protons beginning from the anode side, alongside 

oxygen and electrons from the cathode side, consolidate and bring about the production 

of electrical current and water as a by-product. The novel tapered-trapezoidal FFDs, C3, 

C4, and C5 have a rising contact region between the channel and the GDL respectively. 

This facilitates easier movement of oxygen from the channel to the GDL, leading to 

more uniform diffusion within the GDL itself, as shown in Figure 4.10. Consequently, a 

larger number of reactants are able to actively engage in the reaction occurring in the 

CL. Ultimately, this improvement in reactant availability and distribution enhances the 

performance of the PEMFC. The mass fraction of oxygen diminishes steadily as the 

flow progresses, primarily due to the movement of oxygen from the flow channel to the 

GDL. Subsequently, oxygen diffuses from the GDL in both directions beneath the ribs 
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of the PEMFC and improves the homogeneity of the oxygen mass fraction in the whole 

active surface of the PEMFC. 

The mean oxygen mass fraction at the interface of the channel (CH) and GDL is 

depicted in Figure 4.12. In comparison to Case C1, the mean mass fraction of oxygen in 

Cases 2, 3, 4, and 5 show an increase of 5.5%, 13.2%, 19.8%, and 21.6% respectively, 

specifically at 0.5 V. 

 

Figure 4.12: Average Mass Fraction of O2 at Cathode Channel and CGDL Interface at 0.5 V 

In conclusion, the use of tapered-trapezoidal flow field designs (FFDs) has an 

astounding impact on increasing the mass fraction of reactants that move into the GDL 

within the fuel cell. This, in turn, results in an improved uniformity in the distribution of 

reaction gases within the fuel cell. Ultimately, this enhanced distribution of reactants 

allows for a more efficient and effective electrochemical reaction, leading to a reduction 

in concentration overpotential. 

4.7 WATER REMOVAL CAPABILITY 

Investigating the concentration of water in the MEA will provide insight into the 

FFD's drainage capability. In PEMFCs, the CCL is primarily responsible for producing 

liquid water, which is ultimately evacuated from the cell utilizing an effective FFD. The 

presence of liquid water ensures that the membrane remains hydrated and makes it 

possible for protons to move. Nevertheless, the presence of water inside the cell 

hampers the operational efficiency of the PEMFC by blocking gas dissemination 

transmission, bringing about decreased dispersion rates and responsive regions. 

Subsequently, the performance of PEMFCs depends on keeping a decent water balance 

inside the cell, which can be disturbed by flooding or drying. It is necessary to note that 
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the FFD plays a dual role in facilitating reactant transfer and distribution, as well as 

managing water within the PEMFC. Both of these aspects significantly drive the 

performance of the PEMFC. As a consequence, this section investigates the crucial 

characteristics of the optimal channel for removing liquid water. At lower current 

density regions, the difference in water content at the membrane surface is not 

significant, and this time the novel tapered-trapezoidal FFDs have insignificant 

discharge advantage over the conventional straight FFD. However, when it comes to the 

conventional FFD, it faces difficulties in timely liquid water drainage from the CL via 

the flow channel and hence, low reactant distribution within the FC water, thereby 

increasing the likelihood of flooding. 

At a cell potential of 0.5 V, the dissolved water content profiles within the 

membrane that follow the flow direction for various FFDs are depicted in Figure 4.13. 

Water is produced during the electrochemical reaction, which causes the water content 

to gradually increase in the flow direction as the reaction progresses. The average 

dissolved water content in the PEM decreases from 3.11 (C1) to 2.89 (C2), and further 

decreases to 2.80, 2.65, and 2.36 for the novel tapered FFDs; C3, C4, and C5 

respectively. 
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Figure 4.13: Dissolved Water Content Profile at Interface between Membrane and 

CCL at 0.5 V 

Furthermore, Figure 4.13 indicates that there is a steady increase in the dissolved 

liquid water content in the flow channel under the rib in the x-axis direction. This 

observation shows how liquid water behaves when it exits the cell through the flow 

channel. The novel tapered-trapezoidal FFDs namely; C3, C4, and C5 feature narrower 

ribs, resulting in a corresponding reduction in the liquid water content beneath the rib. 

Figure 4.14 shows the percentage increase of water content at the membrane in case C2, 

C3, C4, and C5 with respect to case C1. It is worth noting that the novel tapered-

trapezoidal FFDs are expected to produce a larger amount of liquid water due to their 
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significantly higher current density at 0.5V. The novel tapered-trapezoidal FFDs have a 

wider bottom edge as well as a negative slope along the flow direction of the FFD 

which makes it simpler for the gas flow to eliminate the liquid water inside the PEMFC. 

This suggests that the novel tapered-trapezoidal FFDs exhibit a more effective capacity 

for liquid water removal. 

 

Figure 4.14: Percentage Reduction of Dissolve Water Content @ Interface between Membrane and 

CCL @ 0.5 V 

This characteristic helps PEMFCs to manage water in an efficient manner and 

lower the likelihood of water flooding within the cell. However, it is important to note 

that, in comparison to cases C3 and C4, the novel trapezoidal FFD C5 has the lowest 

dissolved water content in the PEM among the various FFDs. As shown in Figure 4.3, 

the PEM's elevated temperature and remarkable capacity for water removal are the 

reasoning behind a very low percentage of liquid water within the MEA of case C5. 

Therefore, the novel-trapezoidal FFD C5 undoubtedly results in lesser cell performance 

than the novel-trapezoidal FFD C3 and C as shown in Figures 4.1 and 4.2, thus halting 

proton transport and weakening cell performance. 

4.8 CURRENT DENSITY DISTRIBUTION 

The variation in current density at the anode terminal when the operating voltage 

is 0.5V is depicted in Figure 4.15. It can be seen that the current density is lower under 

the channel than it is under the rib. The reason behind this is that the majority of 

electrons move through the ribs to the external circuit. At the channel intake, where the 

reactant concentration is highest, the highest current density is seen. Afterward, a 

decrease in the current density is observed along the flow direction. This is due to the 

decrease in the concentration of reactants along the flow direction as depicted in Figure 
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4.15. Insufficient reactant concentration can result in an uneven distribution of current 

density. At an operating cell potential of 0.5V, the current density variation of the novel 

tapered-trapezoidal FFD is more homogeneous compared to the conventional straight 

parallel FFD and tapered FFD. This superior consistency can be the result of the 

improved variation of reactants and temperature accomplished by the proposed novel 

FFDs, as previously examined. 
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Figure 4.15: Current Density Distribution at Anode Terminal at 0.5 V 

Figure 4.16 shows the average current densities at the anode terminal for all five 

cases at a cell potential of 0.5V. 

 

Figure 4.16: Average Current Density at Anode Terminal at 0.5 V 

The average current densities of the tapered FFD; C2 and novel tapered-trapezoidal 

FFD; C3, C4, and C5 are 2.43 %, 10.97 %, 13.58 %, and 7.78 % more than that of the 

conventional straight parallel FFD respectively. However, C3 and C4 give 2.97 % and 

5.39 % higher current density with respect to C5 respectively because C5 has the 

highest temperature at the membrane as compared to C3 and C4 which results in the 

dryness of the membrane and consequently yields lower current density compared to C3 
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and C4. Therefore, novel Tapered-trapezoidal FFD has a significant effect on the 

current density distribution as well as the average current density of the PEMFC. 
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CHAPTER 5 

 

CONCLUSIONS AND SCOPE FOR FUTURE WORK 

 

 

CONCLUSIONS 

A three-dimensional (3D) computational fluid dynamics (CFD) model of the 

straight parallel FFD was utilized to investigate the impact of Flow field's geometric 

designs and dimensions on the performance and localized transport phenomena of 

PEMFCs. By numerical simulation, the present study proposed a novel tapered-

trapezoidal FFD to investigate the mechanism by which it outperforms conventional 

straight parallel FFD and tapered FFD in PEMFC. The results were scrutinized within 

the scope of performance curves, temperature distributions, velocity distribution, 

pressure drop, reactant concentration field, water drainage capability, and current 

density distribution. The results indicate that the proposed novel tapered-trapezoidal 

FFDs perform better than the conventional as well as tapered parallel FFDs at low 

operating cell potential. However, at high operating cell potential, the novel tapered-

trapezoidal FFDs have a very insignificant influence on the PEMFC operational 

efficiency and local species transport phenomena due to low reaction rates. Numerical 

results show that case C4 (a=1.4; b=0.6) improves the limiting current density by 13.8 

% and 7.9 % as compared to cases C1 and C2 respectively and similarly the maximum 

power density of case C4 escalated by 8.1 % and 4.3 % as compared to the cases C1 and 

C2 respectively at 0.5 V. The results also describe that the temperature variation is more 

homogeneous in the MEA for the proposed FFDs as compared to the cases C1 and C2 

and hence minimize the voltage losses at higher current density. Moreover, an 

increment in the average temperature of the proposed FFDs improves the heat transfer 

effectiveness of the PEMFC. However, case C5 results in the highest average 

temperature of 354.6 K and non-uniform temperature distribution as compared to cases 

C3 and C4. In addition, the reduction in velocity improves the diffusion of reactants, 

especially under the ribs in the channel, and boosted the reaction activity in the active 

area. The highest drop in pressure is observed in case of C2 among all cases, but its 
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performance is lower than the novel-trapezoidal FFDs. Such results indicate that a drop 

in pressure is not only the factor that enhances the performance. Nevertheless, case C4 

has the minimum pressure drop among the proposed novel FFDs resulting in the 

maximum net power density. The enhancement of the reactant’s variation and water 

drainage capability of the FFDs is crucial to improve the overall operational efficiency 

of PEMFC in high current density regions. The novel tapered-trapezoidal FFDs 

provided more homogeneous reactant distributions and current density than cases C1 

and C2 due to the larger flow channel and GDL contact area. Also, due to the negative 

slope along the flow towards the cathode side in the proposed novel FFDs help in 

efficient water removal which is indicated by the low dissolved water content within the 

interface between the MEA and CCL. However, the high temperature and water 

removal capability of case C5 resulted in the dehydration of the MEA and hence lower 

its performance. In contrast to the conventional and tapered FFDs, the novel tapered-

trapezoidal FFDs have more uniform temperature and reactants distributions, resulting 

in uniform current density and better performance in the cell. 

Scope for future work 

The output of the study has the potential to give an idea about the impact of 

FFDs in the PEMFC. As the global reliance on fossil fuels for energy production is well 

known, it is crucial to prioritize the efficiency of clean energy resources. Even a small 

improvement of 1% in the net power generated by fuel cells could have a significant 

impact, as it has the potential to reduce the consumption of substantial amounts of fossil 

fuels on a global scale. Due to these considerations, there is a need for further 

optimization in implementing the suggested tapered-trapezoidal flow field designs 

(FFDs) for PEMFCs. This optimization process should address two key aspects: firstly, 

the efficient manufacturing of the FFDs; and secondly, the development of a 

comprehensive design specifically tailored for their application in stacks. 
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