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ABSTRACT 
 
Characterization of materials used for the fabrication of fuel cell components was made 

and reported. Electrodes have been designed for the single unit fuel cells and for fuel cell 

stacks. Designing, of single unit fuel cell was completed by designing the process and 

hardware of the proton exchange membrane fuel cell (PEMFC) for a catalyst area of 16 

cm2, 25 cm2, 50 cm2, 100 cm2 and single cells were fabricated and tested accordingly . 

The presented work is the development of fuel cell stacks with the main focus on 

the conception, design and production of bipolar plates for polymer electrolyte 

membrane fuel cells (PEMFC). As a conclusion of this development, a 3 cell stack has 

been fabricated and tested.  

The research work on the designing and analysis of 6 geometries of the flow 

fields in PEMFC bipolar plates have been conducted and the results of this study have 

been compiled, evaluated and presented. 

Bipolar plate material was developed by the impregnation of porous graphite with 

styrene, epoxy resin and cyanoacrylate. The porosity measurement results revealed that 

porosity of porous graphite plate has been completely removed. Moreover, a composite 

material was also synthesized by using a vinyl ester thermosetting resin, graphite 

powder, and poly (1, 4-phenylene sulfide). Both of the materials were characterized to 

determine and compare their physical properties such as density, mechanical properties, 

thermal stability and electrical properties. These materials were characterized to 

determine and compare with the competitive composite materials developed by the 

commercial developers. Thermal studies by TG-DTA-DTG of composite bi-polar plate 

were carried out in air atmosphere to find out the mode of degradation and the basis of its 

stability. The intermediates formed during decomposition process were also identified. 

A system was developed and operated for the study and determination of the life 

cycle assessment and feasibility of the different commercially available absorbent and 

adsorbent materials and a molecular sieve, required for the removal of sulfur compounds 

and mercaptans etc. from the natural gas feed stock, as these compounds impose severe 

poisoning effect on the activity and life of the catalysts and other fuel cell system 

components. The thesis is composed of two volumes, Volume-1 (Page# 1 to Page# 166) 

and Volume-2 (Page# 167 to Page 351). 
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Architecture of the Thesis 
 

The thesis starts with abstract and includes acknowledgements, list of 

publications, architecture of the thesis, table of contents, list of figures, list of tables, list 

of symbols, 9 chapters, 5 Annexures, references and copies of published research papers. 

For a short overview of the thesis a brief introduction of the 9 chapters is presented as 

follows; 

 

Chapter-1  

This chapter includes the introduction of energy crisis and the need of fuel cell 

technology and then the literature survey regarding the major issues have been presented. 

The history of fuel cell and trends in fuel cell technology development are briefly 

presented. Then a few lines about the motivation are written. Problem definition has been 

explained. At the end objectives have been defined. 

 
Chapter-2 
This chapter includes the introduction of fuel cells and the fuel cell types. The specific 

topics 

covered include the operating principles, main functional parts, polarization behavior, 

and efficiency of a PEMFC. Mass transport phenomena, water balance, gas flow field 

channels and heat management in the cell are also discussed. Special emphasis is placed 

on issues specific to single fuel cells and fuel cell stacks. 

 
Chapter-3 
This chapter includes the introduction of bipolar plate materials and the work done by 

the previous researchers in this regard. The bipolar plate material development by the 

impregnation of graphite plates and by compounding of carbon with the polymers was 

described. The characterization of the samples was made for both of the developed 

materials and results were compared accordingly. 

 
Chapter-4 
This chapter includes the description of the fuel cell designing considerations and the 
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processes involved. Management of water, air, temperature and pressure were discussed. 

Durability, resistance to poisoning and electrical isolation were described. Moreover, in 

case of process designing reactants and products were calculated for a single cell of 25 

cm2 active area and presented accordingly. 

 

Chapter-5 
This chapter includes the study of hydrodynamics of gas flow channels and in this 

respect the governing equations regarding the modeling of gas flow field channels were 

discussed. Six model channel geometries were described and discussed in detail. The 

experimental setup for the measurement of water droplet kinetics was described. For the 

characterization of the model geometries the pressure drop in the dry channels was 

measured and compared with each other. Then the minimum pressure drop required for 

the detachment and removal of water droplets (0.1µℓ to 7µℓ) from the surface of the 

channel made in the conventional carbon composite plate were investigated and 

discussed. Later on, the surface of the carbon composite plate was made hydrophobic by 

coating with the commercially available surfactants and again the above-mentioned 

measurements were made and the improvements were recorded, compared and verified 

with the theoretical results. 

 
Chapter-6 
This chapter is devoted to the development of fuel cell hardware designing. Single cells 

and fuel cell stacks were designed, fabricated, assembled and reported. The detailed fuel 

cell component drawings are presented. Single fuel cells of active area ranging from 

16cm2 to 100 cm2 and 3 to 5 cell fuel cell stacks were developed and discussed. 

Moreover, peripheral equipments for fuel cell assembling and operation were designed 

and developed like fuel cell assembling jig-press, compressed oxidant supply system and 

humidifier for oxidant and fuel etc and presented accordingly. 

 

Chapter-7 
This chapter is devoted to the testing and analysis of fuel cells. Some basic experiments 

to observe the change in rate of reaction with the change in temperature and some 

Galvanostatic measurements made to measure the catalytic behavior of electrodes is 

presented. Designing and development of fuel cell test station for single cells and fuel 
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cell stack is presented. Polarization curves and Tafel plots for the single cells and fuel 

cell stacks are presented to study the performance. Also the performance of single cells 

and fuel cell stacks was evaluated in terms of efficiency and power curves and presented 

accordingly. 

 
Chapter-8 
This chapter is devoted to the desulfurization of natural gas for its utilization into the fuel 

reforming for PEM fuel cell fueling. The work done by previous researchers is presented 

in the start of chapter. Then an overview of desulfurization technologies is discussed. 

The experimental setup is described and the results are reported. The comparative 

performance of the 3 different desulfurization reagents after an operation of 2000 hours 

is presented. Moreover, the cost comparison per liter is also presented and discussed. 

 
Chapter-9 
This chapter includes the concluding remarks about the results regarding the 

development of bipolar plate materials, hydrodynamic study of gas flow channels, 

designing of single fuel cells and fuel cell stacks, testing and analysis of the test results is 

presented. Also the conclusion of desulfurization experimentation is presented.  

Moreover, recommendations for future study about the experimental research work 

conducted so far are presented at the end of this chapter. 
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Chapter 1 

Introduction 
 

 

1.1  Preamble 

The unavoidable socio-economic impact of recurring fuel crisis, increasing 

environmental pollution and the obvious effects of mankind induced climatic changes 

made the development of clean and renewable energy sources necessary. Fuel cells are 

undoubtedly one of the key alternatives to replace conventional energy means as a clean 

electrical energy source for both transportation and stationary applications. 

Since 1960, when NASA for the first time used fuel cells in a space shuttle for 

electric supply, research work has been under way on all types of fuel cells. Over the 

past years Polymer Electrolyte Membrane Fuel Cells (PEMFC) emerged as the leading 

fuel cell type for portable and automotive applications due to its operation at low 

temperature, comparative simplicity in construction, high power density and ease of 

operation. 

In spite of tremendous scientific as well as engineering progress achieved over 

the last two decades, the commercialization of fuel cells has been delayed mainly due to 

the following two aspects. First, the commercial viability: high prices of the required 

materials and components in combination with a limited lifetime present an obstacle for 

a broad market introduction. Second, besides other technical problems, the major 

technical and engineering task especially for PEMFC is an efficient and reliable water 

management system. State-of-the-art proton exchange membrane (PEM) requires 

humidified conditions for optimum operation to ensure reliability and reasonable 

lifetime. Although recently few membrane types were presented which may operate 

under dry conditions in high temperature PEM fuel cells (160–180C)[1, 2]. Water 

removal is still an issue which is not solved satisfactorily in low temperature PEM fuel 

cells. Excess liquid water which is accumulated in the gas diffusion layer (GDL) or the 

gas channels may block the reactant access to the electrochemically active sites, causing 

severe performance and efficiency losses. Moreover, the cell lifetime is reduced specially 

by water blocking of anode channels. 
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In previous studies two-phase flow phenomena in different channel geometries 

and configurations have been investigated; different flow regions have been determined 

in the respective geometries at different Reynolds numbers [3–9]. In addition, a variety 

of numerical models were developed to study and predict the mass flow in PEMFC and 

direct methanol fuel cells (DMFC) with different channel configurations [10–19]. An 

overview of PEMFC Models can be found in [20, 21].  

Two-phase flow and flooding conditions in operating PEMFCs and DMFCs were 

subject of several studies employing a wide range of methods. Recently, carbon dioxide 

evolution patterns in anodic flow fields of DMFCs, droplet formation and water 

distribution in PEMFCs have been investigated by means of neutron radiographic 

imaging [22–28] and synchrotron radiography [29]. Furthermore the method of 1H 

magnetic resonance imaging has been shown to be a viable method for liquid water 

detection inside a single cell [30]. Gas chromatography was used to study the oxygen and 

nitrogen distribution as a function of fractional distance from cathode inlet for 

humidified and non-humidified cathode conditions in percentage mole fraction of each 

gas. Similarly, the water vapor distribution was measured as function of distance from 

cathode inlet for partially and non-humidified cathode conditions [31]. Experimental fuel 

cell setups were developed to study the two-phase flow and flooding behavior optically 

employing a transparent window on the cathode of a working PEM fuel cell as well as 

DMFC [32–39]. Flooding effects in a micro DMFC were observed by Liu et al [40]; 

based on his findings he optimized the channel geometry. A comprehensive combined 

theoretical and experimental study of the effect of engineering parameters, such as 

surface treatment by PTFE, channel geometry, droplet chord length and height, air flow 

rate on liquid droplet deformation at the interface of the diffusion media and the gas flow 

channel has been attempted by the group Mench [41]. Wu J. et, al. presented an overview 

of experimental state of the art diagnostic methods for investigating the fuel cell behavior 

[42, 43]. 

Simulation studies investigating the deformation of droplets under flow 

conditions inside the gas channels are presented [44, 45]. CFD studies of liquid water 

movement in a serpentine micro-channel of a PEFC cathode [46] and in parallel channels 

were presented recently [47]. 

The aforementioned studies focused on several aspects of flow field design, 

whereas a thorough and comprehensive investigation of different channel parameters 
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such as cross section and channel shape have not been attempted thus far. The present 

study was conducted to clarify the water droplet kinetics and transport mechanism in 

order to optimize the flow channels for a sustainable and efficient operation of PEM fuel 

cells. The pressure drop for different air flow ratios through six different channel 

geometries in a graphite composite plate as used for bipolar plates was measured. The 

minimum air flow required for the transport of a water droplet in the flow channel for 

each of the six geometries was investigated. Nitrogen was used due to similar 

characteristics compared to air and safety and ease of use. 

Bipolar plates are a key component of PEM fuel cells with multifunctional 

character. They uniformly distribute fuel gas and air, conduct electrical current from cell 

to cell, remove heat from the active area, and prevent leakage of gases and coolant. They 

also significantly contribute to the volume, weight and cost of PEMFC stacks [48-50]. 

Hence, there are vigorous efforts worldwide to find suitable materials for bipolar plates. 

The materials include non-porous graphite, coated metallic sheets, polymer composites 

etc [51-53]. With respect to electrical and thermal conductivity, thermal and mechanical 

stability and machine ability, the metallic materials are preferred but weight and cost of 

the metallic bipolar plates is reasonably high [54-60]. Graphite materials are being 

preferred due to its corrosion resistance but due to weak mechanical properties and 

porosity they can not be used as such. However, composite materials of graphite with 

polymeric materials gave a reasonable solution at a little sacrifice of electrical 

conductivity [51, 61-78]. Naturally occurring graphite material possesses good attraction 

for bipolar plates of PEMFC. However, there is a need to improve the porosity and 

mechanical strength. Few efforts have been made to minimize the porosity and to 

improve mechanical properties of graphite powder by impregnation with different fillers 

and resins and subsequent compaction [79-81]. 

Moreover, carbon-polymer composites offer suitable substitute involving the hot 

molding of carbon or graphite filler in thermosetting (phenolic resins, epoxy resins, furan 

resins, vinyl esters, melamines, polyesters, polystyrene, polyvinylchloride, 

polyvinylidene fluoride, polytetrafluoroethylene, polyimides, polysifones, 

poly(phenylene sulphide), polyarylketones, polyisoprene, polybutadiene, nitrile rubber) 

or thermoplastic (polypropylene, polyethylene,  poly-vinylidene, polyolefins, 

polybutylene terephthalate, polyurethanes) matrix [63,79,82-92].  

In present study effort has been done to employ the naturally occurring porous 
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graphite by improving porosity and brittleness by impregnation with styrene, epoxy resin 

and cyanoacrylate. The porosity of the graphite and impregnated plates was measured 

experimentally with laboratory built apparatus and porosity measuring equipment 

respectively. Moreover, metallography technique was also employed to observe the 

porosity. Thermal, mechanical and electrical properties were measured to optimize the 

desired material for bipolar plate. 

Also vinyl ester thermosetting resin, graphite powder, and poly (1, 4-phenylene 

sulfide) were utilized to synthesize the thermosetting compound for the fabrication of 

bipolar plate material. The material was characterized to determine and compare the 

physical, mechanical and electrical properties with the competitive composite materials 

developed by the commercial developers. Thermal studies by TG-DTA-DTG of 

composite bi-polar plate were carried out in air atmosphere to find out the mode of 

degradation and the basis of its stability. The intermediates formed during decomposition 

process were also identified. 

In present research work, single fuel cell and fuel cell stacks were designed, 

fabricated, assembled, operated and tested for various parameters such as current flow, 

voltage, power and current density. MEAs were prepared by different procedures with 

different active areas and tested for use in PEM fuel cells. Bipolar plates of different 

materials were also fabricated and tested for their application in single fuel cell and fuel 

cell stacks. Results are reported and discussed. 

The effect of contaminants on fuel cells is one of the most important issues in 

fuel cells operation and applications [93]. It has been identified that out of fuel cell 

components the most affected by the contamination process is the membrane electrode 

assembly (MEA). Three major effects have been identified such as kinetic effect 

(poisoning of the electrode catalyst), conductivity effect (increase in the solid electrolyte 

resistance, including that of the membrane and catalyst layer ionomer and mass transfer 

effect (catalyst layer structure and hydrophobicity changes causing a mass transfer 

problem) [94]. However, various impurities in hydrogen fuel, such as CO, H2S, NH3, 

organic sulfur-carbon, and carbon-hydrogen compounds, and in air, such as NOx, SOx, 

and small organics, are brought along with the fuel and air feed streams into the anodes 

and cathodes in a PEM fuel cell stack, causing performance deterioration, and sometimes 

permanent damage to the MEAs [95-96]. The hydrogen fuel impurities mentioned above 

mainly arise from the manufacturing process, in which natural gas (CH4) or other organic 
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fuels are reformed to produce hydrogen gas. 

Park and O’Brien [95] and Hayter [96] briefly reviewed the effects of 

contaminations in the fuel and air streams on cell performance. They discussed CO, CO2, 

NH3, H2S and inert diluents such as N2 with respect to anode contaminations; SOx and 

NOx (cathodic contamination); and NH3 and metallic species leached from the cell 

components (membrane contamination). Since then, a considerable amount of work has 

been carried out by many researchers who focused on the impacts of contaminations on 

fuel cell performance and lifetime.  

It has been investigated extensively by many workers that hydrogen sulphide is 

an even more severe fuel contaminant than CO [96-99]. A trace amount of H2S when 

exposed to an anode or cathode of the fuel cell, was found to degrade its performance 

significantly mainly through the poisoning effect of the platinum catalysts [97]. Knights 

[94] found that at a current density of 100 mA cm-2 and 80C, 1.2 ppm H2S could cause a 

cell voltage drop greater than 300 mV within 25 hour. This poisoning effect was also 

sensitive to the fuel cell operation temperatures and load levels [94, 99]. Large 

performance losses were measured at H2S concentrations as low as 50 ppm at 70C  

when the fuel cell anode was exposed to the H2S-containing fuel for 3.8 hours. Unlike 

the case of CO poisoning, the presence of Ru in the platinum catalyst could not provide 

sufficient tolerance to H2S poisoning [100]. It was found that H2S is almost 

qunantitavely absorbed for concentrations of 1 ppm or above. However, the performance 

loss can be reduced by exposure of anode to potentials of 900 mV vs. RHE or above 

which partially regenerates the cell performance. 

Natural gas (the major part is methane) is one of the lightest hydrocarbon and 

promising candidate for hydrogen production. It is also available abundantly and being 

utilized as the preferred fuel in most of the countries. But the inherent problem with the 

natural gas is that it contains sulfur generally in the form of H2S and some sulfur-

containing tetrahydrothiophene (THT) for safety reasons. These compounds have 

poisoning effects for the hydrogen reforming catalysts and the catalysts deposited on the 

fuel cell electrodes. These also shorten the life of gas handling, storing and piping 

systems. Hence, it is necessary to remove these sulfur compounds from the raw natural 

gas or feedstock prior to reforming as well as from the product hydrogen gas due to 

multidimensional poisoning effects [101-102]. 
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Natural gas in pure form is an odourless gas and can not be detected in case of 

leakage. Tetrahydrothiophene (THT) is an induced impurity in the natural gas which is 

added in the pipeline before distribution to make it detectable by its bad smell. But for 

hydrogen fuel reforming the reaction takes place in the temperature range of 700C to 

900C while the thermal decomposition of THT takes place into H2S, thiophene and 

other sulfur compounds ( So to S14) in the temperature range of 450C to 500C [103]. 

The removal of sulfur from the natural gas is not an easy task and lot of efforts 

have been made with various techniques by many researchers and still the research work 

is in progress due to the limitations of every process. A number of sulfur-removing 

systems are and have been in use in different industrial as well as laboratory applications. 

As every process employed can remove one or more sulfur compounds and not all of 

them, the initial selection of a particular process may depend on feed parameters such as 

composition, pressure, temperature and nature of impurities as well as product 

specifications. The final selection of a particular process may be based on acid/sour gas 

percentage in the feed, whether only H2S, or mixed [104]. Catalytic oxidation of H2S is 

also one of the processes to convert it into elemental sulfur which then get adsorbed on 

the internal surface of the activated carbon, thus, leading to a sulfur load of 20% by 

weight [105-109]. 

Another way to remove sulfur compounds is to convert the organic sulfur species 

to H2S over a hydrodesulfurization catalyst. The next step is sulfur removal with an 

absorbent. The same catalyst similarly converts any organo-chloride species to give HCl 

and also acts as an absorbent for most problematic metal species. A second absorbent is 

used for chloride removal [110-113]. For the removal of sulfur-containing odorants from 

natural gas for fuel cell-based combined heat and power applications, Beavon sulfur 

removal process, co-capture of H2S and CO2 in pressurized gasifier-based process and 

calcium-based sorbents are employed [114]. The high sorption capacity of the sorbents 

has also been utilized for the removal of sulfur containing odorants from natural gas. 

Impregnated carbons containing several types of inorganic impregnants are also used for 

the adsorption of H2S and mercaptans. Adsorption rates for H2S as high as 50% by 

weight have been reported [115-117]. In one of the processes the gas containing H2S is 

contacted with the solid sorbent to remove H2S producing a product which has less than 

0.1 ppm sulfur. This product is contacted with a highly selective reforming catalyst 

which is more sulfur sensitive under severe reforming conditions in subsequent reactors 
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[105]. 

In the present research work, efforts were made to remove the sulfur compounds 

(H2S and THT) from natural gas by the utilization of commercially available sulfur 

removing sorbents, manufactured by different chemical companies. The other aspect of 

the present investigation was to develop an economical and efficient desulfurization 

system for fuel cell applications. The main feature of this work was the replacement of 

costly sorbents by cheap molecular sieve, which shows an overall economical 

replacement. All results pertaining to the desulfurization of H2S and THT are 

encouraging and are being reported in the Chapter 8. 

 

1.2  History 

Christian Friedrich Schönbein Figure 1.1 professor at the University of Basel from 1829 

to 1868, discovered the fuel cell principle. In 1838, he said in a Letter to the English 

scholar Michael Faraday and informed about the experiments in which Electricity was 

generated with electrochemical conversion, as in the case of lead-acid batteries.  

The Englishman William Robert Grove indicated this effect in February1839 as a 

reversal of the electrolysis and recognized it as the potential resource for the generation 

of electrical energy [118]. He constructed in 1842 an order of several electrochemical 

cells in which he passed the gases H2 and O2 on platinum electrodes and water was 

produced. For a technical use, the current densities achievable, however, were still too 

low. 

Hydrogen had already been used to fuel Lenoir’s internal combustion engine in 

1860. In 1874, a science fiction writer Jules Verne predicted that the world would use 

water as a fuel in future [119].  

Fifty year after Mr. Grove’s experiments, in 1889, Charles Langer and Ludwig 

Mond, tried to build an apparatus that would function to create electricity with air and 

coal gas. At about the same time, William White Jaques conducted similar research, 

using different materials. All three of these scientific experimenters have been credited 

with being the first to use the term “Fuel Cell”. 
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Figure 1.1: William Robert Grove. 

 

As early as 1923, Scottish biochemist and geneticist John Burdon Sanderson 

Haldane presented a paper to Cambridge University about the advantages of hydrogen as 

a fuel. 

In 1932, Dr. Francis Thomas Bacon, engineering professor at Cambridge 

University in England, undertook to modify the equipment as it had been used by Mond 

and Langer. Bacon used a less expensive material for the electrodes and a less corrosive 

electrolyte. He called this first alkaline fuel cell the “Bacon Cell”. Bacon continued, and 

by 1959 had patented his device. He demonstrated a fuel cell unit that developed 6 kilo-

Watt of power, enough to power an electric welder. 

Between 1955 and 1958 several groups of chemical engineers and scientists at 

General Electric (GE) worked on a suitable design of a fuel cell to generate electricity for 

the spacecraft of the near future. The first Proton Exchange Membrane (PEM) unit was a 

result of this research, credited to Willard Thomas Grub. Over time, Leonard Niedrach 

refined the PEM-type fuel cell by using platinum as a catalyst on the membranes. The 

‘Grub-Niedrach’ fuel cell was further developed in cooperation with NASA, and it 

became the first commercially used fuel cell in the Gemini space program. 

The aircraft and engine manufacturer Pratt & Whitney took a different approach 
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in the early 1960s in developing fuel cells. They obtained a license for the patented 

‘Bacon cell’. To reduce weight and complexity, P&W modified the original design and 

strived for a longer useful service life than the GE system had shown. Consequently, 

NASA has used the P&W alkali fuel cells on the Apollo Moon mission and on into the 

present time with the space shuttle flights. 

 

 
Figure 1.2: First tractor equipped with alkaline fuel cell manufactured by 
Allis Chalmers, D-12. (Illustration courtesy of the Cooper-Hewitt National 

Design Museum). 
 

In 1959 P&W also first built the hydrogen-fuelled RL10 turbo rocket, which 

proved so reliable that it was successfully used for more than forty years. At about that 

same time, in America, Harry Karl Ihrig, who was working in the fields of farmers rather 

than the scientific fields, had become very involved with fuel cells. He worked for the 

agricultural equipment manufacturer Allis-Chalmers and modified one of his company’s 

farm tractors to run with an electric motor as shown in Figure 1.2. To power this unusual 

contraption, he assembled 1008 cells to generate about 15 kW of electricity (20 HP, 

approximately). Karl Ihrig demonstrated the world’s first fuel cell vehicle at farm shows 

across the country. The tractor developed enough power to pull a 3000-pound weight. 

Not for sale to any collector, the Allis Chalmers D-12. Weighing 1270 kg, it was 

equipped with an alkaline fuel cell (4 Stacks with 252 Cells each) delivering enough 

power to plough a field. The fuel was propane stored as compressed gas in a pressure 

vessel. 
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In the’60s, the Austrian-born Dr. Karl Kordesch, one of Union Carbide’s 

researchers, was associated with constructing the Electro van’s power-plant. An eminent 

battery specialist with many, many patents to his name, he continued to refine the 

alkaline fuel cell.  

In 1966 General Motors developed an Electrovan equipped with fuel cell as 

shown in Figure 1.3. Early installation of fuel cell apparatus left room for only driver and 

one passenger. At a weight of 3400 kg the van’s 5 kW fuel cell developed by Union 

Carbide was fuelled with liquid hydrogen. The Electrovan had a range of 200 km and a 

top speed of 105 km/h. Its operating time was sometimes prolonged to several hours, fuel 

cell life was only 1000 hours.  

 
Figure 1.3: Drawing of the first Electrovan developed by General Motors 

(Illustration courtesy of General Motors). 
 

In 1967, Dr. Kordesch a pioneer in fuel cell development, working in Union 

Carbide Boston, replaced the internal combustion engine of an ordinary motorbike with a 

fuel cell and there's was no noise. The motorbike was powered by a hydrazine-air fuel 

cell system as presented in Figure 1.4. Dr. Kordesch has run up over 300 miles on the 

motorbike which can do 25 miles an hour and can travel 200 miles on a gallon of 

hydrazine. Later on Dr. Kordesch ran his car (Austin A-40) equipped with fuel cell as 

shown in Figure 1.5. Austin FCV had a range of about 300 km (180 miles). 
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Figure 1.4: Dr. Kordesch driving his fuel cell motorbike on his way to work 

in Boston (With courtesy of the Union Carbide Corporation). 

 
By the same time, Dr. Geoffrey Ballard, a Canadian was working as the head of 

the United States Federal Energy Conservation Research office in Washington. In his 

youth, he had been exposed to chemistry and electricity. His father was an electrochemist 

in Niagara Falls, Ontario, and Geoffrey had earned a Ph.D. in geophysics in the USA. At 

the height of his carrier, he quit, when the US Congress disregarded the seriousness of 

finding ways to reducing oil consumption. 

In 1983, Ballard returned to Canada, formed Ballard Power Systems, and with 

two younger partners won a contract from the Canadian Military, to research new, exotic 

forms of power. With engineer Paul Howard and electro-chemist Keith Prater, the team 

worked to make fuel cells lighter, smaller and less expensive. Eventually, they realized 

that this technology could be used in earth-bound vehicles at a future date. 

As an electro-chemist and physicist, Dr. Kordesch was as familiar with hydrogen 

and fuel cells as anybody could ever hope to be. He was the first person to drive an FCV 

on public roads – a generation ago. Such is the complex nature of the simple hydrogen 

element and the engine of the 21st century, that after all this time we still do not have 

hydrogen-powered fuel cell vehicles in our driveways. 
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Figure 1.5: A battery of batteries under the bonnet (hood) of the Austin A40. 

(Illustration courtesy of the Union Carbide Corporation). 

 
During the 1970s and 1980s many auto companies started to convert engines to 

burn hydrogen. They had been reassured by a second well-trusted official agency of the 

safety of hydrogen. The Los Alamos National Laboratory, under Walter Stewart, had 

concluded that “hydrogen storage and refueling of a vehicle can be accomplished over an 

extended period of time without any major difficulty”. The laboratory had modified a 

1979 Buick, and scores of people had refilled the car over a three-year period at a self-

serve liquid hydrogen pump. 

A very hectic period of trial and error had started, and various manufacturers 

developed prototype models. It is not just a simple matter of filling a tank with hydrogen 

to run an engine, or engineering a fuel cell stack and bolting it into a vehicle. In 

hindsight, it is astonishing how infinitely complex this very simple element, H2, seems to 

be, requiring almost two hundred years of experimentation. Surely, study and 

advancement will continue. Many branches of learning and diverse occupations must 

come together to shape an innovative industry, a new age and a unique new, ’green’ 

society. 

In the 90s, the first PEM fuel cell systems for passenger cars and buses were 

developed and built as prototypes. In marketable cars the complete drive train is 

composed of a fuel cell system and an electric motor. 

As we know at the end of 2006, Iceland has made huge progress to achieve that 

goal, and the rest of the world is trying to follow suit. At long last, during the two 
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decades of the 1970s and 1980s a huge research effort got underway to identify new 

materials and to find new fuel sources for the “Engine of the Future”, as the all but 

forgotten fuel cell is now being thought of. Now almost all of the prominent automobile 

manufacturers have launched their prototype fuel cell car models and trying hard to offer 

the pre-commercialization models in the market e.g. Ford Canada, Honda motors, GM 

motors, Mercedes, Daimler Chrysler, Toyota and Hyundai. Honda Motors Company is 

leading in this race and has launched its pre-commercialization model. 

 

Figure 1.6: A modern FCV prototype (Daimler Chrysler) in front of one of   
Iceland’s geysers. (Illustration courtesy of the Reykjavik Tourism Information 

Office). 

 
The pre-commercialization 3rd model named HydroGen 3 was presented by the 

Daimler Chrysler as shown in Figure 1.6. Similarly, Mercedes Benz developed his 5th 

pre-commercialization model named NECAR 5. Moreover, Honda motors demonstrated 

the test drive of H2 Fuel Cell City Car between Tropical S.A and CRES as shown in 

Figure 1.7.  
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Figure 1.7: H2 Fuel Cell City Car between Tropical S.A. and CRES.  

 

The 20 fuel cell sedans were used to provide transport for some VIPs, officials 

and media people in the Olympic Games 2008 in China. They were a part of the nearly-

500-strong "Green motorcade" which provided zero-emission services at key venues of 

the Games. The sedans can reach a speed of 150 km per hour and can travel a distance of 

300 km [120]. 

 

1.3  Motivation 

The energy consumption in Pakistan is growing steadily and this will persist, as long as 

the industrial growth and general standard of living is rising. By the simple promotion of 

fossil fuels and the financial and energy costs for its acquisition will increase.  

The uncertain availability of clean electrical energy in the future compels us to 

explore alternative clean energy sources. Hence, we are in need of an efficient and 

reliable source of electrical energy with minimum or with least emissions. Therefore, it is 

required that the available and limited resources may be utilized accordingly. At present 

the most commonly used fossil fuel is still petroleum.  

 As an alternative energy source and as storage medium hydrogen has established 

as a competent and clean fuel of future. The energy content of hydrogen, 1kg 

corresponds to approximately 2.9 kg oil, or of a weight-energy density of 120 MJ/kg. 

This conversion to electrical energy by means of a fuel cell causes no pollution. 

Hydrogen is not toxic, and its reaction with oxygen produces water. The efficiency is 

obtained on the lower calorific value of hydrogen at about 50% and by using  the waste 
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heat, efficiency can be increased accordingly [121].  

Although having the highest concentration in space, hydrogen is the most 

abundant element on earth and elemental hydrogen almost do not exist in the nature and 

can be found only in bound form. Water is the frequently available compound of 

hydrogen from which hydrogen can be obtained via electrolysis of water but their must 

be sufficient electrical energy available. Also, the hydrogen can be produced from 

biomass and by the reforming of fossil fuels (natural gas).  

The long-term strategy, however, should be focused on the primary energy use on 

renewable energy, biomass and solar energy. This would be a big step towards an 

ecological dealing with nature. It would be crucial dependence on oil to reduce and 

defuse the price increase. Fuel cells operate with a considerably higher efficiency than 

internal combustion engines and are compatible with renewable energies. The 

development of cheaper fuel cells is a prerequisite for the widespread use of these 

resources with gentle technology. 

 

1.4  Problem Definition 

The fuel cell using a polymer electrolyte membrane as the electrolyte (proton conductor) 

gained importance due to the low operating temperature of approximately 80°C 

particularly for mobile and portable systems. In particular, its fast startup time, in a cold-

operating state, makes it attractive for mobile applications. The cost of fuel cells and 

their individual components today are still very high. Manufacturing and assembly of 

PEM fuel cell systems are increasing day by day in various areas of applications. Also, 

the use and operational reliability of these fuel cell systems are not yet up to the 

consumer needs. On daily use of the fuel cell systems there must be further technical 

developments.  

The fuel cells manufactured today have a specific power density, and lot of 

research is under way on technical problems in off grid applications, such as research in 

underwater boats. Further developments in the direction of minimizing the space 

requirements and weight are prerequisites for the establishment of the fuel cell in mass 

markets, such as the automotive sector 

For the construction of a fuel cell stack the bipolar plate is the central component 

so both the largest weight and the relative largest volume within the stack are because of 
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bipolar plates. The complex requirement profile of the bipolar plate (see Chapter 3) 

includes a favorable material, which technically meets the conditions for high volumes 

with short production cycles. The constructive design of the cell may be improved. The 

manufacturing cost of the fuel cells must be clearly reduced. This work aims to make a 

contribution to these tasks. 

Besides other technical problems, the major technical and engineering task 

especially for PEM fuel cells is an efficient and reliable water management system. 

State-of-the-art proton exchange membranes require humidified conditions for optimum 

operation, reliability and reasonable life time. Recently few membrane types were 

presented which may operate under dry conditions in high temperature fuel cells. So far, 

water removal is still an issue which is not solved satisfactorily; liquid water blocks the 

reactant access to the reaction sites causing severe performance and efficiency losses. 

 

1.5  Objectives  

Following were the objectives for conducting this research work. 

1.  Indigenous fabrication and development of fuel cell. 

2. Development of cost-competitive bipolar plate material.  

3.  Designing of efficient gas flow channels. 

4.  Understanding, analysis and improvement of water management issues in PEM  

 fuel cells. 

5. Cleaning of natural gas for hydrogen fuel reforming. 
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Chapter 2 

 
Overview of Fuel Cell Technology 

 
 

2.1  Introduction 

For over a century cheap and plentiful fossil energy has been supporting the 

industrialization of many countries, and the increasingly higher standards of living of 

their inhabitants. However, a number of separate major issues and challenges, and their 

concerned effects in particular, are likely to change the way energy is used and supplied 

over the next century. At present fuel cell is the best-known solution to the problems of 

energy effectiveness and environmental pollution. Fuel cells are undoubtedly one of the 

key alternatives to replace conventional energy means as a clean electrical energy source 

for both transportation and stationary applications. Different types of fuel cells are being 

developed depending on the end users. Among these cells, PEM is the cheapest and easy 

to develop.  

 

2.2  Types of Fuel Cells  

Fuel cells are classified primarily by the kind of electrolyte they utilize for the fuel cell 

reaction to take place. This describes the kind of chemical reactions that take place in the 

fuel cell, the kind of catalysts required, the temperature range in which the cell operates, 

the fuel required, and other associated factors. These characteristics drive the affective 

applications of specific fuel cells. Following are the types of fuel cells currently under 

development, each with its own advantages, disadvantages, limitations, and potential 

applications.  

 Polymer Electrolyte Membrane (PEM) Fuel Cells  

 Direct Methanol Fuel Cells (DMFC) 

 Alkaline Fuel Cells (AFC) 

 Phosphoric Acid Fuel Cells (PAFC) 
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 Molten Carbonate Fuel Cells (MCFC) 

 Solid Oxide Fuel Cells (SOFC) 

 Regenerative Fuel Cells (RFC) 

 

2.2.1   Polymer Electrolyte Membrane Fuel Cell  

Polymer electrolyte membrane fuel cells (PEMFC) are also called proton exchange 

membrane fuel cells. They deliver high power density and offer the advantages of low 

weight and volume, compared to other fuel cell types. PEM fuel cells use a solid polymer 

generally (NafionT) as an electrolyte and porous carbon electrodes containing a platinum 

catalyst. They need pure hydrogen as fuel and oxygen as oxidizer. They are typically 

fueled with pure hydrogen supplied from high pressure storage cylinders or onboard 

reformers and oxygen from the air through fans or compressors. 

 As shown in Figure 2.1 hydrogen as a fuel is supplied on the anode side of the 

membrane electrode assembly (MEA) where molecular hydrogen splits into protons and 

electrons. The electrons are conducted through external circuit towards the cathode side 

where they combine with the protons exchanged through the membrane to form pure 

water. This product water is partially utilized for the humidification of hydrogen and 

oxygen and excess water is disposed off.  

 

Figure 2.1: Working principal of proton exchange membrane fuel cell. 
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PEMFCs operate at relatively low temperatures, ranging from 65°C to 80°C. 

Their operation at low temperature allows them to start quickly (less warm-up time), 

handling easy, less wear on system components and resulting in better durability. The 

catalysts normally deposited on the anode side and cathode side of the proton exchange 

membrane are from noble metals e.g. platinum, ruthenium, palladium, gold, chromium or 

in combination of these metals.  The platinum catalyst is also extremely sensitive to CO 

as well as sulfur poisoning. Efforts are currently being made to explore 

platinum/ruthenium catalysts that are more resistant to CO.  

PEM require humidified conditions for optimum operation, reliability and 

reasonable life time. Presently new membrane types are available which may operate 

under dry conditions in high temperature fuel cells. So far, water removal is still an issue 

which is not solved satisfactorily; liquid water blocks the reactant access to the reaction 

sites causing severe performance and efficiency losses.  

 The use of PEMFCs is primarily attractive for transportation applications and 

some stationary applications. Their easy and fast startup operation, low sensitivity to 

orientation, and favorable power-to-weight ratio, makes PEMFCs particularly suitable 

for use in passenger vehicles, such as motorbikes, three-wheelers, cars, and buses. 

Moreover, trial runs are also under way to utilize PEM fuel cells in aero planes, 

submarines and other defense applications. The low temperature operation and the solid 

type of membrane make mobile power generation possible (122, 123). 

 The hydrogen storage is a significant barrier for the utilization of PEMFC in 

vehicles. Generally, PEMFC powered vehicles utilize pure hydrogen, stored onboard as a 

compressed gas in pressurized cylinders. As the energy density of hydrogen is low 

hence, it is difficult to store enough hydrogen in the cylinders to allow vehicles to travel 

the same distance as gasoline-powered vehicles before refueling, typically 300-400 Km. 

Higher-density liquid fuels such as methanol, ethanol, natural gas, liquefied petroleum 

gas, and gasoline can be used for fuel cell, but the vehicles must have an onboard fuel 

processor to reform these fuels to hydrogen. This increases volume, weight, number of 

components in the engine compartment, cost and maintenance requirements.  

 

2.2.2   Phosphoric Acid Fuel Cell  

Phosphoric acid fuel cells (PAFCs), use liquid phosphoric acid as an electrolyte. The 
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phosphoric acid is contained in a Teflon-bonded silicon carbide matrix and porous 

carbon electrodes containing a platinum catalyst. PAFC technology is almost mature and 

these fuel cells are being used commercially, with over 200 units currently in use. 

PAFCs are typically used for stationary power generation, but some of them have been 

used to power large vehicles such as city buses. The working principal of phosphoric 

acid fuel cell has been shown in Figure 2.2 highlighting the fuel and air supply as well as 

movement of electrons and protons. 

PAFCs are more tolerant of impurities in the reformate than PEM fuel cells, 

which are easily "poisoned" by carbon monoxide which binds to the platinum catalyst at 

the anode, decreasing the fuel cell's efficiency. Their efficiency may reach 85% when 

used for the co-generation of electricity and heat and in standalone operation only for 

generating electricity their efficiency may range from 37 to 42%. 

PAFCs are only slightly more efficient than conventional power plants, which 

generally operate at 33 to 35 percent efficiency. Comparatively, PAFCs have less power 

to weight and volume density. Hence, these fuel cells are generally large, heavy and 

expensive. Like PEM fuel cells, PAFCs also require an expensive platinum catalyst, 

which raises the cost of the fuel cell. Generally an operational PAFC may cost ranging 

from $4,000 to $4,500 per kilowatt.  

 
Figure 2.2: Working principal of phosphoric acid fuel cell. 

 An American company, ONSI developed the 200 kW PAFC with an operating 

temperature of approximately 180°C which is a technically mature fuel cell systems, and 

commercially available as well. About 100 plants of PC25 types A, B and C are in 

operation worldwide so far. Recently, a new version with an electrical output of 400 kW 
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was developed.  

 

 

2.2.3   Direct Methanol Fuel Cell 

Direct methanol fuel cells (DMFCs), are powered by pure methanol, which is mixed with 

steam and fed directly to the fuel cell anode. DMFCs do not have fuel storage problems 

like PEMFCs, since methanol being a liquid has a higher energy density than hydrogen. 

Methanol is frequently available also easier to transport and supply to the public using 

our current infrastructure, like gasoline. A racing car as shown in Figure 2.3 from 

Daimler Chrysler was equipped with DMFC. 

The operation of DMFC is similar to the PEMFC in that the electrolyte is a 

polymer and the charge carrier is the hydrogen ion (proton) as shown in Figure 2.1. But 

the liquid methanol (CH3OH) oxidizes in the presence of water at the anode which 

generates CO2, hydrogen ions and the electrons. These electrons travel through the 

external circuit as the electric output of the fuel cell. The hydrogen ions generated at the 

electrode travel through the electrolyte and react with oxygen present in the air and the 

electrons from the external circuit to form water at the anode completing the circuit 

[120].  

Anode Reaction:   CH3OH + H2O => CO2 + 6H+ + 6e- 

Cathode Reaction:  3/2 O2 + 6 H+ + 6e- => 3 H2O 

 

 
Figure 2.3: A racing car with 3kW direct methanol fuel cell system 

made by Daimler Chrysler [Photo: Daimler Chrysler AG]. 
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Overall Cell Reaction:  CH3OH + 3/2 O2 => CO2 + 2 H2O 

Initially developed in the early 1990s, DMFCs were not welcomed because of their low 

efficiency and power density, as well as other problems like higher platinum loadings. 

Due to the recent improvements in catalysts and other design developments the 

efficiency of DMFCs has been increased to 40%. The DMFCs have been tested and 

operated at low temperatures ranging from 50 to 120ºC. Operation of DMFC at low 

temperature without any requirement of a fuel reformer make it an excellent candidate 

for very small to mid-sized applications, ranging from cellular phones and similar other 

consumer products to automobile power plants.  

 The major drawback of the DMFC is that the oxidation of methanol to hydrogen 

ions and carbon dioxide requires a more active catalyst, which typically means a larger 

quantity of expensive platinum catalyst is required than in conventional PEMFCs. 

Hence, increased cost of the catalyst makes DMFC less attractive in spite of the 

convenience of using a liquid fuel and the ability to function without a reforming unit.  

 Another concern driving the development of alcohol-based fuel cells, is the fact 

that methanol is toxic. Therefore, some companies are trying to develop a Direct Ethanol 

Fuel Cell (DEFC). At present the efficiency of DEFC is approximately 50% less then 

that of the efficiency of DMFC, but this gap is expected to narrow down with further 

developments in future.  

 These cells are expected to operate at around 120°C, which is slightly higher than 

the standard PEM fuel cell, and give efficiencies of around 40 per cent. The technology 

behind direct methanol fuel cells is still in the early stages of development and roughly 

3-4 years behind that of other fuel cell types but it has been successfully demonstrated 

powering mobile phones and laptop computers, potential target end uses in future years. 

 

 

2.2.4   Alkaline Fuel Cell  

Alkaline fuel cells (AFCs) were one of the first fuel cell technologies developed. Hence, 

AFCs were the first fuel cell type utilized in the space shuttle program to produce 

electrical energy and drinking water onboard for the astronauts. The AFC uses a solution 

of KOH in water as the electrolyte and can use a variety of non-precious metals like 
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nickel as a catalyst at the anode and cathode. The previous AFCs designs operate at high 

temperatures ranging from 100 to 250ºC. Presently, the improved AFC designs start 

operating at lower temperatures ranging from 23 to 70ºC [123].  Their operating 

temperatures are in the field of 60 to 130 °C. Their start from room temperature is 

possible, but requires either a quick temperature increase to 60 °C or a water removal 

unit. Otherwise the KOH solution would be diluted with water under lower temperatures. 

AFCs are considered high-performance fuel cells due to the rate at which 

chemical reactions take place in this cell. They are also very efficient, reaching 

efficiencies of 60% and one of the most developed technologies.  

 

 
Figure 2.4: Working principal of alkaline fuel cell. 

 
The working principal of an alkaline fuel cell as shown in Figure 2.4 uses an 

aqueous solution or stabilized matrix of potassium hydroxide as the electrolyte. The 

electrochemistry of AFC is somewhat different then the previous one’s in that the 

hydroxyl ions (OH-) migrate from the cathode to the anode where they react with 

hydrogen to produce water and electrons. These electrons run through the external circuit 

and return to the cathode where they react with oxygen and water to produce more 

hydroxyl ions [124]. 

Anode Reaction: 2H2 + 4OH- => 4H2O + 4e- 

Cathode Reaction: O2 + 2H2O + 4e- => 4OH- 

Alkaline fuel cells operate at a similar temperature to PEM cells (around 80°C) and 
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therefore start quickly, but their power density is around ten times lower than that of a 

PEM fuel cell so they are too bulky for use in car engines. The manufacturing cost of 

AFCs is comparatively low so in future they could be used in small stationary power 

generation units. Like the PEMFC, alkaline fuel cells are extremely sensitive to carbon 

monoxide and other impurities that would poison the catalyst. In addition, the feedstock 

has to be free from carbon dioxide as this reacts with the potassium hydroxide 

(electrolyte) forming potassium carbonate which inhibits the cell performance.  

The great disadvantage of AFC is that it is easily poisoned by CO2. Even the 

small amount of CO2 in the air can affect the operation of AFC. Hence, it is necessary to 

purify both the hydrogen and oxygen/air used in the cell which is a costly process. 

Sensitivity to CO2 poisoning also affects the lifetime (the amount of time before it must 

be replaced) of AFC, further adding to cost.  

Cost is not an important factor for defense applications or remote locations such 

as space or under the sea. However, for commercialization AFC will have to become 

more cost effective. Sufficiently stable operation of AFC stacks have been demonstrated 

for more than 4,000-8,000 operating hours [125]. For commercialization, in large-scale 

utility applications, AFCs need to reach operating times exceeding 40,000 hours which is 

possibly the most significant obstacle in commercializing this fuel cell technology.  

 

2.2.5   Molten Carbonate Fuel Cell 

Molten carbonate fuel cells (MCFCs) are currently being developed for natural gas and 

coal-based power plants for electrical utility, industrial, and military applications. 

MCFCs are high-temperature fuel cells and they operate at extremely high temperatures 

of 650ºC.  They use an electrolyte composed of a molten carbonate salt mixture 

suspended in a porous, chemically inert ceramic lithium aluminum oxide (LiAlO2) 

matrix. Also, non-precious metals can be used as catalysts at the anode and cathode, 

reducing costs. 

The working of molten carbonate fuel cells is quite different from those discussed 

so far as shown in Figure 2.5. These cells use either molten lithium potassium carbonate 

or lithium sodium carbonate salts as the electrolyte. When they are heated to a 

temperature of around 650°C these salts melt and generate carbonate ions which flow 

from the cathode to the anode where they combine with hydrogen to give water, carbon 
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dioxide and electrons. These electrons travel through an external circuit back to the 

cathode, generating power on the way. Following are the respective electrode reactions 

[126];  

Anode Reaction: CO3
2- + H2=> H2O + CO2 + 2e- 

Cathode Reaction: CO2+ 1/2O2 + 2e- =>CO3
2- 

 

 
Figure 2.5: Working principal of molten carbonate fuel cell. 

 

 The high temperature at which these cells operate means that they are able to 

internally reform hydrocarbons, such as natural gas and petroleum, to generate hydrogen 

within the fuel cell structure. At these elevated temperatures there is no problem with 

carbon monoxide poisoning, although sulfur remains a problem, and the platinum 

catalysts can be substituted for less expensive nickel species. The additional heat 

generated in this electrochemical reaction can also be utilized in combined heat and 

power plants. MCFC can work at up to 60% efficiency and this could potentially rise to 

85% if the waste heat is utilized. 

 The operation of MCFCs at high temperatures presents some problems. They 

take a considerable time to reach the operating temperature of 650°C, which makes them 

unsuitable for transport applications and the high temperature and corrosive nature of the 

electrolyte probably demonstrates that they are unsafe for home power generation. The 

high power generating efficiencies makes them attractive for use in large-scale industrial 

processes and electricity generating turbines. Presently MCFC designs are under process 

up to 1MW power. Due to improved efficiency, MCFC demonstrated more economical 
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electricity production then PAFC. 

Due to the high temperatures at which MCFC operate, the more energy-dense 

fuels are converted to hydrogen within the fuel cell itself by a process called internal 

reforming and they don't require an external reformer, which also reduces cost.  

MCFC is not sensitive to CO or CO2 poisoning. It can even use CO as fuel which 

makes them more attractive for fueling with gases made from coal. Efforts are under way 

to make MCFC more resistant to impurities from coal, such as sulfur and particulates.  

Presently, the primary disadvantage of current MCFC technology is only 

durability. The high temperatures and the corrosive electrolyte accelerate component 

deterioration and corrosion which decreases the life of the MCFC. Efforts are being 

made to explore the corrosion-resistant materials for components as well as fuel cell 

designs that increase cell life without decreasing performance. Up to now, durabilities of 

more than 20, 000 h have been achieved. 

 

2.2.6   Solid Oxide Fuel Cell 

Solid oxide fuel cells (SOFC) use a hard, non-porous ceramic compound as the 

electrolyte. As the electrolyte is a solid hence, the cells do not have to be constructed in 

the plate-like configuration like other fuel cell types. SOFC may be around 50-60 percent 

efficient at converting fuel to electricity. In co-generation applications overall fuel cell 

efficiencies may range from 80 to 85%. 

SOFC operate at very high temperatures approximately at 1,000ºC due to which 

they don’t need precious-metal catalyst, there by reducing cost. They also reform fuels 

internally, which enables the use of a variety of fuels and reduces the cost associated 

with adding a reformer to the system.  
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Fig. 2.6: Working principal of solid oxide fuel cell. 

SOFC is not poisoned by CO, which can even be used as fuel which allows them 

to use reformate gases made from coal. The electrolyte used in SOFC is a solid ceramic, 

such as zirconium oxide stabilized with yttrium oxide. 

SOFC generate electrical energy by the migration of oxygen anions from the 

cathode to the anode to oxidize the fuel gas, which is typically a mixture of hydrogen and 

carbon monoxide. At the anode, the electrons are generated which move via an external 

circuit back to the cathode where they reduce the incoming oxygen. In this way the cycle 

is completed, as shown in Figure 2.6. Following are the respective electrode reactions 

[126];  

Anode Reactions: H2 + O2- => H2O + 2e- 

CO + O2-=> CO2 + 2e- 

Cathode Reaction: O2 + 4e- => 2O2- 

As explained earlier in case of molten carbonate fuel cell, the high temperature 

means that these cells are resistant to poisoning by carbon monoxide as which is readily 

oxidized to carbon dioxide, as shown above. The high temperature removes the need for 

external reforming to extract hydrogen from other fuels like petroleum or natural gas 

directly. SOFC is more stable than MCFC due to the solid electrolyte but the required 

construction materials capable of sustaining the high temperatures are more expensive. 

The efficiency of SOFC can be around 60% and they can be potentially used for 

generating electricity and heat in the industry as well as in stationary applications. They 

can also provide auxiliary power in heavy vehicles. 

Operation of SOFC at high temperature has many disadvantages including slow 

startup and requires significant thermal shielding to retain heat and protect personnel. 

These limitations may be acceptable for utility applications but not for transportation and 

small portable applications. The high operating temperatures also limit durability 

requirements of the materials. The development of low-cost materials with high 

durability at 1000C is the key technical challenge facing this technology.  
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Currently in the SOFC technology two concepts are in progress. The first concept 

is the tube concept of Siemens Westinghouse Power for the CHP ranging from 100 kW 

to 1 MW and the planar Sulzer Hexis concept for use in fuel cell heating systems for 

residential applications in a power range of 1-3 kW. 

 

2.2.7   Regenerative (Reversible) Fuel Cells  

Regenerative fuel cells produce electricity from hydrogen and oxygen and generate heat 

and water as byproducts, just like other fuel cells. However, regenerative fuel cell 

systems can also use electricity from solar power or some other source to convert the 

excess water into oxygen and hydrogen fuel which is called electrolysis. This is a 

comparatively new fuel cell technology being developed by NASA and some other fuel 

cell developers. 

 

Table 2.1: Comparison of the factors of various types of fuel cells [130]. 

Factors PEMFC PAFC MCFC SOFC AFC 

Electrolyte Ion exchange 
membrane 

Liquid 
phosphoric 

acid 

Molten 
carbonate salt 

Solid metal 
oxide 

KOH 

Operating 

Temp. 

60-100C 150-200C 600-1000C 600-1000C 60-120C 

Oxidant O2 (Air) O2 (Air) CO2, O2 (Air) O2 (Air) O2 (Air) 

Fuel Reformate (< 
10 ppm CO), 

Pure H2 

Reformate 
(< 1 % CO), 

Pure H2 

H2, CO, CH4 H2, CO, CH4 Pure H2 

Charge 
carrier 

H+ H+ CO3
2- O2- OH 

Maximum 
Power    
output 

250 KW 1 MW 2 MW 220 KW <5KW 

Reforming External External External/Internal External/Internal External 

Max.(Co-gen) 60% 80% 85% 85% 65% 

Max. 35-50% 35-50% 45-60% 45-60% 35-55 

Poison 
l

CO2 CO2, CO CO2 CO2 Sensitive to 
CO CO
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Waste Heat 
Uses 

Space 
heating or 

water heating 

Space 
heating or 

water 
heating 

Excess heat can 
produce high 

pressure steam 

Excess heat can 
heat water or 

produce steam 

Space heating 
or water 
heating 

 

The important factors of all of the 6 types of fuel cells discussed above have been 

presented in the Table 2.1 for comparison and selection of the most suitable type for any 

specific utilization. Moreover, a comprehensive demonstration of the process overview 

of technically useful types of fuel cells have been presented in the Figure 2.7 for 

understanding and differentiation of the typical parameters like temperature, fuel, 

oxidant, charge carrier, waste products etc.  

 

 
Figure 2.7: Process overview of technically useful types of fuel cells. 

 

2.3   PEM Fuel Cell Applications 

PEM cells started in space, but they have applications that are more down-to-earth. 

Vehicular applications include motorbikes, tri-wheelers, delivery vans, cars, busses and 
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long-distance aircrafts etc. PEM fuel cells can also provide both stationary as well as 

portable power for many applications including lighting, communications, navigation, 

computation, entertainment and military applications etc.  

 

 

2.3.1   Vehicular Applications 

In 1995, PEM cells were tested in buses in Vancouver and Chicago and later in 

experimental vehicles. Supply of electric power from PEMFC was demonstrated 

successfully to unmanned blimps called aerostats and to sonobuoys, which are nautical 

buoys that generate and receive sonar signals. Automotive research has taken new 

urgency, as air quality regulations grow steadily stricter, particularly in California, USA. 

Major car manufacturers are spending billions of Dollars annually on the development of 

PEMFC stacks for hybrid and electric cars.  

A joint venture activity of Energy Partners and the U. S. Department of Energy's 

Office of Advanced Automotive Technologies provided two 20 kW fuel cell stacks to 

Virginia Tech and Texas Tech universities to evaluate performance in hybrid electric 

cars. Major automakers like Ford, Honda, Daimler Chrysler, Toyota, Hyundai and 

Volkswagen are also testing PEM vehicles. Moreover, Honda USA has started leasing 

out a limited number of sedan cars to the distinguished drivers at a rate of $500 per 

month. Mass-produced fuel cell cars may be available in near future. Fuel cell cars can 

be at least 50% more economical in operation than internal combustion cars. 

PEM fuel cells may have a mixed record in space, but several companies have 

been testing the cells in more down-to-earth vehicles. Ballard PEMFC systems were 

tested in buses during 1995 in Vancouver, Canada and Chicago, USA and later in 

experimental vehicles made by Daimler Chrysler in Germany. The fuel cell sedans were 

utilized for zero emissions services at key venues of the Olympic Games 2008, as 

mentioned in the article 1.3 “History” [119]. Proton Motor has delivered the first of the 

two fuel cell hybrid system that operated at the heart of the worlds first fuel cell powered 

ship. The ship was launched on the Alster in Hamburg, Germany on the 29th August 

2008. The Zemship boat have two 50 kW PEM systems for propulsion and hotelling, 

both designed and built by Proton Motor and certified by Germanischen Lloyd. 
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2.3.2   Stationary Power Applications 

Since the mid-1980s, PEMFC development for stationary power has included some of 

the following applications. In 1989, a 5 kW hydrogen and air PEMFC stack was 

introduced. After two years, a 250 kW PEMFC plant at Crane Naval Air Station in 

Indiana, USA, began operating. Seven years later, a 5 kW PEMFC unit began powering 

a home in Albany, New York, as a demonstration project. During 2000, Bonneville 

Power Administration tested 6 PEM fuel cell Alpha units.  

 

 

Figure 2.8: A laptop computer powered by a Ballard fuel cell system [120]. 

 

2.3.3   Portable Power Applications 

PEM and direct methanol fuel cells may someday replace the batteries that power 

cellular phones, laptop computers and other portable electronic devices. A prototype 

portable fuel cell was developed in year 2000 which produced 0.24 watts and 0.9 volts. 

A PEMFC stack made up of eight of these 113/8 inch modules was capable of 

powering a mobile phone. The present goal is to power a mobile phone for up to 40 days 

on standby and 20 hours of talk time. Moreover, several PEMFC have been developed 

for notebook PC’s as shown in Figure 2.8. A fuel cell flash light as shown in Figure 2.9 

uses hydrogen stored in a metal hydride canister can provide service for several hours. 
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Figure 2.9: Fuel cell flash light (Photo from ZSW Ulm, Germany). 

 

2.3.4   Renewable Energy Applications 

Early in 2000, PEM technology was selected to provide night time power for the solar-

powered Helios, a long-duration aircraft as shown in Figure 2.10. At that time the goal 

was set to make the unpiloted aircraft fly continuously for up to six months. The 

photovoltaic (Solar) panels during the day supply electricity to its motors and in addition 

electrolyze the water to produce hydrogen and oxygen. At night, the PEMFC supply 

electric power to the motors by converting the hydrogen and oxygen back into electric 

power and water as by product. A lot of test flights were made with and without a fuel 

cell from 2001 to 2003.  

The Schatz solar/PEMFC project has been continuously aerating the aquarium at 

Humboldt State University since 1994. This project uses solar energy from the sun to 

generate electrical energy and produce hydrogen that has been used in a PEMFC when 

the sun is not available. In this way, the fish have enjoyed solar and fuel cell powered air 

bubbles twenty-four hours a day for over 7 years [127].  

GE and Detroit Edison promoted the first permanent home installation of the 5 

kW power plant which helped both companies to make significant partnership. Avista 

Laboratory developed a 7.5 KW PEM fuel cell power plant to power the house hold 

appliances as shown in Figure 2.11. 
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Figure 2.10: The Helios research aircraft takes to the air [119]. 

 
Figure 2.11: Avista Laboratory's 7.5 KW PEM residential fuel cell power plant 

[119]. 

 

2.4   Status of PEM Fuel Cell Technology in the Industry 

Different industrial as well as research organizations are involved in the development of 

PEM fuel cells and every company uses different cell designs. They also use different 

processes for the management of the gases. Below is the design differentiated cells and 

the different bipolar plate concepts.  
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The company General Motors Corporation used as a multi-plate separator plate 

from stamped and embossed panels. This multi-separator plate covers the distribution of 

process gases and cooling media. The cooling is done in a space, between the two gas 

flow field plates and perforated plate forms the cooling media [127].  

Plug Power Inc. one of the fuel cell system manufacturing company used the 

concept of graphite composite, multi separator plate. Air and water are brought together 

and flow through a channel flow field inside the stack which result into void formation. 

The plate at the same time cools the cell and the air is moistured. The heat is lost by the 

vaporization of the water and the air is moistured. Subsequently, the so moistured air is 

fed to the fuel cell [128].  

A concept of Siemens AG provides a two-metallic bipolar plate in which on both 

sides of a flexible, electrically conductive and highly porous intermediate layer is 

arranged. Using this intermediate layer, the bipolar plate is cooled by a stream of air. The 

individual fuel cells can be prefabricated as a unit. These units are prevented, and so easy 

to assemble the stacks [129].  

De Nora S.P.A. uses metal or metal alloys as bipolar plate material. The cell 

design is based on an internal wetting the process air within the fuel cell. Air and water 

are jointly fed to the cell. The process heat of the fuel cell leads to a moistening of the 

process air. At the exit from the cell, the water from the air is condensed, so that it 

continues to be used for wetting [130].   

The concept of Ballard Power Systems Inc. for the bipolar plates consists of two 

graphite composite plates with internal heat exchanger. The special feature of this design 

is the positioning of the tie rods, which aligns all bipolar plates. The gas flow fields and 

cooling channels are inside the bipolar plate. So every bipolar plate is centrally 

distributed with six breakthroughs through four of these holes will tie the rods, with 

those of the compacted piles. At the same time these drawbars than position all elements 

for the individual bipolar plates [131].  

The air-cooled fuel cell concept of the Proton Motor Fuel Cell GmbH Company 

differs from the liquid cooling concepts. These have only two media, because the airflow 

at the same time provides the oxygen for the electrochemical reaction, and guides the 

heat loss. This dual function of air flow is achieved with a special gas diffusion layer 

which allows the oxygen affectively but for the water there is a barrier. By this, drying of 
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the membrane is prevented. The channels of the air flow field have a larger cross-section 

and a shorter length and keep the flow of air losses small [132].   

The Center for Solar Energy and Hydrogen Research Baden Württemberg (ZSW) 

Germany has developed a method of air circulation. This is the process in which a 

continuous circulation of air supply is maintained by the fuel cell. The atmospheric 

oxygen consumed is compensated by adding a dose of fresh air. This has the advantage 

that the process air prevents the polymer membrane from drying out. The circulation air 

has a high temperature and low moisture content and the supply of fresh air lowers the 

relative humidity of the process air a little, as its percentage is small. 

 

2.5   PEM Fuel Cell Reactions 

Fuel cells are electrochemical devices, which convert the chemical energy of reactants 

(hydrogen and oxygen) into electrical energy until continuously supplied. The reaction 

product which is pure water must be removed spontaneously. If the supply of hydrogen 

or oxygen is interrupted, it ends the reaction. From the reactants, the fuel cell has a 

strong electrochemical redox process of the electrical energy [133].  

In this electrochemical reaction, hydrogen is oxidized on the anode and oxygen is 

reduced on the cathode. Protons are transported from the anode to the cathode through 

the electrolyte membrane and electrons are carried to the cathode over an external 

circuit. Oxygen reacts with protons and electrons coming from anode through the 

external circuit, at the cathode forming water and producing heat. Both the anode and the 

cathode contain a catalyst to enhance and boost the electrochemical processes. Basic 

reactions of a PEMFC are demonstrated in Figure 2.12. 

At the anode side hydrogen is catalytically split into protons and electrons. This 

oxidation half-cell reaction is represented by the following equation [134]: 

 SHE     0                       2  2 02 VEeHH                                  (2.1) 

The newly formed protons permeate through the polymer electrolyte membrane 

to the cathode side. The electrons move through an external load circuit to the cathode 

side of the MEA, thus creating the current output of the fuel cell. 

Oxygen is continuously delivered to the cathode side of the MEA where oxygen 

molecules react with the protons permeating through the PEM and the electrons arriving 
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through the external circuit to form water molecules. This reduction half-cell reaction is 

represented by the following equation [134]: 

SHE     229.1           22
2

1
022 VEOHHeO    (2.2) 

The electrical and heat energy are produced by the cathode reaction. 

The total reaction is                       O
2

1
 222 HOH                                        (2.3) 

Theoretically, the Gibbs energy of the reaction is available as electrical energy 

and the rest of the reaction enthalpy is released as heat. In practice, a part of the Gibbs 

energy is also converted into heat via the loss mechanisms. 

 
Figure 2.12: Basic description of a PEM fuel cell operation [135].  

 

H+

PEM membrane 

Anode (H2) Cathode (O2)
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H2 = H+ + e- 

O2 + H+ + e- = H2O 

e- e- e- e-H+
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+

e- e-
H+ H+ 

  
Figure 2.13: An exploded view of a PEM unit cell structure and a PEMFC stack.  
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Single fuel cell produces a limited voltage, usually less than one volt. To make 

use of voltage for practical applications, many unit cells are connected in series to form a 

fuel cell stack. The output voltage increases by increasing the number of unit cells in the 

stack and decreases accordingly. An exploded view of a PEM fuel cell and a PEMFC 

stack are presented in Figure 2.13. 

 

2.5.1   Gibbs Free Energy 

In every chemical reaction some entropy is produced due to which a portion of the higher 

heating value (energy) can not be converted into useful work/electricity and that portion 

of the reaction enthalpy which can be converted to electricity in a fuel cell corresponds to 

Gibbs free energy represented by “G”, [136] where 

G = H  TS       (2.4) 

Hence there are some irreversible losses in energy conversion due to creation of 

entropy, “S”. The “H” for the reaction is the difference between the heats of 

formation of products and reactants. While S is the difference between the entropies of 

products and reactants and it can be represented by 

S = (S)H2O – (S)H2 – ½ (S)O2      (2.5) 

Therefore, theoretically from the available energy of hydrogen which is 286.02 

KJ/mole, only 237.34 KJ/mole can be converted into electrical energy through fuel cell 

at 25C and the remaining 48.68 KJ/mole is converted into heat. 

At each electrochemical cell, the free enthalpy “ΔG” can be calculated from the 

potential with each other, “ΔU” as follows; 

 ΔG  n F ΔU                                       (2.6)  

The variable “n” is the number of exchanged electrons per formula; “F” the 

Faraday’s constant for hydrogen, and oxygen as oxidizer, these gases react to form 

water; 

There are two electrons exchanged between the reactants, and the free enthalpy of the 

reaction is 237 kJ/mol. Putting this number in (2.6) a voltage of 1.23 V is obtained which 

is a theoretical value, based on the lower heating value of hydrogen when the product 

water is in gas form. Practically these potentials are not achievable because of certain 

technical problems. In practice, achievable energy efficiencies () referring to the 
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theoretical efficiency and it may range from 50 - 65%, and can be obtained from (2.3)  

  U F n  Δ G        (2.7) 

This value depends on the current density, as high current densities lead to lower 

energy efficiency. The efficiency of fuel cells is not affected like the limitations of 

thermodynamic heat engines, as the Carnot efficiency affects the efficiency of 

thermodynamic heat engines.  

 

2.5.2   Theoretical Fuel Cell Potential 

In general, electrical work is measured in J/mole and can be defined as the product of 

electrical charge in Coulombs/mole and electric potential in Volts. Mathematically it can 

be written [136] as  

 Wel = qE         (2.8) 

Where, q = Electrical charge 

And   E = Electric potential 

Hence, the total charge transferred in a fuel cell reaction for one mole of 

hydrogen consumed may be expressed using, 

 n = Number of electrons per molecule of hydrogen (2 electrons),  

NAvg =Number of molecules per mole (Avogadro’s number: 6.022 x 1023 

molecules/mole). 

and  qel = charge of 1 electron (1.602 x 10-19 coulombs/electron)  

 as; q = nNAvg qel       (2.9) 

While the product of Avogadro’s number and charge of 1 electron is called 

Faraday’s constant (F) whose value is equal to 96,485 Coulombs/electron-mole. 

Hence, by using the Faraday’s constant the electrical work can also be 

represented as;  Wel = nFE       (2.10) 

As the maximum amount of electrical energy generated in a fuel cell is 

represented by Gibb’s free energy (ΔG), 

Hence,  Wel =   ΔG      (2.11) 

By substitution from (2.8) into (2.9)  
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 nFE =  ΔG       (2.12) 

Therefore, the theoretical fuel cell potential (E) comes out to be; 

E =    ΔG / nF       (2.13) 

By substituting respective values in the above equation (2.13); 

E = 237340 KJ/mole /2 x 96485 Coulombs/electron-mole 

   = 1.229 Volts.   

So the potential of a fuel cell running with hydrogen and oxygen at 25C will be 

1.23 V. 

The voltage efficiencies observed in these fuel cells can be as high as 0.9 at low 

current densities and decrease only slowly with increasing current drawn from the fuel 

cell until a limiting value is reached [119].   

 Δ G  n F Δ U      (2.14) 

 

2.5.3   Open Circuit Voltage (OCV) 

The open circuit voltage is the voltage produced by a fuel cell at zero current and it is 

equal to the Nernst voltage [118].  

For a fuel cell operating on hydrogen and oxygen at 25C  

 OCV =1.23 V 

The OCV as well as efficiency of fuel cell decreases with the increasing fuel cell 

temperature. As we can see that 

At 100C, OCV = 1.17 V (η = 79%) and  

At 600C,  OCV = 1.04 V (η = 70%)  

Similarly for a fuel cell operating on hydrogen and air at 25C, 

  OCV = 1.23 + 0.0296 x log10 (0.21) 

           = 1.22 V 

The reversible standard potential Eº of an electrochemical reaction is defined as 

   zF = ∆GºEº     (2.15) 

   Eº =  zF / ∆Gº  

where ∆Gº is the Gibbs energy change for the reaction under NTP condition, z is 
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the reaction charge number and F is the Faraday constant. The Gibbs energy is dependent 

on the temperature by the relation 

∆G = ∆H  T∆S,        (2.16) 

where ∆H is the reaction enthalpy change, T is the temperature, and ∆S is the 

reaction entropy change. Both reaction enthalpy and entropy are also dependent on the 

temperature. 

 

2.5.4   Reactant Flow Stoichiometry   

The required mass flow of the reactants can be calculated from the total cell reaction, 

as follows [136]; 

  n = K  / zF       (2.17) 

where “n” is the molar flow of the reactant and k is the number of unit cells in the 

stack. For hydrogen, z = 2 and for oxygen, z = 4 and for a unit cell, k =1 

Hence,  nH2 =  /2F       (2.18) 

and  nO2 =  /4F       (2.19) 

 Reactant flow stoichiometry “λ” can be defined as the ratio of mass flow of 

reactant fed into the cell to the mass flow required by the reaction rate: 

λ = nact / (K  / zF)       (2.20 

λ = zF nact / K   

   = zFVact / K  Vo       (2.21) 

where “nact” is the reactant mass flow fed into the cell, “Vact” is the standard 

volume flow of the reactant, and “Vo” is the molar volume of ideal gas. 

 

2.5.5   Theoretical Fuel Cell Efficiency 

The efficiency of a fuel cell can be defined as the ratio between the electrical energy 

produced by the fuel cell to the equivalent energy input to the fuel cell in the form of 

enthalpy of hydrogen which is higher heating value of hydrogen. 

If it is assumed that all of the Gibbs free energy can be converted into electrical 
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energy, then the maximum possible efficiency of a fuel cell can be calculated as [136]; 

 Efficiency=∆G / ∆H      (2.22) 

 =237.34/286.02 

 = 83 % 

Often, the lower heating value of hydrogen is used to calculate the efficiency of 

fuel cell because it gives higher efficiency to compare it with internal combustion 

engine. 

Then  Efficiency = ∆G / ∆HLHV      (2.23) 

 = 228.74/241.98 

 = 94.5 % 

The fuel cell efficiency is always proportional to the fuel cell potential and can be 

calculated as the ratio of the fuel cell potential and the potential corresponding to the 

higher heating value of hydrogen which is 1.482 V. The potential corresponding to the 

lower heating value of hydrogen is 1.254 V.  

Also  Efficiency = Welect./WH2      (2.24) 

Where   Welect.= Electricity produced by the fuel cell. 

  WH2 = The hydrogen consumed by the fuel cell 

Also the electricity produced is a product of current and potential.  

Hence Welect.= I  V       (2.25) 

Where  I = Current in Amperes 

And  V = Fuel cell potential in Volts 

According to Faraday’s Law, Hydrogen consumed is directly proportional to the 

current produced. Hence, 

 NH2= I/nF       (2.26) 

Where NH2 = Moles/sec 

And  WH2 = ∆H I/nF       (2.27) 

Where = Energy value of hydrogen consumed in joules/sec (Watts) 

 and  ∆H = Higher heating value of hydrogen (286KJ/mole) 

Also,  ∆H /nF = 1.482 V     for ∆H=286 Kj/mole   (2.28) 

By substituting the value of WH2 from  (2.27) into (2.24) 
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Efficiency= V/1.482       (2.29) 

If Lower heating value of hydrogen is utilized (∆HLHV =241 KJ/mole) 

Then Efficiency= V/1.254      (2.30) 

Generally, hydrogen is supplied to the fuel cell in excess of stoichiometric 

requirement and if the excess amount is not recirculated it will be purged into the air etc. 

In such a situation, 

Efficiency =  V/1.482  fu       (2.31) 

Where, fu is the fuel utilization = 1/SH2 

While  SH2 is the hydrogen stoichiometric ratio = NH2,act. / NH2,theo. 

  = NH2,act nF/I           (2.32) 

Generally the PEMFCs operate with 90% utilization on pure hydrogen and 75-

85% utilization when operated with reformate gas. 

Current-voltage characteristics  

When a current is drawn from a fuel cell only then electrical energy can be obtained and 

during this process the cell voltage drops due to various irreversible loss mechanisms. 

The loss in voltage is called overpotential and can be represented by “η” and defined as 

the difference of the cell potential E from the theoretical potential Et, E [136].  

η = E  Et,         (2.33) 

Overpotential can originate from three sources; 

(a)  Activation overpotential occurs from the kinetics of charge transfer reactions. 

(b)  Ohmic losses occur from component resistances. 

(c)  Diffusion overpotential occurs from the limited rate of mass transfer. 

Activation overpotential occurs from the kinetics of charge transfer reaction 

across the electrode-electrolyte interface. It means that during the electron transfer 

reaction a part of the electrode potential is lost. It is directly related to the nature of the 

electrochemical reactions and is equal to the magnitude of activation energy, when the 

reaction proceeds at the rate required by the current. 

The contribution of anode activation overpotential is negligible if the fuel cell is 

running on hydrogen and oxygen because the oxygen reduction on the cathode is 

reasonably slower than the hydrogen oxidation on the anode [137]. The Oxygen 
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reduction reaction activation overpotential decreases as the potential shifts to the 

negative direction, which makes the activation overpotential important only at low 

current densities. The anode activation overpotential increases with current density and 

exchange current density represents the reaction rate. The exchange current for the anode 

reaction can be between 0.1 and 100 mAcm-2 and the cathode exchange current may be 

about 5-10 times smaller [138]. 

Ohmic overpotential can be called as IR-losses which result from electrical 

resistance losses in the cell. These resistances can be found in all of the fuel cell 

components as; 

 Ionic resistance can be found in the membrane. 

 Ionic and electronic resistance can be found in the electrodes. 

 Electronic resistance can be found in the gas diffusion backings, bipolar plates 

and terminal connections.  

The major contribution to the IR-losses comes from the electrolyte membrane [139]. The 

mass transfer limitations on the availability of the reactants near the electrodes cause 

diffusion overpotential. To sustain the current flow, the electrode reactions require a 

constant supply of reactants. Whenever the diffusion limitations reduce the availability 

of a reactant, a part of the available reaction energy is used to continue the mass transfer, 

thus creating a respective loss in output voltage. A Similar loss can be developed if a 

reaction product accumulates near the electrode surface and hinder the diffusion paths or 

dilutes the reactants. The main source for diffusion overpotential is the diffusion of 

oxygen through the partially flooded gas diffusion backing on the cathode side [139]. 

If pure oxygen is used it eliminates the diffusion problems related to reactant 

availability, but mass transfer can still be affected by obstruction of diffusion paths and 

reactant dilution. Diffusion overpotential is reasonably smaller on the anode than on the 

cathode, as the diffusion of hydrogen is much faster than that of oxygen. By using pure 

hydrogen, the only diluting component is the water transported to the anode by back 

diffusion. The reactant availability problems can also occur, if the flow stoichiometry is 

very low. 

Characteristics of a typical PEM fuel cell current-voltage or polarization curve 

are presented in Figure 2.14. The curve can be divided into three regions, which are 

concerned with a different overpotential. In region I the activation overpotential 
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dominates at low current densities. The region II of this figure is governed by the IR-

losses. The polarization curve in region III is due to the diffusion overpotential.  

 

 
Figure 2.14: Characteristics of a typical PEMFC polarization curve [136]. 

 
The respective contributions of different overpotentials are presented in Figure 2.15. The 

effect of activation overpotential shows a rapid drop of the voltage at low current 

densities [118]. The middle region is nearly linear and represents IR-losses. The ionomer 

conductivity depends on the humidification level of the MEA and the total cell resistance 

increases due to the drying out of the MEA which makes the voltage drop more rapid. 

While diffusion overpotentials represents the dominating loss mechanism at higher 

current densities, where the mass transfer limits the reaction rate. 
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Figure 2.15: Respective contributions of different voltage loss mechanisms [118]. 

 

The water management is important in controlling the diffusion overpotentials. 

Additional water in the GDL or on the electrode surface hinders the reactant diffusion to 

the reaction sites. At high current densities diffusion overpotentials bend polarization 

curves down. 

 Generally, it is convenient to study polarization curves which are free from the 

IR-loss, or IR-compensated polarization curves. For this purpose the polarization voltage 

and resistance are measured simultaneously and the resistance values are used to 

calculate the IR-loss. Effect of IR-loss is removed by compensating the polarization 

voltage at every point by the size of the IR-loss. The purpose of IR-compensation is that 

the polarization curves represent only the contributions of activation and diffusion 

overpotentials while the resistance can be studied separately by plotting the current 

resistance curves [118]. 

 

2.6  PEM Fuel Cell Structure and Stack Components 

The proton exchange membrane fuel cell (PEMFC) is the only kind of fuel cell which 

has emerged as the leading fuel cell with state of the art technology and having 

multidimensional uses from mini to mega electric power utilizations [140]. The 2nd plus 

point of this fuel cell is its simplicity in construction having not too many parts due to its 

operation at low temperature (50-100C).  
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The fuel cell is a device that combines the fuel (Hydrogen) with oxygen through 

an electrolyte. The hydrogen and oxygen form two gas compartments and the process by 

which gases react through the electrolyte membrane is called proton exchange. The 

electrolyte can only conduct protons and for the electrons it is an insulator. The anode 

and cathode are the places where the electrochemical reactions take place. At the anode 

the electrons travel through the current collector and fed to the cathode through a circuit. 

Each cell generates an open circuit voltage of 1.2 V and operating voltage may be 

approximately 0.6 V. A single cell with its arrangement of various parts and their 

respective functions is shown in Figure 2.16. 

To step up this low voltage, single cells are stacked in series to increase the stack 

voltage many times of the single cell voltage as shown in Figure 2.17. Between the two 

single cells, there is a bipolar plate/ separator plate. The number of individual fuel cells 

determines the voltage of the stack. The process gases are required to be fed 

continuously. 

 

Figure 2.16: Demonstration of a single cell in operation. 

As a result of the electrochemical reaction in the individual fuel cells the product 

water, the unused reactants and the heat produced must be removed from the stack. If the 

supply of process gases in to the circuit is closed the operation of the fuel cell will be 
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stopped. The quantity of electricity required for electrical equipment can be regulated as 

per its resistance.  

A fuel cell system consists of a complex arrangement of various components, 

which are necessary for a self-sustaining operation of the system. The central part is the 

fuel cell stack to which the various components provide services. Typical components 

are hydrogen cylinder, air compressor, valves, pumps, fans, humidifiers, regulatory and 

measuring systems and heat exchangers etc. Following are the main parts of a single fuel 

cell and fuel cell stack along with their characteristics.  

 

Figure 2.17: Components of a PEM fuel cell stack and their respective functions. 

 

2.6.1  Membrane Electrode Assembly 

The electrodes (anode and cathode), catalyst, and polymer electrolyte membrane together 

form the membrane electrode assembly (MEA) of a PEM fuel cell. MEA is the central or 

vital part of a fuel cell where all of the electrochemical reactions take place.  
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The platinum catalyst supported on carbon particles and deposited on proton exchange 

membrane can be seen in Figure 2.18. 

The thickness of the membrane in a membrane electrode assembly can vary with 

the type of membrane utilized as each thickness has different characteristics. The 

thickness of the catalyst layers depends upon how much platinum (Pt) is used in each 

electrode and the ratio of platinum to carbon support material. If a catalyst layer contain 

about 0.15 milligrams (mg) Pt/cm2, then the thickness of the catalyst layer is close to 10 

micrometers (μm) which is less than half the thickness of a sheet of paper. This MEA, 

with a total thickness of about 200 μm (or 0.2 mm), can generate more than half an 

ampere of current for every square centimeter of assembly area at a voltage of 0.7 volts, 

but only when encased in well-engineered components along with backing layers, flow 

fields, and current collectors etc [141,200].  

 

 
Figure 2.18: SEM of catalyst deposited on the PEM. 

 

2.6.2  Electrolyte Membrane 

PEM is a specially treated material that looks something like ordinary plastic wrapping 

material conducts only positively charged ions and blocks the electrons. The PEM is the 

heart of the PEMFC technology; it must permit only the protons to pass from anode side 

to the cathode side of MEA. Any other substances if they pass through the PEM would 
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disrupt the electrochemical reaction. 

It is a semi permeable membrane generally made from ionomers and designed to 

conduct protons while it is impermeable to gases such as oxygen or hydrogen and 

prevents combustion [142]. The essential function of PEM is separation of reactants and 

transport of protons from the anode side to the cathode side when incorporated into a 

proton exchange membrane fuel cell. PEM also acts as an electronic insulator between 

the bipolar plates. 

The membranes, previously synthesized like NafionT require hydration in order 

to be proton conductive and sustainable. This limits the operating temperature of PEM 

fuel cells to below the boiling point of water and makes water management a key issue in 

PEM fuel cell development. Presently the new membranes have been developed which 

are also proton conductive in temperatures more then 100C and do not require 

humidification and are being utilized in the high temperature PEM fuel cells. A 

comprehensive discussion on materials of PEM for both low and medium temperature 

fuel cells and the present state of art has been presented by Alberti and Casciola [143]. 

The proton conductivity of the PEM is also sensitive to contamination because if the 

PEM is exposed to metallic impurities, metal ions diffuse into the membrane and 

displace protons as charge carriers, which lowers its conductivity. 

PEM can be synthesized from either pure polymer membranes or from composite 

membranes by embedding other materials in a polymer matrix. The most common and 

commercially available PEM is NafionTM, a product of DuPont [144]. The material of the 

NafionTM is an ionomer with a perfluorinated backbone like PTFE/Teflon [145]. There 

can be other structural modifications used to make ionomers for PEM. Some use 

polyaromatic polymers while others use partially fluorinated polymers. PEM is generally 

characterized by proton conductivity (σ), methanol permeability (P), and thermal 

stability [146]. 

 

2.6.3  The Electrodes 

All of the electrochemical reactions take place on the electrode surfaces. A fuel cell 

electrode is a thin catalyst layer pressed and sandwiched between the PEM and the 

electrically conductive gas diffusion media/layer. To enhance and speed up cell 

reactions, electrodes contain catalyst particles. Mostly the catalyst may be platinum or an 
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alloy of platinum or other noble metals. Low operating temperature in PEMFCs and their 

low pH makes the use of catalysts necessary [142]. The oxygen reduction reaction 

(ORR) on the cathode may be very slow if catalyst may not be present.  

The negative side of the PEMFC at which hydrogen is supplied is called the 

anode and it has several jobs. The anode conducts the electrons to the GDL, which are 

freed from the hydrogen molecules so they can be used in an external circuit. Channels 

made on to the anode disperse the hydrogen gas equally over the surface of the catalyst. 

The Positive side of the PEMFC at which oxygen/air is supplied is called the 

cathode and it conducts the electrons back from the external circuit to the catalyst at the 

MEA, where they can recombine with the hydrogen ions (protons) and oxygen to form 

water. 

Three kinds of species participate in the electrochemical reaction, which are 

gasses, protons and electrons. The reaction takes place on a portion of the catalyst 

surface where all of the three species have an excess. Electrons travel from the catalyst 

layer through the electrically conductive gas diffusion layer towards the bipolar plate. 

The catalyst particles are required to be in contact with the gas diffusion layer for the 

electrons to flow through to the bipolar plates. As the protons travel through proton 

exchange membrane so the catalyst particles require a good contact with it. As the 

reactant gases can travel only through pores hence the electrode must be porous to allow 

gases to travel to the reaction sites. Also, the product water must be efficiently removed 

from the electrode surface to avoid the electrode flooding which may hinder the access 

of the gases to the reaction sites especially the oxygen on the cathode side. 

Mostly the electrodes are made up of a porous mixture of carbon supported 

platinum and an ionomer. Catalyst particles must have intimate contact to both protonic 

and electronic conductors for efficient catalytic reactions. Moreover, there must be 

passages for reactants to reach the catalyst sites and for reaction products to exit. The 

contacting point of the reactants, catalyst and electrolyte is called the three-phase 

interface as shown in Figure 2.19 (a). 
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  (a)    (b)    (c) 

Figure 2.19: Graphical representation of the reaction sites [142]. 

 

To achieve efficient reaction rates, the effective area of active catalyst sites must 

be several times higher than the geometrical area of the electrode. Therefore, the 

electrodes are made porous to form a three-dimensional network, in which the three 

phase interfaces may be located enormously as shown in figure 2.19 (b). Presently the 

electrodes are being made by employing thin-film deposition technology in which the 

electrodes are made directly on the membrane surface. 

The present porous fuel cell electrodes for PEMFC' consist of three primary 

layers. The first layer of the PEMFC electrode is the catalyst layer. As hydrogen is the 

fuel used in PEMFC and air is used as the oxidant, the catalyst must be capable of 

adsorbing hydrogen and oxygen from the air. A lot of efforts are under way to find new 

hydrogen or oxygen catalysts but the best available catalyst at present for both of the 

reactant gases is platinum. An effective catalyst might have following conditions to 

perform efficiently; 

(1)  It must be exposed to a constant flow of the respective reactant gas. 

(2)  It must be in intimate contact with the PEM. 

(3)  It must be a finely divided catalyst and have a large specific surface area, 

especially on the oxidant side where the electrochemical reaction is slower by 

several orders of magnitude.  

The second layer of PEMFC electrode is the substrate layer. The substrate layer 

provides structural support for the finely divided catalyst. It also functions as an 

electronic junction for conducting electricity produced by the electrochemical reaction 

from the catalyst layer to the bipolar plate of the fuel cell. This layer is comprised of 

carbon particles onto which the catalyst has been deposited and a binder material. 

Generally the binder material is liquid NafionTM due to which the membrane is 
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effectively extended into a third spatial dimension as shown in Figure 2.19 (c). Due to 

this extension of the membrane, it serves to increase the effective catalyst surface area 

per real geometric unit of fuel cell area, which is quite important for the reasons 

discussed above. In the more traditional Los Almos design, the binder is liquid Teflon, 

which is mixed with the catalyzed carbon particles and then sintered to create 

hydrophobic gas pores in the substrate layer. For the extension of the membrane into a 

third spatial dimension with this type of electrode, liquid NafionTM is then applied to the 

substrate and allowed to seep through the sintered Teflon pores into the substrate/catalyst 

layer. The third layer of PEMFC electrode is the backing layer. The backing layer is 

normally comprised of either carbon cloth or porous carbon paper. Following are the 

functions of the backing layer;  

(1)  To conduct electricity generated by the electrochemical reaction.  

(2)  To provide structural support for the substrate layer of the electrode. 

(3)  To allow the reactant gases to enter and leave the substrate/catalyst layers.  

Hence, the electrode is a ''triple layer composite'', consisting of the catalyst layer, 

the substrate layer and the backing layer. This triple layer composite electrode, when hot-

pressed to the proton-exchange membrane, is strong enough to prevent the membrane 

from expanding in the localized area of the fuel cell electrode. While the strength is 

important, because membrane expansion could otherwise damage the electrode and 

adversely affect its electronic conductivity. Where as triple layer composite electrodes 

function well but their structure does not readily lend itself to mass production. That’s 

why, the fuel cell electrodes are extremely expensive to manufacture. In specialized 

applications where cost is not a significant factor, the projected cost of fuel cell 

electrodes remains too high for most commercial applications. Almost all of the MEA 

manufacturing companies are working hard to achieve the commercialization target cost 

of about US$100 per kilowatt for PEM fuel cell stacks [135, 136]. 

 

2.6.4  The Catalyst  

The most common catalyst in PEM fuel cells for both hydrogen oxidation and oxygen 

reduction reactions is platinum. Approximately two decades before the platinum loading 

was 28 mg/cm2 which was decreased to 0.3 mg/cm2 by using the supported catalyst 

structure. The catalyst metal particles usually have a size between 0.4 and 2 nm or lower 
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with large surface area dispersed on the surface of catalyst support. The support material 

may be carbon powders in sizes around 40 nm with high mesoporous area greater then 

75 m2/g. The specific support materials are Vulcan XC72R by Cabot, Black Pearls 

BP2000, SGL carbon, Ketgen Black Int. and Chevron Shawinigan Coy etc [136]. 

A major part of the current research on catalysts for PEM fuel cells has been 

focused to achieve the following two main objectives: 

(1)  To obtain the optimum catalytic activity for the standard carbon-supported  

platinum particle catalysts used in current PEMFCs. 

(2) To reduce the poisoning of the catalysts by impurities of gasses especially the  

impurities in fuel gases discussed in the following sections. 

 

2.6.5  Increasing Catalytic Activity 

As discussed, up to now platinum is the known most effective element used for PEM 

fuel cell catalysts, and nearly almost all current PEM fuel cells use platinum particles on 

porous carbon supports to catalyze both hydrogen oxidation and oxygen reduction. But 

due to their high cost, current Pt/C catalysts are not feasible for commercialization. The 

U.S.A Department of Energy estimated that platinum-based catalysts are required to use 

roughly 1/4th platinum than is used in current PEM fuel cell designs in order to represent 

a realistic alternative to internal combustion engines [142]. Hence, the main goal of 

catalyst design for PEM fuel cells is to increase the catalytic activity of platinum by a 

factor of four so that only one-fourth as much of the precious metal is required to achieve 

similar performance. 

To increase the performance of platinum catalysts we may optimize the size and 

shape of the platinum particles. By decreasing the particles’ size alone, it increases the 

total surface area of catalyst available to participate in reactions per volume of platinum 

used, but recent studies have demonstrated additional ways to make further 

improvements to catalytic performance. In one of the study it was reported that high-

index facets of platinum nanoparticles {e.g. Pt (730)} provide a greater density of 

reactive sites for oxygen reduction than ordinary platinum nanoparticles [144]. 

Another way of increasing the catalytic activity of platinum is to alloy it with 

other metals. It was also reported that the Pt3Ni (111) surface has a higher oxygen 
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reduction activity than pure Pt (111) by a factor of ten [145]. The reason of this dramatic 

performance increase was due to modifications to the electronic structure of the surface, 

reducing its tendency to bond to oxygen-containing ionic species present in PEM fuel 

cells and hence increasing the number of available sites for oxygen adsorption and 

reduction. 

 

2.6.6  Reducing Poisoning 

To maintain the catalyst performance and to enhance its life, its sensitivity to impurities 

in the fuel source may be reduced, especially for carbon monoxide (CO) and sulfur 

compounds e.g. THT and mercaptans. The mass production of pure hydrogen gas is not 

economical by electrolysis or any other means. Mostly, hydrogen gas is produced by 

steam reforming of light hydrocarbons e.g. natural gas and this process produces a 

mixture of gasses that also contains CO (1-3%), CO2 (19-25%), and N2 (25%) [146]. 

Even tens of ppm of CO can poison a pure platinum catalyst, so the improvement of 

platinum’s resistance to CO is an active area of research but the efficiency of the system 

falls drastically as the CO content in the cathode rises above 0.17 % [122].  

One such study reported that cube-shaped platinum nanoparticles with (100) 

faces displayed a fourfold increase in oxygen reduction activity compared to randomly-

faceted platinum nanoparticles of similar size [146]. It was concluded by theses authors 

that the (111) facets of the randomly-shaped nanoparticles bonded more strongly to 

sulfate ions than the (100) facets, reducing the number of catalytic sites open to oxygen 

molecules. Their synthesized nano cubes, in contrast, had almost exclusively (100) 

facets, which are known to interact with, sulfate more weakly. In this way, a greater 

fraction of the surface area of those particles was available for the reduction of oxygen, 

boosting the catalyst’s oxygen reduction activity at cathode. 

Moreover, researchers have been investigating ways of reducing the CO content 

of hydrogen fuel before it enters a fuel cell as a possible way to avoid poisoning the 

catalysts. In a recent study, it was pointed out that ruthenium-platinum core-shell 

nanoparticles are particularly effective at oxidizing CO to form CO2, a much less 

harmful fuel contaminant [146]. Similarly, the mechanism that produces this effect is 

conceptually similar to that described for Pt3Ni above: the ruthenium core of the particle 

alters the electronic structure of the platinum surface, rendering it better able to catalyze 
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the oxidation of CO. 

 

2.6.7  Gas diffusion Backings 

A PEM fuel cell consists of the MEA sandwiched between the bipolar plates and on each 

side of the MEA, between the electrode and the bipolar plate, there are GDL. The GDL 

distribute reactants to the electrodes uniformly and provide electrical contact between the 

electrodes and the bipolar plates allowing the electrons to complete the electrical circuit, 

conduct heat generated in the electrochemical reaction in the catalyst layer to the bipolar 

plate, provides mechanical support to the MEA preventing it from sagging into the flow 

field channels. Moreover, they allow product water to exit from the electrode surface and 

permit passage of water between the electrodes and the flow channels. 

The GDL is made up of a porous and electrically conductive material which 

usually may be carbon cloth or carbon paper. These materials may be usually treated 

with PTFE or any other hydrophobic material and carbon black to improve water 

management as well as electrical properties.  

The selection of GDL material is not as critical on the anode as it is on the 

cathode, because the diffusion over-potential on the anode is significantly lower and 

water management is less problematic than on the cathode. Moreover, a highly 

hydrophobic GDL material on the anode side may reduce the effect of external 

humidification. 

Therefore, a potential candidate material for GDL might fulfill following 

requirements to function ideally; 

 The GDL material can provide good gas diffusion properties in both thickness 

and surface direction to distribute the reactants evenly onto the electrode surface. 

 The GDL material might be water permeable to a certain degree to assist in water 

management by allowing passage of water into or out of the electrode without 

flooding. 

 The GDL material might have low contact and bulk resistance to conduct 

electrons between the electrode and the bipolar plate. 

 The GDL material might be physically durable, because the cells may be 

compressed together to ensure gas tightness and adequate electrical contact. 
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 The GDL being adjacent to the MEA might be chemically stable due to the 

presence of protons and catalyst on the anode (an acidic environment) and 

oxygen and catalysts on the cathode (corrosive environment).  

 The GDL must be some what flexible to maintain good electrical contacts. 

 The pores of the GDL facing the catalyst layer must not be too big. 

Presently, the most common GDL substrate materials are carbon paper and 

carbon fiber woven cloth impregnated with any hydrophobic materials which possess a 

usable combination of the above-mentioned properties. GDL material is produced by wet 

proofing the carbon paper or cloth throughout or partially on one or both sides by 

impregnation with PTFE or a mixture of fluororesin and carbon black. Water repellency 

treatment prevents flooding of the catalyst layer by the product water or humidification 

water during the operation of the fuel cell. An additional layer of a fluororesin or a 

fluororesin-carbon black mixture may be added on one or both sides of the GDL to 

improve water management properties and conductivity [147-149]. The thickness of 

GDL varies a lot but it may be around 200 microns to 600 microns [150]. The density of 

the GDL varies from 0.21 to 0.73 g/cm2 and the porosity varies from 70% to 80% [136]. 

Presently, the famous GDL material manufacturers are E-Teck, Toray, Ballard, 

Spectracorp, SGL Carbon and Uconn Inc etc. 

 

2.6.8  Bipolar Plates 

For a single fuel cell configuration the two plates which sandwiches the MEA are called 

monopoler plates and there are no bipolar plates, as one of the plate with hydrogen gas 

flow channels has negative charge and is known as anode while the plate with positive 

charge is called cathode through which oxygen or air flows and the product water is 

removed. While on the other hand the plates on both sides of the MEA in case of multi-

cell configuration or fuel cell stack are called bipolar plates because they electrically 

connect the anode of one cell to the cathode of adjacent cell as shown in Figure 2.20.  
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Figure 2.20: Bipolar plate connects and separates two adjacent cells [136].  

 

The bipolar plates have the following functions to perform in the fuel cell stack; 

1. They connect adjacent cells electrically, hence they might be electrically good 

conductive. 

2. They separate the hydrogen and oxygen so they might be impermeable to gases. 

3. They contain the gas flow field channels, therefore they must be precise and 

sufficiently aligned for assembling and gas tight affective. 

4.  They conduct heat from adjacent cells to the cooling media, so they must be 

thermally conductive. 

5.  They provide structural support for the fuel cell stack so they might be light 

weight having sufficient compressive strength. 

6.  They might be stable in the chemical environment inside a fuel cell. 

 

 

 

2.6.8.1  Bipolar Plate Materials 

The materials required for the fulfillment of above-mentioned requirements for the 

bipolar plates fall into two categories;  

(1)  The metallic materials  

(2)  The composite materials.  
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Out of the above mentioned two material categories, no one completely fulfills the 

requirements of the bipolar plates. If one of them has some merits at the same time also 

have some demerits as discussed in the articles 2.5.5.1.1 and 2.5.5.1.2. Therefore, a 

compromise of some of the properties at the expense of sacrifice of the unwanted 

properties makes an intelligent choice of materials for the bipolar plates of the specific 

PEM fuel cell. The optimum material properties required for bipolar plates have been 

presented in the Table 2.2. 

 

2.6.8.1.1  Metallic Materials 

Metals have good electronic and thermal conductivity and have excellent mechanical 

properties. The unwanted properties of metals for bipolar plates include limited corrosion 

resistance and the high cost of machining. The metals may leach in the harsh 

electrochemical environment inside a fuel cell stack. The leached metal may form the 

deposits on the catalyst layer and may result into decreasing the catalytic activity of the 

catalyst. Moreover, the metals may be ion-exchanged into the proton exchanged 

membrane and result into decreasing the conductivity of protons. Corrosion is considered 

more serious at the anode due to damaging of the protective oxide layer in hydrogen 

oxidation environment [151].   

A number of stainless steel grades as 310, 316 and 304 L have been reported to 

survive in the highly corroding environment inside a fuel cell stack for 3000 hours 

without significant degradation by forming a protective passivation layer [82]. 

Also, the formation of oxide layers reduces the conductivity of the metals used 

for the bipolar plates. Hence, coatings may be employed very carefully. The coating 

materials may be thin layers of gold or titanium. Preferential thermal nitridation was 

used to form a pin-hole defect free CrN/Cr2N surface on a model Ni–Cr alloy [152]. 

Titanium nitride layers are another possibility and have been applied to light weight 

plates made of aluminum or titanium cores with corrosion resistant spacer layers [153]. 

As the mechanical machining of flow fields into solid stainless steel plates is 

difficult and costly process, hence a number of companies such as microponents 

(Birmingham U.K) and PEM (Germany) attempted to achieve volume production of 

flow field plates by employing chemical etching techniques. However, etching is a slow 

process and generates slurries containing heavy metals; hence it is of limited use in mass 
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production [153]. 

Table 2.2: Optimum material properties for bipolar plates [48]. 

S. 
No 

Material property Required 
value 

Purpose 

1 Mechanical properties Moderate Machining, assembling and 
installation stability 

2 Permeability for gas Low Separation of anode and cathode 
compartments 

3 Electronic 
conductivity 

High < 1 mV 
loss /plate 

High current densities of up to 4 
A/cm2 

4 Thermal conductivity High Removal of reaction heat [Approx. 1 
W/cm2 (MEA)] 

5 Corrosion resistance High Proton activity equivalent to 1 m 
H2SO4 

6 Flow pattern Optimum Uniform pressure drop across all 
plates in the stack 

7 Thermal stability Medium Gas tightness >5000 hours up 
to100C 

8 Machining Low cost 2nd most expensive stack component 

 

Moreover, efforts have been made to create flow fields in the thin metal sheets by 

shaping protrusions or dimples by forming process to reduce weight and costly 

machining process [153]. 

2.6.8.1.2  Composite Materials 

Ballard power systems have developed composite bipolar plates based on laminated 

graphite foil which can be cut or molded to generate a flow field pattern [154]. This may 

open up a route to low cost volume production of bipolar plates but potential concerns 

are perhaps the uncertain cost and the availability of the required graphite sheet material 

in large volumes. 

Another cost-effective volume production technique is injection or compression 

molding but the difficulties lie in finding the optimum composition of the material which 

may be a composite of graphite powder in a polymer matrix. As to keep the electronic 

conductivity high the proportion of graphite should be high but this reduces the flow of 

composite material which creates problems in mold ability. Also thermal stability at 

required temperatures and resistance toward chemical attack of the polymers limit the 
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choice of materials. Energy partners and Los Alamos national Laboratory USA (LANL) 

both claim to have found suitable composites consisting of 68% of graphite powder in a 

vinyl ester matrix [82]. A lot of patents have been published in varying proportions of 

resins, modifiers, initiators, inhibitors, fibers and mold releases. The fillers may be a 

combination of a graphite powder and a carbon black. The bulk conductivities of these 

bipolar plates may range from 40 to 96 S/cm which is less then the machined graphite 

bipolar plates [155].  

 

2.6.9 Gas Flow Fields 

The small groves or channels made on both side surfaces of bipolar plates through which 

hydrogen on anode side and oxygen on cathode side flows to supply and distribute the 

respective gasses at their electrochemical reaction sites are known as gas flow fields or 

gas channels. Following are the main functions of the gas flow fields; 

 Supply, distribution and control of gas flow. 

 Current conduction. 

 Heat conduction. 

 Product water removal. 

The rib and channel design is the common way to fulfill all of the above-

mentioned functions. The size of the channels or groves depends on the resistivity of the 

materials used including that of the gas diffusion layer, the size of the MEA, the 

operating pressure and the current range envisaged. The optimum design of the flow 

field can be made by fluid-dynamic modeling in combination with experimental 

evaluation of a large number of different designs. Through modeling we can evaluate 

heat removal from the MEA to heat sinks with in the stack with sufficient accuracy. 

Product water removal at the cathode is even more complex as this represents a 

two-phase flow problem. While some turbulence may help to release water from the 

open gas diffusion layer structure, opening up room for oxygen access. The turbulence in 

the gas channels leads to the larger pressure drops between the inlet and outlet of the gas. 

These pressure differentials require additional energy for the compressor or pump, to 

drive the reactants through the gas flow channels and this lowers the efficiency of the 

system. Following are the flow patterns generally employed by various researchers and 

manufacturers and each one has its own merits and demerits [136]. 
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2.6.9.1 Parallel Flow Pattern 

The above-mentioned problem can be minimized by making the parallel gas channels as 

shown in Figure 2.21 but unfortunately, water formed at the cathode accumulates in the 

channels adjacent to the cathode. Water droplets tend to coalesce and form larger 

droplets, partially obstructing the channels in different proportions due to which the main 

gas flow will be redistributed through the remaining open gas channels. As a result, some 

of the portions of the MEA will no longer be supplied with reactant gas and will become 

inactive. This design may lead to pressure imbalances between adjacent channels and gas  

blockages. 

 
Figure 2.21: Parallel gas flow field channels. 

 

The parallel channels having small inlet manifold has the similar problems as 

mentioned above but in addition these have inbuilt misdistribution of reactant gases, as 

the channels immediately above or below the manifold receive most of the flow. The fuel 

cells having this configuration exhibited unstable and low cell voltages.  

 

2.6.9.2 Criss-cross Channel Flow Pattern 

This type of flow pattern tries to overcome the problems of parallel flow pattern by 

introducing traversal flow channels as shown in Figure 2.22, which allow the gas to 

bypass any closed, obstructed or flooded channel/area. But the problems due to low gas 

velocity and uneven flow distribution because of positioning of the inlet and out let 

manifolds can not be overcomed. 
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Figure 2.22: Criss-cross flow channels. 

 

2.6.9.3 Single Channel Serpentine Flow Pattern 

This type of flow pattern as shown in Figure 2.23 is generally used for the single and 

small fuel cells having small active area with short total channel length. This 

configuration confirms the gas supply to the entire active area but the concentration of 

the gas decreases along the length of flow channel.  

There may be considerable pressure drop along the channel due to channel wall friction 

and because of the bends in the channel. The velocity of the gas may be high enough to 

drive out any water droplet obstructing the channel. However, high pressure differential 

between the adjacent channels may cause bypassing of channel portions. The excellent 

performance of the Ballard stacks probably relies on the serpentine flow pattern. [155]. 

 
Figure 2.23: Single channel serpentine flow field pattern. 

2.6.9.4 Multi-channel Serpentine Flow Pattern 

The Ballard researchers, Watkins et al. [156] proposed this flow field pattern having 
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multitude of parallel channels passing through the entire active area in a serpentine 

fashion as shown in Figure 2.4. This configuration has less pressure drop as compared to 

the single channel serpentine flow pattern and all other features are the same.  

 
Figure 2.24: Multi-channel serpentine flow field pattern. 

 

 

2.6.9.5 Mixed Channel Serpentine Flow Pattern 

The multi-serpentine flow channels are mixed at every turn and redirected along the flow 

direction as shown in Figure 2.25 and recommended by Cavalca et al. [157]. This flow 

pattern is an advancement in the previous multi-channel serpentine flow pattern as it 

achieves the benefits of parallel flow pattern “ Less pressure drop” and the benefits of 

serpentine flow pattern “ keeps channels free of stagnant water”. Hence this type of flow 

pattern offers moderate pressure drops and requires comparatively less electrical energy 

to keep the flow channels free of product water.  

 
Figure 2.25: Mixed-Channel serpentine flow field pattern. 

2.6.9.6 Subsequent Serpentine Flow Pattern 
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Subsequent serially linked serpentine flow pattern as shown in Figure 2.26, also divides 

the flow field into segments in an effort to avoid the long straight channels and relatively 

large pressure differentials between the adjacent sections to minimize the bypassing 

effect. [158].  

 
Figure 2.26: Subsequent serpentine channel flow field pattern. 

 

2.6.9.7 Mirror Serpentine Channel Flow Pattern 

General motors has patented a flow field design as shown in Figure 2.27which looks like 

a compromise between straight parallel channels and a serpentine flow field, also called 

a mirrored flow field because the resulting serpentine patterns in adjacent segments are 

mirror image of each other. This configuration helps in avoiding large pressure 

differentials in adjacent channels. This design is also more suitable for large gas flow 

fields with multiple inlets and out lets [128]. 

 
Figure 2.27: Mirrored serpentine channels flow field pattern. 

 

2.6.9.8 Interdigitated Channel Flow Pattern 
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These channels as shown in Figure 2.28 were invented by Led Jeff and repeated by 

Nguyen [159] which are no longer continuous, but the gas is forced to flow through 

some part of the GDL  

 
Figure 2.28: Interdigitated channels. 

 

The interdigitated structure is one of the solutions which helps to induce forced 

water removal from the open structure of the GDL but at the same time induces higher 

pressure drops between inlet and outlet. This configuration is totally different from rest 

of the designs and was first time employed by Energy Partners in their NG-2000 Stack 

series [160, 161].  

 

2.6.9.9 Fractal Flow Field Pattern 

The concept of interdigitated configuration as shown in Figure 2.29 has been further 

modified by the Fraunhofer Institute by making the irregular channels having branches 

as well. The features of this configuration are almost similar to the features of 

interdigitated configuration [162].  
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Figure 2.29: Fractal flow channels. 

 

2.6.9.10 Biomimetic Flow Field Pattern 

Biomimetic flow field pattern as shown in Figure 2.30 is another advancement of the 

interdigitated flow field pattern. The name biomimetic originated from the structure of 

veins in leaves or lungs similar to this configuration. In this, the larger channels branch 

to smaller side channels further branching to really tiny channels interweaving with 

outlet channels that are arranged in the same pattern as tiny channels leading to larger 

side channels leading to the large channels [163].  

 

 
Figure 2.30: Biomimetic channels. 

 

2.6.9.11 Wire Mesh / Porous Flow Pattern 

In another effort, channels were abandoned altogether by creating a regular pattern of 

supporting patches as shown in Figure 2.31, or dimples, or by using a more or less 

isotropic gas distribution layer such as a wire mesh in which the gas passes through the 

wire mesh structure below and above the metal wires [153] or foam [164].  
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Figure 2.31: Screen /Mesh flow field and porous gas diffusion layer without gas flow 
channels. 

 These two options may work well in limited current range and single cells or short 

stacks. When high power is generated in the MEA, gas flow will focus more and more 

on the central section of the flow field, leaving inactive patches around the edges. But it 

is very difficult to produce such irregular structures with absolutely identical porosity 

properties. In a stack, this may lead to differences in flow resistance among different 

cells, particularly at the high performance end. Certain cells may be shut off because of 

accumulating water which result into lack of reactant gas. To fix this problem the 

technique of purging the stack by venting the outlet at fixed time intervals is used by 

some stack manufacturers. The LANL utilized the metal meshes in one of their PEMFC 

design [165].  

 

2.6.10     Current Collectors  

The current collectors are the two thin metallic plates of good electrical conductivity, one 

on each side and are used as output terminals to draw the electric power from the fuel 

cell and deliver to any electrical load. Generally the design of these plates is simple but 

some times the current collectors may also be used as mono-polar plates and in this case 

it may not be simple but might have gas flow fields machined on the inner side of the 

current collector plate, opposite to the end plate side. 

The material of the current collectors may be aluminum, copper, gold, gold plated 

copper etc. Their performance depends upon the following properties: 

 The low contact electrical resistance of the plate. 

 The low bulk electrical resistance of the plate. 

 The contact area of the matching surfaces of the plate.   

The selective laser sintering (SLS) technique is used for the construction of fuel cell 

current collectors that could generate opportunities for performance enhancement and 

fuel cell application by eliminating the constraints imposed by traditional fabrication 

processes [166].  

 

2.6.11   Gaskets  
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The thin flexible part sandwiched between two surfaces required to prevent leakage of 

liquids or gases is called gasket. The pressure required to prevent the leakage between 

the two adjacent layers depends on the gasket material and design. A number of 

materials ranging from rubber to proprietary polymer configurations are used for the 

gaskets for PEM fuel cells. Silicon rubber sheet of various grades have been converted 

into required geometries with profile cutting machine, by various manufacturers. The 

design of the gaskets vary from manufacturer to manufacturer, including flat, profile, 

individual components, molded on bipolar plates or on or around the GDL. 

2.6.12   End Plates 

As the name shows, the end plates are the outer most metallic plates of various thickness, 

material and geometries matching to the shape/profile and size of the bipolar plates and 

entire single fuel cell or fuel cell stack. The end plates are passive parts of the PEMFC 

stack. They are massive, mechanically strong and have a high stiffness. The uniform 

surface pressure is necessary to achieve the same low contact resistance between the 

electrode and bipolar plate. The end plates can also perform additional functions, such as 

the installation of gas and cooling media connections in the stack. The bigger the stack 

is, the less is the percentage weight of the end plates contribution to the stack weight.  

Following are the main features of end plates; 

 Gases forwarding 

 Power forwarding 

 Dissipate heat  

 Corrosion stability compared to oxygen, water and hydrogen 

 Separation of gases 

 Temperature stability 

 Mechanical strength  

Generally aluminum and stainless steel are the materials utilized for the 

fabrication of end plates. Machining of metallic sheets is the technique utilized for the 

fabrication of end plates for research activities. While molding is the fabrication 

technique employed for the mass production of end plates.  
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2.7  Water Management 

It is one of the primary issue in attaining an optimal performance of PEMFCs for 

maintaining MEA water balance. Because water content of the MEA and the gas 

diffusion backings has an effect on several overpotentials and loss mechanisms. The 

PEMFC performance can be adversely affected by both drying out and flooding. 

The proton conductivity of the ionomer, of which the polymer electrolyte 

membrane is made of, depends on the water content. If the reactants are not sufficiently 

humidified, the water content of the MEA drops with a respective decrease in the 

protonic conductivity and thus the cell resistance increases accordingly. Hence, the 

performance of the fuel cell decreases with the loss of water content of the MEA 

accordingly. Moreover, drying out of the MEA also increases the activation 

overpotentials. The electrochemical reactions take place on the three-phase interface in 

the electrode. By drying out of the ionomer phase causes some of the three-phase 

interface sites unavailable due to ionomer resistance [167] which has an adverse effect 

on the reaction kinetics [168]. 

While excess water is a problem on the cathode side. If the water removal from 

the reaction sites is not efficient, excess liquid water may prevent reactant diffusion to 

the reaction sites by flooding the electrodes, GDL, or flow field channels, due to which 

diffusion overpotentials increases. Moreover, water droplets in the gas flow channels can 

hinder the reactant flow and increase the reactant pressure drop as investigated in the 

experimental findings [169]. 

Hence, water management and thus controlling the membrane hydration state in 

low temperature PEMFC is a complex and interconnected mechanism. Therefore, 

membrane hydration state depends on following parameters;  

 Current density. 

 Temperature of the reactants and the fuel cell itself. 

 Reactant flow rates. 

 Pressure of the reactants supplied. 

 Humidification of the reactants supplied. 

 Cell design. 

 GDL and bipolar plate materials used. 
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2.7.1  Water Transport Processes  

In PEMFC water can come from two sources, humidification of the reactant gases and 

the cathodic reaction. The quantity of water originated by humidified reactant gases 

depends on the gas temperature, pressure and flow rate. While the quantity of water 

produced on the cathode side depends only on the current density. Also the quantity of 

water produced on the cathode side is directly proportional to the current density of the 

cell. In PEMFC water is transported along the gas flow fields, through the PEM and the 

electrodes. The transport processes, which occur in PEM, are schematically represented 

in Figure 2.32. 

The hydrogen splits into protons and electrons at the anode when current is drawn 

from the PEMFC. The protons migrate through the PEM from the anode to the cathode 

and carry water molecules along with them. This process of dragging of water molecules 

along with proton through PEM in electrochemical reaction is called electro-osmotic 

drag. The number of water molecules carried over by one proton is called the electro-

osmotic drag coefficient. The concentration gradient drives the diffusion of water 

molecules through the PEM when the concentration of water differs across the PEM 

which is called the back diffusion. 

 The accumulation of water at the PEMFC cathode may be a result of electro-

osmotic drag in addition to the production of water by the cathodic reaction. 
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Figure 2.32: Water transport processes in a PEM fuel cell. 

 
The water is transported from the cathode, either through the gas flow fields, the 

gas diffusion through the GDL or the diffusion through the PEM towards the anode due 

to the water concentration gradient. Water may also diffuse from the anode to the 

cathode, depending on the water concentrations. The effective net drag coefficient, i.e. 

the combined effect of electro-osmotic drag and back diffusion, was measured for a wide 

range of operating conditions by Janssen and Overvelde [170]. 

Normally water is removed from a PEMFC by the circulation of reactant gases. 

The partially saturated reactant gases pick up water vapor as well as liquid water droplets 

are pushed along the channels by the reactant gases. The ratio of liquid and gaseous 

water and rate of water removal generally depend on operating conditions and cell 

design. The operating pressure and the temperature have an important effect on water 

evaporation, vapor pressure, and the water vapor content of the reactant gases. Hence, 

the efficiency of water removal depends on these parameters as well. The ratio of liquid 

and gaseous water can be predicted by the operating temperature and the humidity of 

input reactant gases. The pressure drop and flow rates change the mass transfer 

conditions in the GDL and the gas channels. The water management conditions change 

along the gas channel. The partially saturated gases pick up water vapor and the water 

vapor of supersaturated gases condenses on the gas channel walls and the GDL. 

Therefore, the quantity of water transported by the reactant gases and the ratio of liquid 

and gaseous water may be different in the different parts of the gas channels. 

 

2.7.2  Methods of Water Management  

When the reaction product water is not sufficient to keep the membrane hydrated then 

the use of humidified reactant gases is necessary. The external humidification is required 

normally to prevent drying out of the anode. It is the situation, when the electro-osmotic 

drag is stronger than water back diffusion, resulting into net flux of water from the anode 

to the cathode side and poor hydration profile. This problem increases in case of thick 

membranes because they need more water to remain hydrated and make the diffusion 

driving concentration gradient less steep. 

To keep the PEMFC operating smoothly, following are the water management 
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methods and considerations in practice; 

 By controlling the hydrogen humidification temperature, the anode can be kept 

humidified. 

 Water removal conditions on the cathode side needs careful control because water 

production in addition to electro-osmotic drag and humidified cathode reactant lead 

easily into accumulation of water resulting into flooding of the electrode or GDL. 

Hence, the humidity of cathode reactant gas can be controlled by changing the 

humidification bottle temperature. 

 Thinner membranes usually require less reactant humidification or no 

humidification because they require less water to remain hydrated and due to the 

steeper water concentration gradient, back diffusion is strong enough to keep the 

anode humidified with reaction product water [171].  

 Embedding catalyst particles into the membrane keeps the membrane hydrated, as 

the reactant molecules which diffuse into the membrane react on the catalyst 

particles, which keeps the membrane humidified with reaction product water [172, 

173]. 

 The GDL play an important role in both externally humidified and dry reactant  

cells with regard to the water management.  

 The porosity and the extent of hydrophobic and hydrophilic properties, play an 

important role in the water removal from the electrodes.  

Therefore, water transport in the PEMFC can be managed by the selection of proper 

GDL [174]. 

The gas flow channel geometry plays vital role in the flow rates, pressure drop 

and the gas diffusion properties. The gas flow velocity is inversely proportional to the 

square of the channel cross-sectional area. The channel land width has an effect on how 

easily reactants diffuse to the electrode area under the land and reaction products reach 

the flow channel [169, 175 and 176]. 

The controlling of required hydration level in every situation in the MEA is a 

difficult task due to a number of reasons. In the start while the cell is at low current 

densities, and little water is produced by the cathodic reaction, the MEA water content 

will tend to drop even when using fully humidified reactants because the water uptake of 
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a vapor equilibrated membrane is less than water uptake of a liquid equilibrated one 

[177]. 

The water back diffusion from cathode to anode may not be enough at high 

current densities, to compensate the electro-osmotic drag of water with the proton flux 

from the anode to the cathode and the anode tends to dry out. In such a condition to 

prevent the MEA from drying out, the reactants are usually humidified before entering 

the fuel cell [178]. The rate of back diffusion of water in case of thin PEMs is more then 

the thick membranes. Hence to increase the self humidification of the PEM through 

water back diffusion the thin PEMs may be advantageous. 

The cathode flooding may be controlled by a closed loop circulation of air with a 

fresh intake of air as and when required as adopted by ZSW ULM Germany. 

 By changing the PEMFC operating temperature, reactant flow rates, reactant 

humidification levels and electric current have an effect either on water production or 

water removal. 

 Water management in a PEMFC stack is more complex than in a single cell. To 

maintain similar water removal conditions for each unit cell in the stack, the unit cells 

are normally connected to the reactant inlet header in parallel.  

The reactant connection in series is avoided because it would easily lead into 

water accumulation and reactant starvation in the individual cells closer to the gas outlet. 
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Chapter 3 
 

3 Development of Bipolar Plate 
 

 

3.1  Introduction  

Bipolar plates are a key component of PEM fuel cells with multifunctional characters. 

They distribute fuel gas and air uniformly over the entire active area of MEA, conduct 

electrical current from cell to cell, remove heat from the active area, and prevent leakage 

of gases and coolant. They also significantly contribute to the volume, weight and cost of 

PEM fuel cell stacks [48-50]. Hence, tremendous efforts are being made in each respect 

worldwide to find suitable materials for bipolar plates. The materials under consideration 

include non-porous graphite, coated metallic sheets, polymer composites etc [51-53]. 

With respect to electrical & thermal conductivity, thermal & mechanical stability and 

machine ability the metallic materials are preferred but weight and cost of the metallic 

bipolar plates is reasonably high [54-60]. With respect to corrosion resistance non-

porous graphite materials are preferred but due to high prices and poor mechanical 

properties they can not be competitive. As the graphite is brittle in nature so it limits the 

use of thin bipolar plates for reducing stack size and weight, which is particularly 

important for automotive applications. However, composite materials of graphite with 

polymeric materials gave a reasonable solution at a little sacrifice of electrical 

conductivity [49, 60-83]. The optimum material properties, their required values and the 

respective purposes for the fulfillment of the above-mentioned requirements for the 

bipolar plates have been presented in the Table 2.2. 

Graphite may be characterized as laminated structures of carbon, that is, 

structures consisting of superposed layers or laminate of carbon atoms joined together by 

weak van der Waals forces. Naturally occurring graphite material in plate or block form 

has a good attraction for bipolar plates of PEM fuel cells. However, weak mechanical 

strength and porosity are its two unwanted properties. A few efforts were made to 

minimize the porosity and improve mechanical properties of graphite plates by 

impregnation with different fillers and resins [79-81]. 

Carbon-polymer composites can be utilized by involving the hot molding of 
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carbon or graphite filler in thermosetting (phenolic resins, epoxy resins, furan resins, 

vinyl esters, melamines, polyesters, polystyrene, polyvinylchloride, polyvinylidene 

fluoride, polytetrafluoroethylene, polyimides, polysifones, poly(phenylene sulfide), 

polyarylketones, polyisoprene, polybutadiene, nitrile rubber) or thermoplastic 

(polypropylene, polyethylene,  poly-vinylidene, polyolefins, polybutylene terephthalate, 

polyurethane) matrix [49-60,182-184].  

Low-cost bipolar plate material assumes a key factor for PEMFC stack 

development. As these operate in constant acidic conditions of the stack, high chemical 

stability and corrosion resistance are essential. The material must also withstand a 

temperature of 80C or more, high moisture content and electrical potential. Moreover, it 

should meet the requirements of design constraints and be locally available [50-51].  

In this study efforts were done to employ the naturally occurring porous graphite 

by improving both of its undesirable properties i.e. porosity and brittleness by (a) 

impregnation with styrene, a low density resin (Palatal P5) and cyanoacrylate (b) making 

carbon-polymer composite from vinyl ester resin as a matrix material and graphite 

powder as reinforcement. The porosity of the porous graphite, impregnated plates and 

composite plates was measured experimentally by laboratory built apparatus and 

porosity measuring equipment. Metallography technique was also used to observe the 

porosity. Thermal, mechanical and electrical properties were measured to optimize the 

desired material for bipolar plates. 

The purpose of this work was to develop a bipolar plate for PEM fuel cell from 

the commercially available materials and to ascertain its efficiency and thermal stability 

by thermo analytical technique as well. The strength and texture of the material are also 

probed, as the efficiency and durability are directly dependent on preceding factors. 

Indigenous production of the plate is pursued as part of the present study to evaluate the 

cost-effectiveness in connection with commercialization barriers [180].  

As for as the fabrication of the bipolar plate is concerned, in case of impregnation 

method the required size, shape and gas flow field channels can be made on the raw 

graphite plate before impregnation activity while in case of polymer composite molding 

the required size, shape and gas flow field channels can be made in the mold it self and 

the finished bipolar plate is received. 
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3.2  Porosity Measurement 

The apparatus used to measure the porosity of raw graphite, impregnated plates and 

carbon-composite plate was designed and fabricated in the laboratory which is shown in 

Figure 3.1. The apparatus includes; 

i. The nitrogen cylinder fitted with respective pressure regulators. 
 
ii. Graphite/impregnated plate holder, consisted of two square plates with flanges  

having a cavity of 101 x 101 mm to accommodate the graphite plate of size 100 x 

100 mm, with 8 bolts. Both of the plates have 6mm threaded connections to 

connect these plates with inlet and outlet of nitrogen gas to supply the gas on one 

side of the plate and receive the gas passing through the pores of the graphite 

plate on the opposite end of the plate. There were two silicone rubber gaskets 

with a through opening of 80 x 80 mm to be accommodated one under and other 

over the plate to seal the nitrogen gas from periphery. In this way only 64 cm2 

area of test plate was exposed to gas. 

iii. Pressure gauges and gas flow meter to measure the volume of outlet gas passed 

through the test plate. 

The determination of porosity, in terms of flow of nitrogen measured for different 

pressures, by the apparatus shown in Figure 3.1, are presented in Table 3.1. 

The flow of nitrogen through the raw graphite plates was repeated several times 

and the optimized readings were selected and plotted in Figure 3.3.  

From Table: 3.1 the porosity was calculated as follows. 

Exposed area of graphite plate = 80 x 80 mm  

 = 64 cm2 

Porosity at 1 Psig =  flow of nitrogen /Area of plate 

= 190  L/ h / 64 cm2 

       = 2.96  L/ h / cm2  
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Figure 3.1: A schematic diagram depicting the measurement of porosity of 

the graphite plate. 

 

     Table 3.1: Flow of nitrogen through the raw graphite plate at various pressures. 

Pressure (Psig) Flow of N2 (l/h) Pressure (Psig) Flow of N2 (l/h) 

0.5 160 5.5 470 

  1.0 190 6.0 490 

1.5 240 6.5 510 

 2.0 270 7.0 535 

2.5 300 7.5 555 

3.0 330 8.0 580 

3.5 360 8.5 600 

4.0 390 9.0 615 

4.5 420 9.5 640 

5.0 440   

 

After impregnation of graphite plate the above-mentioned procedure was 

repeated and found that the flow of nitrogen was zero through the plates. Also to check 

the hydrogen permeability through the impregnated plates the same procedure was 

repeated for 30 minutes and found that the flow of hydrogen through the plates was again 

zero. These results revealed that these impregnated plates are suitable for use as bipolar 

plates. 
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Moreover, the porosity of raw graphite and the impregnated samples was also 

determined by studying the pore structures through measuring the pore distribution pore 

volume, pore size of the samples by using mercury intrusion porosimetry. Mercury 

cannot enter into pores spontaneously because it is non-wetting for all pores. Application 

of pressure forces mercury into pores of the samples. Pore diameter, “D” is given by the 

intrusion pressure p [185].  

D =  4 γ Cos θ / p         (3.1) 

Where “γ” is the surface tension and “θ” is the contact angle of the intrusion 

liquid. The pore volume of the sample is given by the intrusion volume of mercury. 

Thus, volume and diameter of pores are obtained by the mercury intrusion technique. 

From the measured pore volume, “V” and diameter, “D”, the pore volume distribution 

over diameter is computed in terms of the distribution function, “F”. 

F = - (dV / d log D)       (3.2) 

 The results have been presented in the Figure 3.7. 

 

3.3  Development of Material by Impregnation of Porous 
Graphite Plates 

An apparatus shown in Figure 3.2 was designed, fabricated and utilized to impregnate 

the graphite plates with styrene, a low viscosity resin (Palatal P5-801, BASF) and 

cyanoacrylate is an adhesive material with high penetrating efficiency into the pores and 

the cracks. The apparatus is mainly consisted of vacuum pump, liquid receiver 

(impregnated material) and a graphite plate fixture. Following procedure was adopted to 

employ the above-mentioned 3 impregnant materials;  
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Figure 3.2: A schematic diagram depicting the graphite impregnation with liquid 
resins. 

 

(a)  The impregnation with styrene was easy.  

(b)  The Palatal P5 was blended in different ratios with MEKP (Methyl Ethyl Ketone 

Peroxide) as initiator (10:1, 40:1, 50:1) along with 0.5% of FRP colorless 

accelerator (model: HL68-D). In the blend, the MEKP was added into the Palatal 

P5, followed by stirring for good mixture and adding the accelerator and the 

detailed procedure has been discussed below. 

i. In the first blend Palatal P5 was 10ml and MEKP was 1ml, stirring for one 

minute followed by adding the accelerator and then pouring into the impregnator 

test stand for impregnation, assisted by vacuum suction for 5 minutes. The 

solidification starts at room temp (30C) after 5 minutes and completely solidified 

in 10 minutes.  

ii. In the 2nd blend 10 ml of Palatal P5 was mixed with 0.25 ml of MEKP, stirring 

for one minute followed by adding the accelerator and then pouring into the 

impregnator test stand for impregnation, assisted by vacuum suction for 5 

minutes and then heating the impregnated plate at 100C for 1 hour.  

iii. In the 3rd blend 50 ml of Palatal P5 was mixed with 1ml of MEKP along with 

stirring for one minute followed by adding the accelerator and then pouring into 

the impregnator test stand for impregnation assisted by vacuum suction for 5 

minutes then the impregnated plate was heated at 100C for 1 hour.  

The impregnated plates made with 3 different proportions of resin and MEKP, were 

designated A, B, C. Then test samples were made out of these three types of impregnated 

plates to carry out characterization tests. 

(c) Another material (cyanoacrylate) was impregnated into graphite plate with vacuum 

assisted suction and with out suction, as well. The impregnation was successful and the 

impregnated plates were sintered at 100C for 1 hour. The permeability of impregnated 

graphite plates for N2 gas with this technique was found negative when checked with the 

apparatus shown in Figure 3.1. 

Each of the resin (Styrene/ Palatal P5 /Cyanoacrylate) was mixed one by one with 

the respective colored die and poured over the graphite plate. Then vacuum pump was 

operated to suck the impregnation mixture through the graphite plate. The carry over 
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mixture was collected in the intermediate liquid receiver. After impregnation the plate 

was removed and heated in the oven at 100C for 30 minutes to cure and stabilize the 

impregnated material. Then the top surface of the impregnated plate was cleaned to 

remove the un-impregnated material. The cleaning was conducted to avoid an increase of 

the contact resistance of bipolar plate because the impregnated material is an insulator. 

 

Development of carbon-polymer composite material 

 Materials 

The chemicals, vinyl ester resin (Methacrylated epoxy difunctional), cobalt naphthalate 

(Co-Nap), methyl ethyl ketone peroxide (MEKP) procured from standard source 

suppliers, were of commercial grade and used without further purification. Graphite 

powder (density 1.887 g/cm3) used in this process was of reactor grade, having the 

particle size 53µm, graded by screen mesh method. Conducting polymer, poly (1, 4- 

phenylene sulphide) was of analytical grade. 

 

 

3.4.2  Procedure for the Production of Carbon-polymer Composite 

Bipolar Plate 

To 20 ml of vinyl ester resin, 0.15 ml of cobalt naphthalate (Co-Nap) was added and 

mixed thoroughly. 0.25 ml of methyl ethyl ketone peroxide (MEKP) was then poured 

into the resin with intimate blending for catalysis. 5% conducting polymer, poly (1,4-

phenylene sulphide) was then added and mixed it thoroughly and finally 30 g graphite 

powder (53 m) was gradually added to the formulated resin and the mixture was shaken 

to form a stiff paste of friable consistency. The paste was introduced into the mold and 

pressed in a preheated (80C) hot press by applying a force of 50 N. On raising the 

temperature of mold to 100C, the conditions were maintained for 15 minutes. The 

hardened plate was then removed from the mold while hot and air-cooled for half an 

hour. 
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3.5  Characterization of the Developed Materials 

3.5.1  Measurement of Porosity 

 

The apparatus used to measure the porosity of raw graphite, impregnated plates and 

carbon-composite plate was designed and fabricated in the laboratory which is shown in 

Figure 3.1.  

 The ASTM C20 test procedure was also used to measure the porosity by a 

porosity meter 9220 Autopor-II (Micromeritics) apparatus. Metallographic technique 

was also employed to observe the porosity under the optical microscope.  
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Figure 3.3: Measurement of porosity of unimpregnated graphite plate. 

 

 

 

For this purpose sample of each plate was initially ground and then polished 

down to 1 micron finished and micrographs were made under microscope. To improve 

the contrast of impregnated material and graphite plate, dyes (green & red) were used 

during the impregnation process. 

 

3.5.2  Density Measurement 

Density of the raw graphite and impregnated plates and carbon-polymer composite 

material was measured by water immersion technique (Archimedes principle) [63]. The 
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sample was weighed in air and value was named as X and it was reweighed as Y after 

completely immersing in water at 25C. The density of the specimen was calculated as 

X/(X-Y). The results have been presented in Table 3.2 and compared with each other. 

 

3.5.3  Thermal Analysis 

Thermo-analytical (TG-DTA-DTG) investigation of solid samples was carried out under 

atmospheric air using NETZSCH Simultaneous Thermal Analyzer STA 409 with a 

temperature-programmed furnace. Samples were contained in an aluminum crucible Al 

203 (8 mm diameter  10mm depth) with central base recess. The palladium-ruthenium 

crucible support platform was used to adjust the crucible to get a proportional signal to 

the recorder and computer interface to plot the weight-loss of sample against the 

temperature. The heating was done at the rate of 10C /min. All of the experiments were 

performed at the temperature ranging from ambient to 1100C. The evolved products 

were identified on weight-loss curve coupled with the DTA result basis. 

 

3.5.4  Measurements of Mechanical Properties 

3.5.4.1  Tensile Strength 

The tensile test was performed on an Instron 8562 machine at room temperature (25C) 

in accordance with ASTM D638 standard. The shape and dimensions of the specimen 

are shown in Figure 3.4.  

 

Figure 3.4: The shape and dimensions of the test specimen for tensile testing. 

 

Table 3.2: Comparison of mechanical properties for raw graphite, impregnated 
graphite and carbon-polymer composite plates. 

Material Raw graphite Impregnated 
with  

Palatal P5 

Impregnated 
with 

Cyanoacrylate 

Carbon-
polymer 

composite 
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Density (g/cm3) 1.887 1.92 1.92 1.81 

Tensile Strength 

(Kg / mm2) 

0.2035 0.2102 0.3569 0.563 

Flexural Strength 

(MPa) 

7.58 7.59 12.85 28.56 

Compressive 

Strength(MPa) 

23.97 25.39 29.66 73 

 

3.5.4.2  Compressive Strength 

The compression testing of the composite bipolar plate at room temperature was carried 

out by the reported standard method of American National Standard, ANSI/ASTM E 

[81]. 

3.5.4.3  Flexural Strength 

The flexural test was conducted by using a universal testing machine (Instron 4468) for 

the raw graphite and impregnated plates with both of the mixtures. The dimensions of the 

specimens used were 5 x 25 x 60 mm.  

 

3.5.5  Measurement of Electrical Conductivity 

The four probe method was used to measure the conductivity of raw graphite plate and  

the impregnated plates. The working principle of the four probe method is to measure the 

voltage drop of the applied current with separated probes, thus eliminating the influence 

of contact and cable resistances of the voltage measurement probe. Figure 3.5 shows the 

installation pattern of the probes on the test specimen.  

 



 
84 

 

 
Figure 3.5: Electrical circuit diagram for the determination of conductivity by four-

probe method. 

 
Conductivity is directly calculated by Four-Probe Method in which contacts were 

placed at four points with silver paste on the specimen, i.e., current and potential probes 

were mounted on a special holder [Figure 3.5]. The constant current was allowed to pass 

through the sample by constant current power supply Kyoritsu Model 1009. The 

potential drop was measured across the probes with a 195A digital multi-meter at 

ambient conditions where probe distance signifies the sample length. The potential drop 

observed was the average value obtained for both directions of current flow. 

Conductivity (δ) was calculated by the application of following equation [79]:  

 

δ = DI/VA       (3.3) 

        (3.3) 

Where, “D” is the distance between voltage contacts, ‘I’ is current passing through 

current contacts, ‘A’ is the cross-sectional area of the specimen and ‘V’ is the voltage 

developed across voltage contacts.  

3.5.5.1   

Measurement of Electrical Resistivity 

The electrical resistivity of the samples was also measured by the digital multimeter and 

with direct probe method and the results are presented in the Table 3.3 and Table 3.4 (a) 

to 3.4 (c) [Annexure-V]. 
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3.5.6  Optical Microscopy 

The morphology of the composite bipolar plate was examined by means of an optical 

microscope, LEICA MPS 30, Germany. The specimen was shaped into required piece 

and after grinding and polishing, directly examined by the microscope to observe the 

surface morphology.   

 

3.5.7  Determination of Activation Energy and Order of Reaction 

The activation energy (Eo) and order of reaction (n) were evaluated using the Horowitz-

Metzger method [95] from TG curves. A plot of ln ln wo / wt, (where wo = initial weight 

of material, wt = weight of material at temperature T) against  ( = T-Ts) resulted in a 

straight line. The activation energy was calculated from its slope by the following 

equation [90], 

Slope =  Eo/RTs
2        (3.4) 

where,  R = Gas constant 

Ts = temperature (from DTG peak) at which maximum weight loss 
occurs). 

The order of reaction was determined by using the relation between reaction 

order and concentration at maximum slope. 

 

3.6  Results and Discussion 

The carbon-polymer composite bipolar plate is prepared from vinyl ester resin (a 

thermosetting resin) being used as a matrix material and graphite powder as 

reinforcement. Vinyl ester resin is cured by free radical polymerization while organic 

catalyst methyl ethyl ketone peroxide is introduced to facilitate the curing. To accelerate 

the curing cobalt naphthalate is added in the blended material in addition to the catalyst 

to speed curing. Five percent poly (1, 4- phenylene sulphide) is introduced in the blend 

as additive to increase the conductivity. 
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Figure 3.6: The carbon-polymer composite bipolar plate prepared by compression 

molding for PEM fuel cell. 

 

The slurry produced is then compressed to facilitate the curing of polymer at hot 

compression mold to form a plate as shown in (Figure 3.6). It is well understood that 

polymer matrix is not just the network supporting the filler graphite rather it plays an 

essential role in many other aspects like providing the correct conditions for optimum 

performance of the end product. It favors particle interconnectivity (percolation); it also 

provides electrical conductivity through a tunnel-type mechanism in the event of 

deficient percolation; it tolerates the incorporation of large amounts of additive without 

facilitating both the conducting mechanisms and dimensional stability of the resulting 

composite [86, 91].  

 

3.6.1  Porosity  

It is very much clear from the respective curves in the figure 3.7 that for the larger pore 

diameters (9 µm to 18 µm) the numbers of pores represented by number of data points 

are only 4 per sample. The intrusion of mercury into these pores is 0.02 ml / g and these 

pores are present only on the surface and not passing through the entire thickness of the 

sample. This was confirmed by the test conducted as presented in Figure 3.3. While 

considering the pore diameter ranging from 3 µm to 0.5 µm the intrusion of mercury into 

raw graphite is more as compared the impregnated graphite. The majority of the pores 

show a diameter of less then 0.25 µm and in these pores the intrusion of mercury was 0.1 

ml/g in case of impregnated graphite with Palatal P5 and this value is 0.118 ml/g for the 
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impregnated graphite with cyanoacrylate. From these results it can be concluded that 

majority of the pores are of very small diameter and also these are with closed/ blocked 

ended and may not pass through the long distance. Hence the impregnation was achieved 

only through the pores which extend from one side of the plate to the other side and these 

pores were blocked by the Palatal P5 and cyanoacrylate. 
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Figure 3.7: Comparison of the porosity of different impregnated and raw graphite. 

 
The morphology of composite bipolar plate is shown in Figure 3.8. Empty spaces 

(voids) are clearly visible and its formation is probably due to the evaporation of partial 

degradation of polymer and unwetted graphite powder. The porosity is ten percent, 

which may arise from the evaporation of polymer during partial degradation and cross 

linking of the polymer during the hot-pressing process. Since graphite powder is not 

fully wetted by matrix, insufficient vinyl ester resin may induce holes in the bipolar plate 

as shown in Figure 3.8. 

 

3.6.2  Density Measurement 

The density of the porous raw graphite was measured as mentioned in section 3.5.2 and it 

was 1.887 g/cm3 and the density of impregnated graphite plates with Palatal P5 and 

cyanoacrylate was found as 1.92 g/cm3. It explains that 0.047 g/cm3 of the impregnated 

material was intruded into the pores of the raw graphite to make it impermeable for the 

nitrogen as well as hydrogen because the density of the graphite was increased from 

1.887 g/cm3 to 1.92 g/cm3. It may also be noted that by this method the impregnated 
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material can only be introduced into the through open pores and the pores which were 

open with one end only remain partially impregnated but the good thing inherent to these 

pores is that hydrogen or oxygen can not pass through these pores or get mixed. Hence 

the impregnation of raw graphite plate with this method made it impermeable for 

hydrogen or oxygen. 

 

 
Figure 3.8: The morphology of composite bipolar plate (200X). 

 

In general, the density of composite bipolar plate increases with the increase of particle 

size of graphite powder. Since the density of vinyl ester resin (1.03 g/cm3) is much lower 

than that of pure graphite (1.88 g/cm3) and density of the composite bipolar plate 

increases with graphite content [55], therefore desired density of the present plate for a 

composite came out to be 1.81 g/cm3 with graphite percentage of 55 and particle size of 

53 m, i.e., it is lower than that of a pure-graphite bipolar plate viz. 1.88 g/cm3. 

 

3.6.3   

Gas Permeability 

The oxygen and hydrogen gas permeability was checked by using the apparatus shown in 

Figure 3.1. As the graphite may be characterized as laminated structures of carbon as can 

be seen by the SEM image of the graphite presented in Figure 3.9, that is, structures 

consisting of superposed layers or laminate of carbon atoms joined together by weak Van 
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der Wal`s forces. 

 

 
Figure 3.9: Scanning Electron Microscopic (SEM) image of pure graphite 

material. 

 

By impregnation the open pores were blocked by the impregnated material and 

the permeability of hydrogen or oxygen can not be detected by applying the pressure of 

gases up to 25 Psi for one hour. This test ensured the suitability of the impregnated plates 

for use in PEM fuel cells. 

 

 

3.6.4  Mechanical Properties 

The mechanical properties of the raw graphite and the impregnated graphite plates with 

Palatal resin and cyanoacrylate were measured and presented in the Table 3.2. 

The inherent mechanical strength of impregnated graphite is governed by the 

pore size, the pore distribution and other major factors such as the forming operation for 

blanks and the baking and graphitization process. The pore size distribution of the 

graphite plate as measured by the porosity meter is presented in Figure 3.7. The tensile 

strength of raw graphite was measured as 0.2035 (Kg / mm2) as presented in Table 3.3 

and by impregnating the graphite with Palatal P5 the tensile strength was increased by an 

amount 0.0248 (Kg / mm2). Where as, by impregnation with cyanoacrylate the increase 

in the tensile strength was 0.1534 (Kg / mm2). Hence it can be concluded that 

cyanoacrylate is the good material for increasing the tensile strength of the graphite by 

impregnation method as the cyanoacrylate is a polymer which is thermally and 
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chemically stable around the operation temperatures of PEMFC. Moreover, the tensile 

strength of composite material was 0.563 Kg/mm2 and higher then all of the above-

mentioned impregnated graphite plates. 
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Figure 3.10: Comparison of compressive strength of the raw graphite with the 

impregnated materials. 

 

The compressive strength of the raw graphite as measured and presented in Table 

3.2 is comparatively low (23.97 MPa). It is a very important property of the bipolar plate 

materials because this property comes into use when assembling the bipolar plates to 

make a fuel cell stack and to make the bipolar plates gas tight and electrically in perfect 

contact including all intermediate components e.g., MEAs, GDLs, gaskets etc, a 

sufficient amount of compressive load is applied through bolts and the end plates on the 

bipolar plates. Hence bipolar plates might be strong enough to bear this compressive 

load. 

After impregnation the compressive strength has been increased to 25.39 MPa in 

case of impregnation with Palatal P5 and it was increased to 29.66 MPa for the 

impregnation with cyanoacrylate. This increase in compressive strength has also been 

presented in Figure 3.10. This increase in compression strength may have occurred due 

to the filling up of pores of the graphite with the impregnants of higher compressive 

strength then porous graphite. The compressive strength of graphite plate impregnated 

with cyanoacrylate is still not up to the required level but it could be compensated by 

increasing the thickness of the bipolar plate accordingly in case of large stacks. 
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Figure 3.11: Comparison of the bending behavior of the impregnated samples with 

the raw graphite. 

 

Ideally the composite plate should have the compressive strength >50 MPa (7250 

psi) with test standard ASTM D695, which shows good results during stacking [92]. The 

plate molded in present work with 2.93 mm thickness having composition of 55 percent 

graphite, 40 percent polymer and 5 percent conducting polymer, gives a compressive 

strength of 73 MPa that is in consonance with the reported standard.  

As shown in Figure 3.11, the bending behavior of the raw graphite plate is very 

poor because with the application of 1150 N bending force the deflection recorded was 

0.35 mm while it is improved by impregnating with Palatal P5 which bears a deflection 

of 0.5 mm by the application of 1250 N. However, the graphite plate impregnated with 

cyanoacrylate presented the maximum bending strength (0.5 mm deflection for 1650 N 

force). The flexural strength of the graphite plate as presented in Table 3.2, is low 

enough (7.58 MPa) and it increases slightly by impregnating with Palatal P5 (7.59 MPa) 

but the major improvement in flexural strength comes after impregnating the raw 

graphite plate with cyanoacrylate (12.85 MPa). Although this much value is not so 

promising but good enough to sustain the fuel cell assembling requirements. 
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Figure 3.12: Plot of compressive strength Vs flexural strength for the impregnated 

graphite and raw graphite. 

 
Figure 3.12 gives a comprehensive understanding of the improvements gained by 

the impregnation of raw graphite. Impregnating with Palatal resin could not improve the 

flexural strength but the compressive strength was reasonably increased (17.04 MPa). 

But impregnation with cyanoacrylate improved both flexural strength by an amount 5.27 

MPa and the compressive strength by an amount 23.81 MPa. Therefore, cyanoacrylate is 

found to be a good choice to increase the flexural strength as well as compressive 

strength of the raw porous graphite plates. 

However, the flexural strength of the composite plate as presented in the Table 

3.2 was 28.56 MPa which is higher then the graphite impregnated materials. The major 

difference in flexural strength is due to polymerization of the components. This property 

is highly required in the fuel cell stack assembling process. 

 

3.6.5  Electrical Property 

The electrical conductivity of the raw graphite calculated by using 4 probe method as 

discussed in section 3.5.5 was 100 s/cm2 and for impregnated graphite plates as 

presented in Article 3.3, it was 95 s/cm2 which is slightly less then the raw graphite but 

theoretically it should be unaltered because of the reason that graphite may be 

characterized as laminated structures of carbon, that is, structures consisting of 

superposed layers or laminates of carbon atoms joined together and during the 
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impregnation process these layers and laminates of carbon remained intact and did not 

change while the impregnated material was introduced into the through and open pores 

which may not hinder the interconnects with in the material structure. However, the 

value of electrical conductivity was with in acceptable limits. Hot compressed composite 

plate exhibited conductivity of 54 S/cm which is relatively low but it can be improved by 

decreasing the polymer content and addition of polyaneline. 

 

3.6.5.1   Electrical Resistivity 

The electrical resistivity of the different materials being used for the fabrication of the 

monopoler and bipolar plates were measured with a digital multimeter for comparison 

only, as presented in the Table 3.3. This measurement gave an overview of the 

comparative resistance of these materials. The composite materials offer high resistance 

as compared to the rest of the materials and it may be due to the addition of polymer 

materials which are insulators (having high electrical resistance) in to the carbon 

materials which are good conductors. Metals resulted into zero resistance except 

stainless steel, which is due to the reason that the resistance values of the copper, gold 

and aluminum was less then the minimum measurability limit of this digital multimeter 

(UNI-T UT70). 

These results revealed that the resistance of graphite composite material is higher then 

that of metals. It has been concluded that with the increase of electrical resistivity the 

performance of fuel cell decreases. 

 

 

Table 3.3: Resistance of different bipolar plate materials measured by digital 
 multimeter by simple two probe measurement. 

S.No Name of material Resistance 
(Ohms) 

1. Composite material developed in the Fuel Cell Laboratory      0.3 

2. Composite material developed by L.N Green Power China      0.3 

3. Composite material developed by Gas Hub Singapore      0.2 

4. Composite material developed by Schunk Germany      0.2 

5. Impregnated graphite developed in the laboratory      0.2 

6. Stainless steel (304 L)      0.1 

7. Copper (99% Pure)      0.0 
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8. Gold plated copper      0.0 

9. Aluminum      0.0 

 

 

The electrical resistivity of the raw graphite, impregnated graphite and graphite 

composite material was also measured by two probe method by making more 

measurements and the results are given in the Table 3.4 (a) to (c) Annexure-V. 

 

3.6.6 Thermal Properties 

In case of impregnation of bipolar plates styrene was partially solidified at 100C and 

fully solidified with time (over night). Thermal tests showed that when it was heated up   

to 100C it became soft and converted into colorless gel. Hence this material is not 

suitable for this purpose because the PEM fuel cell normally operates at 60-80C but the 

temperature may rise to 100C or more. The impregnated material may come out of the 

pores of the graphite plate at high temperature due to gas pressure and plate may become 

permeable for hydrogen or oxygen. 

-30

-25

-20

-15

-10

-5

0

5

0 200 400 600 800 1000 1200 1400

Temperature (oC)

%
 W

ei
g

h
t 

lo
ss

 s
s

(a) Raw graphite

(b) Impreg. With
epoxy resin
( c ) Impreg. With
Cyanoacrylate

 
Figure 3.13: TG curves (a) Raw graphite (b) Graphite impregnated with Palatal P5 

and (c) Graphite impregnated with cyanoacrylate. 

 
The mixture of Palatal P5 and MEKP was solidified at once and crystal formation 

appeared after heating at 100C. After cooling down to ambient temperature (30C) again 

heated at 100C. There was slight softening but stabilized in solid form. This result was 

hopeful for impregnation and stability at 100C while using in the porous graphite plate 

materials for PEM fuel cell. Moreover, the cyanoacrylate was stable at 100C even after 

sintering for 1 hour. 
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The thermal curves (TG) of raw graphite and its composites were recorded in air 

atmosphere from ambient to 1200C presented in Figure 3.13. 

The TG curve (a) for the graphite depicts weight loss (15%) in the temperature 

range of 660C to 1100C corresponding to the elimination of CO2 on the basis of the 

initial temperature of the decomposition. The raw graphite shows the thermal stability up 

to 660C. 

The TG curve (b) of the impregnated material (Palatal P5 + Graphite) exhibits 

two step weight-loss. The impregnated material with Palatal P5 is stable up to 300C. 

The first weight loss (3%) in the temperature range (300-400C) suggests a 

decomposition involving the evolution of organic material. The intermediate is not stable 

in this temperature range and if the temperature is raised the material decomposes 

further. The second weight loss (23.72) on TG curve is observed in the temperature 

range of (400-1100C) which is due to the elimination of remaining organic matrix plus 

carbon (in the form of CO2) from the system. 

The impregnated material with cyanoacrylate on TG analysis presented in (c) 

reveals two step weight-loss. The first weight loss (2%) in the temperature range of (200-

260C) suggests a decomposition involving the evolution of organic matrix from the 

composite materials. The system of cyanoacrylate is stable in the temperature range 

(260-600C). The second weight loss (15%) in the temperature range of 680-1200C is 

due to the burning of carbon to CO2. This system is stable up to 200C. While comparing 

the thermal stability of these systems on the basis of initial temperature of 

decomposition, graphite is stable up to 660C, impregnated with Palatal resin, up to 

300C and impregnated graphite with cyanoacrylate up to 200C. 
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Figure 3.14: Thermoanalytical curves of raw graphite. 

 
The data obtained from TG, DTG and DTA curves (Figure 3.14–3.16) permit the 

following observation (Table 3.5). Pure graphite exhibits one-step degradation (700-

1100C) in air (Figure 3.14). Around 700C, graphite starts losing weight reacting with 

air due to which carbon dioxide is evolved. At 1100C, 42% weight-loss is observed. The 

corresponding endothermic peak in the DTA curve came at 829C as shown in Figure 

3.14. 

 
Figure 3.15: TG and DTA curves of VER blends. 

 
In case of thermal analysis of polymer composite bipolar plate two-stage degradation is 

observed for this blend of vinyl ester, methyl ethyl ketone peroxide and co-naphthalate  

(Figure 3.15). The first stage, which begins around 185C, marks the decomposition of 

polymer. Monomers are produced along with the evolution of traces of carbon 
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monoxide, water, methane, hydrogen, and ethylene. 

At the completion of first stage around 440C, the intermediate, which seems to 

be a compound of cobalt, exhibits some stability. This step is accompanied by an 

endothermic and an exothermic DTA peak at 332C and 360C, respectively. The second 

stage commences at 490C and terminates at 600C showing slow rate of disintegration 

and probably losing small molecules like carbon monoxide, carbon dioxide, hydrogen, 

methane, oxygen, ethylene, etc. The decomposition is supported by DTA peak at 551C 

and DTG minimum at 590C. The residue is oxide of cobalt. 

The thermal analysis of carbon-polymer composite shows two-step pyrolysis 

(Figure 3.16). The composite is thermally stable up to 160C. During first stage (160-

382C), the degradation of vinyl ester resin occurs and monomers are evolved 

accompanying the elimination of small molecules like hydrogen, carbon monoxide, 

water, methane, ethane and ethylene, conducting polymer [(poly (1,4-phenylene sulfide)] 

may also degrade towards the completion of first stage emitting benzene and hydrogen 

sulfide with the weight-loss of 20%. 

 

 

Table 3.5: Thermoanalytical results of pure graphite, VER blend and 
composite material. 

Material Temperature 

range (C) 

Stage TG weight 
loss (%) 

DTA Temp. 
Peak (C) 

DTG Mini. 
(C) 

Probable 
composition 
of expelled 

moiety 

Pure 
graphite 

700-1100 

> 1100 
1 

Residue 
42 

58 
(-)829a 

----- 
1095 

---- 
CO2 

Pure carbon 

Carbon- 
composite 

160 - 382 

 

410 - 1100 

 

 

> 1100 

1 

 

2 

 

 

Residue 

20 

 

58.25 

 

 

21.75 

(-)379 

 

(-)543,  

(-)700 

 

---- 

365 

 

---- 

 

 

---- 

 

Monomers, 
H2, CO, 
H2O, CH4, 
C2H6 

C2H4, C6h6, 
H2S, CO, 

O2, CH4, H2 

(Minor), 
CO2 (Major) 

 

CoO, C 
(pure 

graphite)  
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Carbon-
composite 

160 - 382 

 

410 - 1100 

 

 

> 1100 

1 

 

2 

 

 

Residue 

20 

 

58.25 

 

 

21.75 

(-)379 

 

(-)543,  

(-)700 

 

---- 

365 

 

---- 

 

 

---- 

 

Monomers, 
H2, CO, 

H2O, CH4, 
C2H6 

C2H4, C6h6, 
H2S, CO, 

O2, CH4, H2 

(Minor), 
CO2 (Major) 

CoO, C 
(pure 

graphite) 

Note: VER= Vinyl ester resin, Temp.= Temperature, a = (-) = Endothermic, 

b = (+) Exothermic 

 

The intermediate formed at the termination of the first stage manifests little 

stability and starts decomposing around 410C. It is clearly cobalt compound whose 

splitting gives off small molecules such as carbon monoxide, carbon dioxide, oxygen, 

methane, ethylene and hydrogen. This is accompanied by an endothermic DTA peak at 

379 and a DTG minimum at 365C. Around 700C, the disintegration pattern is that of 

graphite. The weight-loss (38%) is very sharp till 1100C due to the production of carbon 

dioxide showing corresponding endothermic DTA peaks at 542C and 700C. The 

process goes on even at the completion of present run. It is interesting to note that the 

thermal behavior of the composite indicates the physical combination of the components 

behaving almost independently of each other. However this composite is thermally less 

stable than its components if the temperature of the first weight-loss is taken into 

account.  
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Figure 3.16: Thermogram of carbon-polymer composite material. 

 

Table 3.6: Kinetic parameters of the thermal decomposition of pure graphite, VER 
blend and composite material. 

Material Temperature 
range (C) 

Activation energy, E 
(KJ/mol) 

Order of reaction 
(n) 

Pure graphite 700-1100 156 3/2 

VER blend 180-600 41.25 4 

Composite 160-1100 44.76 5 

 

Table 3.6 gives the values of activation energy (Eo) and order of reaction (n) for 

the thermal decomposition of the pure graphite, VER blend and composite material 

under study. The highest thermal stability is displayed by the composite material on the 

basis of activation energy.  

Since the operating temperature of PEM fuel Cell is about 60C to 80C, both the 

systems (graphite impregnated with Palatal P5 and graphite impregnated with 

cyanoacrylate) are thermally stable over the required range of temperatures. 

 

 

 

3.6.7 Micrography 

The specimens of raw graphite and impregnated with Palatal P5 and cyanoacrylate were 

also observed under optical microscope Model: LEICA DMRM Type-307-371.010. The 

microstructures of plate specimens are shown in Figure 3.17 (a, b, c, d). To make the 

Palatal P5 impregnation more prominent a green die was mixed in the resin and this die 

is visible in the pores of the graphite plate on both sides of the plate which conform the 

completion of impregnation process.  

Moreover, certain irregular cavities are also visible which are on the surface only 

and can not pass through the plate, due to which Palatal P5 can not be filled in these 

cavities and these cavities may not hinder the performance of the plate as they will not 

allow the hydrogen or air to mix or leak through. Also to make the cyanoacrylate more 

prominent a red color dye was mixed with it and this red color is visible in the pores of 



 
100 

 

the samples which identify the extent and depth of impregnation through the sample.  

 
Figure 3.17 (a): The morphology of raw graphite (200x). 

 
As observed under the microscope, the black area in Figure 3.15 (b) was not 

focused with the matrix however this area was focused by adjusting the microscope. The 

microstructure of Figure 3.15(a) shows that there is a lot of porosity visible on the 

surface. However, in case of impregnated plates with Palatal P5 (c) and cyanoacrylate (d) 

the black portion was fully focused with the matrix. This shows that the black area 

contains the impregnated material. In case of Palatal resin green die was used and this 

was fully visible under the microscope on both sides of impregnated plate. The similar 

observation was made with the impregnated plate with cyanoacrylate having the red 

color die.  

 
Figure 3.17(b): The morphology of raw graphite (100x). 
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Figure 3.17 (c): The morphology of impregnated graphite with epoxy resin (100x). 

 

 
Figure 3.17 (d): The morphology of graphite plate showing the various pores filled 

with cyanoacrylate (100 x). 

 

3.7 Cost of Bipolar Plate Material  
As discussed earlier a variety of materials, metallic and non metallic are being utilized 

for fabricating the bipolar plates for PEM fuel cells. The cost of carbon composite 

material purchased from M/s Schunk Germany in 2004 was Rs. 75000/m2 for the plate 

thickness ranging from 3 mm to 4 mm and presently this cost is Rs. 40,000/m2. 

Moreover, the cost target of metallic bipolar plates set by various research organizations 

for 2010 is Rs. 500/m2 to start commercialization of PEM fuel cells. However, the cost 

target of carbon composite bipolar plates can not be made available due to variation in 

the respective parameters.  
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Chapter 4 
 

Chapter 2 Fuel Cell Designing Considerations and 
Processes 
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For the designing of PEM fuel cell, many functional characteristics must be considered. 

Hydrogen is a sensitive fuel with respect to safety concerns and extremely difficult to 

contain, so the tolerances between materials, the density of materials and their thickness 

in the hydrogen circuit must be controlled so as not to allow the fuel to escape by 

leakage. Spaces in-between matching surfaces have traditionally been sealed through 

gasketing while the thickness of the material depends on the type and preparation of the 

surfaces. Hydrogen is also flammable and reactive in the presence of other elements. It 

will react with most metals when in contact thus only gold, silver, aluminum, stainless 

steel, nickel and copper have been used. Copper forms a film of its oxide which results in 

to lower electrical conductivity while aluminum in the presence of air automatically 

forms a film of aluminum oxide which also reduces its electrical conductance. With time, 

all of the above-mentioned materials except for gold show signs of degradation when 

placed in the hydrogen contact, but this occurs slowly except for copper. Also, the 

hydrogen circulation must not be near any ignition source to reduce the risk of explosion. 

Comparatively the oxygen or air circuit may be lenient in safety restrictions. Also 

the channel cross section may be large enough for the small fraction of oxygen in air to 

react at a rate which would support stoichiometric demand. If oxygen is used for the fuel 

cell operation, then the circuit must be free of any ignition source. The gasketing is 

required for oxygen/air as well as for hydrogen but it is not so important on oxygen/air 

side than on the hydrogen side because of the size of the molecule, but it is still needed to 

keep the reducing agent from expanding out of cracks under pressure. Both circuits must 

also be free of those materials which corrode in the presence of hydrogen or oxygen. 

Hydrogen is supplied on one side of the bipolar plates and oxygen on the other side of 

the bipolar plates hence, they must be stable in hydrogen as well as oxygen 

environments. 

 

Design Considerations and Cost of the PEM 

The NafionTM membrane currently costs approximately $565.92/m² [189]. The ITM 

Power membrane (a hydrocarbon polymer) is a patent (2005) that may result in 

significant price reductions per square meter. It was announced by Ballard Power 

Systems that their fuel cells will use Solupor which is a porous polyethylene film 
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patented by DSM [186, 187]. 

 

Figure 4.1 H2-air performance using NafionTM and DOW membranes (Ballard). 
 

In case of PEMFCs the electrolytes may not always be the same. Currently, Dow, 

DuPont, E-tek and others produce their own electrolytes using different mixtures in order 

to develop a membrane which resists electrons, but encourages the travel of hydrogen 

ions. DuPont (which produces NafionTM) was the first to produce such membrane, but 

recently, Dow and others have improved the design which provides a more powerful cell. 

During designing and assembling of PEMFC, the PEM must never come in contact with 

copper as they will easily be poisoned and loose their ionic conductivity. In the Figure 

4.1 the performance, of three membranes have been presented by Ballard power systems 

in the form of current-voltage curves. The performance of the DOW 11 is far better then 

the performance of the NafionT-115 which is again superior then the performance of the 

NafionT-117 which may be due to a number of factors. 

 

4.1.1 Cost of Catalyst 

Generally the cost of the catalyst in PEMFCs was US$1000 per kilowatt of electric 

power output in 2002. While in 2008 UTC Power has the installed catalyst costs for 

400kw Fuel cells as $250/kW. The current goal is to reduce the cost of PEMFCs in order 
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to compete with current market technologies including internal combustion engines. 

Several companies and research organizations are working on techniques to reduce the 

cost of the catalyst in a variety of ways including reducing the amount of platinum 

needed in each individual cell. Ballard Power Systems have experiments with a catalyst 

enhanced with carbon silk which allows a 30% reduction (1 mg/cm² to 0.7 mg/cm²) in 

platinum usage without reduction in performance [188]. Monash University, Melbourne 

uses PEDOT [Poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate)] as a catalyst 

instead of platinum [189]. 

 

4.2.2 Water and Air Management 
In PEMFC water is needed for the electrochemical processes of the electrolyte, but 

proves a barrier to reactant gases. Thus, those reaction sites covered by the liquid water 

reduce the performance of the cell. Water forms at the anode through humidification of 

hydrogen and at the cathode by the product of the electrochemical reaction as well as the 

humidification of the reducing gas. Also the membrane must be hydrated, requiring 

water to be evaporated at precisely the same rate that it is produced. When evaporation 

of water increases then the water production at MEA, the membrane dries, resistance 

across it increases, and it may crack, creating a gas "short circuit" where hydrogen and 

oxygen combine directly, generating heat that will damage the fuel cell. On the other 

hand, if the water evaporates too slowly, the electrodes may flood, preventing the 

reactants from reaching the catalyst and stopping the reaction. Hence, the presence of 

water around the MEA must be controlled. Methods to manage water in cells are being 

developed like electro-osmotic pumps focusing on flow control. Moreover, the geometric 

design improvements may also present better water management solutions. 

 Water management is generally a problem on the cathode side of the fuel cell at 

high currents (reaction rates), but an increase in flow velocity or pressure drop usually 

clears any blockage based on current collector design.  

 

4.2.3 Pressure Management 

The working pressure of the gases and cell itself must also be monitored for their 
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influence on performance and for safety. When the pressure is increased it will have a 

positive effect on performance, but if the difference in the pressures of the gases is too 

large, structural failure of the MEA, or ejection of the electrolyte into the gas stream may 

result. Just as in a combustion engine, a steady ratio between the fuel and oxygen is 

necessary to keep the fuel cell operating efficiently [190].  

Generally the pressure of hydrogen is kept a little lower then the pressure of the 

oxidant to minimize the hydrogen crossover through the electrolyte. 

 

4.2.4 Temperature Management 

The ideal temperature for the low temperature PEMFCs lies around 70C. In order to 

prevent its destruction through thermal loading, the same temperature must be 

maintained throughout the fuel cell. This is particularly challenging as the reduction 

reaction is highly exothermic, so a large quantity of heat is generated within the fuel cell. 

Also, if the temperature increases beyond material limits, then there may be a decline in 

performance of the fuel cell and ultimately may be damaged. 

Temperature control is important for the operation of a single fuel cell but it is 

especially important for the fuel cell stack. Because slim cell design has always been an 

objective of designers and the cooling of these cells has a challenge in designing. A 

number of design options include cooling plates with holes drilled through for water 

passage, or use the heat of vaporization of water by injecting the liquid into the inlet 

stream of the hydrogen. Each of these methods provides adequate cooling, but the water 

injection requires less volume of water.  

 

4.2.5  Durability / Service life 

Durability of the PEM fuel cell system as well as components is an important factor to be 

addressed accordingly. Stationary applications typically require more than 40,000 hours 

of reliable operation at a temperature of 35°C to 40C, while automotive fuel cells 

require a 5,000 hour lifespan (the equivalent of 150,000 miles) under extreme 

temperatures. Automotive engines must also be able to start reliably at 30°C and have a 
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high power to volume ratio (typically 2.5 kW per liter).  

 

4.2.6 Resistance to Poisoning 

Limited carbon monoxide, sulfur and mercaptans tolerance of the anode is highly 

required but the effect of contaminants on fuel cells is one of the most important issues 

in fuel cells operation and applications [93]. It has been identified that out of fuel cell 

components the most affected by the contamination process is the membrane electrode 

assembly (MEA). Three major effects have been identified such as kinetic effect 

(poisoning of the electrode catalyst), conductivity effect (increase in the solid electrolyte 

resistance, including that of the membrane and catalyst layer ionomer and mass transfer 

effect (catalyst layer structure and hydrophobicity changes causing a mass transfer 

problem) [94]. However, various impurities in hydrogen fuel, such as CO, H2S, NH3, 

organic sulfur-carbon, and carbon-hydrogen compounds, and in air, such as NOx, SOx, 

and small organics, are brought along with the fuel and air feed streams into the anodes 

and cathodes in a PEM fuel cell stack, causing performance deterioration, and sometimes 

permanent damage to the MEAs [95, 96].  

It has been investigated extensively by many workers that hydrogen sulphide is 

an even more severe fuel contaminant than CO [97-100]. A trace amount of H2S when 

exposed to an anode or cathode of the cell, was found to degrade the cell performance 

significantly mainly through the poisoning effect of the platinum catalysts [98]. Knights 

[94] found that at 100 mA cm-2 and 80°C, 1.2 ppm H2S could cause a cell voltage drop 

greater than 300 mV within 25 hour and this poisoning effect was also sensitive to the 

cell operation temperatures and load levels [94, 100]. Large performance losses were 

measured at H2S concentrations as low as 50 ppm at 70°C when the fuel cell anode was 

exposed to the H2S containing fuel for 3.8 hours. Unlike the case of CO poisoning, the 

presence of Ru in the platinum catalyst could not provide sufficient tolerance to H2S 

poisoning [97]. 

Therefore, efforts are being made rigorously to develop the catalysts and PEMs 

resistant to poisoning elements especially CO, sulfur and sulfur containing compounds to 

enhance the life and efficiency of the PEMFC components. 

4.2.7  Electrical Isolation 

A fuel cell generates power though a voltage difference and current, therefore electrical 
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separation of the poles is required in order not to short the cell thus diverting all current 

through the short and not through the load. Any conducting material which touches both 

poles will be sufficient for this action to proceed and this is an important criterion when 

selecting a method of compressing the plates together as most high tensile strength 

materials have conductive properties. The cooling water circulated through the cooling 

channels of the bipolar plates may also partially short the cell by charging the water due 

to impurities thus deionized water must be used. The compression of the bipolar plates 

by the end plates must be uniform so as not to fracture the bipolar plates, but sufficient to 

improve conductance between the MEA and the current collectors.  

 

The Current Design 

PEMFCs are generally designed such that a MEA sandwiches between two mono-polar 

plates in case of a single cell and two bipolar plates in case of a fuel cell stack with 

serpentine, parallel, mixed-parallel serpentine, series, or series-parallel configuration of 

channel construction. Gas enters and distribute on either side of the MEA in order to 

utilize the maximum active electrode area. Actually, the only portion of MEA surface 

area that produces power is that where the reactive gases touch the electrode on either 

side. In the conventional design, the adjacent mono-polar or bipolar plates are made to be 

exact mirror image of each other. During assembling of the fuel cell stack, all the plates 

must be aligned to limit overlap which may cause flow restriction, or gas release. Hence, 

MEAs and all matching plates like end plates, insulating plates, current collectors, 

bipolar plates and cooling plates must have two or more additional holes where an 

aligning tool may be inserted [191]. 

 

Process Design 

The process of proton exchange membrane fuel cell is very simple. The proton exchange 

membrane is sandwiched between two electrodes, the anode and the cathode. Hydrogen 

is supplied to the anode and the resulting reaction is as follows:- 

  2H2       +     Catalyst      →   4H+   + 4 e- 

Oxygen is supplied to the cathode and the reaction is; 

  O2 + 4H+ + 4e- + Catalyst        →          2H2O 
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The over all reaction gives: 

  2H2  +  O2   + Catalyst →   2H2O + Heat + Electricity 

As per our previous knowledge for a single cell and we had a MEA “EL5” 

available in our Lab. supplied by Electrochem Inc. USA having effective size 5 cm x 5 

cm, which we utilized for the designing and later on for the fabrication of a single cell : 

Let average cell voltage for single cell (Vc) = 0.5 V 

and Current density = 0.4 A/cm2 

 Effective area of MEA = 25 cm2         (5 cm  5 cm) 

Therefore, theoretically, 

The current produced     = Area of MEA x Current Density 

                 = 25 cm2  0.4 A / cm2 

                 = 10 A 

Electrical power produced = V  I 

       = 0.5  10 

               Pe = 5 Watts  

 

4.4.1   Oxygen Consumption 
From the basic operation of the fuel cell, we know that 4 electrons are transferred for 

each mole of oxygen, so 

 Charge = 4 F x amount of oxygen utilization 

Dividing by time and rearranging 

 Oxygen consumption = I / 4F moles / Sec   (4.1) 

As Power, Pe = Vc   I 

Hence,        I = Pe  /  Vc 

By substituting this value of “I” in the  eq: 1 

 Oxygen Consumption = Pe   / 4  Vc  F moles / sec 

By changing from moles to kilograms; 

 Oxygen consumption = 32  10-3.  Pe  /  4  Vc  F  Kg / sec 

By putting the value of Faraday's constant F, and simplifying; 
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Oxygen consumption = 8.29  10-8  Pe  /  Vc       Kg / sec        (4.2) 

  

By putting the value of Pe and   Vc   in the eq: 2    

  

 Oxygen consumption = 8.29  10-8  5 / 0.5 Kg / sec 

             = 2.98  10 - 3 Kg / hour               

             Oxygen consumption = 3 g / hour (Approx.)  

To find out the flow rate of oxygen in standard litters per minute (slpm) let we 

consider the gas equation PV = nRT     (4.3) 

Where, molar volume of oxygen = Vmo = V/N 

        = RT/P     (4.4) 

By substituting the respective values in the above equation we get 

     = 8.314  288.15/ 101300 

     = 0.02365 m3 / mole 

    = 23.65 l /mole  

    = 23.65  60  I / 4F   (4.5) 

    = 23.65  60  Pe / 4VF 

    = 23.65  60  5 / (4 x 0.5  96485) 

 Hence consumption of oxygen= 0.03676 slpm 

 

4.4.2 Hydrogen Consumption 

There are 2 electrons released from each mole of hydrogen, 

Hence, hydrogen consumption = I / 2 F   moles / sec (4.6) 

But     I  = Pe  /  Vc 

So by substituting the value of I  in eq. 1 

 Hydrogen consumption = Pe  / 2  Vc  F  moles / sec (4.7) 

The molar mass of hydrogen is 2.02  10-3 Kg moles 

So, hydrogen consumption = 2.02  10-3  Pe  / 2 x Vc x F  
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    = 1.04  10-9   Pe / Vc  Kg / sec 

By putting the values of   Pe  and  Vc  in above equation; 

         = 1.04  10-9   5 / 0.5     Kg / sec 

Hydrogen consumption    = 10.4  10-9    Kg/ sec 

Hydrogen consumption    = 0.0374                     g / hour 

From gas equation calculated previously, 

The molar volume of hydrogen =23.65   Liter /mole 

      = 23.65  60  I / 2F   slpm  

By substituting the respective values we get 

The molar volume of hydrogen = 23.65  60  10 / (2  96485) 

       = 0.0735   slpm 

 The hydrogen consumption is very low, only 0.374 g / hour or 0.0735 

slpm approximately, for which we have a 15 Liter cylinder and designed a bubble type 

humidifier to supply the saturated hydrogen to the fuel cell for prolonged operation. 

 

4.4.3 Water Production 

Water is produced at the rate of one mole for every 2 electrons. 

So, water production = I  MH2O/ 2F    (4.8) 

Where,  I= 10   A 

    MH2o = 18.015  g/mol 

            F= 96485 As/mol 

Hence, water production =  10  18.015 / (2  96485) 

        =  9.33 10-4                    g / sec 

Water production = 3.362         g / hour 

As water produced is only 3.362 grams / hour which can be disposed of in vapor form 

with the oxygen discharged from the cathode of the cell. 

 

4.4.4 Heat Production 

As we know that heat is produced when a fuel cell operates and if all the enthalpy of 

reaction of a hydrogen fuel cell could be converted into electrical energy then the output 

voltage would be 1.25 V provided the water produced is in vapor form. 
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And    heat produced = I (1.25  Vc) Watts   (4.9) 

   = Pe (1.25/Vc 1)  watts 

By putting the values in the above equation, 

 Heat produced = 5  (1.25/0.51)  Watts 

 Heat produced = 7.5 Watts 

Heat energy is leaving the fuel cell in three forms; 

Electricity, sensible heat and latent heat of water vapor.  

Therefore, for the management of 7.5 Watts heat energy, we don't need any heat 

management system. 
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Chapter 5 
 

Hydrodynamics of Gas Flow Channels 
 

 

5.1  Introduction 

Tremendous scientific and engineering effort has been made in developing economically 

viable fuel cell over the last two decades however the commercialization of fuel cells has 

not been achieved so far due to the following two main reasons.  

1. First, the prices of the required materials are very high and the fabricated 

components of the fuel cell have limited life. 

2. Second, the technical problems with fuel cell have not been fully resolved so far. 

For example, high cathodic potential problem and water management problems 

etc are serious issues. 

The high cathodic potential problem is due to presence of reactant gases in the cell which 

cannot be easily purged out of the gas diffusion media. Another major technical and 

engineering task for PEM fuel cell in particular is development of an efficient and 

reliable water management system. Work has been done to solve the above mentioned 

problem. 

Although few membrane types have been developed recently for high temperature fuel 

cells which can operate under dry conditions however PEMS require humidified 

conditions for optimum operation, reliability and reasonable life time. Two-phase flow 

phenomena in different channel geometries and configurations ranging from 0.3 to 19.05 

mm have been investigated in many studies as discussed earlier in Chapter 1. Two-phase 

flow and flooding conditions in operating PEM and direct methanol fuel cells has been 

subject of several studies employing a wide range of modeling methods.  

However for low temperature fuel cells water removal issue is still being 

investigated where liquid water blocks the reactant access to the reaction sites causing 

severe performance and efficiency losses. Although the aforementioned studies focused 
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on several aspects of flow field design, whereas, a thorough and comprehensive 

investigation of different channel parameters such as cross section and channel shape 

have not been attempted so far.  

The present study has been conducted to model the water droplet kinetics and 

transport mechanism in order to optimize the flow channels for sustainable and efficient 

operation of PEM fuel cells. The pressure drops for different air flow ratios through six 

different channel geometries, in carbon composite bipolar plates have been measured. 

The minimum air flow required for detachment of water droplet from GDL surface and 

transport of the water in the flow channel for each of the six geometries has been 

investigated. In addition, the actual velocities of the water droplets have been determined 

for each air flow ratio and pressure drop. Nitrogen gas has been used in this study for 

reasons like safety, ease of use and similarity of it’s characteristics to air. 

 

5.2  Modelling of Gas Flow Field Channels 

Modelling of engineering systems involves variety of constraints and assumptions. The 

constraints may arise from technical limitations & requirements, safety, reliability, 

environmental and economics & financing etc. Although these constraints are usually 

mater of time and space. However, while optimizing a system under development we 

must satisfy these constraints to have an acceptable solution at a point in time. Similarly 

to simplify an engineering solution, some justifiable assumptions are required to be made 

for materials, geometries and other qualitative & quantitative resources involved and 

achieving an acceptable solution. In the following section some constraints and 

assumptions regarding optimization of the gas flow field channel in low temperature 

PEMFC are described. 

 

5.2.1  Assumptions and Technical Parameters 

To model the gas flow channels, following assumptions and physical parameters have 

been used for specific properties of water & air and the channel geometry as well as the 

material of the bipolar plate in which the channels are to be made. 
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5.2.1.1  Water 

1. The water used in the study is de-mineralized and de-ionized. 

2. The smallest water droplet emerging and residing in the gas flow channel is 0.125 

micro litters (µℓ). 

3. The shape of the droplet is assumed spherical. 

4. The effect of gravity is negligible as the sizes and weight of the droplets is very 

small. 

 

5.2.1.2   Air 

1. The gas used in experimentation is nitrogen which is representative of air, as 

major proportion of the air is nitrogen (79.05%). 

2. In actual practice the saturated air is used in fuel cells. As condensation causes 

problem in taking measurements during experimentation, so dry nitrogen gas has 

been used in these experimental studies. The vapor condensate behavior was 

studied injecting various sizes of droplets in the channel. 

3. The evaporation of water droplet is neglected as the sampling duration is short 

and in this time span the effect of evaporation may be negligibly small. 

4. The experimentation was performed at ambient temperature and assumed 

isothermal. 

5. The temperature effect on density and viscosity of nitrogen gas has been 

neglected. 

 

5.2.1.3  Channel 

1. The channels machined in carbon composite material supplied by M/s SGL  

Carbon which is commercially used for fabrication of fuel cell bipolar plates has 

been used in this study. 

2. Six flow channel geometries of cross-sectional area ranging from 1 mm2 to 0.25 

mm2 have been studied. Out of these geometries four were rectangular cross-

sections while two were V cross-sections with inner angle of 53. 

3. The surface of channels was considered hydrophobic as the measured contact 
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angle was 92.4. 

4. The inner surface of the channels is machined by milling operation. 

5. Rib width is 1 mm for all geometries. 

5.2.2   Required Air Flow Rate in a Channel  

The flow rate of air required at the entrance of single channel can be computed from the 
channel current (Ich) which is produced in single channel area (active area of MEA) of 
the fuel cell as given below [136]. 
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     (5.1) 

Where 

 Qch    = Volumetric flow rate at the channel entrance (m3/sec) 

Ich = Current produced in the area of MEA over the channel (A) 

F = Faraday constant (96485 As / mole) 

S = Stoichiometric ratio of oxygen 

rO2 = Volume fraction of oxygen in air (0.2095) 

R = Universal gas constant (8.314 J / mole / °K) 

Tin  = Inlet temperature of stack (°K) 

Pin  = Inlet pressure of stack (Pa) 

φ  = Relative humidity 

Psat  = Saturation pressure at inlet temperature (Pa) 

 

5.3  Channel Optimization for Required Air Supply & Water 
Drain 

The channel geometry has a strong influence on performance of the fuel cell due to its 

impact on flow patterns and water management in the cells. Besides length of channel, 

channel depth, channel width and the rib width are the main geometric parameters 

involved in defining the flow field. Further, the geometric characteristics depending on 

the fabrication process of the plate are the rib-wall and channel-bottom radii and the wall 

angles also influence the flow pattern. Besides geometric criteria, the surface of the 
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channel walls is also a major research focus as shape of the droplet and the water 

removal also depend on these factors. Both film formation in case of hydrophilic 

surfaces or a pronounced droplet shape have a distinct influence on the required pressure 

drop to transport liquid water out of the cell. As discussed above, the pressure drop or 

velocity of gas in fuel cell channel is needed for following three purposes: 

 To supply required quantity of gas 

 To detach the water droplet from GDL surface 

 To drain water from the cell avoiding flooding 

Increasing the gas velocity in channel however increase the loss of energy due to friction 

resulting in reducing fuel cell efficiency. In general, a low pressure difference across the 

flow field i.e. low velocity is desired because of lower auxiliary energy demand, e.g. for 

air compression. On the other hand, a certain minimum pressure drop is necessary to 

remove condensate from the flow field channels avoiding flooding and without much 

affecting efficiency of the fuel cell. There is also a minimum required flow velocity of 

air thorough the channel to fulfill the oxygen requirements of the fuel cell. There is also 

minimum velocity requirement for detaching the droplet from the GDL surface.  

These contradictory requirements lead to solve the problem of determining minimum 

pressure drop and respective gas flow rate: 

 To remove the condensate in order to prevent flooding of the channels  

 Supply of gases in all regions of the cell in required quantity.  

 Maximize the efficiency of the fuel cell  

We assume that: 

 Cell overall length and width are constant, including numbers of parallel channels 

and channel length. 

 Cell power density is constant. 

 Temperature and pressure are constant and air is full saturated. 

 The channel width, height and geometry are variables and we consider only 

rectangular and triangular geometry with 53 channel angle. 

The average velocity of air required at inlet of the channel to supply the required gas 

mass in all area of the cell can be computed as defined in ANNEXURE III, Eq. 5.15; 
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Where, Vg = Velocity of gas (air) in the channel (m/sec) 

 Nch = Number of channels in a cell 

   = Water droplet contact angle 

   = Density of air 

 wc = Width of the rectangular channel 

  hc = Depth of the  rectangular channel 

To fulfill the requirement of minimum required supply of air the flow channel can be 

designed to have the velocities resulting: 

(a) Mist flow  

(b) Corner flow 

(c) Annular flow 

(d) Plug flow 

Corner flow is supposed to be the better option applicable to fuel cell technology 

however the gas velocity that results in the corner flow may not be able to detach the 

droplet for the selected channel geometry and dimensions. The velocity of gas in the 

flow channel (Vgc) to avoid flooding as given in ANNEXURE III, Eq. 5.10 is computed 

as follows:  
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Where, Mw  = The molecular weight of water 

 L2Φ   = Fractional section of the channel in two-phase zone  

 I  = Current produced (A) 

   Rc  = Mean radius of gas liquid interface in the corner  

  S  = Cross-sectional area of liquid flow 

  β  = Dimensionless flow resistance function of channel surface 

         contact angle   

  μL   = Liquid viscosity 

 L  = Density of water 
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 CD  = Drag coefficient 

 g  = Density of air 

And Velocity of gas required to remove the droplet (Vgd) as defined in ANNEXURE III 

Eq 5.4 is: 

DgP

dLw
gd CA

d
V


 )sin()(sin

2
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Where, Lw = Surface tension of water 

  dd = Droplet diameter 

  Ap = Perpendicular area of the droplet in the direction of air flow 

As discussed in previous section Vgd is very high as compared to Vgc and the Vg so fuel 

cell are not designed on the basis of the velocity Vgd. We optimize the channel geometry 

and dimensions which help inducing the water removal through capillary action. The 

pressure drop through the channel can be approximated as follows: 
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Where, ƒ= Friction factor of the surface of channel 

 L  = Length of the channel 

 dh =  Hydraulic diameter 

 Vgc = Velocity of air in the channel 
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 In this research we optimized the channel dimensions that results in steady corner 

flow, with minimum loss of power and maximizing the throughput of current. In general 

the optimization problem defined above can be solved in many ways. For example we 

can analytically solve the above discussed physical models for optimal solution. 

Achieving the optimal solution using this method is not simple. Validation of such model 

is required through prototype construction. 

 An alternative approach is to collect data using experimentation in the whole 

domain. We construct an empirical model commonly known as surrogate model based 

on the collected data. We execute the empirical model to find an optimal solution. We 
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validate the optimal solution and further experimental data is generated that lead to a 

new optimal solution. This process is repeated until the final optimal solution is 

achieved. In this study we use second approach to solve the channel optimization 

problem discussed above. Model channel geometries and experimental setup used to 

study the phenomenon are as given in the following subsections. 

5.3.1   Model Channel Geometries 

Six different flow field channels with varying geometries and cross sections were 

machined in a blank carbon composite plate. The respective shapes and cross sections 

are displayed in Error! Reference source not found.1: The nomenclature is referred to 

in the text as R1, R2, R3, R4, V1 and V2. 

This plate has 2 rows of 7 holes of diameter = 6 mm around every channel to 

accommodate the M5x40 bolts to clamp the transparent Perspex cover plate  of size 330 

x 70 x 10 mm whose one side has a machined grove for the gas sealing gasket. 

 

Channel: R1        R2          R3             R4                  V1                  V2 

1x1 mm        0.5x1 mm       1x0.5 mm        0.5x0.5 mm   1 mmxV53°    0.5 mmxV53° 

        
 

                 
 

                                                         
 

                   

    1 mm²           0.5 mm²          0.5 mm²         0.25 mm²          0.5 mm²          0.125 mm²  

Figure 5.1: Shapes and cross-sections of the model flow field channels used for 

modeling. 

 

 The cover plate made-up of Perspex has 5 additional holes on the centre line, out 

of which two holes with internal threading have been provided to supply and outlet of the 

gas and two holes for connection to the differential pressure meters (Keller-PD-

B9s/80932). One hole also with internal threading has been provided to insert the water 

droplet in the required channel. The locations of these holes can be seen in the Figure 

5.3. An aluminum plate of thickness 10 mm has been provided under the graphite plate 

to reinforce it and two aluminum strips were provided on the Perspex cover plate to 

apply uniform pressure of the clamping bolts. 

 The channels are covered by a transparency sheet and a Perspex cover plate as 

shown in Figure 5.2. Moreover, to seal the channel between the transparency and the 
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carbon composite plate, a silicon rubber gasket was introduced in the Perspex plate 

around the channel as shown in the Figure 5.3. The Carbon composite plate having the 6 

channels is sandwiched between the Perspex cover plate and an aluminum reinforcement 

plate. Two box pipes are bolted on both sides of the channel to fix and hold tight and to 

prevent any leakage. Two holes were applied for the gas inlet and outlet; a differential 

pressure meter was attached by another two holes along the channel. 

2.3

12.0

5.0

10.0
Box pipe for 
reinforcement

Perspex 
cover 
plate

Al. reinforcement 
plate

Carbon composite 
plate

Channel
Gasket

25.0

9.8
3.5

 
Figure 5.2: Arrangement of channel cross-section in the experimental set up. 

 

Thickness of the transparency to cover the channel = 0.09 mm 

Thickness of silicon gasket = 0.35 mm 

Thickness of Plexiglas = 9.8 mm 

Thickness of carbon composite plate = 3.5 mm 

Thickness of aluminum support plate = 2.3 mm 

Thickness of box pipe for top reinforcement = 12 mm 

 
Figure 5.3: Drawing of the channel sealing gasket. 

 

The arrangement and detailed drawing of the carbon composite plate with 6 channel 

geometries is presented in the Figure 5.5.  
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Figure 5.4: Experimental setup (model flow field channel with Perspex cover plate). 

 

Figure 5.5: 6 channel cross-sections made in the carbon composite plate used in the 

experimental set up. 

 

5.3.2   Experimental Set up 

The experimental setup consists of a nitrogen gas supply and leakage test system for the 

experimental setup as shown in Figure 5.4 and Figure 5.6. A differential pressure meter 

(Keller-PD-B9s/80932-0) connected with a recording system (Yokogawa-2-134-60-98-

177) and in parallel assembled with a manual differential pressure meter (Digitron-

2022P) was used to measure the pressure drop in the flow field channels for the 

respective flow of nitrogen with and without water droplets. For the nitrogen flow 

adjustment one low range mass flow controller (1-200 ml/min- Tylan) and one with high 

flow range (100-3000 ml/min- Tylan) was used. Both of these controllers were calibrated 

with the help of bubble type gas flow calibrator (Gilibrator-2 by Sensidyne). The channel 

is purged after each turn to maintain the accuracy of the measurements.  

Micro-liter glass syringes (Hamilton-1702 LT) with 1 μℓ, 25 μℓ and 50 μℓ, with 

a flattened needle with diameters of 0.1 mm and 0.3 mm were used to place the water 

droplet (deionized Millipore water) in the respective channel. The water droplet 

velocities were calculated by analyzing the recorded motions for the specific flow of gas 

and water droplet volumes. 
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5.3.3   Procedure 

Nitrogen was passed through the channel starting from 25 ml/min and the corresponding 

pressure drops in the channel were recorded. Increments of 5 ml/min up to 1000 ml/min 

were used. The minimum gas flow and the respective pressure drop in each channel were 

measured for each volume of water droplet; its shape, velocity and movement behavior 

was recorded simultaneously with the help of a mini DVD Panasonic camera (AG-

DVX100B 3CCD DVCam).  

 

 
Figure 5.6: Experimental setup for hydrodynamics characterization. 

 

5.3.4   Calibration of Mass Flow Controllers 

To make the nitrogen flow measurements accurate and repeatable the flow controllers 

were calibrated. Again to gain more accurate control on the flow meters two controllers 
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were employed. The flow meter for low range (1-100 ml/min) used, was Tylan General 

(Ro-28) with flow controller Tylan-model FC-280. This controller was calibrated with 

the help of Gillian Standard Flow Cell P/N 800287-1 (1-250 cc) with bubble generator 

calibrator (Gilibrator-2, Sensidyne) model No.800287 was utilized. The displayed values 

against the set values were compared with the calibrated values to obtain the corrected 

values as presented in the Table 5.1 Annexure II, for low flow controller (1-100 ml/min). 

Moreover, the Sensidyne values were in cubic centimeter and the Tylan General values 

were in ml/min, hence to convert and get the intermediate values, both readings were 

plotted against each other to develop the relationship and a respective curve was plotted 

as shown in Figure 5.7. 
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Figure 5.7: Conversion of cc in to ml/min values for low mass flow controller. 

 

 Then set values were plotted against the corrected calibrated values to draw the 

curve shown in the Figure 5.8 which was employed to find the intermediate values for 

the set values as shown in the Table 5.1 Annexure-II. 

Similarly for the calibration of high range (100-3000 ml/min) flow meter ROD-4 

by AERA with flow controller FC-7700 CU were employed. The calibration of these 

flow controllers was necessary to ensure the accuracy of the measurements. For its 

calibration Gillian Standard Flow Cell P/N 800287-1 (1-250 cc) with bubble generator, 

calibrator (Gilibrator-2, Sensidyne) model No. 800287 was utilized. The displayed 

values against the set values were compared with the calibrated values to obtain the 

corrected values as presented in the Table 5.2 Annexure II, for the high mass flow 
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controller (100-3000 ml/min).  

 The set values were plotted against the corrected calibrated values to draw the 

curve shown in the Figure 5.9 which was employed to find the intermediate values for 

the set values as shown in the Table 5.2 Annexure. 
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Figure 5.8: Calibration curve for the low mass flow controller. 
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Figure 5.9: Calibration curve for the high flow controller. 
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5.3.5   Characterization 

5.3.5.1   Determination of Pressure Drop 

First the pressure drop of the channels without water droplets was measured for the six 

flow channel geometries for gas flow rates from 25 ml/min up to 1000 ml/min with 

incremental values of 5 ml/min. The pressure drops as a function of the gas flow rate for 

the different 6 channel geometries having different cross sections are displayed in Figure 

5.10.  

 The pressure drop depends to a large extent on the change cross-sectional area of 

channel geometry but also changes with the geometrical shape of the channel. The 

geometry R1 (rectangular shape, 1 mm2 cross-section) shows the least pressure drop and 

geometry V2 (V-shaped, 0.125 mm2 cross-section) results in the maximum pressure drop 

for given flow parameters. Geometries R2 and R3 (rectangular shape, cross-section 0.5 

mm2) result in the same pressure drop for all flow conditions applied. Compared to the 

pressure drop of R2 and R3, the pressure drop of geometry V1 is significantly lower in 

spite of the same cross-sectional area (0.5 mm²).  
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 Figure 5.10: Pressure drop as function of nitrogen flow for the geometries 
and cross-sections used as explained in Error! Reference source not found.1. 

This result can be explained by different geometry factors. The minimum cross 

sectional area of V2 results as expected in a maximum pressure drop for the standard gas 

flow conditions. 

 The water discharge behavior of six channels was analyzed starting from a 

fundamental understanding of their inherent behavior up to differences at two-phase flow 

conditions. In this initial study the influence of the GDL was neglected. The channel 

geometries were machined in a carbon composite plate as widely used for bipolar plates 

to resemble realistic flow field surfaces.  

 For the most widely used flow field channel geometry (R1), the flow rate of dry 

nitrogen was varied from 25 ml/min to 4500 ml/min to determine the dependence on the 

pressure drop along the channel. The resulting characteristic curve is given in Figure 

5.11. 
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Figure 5.11: Characteristic curve of the flow of nitrogen against the pressure drop 

for channel R1. 

 

Two types of flow regions exist in this curve, which are laminar flow region and 

turbulent flow region. The factor that determines the type of flow is the ratio of inertia 

forces to viscous forces within the fluid, expressed by the non-dimensional Reynolds 

Number (Re). The curve was analyzed by calculating the Re at different points along the 

characteristic curve around the critical change for nitrogen flow rates of 1500 ml/min to 

2700 ml/min; the change in trend of the pressure drop curve was due to the turbulent 
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flow in the channel with in this range of flow of nitrogen.  

The Reynolds number was calculated by the following formula [192]: 

 


 hdv 
Re        (5.2) 

Where,  Re = Reynolds number 

  v = Velocity of nitrogen (meter/sec) 

   = Dynamic viscosity (m²/sec) 

  dh= Hydraulic diameter (meter) 

 = Density of the nitrogen (Kg/m3) 

For further analysis, a characteristic curve of pressure drop against cross-

sectional areas of the six channel geometries at a nitrogen flow of 100 ml/min is plotted 

in Figure 5.12. The relationship of cross-sectional area with the pressure drop have been 

presented which can be utilized as a tool to predict, analyze and calculate the pressure 

drop for channels of intermediate cross-sections in similar applications.  
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Figure 5.12: Pressure drop as a function of the cross-sectional area at a 

nitrogen flow of 100 ml/min. 

 

5.3.5.2   Minimum Pressure Drop for Water Droplet Removal 

As the pressure drop is the driving force required for the transportation of water from the 

flow channels, in a second step the minimum pressure drop required to remove a water 

Commented [Z3]: Is the green line ~1/A² as expected? Please 
refer to your equations with respect to pressure drop. 
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droplet from channels of different geometries and cross-sectional areas was measured 

and compiled. The characteristic curves are compared in Figure 5.13.  

As air is supplied to the fuel cell at the expense of the electrical efficiency of the 

fuel cell system and pressure drop of supply air is directly proportional to the electric 

power consumed by the compressor or blower, so pressure drop of supply air is least 

required and efforts are made to keep it at a minimum level but on the other side pressure 

drop is the driving force required for the transportation of water from the flow channels 

of PEM fuel cells. The characteristic curves for the minimum pressure drop required 

against the normalized water droplet volume to start their transportation was plotted on a 

single graph for comparison and analysis as presented in Figure 5.13. By analyzing this 

figure it can be well understood that how the water droplet volume governs the 

requirement of pressure drop for the initiation of its movement and for higher volumes of 

water droplets almost all of the channels behave in a similar way but in case of smaller 

volumes of water droplets this tendency is a little different which is due to the reason that 

the effective cross-sectional area of the water droplet depending on its shape, residency 

location, wetting area, and the un-occupied cross-sectional area of the respective 

channel. While, when the water droplet volume is 1 μℓ then almost for all of the channels 

a pressure drop of 120 mbar is enough for its transportation and when any of the channel 

is fully covered or blocked by the water droplet then only 4-8 mbar pressure drop is 

enough to start its transportation. Also from this graph it can be determined quite easily 

for any of the channel how much pressure drop is required to transport water droplets of 

all volumes.  
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Figure 5.13: Determination of minimum pressure drop required for the 



 
130 

 

transportation of a specific water droplet through channels of different geometries 
and cross-sectional areas. 

Moreover, by carefully utilization of this graph, flow field geometry can be 

optimized for similar applications as the values presented over here are those below 

which it may be hardly possible to transport the specific water droplets out of the 

designated required channel and some cushion may be provided. The curve with 

triangles represented for channel R3 resulted with minimum pressure drop range (30 

mbar) to transport the water droplets ranging from 0.125 μℓ to 0.8 μℓ, this channel 

geometry looks more feasible.  Hence, while calculating the air flow required for any 

application and determining the percentage utilization of air, the minimum air flow 

required to transport the water droplets of all possible volumes must be considered.   

The corresponding minimum flow rates of nitrogen in the channels are presented 

in Figure 5.14. Here, channel R1 requires 2750 ml/min (61.8 mbar) to transport all of the 

water droplets out up to 0.875 μℓ while channel R4 requires 540 ml/min (92.8 mbar) to 

drive out all water droplets ranging from o.25 μℓ to 1.4 μℓ. Also, in channel R3 760 

ml/min (70 mbar) driven out 0.125 μℓ to 1.4 μℓ and almost all of the droplets of bigger 

sizes.  
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Figure 5.14: Determination of the minimum nitrogen flow rate for the discharge of 
normalized water droplets of the channels with given geometry and cross-section. 

 

5.3.5.3   Distance Traveled by the Droplet 

The tendency of a water droplet to move due to an applied differential pressure always 
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varies with the location and with the variation in shape of the water droplet for the same 

surface conditions and other parameters. Therefore, the minimum distances traveled by a 

water droplet with the least differential pressure applied in all six channel geometries 

were measured and compiled.  

The characteristic curves of distances traveled by the specific water droplets 

against the normalized volume of water droplets for all of the above-mentioned flow 

channel geometries were plotted for comparison and analysis to optimize the flow 

channels as per application and presented in Figure 5.15 to predict or estimate the time 

required to get the water droplets out of a flow field channel geometry along its length 

and it can be utilized by the fuel cell operation personnel to use as a tool. The Channel 

V1 has apparently favorable (Wide range of droplet volumes covered long distances) 

behavior then the rest of the channels which is due to the reason that when water droplet 

moves in it due to having different channel geometry it has less resistance to flow but 

have more contact area due to which the water droplet leaves a thin film of water on the 

surface of the channel walls which is one way a good character that it will help readily in 

clearing of the blocked channel but on the other way it lets water there and when more 

water will be condensed or coming from the GDL this much water will always be 

available in addition to the fresh water from the channel inlet. Moreover, channel R1 has 

poor performance in this activity due to having maximum cross-sectional area and less 

pressure drop. 
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Figure 5.15: Determination of distance as function of volume at the least differential 
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pressure applied to move the water droplet in the different six channel geometries of 
cross-sections as given in Error! Reference source not found.1. 

 

5.35.4   Effect of Surface Non-wetting Characteristics 

Patterned micro-structured and nano-structured surfaces have received increasing 

attention because of their ability to tune the hydrophobicity and hydrophilicity of their 

surfaces. The effect of surface wetting characteristics play an important role in the water 

droplets movement with in the gas flow field channels of  PEMFC because of their 

shape, cross-section, location, wetting area, surface energy etc. As discussed earlier and 

the experimental investigations revealed that hydrophobic surfaces presents minimum 

wetting and it repels the water droplets away from the surface which helps in driving the 

water droplets out of the gas flow field channels by the application of air/gas pressure 

drop. M. Arif and his team in NCNR and GM team coated the square and rectangular 

PEMFC gas flow field channels with PTFE, with a different contact angle between flow 

field and GDM and studied the water droplet dynamics in operational fuel cell with 

neutron-imaging technique and found that water became trapped at the channel corners, 

which in turn avoided plugging by leaving the centre open for air flow. They concluded 

that with the help of a PTFE coating, the air flow forced the water droplets out with the 

even more ease [193]. Akira Taniguchi and his fellow made the water proofing of the gas 

flow field channels by plasma polymerization after sandblasting the bipolar plates. They 

found that the coating was effective in the condition of lower oxidant flow rate [194]. 

 Hence the carbon composite plates were coated with hydrophobic coating 

materials made by different manufacturers to study the improvement in surface wetting 

characteristics. In this study this approach has been further strengthened by coating the 

carbon composite bipolar plates with simple technique and with wide range of 

commercially available hydrophobic materials. 

 

5.3.5.5  Surface Modifications 

To modify the surface wet ability of the carbon composite plates for minimizing this 

property the commercially available 4 hydrophobic coating materials were employed by 

spray coating and after drying at ambient temperature and sintering at 150C. The two 

coating materials were available in aerosol canisters ready for spray coating e.g. made by 
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Impregnol and Erdal German companies and the PTFE emulsion supplied by Fuel Cell 

Store, was ready for spraying. Two coats of both materials were applied with 30 minutes 

drying interval. While the coating material TEGOTOPR 105 made by Degussa chemical 

company Germany was prepared for application by spray coating as follows; 

As recommended by the Degussa Company, 20 % TEGOTOPR 105 was mixed 

with 80 % TEGOR Polish Additive 5 and stirring for 3 minutes and 150 g/m2 of this 

mixture was applied by spraying with compressed air on the sample carbon composite 

plate with 30 minutes drying between the two coats and subsequent sintering after 3 

hours. The calculation of the mixture was made as follows; 

Area of plate = 23 cm  33 cm 

 = 0.0759 m2 

Required weight of mixture = 150  0.0759 g (As advised by Degussa) 

 = 11.385 g 

With 10 % additional for losses = 12.523 g 

Dilution ratio is 20 : 80 

Weight of TEGO polish additive-5  = 10.023 g 

Weight of TEGOTOP 105           = 2.5 g 

Then samples were prepared by spray coating and sintered for characterization by 

contact angle measurement. 

 

5.3.5.6   Determination of Contact Angle 

The wetting of non-porous solid surfaces by liquids is commonly quantified by means of 

contact angle measurements. The contact angle is the angle between the tangent to the 

drop’s profile and the tangent to the surface at the intersection of the liquid and the solid 

as shown in Figure 5.16. The contact angle is an index of the wettability of the solid 

surface. The low contact angle indicates that the surface is hydrophilic having a high 

surface energy while the surface having high contact angle demonstrates that the surface 

is hydrophobic with low surface energy. If the contact angle of a solid surface is 0, it 

will completely wet the liquid and on the other hand, if the contact angle is greater then 

90, it will be considered resistant to wetting [195]. 

 The shape of the water droplet is controlled by its contact angle which represents 
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its strength of chemical bond, known as surface energy. The surface energy is because of 

the presence of dangling bonds which are the source of wetting and adhesion. These 

angles directly provide information on the interaction energy between the surface and the 

liquid. 
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Figure 5.16: Measurement of contact angle of water droplet on carbon composite 

plate. 
 

As the contact angle of water droplets on solid surfaces is a measure of the 

wetting behavior of the surface, it plays a major role in the instability of the water 

droplets on the bipolar plate surface within the flow field channels. The adhesion to the 

surface can be described by the contact angle of the water droplet: the larger the contact 

angle the smaller is the wetted surface and the easier can the droplet leave the channel 

surface. On the other side, the lower the contact angle the higher is the tendency to stick 

to the surface and a higher flow rate is required to turn the droplet instable and remove it 

from the channel.  

 The contact angles of the deionized water droplets on the coated samples were 

measured by the KRUSS contact angle measurement system DSA10. The contact angle 

measurement data has been presented in the Annexure Table 5.3. The contact angles 

were measured at 10 to 20 different locations at each surface for a starting droplet 

volume of 3.00 μℓ with an increment of 0.01 μℓ and from three different orientations 

represented as Theta(M), Theta(L) and Theta(R) but only 6 readings have been presented 

in the Table 5.3 for space limitations. It is very much clear from the data that the contact 

angle did not increase or decrease with the increase in droplet volume but changes 

irrespective of volume change and the slight change in contact angle may be due to the 
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change in surface textures at different locations.  

 The water droplet contact angle on the Perspex plate ranges from 74° to 73.9° and 

the average contact angle was found 75° as displayed in the Figure 5.17 (a), which is 

demonstrated as hydrophilic surface because the surfaces having water droplet contact 

angles less then 90° are defined as hydrophilic surfaces and any surface whose water 

droplet contact angle is 90° or above is defined as the hydrophobic surface. For the 

untreated carbon composite plate surface the contact angle varies from 90.9° to 94.6° and 

the average angle comes out to be 92.4° which comes under the category of hydrophobic 

surface. However, after coating this plate with a commercial hydrophobic coating 

material named Erdal the contact angle was increased and was found from 100.6° to 

102.6° and the average contact angle was measured as 101°. The plate coated with 

Impregnol resulted contact angles ranging from 116.6° to 117.6° and average angle was 

117° and it was more hydrophobic then the Erdal.  

   

       (a) (75°)               b) (92°)        (c) (101°) 

    

     (d) (117°)            (e) (122°)        (f) (131°) 

Figure 5.17: Photographs of contact angles of water droplets on (a) Perspex 
plate (b) Uncoated carbon composite surface (c) Carbon composite surface 
coated with Degussa hydrophobic coating material, (d) Coated with PTFE 

(e) Coated with Erdal (f) Coated with Impregnol  
 

 Similarly the same carbon composite plate surface coated with hydrophobic 

coating material TAGOTOPR-105 the contact angles ranges from 122.1° to 122.4° and 

average contact angle was measured as 122°, which is 2nd maximum out of all other 

above-mentioned material surfaces. But the major increase in the contact angle comes 

after coating of the carbon composite plate with the PTFE  ranging from 130.3° to 132° 
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and resulted an average contact angle of 131° which is maximum out of all of the above 

mentioned surfaces but the problem with this coating was that the coating was not found 

durable on the carbon composite plate surface and it was loosing during handling and 

assembling and it may need some pretreatment of the surface to improve bonding 

capability with each other, while in the case of TAGOTOPR-105 made by Degussa 

chemical company, this was not the case. 

 Similarly the same carbon composite plate surface coated with hydrophobic 

coating material TAGOTOPR-105 the contact angles ranges from 122.1° to 122.4° and 

average contact angle was measured as 122°, which is 2nd maximum out of all other 

above-mentioned material surfaces. Moreover, its resistance to degradation was also 

better then the rest of the competitive materials. Therefore, TAGOTOPR-105 was found 

the best hydrophobic coating material for carbon composite bipolar plate being used in 

PEM fuel cells.  

 

5.3.5.7   Impact of Droplet Shapes in the Gas Flow Channel 

The water droplet shapes play very important role in the gas flow channels toward the 

water removal characteristics. Hence, water droplet shapes and their respective sizes 

were measured and recorded, ranging from 0.125 μℓ to 1.25 μℓ on the uncoated carbon 

composite plate as shown in figures presented in the Figure 5.1 Annexure I. Also the 

same water droplets were made on the carbon composite plate coated with TAGOTOPR-

105 a hydrophobic coating material made by Degussa Chemical company, Germany, 

measured and recorded with microscope Model LEICA DMRM Type:307-371.010 and 

presented in the Figure 5.1 Annexure I, for comparison. 

   

 

  

                                                                                 

 

 

 

 

 

 

 

  

1mm

(a) 92.4 
(b) 122 

1mm

 

Commented [Z4]: I would suggest to summarize the contact 
angle data in a table. 
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Figure 5.18: Comparison of water droplet shapes and sizes on surfaces of different 
hydrophobicity. 

 For example, if we compare the water droplet having volume of 1 μℓ on the plane 

carbon composite plate as shown in Figure 5.18 (a) and the same amount of water 

droplet on the carbon composite plate coated with TAGOTOPR-105 as shown in Figure 

5.18 (b), we can observe the clear difference in their shape, size, surface wetting area and 

height etc. 

 These differences are due to the different water droplet contact angles; the 

uncoated carbon composite surface has a contact angle of 92.4 and the plate coated with 

TAGOTOPR-105 has a contact angle of 122. The diameter of the droplet in (a) is 1.7 

mm while the diameter in (b) is around 1 mm and this difference defines that the same 

water droplet will occupy different space in the similar size channels made in the above 

mentioned surfaces as shown in the Figures 5.2-5.6 Annexure I. Hence, the geometry of 

the available space in the channel for air flow in the presence of this droplet will also be 

different. Similarly, the wetting area of the same water droplet on these different surfaces 

is also different; in case of (a) the wetting area is 2.269 mm2 while in case of (b) the 

wetting area is 0.384. This property plays a very important role in the disposal of water 

droplets from the channel. As the surface energy in both cases has a big difference, it 

means that more force is required to overcome this energy effect in case of (a) then (b). 

In other words, less pressure drop of air is required to move this water droplet in case of 

(b) then (a). 

To study this effect more precisely water droplets of sizes ranging from 0.125 μℓ 

to 1.25 μℓ with the increments of  0.125 μℓ were made in the 6 experimental gas flow 

field channels on the uncoated carbon composite plate as well as on the carbon 

composite plates coated with the commercially available hydrophobic coating materials  

 

 

 

 

 

Figure 5.19: Shapes and sizes of the demineralized water droplets for 1 μℓ volume 

 

     (a) 92.4 

 

      (b) 117° 

 

        (c) 122° Commented [Z5]: Please reformat the pictures 
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in the channel R1 made in the (a) uncoated carbon composite plate and (b)  coated 
with IMPREGNOLR and (c) Coated with TAGOTOPR-105. 

 

as mentioned earlier, and their shapes and sizes were measured and recorded with 

microscope and presented in the Figures 5.2-5.6 Annexure I. To analyse and compare the 

geometric and kinetic details of water droplets in channel R1(11mm) the photographic 

images of 1 μℓ deionized water droplets made in the different hydrophobic surfaces have 

been presented in the Figure 5.19 (a) to (c). 

 

5.3.5.8 Impact of Droplet Sizes in the Gas Flow Channel 

To study the impact of droplet sizes on the flow of air in the gas flow channels and the 

respective pressure drop an experiment was conducted. The flow channel R1 was 

selected for this study having a cross-section of 11(1 mm2) made in the uncoated 

carbon composite plate. Initially the pressure drops against the flow of nitrogen up to 

2500 ml/min were measured in this channel without any droplet (r = 0). Then water 

droplets of various sizes (radius = 0.29, 0.3908, 0.4924) were placed in the centre of the 

channel as shown in Figure 5.20 and pressure drops against the flow of nitrogen were 

measured and recorded.  

 

Figure 5.20: Placement of a water droplet in a square channel R1.  

 

The pressure drop values against the respective flow of nitrogen for every above-

mentioned droplet radius were plotted as shown in Figure 5.21. Here, it can be observed 

that the lowermost curve in blue color diagonal squares represents the pressure drop 

values for this channel without any droplet in it hence, the lowest pressure drop. Where, 

as the curve with pink horizontal squares represents the pressure drop values when a 
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water droplet of radius 0.29 mm is residing in the centre of the channel. Here we can 

observe the respective increase in pressure drop. 

 Again the pressure drop increases further by increasing the droplet radius to 

0.3908 mm as represented by black triangles and the maximum pressure drop in this 

study can be observed for the biggest radius of 0.4924 mm. Hence, it can be concluded 

that the pressure drop increases with the increase in droplet radius for the same air flow 

rates in the gas flow channels. 
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Figure 5.21: Influence of the water droplet radius on pressure drop 

with flow of nitrogen in channel R1. 
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Figure 5.22: Influence of the same water droplet radius on the pressure drop 

for the same flow of nitrogen in the gas flow field channel R1. Commented [Z6]: Please explain whether the droplets are 
removed under those operating conditions and flow rates, and if so, 
for which droplet radii. 
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The Figure 5.22 presents the precise change in the respective pressure drop 

against the same nitrogen flow rate for the change in droplet radius. It can be observed 

that here the pressure drop variation is very few in case of low nitrogen flow rates as 

represented by blue and pink lines for 500 ml/min and 1000 ml/min but this change is 

reasonable in case of nitrogen flow rates of 1500 ml/min to 2500 ml/min.  

 

5.3.5.8   Water Droplet Growth Behaviour in the Channel 

To study the water droplet growth behaviour with in the gas flow field channel made in a 
carbon composite plate a channel was machined with a geometry other then the previous 
geometries mentioned in Figure 5.1, whose width was 3.0 mm and its depth was 1.0 mm. 
The diameter of the syringe available with the KRUSS contact angle measurement 
system DSA10 was 0.5 mm. The water used was deionized from Millipore. 

     

0.5 mm

3.0 mm

1.0 mm

     
        (a)                 (b)            (c) 

 

  

     (d)      (e)      (f)  

Figure 5.23: Growth of water droplet by adding water with in the channel (a) to (d) 
and removing water from (e) to (f). 

 

Figure 5.23 (a): shows a water droplet residing in the centre of the channel whose 

volume was 0.88 μℓ and it makes a contact angle of 78 with the channel bottom surface. 

The  same channel behave differently when a droplet of o.82 μℓ was placed in one of the 

corner of the channel wall and the contact angle was decreased from 78 to 72 as shown 

in (b) and the contact angle was again increased to 90 when  1.98 μℓ water was added to 
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it as shown in (c). Also by adding 3.25 μℓ to (c) the water droplet grows bigger and 

bulges out from the top edges of the channel and the contact angle was again increased to 

93 as shown in (d). Hence it is clear that the increase in contact angle is 15 when 

volume of the droplet increases from 0.88 μℓ to 6.05 μℓ within this channel geometry. 

Figure 5.23: (e) to (f) shows the water droplet profile by removing water from the 

above mentioned droplets. As can be seen from the figures that while removing the water 

the profile left is almost reverse of the profile generated while adding water to it and the 

water is left in the corners of the channel and first removed from the centre of the 

channel. Also some of the water remained unremoved contained in the corners. 

 

5.3.5.9   Shape of a water droplet subject to location of residency in the channel 

The shape of a water droplet in a channel is governed by its location of residency with in 
the channel and it plays very important role in its removal from the channel.  

  

Figure 5.24: Top and side views of a water droplet residing in the centre of the 
channel. 

If a water droplet resides in the centre of the channel whose volume is 2.6 μℓ and 

its contact angle is 79 and not touching any side walls of the channel as can be seen in 

the Figure 5.24 above, its shape is spherical and it can easily be removed from the 

channel with the application of least differential pressure of the air. 

The Figure 5.25 shows the Top and side view of a water droplet of 2.8 μℓ volume 

with 90 contact angle residing in the corner of the channel. This droplet partially fills the 

channel and let the air flow with increased velocity but it is hard to remove with less 

differential pressure. 
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Figure 5.25: Top and side views of a water droplet residing in the corner of the 
channel. 

 

  

Figure 5.26: Top and side views of a water droplet touching both corners of the 

channel. 

If a water droplet is of bigger size as shown in the Figure 5.26 which has a 

volume of 6.05 μℓ making a contact angle of 93 and it fills the channel completely by 

touching both walls of the channel, it plugs the channel and do not allow the air passing 

through the channel until the differential pressure of air pushes this plugging droplet to 

move along the direction of the air flow. This type of flow pattern is called plug flow 

pattern.  

 

5.3.5.10   Water Droplet Growth Behaviour in the Channel with GDL on the Top 

Another, similar study was made by covering the channel with GDL on top. The GDL 

was super hydrophobic with an average water droplet contact angle of 159 as shown in 

Figure 5.27 and the measured contact angles from different locations have been 

presented in the Table 4 Annexure II. Where as the channel has a contact angle around 

90. The demineralized water was injected into the channel filling it partially and the 

water droplet was touching two sides with the channel wall and from the top to the GDL 

surface. It was observed that the corner with one side wall of the channel wall and the 

adjacent bottom of the channel was wetted with water and completely filled and 

occupied but top corner with GDL surface and one side wall of the channel was not 

wetted by water as shown in the Figure 5.28. 
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Figure 5.27: Measurement of water droplet contact angle on GDL. 

 

This was due to the reason of hydrophobicity of the GDL. While the unfilled 

portion of the channel also shows the wetting of base of the channel and droplet profile 

trend of the GDL is towards hydrophobicity. 

GDL

 
Figure 5.28: Channel partially filled with water and super hydrophobic GDL on the 

top of channel. 

 

When the water was removed with the syringe from the channel by puncturing 

the GDL, the water droplet profile was almost the same as previous and the unfilled 

portion of the channel was increased but the corners were with the same status as 

previous and the droplet profile was also same as shown in the Figure 5.29. 

By injecting more water into the channel the whole space was occupied with 

water except the top corners with GDL surface, which were still not wetted by the water 

as shown in the Figure 5.30. This thing is very much favorable in critical condition of 

flooding because at lease two corners may be available for the reactant to flow.  

GDL 

Corner not 

wetted by water 
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Corner not
wetted by water

 
Figure 5.29: Channel covered with hydrophobic GDL having corner not wetted by 

water. 
Corner not
wetted by water

 
Figure 5.30: Channel filled with water having both corners not wetted by water. 

 

 This was the case when the channel was a poor hydrophobic surface and if on the 

other way channel is also made super hydrophobic then all of the four corners will 

remain available for the reactant circulation even in swear flooding conditions.  Hence, 

water droplet contact angles were measured with in the channel made in the available 

carbon composite plate as shown in the Figure 5.31. 

 

 
Figure 5.31: Water droplet contact angle measurement with in the channel. 

 

The contact angle values for the uncoated carbon composite plate within the 
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channel are shown in Table 5.5 in the Annexure II. It can be observed from the Table 5.5 

that the contact angle varies from 76 to 88.4 with an average contact angle of 81.8.   

Moreover, contact angles were also measured on the untreated surface out of the 

channel as shown in Figure 5.32. The measured angle values have been presented in the  

 
Figure  5.32: Droplet on untreated surface. 

 

Table 5.6 Annexure II. These values, varies from 75.3 to 80.2 with an average angle of 

76.9 and their respective figures have been presented in the Figure 5.7 Annexure I. By 

comparing the water droplet contact angle with in the channel with the angle out of the 

channel it can be observed that the contact angle with in the channel is a little higher then 

the contact angle out of the channel and it may be due to the surface texture variations 

after machining the channel. 

 The Figure 5.33 gives a comprehensive overview of the obtained results so far for 

the square geometry very common in PEMFC gas flow field channels. The lower curve 

(triangles) presents the relationship of the nitrogen flow and the pressure drop in the 

empty channel R1; the change in the slope, represent the transition to turbulent flow for 

the flow rates of nitrogen in this channel. 

The upper curve (squares) represents the behavior of the same channel subjected 

to water droplets as well as the pressure drop in the channel. The pressure drop values 

are the highest for the specific volumes of water droplets and their respective shapes 

which cause the droplet to move from its residence location.  

From this plot it can be easily seen how water droplets may change their shapes with the 

change in volume and location along the channel and, accordingly, how the pressure 

drop and excess air flow to the stoichiometric flow rate required for the transport is 

changed. The same dependence on the channel geometry is observed when turbulent 

flow rates are applied which can be realized by the abrupt change in the pressure drop 

gradient. In addition, the wetting area has been calculated as function of droplet volume 

which may be used for considerations of the shear forces balancing to the applied forces 

Fig10 
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for the instability of the specific droplet. The average velocity as function of droplet 

volume along with the respective shape is given in the third row of the data. All of these 

parameters have been compiled in a table form presented in Table 5.7 Annexure II.         
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Figure 5.33: Determination of pressure drop with and without water droplets in the flow field channel R1. 
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5.3.6   Determination of water droplet detachment improvement by the 

hydrophobic coatings. 

The studies made so far concluded that the surface modifications within the gas flow field 

channels may improve the water droplet instability and will enhance the water removal 

characteristics of the gas flow field channels of the PEMFC. To determine the 

improvement achieved in the efforts so for the comparative studies of the theoretical, 

measured and water droplet detachment flow rates of nitrogen and the respective pressure 

drops measured were compiled and compared for the gas flow field geometries 

mentioned in Figure 5.1. 
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Figure 5.34: Theoretical, measured and droplet detachment pressure drops for the 

Channel R1 against the flow of nitrogen. 

 

The Figure 5.34 explains the water droplet kinetics in various conditions in the 

channel R1 which is a square geometry having the maximum cross-sectional area among 

the rest of the channel geometries, where “DD” stands for droplet detachment, at which 

the droplet is detached from the channel surface due to the drag force exerted by the 

pressure drop of the nitrogen flowing over the specific droplet and it starts moving. The 

lower most line represented by the “horizontal squares” represents the pressure drop in 

the nitrogen flow when the channel is dry (Pink squares) while the diagonal squares (Blue 

squares) represent the theoretically calculated pressure drops against the flow of nitrogen 
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in this channel. It is very much clear that both lines show the similar trend with a little 

variation due to the following two reasons;  

(i) There were some small gaps between the matching surfaces of the transparent 

Perspex plate and the graphite composite plate in which the channels are 

machined due to which the actual area of the channel was more then the 

theoretical area of the channel which caused the additional pressure drop. 

(ii) There were 5 holes in the Perspex plate ranging from 5 mm to 8 mm which 

connects the channel with the pressure drop measuring equipments and the access 

to place the water droplet at the specific location in the channel. These holes were 

closed during the measurement but still their lower portions, were not exactly 

smooth and they increase the available area of the channel affecting the decrease 

in pressure drop as mentioned in Para (i). 
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Figure 5.35: Theoretical and measured droplet detachment pressure drops for the   

 Channel R1 against the Reynolds numbers of nitrogen flow. 

 

However, the little loss in pressure drop is negligible and does not affect too much 

in studying the required parameters. It means that the system of measurement is 

satisfactory and generated reliable and workable data presented in the above mentioned 

figures. 
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 Moreover, theoretically the pressure drop for the same channel might be higher 

when the water droplet is present in the channel then the pressure drop in the dry channel, 

due to the additional pressure drop caused by the water droplet by decreasing the 

available cross-sectional area of the channel and this theory is proved in the data 

presented in the Figure 5.34 and specifically in the Figure 5.35. 
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Figure 5.36: Comparison of investigated droplet detachment pressure drops against 

the velocity of nitrogen flow in the channel R1 after coating the channels with 
hydrophobic coating materials as Impregnol and TAGOTOPR-105  with the 

uncoated channel. 

 

The pressure drops against the velocity of nitrogen presented in Figure 5.36, were 

investigated for the detachment of water droplets ranging from 0.125 l to 7l in the 

channels machined in the uncoated graphite composite plate  represented by upper two 

lines yellow, green and data points represented by  brown “x” and “+” all show high 

pressure drop while the lower most continuous line (Pink parallel lines)  show low 

pressure drops for the same conditions maintained in the channels coated with 

hydrophobic surface coating materials manufactured by Impregnol and TAGOTOPR-105. 

Where as the curve represented by TAGOTOPR-105 coating material shows lowest water 

droplet detachment pressure drops which explains that less pressure drop is required for 

the detachment of water droplet from the surface of the channel walls to move out of the 

Commented [Z8]: I would suggest to add a table where data sets 
of “channel type”, “droplet volume” and corresponding “detachment 
pressure” are listed. 
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gas flow channel. In other words less electrical power is required to remove the product 

water along with condensed water or accumulated water in the gas flow field channels of 

cathode side in low temperature PEMFCs which is highly required because the oxidant is 

pressurized at the expense of  electrical energy generated by the fuel cell it self and it 

greatly affects the efficiency of the fuel cell.                                                                                                                                                                      
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Figure 5.37: Comparison of investigated droplet detachment pressure drops against 
the Reynolds numbers of nitrogen flow in the channel R1 after coating the channels 
with hydrophobic coating materials as Impregnol, TAGOTOPR-105 and Erdal with 

the uncoated channel. 

 

 Reynolds number explains the texture of the flowing fluid and its values were 

calculated for every droplet detachment flow conditions in all of the six channel 

geometries. The Figure 5.37 presents the curves plotted for every droplet detachment 

pressure drop against the respective calculated Reynolds number for the specific flowing 

conditions through the channel R1 with uncoated channels, channels coated with 

Impregnol, TAGOTOPR-105 and Erdal hydrophobic materials. Again, the droplet 

detachment pressure drops for the channels coated with Erdal and Impregnol are almost 

same and lower then the droplet detachment pressure drops for the uncoated channels but 
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they are higher then the droplet detachment pressure drops for the channels coated with 

TAGOTOPR-105.  

In this way TAGOTOPR-105 is found to be the most suitable hydrophobic 

material for coating into the gas flow field channels made in the graphite composite 

bipolar plates. Moreover, it is also verified experimentally that the hydrophobic surfaces 

improves the water removal capabilities of the graphite composite bipolar plates. 
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Figure 5.38: Comparison of measured pressure drop in dry channel R2 with the 

minimum pressure drop investigated for the detachment of various droplets against 
flow of nitrogen. 

 

The channel R2 with rectangular geometry having the cross-sectional area (0.5 

mm2) shows intermediate pressure drop in comparison to other 5 channel geometries for 

the same flow of nitrogen. Moreover, the Figure 5.38 verifies that the pressure drops for 

the dry channel are less then the pressure drops for the two phase flow in the same 

channel. The upper two lines made by the green triangles and pink diagonal rectangles 

represents the minimum pressure drops investigated by repeated measurements but 

presented only two of them to avoid crowding of lines. 
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Figure 5.39: Determination of theoretical, measured and droplet detachment 
pressure drops against the Reynolds number in channel R2. 

 

The Figure 5.39 explains the structure of the flow of nitrogen through Reynolds 

number against the respective pressure drops calculated theoretically as well as measured 

in the dry channel. There is clear evidence that the measured pressure drop in this channel 

is also low then the theoretical pressure drop due to the reasons already explained above 

in case of channel R1. 

The improvement in the water transport in the form of less pressure drop in the 

channel R2 achieved by hydrophobic coating made by TAGOTOPR-105 can be viewed as 

represented by the line of green spheres in the Figure 5.40 which shows a reasonably less 

pressure drop required for the water droplet detachment from the channel surface. Where 

as the three different types of data points show higher water droplet detachment pressure 

drops for the similar conditions in the uncoated channel R2. 
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Figure 5.40: Verification of improvement made by the coating of hydrophobic layer 

made of TAGOTOPR-105 in channel R2. 
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Figure 5.41: Comparison of theoretical and measured pressure drops against the 

Reynolds number in channel R3. 



 153

 The Figure 5.41 presents a comparison of theoretical and measured pressure drops 

against the Reynolds number in channel R3. The measured pressure drop in the dry 

channel is little less for the flow rates of nitrogen corresponding to the Reynolds number 

values after150 and onwards due to the reasons explained previously. 
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Figure 5.42: Verification of the measured droplet detachment through calculation. 

 

 The investigated pressure drops necessary for the detachment of specific droplets 

in the channel R3 were verified through calculation of the Re values against the nitrogen 

flow conditions during these measurements by using the following equation; 

  2

2

1

100 g
h

g V
d

fL
P 


 

Where   P = Calculated pressure drop for the two phase flow conditions. 

   f  = Friction factor for the channel (56.91/Re) 

    L  = Length of the channel (m) 

   dh = Hydraulic diameter of the channel (m) 

   V = Velocity of the gas in the channel (m/sec) 

     = Density of the nitrogen (Kg/m3) 
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The respective calculated values were plotted in the Figure 5.42 for comparison and 

verification. From the both curves the similar trend and almost overlapping each other 

verifies the investigated data presented in this Figure. 
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Figure 5.43. Comparison of investigated droplet detachment pressure drops against 

the velocity of nitrogen flow in the channel R3 after coating the channels with 
hydrophobic coating material TAGOTOPR-105 with the uncoated channel. 

 
 The Figure 5.43 is a comprehensive analysis of the channel R3 which is a 

rectangular geometry having a cross section of 0.5 mm2 which have been investigated as 

most suitable with outstanding properties for water removal from the cathode gas flow 

field channels. The width of the channel is 1 mm and depth of the channel is 0.5 mm. 

This channel has intermediate pressure drop among the 6 model geometries.  

 The theoretical and measured pressure drop in the dry channel against the velocity 

of nitrogen have almost similar trend. Where as the pressure drop for the uncoated 

channel are on the higher side which have been decreased by coating the channel with the 

hydrophobic material TAGOTOPR-105.   
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Figure 5.44: Comparison of theoretical, measured and droplet detachment pressure 

drops against the respective Reynolds number in channel R3. 

 

The same affect has been presented in the Figure 5.44 in the form a relationship of 

pressure drop with the Reynolds number. Again the theoretical and measured relationship 

has the similar trend while the droplet detachment; in the uncoated channel have higher 

values. Also the hydrophobic surface generated by the TAGOTOPR-105 improved the 

situation by resulting the lower most curve. 

R4 is the square geometry (0.5  0.5) having the cross-sectional area of 0.25 mm2 

presenting the 2nd most highest pressure drop against the flow of nitrogen among the 6 

model geometries as shown in Figure 5.10. The comparison of calculated pressure drop in 

the uncoated channel with the investigated droplet detachment pressure drops against the 

flow of nitrogen for the specific droplets have been presented in Figure 5.45. The 

difference in the two trend lines show the pressure drop required for the transport of 

water droplets out of this channel. 
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Figure 5.45: Comparison of theoretical and measured investigated droplet 

detachment pressure drops against the flow of nitrogen for the specific droplets in 
channel R4. 

 

This channel was then coated with the hydrophobic coating material TAGOTOPR-

105 and respective measurements were again repeated to investigate the improvement 

achieved by this surface modification in the form of pressure drop reduction required for 

the detachment of specific droplets. Hence, the improved measurements were repeated 3 

times and compared with the similar measurements made with the uncoated channel R4 

and presented in Figure 5.46. Here the improvement is very much clear with the data 

points showing lower pressure drops plotted against the Reynolds number of the 

respective flow of nitrogen.   

The V1 is a “V” shaped channel having an inside angle of 53 and height of 1 mm with a 

cross-sectional area of 0.5 mm2. This channel presented 2nd lowest pressure drop as 

compared to the rest of the model geometries. Also this channel geometry behaved 

similarly in dry as well as two phase flow conditions as presented in the Figure 5.47, 

where the investigated; water droplet detachment pressure drops plotted against Re are 

higher then that of the dry channel. 
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Figure 5.46: Determination of improvement due to the coating of hydrophobic layer 

made by Degussa (A German coy) in Channel R4. 
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Figure 5.47: Comparison of theoretical and measured investigated pressure drops 

against the flow of nitrogen for the specific droplets in channel V1. 

 

  After coating this channel with hydrophobic coating materials made 

TAGOTOPR-105 and Impregnol the improvement achieved can be seen in the Figure 

5.48. 
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Figure 5.48: Determination of improvement due to the coating of hydrophobic layer 

made by Degussa (A German coy) and Impregnol in Channel V1. 
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Figure 5.49: Comparison of investigated droplet detachment pressure drops against 
the velocity of nitrogen flow in the channel V2 with the theoretical pressure drops. 
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The channel V2 with V-shaped geometry having the cross-sectional area (0.125 

mm2) shows maximum pressure drop in comparison to other 5 channel geometries for the 

same flow of nitrogen. Comparison of investigated droplet detachment pressure drops 

against the velocity of nitrogen flow in the channel V2 with the theoretical pressure drops 

have been presented in the Figure 5.49. Again the water droplet detachment pressure 

drops are higher than the theoretical pressure drops as shown from Figure 5.49. As the 

size of this channel is very small so few data points were measured for droplet 

detachment. 

 Moreover, the comparison of measured pressure drops in dry channel and the 

investigated pressure drops required for the detachment of specific water droplets against 

the flow of nitrogen in channel V2 have been presented in the Figure 5.50. If we compare 

the two figures 5.49 and 5.50, we can observe that the difference between the theoretical 

pressure drop and the water droplet detachment pressure drop is higher then the 

difference in pressure drop for the measured pressure drop in dry channel and the water 

droplet detachment pressure drop, at the same conditions of nitrogen flow. The reason for 

this has been discussed in case of channel R1. 
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Figure 5.50: Comparison of measured pressure drop in dry channel and the 
investigated pressure drops required for the detachment of specific water droplets 

against the flow of nitrogen in channel V2. 

5.4   An Optimal Solution 

The water removal behavior of different channel geometries in a carbon composite plate 

was analyzed. Some notable water detachment characteristics observed in a fuel cell with 

rectangular channel cross-section are: 

 Small droplets are formed preferably in the corners of the channel.  

 Water droplets are formed at the corners along almost the complete length of the 

gas channel.  

 From a threshold value onwards, the formation of liquid water is sufficient to 

block the complete channel and the water is required to be pushed out of the cell.  

 If the momentum of the gas flow across the droplet is insufficient to push the 

droplet out of the channel, the droplet size grows in size by further condensation 

or joining of two or more droplets. 

 Once the droplet reaches a certain value it is removed by the gas flow and another 

droplet starts to grow at the same site.  

 The increasing size of the droplet leads to a three-sided contact and finally with 

all four boundaries, causing a completely blocked channel cross section. 

 Movement and detachment of droplet depends on the momentum of the gas and 

the droplet size. 

Since the main focus of research in this thesis is the minimum pressure drop and the 

minimum flow rate which is required to move almost all droplets out of the channel, no 

distinction between different droplet shapes and different locations in the cross section of 

the channel has been made. A detailed analysis of this special behavior is beyond the 

scope of this study. 

In order to systematically present the data, the pressure drop at which the droplet 

movement starts is plotted with respect to the normalized droplet volume, which is 

defined as a channel filling droplet of 1mm in length. Two characteristic regions can be 

observed:  
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 As long as the droplets are small and do not block the entire channel cross section, 

the pressure drop at which the droplets start moving decreases with increasing 

droplet size. The characteristic curves have been presented in previous article for 

different channel geometries and size. 

 Another significant factor that needs to be considered is the variance of the graph. 

The graphs show that the necessary pressure drop is smallest for the channel R1 and 

highest for the channel R4 as shown in Figure 5.10. Thus, for an efficient removal of 

small amounts of liquid water at low pressure drops, a wide channel cross section area is 

desirable.  

Thereby, the difference between channel R2 and R3, which both have the same cross 

sections but different orientation, suggest R3 better in performance in terms of pressure 

drop.  

 The pressure drop behavior in R2 mostly depends on the location within the 

channel where it resides i.e. in the corner, near the wall or center of channel etc. However 

for the R3 the water detaches wetting the channel bottom. For the triangular shaped 

channel (V1), higher pressure drop is required to transport the droplet to ward the exit. 

A different condition is observed when larger quantities of liquid water are present in the 

gas channel, as displayed by means of Fig. 5.51.  

At high normalized water droplet volumes above 4 and below 10 (maximum 

normalized droplet volume in our experiments) the channels are completely blocked by 

the droplet. As can be seen in Fig. 5.51 the pressure drop necessary to remove the droplet 

remains nearly constant in this region. For the largest considered channel (R1) the 

required pressure drop is 4 mbar. The highest pressure drop (about 8 mbar) necessary for 

removing the water was observed for the smallest channel R4. 

Larger droplet volumes behave in a similar way in all channels but in the case of 

smaller droplets this tendency is different as the effective cross-sectional area of the water 

droplet depends on its shape, location, wetting area, and the unoccupied cross-sectional 

area of the respective channel. From a droplet volume of 1 μℓ onwards for almost all of 

the geometries a maximum pressure drop of 20 mbar is sufficient for liquid water 

removal. In completely filled channels the droplet transport starts from a minimum 
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pressure drop of 4 mbar onwards; in fuel cells the absolute value might slightly differ due 

to the different wetting properties of the Perspex cover plate compared to the gas 

diffusion layer. 

 

  

Fig 5.51: Determination of minimum pressure drop required for the transportation 
of a specific water droplet through channels of different geometries and cross-

sectional areas. 

 

These results can be transferred to fuel cell applications by the use of flow field designs, 

which maintain a minimum specific pressure drop of 16 mbar/m channel length. 

However, a balance between several factors has to be considered:  

 An optimum rib-to-channel ratio. 

 A minimum rib width is required in order to minimize shear forces to the GDL. 

It must also be remarked that the transfer to highly parallel flow field channels 

requires an increased gas flow, because increased flow resistance in partially 

filled or blocked singular channels causes a bypassing flow which in turn can 

only free the channels if the pressure drop is large enough [196]. 

 If the additional pressure drop is not large enough, the condensate remains 

persistent. This pressure drop increases effect of flooded channels. A fully or 

partially flooded cell can be identified by a change in time constants with 
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respect to dynamic behavior, which tends to be three-fold higher in flooded 

operation [197]. 

As investigated [198] channel and rib widths in the range of 0.5-1 mm turned out to be 

advantageous for fuel cell voltage level. Using a parallel flow field with 0.5, 1.0, and 1.5 

mm channel depth (channel width 1 mm), current-voltage and utilization-voltage curves 

were recorded. The characteristics are given in Figures. 5.51 and 5.52.  

 It is clearly shown that a lower channel depth is advantageous for the cell voltage, 

although in this example; the performance increase may be also caused by a lower 

oxygen concentration gradient in z-direction as shown in Figure 5.52 [198].  

 
Figure 5.52: Characteristic curves as function of channel depth. The flow field 

geometry as well as the rib : channel width ratio are kept constant. 
 
 

 Figure 5.53 shows another current-voltage curve using a short stack with 560 cm2 

active area and different channel depths (stack A: 1.3 mm, stack B: 1.3-0.57 mm, stack C: 

1.3-0.4 mm). There, a clear coincidence with lower channel depth and a performance 

increase in the low current density region can be observed. Accompanying experiments 

using a Perspex cover plate of the flow field which is fed with a water/air mixture clearly 
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showed that this effect is due to different condensate removal capability (increasing from 

stack A and stack B to stack C) in the region of flow rates corresponding to the current 

density region of 0.1 to 0.3 A/cm2 in Figure 5.54.  

 

 
Figure 5.53: Air utilization voltage curves as function of channel depth. 

   

The observed pressure drops in those experiments are in agreement with the minimum 

pressure drops of 4-8 mbar which are observed in Figure 5.52 for a fixed channel length 

to be necessary to remove water droplets. If a fuel cell is designed such that the pressure 

drop is smaller, condensate remains in the cell which leads to a local flow region in the 

respective channel which in turn limits the media supply and induces a voltage drop (as 

shown in Figure 5.54, stack A).  

 Additional degradation effects occur if hydrogen shortage is provoked by such 

flooding. Therefore, a careful selection of design and operating parameters must be 

performed to avoid flooding. The results presented can be utilized to develop optimal 

designs. 
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Figure 5.54: Current voltage curves for 560 cm2 stacks with different anode channel 
depths (stack A: 1.3mm; stack B: 1.3mm–0.57mm; stack C: 1.3mm–0.4 mm). 

  

 Different flow field channel geometries, as employed in low temperature fuel 

cells, have been characterized and compared by means of a simplified parametric 

identification. The volumes of water droplets, the minimum air flow and pressure drop 

required to transport the water droplets were monitored. With respect to condensate 

removal, an optimum geometry was found to be a rectangular shaped channel with a 

width of 1 mm and a depth of 0.5 mm (R3) which exhibits the best water removal 

properties at a reasonable pressure drop; similar findings have been reported by Mench et 

al. [31, 41]. In stack applications, somewhat deeper and smaller channels might be 

advantageous due to the intrusion of the gas diffusion media into the channel. 

 Regardless if the droplets block the complete channel or not, the optimum 

removal characteristics are reached. Triangular (V) shaped cross sections do not improve 

the water removal characteristics nor do they have an influence on the pressure drop 

required to move the droplet; this is most likely caused by the fact that the Concuss Finn 

condition is not fulfilled and the droplet resides in the corner without spreading across the 

cross section. The superior performance of the found channel geometry has been 

underlined by means of comparable in situ experiments employing larger channel 

geometries. 

 

Current density (A/cm2) 
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Chapter 6  

 
6 Development of Fuel Cell Hardware Designing 
 
 
6.1 Introduction 
After process designing the hardware designing is a professional and tough job as it 

requires, to make use of lot of respective knowledge and engineering tools to satisfy the 

process requirements and selection of available materials, characterization of the selected 

materials, fabrication facilities, associated cost barriers and other related issues etc. 

The designing of a single cell is relatively simple and designing of a fuel cell 

stack is more complex. Again the designing of a fuel cell system is even more complex 

because of the reason that the number of components involved in a fuel cell stack is 

approximately 40% of the total number of components required for a PEMFC system. 

The next issue is the interlinking and required functioning of all the components involved 

throughout their designed operational life. For example, the required operational life of a 

PEMFC for automotive applications is 5000 to 8000 hours and for stationary applications 

it may range from 30,000- 40,000 hours [57]. 

 As we know from the knowledge presented in the previous chapter that first we 

have to decide about the power required from the fuel cell stack, we are going to design. 

The power produced by a fuel cell stack depends on a lot of factors but three of them are 

the primary e.g. voltage, current density and active area of the MEA. All of these 

parameters are interrelated and plays an important role in the process of designing of a 

fuel cell.  

The available MEAs in the laboratory purchased from E-tech and ElectroChem 

Inc. USA, whose active areas were 25 cm2, 50 cm2 and 100 cm2 were used to build low 

temperature single mini fuel cells and fuel cell stacks by designing rest of the fuel cell 

components e.g. monopoler plates, bipolar plates, gaskets, GDL, current collector plates 

and end plates. Moreover, MEAs were also fabricated by sandwiching NafionTM 

membrane with platinum wire mesh electrodes as well as by depositing carbon supported 
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platinum catalyst directly on the both sides of the NafionTM membrane after making paste 

in NafionTM emulsion.  

 

6.2   Single fuel cell designing 

The starting point in designing of a single fuel cell is the determination of its active area. 

In this study single cells of different active areas were designed and tested e.g. 16 cm2, 25 

cm2, 50 cm2, 100 cm2.   

 

6.2.1   Design and Preparation of Electrodes and Membrane 

  Electrode Assembly 
The electrode is a thin catalyst layer pressed between the GDL and the PEM. As 

described earlier different strategies were adapted to design and fabricate the electrodes 

and MEAs. The first effort was done by utilizing an available metallic wire mesh 

electrode coated one side with platinum supported on carbon powder of unknown 

specification. The electrode was made circular of an area of 16 cm2 and current collecting 

wires were soldered on each electrode to the wire mesh as shown in Figure 6.1. A square 

piece of NafionTM-115 was sandwiched between the above mentioned electrodes to make 

the MEA. There was no GDL introduced into it, as the catalyst was deposited on the 

carbon paper acting as GDL. 

  

(a) (b) 

Figure 6.1: Photographs of metallic wire mesh electrode (a) Metallic Wire mesh 
impregnated with Teflon (b) Carbon paper deposited with platinum catalyst. 
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In a 2nd strategy the platinum catalyst as powder with 20% Pt/C and 40% Pt. + 

Ru/C was purchased from the ElectroChem USA. It was decided to apply a catalyst 

loading of 0.5 mg/cm2 on both sides of the NafionTM-117 membrane purchased from 

ElectroChem. 

 As described above, the amount of catalyst to be deposited was calculated as 

follows; 

Catalyst loading = 0.5 mg/cm2 

Active area of the MEA = 25 cm2 

Weight of the platinum = 25  0.5 mg 

     = 12.5 mg 

The available platinum loading in the catalyst = 20 % 

Hence amount of catalyst = 100  12.5/20 mg 

         = 62.5 mg 

 

 

Figure 6.2: Photograph of MEA fabricated for 25 cm2 active area. 
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Then NafionTM-117 (Thickness is 7 mil or 0.18 mm) was washed in deionized 

water, dried and hydrated in deionized water for 2 hours at 60C and again dried in air to 

make it ready for catalyst deposition. The catalyst was deposited by two methods; 

First the above calculated weight of the catalyst was weighed on electronic lab. 

Scale and this powder was mixed into the 5 Wt%/ml NafionTM solution (Purchased from 

ElectroChem) to make it a thick paste and this paste was applied with cosmetic brush on 

to the marked area of the NafionTM membrane and spreaded uniformly. 

 Then a piece of Toray Carbon paper of 55 cm was placed precisely on the 

catalyst area of the membrane as a GDL and a piece of transparency sheet was placed on 

the carbon paper and pressed firmly as shown in Figure 6.2. Now one side of the MEA 

was ready so it was carefully turned upside down and the whole procedure was repeated 

as before (new catalyst weighing, paste making in NafionTM solution and deposition on 

membrane etc). After this the MEA was placed in the hot press as shown in the Figure 6.3 

and hot pressed at a pressure of 50 atm pressure to minimize activation and ohmic 

overpotentials, at the glass transition temperature of 120C. In this way the MEA was 

ready for assembling into the fuel cell [199]. 

 

Figure 6.3: Hot press with loading capacity of 5 Tons (TOYOSEIKI). 
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 Secondly, the same amount of catalyst was mixed in to the 5% NafionTM solution 

to make it a spray able ink by stirring for 6 hours. Then the NafionTM membrane treated 

by the procedure explained above was coated with the ink jet spray by using compressed 

air on both sides of the MEA with subsequent drying intervals till the whole ink was 

consumed and required thickness of 10µm was achieved [200]. Again the Toray carbon 

paper was placed on both sides as GDL and covered by the transparency sheet to save 

GDL from damaging and sticking with the press. Again it was pressed in the hot press to 

make it MEA, as explained previously. 

MICRON

CATHODE 
CATALYST 
LAYER

MEMBRANE

MICRON

ANODE 
CATALYST 
LAYER

 
Figure 6.4: Membrane electrode assembly configuration for a fuel cell of 

active area 60 cm2. 
 

Similarly, a MEA was designed for an air cooled fuel cell stack of active area 60 

cm2. The configuration of the MEA is presented in Figure 6.4. The PEM has been cut as 

per specifications of the bipolar plate, manifolds for hydrogen and oxygen and two holes 

for the tie rods. The anode catalyst of thickness 10 micron have been deposited on the left 

side of MEA shown by red color and the cathode catalyst of thickness 10 micron have 

been deposited on the right side of the MEA represented by blue color. The catalysts 

deposition and heat treatment was same as explained earlier. 



 171

6.2.2   Design of Monopolar Plates 

The first step involves the collection of requirements for the monopoler plates, the cell 

gasket and the clamping device etc. From the analysis of the basic functions with regard 

to material characteristics, process technology and design, different approaches arise, 

which are combined to several solutions in a morphological  matrix. The solution 

concepts are compared and the best is implemented. In two further development steps, the 

monopoler plate is optimized with respect to weight, volume and performance. 

Meanwhile the basic concept remains the same, but the cell power increases at every step, 

while the active cell surface area the same. To satisfy above-mentioned requirements the 

available materials aluminum, graphite, carbon composite, stainless steel and copper were 

utilized to fabricate the monopoler plates for single cell fuel cells. 

  

 

 

 

 

 

Figure 6.5: Cathode side monopolar plate with parallel flow pattern on graphite 

plate. 

The design considerations were taken into account to fulfill the requirements of 

monopoler plates as mentioned in Table 3.1. The monopoler plates of different active 

areas were designed, fabricated and tested e.g. 16 cm2, 25 cm2, 50 cm2, 100 cm2. As for 

as designing of physical shape is concerned, the thickness of the monopoler plate was 

kept with in the limitations of weight, availability, machining cost and mechanical 

strength of the materials mentioned above but keeping with in 2.5 mm to 5 mm. The 

designing of various gas flow field channel geometries were made keeping in view the 
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studies made as explained in chapter 5. Different flow field patterns e.g. parallel, single 

serpentine, multi-serpentine and mixed flow patterns were adopted for the monopoler   

plates as shown in the following figures. 

 

6.2.2.1   Monopolar Plate on Cathode Side 

The monopolar plate shown in Figure 6.5 with the circular parallel flow patterns was 

designed for the first time for single fuel cell having an active area of 16 cm2. This flow 

pattern has many advantages and disadvantages as explained in Article 2.5.5.2.1, but as 

for as the manufacturing is concerned, it’s designing, machining programming and 

machining time for milling operations is less as compared to other flow patterns.  

 

 
Figure 6.6: Parallel flow field pattern made on S.S plate for 16 cm2 of a cathode side 

monopoler plate with current collector. 

 

 The material selected for making the monopoler plate on cathode side was 1S 

aluminum purchased, which is cheap and the machining time was minimum as well as the 

tool selection and breakage was not a problem as the milling cutter of 1 mm diameter has 
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many limitations during machining. In this design the percentage utilization for active 

area of the plate to the total plate area is approximately 37.86%. 

 The design of monopoler plate with parallel flow pattern was improved by 

making the parallel flow field patterns in a square geometry and with two inlet groves and 

two outlet groves from the inlet let out let manifolds as shown in Figure 6.6, on a 

stainless steel (304 L) plate of 3 mm thickness. This material has all of the required good 

qualities except following two demerits; 

1. Stainless steel (304L) is a hard material and difficult to machine especially with a 

milling cutter of 1 mm diameter. Moreover, the machining time and the 

consumption of milling cutters were also high. 

2. The electrical contact resistance of the stainless steel is little high as compared to 

the rest of the materials as explained in Article 3.6.5.1. 

Moreover, the function of electrical current collector was achieved through this 

design of monopoler plate, by extending two terminal strips of 25 mm wide, each having 

a hole of 5 mm in diameter. One of these strips was for the output terminal to connect 

with the load and the other was designed for the monitoring of current and voltage etc. 

Hence, this design optimized the single fuel cell by minimizing two components and 

sufficient weight of the fuel cell.  

 Also a continuous groove of width 2 mm and depth of 2 mm was made around the 

inlet outlet manifolds and active groove area of the monopoler plate to accommodate the 

gasket for sealing the gases and to avoid their mutual mixing. Moreover, two aligning 

slots of diameter 5 mm have been designed on both sides of the plate to accommodate 

and align the steel aligning bars during assembling of the fuel cell. In this design the 

percentage utilization for active area of the plate to the total plate area is approximately 

16%. 

 

6.2.2.2   Monopolar Plate on Anode Side 

The flow field pattern for the monopoler plate on anode side for the first single fuel cell, 

designed for an active area of  16 cm2 was selected as serpentine flow pattern as shown in 

Figure 6.7. The material used for this monopoler plate was 1S Aluminum. The MEA was 
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made by sandwiching the wire mesh electrodes of diameter 45 mm to overlap 2.5 mm all 

around the grove area. In this design the percentage utilization for active area of the plate 

to the total plate area is approximately 37.86%. 

 

 
Figure 6.7: Serpentine flow field pattern on graphite plate for anode 

side monopoler plate. 

 

The purpose of the serpentine flow pattern on anode side was to create a pressure drop of 

hydrogen only to be diffused in to the GDL and excess to the catalyst to enhance the 

electrochemical reaction. Because in this design, the hydrogen was supplied through a 

storage cylinder, the outlet was a dead end and there was no recirculation system. 

The length of serpentine channel was computed by using the following equation 

[136].    

 L= Acell / Nch (Wc+WL)     (6.1) 

 L = 16/1(0.1+0.1) 

    = 80 cm 

Where,  Acell= Active area of cell (cm2) 

  Nch= Number of channels 

  Wc=Width of channel (cm) 

  WL= Width of land (cm)  
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As the pressure drop through the channel is directly proportional to the length of the 

channel, so in this design the pressure drop will be higher as compared to the parallel 

flow channels. 

 

 
Figure 6.8:  Double serpentine flow pattern machined on a graphite 

 monopoler plate having 16 cm2 effective area. 

 

 Then the circular geometry of monopoler plate was improved into a rectangular 

area of 3545 mm and machined on a square graphite plate impregnated with 

cyanoacrylate of size 8080 mm as shown in Figure 6.8. The reason to select these 

dimensions was that the available MEA in the laboratory was of these dimensions. Also 

the single serpentine flow pattern was improved into a double serpentine flow pattern. 

This design was very simple in fabrication as well as an advantage of double serpentine 

flow channels was giving better distribution of hydrogen. Moreover, if one of the 

channels is blocked due to any reason then the second channel will keep the hydrogen 

supply regular. The gasket used for this monopoler plate was made from medical grade 

silicon rubber sheet of 0.35 mm thickness, by cutting holes of 6 mm diameter for inlet 

and out let of gases and a block out of size 3444 mm was made to accommodate the 



 176

active area of the MEA exposed to the groove area. One mm on each side was made 

shorter as an expansion margin during compression of the monopoler plates, so that 

gasket material may not enter into the grooves and may not block them. In this design the 

percentage utilization for active area of the plate to the total plate area is approximately 

24.6%. 

 
Figure 6.9:  Double serpentine flow pattern machined on an anode side current 

collector/monopoler plate made with S.S plate having 16 cm2 active area. 

 

 Later on the double serpentine flow pattern was adopted for the machining of 

grooves for hydrogen flow on a monopoler/current collector plate whose groove area was 

4040 mm as shown in Figure 6.9. This plate was designed as anode side current 

collector cum monopoler plate for a single cell of MEA area 16 cm2 whose cathode side 

current collector cum monopoler plate has been presented in Figure 6.6 and in this design 

the percentage utilization for active area of the plate to the total plate area is 

approximately 16%. 

 The length of each serpentine channel was computed by using the equation 6.1. 

  L= Acell / Nch (Wc+WL) 

  L= 16/2(0.1+0.1) 

   = 40 cm 
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Hence, in this design the length of each channel is 40 cm which is half of the length as 

compared to the single serpentine channel shown in Figure 6.7. As a result the pressure 

drop in these channels will also be 50% less then that of the previous design which is 

always required minimum by the designers to increase the overall efficiency of fuel cell. 

The same design as presented in Figure 6.6 of anode side current collector cum 

monopoler plate was repeated for the single fuel cell of 25 cm2 active area, as shown in 

Figure 6.10. But this time the material was copper because the machining of stainless 

steel plate was very hard and costly as well. The plate after machining was gold plated to 

avoid the copper poisoning of the MEA as explained in article 4.2.  

 The length of each serpentine channel for this plate was computed by using the 

equation 6.1.    

  L= Acell / Nch (Wc+WL) 

 L= 25/2(0.1+0.1) 

   = 62.5 cm 

 

 

Figure 6.10: Double serpentine flow field pattern on gold plated copper for anode 
side monopoler plate cum current collector. 
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We can see that by increasing the active area of the monopolar plate from 16 cm2 

to 25 cm2, the length of channel has been increased from 40 cm to 62.5 cm which results 

into more pressure drop accordingly and in this design the percentage utilization for 

active area of the plate to the total plate area is 25%. 

As it was discussed in detail in chapter 5, that pressure drop is always kept at 

minimum until highly required for the removal of water droplets from the gas flow field 

channels on cathode side because it is electrical energy intensive, which lowers the 

efficiency of the fuel cell system. 

 

Therefore, to keep the pressure drop around 16 mbar/m the length of the channel 

is kept with in certain acceptable range. For this purpose the number of serpentine 

channels is increased so that the length of the channels may not increase undue which 

ultimately increases the pressure drop of the gas in the channel. 

 This design was again more improved by changing the double serpentine gas flow 

field pattern into multi-serpentine flow field pattern with 5 continuous square groves of  

1mm2 cross-sectional area, machined on a gold plated copper plate as shown in Figure 

6.11, for a fuel cell stack of active area 100 cm2. The grove area has been shaded to 

highlight the gas flow field channels. The circular manifolds for inlet/outlet of gases were 

changed into oval manifolds to accommodate the 5 groves of flow field channels as well 

as save the plate area. In the previous design the inlet manifold was diagonally opposite 

to the out let manifold, but in this design both inlet and out let manifolds were designed 

on the same side of the plate to identify and plan layout of the hydrogen on one side of 

the stack and for oxygen on the other side accordingly. Moreover, the groves for the 

gaskets were also omitted and sufficient flat area was provided to seal the matching 

surfaces with bipolar plate. Also two additional oval manifolds as shown in Figure 6.11, 

were provided for the inlet and out let of cooling water, as in case of a stack, heat will be 

produced which is required to be rejected continuously to maintain the fuel cell operating 

at the required temperature. 

The length of each serpentine channel for this plate was computed by using the equation 

6.1.    
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  L= Acell / Nch (Wc+WL) 

 L= 100/5(0.1+0.1) 

   = 100 cm 

Also in this design the aligning slots were not made at the center of plate edges as in case 

of Figure 6.10, but they have been accommodated in between the oval manifolds of gases 

and the manifolds for cooling water to save the plate area and providing sufficient gasket 

sealing area. Their slot diameter was also increased from 5 mm to 5.5 mm because the 

availability of aligning rods of diameter less then 5 mm was difficult for sliding in the 

slots of diameter 5 mm while rods of diameter 5 mm are readily available. 

 Also one of the terminals was omitted as one terminal was found sufficient for the 

current collection and with one terminal, lot of blank plate and the finished plate area 

have been saved and as a result weight of the plate was also reduced. While, in this 

design the percentage utilization for active area of the plate to the total plate area is 

approximately 51%. Moreover, in this design one additional hole of diameter 2 mm and 5 

mm deep was provided to measure the temperature of the plate during fuel cell operation. 

 
Figure 6.11: Multi-serpentine flow field pattern on gold-plated copper plate for 

anode side monopoler plate cum current collector. 
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 The multi-serpentine flow field pattern was again improved by mixing the 

channels at the bends on both sides of the grove area as shown in the Figure 6.12 for a 50 

cm2 3 cell stack. The mixing was achieved by making a grove of width 2 mm and depth 1 

mm at the 90 of the bends along the terminating and initiating groves. This improvement 

helps in balancing the pressure gradient among the five channels and prevents any 

unbalances caused by the obstructions in the channels or the utilization of gases at 

reaction sites. Moreover, in this design the percentage utilization for active area of the 

plate to the total plate area is approximately 49%.  

 

A

A

 
Figure 6.12: Mixed-multi-serpentine flow field pattern on gold-plated copper plate 
for anode side monopoler plate cum current collector for a 50 cm2 fuel cell stack. 
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 The current collector cum monopoler plate shown in the Figure 6.13 was designed 

for an air cooled 5 cell stacks to be installed at anode side. The material of this plate was 

copper and after machining it was gold plated to protect it from poisoning the MEA. It 

can be observed that unlike the previous designs this plate has only manifolds for the 

hydrogen and oxygen only. Also the inlet and outlet manifolds are on the same side of the 

plate for easy layout.  
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Figure 6.13: Anode side monopoler plate cum current collector made with gold 

plated copper for a 100 cm2 air cooled fuel cell stack. 

  

6.2.3   Designing of Bipolar Plate  

As the name shows the bipolar plate has dual polarity. One side of it on which 

hydrogen was supplied gains negative polarity and named as anode side while on the 

other side where air or oxygen is supplied gains positive polarity and is called cathode 

side. The bipolar plates were designed for the fuel cell stacks keeping in view the 

considerations and limitations described in Chapter 2, Chapter 3 and in this Chapter at 
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6.2.2. As explained earlier in case of monopoler plates presented in Figure 6.6 and Figure 

6.9, the same design was utilized for the designing of bipolar plates of a 2 cell stack of 

active area 25 cm2 as shown in Figure 6.14. The material used for the fabrication of these 

bipolar plates was stainless steel as for monopoler plates. 

 

Figure 6.14: Bipolar plate with double serpentine flow field pattern on anode side 
and parallel flow pattern on cathode side machined on S.S plate.  

 

 The problems associated with the fabrication of bipolar plates by stainless steel 

were the same as explained in case of monopoler plate. However, structural and chemical 

stability of these bipolar plates were good. 

 The same design as presented in Figure 6.14 was repeated for the fabrication of 

bipolar plates for a fuel cell stack of 100 cm2 active area, as shown in Figure 6.15. But 

this time the material was copper because the machining of stainless steel plate was very 

hard and costly as well. The plate after machining was gold plated to avoid the copper 

poisoning of the MEA as explained in article 4.2. These plates have presented excellent 

performance and reliability. Moreover, the percentage utilization of total plate area was 

44.44%. 

The above mentioned design of bipolar plates was improved by making the multi-

serpentine-mixed field flow pattern for a fuel cell stack of 5 cells as shown in Figure 

6.16. Another improvement in this design was that the same flow pattern was adapted for 

both sides of the bipolar plate. The circular gas manifold was replaced with an oval 

Formatted: Bullets and Numbering



 183

design which saved the total plate area and accommodated the 5 channels easily. The 

gasket grove was accordingly redesigned. 

 

 
Figure 6.15: Bipolar plate with double serpentine flow field pattern on anode side 
and parallel flow pattern on cathode side machined on gold plated copper plate.  

 

 The material for this bipolar plate was again gold platted copper as well as 

chrome plated copper and the thickness of the plate was 5 mm. The thickness was more 

then required but there was a limitation that thinner plates may not remain straight and 

parallel to each other during clamping and machining operations. The percentage 

utilization of plate area in this design was 27.8%. 

 The above mentioned design was satisfactory but a lot of plate area was wasted in 

the gasket grooving. Hence, this design was again improved by removing the groves for 

the gaskets and redesigning it as shown in Figure 6.17. In this way the percentage 

utilization of the total plate area was improved up to 49% which is almost double of the 

previous design. Also the costly gasket manufacturing was avoided and simple medical 

grade silicon sheet of thickness 0.4 mm was utilized after punching the required slots and 

holes. 
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Moreover, the material for this design was not metallic but it was a molded carbon 

composite material purchased from M/S Schunk, Germany. The thickness of this material 

was 4 mm as shown in the Figure 6.17. 

A
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A

 
Figure 6.16: Bipolar plate with multi-serpentine-mixed field flow pattern for a fuel 

cell stack of 3 cells machined on gold plated copper plate.  
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Figure 6.17: Bipolar plate with multi-serpentine-mixed field flow pattern for a fuel 

cell stack of 5 cells machined on carbon composite plate.  
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 The design presented in Figure 6.18 was a little changed for using for a composite 

bipolar plate of 100 cm2. Secondly, the groves were little changed by making them multi-

serpentine with out mixing to check any difference in pressure drop or performance and 

the same design on both sides of the bipolar plate for anode side as well as for cathode 

side was adopted. The inlet out let gas manifolds were also designed on the same side of 

the bipolar plate. Moreover, the percentage utilization of the plate area was improved up 

to 62.1% in this design.  

 

DETAIL- C
 

Figure 6.18: Bipolar plate with multi-serpentine flow field pattern for a fuel cell 
stack of 5 cells machined on molded carbon composite plate.  

  

 The design presented in Figure 6.19 is almost the same as mentioned above with 

the only difference of the orientation of the inlet outlet gas manifolds. The                                                                                            

gasket was planned to make from stainless steel sheet of 0.2 mm                                                                                             

embossed with neoprene rubber profile around the                                                                                            

gas manifolds and other block outs in the bipolar plates. Moreover, the percentage 

utilization of the plate in active area was 51%.  
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Figure 6.19: Bipolar plate with multi-serpentine flow field pattern for a fuel cell 

stack of 5 cells machined on molded carbon composite plate with different manifolds 
orientation.   

 

The design presented in Figure 6.20 was an improvement of the previous design 

machined on the carbon composite plate. The leakage through the gas manifold and slight 

blockage in the inlet and outlet groves due to the gasket material penetration, were the 

problems in the previous designs. To solve these problem axial inlet and out let holes 

were drilled from the sides through the gas manifold into the inlet/out let groves and were 

plugged on the outer periphery with epoxy to prevent flow of gas toward the out side of 

the gas manifolds. Also the percentage utilization of the bipolar plate area was improved 

up to 64.33%. 

The same design as presented in the Figure 6.20 was repeated for the bipolar plate of 

active area approximately 50 cm2 on carbon composite material to build a 3 cell stack 

with 2 coolant plates in between the bipolar plates. The blind holes can be seen as shown 

in the Figure 6.21. The holes outward from the manifold can be closed by filling epoxy 

later on. This design improved the gas leakage problems as well as the penetration of 
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gasket in to the inlet/outlet groves. However, the percentage utilization of the bipolar 

plate area was 49% and the plate thickness was 4 mm. 

Figure 6.20: Bipolar plate with multi-serpentine-mixed flow field pattern for a fuel 
cell stack of 5 cells with blind passage from the manifolds, machined on molded 

carbon composite plate. 

  

Finally, a water cooled fuel cell stack of active area 100 cm2 was designed 

considering all of the problems and limitations faced in previous designs. This design of 

bipolar plate is composed of two plates. One plate with an anode side grooving for 

hydrogen flow whose back side has water cooling channels and the other plate with 

cathode side for air flow whose back side also has cooling channels for water flow. This 

time the anode channels have been redesigned by making the channel 1.2 mm wide with 

1.2 mm rib width and the depth was 0.5 mm as optimized in Chapter 5. The 6 serpentine 

channels were designed running with 5 turns as shown in Figure 6.22. 
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Figure 6.21: Bipolar plate with multi-serpentine-mixed flow field pattern for a fuel 
cell stack of 3 cells with 50 cm2 active area, machined on carbon composite plate. 
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Figure 6.22: Anode side of bipolar plate with back side cooling channels for a water 

cooled fuel cell stack, machined on molded carbon composite plate. 

 

The total width of the grove area = (Channel width + Rib Width) × No. of  

     Channels × No. of turns – Rib width  

          = (1.2 + 1.2) × 6 × 5 – 1.2 

          = 70.8 mm 

Let the active area = 100 cm2  

Then the length of the groves = 100/7 cm 

      =143 mm   Approximately. 
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Area of 6 channels for hydrogen flow = Channel width × Channel depth × No. of  

           channels for inlet. 

      = 1.2 × 0.5 × 6 mm2 

      = 3.6 mm2  

Let 80 A is our current production for the stack calculated from our previous knowledge. 

As hydrogen consumption = I / 2 F   moles / sec from (4.6) 

          = 80/2/96485 

          = 0.000415 moles/sec 

For 80% anode utilization = 0.000415 × 22400/0.8 cc/sec 

          = 11.608  cc/sec 

Hence velocity of hydrogen = 11.608/(3.6 × 0.01) cm/sec 

            = 322.44 cm/sec 

By considering the above calculated hydrogen velocity the inlet/outlet manifolds and 

other hydrogen passages were designed accordingly. 

 Similarly the cathode side of bipolar plate was designed as follows; 

Let the channels for air flow as oxidant has channel width 1.45 mm, rib width 1.2 mm 

and the depth of the channel as 0.5 mm. The number of serpentine channels employed are 

9 with 3 turns. The total width of the grove area = (Channel width + Rib Width) × No. of  

     Channels × No. of turns – Rib width  

         = (1.45 + 1.2) × 9 × 3 −1.2 

           = 70.35 mm 

 As the active area = 100 cm2  

Then the length of the groves = 100/7 cm 

      =143 mm Approximately 

Area of 9 channels for hydrogen flow = Channel width × Channel depth × No. of  

           channels for inlet. 

      = 1.45 × 0.5 × 9 mm2 

      = 6.525 mm2  
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Figure 6.23: Cathode side of bipolar plate with back side cooling plate for a water 

cooled fuel cell stack, machined on molded carbon composite plate. 

 

As 80 A is our current produced for the stack calculated from our previous knowledge 

using (4.1); 

Oxygen consumption = I / 4F moles / Sec    

Hence, Oxygen consumption = 80/4/96485 

    = 0.000207 moles/sec 

For 40%  Cathode  utilization = 0.000207 × 22400/0.21/0.4 cc/sec 

    = 55.2 cc/sec 
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Hence velocity of air = 55.2/(6.525 × 0.01) cm/sec 

            = 856 cm/sec 

By considering the above calculated hydrogen velocity the inlet/outlet manifolds and 

other hydrogen passages were designed accordingly as shown in Figure 6.23. 

  

6.2.4   Designing of Cooling Plates  

The heat produced as a result of the electrochemical reaction during the fuel cell 

operation was calculated in the article 4.3.2, which is required to be removed from the 

MEA surroundings of the fuel cell through dissipation to the monopolar plates in case of 

single fuel cell and bipolar plates in case of fuel cell stack.  

As calculated earlier the heat produced in case of a fuel cell of MEA area 25 cm2, 

the heat produced was only 7 watts which was easily dissipated to the environment 

through the monopoler plates and current collectors and no additional heat management 

system was required. 

But in case of fuel cell stack the heat produced is very high and the temperature 

might increase more then the safe limits of the MEA and gaskets. Hence to cool and 

maintain the temperature of the fuel cell stack heat management system was designed. 

Two types of heat management systems were designed based on cooling media; e.g. 

water and air.  The main components of water cooled system consists of cooling plates or 

water channels in between the bipolar plates, water distribution manifold, water pump, 

thermal switch/thermostat, demineralized water reservoir etc. 

The fuel cell stack is considered as a heat exchanger with internal heat generation 

and the walls of the cooling channels made in the cooling plate may be neither at constant 

temperature.  

The heat to be removed from the fuel cell stack = Enthalpy of reactant gases [136] 

      = Qin  

      = Qout +Wel + Qdis + Qc     (6.2) 

 Where, Qout= Sum of enthalpy of unused reactant gases including heat of  

   product water. 
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  Wel = Electricity generated. 

  Qdis = Heat dissipated to the environment. 

  Qc   = Heat removed from the stack by cooling medium.  

Also the heat generated in the fuel cell stack was calculated by the equation 

[136] 

  QGen = (1.482-Vc) Inc     (6.3) 

Where, Vc =  Potential of one cell in the stack 

        I = Current through the stack 

    nc =  No. of cells in the stack 

Hence, the heat to be removed has to be transferred to the cooling medium and 

was calculated as; 

  dQc / dAc = h(Ts-Tc)      (6.4) 

Where, Ts = Temperature of stack to be maintained. 

   Tc = Temperature of cooling medium. 

    h =  local heat transfer coefficient.  

       = NuK/DH       (6.5) 

For square channel of 11 mm and uniform heat flux Nusselt Number, Nu = 3.61 

 K for water at 80C = 0.671 W m-1k-1 

 DH = 4cross-sectional area /Perimeter 

      = 4(0.001)2/ 40.001 

      = 0.001 m 

Hence, h = 3.61o.671/0.001 W/m2/K 

    = 2422.31 W/m2/K 

The heat required to be integrated over the entire heat exchange surface, Qc= UAc 

LMTD 

Where,  U= Over all heat transfer coefficient, Wm2 C 

  Ac= Surface are of the cooling channel, m2 
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 LMTD = Logarithmic mean temperature difference 

The temperature difference between the stack and the cooling medium varies at 

inlet and outlet and among the cells as well.  

The same heat, Qc has to be absorbed by the cooling medium and transported out 

of the fuel cell stack. 

Hence Qc= mCp(Tc,out – Tc, in)      (6.6) 

Where, m= Mass flow rate of cooling medium (Water). 

 Cp= Specific heat of water at constant pressure at 60C (4.18 KJKg-1K-1). 

   Tc,out = Temperature of cooling water at outlet. 

  Tc, in = Temperature of cooling water at inlet. 

 Therefore, by utilizing above-mentioned calculations the coolant (Water) 

flow parameters and heat exchange area of the plate were adjusted. Also when the heat 

exchange area has any limitation then number of cooling plates was adjusted accordingly. 

 
Figure 6.24: Cooling plate with parallel flow field pattern for a water cooled fuel cell 

stack of 3 cells with 100 cm2 machined on S.S plate.  
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The first cooling plate was designed for a 3 cell stack of active area 50 cm2. The 

material of the cooling plate was stainless steel and parallel flow channels were machined 

by milling operation on a 5 mm thick plate as shown in Figure 6.24. The cooling channels 

were 1 mm wide and 2 mm deep with 1 mm rib width. One side of this plate acts as 

anode and the other side acts as cooling plate. Similarly, one side of another plate acts as 

the cathode plate and its other side acts as cooling plate. Two such plates assembled 

together makes an assembly of one bipolar plate and enclosed in it a cooling plate. The 

cooling manifolds are 6 mm diameter holes for the inlet and outlet of cooling water. 

C

C

 

 
Figure 6.25: Cooling plate with serpentine flow field pattern for a water cooled fuel 

cell stack of 3 cells with 50 cm2 machined on gold plated copper plate. 
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The cooling surface area of the cooling plate shown in Figure 6.25 was 

approximately 80 cm2 and 2 such cooling plates were designed in a 3 cell stack of 50 cm2 

active cell area. Every cooling plate was composed of two plates designated as cooling 

plate-1 and cooling plate-2. To assemble these two a silicon rubber gasket was placed in 

between them which have the respective grooves around the manifolds for hydrogen, 

oxygen and water as well as around the heat exchange area. The cooling channels 

combine at respective matching surfaces of cooling plate-1 and cooling plate-2. In this 

way every cooling channel has a cross-section of 33 mm because every plate has a 

channel having dimensions 31.5 mm. This channel size was designed to keep the water 

flowing through the two cooling plates with optimum pressure drop to keep the pump 

load at minimum 

The central manifold was allocated for the water circulation from which the 

cooling channels originates and terminates into the opposite side water manifold. 
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Figure 6.26: Order of two monopolar plates, two bipolar plates and two cooling 

plates for a water cooled fuel cell stack of 3 cells with 50 cm2 active area machined 
on gold plated copper plates. 
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 To accommodate the two cooling plates in the 3 cell stack having active area 50 

cm2, for efficient heat removal the order of the two monopolar plates and the two bipolar 

plates have been presented in the Figure 6.26.  

The groves for anode side have been represented by green color as the electrical 

energy generated at the anode is well known as green energy and the groves for cathode 

side have been represented by red color which is a famous color for heat or fire because 

the maximum heat energy is generated at the cathode. Moreover, the groves for the 

cooling plates have been represented by the blue color which is a natural color of water. 

Counting from left side the first fuel cell represented by C1 is composed of the 

anode side monopoler plate and the cathode side of the first cooling plate-1 while the 

cooling side of the cooling plate-1 and the cooling side of the cooling plate-2 makes the 

first cooling plate. In this way, the second cell is designated as C2 which is composed of 

the anode side of the first cooling plate-2 and the cathode side of the 2nd cooling plate-1. 

Similarly, the cooling side of the 2nd cooling plate-1 and the cooling side of the 2nd 

cooling plate-2 makes the 2nd cooling plate. While the anode side of the 2nd cooling 

plate-2 and the cathode side of the monopoler plate makes the 3rd cell designated as C3. 

 After fabrication, assembling and operation of the 3 cell stack the design 

presented in Figure 6.26 was found satisfactory for the heat management of the small fuel 

cell stack, hence the same design was applied for the heat management of a water cooled 

5 cell fuel cell stack of active area 50 cm2 with the improvement of area utilization 

achieving a plate size 100100 mm as shown in Figure 6.27. The gasket design was 

improved by replacing the molded silicon rubber gasket with the plain sheet of 1 mm 

thickness silicon rubber. The slots for the hydrogen manifold, oxygen manifold and 

coolant water manifold were punched out at the designated locations.  

To organize the uniform heat management throughout the stack 4 cooling plates 

in the 5 cell stack having active area 50 cm2, for efficient heat removal the order of the  

monopoler plates and the cooling plates have been presented in the Figure 6.28. The 

groves for anode side have been represented by green color and the groves for cathode 

side have been represented by red color. Moreover, the groves for the cooling plates have 

been represented by the blue color. Counting from left side the first fuel cell represented 
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by C1 is composed of the anode side monopolar plate and the cathode side of the first 

cooling plate-1 while the cooling side of the cooling plate-1 and the cooling side of the 

cooling plate-2 makes the first cooling plate. 
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Figure 6.27: Cooling plate with serpentine flow field pattern for a water cooled fuel 

cell stack of 5 cells with 50 cm2 active area machined on carbon composite plate.  

 

 Similarly, the second cell is designated as C2 which is composed of the anode 

side of the first cooling plate-2 and the cathode side of the 2nd cooling plate-1. In this 

way, the anode side of the 4th cooling plate-2 and the cathode side of the monopoler plate 

makes the 5th cell designated as C5. In this design there was no bipolar plate and every 

coolant plate has its one side with anode or cathode groves and the other side with 

coolant channels. Hence, every cell is cooled from both sides.  

 Finally a water cooled fuel cell stack was designed for an active area of 100 cm2. 

The material for this was selected carbon composite plate of thickness 3 mm and the 

geometry was rectangular. In this design the flow field pattern of the water cooling 

channels was multi-serpentine. The width of the cooling channel was 2.2 mm and the 

depth was 0.8 mm with 1.2 mm rib width. 
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Figure 6.28: Order of 2 monopolar plates and 4 cooling plates for a water cooled 

fuel cell stack of 5 cells with 50 cm2 active area machined on carbon composite plate. 

 

The number of channels was 3 with 7 turns making the width of the cooling area 

70.2 mm calculate as follows; 

The total width of the cooling grove area = (Channel width + Rib Width) × No. of  

     Channels × No. of turns – Rib width  

           = (2.2 + 1.2) × 3 × 7  − 1.2 

           = 70.2 mm 

 An improvement was made in the oxygen and hydrogen manifold gas inlet outlet 

supply system as shown in Figure 6.29. However, the assembling sequence of cooling 

plates is the same as explained in the Figure 6.28. 
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Figure 6.29: Cooling plate with multi-serpentine flow field pattern for a water 

cooled fuel cell stack with 100 cm2 active area machined on carbon composite plate.  

 

Figure 6.30: Anode side bipolar plate with serpentine flow field pattern for an air 
cooled fuel cell stack of 5 cells with 100 cm2 active area machined on carbon 

composite plate. 
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After designing and experiencing the water cooled stack an air cooled fuel cell 

stack was designed for an active area of 100 cm2.  In this design the bipolar plate has been 

split into two plates designated as anode plate and cathode plate as shown in Figure 6.30 

and Figure 6.31. The cooling surface area of the cooling plate on the back side of the 

cathode plate was approximately 145cm2 having channels of size 4 mm wide and 2 mm 

in depth, machined on a 5 mm thick carbon composite plate as shown in Figure 6.31.  

 Every bipolar plate was composed of two plates designated as anode side plate 

and cathode side plate. To assemble these two a silicon rubber gasket of thickness 1 mm 

was placed in between the two plates having the slots cut as per hydrogen manifold and 

oxygen manifold as well as a block out cut as per size 70100 mm in the mentioned 

space at the back side of the anode plate as shown in Figure 6.30. 
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Figure 6.31: Cathode side bipolar plate with parallel cooling channels on the back 
side for an air cooled fuel cell stack of 5 cells with 100 cm2 active area machined on 

carbon composite plate.  
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Moreover, a ditch sizing 70100 mm and 0.25 mm deep was made at the back 

side of the anode plate in which a carbon cloth of thickness 1 mm was placed to make 

good electrical contact between the two plates after assembling. This channel size was 

designed to keep the air flowing through the two plates with optimum pressure drop to 

keep the blower load at minimum. The percentage utilization of the area of plate for the 

anode and cathode was 72% which is highest out of the previous designs. 

 

 

Figure 6.32: Anode side plate with integral air cooling plate-1 for a 60 cm2 
active area. 

 

 The knowledge and experience gained up to now was utilized to design the 

bipolar plate with integral air cooling presented in Figures 6.32 and 6.33. This design is 

composed of two plates joined by a conducting adhesive in the groves made around the 

gas inlet/outlet manifolds as shown in Figure 6.33 and compressed under the hot press to 

make the physical contact of the matching areas of the both plates, to flow out the 

excessive adhesive and cured it at 100C. The flow pattern on the anode side plate was 
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composed of nine serpentine groves with multiple bends machined on a 2 mm thick 

carbon composite plate purchased from M/S GasHub, Singapore. The width of the grove 

was 1 mm having land of 1 mm and the depth was 0.5 mm.   

 The gas enters into the gas flow field channels of both anode and cathode from the 

manifold through the groves made on the back side of the cathode plate as shown in the 

Figure 6.33. The percentage utilization of the plate area was approximately 50%. 

  

 

 

 

 

 

 

Figure 6.33: Cathode side plate with integral air cooling parallel channels 
plate-2 for an active area of 60 cm2. 
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Also, the flow field pattern on the cathode side plate was composed of 10 

serpentine flow channels with minimum bends to reduce the pressure drop of air to 

remove the water produced at cathode side as discussed in detail in chapter 5. 

 Moreover, the parallel channels were designed for the flow of cooling air on the 

back side of the cathode side plate as shown in Figure 6.33. The cross-section of the air 

channels was 31.5 mm as shown in section D-D. After joining and compressing the 

backside of the Plate-1 and plate-2 the air channels are completed in between the bipolar 

plate. The air blower is used to flow the cooling air at ambient temperature through the 

air cooling channels. 

 

6.2.5   Designing of Current Collectors 

The purpose of the current collectors is to draw the electric power from the fuel cell and 

deliver to any electrical load. In this study a variety of current collectors were designed 

using aluminum, stainless steel, copper and gold plated copper. Initially the two simple 

aluminum plates with two protruded terminals were placed at the two sides of the single 

cells having the manifolds for hydrogen and oxygen. Later on the current collectors cum 

monopoler plates were designed for single cells as well as fuel cell stacks as shown in 

Figure 6.6, and Figures 6.9 to 6.13. Among these the current collectors made with 

stainless steel were of inferior in performance due to high electrical resistance and 

difficult and costly in machining.  

Copper has good electrical conductivity and easy in machining but it has 

poisoning effect for the MEA. However, gold platting the copper collector after 

machining gave the good solution to all associated problems. 

The drawing of the current collector shown in Figure 6.34 was designed for the air 

cooled fuel cell stack of an active area 60 cm2. The material selected for this current 

collector was copper to keep low electrical resistance and its thickness was 3 mm to keep 

its straightness and ease of clamping during machining. After machining it was gold 

plated to keep stable against corrosion. The gas manifolds and bolting holes were made as 

per bipolar plate design presented in Figure 6.32 and 6.33. Two holes of diameter 5 mm 
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were provided in the terminal area to make connections to the external load and the 

current, voltage measuring probes accordingly. 

 
Figure 6.34: Anode side current collector plate for an air cooled fuel cell stack. 

 

Later on an independent current collector was designed which is partially isolated 

from the MEA as well as monopolar plate, in the sense that only part of the current 

collector 4545 mm area is in contact with the monopolar plate as shown in Figure 6.35. 

Also the oxygen, hydrogen or water manifolds are not passing through the current 

collectors. However, the 3 mm thick current collecting plate has a threaded connection 

with a copper stud of 10 mm diameter which comes out of the end plate and bolted 

externally as shown in the Figure 6.36.  
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To make the current collecting plate internally isolated from the end plate a 2 mm 

thick silicon rubber gasket of size 4848 mm was placed under the current collecting 

plate in the housing made on the back side of the end plate. 
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Figure 6.35: Current collector with isolated configuration from the monopoler plate. 

  

To keep the copper stud insulated from the end plate a silicon rubber sleeve 2 mm 

thick and 20 mm long was provided over the stud along the thickness of the end plate as 

shown in Figure 6.35. Also to insulate the S.S washer and S.S nut from the end plate a 2 

mm thick silicon rubber washer whose outer diameter is 3 mm more then the S.S washer, 

was inserted over the copper stud before the S.S washer. Above all the end plates have 

been made with aluminum and provided with electrically insulating coating by anodizing 

method. 
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Figure 6.36: Photograph of the fuel cell stack showing current collector after 

assembling. 

 

 To assemble and fix the current collector with the end plate a S.S steel washer and 

S.S nut has been provided over the copper stud. Moreover, to connect the current 

collector with the external load to draw the electricity from the fuel cell, a copper washer 

and copper nut has been provided accordingly, which are not shown in the Figure 6.36. 

  

6.2.6   Designing of Gaskets 

The gasket designing is very complex and needs lot of experience of this specialized job 

and fuel cell stack sealing is different from general sealing due to the following reasons; 

 In case of fuel cell stack the area for sealing is large. 

 The allowable pressure for sealing is low. 

 O-rings can not be used like general sealing as in case of fuel cell stack the 

sealing gap is less then 1 mm. 

 The shapes and styles of sealing are various but the gap is small. 

 Due to misaligning of the gaskets sliding may be a problem. 

 There are 4 sealing interfaces; 

(i) Bipolar plate-gasket. 
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(ii) Gasket-MEA edge. 

(iii) MEA edge-gasket 

(iV) Gasket–bipolar plate. 

Hence, by considering above-mentioned problems and limitations the gaskets 

were designed with a variety of configurations as per requirement of the function, 

situation, material limitation and associated manufacturing problems for single fuel cells 

as well as for small fuel cell stacks. For the molded gaskets neoprene rubber with some 

modifications and silicon rubber of different hardness grades were employed. 

The pressure required to prevent the leakage between the two adjacent layers 

depends on the gasket material and design. Silicon rubber sheet of medical grade have 

been used by cutting and punching as per required geometries for utilization between the 

current collectors, monopoler plates, bipolar plates and MEAs. But the gasket material for 

utilization in between the current collector and the end plates was industrial grade silicon 

rubber. As per compressibility of the different materials against compressive loads, 

mentioned above the gasket profile and the thickness were designed after going through 

the following procedure. 

 By assuming that a compressive load of 2 MPa will be applied to 

minimize the contact resistance and prevent the leakage of gases through the matching 

surfaces of bipolar, monopoler and the current collector plates. Then the available gasket 

material neoprene rubber or silicon rubber having 0.25 mm thickness was compressed by 

applying the above mentioned compressive load and the deformation or the reduction in 

the thickness of this material was measured and it was 0.05 mm as shown in Figure 6.37.  

 
Figure 6.37: Before compression of bipolar plates. 

 

Hence after compression the thickness of the gasket material became 0.2 mm 

which is equal to the thickness of the electrode. It means that after compression at 2 MPa 

the bipolar plate surface will come into contact and at the same time will seal the gas 
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manifolds and the MEA area and there will be no leakage of any gas or cooling water or 

air etc as shown in Figure 6.38. 

 

 
Figure 6.38: After compression of bipolar plates. 

 

 In this way, the gasket to insulate the current collector plate from the end 

plate for a fuel cell stack of 25 cm2 was designed as shown in Figure 6.39. As explained 

earlier the material was industrial grade silicon. The gasket was made by cutting a piece 

of 100100 mm from a silicon sheet of thickness 2 mm and punching 4 holes of diameter 

6 mm at a pitch of 65 mm each for the hydrogen and oxygen manifolds. The holes shown 

by yellow color represent the fuel which is hydrogen and the holes shown by green color 

represent the oxidant which is oxygen. Two slots of diameter 5 mm were made as shown 

in the Figure 6.39 to accommodate the aligning rods. 

 The gasket for the bipolar plate was designed as shown in Figure 6.40 

which is molded by neoprene rubber into the required shape and sizes according to the 

groves made in the bipolar plate. Two gas manifolds have been confined by circular rings 

to prevent gas entry into the MEA area and two gas manifolds have been left open for the 

required gas entry into the MEA area but no gas can exit from the boundary of the MEA 

area by this design. The solid view shown in the Figure 6.40 explains the cross-sectional 

area of the gasket. Here, the slight curvature has been provided to make the contact of the 

two surfaces with minimum compressive load and with additional load the material starts 

flowing into the vacant space of the grove.  

After assembling, testing and operation of the fuel cell it was observed that the 

function of this gasket design was satisfactory but the material degraded after few weeks 

time. Also molding cost of this gasket per piece was costly as the total number of gaskets 

molded was only 50.   

 



 210

 
Figure 6.39: Gasket of current collector Vs base plate for a 25 cm2 fuel cell stack. 

 

 Later on the gasket for water cooled fuel cell stack of active area 100 cm2 was 
designed by improving the cross-section of the gasket. This gasket was also made by 
molding neoprene rubber. The gasket for cooling plate has been shown in Figure 6.41. 

 

 
Figure 6.40: Gasket of monopolar plate made by molding neoprene rubber. 
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Figure 6.41: Molded gasket with neoprene rubber for water cooled fuel cell stack. 

 

 
Figure 6.42: Silicon gasket for monopolar plate of an active area 25 cm2. 

Formatted: Bullets and Numbering
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Figure 6.43: Silicon gasket for monopolar plate of an active area 100 cm2. 

 The gasket for single cell as well as small fuel cell stack was again 

designed by using medical grade silicon rubber as shown in Figure 6.42. Here the holes 

for the gas manifolds were the same as before in Figure 6.39 but an additional block out 

of size 5151 mm was cut in the centre to accommodate the MEA having dimension 

5050 mm. Moreover, the thickness of this silicon sheet was 0.25 mm to match the 

thickness of the electrode after compression as shown in Figure 6.38. 
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Figure 6.44: Molded silicon gasket for monopolar/bipolar plate of a water cooled 

fuel cell stack for an active area 100 cm2. 

 

Similarly, the gaskets were also used on the previous design for the monopolar 

plates of an active area 100 cm2 with the only difference of thickness of the silicon sheet 

and the dimensional variations accordingly as shown in Figure 6.43. 

 The molded gasket was improved by material as well as profile and cross-

section for the water cooled fuel cell stacks as shown in Figure 6.44. Due to the 

degradation behavior of the neoprene rubber it was changed into silicon rubber. The 

cross-section of the gasket was also improved by enclosing all the six manifolds. Unlike 

the previous design presented in the Figure 6.41 the new gasket was equally good for the 

hydrogen manifolds, oxygen manifolds and cooling water manifolds.   
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 During assembling the gasket was cut in front of the manifold over the 

channels entering or exiting the active area or the heat exchange area in case of cooling 

plate. Also a stainless steel strip of thickness 0.25 mm and length and width as per 

channels passing under the gasket, was placed and fixed with the silicon glue at that 

location so that after compression the membrane may not enter in to the gas channels and 

may not block it. 

 To accommodate the thickness of the catalyst layer and the GDL for 

sealing the MEA periphery and prevent the leakage of the hydrogen and oxygen, a gasket 

called MEA gasket was introduced in to the fuel cell. The MEA gasket for the water 

cooled fuel cell stack of active area 100 cm2 was designed as shown in Figure 6.45. 

The gaskets for air cooled stacks have different requirements and limitations 

because the cooling water manifolds and heat exchange area gasket requirements are no 

more required. The silicon gasket for anode side current collector plate of an active area 

60 cm2 is presented in Figure 6.46. Where, the manifold opening 10×17 mm was made 

for hydrogen and the manifold opening 10×19 mm was provided for oxygen supply. The 

gasket material of dimensions 15 × 30 mm was also provided under the terminal area of 

the current collector. 

While the gaskets presented in the Figure 6.47 have been designed for the cathode 

side current collector and end plate and there are no manifold openings and the only holes 

of radius 4.4 mm have been provided for the tie rods.  

 A gasket is required on both sides of the MEA to accommodate the MEA 

in between the monopolar and bipolar plates. The MEA gasket shown in Figure 6.48 was 

designed for the air cooled stack of active area 60 cm2. The thickness of this gasket is 0.5 

mm cut from medical grade silicon rubber sheet. 
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Figure 6.45: Silicon gasket for MEA of a water cooled fuel cell stack for an active 

area 100 cm2. 
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Figure 6.46: Silicon gasket for anode side current collector plate for an air cooled 

stack of an active area 60 cm2. 

 

 
Figure 6.47: Silicon gasket for cathode side current collector plate for an air cooled 

stack of an active area 60 cm2. 
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Figure 6.48: MEA gasket with an opening of 10060 mm for air cooled stack. 

 

Finally, the gaskets were engineered as per requirements of the bipolar plates. The 

gasket for the sealing of gases and cooling water between the monopolar plate and the 

current collector plate was designed as per following procedure and shown in Figure 

6.49. As per drawing and selected on the basis of general understanding of sealing 

requirement; 

Width of the gasket grove = 4 mm 

Depth of the gasket grove = 0.8275 mm 

Volume of the gasket grove = 3.31 mm3  

Standard filling limit of the grove = 85 % 

Required volume of the gasket = 2.8135 mm3  
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Figure 6.49: Gasket for the monopolar plate-current collector plate of a fuel cell 

stack of 100 cm2. 

 

Width of the base of the gasket = 3.8 mm 

Thickness of the base of the gasket = 0.2 mm 

Width of the top of the gasket = 2.4 mm 

Thickness of the top of the gasket = 0.85 mm 

Volume of the gasket = 2.8 mm3  

Projection of the gasket= 0.2225 

Gasket filling ratio in the grove = 84.592 % 

Hence, the gasket filling ratio comes approximately equal to the standard gasket filling 

ratio. The gaskets after assembling and without compression of the bipolar plates attain 

the shape as shown in Figure 6.50. The gap between the two plates before compression 

was 1 mm and after compression at a load of 10 bar this gap was squeezed to 0.5 mm as 

shown in Figure 6.51.  

 
Figure 6.50: Gaskets in assembled form before compression of the bipolar plates.  
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Figure 6.51: Condition of gaskets after compression of the bipolar plates. 

 

The sealing of gases and cooling water is more critical between the bipolar plates 

around the MEA. Hence, a different strategy of design was adopted for this gasket. It 

consists of two parts of different shapes and sizes A and B as shown in Figure 6.52.  

 

 
Figure 6.52: Part A and B of gasket for bipolar plates. 

 

The part A consist of two protruded solid hemispherical geometries of diameter 

1.3 mm as shown in Figure A, while  the part B consist of a rectangular geometry 3.8 × 

0.55 mm. This profile was selected to adjust the membrane in between them. Following 

are the details of part A and part B. 

Grove volume for part A= 3.31 

Grove volume for part B= 1.71 mm3 

The thickness of gasket part A=0.4375 mm 
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The thickness of gasket part B = 0.55 mm 

Volume of gasket part A= 2.846 mm3  

Volume of gasket part B = 2.09 mm3  

Projection of gasket part A= 0.2225 mm 

Projection of gasket part B = 0.1225 mm 

Filling ratio of gasket part A = 86% 

Filling ratio of gasket part B = 122.22% 

The position and shape of the gasket part-A and part-B before compression of the 

bipolar plates is presented in Figure 6.53. 

 

 
Figure 6.53: Position and shape of the gaskets before compression of bipolar plates. 

 

By applying a compressive load of 10 bars on the bipolar plates the gap between 

the two plates was decreased from 0.85 mm to 0.5 mm and the resulting position and 

shape of the gaskets are presented in the Figure 6.54. 

 
Figure 6.54: Deformation and shape of the gaskets after compression of bipolar 

plates. 
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6.2.5   Designing of End Plates 

The end plate of a single fuel cell or for a fuel cell stack is the foundation on which the 

fuel cell is build as described in the article 2.5.8. Hence, end plates were designed for 

single fuel cells with active area starting from 16 cm2 to 100 cm2 and for fuel cell stacks 

starting from 25 cm2 to 100 cm2. The materials utilized were S.S-316, S.S 304 L and 

aluminum of different grades. 

The end plate shown in Figure 6.55 was the initial design made for a single fuel 

cell of an active area 50 × 50 mm. The material selected for this was stainless steel with a 

view of corrosion and aesthetic look. However, its machining was costly as it is a hard 

material and its weight is also reasonably high.  

For the fabrication of this end plate a 14 mm thick stainless steel plate was cut to 

make a size of 150 × 150 mm and it was machined from both sides to make the both side 

surfaces parallel and straight with a finished thickness of 12 mm. The external 8 through 

holes were provided for M10 tie rods to apply the compressive force on the monopolar 

plates. The two through holes of diameter 6 mm represented by yellow color have been 

provided for the supply and exhaust of hydrogen and the two holes of same diameter 

represented by green color have been provided for the inlet and out let of oxygen. 

Moreover, two holes of diameter 5 mm were made 5 mm deep represented by red color in 

one of the two plates and in the other plate these holes were through along the thickness 

to insert the aligning rods of diameter 4.5 mm during assembling of the fuel cell. The 

orientation and pitch of all the above-mentioned holes have been shown in the Figure 

6.55. 

Similarly, the end plates for the single fuel cell of active area 100 × 100 mm were 

designed as per previous design with the only difference that this time the material was 

aluminum to reduce the total weight of the fuel cell. However, the thickness of the plate 

was increased to 25 mm to accommodate the compressive load as shown in Figure 6.56. 
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Figure 6.55: End plate for a single fuel cell of 25 cm2 active area made by S.S-316 

plate. 

 

The end plates for the water cooled fuel cell stack of a fuel cell stack of active 

area 100 × 100 mm were designed with some improvements. First the manifolds were 

improved by making them oval to occupy less space on the inner side of the end plate up 

to a depth of 7 mm while keeping the manifold circular on the out side of the end plate to 

make threaded connection with the inlet/outlet and cooling water connections as shown in 

Figure 6.57 section A-A. Secondly, the total area of the end plate was reduced from 576 

cm2 to 504 cm2. Thirdly, the thickness of the plate was reduced from 25 mm to 14 mm as 

the material was now stainless steel that’s bending and compressive strength is more then 

aluminum. Fourthly, the alignment holes were made through along the thickness of the 

end plate in both side plates to ease removing of the alignment rods. 
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Figure 6.56: End plate for a single fuel cell of active area 100 cm² made with 

aluminum.  

 

Similarly, the end plates for the water cooled fuel cell stack of active area 70 × 70 

mm were designed as shown in Figure 6.58. The total area of the end plate was 243.6 

cm2. However, the material was stainless steel of grade 316. 

Moreover, the end plates for the water cooled fuel cell stack of an active area 100 

× 100 mm was again improved as compared to the design presented in Figure 6.57, 

resulting into the total area of the end plate was 281.6 cm2 as shown in Figure 6.59. Also 

the thickness of the end plates was reduced from 14 mm to 12 mm with in the same 

compression loading. Also the width of the hydrogen, oxygen and cooling water 

manifolds was reduced from 6 mm to 5 mm. 
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Figure 6.57: End plate for a water cooled fuel cell stack of 100 cm2 active area made 

by S.S 304 L. 

The end plate shown in Figure 6.60 was designed for an air cooled fuel cell stack 

of active area 100 × 100 mm. In this design the total area of the end plate was again 

optimized to 228.8 cm2. In this way the area of the end plate was reduced by 52.8 cm2. 

Moreover, the manifolds for hydrogen were made in one plate and the manifolds for 

oxygen were made in the other plate as shown in Figure 6.60. Also the thickness of the 

end plate was kept 12 mm and the material was changed to Aluminum as the total area 

under compressive load was reduced. 

Later on the air cooled fuel cell stack was designed for an active area of 60 cm2 as 

per previous experience and the improvements were made accordingly. The thickness of 

the end plate was 25 cm and the material was aluminum. The hydrogen manifolds were 

rectangular having dimensions 17 × 10 mm and the oxygen manifolds were of size 19 × 

10 mm as shown in the Figure 6.61. 

 



 225

 
Figure 6.58: End plate for a fuel cell stack of 50 cm2 made by S.S 316. 
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Figure 6.59: End plate for the water cooled fuel cell stack for an active area of 100 

cm2. 

   
Figure 6.60: End plate of air cooled fuel cell stack for an active area of 100 cm2. 
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Figure 6.61: End plate for an air cooled fuel cell stack of an active area 60 cm2. 

 

As the width of the end plate is only 77 mm hence only two bolts were provided 

each one located in between the hydrogen and oxygen manifold. The area of the end plate 

is 120.12 cm2. Four holes of diameter 5 mm with internal threading and 8 mm deep were 

provided on the front side of the end plate and two holes on each side of the end plate to 
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assemble the air blower on the assembled fuel cell stack. Internal threading in the gas 

manifolds have been provided for push and lock brass connectors for 8 mm silicon tubes. 

The end plate for a rectangular shaped water cooled fuel cell stack was optimized 

as shown in Figure 6.62. Its design is a little similar to the previous design as presented in 

Figure 6.61 for air cooled fuel cell stack. In this design of end plate the manifold for 

hydrogen is of dimension 19 × 7 mm and the manifold for air supply and exit of size 29 × 

7 mm where as the manifold for cooling water is located in between the manifolds for 

hydrogen and oxygen. The area of this end plate is 244 cm2 with the end plate thickness 

of 15 mm. These end plates were made with aluminum. 

 

 
Figure 6.62: End plate for a water cooled fuel cell stack of 100 cm2 active area. 

 

The end plate of water cooled fuel cell stack was optimized and matured for an 

active area of 70 × 70 mm as shown in Figure 6.63. The thickness of the end plate was 25 

cm but material was removed from the pockets up to the depth of 13 mm from the front 

side of the end plate making a structure to reinforce the end plate against the compressive 

load. In this way the total weight of the plate was reduced without sacrificing the strength 

of the end plate. The area of the end plate was 182.25 cm2. 

Moreover, in this design the current collector plate was inserted from the back 

side of the end plate and its stud comes out from the front side of the end plate for making 

electrical connection as shown in Figure 6.64. 
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Figure 6.63: Front side and back side of end plate for a water cooled fuel cell stack 

of 50 cm2 active area. 

 

To execute the complicated machining of the end plate shown in Figure 6.63 by 

using a CNC milling machine, Sunlike Co. Korea, a computer program was required. For 

preparing the computer program the co-ordinates were calculated as shown in Figure 

6.65.  

 Formatted: Bullets and Numbering
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Figure 6.64: Back side of the end plate showing the current collector and the 

insulating gasket to match with the monopolar plate. 

 

 
Figure 6.65: Manufacturing drawing of end plate showing machining co-ordinates. 
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The CNC program was made to perform the machining of the end plate as per 

drawing shown in the Figure 6.64 to remove the material making pockets in the plate to 

reduce its weight with out sacrificing its strength, which is presented in the Annexure-IV.  

For the drilling of holes the computer program for CNC machine was made which 

is presented also in the Annexure-IV.; 

 

6.3   Assembly of Single Fuel Cell/Fuel Cell Stack  

The assembling of single fuel cells is comparatively simple as compared to the 

assembling of fuel cell stack. The single fuel cells were assembled on the table top and 

aligning with the help of aligning rods. For the assembling of fuel cell stack the 

configuration shown in the Figure 6.66 was adapted. 

 

Figure 6.66: Assembling configuration of end plates and 
bipolar plates for a fuel cell stack. 

 



 232

 

6.3.1   Design of Fuel Cell Assembly Jig-press 

A hydraulic fuel cell assembly jig press was designed for the assembling of single fuel 

cells and fuel cell stacks as presented in Figure 6.67. It consist of an inverted hydraulic 

jack who’s piston has a square plate of size 140 × 140 mm at its lower most end. The 

diameter of the piston is 50 mm and its movement is 500 mm. The jack was holded and 

fixed at a frame extending from a trolley as shown in the Figure 6.68. A platform of size 

600 × 600 mm was provided under the jack at which fuel cell stack can be assembled and 

compressed.  
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Figure 6.67: Drawing of fuel cell aligning jig-press. 

Four magnetic alignment stoppers of height 400 mm were provided to align the 

bipolar plates and other fuel cell stack components. The hydraulic pump operates by 

pressing a start push button and the pressure gauge provided on the jig shows the 

compression pressure being applied on the end plates. 

Following functions were performed by this jig-press; 

(a) Aligning of the fuel cell components for assembling. 

(b) Compression of the components before bolting. 

(c) Confirmation of the designed compression force to ensure sealing of 

gaskets for the gases as well as coolant. 

(d) Confirmation of the designed compression force to ensure the good 

electrical contact between the current collectors, respective bipolar plates 

and gas diffusion layers.    
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Figure 6.68: Fuel cell stack aligning, assembling and compressing jig-press. 

The torque required on the bolts to apply the necessary force has been calculated 

by the following equation [136];  

T = FKbDb / Nb        

Values to be entered to calculate the F and then T: 

T= Tightening torque (Nm) 

F= Clamping force (N) 

Kb= Friction coefficient (0.20 for dry bolts and 0.17 for lubricated bolts). 

Db= Bolt nominal diameter (m). 

Nb= Number of bolts 

A pressure of 1.5 to 2 MPa was applied to minimize the contact resistance of the 

GDL and the bipolar plate. 

The clamping force affects the permeability and diffusion of the reactant gas and 

the transport of the liquid water due to the GDL deformation and the porosity 

deformation. But a low clamping force increases the interfacial electrical resistance while 

a high clamping force decreases the GDL porosity, hence causes to increase the transport 

resistance of the gas and liquid water [199]. 

Uniform clamping force on the entire surface of the MEA and gasket area is 

required while excessive force on the perimeters may cause bending of the end plates as 

well as negative effect on the active area of the MEA by exerting uneven force. As the 

material of the GDL is compressible so the required compression allowance (squeeze) 

may be accounted for by determining the thickness of the GDL on the basis of the gasket 

and grooves on the bipolar plate. If the compression is increased the performance of the 

cell increases due to the reduction in interfacial resistance. But if the compression is 

increased beyond certain limit it decreases the porosity of the GDL due to which mass 

transport problems may appear. Hence, the suitable compression may be experimentally 

determined for any gas diffusion media.  

 

6.4   Design and Development of Oxidant Supply System 
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The PEM fuel cells require two types of supplies to operate continuously. First is the 

supply of fuel which may be in the form of pure hydrogen supplied from a storage 

cylinder or a reformat gas coming from hydrogen reforming system. Second is the supply 

of oxidant. The oxidant supply required for the PEM fuel cell system generally consists 

of two types; 

(a) Supply of pure oxygen coming from a storage cylinder. 

(b) Supply of clean air coming from an air compressor and filtered subsequently. 

 

6.4.1   Design and Development of Clean Air Supply System  

The PEM fuel cell requires air free from all type of impurities e.g. oil fumes and solid 

particles etc. For this purpose, to supply the compressed air free from oil fumes an oil 

free compressor (with out lubricating oil) was selected with Model No: CPF 4515 Porter-

Cable Corporation, Which was factory fitted with air filter, pressure gauge, pressure 

regulator, rupture disk safety valve, relief valve, automatic shut-off on set pressure, 

open/close gate valve and air storage cylinder of 25 liter capacity. 

ThreadS &
Dia as
per Sample 

FLANGE

ThreadS &
Dia as
per Sample 

INLET NOZZLE

OUTLET  NOZZLE

MATERIAL: Aluminum

MATERIAL: Brass

MATERIAL: Brass

 
Figure 6.69: Air filter’s flange, inlet nozzle and outlet nozzle.  
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To make the air free from solid particles an air filter was designed whose part 

drawings have been presented in Figure 6.69 and Figure 6.70. 

The flange is made from a 10 mm thick aluminum plate by making a hole of 55 

mm at its centre to keep access to the cartridge after claming of bolts and 8 holes of 

diameter 6 mm were made at a pitch circle of 118 mm to insert clamping bolts of 

diameter 5 mm. 

The inlet nozzle was made from brass as per dimensions shown in the drawing  

presented in the Figure 6.69 and it was fixed in the end plate of cartridge to supply the 

compressed air into the inside of the cartridge. The outlet nozzle was also made from 

brass as per drawing presented in the Figure 6.69 and it was fixed by threaded connection 

to the shell of the air filter’s housing into the threaded hole of diameter 12 mm as shown 

in the Figure 6.70. 
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Figure 6.70: Air Filter cartridge and housing. 
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Figure 6.71: Line diagram of air supply system.   
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The air filter’s cartridge was made by machining an aluminum shell of diameter 

60 mm having the flanges on both sides of diameter 70 mm. Holes of diameter 3 mm 

were drilled all around the periphery of the shell. Then a screen of mesh size 1 mm was 

wrapped around the shell with in the flanges. Later on, an air filter paper of pore size 3 to 

5 micron was wrapped over the mesh and clamped with stainless steel jubilee clamps to 

hold the filter paper over the aluminum shell. At the end the outlet nozzle was fixed into 

one of the side plate of the flange with threaded connection as shown in the Figure 6.69. 

 To assemble the air filter the cartridge was placed into the housing of the air filter 

and the flange shown in Figure 6.69 was fixed with the air filter housing by placing a 

silicon rubber gasket having holes appropriate to the flange holes and was clamped by the 

5 mm diameter claming bolts. Then the inlet nozzle was fixed with the shell of the 

housing by threaded connection made for this purpose as shown in the Figure 6.70. 

 The air filter was assembled to the compressor outlet and the outlet of the air filter 

was connected to the fuel cell stack as shown in the Figure 6.71. When the air compressor 

was operated it sucks the air through the air receiver (A.R) through an air filter which 

blocks the solid particles in the ambient air up to the size of 5 microns. This compressed 

air was then introduced in to the air filter shown in the Figures 6.69 and 6.70 which 

blocks the solid particles. Hence, the clean air is supplied to the fuel cell test system or to 

the fuel cell system through the humidifier which improves the water content of the 

filtered dry air. 

 

6.4.2 Design and Development of Humidifier 

Presently available MEAs require humidified hydrogen and humidified oxygen for the 

prolonged operation of the fuel cell stack because with out humidification the 

electrochemical reaction may stop and MEA can rupture resulting shutdown/damaging of 

fuel cell/stack. 

 Therefore, a bubble type humidification system was designed and developed by 

utilizing the laboratory resources. It consists of two stainless steel cylinders. One of the 

cylinders shown in Figure 6.72 is called humidifier and the other cylinder as shown in 

Figure 6.73 is called liquid receiver or dryer. 
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Figure 6.72 (a): Diagram showing internal parts of humidifier. 
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Figure 6.72 (b): Part drawing of humidifier. 
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The humidifier as shown in Figure 6.72 (a) is a 3 mm thick S.S 3014L, 800 mm 

long cylinder whose top end has been closed with bolted flange having one threaded and 

the other flared connections. The flared connection extends to the gas diffuser as shown 

in Figure 6.72 (b). There are 5 baffle plates inserted over the gas diffuser at a distance of 

50 mm a part each other as shown in Figure 6.72 (a).  The gas diffuser is a ring header of 

pipe diameter 12 mm and the ring inner diameter is 65 mm and outer diameter is 90 mm 

as shown in Figure 6.72(b). There are small holes of diameter 2 mm drilled at a distance 

of 10 mm a part all around the ring at upper and lower side for the distribution of gas all 

around and mix with the deionized water filled in the cylinder up to 150 mm height of 

cylinder from bottom side. A stainless steel pipe of outer diameter 9 mm and 613 mm 

long is connected to the ring header by TIG welding.  

The baffle plate is a 2 mm thick S.S 304 L circular plate whose diameter is 90 mm 

and 3 mm diameter holes are drilled in it at 5 pitch circles. The purpose of these holes is 

to pass the humidified gas through these and stop the carryover of water droplets if any. 

There is a 10 mm diameter central hole in all the plates to insert the gas diffuser pipe 

through it. In this way the 5 such plates prevents the water droplets to go out of this 

cylinder and lets only the humidified gas to go out through the exit which is connected to 

the dryer/liquid receiver. 

Two inlet/out nozzles have been provided to supply and return the deionized 

water from the storage tank at a height of 100 mm from the base. One drain opening at 

the base of the cylinder has been provided to drain the water for maintenance if required. 

A stainless steel hanger was designed for the mounting and installation of the gas 

humidifier system with the wall mounting as shown in the Figure 6.72 (b). I t was 

fabricated from the 5 mm thick S.S 3014L sheet. It was made by bending the sheet and 

making a hole of diameter 150 mm for the humidifier insertion and a hole of 85 mm 

diameter for the dryer insertion. Two bracket supports were provided at the ends for load 

bearing. Six holes of diameter 13 mm were provided in the vertical side to mount it with 

the wall by using 12.5 mm diameter rowel bolts.  

The dryer or liquid receiver is a cylinder of 75 mm diameter and 300 mm long 

closed on the top with a bolted flanged cover. There are two openings in the flanged 

cover one with threaded connection for the fuel cell supply and the other a flared  
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Figure 6.73: Drawing of liquid receiver/dryer. 
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connection to connect it with the out let of the humidifier as shown in Figure 6.73. The 

hydrogen or the oxygen enters in the dryer through the 6 mm diameter tube and if any 

water droplet which was carryover along with the gas stays at the bottom of the dryer and 

the humidified gas leaves the dryer through the threaded connection at the top of the 

dryer. There is a drain opening at the bottom of the dryer to drain the water after many 

months of operation. 

 Stainless steel tubes were used to connect the humidifier with the dryer and to the 

fuel cell system. Later on the humidifier was installed on a mobile fuel cell test system.  
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Chapter 7 

 

Testing and Analysis of Fuel Cells 
 

 

7.1   Introduction 

PEM fuel cell testing is a specialized job and needs prerequisite knowledge and 

instrumentation as well. Hence, to gain the required knowledge, relevant literature was 

studied and some basic experiments were performed to study and comprehend the fuel 

cell testing procedures and parametric behaviors. As discussed in chapter 2, performance 

of the fuel cells was evaluated by plotting their polarization curves. The polarization 

curves for the single fuel cells and fuel cell stacks were obtained by plotting the fuel cell 

potential against respective current density. Moreover, pressure drop of hydrogen as well 

as oxygen or air supply also gives valuable information about the working condition of 

fuel cell. Then the single cells and fuel cell stacks fabricated in the laboratory and the fuel 

cell stacks made by commercial manufacturers e.g. Ballard, Gas Hub and Palcan etc. 

were tested and results were compared accordingly. 

 

7.2   Effect of Temperature on Rate of Electrochemical 
Reaction.  

The experiment was performed from 10C to 50C.  The current produced at 10C was 

5.2 A, and it increased to 13.7 A when temperature raised to 50C. This increase in 

current by temperature is an indication of the respective increase in the rate of 

electrochemical reaction in the fuel cell. Figure 7.1 shows the change in electrochemical 

reaction i.e. increase in current with rise in temperature.  

The purpose of this experiment was to measure the rate of reaction at different 

temperatures, because the current produced by the cell is the rate of reaction - the faster 

the reaction goes, the more electrons are produced. The quantitative effect of temperature 

on reaction rate was studied. The current produced by the fuel cell, which is the rate of 
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reaction, was measured by connecting an ammeter directly to it. The current produced 

was dependent on the resistance of the meter used and it was 17.3 Ohms.   

This experiment was performed at 10C, 28C, 40C, and 50C temperatures, above and 

below room temperature. The cell was cooled by putting it in chilled water beaker and 

heated by placing it in hot water. The corresponding measurements of current produced 

against the respective temperature and voltage were recorded and respective graphs were 

made. 

Experimental cell:  Mini Fuel Cell- Liquid Fuel Anode 

Volume of KOH = 64 ml 

Volume of methanol = 1 ml 

Total Volume  = 65 ml 

The experiment was performed from 10C which is below ambient temperature (28C) to 

50C and as expected the current produced at 10C and at a constant voltage of 0.5 V was 

5.2 A and it increased to 13.7 A by increasing the temperature to 50C.  So, it was proved 

that by increasing the temperature the current produced by the fuel cell was increased 

which is an indication of the respective increased electrochemical reaction rate in the fuel 

cell. 

The graphs were plotted to show the respective change in behavior with the 

change of temperature. 
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Figure 7.1: Graph depicting the change in electrochemical reaction rate with 

the change in temperature at constant potential of 0.5 V. 
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Moreover, the same behavior was studied during the fuel cell operation that in the 

start the electrical power is at low level and with the passage of time it increases. This is 

due to the reason that in the beginning the cell was at ambient temperature (20C) and 

both hydrogen & oxygen were being supplied at this temperature. The electrochemical 

reaction is an exothermic in nature so the temperature rises within the fuel cell. As the 

ideal temperature for this reaction is 70-80C, the potential rises to highest level as it 

approaches but again there is a limit about this temperature (80C), above which the 

NafionTM membrane may get dehydrated resulting in a conductivity loss.  
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Figure 7.2: CV diagram of experimental mini fuel cell. 

 

Also, the current produced at maximum voltage of 2.7 volts was 26 mA and at a 

minimum value of 2.55 the current was 81 mA. The intermediate values of current 

against voltage at constant temperature were recorded to map the PV diagram as shown 

in Figure 7.2. The behavior of the curve is uniform as the voltage degrades uniformly 

with the increase of current which is similar to the normal trend of PEMFCs. 

 

7.3   Galvanostatic measurements 

The study of Galvanostatic polarization of platinum disc electrode in the presence of 

H2SO4 / NaOH + CH3OH for the determination of catalytic activities of the catalysts was 
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done by drawing the Tafel plot of over potential versus current densities and calculating 

the slope of the curve obtained and using this slope in the Tafel equation to calculate Io 

(Jo) which is an indicator of the catalytic activity [23]. The experimental parameters 

regarding the determination of catalytic activities of catalysts are presented in the Table 

7.1. 

 

Table 7.1: Experimental parameters for the determination of catalytic activities of 

catalysts. 

Temperature: 30 °C 

Apparatus/ Instrument: Bechman Electroscan TM- 30 

Working Electrode: Platinum disc electrode 

Reference electrode: Ag / AgCl Electrode 

Counter electrode :  Platinum wire electrode 

Cell type               :   3 Electrode glass cell 

H2SO4  

 

NaOH 

 CH3OH H2O Solution 

1M 1M 1 M Deionized  

2.6 ml 2g 2 ml 45.4 / 48 ml 50 ml 

 

The overpotential was plotted against the log of current density and the resulting 

slope of the curve Tafel slope was calculated and it was 0.591. 

And we know from Tafel equation; 

Over potential =  = (2.3 RT/ nF) × Log Io – (2.3RT/ nF) log I               

   = (2.3 RT/ nF) {log Io – log I} 

Where over potential = Potential when current flows – Equilibrium potential 

              = 1.33–1.2 

              = 0.13  
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     While the calculated Slope = 0.591 

              = 2.3RT/ nF                                                           

                     = 8.31 X 10–3 

By putting the respective values in Tafel equation 

0.13 = 0.591{log Io – log I} 

0.13/0.591 = log Io – log I   

                                   log Io  =  (0.13/0.591) + log I                                                                  

                                     Io = log–1(2.08)   
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Figure 7.3: Comparison of Tafel plots of oxidation current densities for the surface 

area of platinum towards the methanol Galvanostatic polarization in H2SO4 and 
NaOH. 

 

While the value of Io is a representation of catalytic activity and the value of Io = 

8.31 x 10-3 is comparable to the value of Io for platinum in H2SO4 given in Table 1 [118].  

The catalytic activities of the smooth platinum electrode towards methanol electro 

oxidation in 1 M H2SO4 also exhibited similar behavior as that in 1 M NaOH but the 

curves presented in Tafel plots gives us the difference in slope values highlighting the 

difference in over potential exhibiting the catalytic behavior in acidic and basic media as 

shown in Figure 7.3.  
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7.4   Designing of Fuel Cell Test Station 

For the operation and testing of single fuel cells and fuel cell stacks a mobile test station 

was designed keeping in view the requirements of the PEM fuel cells and limitations of 

the resources available in the laboratory as shown in the block diagram presented in 

Figure 7.4. In this design the hydrogen is supplied through a storage cylinder represented 

by red color and it runs through a temperature indicator, thermo switch set at 75°C and a 

solenoid valve. The logic control works here in the predefined route that if the 

               

 
Figure 7.4: Block diagram of the fuel cell test station. 

 

temperature of the hydrogen gas is less then 75°C then the solenoid valve (S-L1) will be 

closed and the hydrogen gas will run through the heater. The heater temperature limits 

were defined to on at 60°C and off position at 70°C so that hydrogen leaves the heater at 

70°C. However, if the temperature of the gas coming from the cylinder or from the exit of 

the fuel cell is more then 75°C then the solenoid valve will be opened and the gas will 

flow through the cooler/radiator. After passing through the heater or cooler what ever the 

case will be, the hydrogen will flow through the humidifier and after humidification it 
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will be supplied to the fuel cell as shown in the Figure 7.4. The hydrogen coming out of 

the fuel cell may be at 75°C and it can be stored into the supply cylinder or to another 

cylinder with the help of a compressor installed at the outlet of the fuel cell. Also the hot 

water at 80°C circulates through the fuel cell and the pump remains off at 70°C because at 

a temperature less then 70°C no need of water circulation.  

 Similarly, the oxygen is supplied through a cylinder with out humidification 

keeping in view that water is produced at cathode. However, the unconsumed oxygen 

coming out of the fuel cell is dehumidified before re-supplying to the fuel cell. But in 

case of air the exit air is discarded to the environment because it may be depleted of 

oxygen.  

There were two options of pre-heating; one for the heating of hydrogen/oxygen only by 

the silicon wire heater wrapped around the S.S supply tube before its entering in to the 

stack and the other by electrical pad heater wrapped around the humidifiers, both were 

tried during experimentation. 

Facility was designed in the operation loop for the compression of unused hydrogen and 

filling into an empty cylinder and reuse of unconsumed oxygen as well but it was not 

employed in the experimentation.  

 

7.5   Fabrication of Fuel Cell Test Station 

The mobile fuel cell test station was fabricated as per resources available in the 

laboratory as shown in Figure 7.5. It was built with the box pipe steel structure having 

four carter wheels to make it mobile. This system was consisted of two gas cylinders 

(Oxygen & hydrogen), two separate bubble type humidifiers along with liquid receivers 

for oxygen & hydrogen humidification and stainless steel tubes wrapped with silicon wire 

heaters to maintain the temperature of hydrogen and oxygen. To identify the hydrogen 

cylinder, it was painted with red color and the oxygen cylinder was painted with white 

color. To measure the different parameters of the fuel cell e.g. pressure, temperature, 

potential and current, respective digital (UNI-T UT53 Multi-meter) and analog meters 
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were installed. To apply the resistive load on the fuel cell a Rheostat (0-16.2  and 5A, 

Fisher Scientific Co, USA) was available. 

Moreover, an array of LEDs of 3 W electric power was also installed on the 

platform for visual identification and monitoring the power characteristics against 

different fuel cell parameters. 

 

 
Figure 7.5: Fuel cell test station. 

 

7.6   Testing of Single Fuel Cells 

The single fuel cells were assembled, operated and tested by using the fuel cell test 

station shown in Figure 7.5. The first fuel cell tested was assembled by sandwiching wire 

mesh electrodes with in monopolar plates of aluminum as shown in Figure 7.6.  The end 

plates and supporting structure were made with S.S 304 L. The active area of this fuel 

cell was 16 cm2. The operation parameters of this fuel cell were noted during its 

operation and presented in Table 7.2.    

 

Table 7.2: Operation and testing of a single cell of MEA area 16 cm2.  

Pressure of H2 Pressure of O2 Cell Temp. Vopen 

0.4 bar 1.0 bar 20°C 0.48 V 
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Table 7.1: Operation and testing of a single cell of MEA area 16 cm2.  

Pressure of H2 Pressure of O2 Cell Temp. Vopen 

0.4 bar 1.0 bar 20°C 0.48 V 

 
Figure 7.6: The demonstration of a single PEM fuel cell in operation. 

 

   . Figure 7.7 presents performance of the fuel cell and this curve is obtained by 

varying the load from a maximum resistance to the minimum resistance. It revealed that 

initially the minimum current of 0.5 mA was drawn at 0.48 V. As the resistance is 

decreased, the current drawn from the cell is increased, thus creating more power from the 

fuel cell. The operation of a fuel cell can be evaluated by its polarization curve. The 

relationship seen from the plot corresponds to a linear decrease in voltage due to the 

increase in current. 
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Figure 7.7: Polarization curve for a single cell of monopolar plates of aluminum and 

platinum catalyst on a wire mesh electrode. 

 
As we can see from the curve that with the increase of current drawn from the fuel 

cell, the potential uniformly drops and at 0.15 V the current increased to 33 mA as show 

in Figure 7.7. The graph shows the similar behavior as shown by the mini fuel cell 

presented in Figure 7.2.  

Moreover, potential was also plotted against the current density to get the Tafel 

plot as presented in Figure 7.8. Any sudden drop-offs in the curve indicate the cell may 

be operating in flooded conditions but there was no such indication and the relationship is 

linear which shows the normal operation of fuel cell. However the current density is low 

which may be due to following reasons; 

 The fuel cell was operating at ambient temperature (20°C). 

 The contact of the catalyst layer with the membrane and/or the monopolar 

plates may not be uniform. 

 The resistance of the intermediate surfaces may be too high as care was 

taken that wire mesh may not short circuit through the PEM. 

 There was no GDL introduced between the MEA and monopolar plates 

because if we do that then the catalyst will have no contact with the PEM. 

 The pressure of the hydrogen and oxygen was kept low so that leakage 

may not start. 
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Figure 7.8: Tafel plot of a single cell made with wire mesh electrodes. 
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Figure 7.9: Characteristic curve of a single cell with wire mesh electrode showing 

power Vs current. 

 

Also the current drawn from the fuel cell was plotted against the power produced 

as shown in the Figure 7.9. The curve is uniform and power increases with the rise in 

current drawn. This indicates that the power characteristics of the fuel cell are normal. 

The Tafel slope for this plot is high which shows the poor performance of this fuel cell 

and the reasons for this are the same as mentioned above in case of current density. 

The polarization curve for this cell is uniform without any drop-offs and shows 

that the maximum current density was 2 mA/cm2 at 0.16 V with hydrogen at 0.4 bar and 

oxidant at 1 bar as represented by blue horizontal squares in Figure 7.10.  
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Similarly, the power density gives useful information about the designing and 

utilization point of view. Hence power density was plotted against the current density for 

the operation of fuel cell. The characteristic curve for the power density has been 

presented in Figure 7.10, represented by pink horizontal squares. The maximum power 

density was achieved at a value of 0.32 mW/cm2 against the maximum current density of 

2 mA/cm2.  

 Then a single cell of effective MEA area 25 cm2 was assembled by using 

the MEA from ElectroChem and the GDL from E-TEK was tested by using the operation 

parameters presented in the Table 7.3. 
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Figure 7.10: Polarization curve and power density mapping of the single fuel cell 
with wire mesh electrodes. 

 

 

Table 7.3: Operation and testing of a single cell of MEA area 25 cm2.  

Flow of H2 Flow of O2 Cell Temp. Vopen 

100 (ℓ/h) 200 (ℓ/h) 30°C 0.92 V 

 



 257

0.68

0.7

0.72

0.74

0.76

0.78

0.8

0.82

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Current Density(mA/Cm
2
)

P
o

te
n

ti
al

(V
)

 
Figure 7.11: Polarization curve for a single cell of MEA area of 25 cm2. 

 

   In Figure 7.11 the performance of the fuel cell is presented and this curve is 

obtained by varying the load from a maximum resistance to the minimum resistance. The 

open circuit voltage was 0.92V. The current density was calculated by dividing the 

current drawn from the fuel cell with the total active area of the MEA. As the resistance 

is decreased, the current drawn from the cell was increased, thus drawing more power 

from the fuel cell. The relationship of current density with the voltage as shown from the 

curve corresponds to a linear decrease in voltage due to the increase in current density. 

As we can see from the curve that with the increase of current drawn from the fuel 

cell, the potential uniformly drops and at 0.69 V the current density was increased to 4.2 

mA as show in Figure 7.11. The little drop-offs in the curve represents that the fuel cell 

takes some time to adjust at a new voltage setting and load variation when the current 

density is low but at higher current densities it becomes smooth. 

Then, the cell current in mA was plotted against the power produced in mW 

which resulted in almost linear relation as shown in Figure 7.12. The current is directly 

proportional to the power produced and the plot can be interpreted for the intermediate 

values with good approximation for this fuel cell. 
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Figure 7.12: Power Vs Current diagram of 25 cm2 single cell. 

 

After getting knowledge and experience about the assembling and operation of 

single fuel cell using MEA purchased from ElectroChem, the indigenous MEA-1 of 

active area 25cm2 as explained in Article 6.2.1, was assembled into monopolar plates to 

make a single fuel cell and operated for 3 days to get the data as specified in the Table 

7.4. 

Table 7.4: Operation and testing of a single cell made by indigenous MEA-1 of 
active area 25 cm2. 

Days Pressure of H2 

(Psi) 
Pressure of O2 

(Psi) 
Cell Temp. 

(°C) 
Vopen 

(V) 

Day-1 30 50 30  0.95  

Day-2 20 50 30  0.95 

Day-3 20 35 30 0.85 

 

The operation of the fuel cell was started with an open circuit voltage of 0.95 V 

on day-1 and the current was varied from 38 mA in descending order and respective gain 

in potential was recorded up to 7 mA accordingly. In this way the operation on day-2 was 

made but the current was varied in ascending order 6.8 mA to 34 mA.  
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Figure 7.13: Tafel plot for the operation of single cell made with indigenous MEA-1 

of active area 25 cm2. 

 

It resulted into a hysterysis which may be due to flooding or due to MEA 

degradation as shown in Figure 7.13 and on day-3 again the current was varied in 

descending order from 35 mA to 6.6 mA and it followed approximately the same path as 

in case of day-2 operation. 

The Tafel plot for this fuel cell was made for the operation of day-1, day-2 and 

day-3 as shown in the Figure 7.13. The Tafel slope for this plot is high which shows the 

poor performance of this fuel cell. The profiles of the three day plots show that there are 

no potential drop offs and uniform operation of the fuel cell but on day-2 and day-3 the 

performance was degraded. 

The polarization curves and the power density curves for the 3 days operation 

were plotted on the same graph as presented in the Figure 7.14. The curve represented by 

the black diagonal squares represents the relationship of current density and potential of 

the fuel cell when hydrogen was supplied at a pressure of 30 psi and oxygen was supplied 

at 50 psi while the curve represented by pink horizontal squares show the respective 

power density variation with the current density changes for the operation of the fuel cell 

on day-1 as shown in the Figure 7.14. 
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Figure 7.14: Comparison of polarization curves with the power density curves for 

the single fuel cell with indigenous MEA-1. 

 

 Similarly, the polarization curves for day-2 and day-3 have been represented by 

brown cross marks and green triangles respectively. The degradation in the performance 

on day-2 and day-3 can be clearly seen as the maximum current density at day-1 was 

1.52 mA/cm2 and it was reduced to 1.4 mA/cm2 on day-2 and 1.35 mA/cm2 on day-3 

respectively.  

 Also the maximum power density was 0.478 mW/cm2 at a current density of 1.22 

mA/cm2 on day-1 which was degraded to maximum power density of 0.347 mW/cm2 at a 

current density of 1.088 mA/cm2 on day-2 and it was again degraded to 0.285 mW/cm2 

power density at a current density of 1.048 mA/cm2. This continuous degradation may be 

due to poor bonding of the catalyst with the PEM or carbon poisoning of the catalyst. 
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Figure 7.15: Fuel cell potential vs. power density along with the efficiency curve of 

25 cm2 active area of indigenous MEA-1. 

 

The efficiency of single fuel cell was calculated based on lower heating value of 

hydrogen (LHV) and plotted against the power density along with a plot of power density 

vs potential of the fuel cell on the same graph as presented in the Figure 7.15. The curve 

represented by the blue diagonal squares represents the relationship of power density and 

potential of the fuel cell while the curve represented by pink horizontal squares shows the 

respective power density for the day-2 which highlights the reasonable degradation in 

power density of fuel cell.  

Moreover, the relationship of the efficiency of the fuel cell vs power density have 

been represented by green cross marks for the day-1 and the relationship for the day-2 

have been represented by the brownish star marks as shown in Figure 7.15. The 

maximum efficiency on day-1 was 53.98% which was degraded into 51.99% due to the 

same reasons explained earlier.  Also there was a little gain in efficiency on day-3 which 

shows that the initial degradation in efficiency on day-2 may also be due to flooding of 
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cathode in addition to other reasons which was compensated on day-3 in intermediate 

range which is highlighted in the Figure 7.15 and maximum efficiency became 50.07%. 

In this way this MEA-1 was graded with poor performance.  

Hence, the same fuel cell of active area 25 cm2 as mentioned above was again 

assembled by using the indigenous MEA-2 fabricated by depositing the catalyst ink by jet 

spray method as explained in the article 6.2.1. The operating parameters of this cell have 

been presented in the Table 7.5.  

 

Table 7.5: Operation and testing of a single cell made by indigenous MEA-2 of 
active area 25 cm2. 

Days  Flow of H2 

(ℓ/h) 

 Flow of O2 

(ℓ/h) 

Cell Temp. 

(°C) 

Vopen 

(V) 

Day-1 100 200 30  0.92  

Day-2 60 100 30  0.90 

Day-3 50 80 30 0.88 

 

The polarization curve was recorded in only descending order by decreasing 

current from maximum value to the minimum value as presented in Figure 7.16. The 

polarization curve for day-1 was recorded in descending order by decreasing the current 

from 105 mA to 8.6 mA as shown by the blue diagonal squares and the polarization curve 

for day-2 was recorded in descending order by decreasing the current from maximum 

value of 111 mA to a minimum value of 8 mA as shown by the pink horizontal squares 

and for the day-3 the polarization curve was recorded in descending order by decreasing 

the current from maximum value of 90 mA to a minimum value of 9 mA represented by 

the green triangles. This was done to repeat the same order every day to check the 

repeatability of the results but it was found that the performance degradation continues. 

As the Tafel slope represents the performance of the fuel cell. In this fuel cell the Tafel 

slope for day-1 was less but it increases reasonably for the day-2 and the Tafel slope for 

the day-3 was even more increased which represents the continuous degradation of the 

fuel cell performance. 
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Figure 7.16: Tafel plot for the operation of single fuel cell with indigenous 

MEA-2. 

 

Then the polarization curves and the power density curves were plotted on the 

same graph as shown in the Figure 7.17. The polarization curves have the same slopes 

and same interpretation as explained earlier but the power density plotted against the 

current density represent the different behavior for the day-1, day-2 and day-3 as in the 

three cases the current was controlled in descending order. The power density curve for 

the day-1 is a straight line and shows a uniform behavior while the similar curves for the 

day-2 and day-3 have small drop offs and represents no uniform behavior as shown in 

Figure 7.17. 

The power density was plotted against the potential and efficiency of the single 

fuel cell with indigenous MEA-2 on the same graph to get comprehensive information 

regarding the fuel cell operation as presented in the Figure 7.18. The curve represented by 

blue diagonal squares shows the slight change in potential difference with the increase in 

power density during the operation of the fuel cell on day-1. 
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Figure 7.17: Polarization curve and power density mapping on the same graph for 

the indigenous MEA-2. 

 

The relationship of power density to current density on day-2 is represented by 

pink horizontal squares and its behavior turned out to be totally different then that of the 

day-1. On day-2 the potential has a sudden drop off after the power density reaches at a 

value of 1.36 mW/cm2. Even before this point there was sharp degradation in potential 

with the increase of power density. While on day-3 there was continuous degradation of 

potential with the slight increase of power density which becomes critical when the 

power density reaches a value of 0.916 mW/cm2 because after this point the power 

density as well as potential both decreases simultaneously.   

The efficiency of the fuel cell at low heating value was calculated for the 

operation of the fuel cell for 3 days. The characteristic efficiency curve for the day-1 is 

represented by the light blue cross marks which show a uniform change in efficiency with 

the change in power density. The maximum efficiency of the fuel cell on day-1 was 

64.11% at a power density of 0.276 mW/cm2 which decreased to 55% at a power density 

of 2.9 mW/cm2. 
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Figure 7.18: Power density vs. Potential and efficiency of the single cell with 

indigenous MEA-2. 

 

While the maximum fuel cell efficiency was decreased from 61.8% at a power 

density of 0.252 mW/cm2 on day-2 to 56.7% at a power density of 1.36 mW/cm2.  There 

was a drop off in the efficiency when the power density reaches a value of 1.36 mW/cm².  

Also on day-3 there was more profound decrease of efficiency with little increase of 

power density and it becomes stagnant after a value of 0.96 mW/cm2. Due to the high 

contact resistance of the monopolar plates and the low catalytic activity of the catalyst the 

power density as well as efficiency of the fuel cell was low.                                                                                                                                            

A single fuel cell assembled by using the MEA of effective area 100 cm2 supplied 

by M/s Schunk Germany, was operated and tested. The monopolar plates used were 

fabricated by making multi-serpentine flow field pattern on gold-plated copper plate for 

anode side and cathode side monopolar plates cum current collectors as presented in the 

Figure 6.11. The operating parameters have been presented in the Table 7.6. 

The fuel cell was operated by supplying 99.99% pure hydrogen and 99% pure 

oxygen through the bubble type humidifiers installed in the mobile fuel cell test station as 

shown in Figure 7.5.  
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Table 7.6: Operation and testing of single cell of MEA area 100 cm2 by 
varying the stoichiometric ratio of gases. 

Days Flow of H2 Flow of O2 Cell Temp. Vopen 

Day-1 100 (ℓ/h) 100 (ℓ/h) 28°C 0.98 V 

Day-2 50 (ℓ/h) 115 (ℓ/h) 28°C 0.98 V 
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Figure 7.19: Polarization curve and power density mapping with different 

stoichiometric ratio of gases. 

 

The fuel cell was operated and the data was recorded by starting at the open 

circuit potential and then increasing current and taken the respective measurements at 

prescribed current intervals at slow sweep allowing the fuel cell to adjust at each 

operating point up to 5 minutes. The data was compiled to draw polarization curves and 

the power density mapping on the same graph as shown in the Figure 7.19. The operation 

of fuel cell on day-1 was continued with hydrogen supply of 100 ℓ/h and the oxygen 

supply was also 100 ℓ/h. The flow rate of the gases was kept constant throughout the 

operation of the fuel cell. The open circuit voltage was recorded as 0.98 V.  

The polarization curve for day-1 is uniform without any drop-offs and shows that 

the maximum current density was 31.3 mA/cm2 at a cell voltage of 0.683 V. Both fuel 

and oxidant were fed to the cell at same flow rate of 100 ℓ/h. This data set is represented 
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by blue diagonal squares in Figure 7.19. However, the operation of fuel cell on day-2 

follows the same polarization curve using a hydrogen supply of 50 ℓ/h and oxygen supply 

of 115 ℓ/h. In this case, the maximum current density turned out to be 40.7 mA/cm2 at a 

potential of 0.654 V (data set represented by pink horizontal squares). The observed 

current density increase of 9.4 mA/cm² at almost same potential is supposed to be due to 

the change in stoichiometric ratio. The ratio of hydrogen to oxygen was 1:1 on day-1 and 

on day-2 it was 1:2.3.  

The corresponding power density curves are also given in Figure 7.19. The day 

one curve is represented by brownish star marks. The maximum power density was 

achieved at a value of 21.37 mW/cm2 against the maximum current density of 31.3 

mA/cm2. The characteristic power density curve for the day-2 is represented by greenish 

cross marks. For this operation the maximum power density of 26.61 mW/cm2 was 

achieved against the current density of 40.7 mA/cm2. Again a gain of 5.24 mW/cm2 was 

achieved by this change of stoichiometric ratio. 

The Tafel plot for this fuel cell was made for the operation of day-1 and day-2 as 

shown in the Figure 7.20. The Tafel slope for this plot is lower than in the previous 

experiments, which shows the better performance of this fuel cell. The profiles of the 

both plots overlap each other which show the uniform operation of the fuel cell and there 

are no signs of flooding during the both days operation which is an indication of good 

performance. 

Moreover, the polarization curve was recorded in both directions increasing and 

decreasing current as presented in Figure 7.20. The polarization curve for day-1 was 

recorded in ascending order by increasing the current and the polarization curve for day-2 

was recorded in descending order by decreasing the current from maximum value of 4070 

mA to a minimum value of 10 mA and the two polarization curves are comparable to 

each other and did not show any hysterysis which indicates that there is no flooding in the 

fuel cell or drying of the anode side of MEA. 

The efficiency of single fuel cell was calculated based on lower heating value of 

hydrogen (LHV) and plotted against the power density along with a plot of power density 

vs potential of the fuel cell on the same graph as presented in the Figure 7.21. 
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Figure 7.20: Tafel plot of a single cell of MEA 100 cm2 with different 

stoichiometric ratios. 

 

The curve represented by the blue diagonal squares represents the relationship of 

power density and potential of the fuel cell at same flow rate of gases at 100 ℓ/h while the 

curve represented by pink horizontal squares shows the respective increase in the power 

density along the same path when the gas flow rates were changed for the day-2 as shown 

in the Figure 7.21. 

Moreover, the relationship of the efficiency of the fuel cell vs power density have 

been represented by green triangles for the day-1 and the relationship for the day-2 have 

been represented by the blue cross marks following the same path as per previous one but 

with enhanced power density as shown in Figure 7.21. Both relationships give very 

important information about the fuel cell. It gives the maximum power that the fuel cell 

can reach. As the fuel cell efficiency is directly proportional to the fuel cell potential. 
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Figure 7.21: Power density vs potential and efficiency of single fuel cell. 

 

For this fuel cell on day-2 the maximum power density of 26.61 mW/cm2 was 

reached at an efficiency of 52.15% which is significantly lower then the theoretical fuel 

cell efficiency. The same fuel cell can reach at higher fuel cell efficiency but at 

significantly lower power density. This fact explains that for a required out put a fuel cell 

may be made with a larger active area of MEA and more efficient or more compact but 

less efficient. Hence we can operate the fuel cell by selecting any required operating point 

on the power density vs. efficiency curve or on the polarization curve to play for required 

parameters. Generally, the operating point is selected more close to a potential of 0.7 V. 

For the operation of this fuel cell on day-2 at 0.7 V a power density of 18.34 mW/cm2 can 

be achieved with an efficiency of 57%. For applications where a higher efficiency is 

required a higher nominal fuel cell potential may be selected. For example for a fuel cell 

potential of 0.78 V the respective efficiency will be 62.2% but the power density will be 

decreased to 6.864 mW/cm2. This Figure can also be utilized to design a fuel cell if fuel 

cell size is required to be reduced. For example if we operate this fuel cell at a potential 

of 0.654 V then the respective power density is 26.61 mW/cm2 which is maximum in this 

case. 
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7.7   Effect of Catalyst Materials on the Performance of Fuel 
Cells 

The most important aspects of the PEM fuel cell fabrication were the processes regarding 

preparation, deposition, treatments and precautions made regarding catalyst materials. 

Efforts were made to explore the availability and deposition of catalyst materials to make 

MEAs in the laboratory and their testing. PEM fuel cells were fabricated by using 

different specifications of MEA which have been presented in the Table 7.7. 

 

Table 7.7: Fuel cell operation parameters for the MEAs made by different catalysts 
and conditions. 

Single cell 
description 

Wiremesh 
Electrodes 

MEA by 
E-Teck 

Indigenous 
MEA 

MEA by 
ElectroChem 

Amb. Temp.C 15 26 20 23 

MEA (cm2) 16 25 50 100 

H2 Flow L/h 40 150 120 150 

O2 Flow L/h 80 400 250 300 

Open Voltage 0.8 0.92 0.93 0.95 

Cell Temp.C 27 30 36 45 

 

The Stoichiometric requirements of hydrogen and oxygen for a PEM fuel cell 

have been calculated but in practical applications an extra amount is supplied due to 

following reasons: All of the molecules of the hydrogen can not be oxidized and the 

reaction products are required to be driven out from the anode as well as cathode side 

which can be achieved by the circulation of an extra volume of gases. To optimize this 

extra volume of gases, the %age utilization factor of gases is required to be investigated.  
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Figure 7.22: Characteristic polarization curves for 4 single cells of different 

MEA configurations. 

 

The polarization curves for all of the single cells presented in the Table 7.7 have 

been drawn on a single graph for comparison in Figure 7.22. All of the fuel cells have 

different geometries, MEA configuration, catalyst, gas flow field patterns, fabrication 

history and different assembling parameters. Hence, they exhibit different polarization 

curves, presenting the accumulated effect on the performance characteristics. 
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Figure 7.23: Performance comparison by a plot of Current density Vs 

potential of the single cells. 

 

Figure 7.23 is a true representation of performance indicator of all of the above 

mentioned fuel cells. These results indicated that by increasing the current density the 
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voltage of the cell decreases. Hence to draw the required current density an optimum 

voltage can be predicted or adjusted accordingly for the specific fuel cells. 

The power produced in a fuel cell is directly proportional to the current drawn 

from the fuel cell as indicated in Figure 7.24. Hence a compromise can be made and an 

optimum power can be drawn from a fuel cell. 

By increasing the potential, as shown in Figure 7.25, the power produced or 

drawn decreases and it can be adjusted or optimized accordingly. This effect is minimum 

in case of a fuel cell with MEA area 100 cm2. 
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Figure 7.24:  Relationship of power produced with the current. 
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Figure 7.25: Representation of inverse relationship of potential with the 
power produced. 

7.8   Effect of Bipolar Plate material on fuel Cell Performance 
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A number of available materials were used to fabricate the bipolar plates including 

graphite, aluminum, copper, stainless steel and graphite composite material. The effect of 

bipolar plate material on the performance of the fuel cells was discussed in Article 2.5.5. 

The single PEM fuel cell (having aluminum bipolar plates) and demonstration of its 

operation along with measuring devices is shown in Figure 7.6.  
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Figure 7.26: Effect of bipolar plate materials on the performance of PEM fuel cells 

demonstrated by the respective polarization curves. 

 

To study the effect of materials as mentioned above, utilized for the fabrication of 

monopolar plates and bipolar plates on the performance of PEM fuel cells single cells 

were assembled by using monopolar plates fabricated from the materials mentioned 

above one by one by employing the same fuel cell components including MEA of active 

area 25 cm² purchased from M/S ElectroChem Inc. USA. These fuel cells were operated 

one by one and the respective data was compiled to compare their performance as 

presented in the Figure 7.26. The curve for the bipolar plate made with gold plated copper 

has minimum electrical resistance, hence it resides on the top and has the best 

polarization curve, while aluminum has intermediate and graphite composite and stainless 

steels are inferior ones having the high electrical resistance as compared to the gold and 

aluminum. 
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 The electrical resistance values measured by digital multimeter (UNI-T UT53) 

for various bipolar plate materials are given Table 3.3. These results revealed that the 

resistance of graphite composite material is higher then that of metals. It has been 

concluded by [73,136,138,154] that with the increase of electrical resistivity the 

performance of cell decreases.  

    Actually bipolar plates offer multidimensional important factors, e.g., architecture 

for cell stacking, access of fuel and oxidant to the MEA, conduction path for the current, 

heat transfer, and disposal of unused gases and products of the reaction. Therefore, 

following properties are very important for the bipolar plate material: good electrical 

conductivity, good thermal conductivity, good mechanical properties, e.g., compressive 

strength, tensile strength, machine ability, thermal and mechanical stability within the 

fuel cell operation conditions. Ideally, the material should be nonporous and impermeable 

for oxygen, hydrogen and water and it should not be corrosive in nature in fuel cell 

prevailing conditions. In the present study the carbon composite bipolar plate was found 

to be the best in respect of cell performance, machine ability, low specific weight and 

cost etc. 

 

7.9   Effect of Pressure Drop on the Performance of Fuel Cell 

The effect of pressure drop on the performance of fuel cells is multidimensional as 

discussed in detail in the Article 5.3.5.1. The effect of pressure drop through serpentine 

and parallel flow patterns were investigated by carrying out experiments and making 

measurements of pressure drop, current and voltage produced and power stability on such 

conditions. The results of pressure drop through parallel flow pattern shown in Figure 

6.10 and serpentine flow pattern shown in Figure 6.12 made on the monopolar plates, 

have been presented along with effect on current and voltage and are summarized in the 

Table 7.8.  

A high pressure drop was noticed in case of serpentine flow fields and a low pressure 

drop was recorded in parallel flow patterns of the two gasses. In both flow patterns 

different current & voltage characteristics were also noticed as given in Table 7.8.  
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It has been also observed that the cross sectional area of flow channels is 

important in regard to pressure drop. So different cross sectional areas were adopted and 

pressure drop of gas through these cross sectional areas were investigated. It was 

observed that by decreasing the cross sectional area of the flow channel pressure drop 

increases and it was ideally minimum out of all the 6 channel geometries studied in 

Chapter 5, against the 1mm2 area.         

                                            

Table 7.8: Effect of pressure drop on the performance of PEMFC through 
serpentine and parallel flow patterns. 

Flow Pattern CP (Psi) Hp(Psi) Pi(Psi) Po(Psi E (V)   I(mA) 

 Hydrogen Fuel Cell 

Serpentine 22 20 20 14 0.80 125 

Parallel 22 20 20 17 0.74 103 

 Oxygen  

Serpentine 50 48 48 35  

Parallel 50 48 48 41  

      Cp: Cylinder pressure, Hp: Humidifier pressure, Pi: Inlet pressure, Po: Outlet pressure  

 

    As air is supplied to the fuel cell at the expense of electrical efficiency of the fuel 

cell system and pressure drop of supplied air is directly proportional to the electric power 

consumed by the compressor or blower, so pressure drop of supplied air is least required 

and efforts are made to keep it at minimum level. On the contrary pressure drop is the 

driving force required for the transportation of water from the flow channels of PEM fuel 

cell cathodes, so a minimum pressure drop required for the transportation of water 

droplets through channels of cathodes is always desired and it was investigated through 

experimentation presented 5.3.1. 
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7.10   Effect of Flow of Gases on the Performance of Fuel Cell 

To study the effect of flow of gases other then the stoichiometric requirements, on the 

performance of fuel cell a single cell of active area 25 cm2 and assembled by using MEA 

from M/S ElectroChem and carbon composite monopolar plates from M/S Schunk, was 

operated for five days by varying the flow rates of hydrogen and oxygen as presented in 

the Table 7.9. The other parameters were constant. The data was recorded by starting at 

the open circuit potential and then increasing current and taken the respective 

measurements at prescribed current intervals at slow sweep allowing the fuel cell to 

adjust at each operating point up to 10 minutes and compiled the data to draw 

polarization curves and the power density mapping on the same graph as shown in the 

Figure 7.27.  

The theoretical consumption of oxygen as calculated in 4.3.1 is 2.21 ℓ/h and the 

theoretical consumption of hydrogen as calculated in 4.3.2 is 4.21 ℓ/h.  These flow rates 

can be supplied to the fuel cell when it is in operation in a closed and optimized system. 

But in our case the system was not closed and the unconsumed hydrogen and oxygen 

were bubbled out through the water filled beakers. The operation of fuel cell on day-1 

was continued with hydrogen supply of 150 ℓ/h and the oxygen supply was 200 ℓ/h. The 

flow rate of the gases was kept constant throughout the operation of the fuel cell. The 

open circuit voltage was recorded as 0.935 V as presented in Table 7.9.  

 

Table 7.9: Operating parameters for the single fuel cell with variable flow of gases. 

Days Flow of H2 

(ℓ/h) 

Flow of O2 

(ℓ/h) 

Cell Temp. 

(°C) 

Vopen 

(V) 

Loading 

order   

1 150 200 31 0.934   Ascending 

2 200 600 32 0.935   Descending 

3 100 150 33 0.934   Ascending 

4 80 100 33 0.915  Descending 

5 50 80 32 0.90   Ascending 

Hydrogen pressure: 1.75 bar Oxygen pressure: 0.8 bar 
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The polarization curve for day-1 is presented in Figure 7.27 with blue diagonal 

squares and it is almost uniform without any drop-offs and shows a maximum current 

density of 6.0 mA/cm2 at a voltage of 0.421 V. The operation of the fuel cell on day-2 

follows the same polarization curve with hydrogen supply of 200 ℓ/h and oxygen supply 

of 600 ℓ/h showing a maximum current density of 7.04 mA/cm2 at a potential of 0.486 V 

represented by pink horizontal squares. This increase of 1.04 mA/cm² in current density 

and the increase of 0.065 V in potential may be due to the better diffusion of hydrogen 

through the GDL on anode side and efficient removal of product water from the cathode 

side with maximum flow of oxygen. The ratio of hydrogen to oxygen was 3:4 on day-1 

and on day-2 it was 1:3 while the designed/calculated stoichiometric ratio is 2:1.  
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Figure 7.27: Polarization curve and power density mapping showing the effect of 

flow rates of gases other then stoichiometric requirement of gases. 

 

The operation of fuel cell on day-3 was continued with hydrogen supply of 100 

ℓ/h and the oxygen supply was 150 ℓ/h with the open circuit voltage of 0.934 V. The 

polarization curve for day-3 have been presented in the Figure 7.27 with green triangles 

and it’s Tafel slope is more then the slope of the previous days and the maximum current 

density was 4.44 mA/cm2 at 0.311 V. On day-4 the fuel cell was operated with hydrogen 
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supply of 80 ℓ/h and the oxygen supply was 100 ℓ/h. The polarization curve for day-4 is 

shown in Figure 7.27 with blue cross marks and it's Tafel slope is more then the slope of 

the previous days and the maximum current density was 3.6 mA/cm2 at 0.253 V while the 

open circuit voltage was 0.915 V. Lastly, on 5th day the operation of fuel cell was 

continued with hydrogen supply of 50 ℓ/h and the oxygen supply was 80 ℓ/h. The 

polarization curve for day-5 have been presented in the Figure 7.27 with brown cross 

marks and it’s Tafel slope is more then all of the slopes of the previous days and the 

maximum current density was 3.08 mA/cm2 at 0.217 V. 

The results of the 5 day operation of the single cell fuel cell of active area 25 cm2 

concluded that there may be partly flooding on cathode side of the fuel cell which on high 

flow rates of oxygen helped in transporting the product water out of the cathode GDL and 

gas flow field channels which resulted in more current density and more potential, other 

wise the requirement of the electrochemical reaction was only 2.21 ℓ/h. 

The power density was plotted against the current density for the operation of fuel 

cell for the day-1 to day-5 in Figure 7.28. The characteristic curve for day-1 have been 

represented by brownish stars. The maximum power density was achieved at a value of 

2.626 mW/cm2 at the maximum current density of 5.6 mA/cm2. The characteristic curve 

of power density against the current density for the day-2 have been represented by 

greenish cross marks. For this operation the maximum power density of 3.42 mW/cm2 

was achieved against the current density of 7.04 mA/cm2. Again a gain of 0.794 mW/cm2 

was achieved by this increase of flow rates of oxygen and hydrogen but the over all 

performance was low which may be due to the presence of turbulence created due to high 

flow on cathode side. So the flow of gases was reduced gradually till 5th day operation 

but the power density was declining continuously. Similarly the maximum power density 

was reduced to 0.668 mW/cm2 at a potential of 0.629 V on the 5th day of operation 

represented by black diagonal squares. 

Moreover, the power density curve was recorded in both directions increasing and 

decreasing current as presented in Figure 7.28. The power density curve for day-1 was 

recorded in ascending order by increasing the current and the this curve for day-2 was 

recorded in descending order by decreasing the current from maximum value of 176 mA 

to a minimum value of 9 mA and the two power curves are overlapping each other and 
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did not show any hysterysis which indicates that there is no flooding in the fuel cell or 

drying of the anode side of MEA. But on day-3 represented by green triangles, day-4 

represented by green cross and day-5 represented by brown cross, there is some 

hysterysis in the respective ascending and descending curves which shows low level 

flooding in it.  
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Figure 7.28: Power density vs. potential and efficiency of single fuel cell. 

 

For this fuel cell, the relationship of the efficiency of the fuel cell vs. power 

density have been represented by brown stars for the day-1 and the relationship for the 

day-2 have been represented by the blue dash marks having a reasonable difference then 

the  previous one but with enhanced power density as shown in Figure 7.28.  Also the 

power density has an inverse relationship with the potential and it was shown for the five 

day operation on the same plot presented in Figure 7.28. Both relationships give very 

important information about the fuel cell. It gives the maximum power that the fuel cell 
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can reach. As the fuel cell efficiency is directly proportional to the fuel cell potential. For 

this fuel cell on day-2 the maximum efficiency of 64.75% was reached at a power density 

of 0.293 mW/cm2 which is significantly lower then the theoretical fuel cell efficiency. 

The same fuel cell can reach at higher fuel cell current density of 3.42 mW/cm2 but at 

significantly lower fuel cell efficiency of 38.75%. This fact explains that for a required 

output a fuel cell may be made with a larger active area of MEA and more efficient or 

more compact but less efficient. Hence we can operate the fuel cell by selecting any 

required operating point on the power density vs. efficiency curve or on the polarization 

curve to play for required parameters. Generally, the operating point is selected more 

close to a potential of 0.7 V. For the operation of this fuel cell on day-2 at 0.7 V a power 

density of 1.13 mW/cm2 can be achieved with an efficiency of 56.29%.  

 

7.11   Performance of Fuel Cell Stack 

The fuel cell stacks fabricated indigenously were tested for current, voltage, power and 

endurance tests. Following are the results: 

A 3 cell stack as shown in Figure 7.29 was assembled by using the MEA from 

ElectroChem with an active area of 25 cm2, and bipolar plates made from S.S 304 L as 

shown in Figure 6.14 and end plates also made from S.S 304 L as shown in Figure 6.55 

and the order of monopolar plates, bipolar plates and cooling plates was adapted as 

shown in the Figure 6.26. This fuel cell stack was used to illuminate an LED display 

board. The operation parameters of this fuel cell stack have been presented in the Table 

7.10. Like the single fuel cells the 3 cell fuel cell stack was also operated at 30°C. 

 

Table 7.10: The operation parameters of 3 cell fuel cell stack. 

Humidity of 

H2 

Humidity of 

O2 

Pressure of  

H2 

Pressure of 

O2 

Cell Temp. Vopen 

50% 52% 20 (Psi) 30 (Psi) 30°C 2.88 V 

 

 



 281

 

 
Figure 7.29: A 3 cell stack with S.S bipolar plates of active area 25 cm2 and S.S end 

plates. 

 

The polarization curve and power density curve have been plotted at the same 

graph to get comprehensive information about the operation of fuel cell stack as shown in 

the Figure 7.30. Looking at polarization curve represented by blue curve it can be 

understood that at low current density the cell potential drops reasonably as a result of the 

activation polarization. While at intermediate current densities the potential of fuel cell 

stack drops linearly with current as a result of Ohmic losses or cell resistance. At high 

current densities the cell potential shows linear relationship with current density. 

The polarization curve for this cell is uniform without any drop-offs and shows 

that the maximum current density was 120 mA/cm2 at 2 V when the hydrogen was 

supplied at 20 psi with 50% humidity and oxidant at 30 psi with 50% humidity as 

represented by blue diagonal squares in Figure 7.30.  

Similarly, the power density gives useful information about the designing and 

utilization point of view. Hence power density was plotted against the current density for 
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the operation of fuel cell stack. The characteristic curve for the power density has been 

presented in Figure 7.30, represented by pink horizontal squares. The maximum power 

density was achieved at a value of 232.2 mW/cm2 against the maximum current density 

of 120 mA/cm2 at a potential of 2.0 V.  
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Figure 7.30: Comparison of polarization curve and power density curve for a 

3 cell stack. 

 

The efficiency and voltage of the fuel cell stack have been plotted against the 

power density of the of the fuel cell stack at the same graph to compare and predict the 

required parameters for intermediate values to operate the fuel cell stack at required 

power density or required efficiency as shown in the Figure 7.31. The power density 

curve is uniform which shows the normal operation of the fuel cell stack and no sign of 

flooding or drying of the MEA are observed as represented by blue diagonal squares 

shown in the Figure 7.31. The maximum power density of 78.4 mW/cm2/cell was 

achieved at a potential of 1.96 V and the minimum power density was 1.008 

mW/cm2/cell at a potential of 2.7 V. Hence, this curve can be utilized to predict or 

calculate any intermediate values of power density for the designing or operation 

activities of this fuel cell stack. 

Moreover, the efficiency curve of this fuel cell stack is also uniform and overlaps 

over the power curve. The maximum efficiency of this fuel cell stack was 71.77% at a 
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power density of 1.008 mW/cm2/cell and the minimum efficiency was 52% at a power 

density of 78.4 mW/cm2/cell. As the efficiency curve is linear so it could be utilized to 

calculate the intermediate values of efficiency for any required value of power density. 
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Figure 7.31: Impact of voltage increase and efficiency on the power density in 

3 cell stack of 25 cm2 MEA area. 

 

The Figure 7.32 shows the individual contribution of the single cells in the over 

all output of the fuel cell stack in the form of current and voltage. Counting from the 

anode side the first cell was designated cell-1, the cell in the middle was designated as 

cell-2 and the cell on the cathode side was designated as cell-3. The variation of current 

and voltage is very much clear and it is due to a lot of factors e.g., gas pressure, 

temperature, contact resistance etc. 

The cell-1 has been represented by blue diagonal square and it is at low potential 

when the operation of the fuel cell stack has just been started at 12:30 p.m while the cell-

2 represented by pink horizontal square and cell-3 represented by green triangle are at the 

same potential but at a little higher potential and all of the 3 cells are at low current. As a 

whole the fuel cell stack represented by green cross is at high potential and at low current 

while after the operation of fuel cell stack for one hour at 1:35 p.m 20 A current was 

passing through the stack at 2 V represented by brown star. This investigated that that the 

performance of the individual fuel cells increases from anode side towards the cathode 



 284

side in a fuel cell stack. Moreover, as the temperature on the cathode side is more then the 

temperature on anode side due to the exothermic reaction and due to this effect the 

temperature of the cells on cathode side performs better. Also the performance of the fuel 

cell stack increases with time it takes to settle at equilibrium and this time is called the 

warm-up time or burn in time.  
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Figure 7.32: Determination of current–voltage contribution of individual 

cells in the 3-Cell stack Testing. 

 

 

Then a 5 cell stack was assembled as shown in Figure 7.33, by using the anode 

cum current collector plate made up of copper, gold plated after machining as shown in 

Figure 6.10 and the cathode cum current collector plate also made up of copper gold 

plated after machining as per design shown in Figure 6.6. The 3 bipolar plates were made 

with copper and 2 were made with stainless steel as per design shown in Figure 6.14 but 

the 3 bipolar plates made with copper were gold plated after machining to compare their 

relevant parameters accordingly. The order of 2 monopolar plates and 4 cooling plates for 

this water cooled fuel cell stack was adopted as presented in the Figure 6.28. The MEAs 

used in this fuel cell stack were purchased from E-TEK for an active area of 25 cm2. The 
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end plates and the bolts were also made with stainless steel to make them corrosion proof 

and aesthetically looking good. This fuel cell stack delivered a maximum of 22 W power 

at a potential of 3.4 V and it was operated for several days for endurance tests but 

unfortunately the data was lost and could not be presented here.  

 

 

Figure 7.33: 5 cell PEM fuel cell stack with gold plated and stainless steel 
bipolar plates. 

 

The characteristic polarization curves were drawn for the indigenous fuel cell 

stacks for comparison with the fuel cell stacks fabricated by the world’s famous fuel cell 

manufacturers, e.g., the fuel cell stack made by Gas Hub (Singapore) is a 50 cell stack 

with an active area of 91 cm2/cell, Palcan Fuel Cells (Canada) is a 40 cell stack with an 

active area of 126 cm2/cell, and Ballard fuel cells (Canada) is a 48 cell stack with an 

active area of 132 cm2/cell. The trend of the 3 cell indigenous fuel cell stack with an 

active area of 25 cm2/cell is almost same as that of the other fuel cell stacks as shown in 

Figure 7.34. However, the current densities of all of the fuel cell stacks are too low due to 

low operation temperature and low pressure. Also the voltage loss with the increase in 

current density is comparatively low in case of fuel cell stacks made by Palcan and 

Ballard fuel cell manufacturers.  
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Figure 7.34:  A comparison of polarization curves for various fuel cell stacks 

representing inherent behavior. 
 

One of the fuel cell stacks assembled and operated at ZSW Laboratory, Ulm 

Germany, for the comparative analysis of the gas flow fields discussed in Article 5.4 is 

presented in the Figure 7.35. The fuel cell stack discussed in Figure 5.50 and Figure 5.51 

was a 5 cell stack having an active area of 100 cm2/cell. The fuel cell stack discussed in 

Figure 5.52 was a 4 cell stack with active area of 560 cm2/cell whose explosion drawing 

have presented in Figure 7.36. The MEAs used in these stacks were Gore 5621 and the 

GDL 10 BB at anode side and GDL 30 BC at cathode side was used.  The bipolar plate 

material was carbon composite with contact angle 92° from SGL carbon, same as utilized 

for the experimentation presented in Article 5.3.1. The operating conditions in all cases 

were selected to have condensate formation at the anode side. The operating conditions 

have been presented in the Table 7.11. 

 

Table7.11: Operation parameters of the fuel cell stacks tested in ZSW. 

Utilization of 

H2 

Utilization of 

Air 

Dew point of 

 H2 

Dew point of 
O2 

Stack Temp.

 80%  30% 50°C 30°C 55°C 

 



 287

The stacks were water cooled using deionized water kept at defined temperature 

levels. The stacks were started with approx. 0.4 A/cm² for at least 24 h "burn in" and 

afterwards they were operated according to the different test cycles. The tests were 

conducted within approx. 100 h of operation and no degradation was observed in current 

density or power density after the completion of these tests. Additional degradation of 

stack A (Figure 5.52) was observed when the cell was operated at 0.1 to 0.2 A/cm², where 

no sufficient anode condensate removal was observed. The gas flow channel geometry of 

stack A corresponds to R1, stack C to R4 and stack B to an intermediate channel 

geometry (approx. 0.8 to 0.6 mm). The beneficial effect of geometry R4 with respect to 

R1 is due to comparable flow rates for both channels corresponding in a higher 

differential pressure over the channel under same operating parameters of stack. This data 

was taken after 50 hours of operation. 

 

 
Figure 7.35: Photo of the experimental fuel cell stack in operation at ZSW Germany. 

 

The stack A showed some flooding after 20 to 40 min of operation under critical 

conditions. Data points given in Figure 5.52 were recorded after at least 45 min 

settlement time and are stationary, but with some voltage flickering specially at stack A 

between 0.1 to 0.2 A/cm². There was very low voltage flickering at all points of stacks A, 

B and C so comparable voltages have been recorded. 
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Figure 7.36: Explosion drawing of 560 cm² PEMFC stack build at ZSW to study the 
impact of experimental gas flow field geometries on the performance of the fuel cell 

stack. 

The Figure 7.37 shows the polarization curves of the 3 fuel cell stacks discussed 

above. The stack A and stack B have comparable performance in terms of current density 

mapping and better in performance at high current densities while stack C is better at low 

current densities. The Tafel slope for the stack C is also more then the stacks A and B 

which highlights the comparatively poor performance of the stack C. Moreover, in all of 

the 3 stacks at low current densities the potential drops sharply may be due to the high 

activation polarization losses.  
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Figure 7.37: Comparison of the current density mapping of the 3 fuel cell stacks. 
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Chapter 8 
 

8 Desulfurization of Natural Gas 
 

 

8.1  Introduction 

The effect of contaminants on fuel cells is one of the most important issues in fuel cells 

operation and applications [93]. It has been identified that out of fuel cell components the 

most affected by the contamination process is the membrane electrode assembly 

(MEA).Three major effects have been identified such as kinetic effect (poisoning of the 

electrode catalyst), conductivity effect (increase in the PEM resistance, including that of 

the membrane and catalyst layer, and mass transfer effect (catalyst layer structure and 

hydrophobicity changes causing a mass transfer problem) [94]. However, impurities in 

hydrogen fuel, such as CO, H2S, NH3, organic sulfur-carbon, and carbon-hydrogen 

compounds, and in air, such as NOx, SOx, and small organics, are brought along with the 

fuel and air feed streams into the anodes and cathodes in a PEM fuel cell stack, causing 

performance deterioration, and sometimes permanent damage to the MEAs [95, 96]. The 

hydrogen fuel impurities mentioned above mainly arise from the manufacturing process, 

in which natural gas (CH4) or other organic fuels are reformed to produce hydrogen gas. 

Park and O’Brien [95] and Hayter et al. [96] briefly reviewed the effects of 

contaminations in the fuel and air streams on cell performance. They discussed CO, CO2, 

NH3, H2S and inert diluents such as N2 with respect to anode contaminations; SOx and 

NOx (cathodic contamination); and NH3 and metallic species leached from the cell 

components (membrane contamination). Since then, a considerable amount of work has 

been carried out by many researchers who focused on the impacts of contaminations on 

fuel cell performance and lifetime.  

 It has been investigated extensively by many workers that hydrogen sulphide is 

an even more severe fuel contaminant than CO [97-100]. A trace amount of H2S when 

exposed to an anode or cathode of the cell, was found to degrade the cell performance 

significantly mainly through the poisoning effect of the platinum catalysts [99]. Knights 
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et al. [94] found that at 100 mA cm-2, 80C, 1.2 ppm H2S could cause a cell voltage drop 

greater than 300 mV with in 25 hour. This poisoning effect was also sensitive to the 

temperatures and load levels of the fuel cell in operation [94, 101]. Large performance 

losses were measured at H2S concentrations as low as 50 ppm at 70C when the fuel cell 

anode was exposed to the H2S-containing fuel for 3.8 hours. Unlike the case of CO 

poisoning, the presence of Ru in the platinum catalyst could not provide sufficient 

tolerance to H2S poisoning [101].  

Natural gas (the major part is methane) is one of the lightest hydrocarbon and 

promising candidate for hydrogen production. It is also available abundantly and being 

utilized as the preferred fuel in most of the countries. But the inherent problem with the 

natural gas is that it contains sulfur generally in the form of H2S and some sulfur-

containing THT for safety reasons. These compounds have poisoning effects for the 

hydrogen reforming catalysts and the catalysts deposited on the fuel cell electrodes. 

These also shorten the life of gas handling, storing and piping systems. Hence, it is 

necessary to remove these sulfur compounds from the raw natural gas or feedstock prior 

to reforming as well as from the product hydrogen gas due to multidimensional poisoning 

effects [102, 103]. 

Natural gas in pure form is an odourless gas and can not be detected in case of 

leakage. THT is an induced impurity in the natural gas which is added in the pipeline 

before distribution to make it detectable by its bad smell. But for hydrogen fuel reforming 

the reaction takes place in the temperature range of 700C to 900C while the thermal 

decomposition of THT takes place into H2S, thiophene and other sulfur compounds ( So  

to S14) in the temperature range of 450C to 500C [104]. 

The removal of sulfur from the natural gas is not an easy task and lot of efforts 

have been made with various techniques by many researchers and still the research work 

is in progress due to the limitations of every process. A number of sulfur-removing 

systems are and have been in use in different industrial as well as laboratory applications. 

As every process employed can remove one or more sulfur compounds and not all of 

them, the initial selection of a particular process may depend on feed parameters such as 

composition, pressure, temperature and nature of impurities as well as product 
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specifications. The final selection of a particular process may be based on acid/sour gas 

percentage in the feed, whether only H2S, or mixed [105, 181]. Catalytic oxidation of H2S 

is also one of the processes to convert it into elemental sulfur which then get adsorbed on 

the internal surface of the activated carbon, thus, leading to a sulfur load of 120% by 

weight [106-110]. 

 Another way to remove sulfur compounds is to convert the organic sulfur species 

to H2S over a hydro-desulfurization catalyst. The next step is sulfur removal with an 

absorbent. The same catalyst similarly converts any organo-chloride species to give HCl 

and also acts as an absorbent for most problematic metal species. For chloride removal a 

second absorbent is used [111-114]. For the removal of sulfur-containing odorants from 

natural gas for fuel cell-based combined heat and power applications, Beavon sulfur 

removal process, Co-capture of H2S and CO2 in pressurized gasifier-based process and 

calcium-based sorbents are employed [115]. The high sorption capacity of the sorbents 

has also been utilized for the removal of sulfur containing odorants from natural gas. 

Impregnated carbons containing several types of inorganic impregnant are also used for 

the adsorption of H2S and mercaptans. It was reported that H2S can be adsorbed up to 

50% by weight [116-117]. In one of the processes the gas containing H2S is contacted 

with the solid sorbent to remove H2S producing a product which has less than 0.1 ppm 

sulfur. This product is contacted with a highly selective reforming catalyst which is more 

sulfur sensitive under severe reforming conditions in subsequent reactors [117]. 

In the present research work, efforts were made to remove the sulfur compounds 

(H2S and THT) from natural gas by the utilization of commercially available sulfur 

removing sorbents, manufactured by renowned chemical companies. The other aspect of 

the present investigation was to develop an economical and efficient desulfurization 

system for fuel cell applications. The main feature of this work was the replacement of 

costly sorbent by cheap molecular sieves, which shows an over all economical 

replacement. All results pertaining to the desulfurization of H2S and THT were 

encouraging and have been reported.  
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8.2   Overview of Desulfurization 

8.2.1  Selection of Process  

Different available technologies and possible reaction paths are in practice to remove the 

sulfur, sulfur compounds and mercaptans as odorants from the natural gas of pipe line 

quality for onward utilization for hydrogen fuel reforming for the utilization in PEMFCs. 

A number of desulphurization processes have been designed, developed, plants built and 

are in operation as per feed stocks available and product gas requirements. Here is an 

overview of selective desulphurization processes:; 

 

8.2.1.1   Sulfint HP 

This process can be used for selective hydrogen sulphide (H2S) removal from high 

pressure gases with direct conversion of H2S into elemental sulphur (S) and the residual 

H2S levels in the treated gas can be lower than 1 ppm by volume. This process uses the 

well known concept of redox desulfurization. However, this process has been specifically 

designed to treat high pressure gases. The feed gas is contacted with the redox catalytic 

solution which is an aqueous iron chelate-based solution in a co-current absorber. The 

H2S is absorbed by the catalytic solution, reacts with the catalyst and is converted in to 

elemental sulfur. Desulfurized gas is recovered from the top of the separator vessel. The 

sulphur loaded solution is then pumped through a multi-cartridge, high pressure filter. 

The filtered solution can be partly recycled to the absorber and partially expanded for 

regeneration. 

The expanded solution, after separation of the dissolved gases is regenerated with 

air in the oxidizer vessel. The whole process operates at near-ambient temperature and no 

thermal regeneration nor chilling is required. High pressure filtration mitigates foaming 

and plugging problems, especially after the expansion of the solution. Due to direct 

recycle of the filtered solution to the absorber, pumping costs are minimized. This 

process is highly selective; only H2S is removed [94]. 
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8.2.1.2   Eliminator 

This technology removes H2S and light mercaptan species from a variety of process gas 

in a safe, efficient and easy to operate manner. A number of different treatment 

methodologies may be used to apply liquid Eliminator technology to a natural gas stream. 

In Line injection methodology, liquid Eliminator product is sprayed into a gas 

stream and the spent eliminator is then separated in either a vertical knockout pot or a 

horizontal separation vessel. 

In sparge tower technology, sour gas is bubbled up through a static solution of 

liquid eliminator. 

In packed tower technology, sour gas is contacted with circulating liquid 

Eliminator in a counter current, packed bed scrubber tower. 

In Venturi Scrubber technology, the sour gas is pulled into a venture scrubber by 

the motive force of a circulating Eliminator stream and is used mostly for low pressure 

systems. 

In the entire above-mentioned technologies, liquid Eliminator removes H2S and 

light hydrocarbons through conversion into a safe, easy-to-remove and dispose of amine 

resin compound. Following contact with the Eliminator product, further treatment is 

required. Eliminator may be used in water-saturated streams or dry streams, and works in 

almost any operating conditions; other gas components, such as carbon mono-oxide, do 

not effect media cost and or performance to an appreciable level. 

Custom designed eliminator units matching design and operating conditions are 

available to remove H2S and light mercaptans. The Eliminator system is capable of 

removing performance < 0.1 ppm of sulphur at any stream pressure (vacuum), inlet H2S 

level and for system temperatures up to 300°F [95]. 

 

8.2.1.3   Sulfur-Rite 

This technology removes H2S and light mercaptan species from a variety of process gas 

streams in a safe, efficient and easy-to-operate manner. Sour gas enters the treatment 

vessel near the top, and is distributed evenly throughout the cross-sectional area, in order 
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to fully contact the granular, solid media bed. The sour gas then flows downward through 

the bed, contacting the Sulfur-Rite media, which removes H2S and light hydrocarbons 

through conversion into a safe, easy-to-remove and dispose of iron pyrite compound. 

Following contact with the media, the sweetened gas exits the vessel near the bottom and 

no further treatment is required. 

Sulfur-Rite media prefers high humidity to water-saturated gas streams; other gas 

components such as CO do not effect media cost and or performance to an appreciable 

level. 

Customized units matching a particular design and or operating conditions are 

available. Typically, bed pressure drop requirements are only a few inches of water. The 

Sulfur-Rite system is capable of providing removal performance < 0.1 ppm of sulphur at 

any stream pressure or vacuum, inlet H2S level and for system temperature up to 300 °F. 

Following are Sulfur-Rite materials and their general uses; 

ARI-710 treats anaerobic gas streams where only H2S must be removed. 

ARI-720 is for the removal of both H2S and light mercaptans from anaerobic gas 

streams.  

ARI-750XL is for the removal of both H2S and light mercaptans from anaerobic 

gas streams where an extended media bed life cycle is required. 

The operating costs are less then liquid scavengers, and for low-pressure 

treatment systems, and have much greater reliability. In addition, there is minimal 

operating and utility requirements; vessel design is quite simple thereby lowering capital 

costs [96]. 

 

8.2.1.4   Gas-To-Liquids (GTL) 

This process is used to produce a zero-sulfur, pump able syncrude from remote gas fields 

or from associated gas. The process can operate on a range of natural gas feedstocks 

including fields containing high carbon dioxide levels. The process is suited for remote or 

offshore locations where space and weight are of particular concern. 
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Natural gas is pre-treated to remove sulfur using conventional desulfurization 

technology. Steam and recycle gases are added and the feed is further heated before 

passing to the CRG pre-reformer. Using a nickel catalyst, the CRG pre-reformer converts 

heavier hydrocarbons to methane and partially reforms the feedstock. Addition of steam 

and further preheating are completed before the mixed gas passes to the compact 

reformer. 

The Davy/BP compact reformer is a multi-tubular counter-current reactor, which 

in the presence of a nickel catalyst, produces a mixture of carbon oxides and hydrogen. 

Heat for this endothermic reaction is provided by external firing of excess hydrogen 

produced by the process with supplementary natural gas as required. Gas leaving the 

reformer is cooled and generates sufficient steam to satisfy process heating requirements. 

Excess condensate is then removed. 

Dry gas is compressed in a single-stage centrifugal compressor and passes to a 

membrane separation package where the surplus hydrogen is recovered and reused as 

fuel. The non-permeate product from the membrane separation is fed to the conversion 

section where the syngas is converted into a mixed paraffin and wax product using a 

cobalt catalyst.  

The reaction system can either be a fixed bed or slurry type depending on the unit 

size and project needs. Unconverted syngas is recycled to the compact reformer feed. The 

wax products from the conversion section can be hydro cracked to produce a pump able 

syncrude using conventional hydro cracking technology. A wide range of reformer 

operating conditions are possible to optimize the process efficiency.  

 

8.2.1.5   Deep Desulfurization 

Deep desulfurization of different fuels can be made by adsorption of sulfur on Nickel 

based adsorbents, Cu(I) Y-Zeolite by Selective Adsorption for Reforming Sulfur (SARS),  

deep oxidative desulfurization of fuels catalyzed by ionic liquids in the presence of H2O2 

and by using calcium based sorbents [96-99]. 

Moreover, for the removal of sulfur containing odorants from natural gas for fuel 

cell based combined heat and power applications Beavon sulfur removal process, Co-
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capture of H2S and CO2 in pressurized gasifier process by calcium based sorbents can be 

applied [100-103]. 

 

8.2.1.6   Molecular Sieve 

A molecular sieve is a material containing tiny pores of a uniform size that is used as an 

adsorbent for gases and liquids. Molecules small enough to pass through the pores are 

adsorbed while larger molecules are not adsorbed. It is different from a common filter in 

that it operates on a molecular level. A water molecule may be small enough to pass 

through and larger molecules may not pass through these pores that’s why they often 

function as desiccant. A molecular sieve can adsorb water up to 22% of its own weight.  

 Molecular sieves generally consist of Aluminosilicate minerals, clays, porous 

glasses, micro porous charcoals, zeolites, active carbons or synthetic compounds that 

have open structures through which small molecules can diffuse.  

Molecular sieves can be regenerated by pressure change, heating and purging with 

a carrier gas or by heating under high vacuum. 

 

8.3    Experimental Setup 

8.3.1  Materials 

The experimental set up consists of mainly 5 reactors and the associated accessories. The 

reactor no. 1 and 2 as shown in the Figure 8.4 were filled with the commercial sorbents 

made by company A as follows ;(1). One of the sorbents is first responsible for 

decomposition of the sulfur compounds and then the decomposed components are 

absorbed by that material which is filled in the reactor-1 designated as 1.1 with mass M1.1 

= 284 g and volume as 0.4 litre. (2)  The 2nd sorbent filled in the reactor-2 was 1.2 along 

with the filler material. Its mass was M1.2 = 93 g and volume, 0.1 litre. The inert material 

was zirconium silicate type Z which was mixed with 1.2 and its volume was 0.3 litres. 

The reactor no. 3  was loaded with the sorbents made by another company B as follows; 

(3) The material 2.1 was filled in the reactor no. 3 whose mass was m2.1 = 159 g and 

volume was 0.17 litre. The volume of the inert material zirconium silicate mixed with 2.1 



 297

was 0.23 litres. The reactor no. 4 was filled with the sorbent material 2.2 whose mass was 

m2.2 = 1037.9 g and its volume was 1.11 litre. The inert material was used to fill and 

provide homogeneous space utilization. The zirconium silicate was in the form of silly 

beads type Z. 

Table 8.1: Specifications of 13X molecular sieve. 

Properties Values 

Physical shape Spheres 

Size of spheres (mm) Ø2.0-2.8 

Wear ratio %≤ 0.15 

Bulk density g/ml 0.66 

Ratio %  96 

Static water adsorption %  24 

Ethylene adsorbed %  18 

Crushing strength (N/mm2 ) 40 

Coefficient of variation 0.3 

Packing water % 1.5 

Pore diameter (A) 10 

Regeneration temperature (C)      200-315 

 

The adsorbent, 13X molecular sieve whose chemical formula is Ca86 

[(NaAIO3)86(SiO2)106]·XH2O was also utilized for the cleaning of natural gas as per 

previous practice and its specifications are listed in Table 8.1.  

 

8.3.2   Instrumentation and analysis procedure 

The data acquisition system presented in the Figure.8.6 was designed in the LAB View-6 

program and installed on a dedicated P-4 computer. The computer was hooked up with 

the process controller which received inputs and out-puts from the pressure controllers, 

temperature controllers and flow controllers installed on the incoming lines of natural 

gas, combustion air, cooling air and cooling water. To monitor and control the 

combustion of natural gas after cleaning, it was fed to the FLOX-burner whose exhaust 

was equipped with a gas analyzer. The parameters of the system were optimized and 
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feed-back of the gas analyzer was utilized to control and monitor the flow of all of the 

supplies i.e., natural gas, air and water through sensors, solenoids and controllers. The 

respective parameters were adjusted to keep the combustion products e.g., CO2, CO, NOx 

and unburned CH4 and O2 within permissible limits as recommended by the 

environmental protection agency, Germany. 

 

8.3.3   Dräger sampling tubes 

Dräger sampling tubes as shown in Figure 8.1, 8.2 and Dräger pump system shown in 

Figure 8.3 were used to perform identification and measurement of H2S and THT present 

in the natural gas after the cleaning process. The contaminants in the natural gas were 

first collected by adsorption or chemisorption on a suitable medium such as activated 

charcoal or silica gel. The sample was then analyzed both qualitatively and quantitatively 

by observing and comparing the change in colors of the adsorbed/ chemisorbed species in 

different sections of the Dräger tube. The measuring range or detection limit of these 

tubes was 1-10 ppm (4-40 mg/m3) for THT and 0.2-5 ppm for H2S.  

Following reaction occurs with the change of color; 

THT + KMnO4 → Yellowish brown reaction product.  
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Figure 8.1: Dräger tubes for the determination and measurement of THT in the 

product gas. 
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Figure 8.2: Dräger tube for the determination and measurement of H2S in the 
product gas. 
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It sucks a calibrated 100 ml sample of gas through the Dräger-Tube® with each 

stroke. A built-in stroke counter displays stroke numbers and they have been recorded 

accordingly. The completion of each pump stroke was indicated by the visual end-of-

stroke indicator.                     

 

 

Figure 8.3: Dräger Accuro 2000 pump and tube system. 

 

8.4   Development of Desulfurization System 

The line diagram of the experimental desulfurization system shown in Figure 8.5 consists 

of a compressor to store the natural gas in a small storage cylinder with a capacity of 25 

litres and then this gas was supplied to two sets of sorbing reactors at a pressure of 1 bar 

and an average flow of 450 M3/hour (at an ambient temperature of 25C); each set having 

two reactors for different reactions.  

The 5 reactors have the following dimensions; length of reactor no.1, no. 2 and 

no. 3 was 260 mm where as 720 mm is the length of reactor no. 4 and no. 5. The outer 

diameter of all the reactors was 60 mm and inner diameter was 50 mm as shown in Figure 

8.4. Each reactor was a tubular vessel of stainless steel with a thickness of 5 mm, having 

two strainers on each side, one at the top side and the other on the bottom side with holes 

of diameter 1.5 mm to keep the catalyst beads of diameter Ø = 2-2.8 mm with in the 

reactor by allowing the natural gas to pass through the sorbent bed and two removable 

threaded end caps were provided on each side for sorbent loading and unloading. 

The display of the experimental gas cleaning detection and monitoring system 

was developed in Lab View-6 program as presented in the Figure 8.6. The colour coding 

of the piping system used in this display has been indicated as follows: 
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Natural gas     : Yellow (supplied through the compressed natural gas storage). 

Air              : Light blue (Red colour blower supply the combustion air and  

   brown colour blower supplies the cooling air). 

 

M1.2

+
Zirconium 
silicate

M1.1

Reactor-1

Reactor-2

Reactor-4
m2.2

Reactor-3
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Molecular 
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To Flox BurnerTo Flox BurnerTo Flox Burner

ShellStrainer
End cap
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Figure 8.4: The reactors 1-5 along with assembly configuration and sorbent 

loadings. 

 
Cooling water: Dark blue (water pump was used to draw the cooling water). 

The reactors were assembled as shown in Figure 8.5 and operated by passing the 

pressurized natural gas into the reactor no. 2 through reactor no.1 as presented in the 

Figure 8.4 and reactor no. 4 through reactor no. 3 in parallel and after desulfurization the 

gas was supplied to a FLOX burner for safe disposal. In the meantime gas samples were 

taken from the outlet of the reactors no.2 and reactor no. 4 separately for making 

measurement and analysis of THT and H2S present in the product stream at regular 

intervals of 4 hours.  
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At the outlets of the reactor no.2 and reactor no.4 a nozzle of diameter 6 mm with 

gate valve as shown in the Figure 8.4 was installed to get the sample of the natural gas for 

analysis after cleaning. The Dräger pump of model number Accuro 2000 as shown in 
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Figure 8.5:  Line diagram of the desulfurization system 
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Figure 8.6: The display of the experimental monitoring system in LabView-6 at ZSW Lab. in Stuttgart, Germany. 
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Figure 8.3 was used for the suction of sample from the desulfurised gas stream. The 

pump was pressed 5 times to make it clear of the previous readings. Then a Dräger pre-

tube as shown in the Figure 8.1 for H2S adsorption was taken and its both ends were 

broken by inserting and twisting into the tube opener and the tube was installed into the 

nozzle on the outlet of the reactor no.2 and reactor no. 4 as shown in Figure 8.4 through 

the flexible rubber tube, one by one, by keeping the arrows towards the Dräger pump. 

This tube was joined with the THT determination graduated tube by keeping the arrows 

towards the pump and thirty strokes were applied through the Dräger tube as each pump 

stroke gets 100 ml of sample gas. Thus 3 litre of natural gas was passed through the 

Dräger tube. The Dräger tube was removed from the pump and after 10 minutes it was 

examined visually if there was any change in violet colour of the graduated portion of the 

Dräger tube. However careful observation conformed that there was no identifiable 

change in colour for the molecular sieve up to 580 hours run time in case of THT. The 

result was that THT was 1 ppm after 580 hours run time as shown in Table 8.4.  

Similarly, the detection and measurement of H2S in the natural gas, was done by 

using H2S specific Dräger graduated tube after the completion of cleaning process. Both 

of the ends of this tube were opened by the help of tube opener and inserted into the 

pump, the tube was connected to the sample dispensing nozzle through the flexible 

rubber tube and 15 strokes were applied to get 1.5 liter of  sample gas. After 15 minutes 

the tube was carefully checked for any change in color and the presence of H2S in the 

sample. Hence, after 580 hours of run time the value of H2S was less then the minimum 

detection limit of 1 ppm as shown in Table 8.4. 

In this way measurement was made every 4 hours run time of the system and 

recorded accordingly for 2000 hours of natural gas cleaning process to determine and 

measure the affective life cycle assessment of the sorbent materials and degradation 

behavior as well. The results were tabulated to check and evaluate the performance and 

life of the sorbents from the Company-A, Company-B and for the molecular sieve as 

shown in the Table 8.4. 
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8.5   Results and Discussion 

The Key parameters affecting the selection of the gas cleaning processes were considered 

and optimized accordingly.  

1. Selection of gas preconditioning process upstream or final gas conditioning 

downstream of the gas treating unit based on nature of impurities.                         

2. Gas pressure and temperature. 

3. Feed gas composition including H2S content, CO2, hydrocarbons and other 

contaminants.  

4. Process configuration. 

5. Selection of the dehydration process. 

6. Product specification, such as H2S, CO2, H2O, Hydrocarbons and mercaptans. 

7. Optimization of the existing equipment. 

8. Required recovery efficiency. 

9. Concentration of sulphur species in the stack gas. 

10. Ease of operation. 

11. Remote location. 

12. Sulfur product quality. 

13. Costs (Capital and operating). 

With the considerations of above-mentioned factors selection of the right tool is very 

important. A well-defined and economical way was adopted to remove sulfur contents 

from the feedstock natural gas for the production of clean gas which is acceptable to the 

fuel reforming systems and later on as a feed gas for fuel cell systems.  

The cost of the materials used initially in the reactor no.1, reactor no. 2 (from 

Company-A) and reactor no. 3, reactor no. 4 (from Company-B) and the reactor no.5 

along with relevant parameters have been presented in Table 8.2 for comparison. 

Similarly the 13 X molecular sieve costs at the rate of Euro 1.75 per litre and only one 

litre was loaded into the reactor no. 5 which shows a significant running cost savings for 

the same flow of natural gas, same composition of gas and same H2S and THT loadings.  



 305

Table: 8.2 Mass, volume and cost comparison of the 3 different material combinations. 

Material 
Designation 

Company A Company B Molecular 
Sieve 

Reactor No. 1 2 3 4 5 

Material M1.1 M1.2+ZrSiO4 M2.1+ ZrSiO4 M2.2  13 X 

Mass 284 g 93 g 159 g 1038 g 660 g 

Volume 0.4L 0.1L + 0.3L 0.17L + 0.23L 1.11 L 1 L 

Cost  $ / L 14.18 48 1.75 

 

A desulfurization test system was developed and its line diagram have been 

presented in the Figure 8.5 to check and evaluate the efficiency of the desulfurization 

sorbents and also the design parameters of the reactors etc. The natural gas having 

various components and sulfur impurities were analyzed by using the portable gas 

analyzer model Lancom III, AMETEK Inc. USA and percentage of components have 

been presented in the Table 8.3.  

 

 Table 8.3: Composition of the natural gas supply in ZSW lab. Germany.   

S.NO COMPONENT VOLUME % 

1. Methane 97.88 

2. Ethane 0.79 

3. Propane 0.24 

4. Butane 0.06 

5. Pentane 0.01 

6. Carbon-di-oxide (CO2) 0.012 

7. Oxygen 0.9 

8. Hydrogen sulphide (H2S) < 1 mg/m3 

9. Tetrahydrothiophene (THT) 18.1 mg/m3 

10. Sulfur (in the form of H2S & THT) 6.5 mg/m3 

 

The amount of H2S and THT was measured in the product gas stream with the 

help of Dräger Accuro 2000 pump and tube system as shown in Figure 8.3. The values of 
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both of these sulfur compounds were found less than the detection limit of 1 ppm up to 

576 hours run time (Table 8.4), in the case of molecular sieve loaded in the reactor no. 5 

as presented in the (Table 8.2). And after 580 hours the H2S was found still less then the 

minimum detection limit of 0.2 ppm but the THT was measured as 1 ppm which was 

increased to 10 ppm after completing 600 hours run time. This showed that the molecular 

sieve was becoming saturated and loosing the efficiency of sorption of THT, so 

measurement was discontinued for regeneration process. It was noted down that the 

desulfurization cycle of 13X molecular sieve without regeneration was approximately 

500 hours and cleaning 225,000 M3 of natural gas by applying the above mentioned 

parameters in Para 8.2.3. 

 

Table 8.4: Testing data for the sorbents from Company-A, Company-B and molecular sieve. 

Time 

 

Reactor no. (1+2) 

(Company-A) 

Reactor no. (3+4) 

(Company-B) 

Reactor no. 5 

13X Molecular Sieve 

Hour
s 

H2S 
(ppm) 

THT 
(ppm) 

H2S 
(ppm) 

THT 
(ppm) 

H2S  

(ppm) 

THT 

 (ppm) 

1 < MDL* < MDL < MDL < MDL < MDL < MDL 

50 < MDL < MDL < MDL < MDL < MDL < MDL 

100 < MDL < MDL < MDL < MDL < MDL < MDL 

576 -do- -do- -do- -do- -do- -do- 

580      1 

600      10 

946       

950  1     

1000  8     

1576 -do-  -do- -do- -do-  

1580    1   

1600    1.5   

1816    2   

1864    3   

1900    5   
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2000    6   

 < MDL (Less then the minimum detection limit, for H2S: 0.2 ppm and THT: 1 ppm). 

It was observed that the channel diameters of 13X molecular sieve cages (2-9 Å) 

were good enough to adsorb the H2S and THT compounds with reasonable capacity 

which could be utilized for the desulfurization of natural gas for fuel reforming processes 

for ultimate utilization of hydrogen in the fuel cells. 

Similarly, the sorbents loaded in to the reactors no. 1 and no. 2 (M1.1 and M1.2) 

performed satisfactory up to 946 hours run time (Table 8.4) for H2S and THT compounds 

and after 950 hours run time the H2S was still less then the minimum detection limit of 

0.2 ppm but THT was found 1 ppm and gradually it was increased to 8 ppm after the 

completion of 1000 hours. This showed that the sorption capacity of these materials was 

degrading continuously for THT after completing 950 hours run time, so the 

measurements for these materials were discontinued.  Hence, it was noted that these 

materials were good enough for desulfurization of 405,000 M3 m3 of natural gas at the 

operating conditions mentioned above. 

Moreover, the sorbents loaded into the reactors no. 3 and no. 4 (M2.1 and M2.2) 

were giving measurements for H2S and THT in the product gas stream less then the 

minimum detection limits up to the run time of 1576 hours and after 1580 hours run time 

as presented in the Table 8.4 the H2S was still less then the minimum detection limit of 

0.2 ppm but THT was found 1 ppm and gradually it was increased to 6 ppm after the 

completion of 2000 hours. Hence the further measurements were discontinued and it was 

noted that M2.1 and M2.2 are quite good for 1500 hours run time and cleaning of 675,000 

M3 m3 of natural gas along with above-mentioned operating conditions. 

In this way it was determined that with the operating conditions mentioned above 

M2.1 and M2.2 have the desulfurization capacity of 675,000 M3 m3 without regeneration 

and it costs 48 Euro (Table 8.2) and the volume of natural gas cleaned per Euro comes 

out to be 14000 M3 m3 while M1.2 and M2.2 have the desulfurization capacity of 405,000 

M3 m3 before regeneration and it costs 14.18 Euro (Table 8.2), giving volume of natural 

gas cleaned per Euro as 28561 M3m3. But the 13X molecular sieve has the 

desulfurization capacity of 225,000 M3 m3 before regeneration and it costs 1.75 Euro 
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(Table 8.2). Hence, the volume of natural gas cleaned per Euro was 128571 M3 m3 which 

is maximum as compared to the other two set of sorbent materials. 

Therefore, it can be stated that 13 X molecular sieve is an economical and 

competitive material for the desulfurization of natural gas for fuel cell applications. 
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Chapter 9 

 

Conclusions & Future Recommendations 
 

 

9.1   Conclusions 

9.1.1  Development of bipolar plate material 

1.  The raw graphite plates were successfully impregnated with styrene, Palatal P5 

and cyanoacrylate and among them all except graphite impregnated with styrene 

were suitable for PEM fuel cells. The latter material turned out to be unstable at 

100°C. 

2. Micro structural observations revealed that the pores became closed/blocked on 

both side of the plate in case of all the three impregnants which confirmed the 

suitability of the impregnation technique. 

3. This impregnation method proved to be an economical and simple way for the 

utilization of cheap and porous graphite plates for fabricating the bipolar plates 

for PEM fuel cells. 

4.  Although the electrical conductivity is slightly less for both of the impregnated 
plates but remained with in acceptable limits. 

 

5. The tensile strength (0.3569 kg/mm2), flexural strength (12.85 MPa) and 

compressive strength (29.66 MPa) of the graphite impregnated plate with 

cyanoacrylate are higher as compared to the raw graphite and impregnated plate 

with Palatal P5. 

6. The time of solidification of the cyanoacrylate is comparatively shorter then 

Palatal P5 which can be managed for mass production scale.  

7.  Cyanoacrylate is found to be more suitable on the basis of the physical and 

mechanical properties.  
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8. It has been investigated that by using metallic materials, e.g., copper, aluminum, 

stainless steel and gold-platted copper, some of the required properties are 

satisfactory but corrosion, weight and fabrication problems are of considerable 

attention. On the other hand, by using graphite and carbon composite materials 

the problem of porosity, conductivity and fabrication cost were adequately 

addressed. It was found that pure graphite could be the ideal candidate for bipolar 

plate material having good electrical and thermal conductivity, easy machining 

and resistance to corrosion at all fuel cell operation conditions but two of its 

properties, i.e, porosity and poor mechanical strength make it unfit as the ideal 

bipolar plate material. Therefore, by compounding graphite with other polymers, 

binders and ionomer materials the required properties for bipolar plates can be 

achieved.  

 

9.1.2   Optimization of Gas Flow Channel Geometry 

 

1. Different flow field channel geometries as employed in low temperature fuel cells 

have been characterized and compared by means of a simplified parametric 

identification. The volumes of water droplets, the minimum air flow rate and 

respective pressure drops were measured. With respect to condensate removal, an 

optimum geometry was found to be a rectangular shaped channel with a width of 

1mm and a depth of 0.5mm designated as R3 which exhibits the best water 

removal properties at a reasonable pressure drop; similar findings have been 

reported by Mench et al. [23]. In stack applications, somewhat deeper and smaller 

channels might be advantageous due to the intrusion of the gas diffusion media 

into the channel. 

2. Regardless if the droplets block the complete channel or not, the optimum 

removal characteristics are reached. Triangular shaped cross sections do not 

improve the water removal characteristics nor do they have an influence on the 

pressure drop required to shift the droplet; this is most likely caused by the fact 

that the Concuss Finn condition is not fulfilled and the droplet resides in the 
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corner without spreading across the cross section. The superior performance of 

the found channel geometry has been underlined by means of comparable in situ 

experiments employing larger channel geometries. 

 

9.1.3   Characterization of Catalysts 

The catalytic activities of the catalysts can be measured by employing the smooth 

platinum electrode method through Galvanostatic oxidation/reduction reactions.  

 

9.1.4   Desulfurization of Natural Gas 

The efficiency of all of the three materials are comparable and within acceptable 

limits but the construction design of desulfurization plant from Company-A and 

Company-B is comparatively complex as compared to the system required by 

13X molecular sieve. Moreover, the running cost of molecular sieve is reasonably 

less than the other two materials. Hence, 13X molecular sieve is recommended as 

economical substitute / replacement. 

 

9.2   Future Recommendations 

1. In case of development of bipolar plate material through impregnation of raw 

graphite plates by using the recommended cyanoacrylate material more work is 

required to apply the material automatically and uniformly on the surface of the 

plate in short time and on production scale, as the solidification  time of the 

cyanoacrylate is comparatively short. Moreover, investigation of some new 

impregnating materials or improvement of cyanoacrylate to overcome the above-

mentioned problem is an area of future research in this regard. Also investigation 

is required to check the harmful impacts of the impregnants on the catalyst 

materials or PEM if any. 

2. In case of development of carbon composite bipolar plate material the  
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investigation of addition of polyaniline and similar but cheap materials to enhance 

the electrical conductivity, is an area of future research. 

3. In case of optimization of gas flow field channel geometry, the images of the  

water droplets and movie as well, was made looking from the top of the channel 

and we were unable to record or visualize the side view of the droplet before and 

after the movement starts due to the application of differential pressure of air. 

Hence, a system is required to be developed to view and record the variations in 

the shape and height of the small water droplets having volumes less then 1 μℓ 

when placed with in the required channel geometries around 1mm as per present 

experimentation. The experimental setup should contain an air supply system 

which allows supplying the air at desired temperature and humidity levels. 

5. Single cells and fuel cell stacks can be fabricated and tested by using the entire 6 

channel geometries investigated in the present experimentation to get more 

comprehensive comparison of their respective performance. 

6. In case of desulfurization of natural gas the present experimentation may be 

repeated by utilizing the molecular sieves other then 13X and with other sizes of 

spheres.  
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ANNEXURE-I  
Figure 5.1 

Water Droplet Shapes And Sizes On Uncoated Graphite Composite Plate and the plate coated with 
TAGOTOPR-105 (Degussa Coy.).  
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Figure-5.2 
Comparison of Water Droplet Shapes And Sizes In Channel-1 Machined In The uncoated carbon Composite 

Plate and the plates coated with hydrophobic materials IMPREGNOLR and TAGOTOPR -105 .  
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Figure-5.3 
Comparison of Water Droplet Shapes And Sizes In Channel-2 Machined In The uncoated carbon 

Composite Plate.  
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Figure -5.4 

Comparison of Water Droplet Shapes and Sizes In Channel-3 Machined In The Uncoated Graphite 
Composite Plate and coated with hydrophobic coating materials, IMPREGNOLR and TAGOTOPR-105. 
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Figure -5.5 
Comparison of Water Droplet Shapes and Sizes In Channel-4 Machined In The Uncoated Carbon 

Composite Plate and coated with hydrophobic coating materials IMPREGNOLR and TAGOTOPR-105. 
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Figure -5.6 
 

Water Droplet Shapes And Sizes In Channel-5 Machined In The Graphite Composite Plate coated with 

hydrophobic material IMPREGNOLR and TAGOTOPR-105.  

Droplet 

Volume 

(l) 

0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.0 1.125 1.25 

Uncoated 

   

Coated 
with 

IMPREG
NOLR 
(117)   

       

Coated 
with 

TAGOTO
PR-105 

(122)    

 



 319

Figure -5.7 
 

Measurement of droplet angles outside the channel on the 
uncoated carbon composite plate. 
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Fig25 Fig26 Fig27
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ANNEXURE II 

Table 5.1: Calibrated values of the controller for low mass flow (1 to 100 ml/min). 

SET VALUES 
DISPLAYED 

VALUES 

CALIBRATOR 

VALUES 

CORRECTED 

VALUES 

0 0 0 0 

5 3.9 14.16 12.2 

10 9.8 20.75 17.9 

25 24.7 39.15 33.9 

50 49.8 67.55 58.4 

70 69.8 90.65 78.4 

100 99.9 125.3 108.4 

130 129.8 159.6 138 

150 149.9 182.7 158 

180 179.9 217.6 188.2 

200 199.9 241.3 208.7 
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Table 5.2: Calibrated values of the controller for high mass flow (100 to 3000 
ml/min). 

SET VALUES 
DISPLAYED 

VALUES 

CALIBRATOR 

VALUES 

CORRECTED 

VALUES 

0 0 0 0 

30 26 78.59 68 

39 35 89.75 77.6 

51 47 104.1 90 

60 56 115 99.5 

81 77 141 122 

99 95 163.5 141.4 

249 245 345 298.4 

501 497 647.3 559.9 

801 798 1002 866.7 

999 996 1237 1070 

1250 1249 1533 1326 

1500 1498 1827 1580.3 

1800 1799 2177 1883 

2001 2000 2432 2103.6 

2301 2300 2780 2404.6 

2502 2502 3004 2598.3 

3000 3000 3582 3098.3 
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Table 5.3: Water droplet contact angle values, on different surfaces used in   
  experimentation. 

No. Theta(M) 

[°] 

Theta(L) 

[°] 

Theta(R) 

[°] 

Vol. 

[µl] 

Method Material 

0-00 74.0 74.0 74.0 3.00 L-Y Perspex Plate 

0-01 73.9 73.9 73.9 3.01 L-Y -do- 

0-02 73.7 73.7 73.7 3.02 L-Y -do- 

0-03 73.7 73.7 73.7 3.03 L-Y -do- 

0-04 73.6 73.6 73.6 3.04 L-Y -do- 

0-05 73.6 73.6 73.6 3.05 L-Y -do- 

       

0-0 90.9 90.9 90.9 3.00 L-Y Uncoated 

0-1 94.6 94.6 94.6 3.01 L-Y Carbon 

0-2 94.1 94.1 94.1 3.02 L-Y 

composite 

plate 

0-3 93.7 93.7 93.7 3.03 L-Y do- 

0-4 93.7 93.7 93.7 3.04 L-Y do- 

0-5 93.5 93.5 93.5 3.05 L-Y do- 

       

0-0 100.6 100.6 100.6 3.00 L-Y Carbon 

0-1 100.5 100.5 100.5 3.01 L-Y composite 

0-2 101.3 101.3 101.3 3.02 L-Y plate coated 

0-3 102.1 102.1 102.1 3.03 L-Y With Erdal 

0-04 102.0 102.0 102.0 3.04 L-Y -do- 

0-05 102.6 102.6 102.6 3.05 L-Y -do- 
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0-0 116.8 116.8 116.8 3.00 L-Y Carbon 

0-01 116.8 116.8 116.8 3.01 L-Y composite 

0-02 117.6 117.6 117.6 3.02 L-Y plate coated 

0-03 117.5 117.5 117.5 3.03 L-Y With  

0-04 117.3 117.3 117.3 3.04 L-Y Impregnol 

0-05 116.6 116.6 116.6 3.05 L-Y -do- 

       

0-00 122.4 122.4 122.4 3.00 L-Y Carbon 

0-01 122.1 122.1 122.1 3.01 L-Y composite 

0-02 122.3 122.3 122.3 3.02 L-Y plate coated 

0-03 122.1 122.1 122.1 3.03 L-Y with  

0-04 122.1 122.1 122.1 3.04 L-Y TAGOTOPR-105 

0-05 122.1 122.1 122.1 3.05 L-Y Coating 

       

0-00 130.3 130.3 130.3 3.00 L-Y Carbon 

0-01 131.5 131.5 131.5 3.01 L-Y composite 

0-02 132.0 132.0 132.0 3.02 L-Y plate coated 

0-03 130.7 130.7 130.7 3.03 L-Y with PTFE 

0-04 131.5 131.5 131.5 3.04 L-Y emulsion 

0-05 132.0 132.0 132.0 3.05 L-Y -do- 
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Table 5.4: Water droplet contact angles on GDL. 

S.No. Theta (M) 

[°] 

Theta(L) 

[°] 

Theta(R) 

 [°] 

Vol. 

[µl] 

Method 

D-0 159.1 159.1 159.1 5.03 L-Y 

D-1 159.6 159.6 159.6 6.03 L-Y 

0-M 159.3 + 0.39 159.3 + 0.39 159.3 + 0.39 5.55 + 0.73 L-Y 

 

 

 

Table 5.5: Measurement of droplet angles in the channel made in the    
  uncoated carbon composite plate (1st  measurement). 

S.No. Theta (M) 

[°] 

Theta(L) 

[°] 

Theta(R) 

[°] 

Vol. 

[µl] 

Method 

0-0 86.8 86.8 86.8 1.01 CIR 

0-1 76.2 76.2 76.2 2.75 CIR 

0-2 76.0 76.0 76.0 2.74 CIR 

0-3 76.2 76.2 76.2 3.26 CIR 

0-4 76.1 76.1 76.1 3.26 CIR 

0-5 84.2 84.2 84.2 4.03 CIR 

0-6 84.1 84.1 84.1 4.03 CIR 

0-7 88.4 88.4 88.4 4.94 CIR 

0-8 88.4 88.4 88.4 4.94 CIR 

0 M 
81.8 + 5.63 81.8 + 5.63 81.8 + 5.63 2.36 + 1.86 CIR 
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Table 5.6: Measurement of droplet angles outside the channel on the 
uncoated carbon composite plate. 

S.No. Theta (M) 

[°] 

Theta(L) 

[°] 

Theta(R) 

[°] 

Vol. 

[µl] 

Method 

0-0 77.5 77.5 77.5 0.75 CIR 

0-1 79.0 79.0 79.0 0.92 CIR 

0-2 80.1 80.1 80.1 0.98 CIR 

0-3 80.2 80.2 80.2 1.12 CIR 

0-4 79.5 79.5 79.5 1.28 CIR 

0-5 78.3 78.3 78.3 1.43 CIR 

0-6 76.0 76.0 76.0 1.94 L-Y 

0-7 76.2 76.2 76.2 1.99 CIR 

0-8 76.7 76.7 76.7 2.11 CIR 

0-9 75.5 75.5 75.5 2.48 CIR 

0-10 75.8 75.8 75.8 2.67 CIR 

0-11 76 76 76 2.89 CIR 

0-12 75.8 75.8 75.8 3.19 CIR 

0-13 75.6 75.6 75.6 3.54 CIR 

0-14 75.3 75.3 75.3 3.89 CIR 

0-15 75.3 75.3 75.3 4.29 CIR 

0-16 74.8 74.8 74.8 4.71 CIR 

0-17 75.6 75.6 75.6 4.91 CIR 

0-18 76.4 76.4 76.4 5.67 CIR 

0-19 78.3 78.3 78.3 6.09 CIR 
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0-20 78.9 78.9 78.9 7.02 CIR 

0-21 79.5 79.5 79.5 7.92 CIR 

0-22 77.6 77.6 77.6 9.20 CIR 

0-23 74.7 74.7 74.7 10.12 CIR 

0-24 75.0 75.0 75.0 10.20 CIR 

0-25 76.3 76.3 76.3 11.05 CIR 

0-26 75.7 75.7 75.7 11.95 CIR 

0      

M 

76.9 

+ 1.73 

76.9 + 

1.73 

76.9 + 

1.73 

4.60 

+ 3.45 

CIR 

 

 

 

 

 

 

 

 

 



 329

Table 5.7: Geometric and kinetic details of water droplets in channel R1. 

                       

 

 

 

 

Droplet Shapes     

 

Droplet 

Volume(μℓ) 
0,125 0,25 0,375 0,5 0,625 0,75 0,875 1,125 1,5 1,75 2 

Wetting Area 

(mm²) 
0,54 0,79 1,15 1,865 2,0 2,25 2,8 3,15 3,5 3,88 4,47 

Velocity of 

Droplet(cm/sec) 
4,16 1 0,67 0,961 2 0,9 4,2 2,6 4,22 7,5 6,25 

Flow of 

Nitrogen(ml/min) 
1885 2742 1385 1243 812 1182 920 643 443 225 25 

Pressure 

Drop(mbar) 
61 94 46 33 23 31 24 17 13 6 3,5 
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ANNEXURE-III 

Reference equations for modeling of gas flow field channel 

 

5.1.1   Water Production rate on GDL surface  

Water production rate on the GDL surface in the channel area can be computed using the 

following relations.  

 22
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F

M
m w

w        (5.1) 

where 

Mw  = The molecular weight of water 

L2Φ  = Fractional section of the channel in two-phase zone (1 ) 
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      (5.2) 

For constant inlet conditions i.e. the humidity, pressure and the L2Φ is a constant that 

can be computed using the above given equation. The ξc is stoichiometric ratio of oxygen [6]. 

 

5.1.2   Water Detachment from GDL Surface  

The water produced in the MEA form droplets on the GDL surface toward the 

channel. The droplets block the channel area and reduce the GDL surface accessibility to the 

air reducing the fuel cell efficiency. So the water produced on the GDL surface is required to 

be removed as early as economically achievable. Three major forces i.e. shear drag due to 

air, gravitational and surface tension play role in detaching the water formed on the GDL 

surface. The gravitational force is relatively small as compared to the surface tension in the 

fuel cell application. So the main force that resists the detachment of the droplet from GDL 

surface is governed by the surface tension. The adhesion force Fs is defined (1) as: 
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)sin()(sin2 2   dLvs dF      (5.3) 

Two main mechanisms that remove water from the GDL surface are: 

(1) Drag force due to air flow (FD) 

(2) Capillary interaction of channel walls and droplet of water  

The drag force on the droplet is defined as follows: 

PggDD AVCF 2

2

1    

When the air flow is high the drag force due to air flow is dominant force that 

removes the water droplet from the GDL surface. Velocity of gas required to remove the 

droplet in this case is: 

DgP

dLv
g CA

d
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 )sin()(sin

2
2 

      (5.4) 

However, when the velocity of air is small, the droplet grows touching the walls of 

the channel to the channel bottom resulting in the water removal through capillary action. 

This is the dominant phenomenon that involves water removal from the GDL surface in a 

fuel cell. 

 

5.1.3   Water Drain Rate in the Channel  

The water detached from the GDL surface is required to be removed to avoid 

flooding of the fuel cell. The water drain rate Dm should be equal to water production rate 

wm in the fuel cell to avoid flooding of the cell. The water detached from the GDL surface 

drains through the channel. There are four types of flow of water depending on the velocity 

of air in the channel: 

(1) Mist flow where velocities are very high 

(2) Corner flow  

(3) Annular flow 

(4) Plug flow at very low air velocities  
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For very high velocities, there are huge pressure drop due to friction resulting in high 

internal consumption of power produced in the fuel cell so the high velocity is avoided in 

fuel cell applications. Plug flow also reduces efficiency by blocking the cell air supply. The 

Fuel Cell is designed for steady corner flow. The drain rate Dm  through steady corner flow 

can be defined as:  
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         (5.5) 

Where 

Rc  = Mean radius of gas liquid interface in the corner.  

S  = Cross-sectional area of liquid flow 

β  = Dimensionless flow resistance function of channel surface contact angle   

μL   = Liquid viscosity. 

The drag force on the droplet can also be determined as follows: 

 PLD APF          (5.6) 

or 
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For steady corner flow, water drain rate must be equal to water production rate to 

avoid flooding: 
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The velocity of gas in the flow channel to avoid flooding can be computed as follows:  
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  5.1.4   Pressure drop in Channel 

The pressure drop along a gas flow field may be a combination of 

1 Pressure drop due to frictional (∆Pf). 

2 Pressure drop due to momentum (∆Pm). 

3 Pressure drop due to contraction (∆Pc).  

The pressure drop in a flow field channel can be modeled as incompressible flow in 

pipes if the pressure drop is less then 30% of the inlet pressure [136]. The combined pressure 

drop in a flow field is as under; 

 ∆P = ∆Pf + ∆Pm + ∆Pc      (5.11) 

 

5.1.4.1   Pressure drop due to friction (∆Pf) 
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ƒ  = Friction factor 

dh = Hydraulic diameter (m) 

ρ    = Fluid density (kg/m3) 

V   = Average velocity (m/sec) 

Kℓ = Local resistance 

Where the hydraulic diameter (dh) is defined as follows:  

dh    = 4 (cross-sectional area of the channel) / Perimeter of the channel 

 For rectangular channel it becomes:  
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While; wc  = Width of the rectangular channel 
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 hc  = Depth of the  rectangular channel 

The frictional factor f is dependent on many factors such as materials of channel, fluid 

and velocity of the fluid flow. One wall of the channel in the fuel cell is porous gas diffusion 

layer (GDL) whereas other walls of the channel are smooth resulting in different frictional 

characteristics of the channel. For the porous flow fields, the pressure drop can be determined 

by Darcy’s law. For fully turbulent flow, the friction coefficient f is independent of Reynolds 

number and may be approximated by the Kerman’s equation [136]. In this we assume the 

GDL has same characteristics as that of the channel and assure that the flow is laminar to 

keep frictional losses within optimal level. In laminar flow the pressure drop is linearly 

proportional to velocity or flow rate. There are number of other factors that affect the 

frictional factors in a channel: 

 Roughness of the GDL is different than that of the channel walls.  

 The reactant gas participates in the chemical reaction and the flow rate varies along 

the channel, although not significantly.  

 Temperature may not be uniform along the channel.  

 Typically the channel is not straight but there are numerous sharp turns (90 to 180 

degrees) 

 Liquid water may be present inside the channel either in the form of little droplets or 

as a film, in both cases effectively reducing the channel cross sectional area. 

 

The velocity of air in the channel entrance can be computed from the volume flow 

rate of the gas in the channel and channel area: 

 
ch

ch

A

Q
V          (5.14) 

While 

Qch = required flow rate of air at the entrance of channel (m3/sec) 

Ach = Cross-sectional area of the channel (wc hc) 

The average velocity of air at the inlet of the channel can be computed as; 
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Ncell  = Number of cells in a Stack  

Nch   = Number of channels in the cell. 

The Reynolds Number of the air flow at the channel inlet   
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Hence, the flow rate of air at the channel out let will be different than the flow rate of 

air at the channel inlet depending on the temperature, pressure and humidity of the inlet air. 

As the flow of air at the out let may be saturated, hence  
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Where ∆P = Pressure drop through the channel 
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The first factor is always lower than 1, the second factor is either higher than or equal 

to 1 (depending on the inlet temperature being lower than or equal to outlet temperature), and 

the third factor also depends on the inlet temperature and humidity (if the gas at the inlet is 

saturated at the channel temperature, then this factor is higher than 1). For all practical 

purposes, the difference between the inlet and outlet flow rates varies within ± 5%. So the 

pressure drop due to contraction, being small, can be ignored for all practical purposes.  
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5.1.4.2   Pressure Drop due to Momentum  

The net force on the droplet that moves the droplet is exerted by the pressure difference on 

both sides of the droplet. This force can be represented by ∆Pm. 
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From our previous knowledge 

Force  = Mass x Acceleration 

F  = ma 

By applying the same analogue 

∆PA = ma 

∆Pm  = ma/A 

Where  

∆Pm  = Measured pressure drop along the water droplet 

    m = Mass of the droplet 

   a  = Acceleration of the droplet 

  A = Area of the water droplet under consideration [136]. 

                   = )cos(2  SinRd     

While    Rd = radius of the droplet 

θ = Contact angle of the droplet with the surface on which the droplet       

 resides. 
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ANNEXURE-IV 

Computer Program 

 

To machine  the pockets in the 

         end plate 

continued from 1st Column 

G54 G17; 

G00 G90 X-5.0 Y-5.0 Z-10.0; 

G01 X8.0 Y19.0 Z5.0 F2000; 

Z−11.0 F100; 

G02 X19.0 Y8.0 R10.25; 

X20.0; 

G01 Y27.6; 

G02 X15.0 Y32.5 R8.25; 

X8.0; 

G01 Y19.0; 

Z2.0 F2000; 

X35.0 Y32.5; 

Z−11.0 F100; 

X62.5; 

Y18.6; 

G03 X55.3 Y8.0 R10.25; 

X30.0; 

Y27.5; 

G03 X35.0 Y32.5 R8.25; 

Z2.0 F2000; 

X72.5; 

Z−11.0 F100; 

X100.0; 

G03 X105.0 Y27.5 R8.25; 

Y8.0; 

X79.7; 

G03 X72.5 Y18.6 R10.25; 

Y32.5; 

Z2.0 F2 

X120.0 

Z−11.0 F100; 

G03 X120.0 Y32.5 R8.5; 

Z2.0 F2000; 

Y42.5; 

Z−11.0 F100; 

G03 X115.0 Y47.5 R8.25; 

Y57.6; 

G03 X120.1 Y61.2 R8.25; 

G03 X127.0 Y55.3 R10.25; 

Y42.5; 

X120.0; 

Z2.0 F2000; 

X72.5 Y42.5; 

Z−11.0 F100; 

Y53.9; 

G03 X81.1 Y62.5 R12.0; 

X100.0; 

G03 X105.0 Y57.5 R8.25; 

Y47.5; 

G03 X100.0 Y42.5 R8.25; 

X72.5; 

Z2.0 F2000; 

X35.0; 

Z−11.0 F100; 

G03 X30.0 Y47.5 R8.25; 

Y57.5; 

G03 X35.0 Y62.5 R8.25; 

X53.9; 

G03 X62.5 Y53.9 R12.0; 

Y42.5; 

X35.0; 

Z2.0 F2000; 
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X120.0; 

Y19.0 

G03 X116.0 Y8.0 R10.25; 

X115.0; 

Y27.5; 

Y77.4; 

G03 X19.0 Y74.1 R8.25; 

G03 X8.0 Y79.7 R10.25; 

Z2.0 F2000; 

X30.4 Y77.5; 

Z−11.0 F100; 

Y87.5; 

G03 X35.0 Y92.5 R8.25; 

X62.5; 

Y81.1; 

G03 X53.9 Y72.5 R12.0; 

X35.0; 

G03 X30.0 Y77.5 R8.25; 

Z2.0 F2000; 

X72.5 Y81.1; 

Z−11.0 F100; 

Y92.5; 

X100.0; 

G03 X105.0 Y87.5 R8.25; 

Y77.5; 

G03 X100.0 Y72.5 R8.25 

X81.1; 

G03 X72.5 Y81.1 R12.0; 

Z2.0 F2000; 

X115.0 Y107.5; 

Z−11.0 F100; 

Y127.0; 

X116.0; 

G03 X127.0 Y116.0 R10.25; 

Y102.5; 

X120.0; 

G03 X115.0 Y107.5 R8.25; 

Z2.0 F2000; 

X8.0 Y79.7; 

Z−11.0 F100; 

Y92.5; 

X72.5; 

X15.0; 

X116.4; 

G03 X20.0 Y87.6 R8.25; 

G03 X79.7 Y127.0 R10.25; 

X105.0; 

Y107.5; 

Z2.0 F2000; 

X62.5 Y102.5; 

Z−11.0 F100; 

X35.0; 

G03 X30.0 Y107.5 R8.25; 

Y127.0; 

X55.3; 

G03 X62.5 Y116.4 R10.25; 

Y102.5; 

Z2.0 F2000; 

X15.0; 

Z−11.0 F100; 

X8.0; 

Y116.0; 

G03 X19.0 Y127.0 R10.25; 

X20.0; 

Y107.5; 

G03 X15.0 Y102.5 R8.25; 

Z2.0 F2000; 

G28 X0.0 Y0.0 Z5.0; 

M05; 

M00; 
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X105.0; 

Z−11.0 F100; 

G03 X100.0 Y102.5 R8.25;  

 

Drilling of hole diameter 4.5 mm Drilling of hole diameter 8.5 

mm 

Drill Ø4.5 G54 G17; 

M03 S1000; 

 G90 G00 XO YO Z10; 

G01 X6.8 Y6.8 Z5 
F500; 

G81 G98 X6.8 Y6.8 
Z−27 R3 F50; 

X67.5; 

X128.3; 

X25.0 Y37.5; 

X110.0 Y37.5; 

X17.5 Y52.5; 

X25.1 Y67.5; 

X6.8 Y67.5; 

X67.5 Y67.5; 

X110.0; 

X128.3; 

X117.5 Y82.5; 

X25.0 Y97.5; 

X110; 

X6.8 Y128.2; 

X67.5 Y128.3; 

G98 X129.0 Y128.3; 

G28 X0 Y0; 

M05 

M00 

 

Drill Ø8.5 G54 G17; 

G90 G00 X0 Y0 Z10; 

G01 X6 

G81 G99 X6.8 Y6.8 
Z−27 R3 F50; 

X67.5; 

X128.3; 

X6.8 Y67.5; 

X67.5 Y67.5; 

Y128.3; 

      X6.8 Y128.2 

X67.5 

G98 X128.3 

G80 

G28 X0 Y0 

M05 

M00 
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ANNEXURE-V 

 

Table 3.4 (a): Resistance of raw graphite. 

S. No. Current (mA) Potential (mV) Resistance(m) 

1 5 +0.0015 

-0.002 

0.35 

2 10 +0.004 

-0.0045 

0.425 

3 20 +0.009 

-0.0095 

0.4625 

4 30 +0.014 

-0.0145 

0.475 

5 40 +0.0185 

-0.019 

0.46875 

 

Resistance of Inner wire = 1.17            Resistance of outer wire = 1.18   

 

Table 3.4 (b): Resistance of Impregnated graphite. 

S. No Current (mA) Potential (mV) Resistance(m

) 

1 5 +0.0025 

_0.002 

0.45 

2 10 +0.006 

_0.0055 

0.575 

3 20 +0.012 

_0.011 

0.575 

4 30 +0.017 0.5666 
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_0.017 

5 40 +0.023 

_0.022 

0.5625 

Resistance of Inner wire = 1.0            Resistance of outer wire = 0.995   

 

Table 3.4 (c) Resistance of graphite composite material 

S. No Current (mA) Potential (mV) Resistance(mW) 

1 5 +0.002 

_0.002 

0.45 

2 10 +0.0046 

_0.0045 

0.575 

3 20 +0.010 

_0.010 

0.575 

4 30 +0.015 

_0.0145 

0.5666 

5 40 +0.0195 

_0.020 

0.5625 

Resistance of Inner wire = 2.26            Resistance of outer wire = 4.54   
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1. Introduction 

Fuel cells are undoubtedly one of the key alternatives to replace conventional energy means, as a clean 

electrical energy source for both transportation and stationary applications. Since 1960, when NASA for the 

first time used fuel cell in space shuttle as a backup of electric supply, the research work got under way on all 

types of fuel cells. However over the past few years Proton Exchange Membrane Fuel Cell (PEMFC) has 

emerged as a leading fuel cell in portable and especially in automobile applications due to its operation at low 

temperature, comparatively simple construction, high power density and ease of operation [1, 2]. Several 

companies are presently offering PEMFC for commercial uses including portable, stationary and automobiles 

[3, 4]. 

The PEM fuel cell consists of bipolar plates, which also referred to as flow field plates and play 

important role in fuel cell i.e. conducting current, keeping the gases separate and managing water flow [5-17]. 

Sandwiched between the bipolar plates (anode and cathode flow  plates)  is  the  membrane 
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Abstract 

Bipolar plate for Proton Exchange Membrane (PEM) fuel cell was fabricated with 

various materials and characterized by different techniques. Two types of gas flow fields, 

serpentine & parallel, were designed for bipolar plates and their effect on the functioning of 

fuel cells was investigated. Pressure drop between the two designs, at inlet and outlet of gases 

was different and its effect was reported. In the fabrication process of membrane electrode 

assemblies (MEA), the platinum catalyst was synthesized in the laboratory and this catalyst 

was deposited on the Nafion membrane with the help of ionomer emulsion. Then gas diffusion 

layers were placed on both sides of the membrane. Different MEAs versions (imported and 

indigenous) were assembled and tested in the fuel cells and their efficiency was evaluated in 
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flow [5-17]. Sandwiched between the bipolar plates (anode and cathode flow plates) is the membrane 

electrode assembly (MEA), which is where the fuel cell’s core technology resides. The MEA is comprised of a 

polymer electrolyte material for transporting hydrogen ions from the anode to cathode, with a platinum catalyst 

layer and gas diffusion layer (GDL) on either side [18]. 

The process of PEM fuel cell is very simple. Hydrogen is supplied to the anode and the resulting reaction is as 
follows:- 

2H2       +     Catalyst      →   4H+   + 4 e- 

Oxygen is supplied to the cathode and the reaction is; 

O2 + 4H+ + 4e- + Catalyst        →          2H2O 

The over all reaction gives: 
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2H2 +O2  +Catalyst → 2H2O + Heat + Electricity 

Usually 7 W electrical power may be produced with the 25 cm2 effective area of MEA in a single cell. 

Stoichiometrically, the amount of oxygen consumption in such a fuel cell is 2.9810-3 Kg/hour, while the 

hydrogen consumption is 0.378 x 10-3Kg/hour, which is very low. During the operation of fuel cell, water is 

produced at the rate of one mole for every 2 electrons and in a single fuel cell the water production is usually 

3.3610-3 Kg/hour which is disposed of in vapor form when the oxygen/air discharged from the cathode of the 

cell. Heat is also produced when a fuel cell operates which is usually 5.5 W. This Heat energy is leaving the fuel 

cell in three forms; Electricity, sensible heat and latent heat of water vapor. Therefore, for the management of 

5.5 W heat energy there is no need of any heat management system [19]. 

In present investigation, single fuel cell and fuel cell stacks were designed, 

fabricated, assembled, operated and tested for various parameters such as current 

flow, voltage, power and current density. MEAs were prepared by different 

procedures with different active areas and tested for use in PEM fuel cells. Bipolar 

plates of different materials were also fabricated and tested for their application in 

single fuel cell and fuel cell stacks. Results are reported and discussed. 

2.   Experimentation 

2.1  Fabrication of fuel cell test system 

Figure 1 shows the portable fuel cell test system, which was built in a laboratory 

with the available resources. This system was consisted of two gas cylinders 

(Oxygen & hydrogen), two separate bubble type humidifiers along with liquid 

receivers for oxygen & hydrogen humidification and stainless steel tubes wrapped 

with silicon wire heaters to maintain the temperature of gases. To measure the 

different parameters of the fuel cell e.g. pressure, temperature, potential and current, 

respective digital Multimeter (UNI-T UT53) and analog meters were installed. To 

apply the resistive load on the fuel cell a Rheostat (0-16.2  and 5A, Fisher 

Scientific Co, USA) was available. 

Moreover, an array of LEDs of 3 W electric power was also installed on the platform for visual 

identification and monitoring the power characteristics against different fuel cell parameters. 
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2.2  Components of Fuel Cell 

Bipolar and monopoler plates of different materials including graphite, aluminum, 

copper, gold plated copper, stainless steel and carbon polymer composite materials 

(Graphite+ABS, Graphite+ Polypropylene with different proportions) were designed 

and fabricated. 

 

Figure 1: Fuel cell test system. 

 

Figure 2(a): Configuration of parallel flow pattern. 
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Figure 2(b): Serpentine flow pattern on a 16 cm2 effective area monopolar plate 

Two types of flow patterns as shown in Figure 2(a) and 2(b) were employed, parallel flow pattern [Fig. 

2(a)] and double serpentine [Fig. 2(b)]. In some cases double serpentine flow pattern was used for the hydrogen 

flow and parallel flow pattern was used for the oxygen flow. The width of channels was 1 mm and space 

between the channels was also 1mm. The depth of the channels was 1mm. 

In the fabrication process of membrane electrode assemblies (MEA), the platinum catalyst was 

synthesized in the laboratory by converting platinum metal into platinum powder by electro-deposition method 

and then sintered in controlled conditions in a vacuum furnace [20]. The synthesized catalyst was deposited on 

the Nafion membrane with the help of ionomer emulsion. Then gas diffusion layers were placed on both sides 

of the membrane (25 micron thickness Toray Carbon paper). The MEA so fabricated was pressed in a hot press 

at 225oC to achieve the glass transition state and to integrate all of the 5 layers with each other [21]. 

2.3  Measurement of Different Parameters 

Four-probe method was employed to observe the potential drop in different 

components and fuel cell.  The constant current was allowed to pass through the 

sample by digital multi-meter Kyoritsu Model 1009. The potential drop was 

measured across the probes with a 195A digital multi-meter at ambient conditions 

where probe distance signifies the sample length. The potential drop observed was 

the average value obtained for both directions of current flow. Conductivity was 

calculated by the application of following equation [22],   δ = DI/VA, Where, “D” is 

the distance between voltage contacts, ‘I’ is current passing through current contacts, 

‘A’ is the cross-sectional area of the specimen and ‘V’ is the voltage developed 

across voltage contacts. 
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Galvanostatic measurements were made by using the apparatus Bechman  

ElectrocscanTM-30 in a 3 electrode cell containing 50 ml of solution (1 M H2SO4 + 

1M CH3OH + pure deionized water) in order to characterize platinum as catalyst 

material. The cell temperature was maintained at 30oC. Before and during the 

galvanostatic measurements oxygen was removed from the solution by passing 

nitrogen through the solution for 15 minutes and then keeping the nitrogen flowing 

over the surface of the solution throughout the experimentation to keep the solution 

free of oxygen. Platinum disc electrode whose surface area was 0.196 cm2 was 

polarized galvanostatically from 1 mA to 100 mA and corresponding potential 

values were measured and recorded using digital voltmeter. 

The effect of temperature on reaction rate during the operation of fuel cell was 

studied quantitatively. The current produced by the fuel cell, which is the rate of 

reaction, measured by connecting an ammeter directly to it. The current produced 

was dependent on the resistance of the meter used and it was 17.3 Ohms. This 

experiment was performed at 10, 28, 40 and 50oC. The cell was cooled by putting it 

in chilled water beaker and heated by placing it in hot water. The corresponding 

measurements of current produced against the respective temperature and voltage 

were recorded and respective graphs were made [23]. 

2.4  Fabrication of fuel cell stack 

Two PEM fuel cell stacks were fabricated, one comprising 3 cells of MEA effective 

area 25 cm2 and other, as shown in Figure 3, by assembling 5 cells with MEAs 

having an effective area of 50 cm2 sandwiching between two bipolar plates, two 

monopolar plates made up of gold-platted copper and the rest of the two bipolar 

plates were Nickel-plated copper. 
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Figure 3: PEM fuel cell stack with gold plated and nickel plated bipolar plates. 

The stacks were operated for different time spans, current, voltage, power out puts and endurance tests. 

3.   Results and discussion 

3.1 Effect of Bipolar Plate material on fuel Cell  Performance 

A number of available materials were used to fabricate the bipolar plates including graphite, 

aluminum, copper, stainless steel and graphite composite material. 

 

Figure 4: The demonstration of a single PEM fuel cell in operation. 

The single PEM fuel cell (having aluminum bipolar plates) and demonstration of its operation along 

with measuring devices is shown in Figure 4. 

Following parameters of the fuel cell were noted during its operation. 

Oxygen Pressure: 1 bar  

Hydrogen pressure: 0.4 bar 

Temperature:  20oC  

Duration of operation: 2 Hours 



 387

 

Figure 5 presents performance of the single cells assembled with stainless steel, graphite composite, 

aluminum and gold plated copper bipolar plates. The results of Figure 5 revealed that the open circuit voltage 

(OCV) of the single cells was almost the same at 0.8V. As we can see from the curves that with the increase of 

current drawn from the fuel cell, the potential suddenly drops in each case. The graph presented shows that with 

the increase of electrical resistivity the performance of cell decreases. 
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Figure 5:  Effect of bipolar plate materials on the performance of PEM fuel cells demonstrated by the 

respective characteristic curves. 

The curve for the bipolar plate made with gold plated copper has minimum electrical resistance, hence 

it resides on the top and has the best polar curve, while aluminum has intermediate and graphite composite and 

stainless steel are inferior ones having the high electrical resistance as compared to the gold and aluminum. 

The electrical resistance values measured by digital multimeter (UNI-T UT53) for various bipolar plate 

materials are given Table 1. These results revealed that the resistance of graphite composite material is higher 

then that of metals. It has been concluded by [11-12, 17, 23] that with the increase of electrical resistivity the 

performance of cell decreases. 

 

 

 

 

 

Table 1:  Resistance of different bipolar plate materials. 
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S.
No 

Name of material Resistance 
(Ohms) 

1. Composite material developed 
in the Fuel Cell Laboratory 

0.3 

2. Composite material developed 
by L.N Green Power China 

0.3 

3. Composite material developed 
by Gas Hub Singapore 

0.2 

4. Composite material developed 
by Shunk Germany 

0.2 

5. Impregnated graphite in the 
laboratory 

0.2 

6. Stainless steel (304 L) 0.1 

7. Copper (99% Pure) 0.0 

8. Gold plated copper 0.0 

9. Aluminum 0.0 

 

The electrical conductivity is the inverse of electrical resistivity. Hence, it was measured with four-

probe method for the graphite composite bipolar plate material and was found as 95 S/cm. Electrical 

conductivity is strongly dependent on temperature. In metals, electrical conductivity decreases with increasing 

temperature. Over a limited temperature range, the electrical conductivity can be approximated as being directly 

proportional to temperature. In order to compare electrical conductivity measurements at different temperatures, 

they need to be standardized to a common temperature. 

3.2 Effect of pressure drop on the performance  of fuel cell. 

The effect of pressure drop through serpentine and parallel flow patterns were investigated by carrying 

out experiments and making measurements of pressure drop, current and voltage produced and power stability 

on such conditions. The results of pressure drop through serpentine and parallel flow patterns along with effect 

on current and voltage are summarized in the Table 2. 

 

 

Table 2: Effect of pressure drop through serpentine and parallel flow patterns 

 

Fl

ow Pattern p p i O 
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Psi) Psi) Psi) Psi) 

V) mA) 

 Hydrogen For 

Cell 

Se

rpentine 2 0 0 4 .8 25 

Pa

rallel 2 0 0 7 .7 03 

 Oxygen  

Se

rpentine 0 8 8 2 

- 

Pa

rallel 0 8 8 5 

-  

 

Cp: Cylinder pressure, Hp: Humidifier pressure, Pi:  Inlet pressure,        Po: Outlet pressure 

A high pressure drop was noticed in case of serpentine flow fields and a low pressure drop was 

recorded in parallel flow patterns of the two gasses In both flow patterns different current & voltage 

characteristics were also noticed as given in  

Table 2. 

It has been also observed that the cross sectional area of flow channels is important in regard to 

pressure drop. So different cross sectional areas were adopted and pressure of gas trough these areas were 

investigated. It was observed that pressure drop increases by decreasing the cross sectional area of the flow 

channel and it was ideal for the 1mm2 area. 

As air is supplied to the fuel cell at the expense of electrical efficiency of the fuel cell system and 

pressure drop of supplied air is directly proportional to the electric power consumed by the compressor or 

blower, so pressure drop of supplied air is least required and efforts are made to keep it at minimum level. On 

the contrary pressure drop is the driving force required for the transportation of water from the flow channels of 

PEM fuel cell cathodes, so a minimum pressure drop required for the transportation of water droplets through 

channels of cathodes is always desired. 

Actually bipolar plates offer multidimensional important factors, e.g., architecture for cell stacking, 

access of fuel and oxidant to the MEA, conduction path for the current, heat transfer, and disposal of unused 

gases and products of the reaction. Therefore, following properties are very important for the bipolar plate 

material: good electrical conductivity, good thermal conductivity, good mechanical properties, e.g., 

compressive strength, tensile strength, machine ability, thermal and mechanical stability within the fuel cell 
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operation conditions. Ideally, the material should be nonporous and impermeable for oxygen, hydrogen and 

water and it should not be corrosive in nature in fuel cell prevailing conditions. In the present study composite 

graphite bipolar plate was found to be best in respect of cell performance, machine ability, low specific weight 

and cost etc. 

3.3  Effect of catalyst materials on the performance of fuel cells 

The most important aspects of the PEM fuel cell were the processes regarding preparation of catalyst 

materials. Efforts were made to explore the availability and preparation of catalyst materials and their testing. 

PEM fuel cells were fabricated by using different specifications of MEA which are presented in the Table 3. 

Table 3: Fuel cell operation parameters for the MEAs made by different catalysts & conditions 
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The stoichiometric requirements of hydrogen and oxygen for a PEM fuel cell have been calculated but 

in practical applications an extra amount is supplied due to following reasons; All of the molecules of the 

hydrogen can not be oxidized and the reaction products are required to be driven out from the anode as well as 

cathode side which can be achieved by the circulation of an extra volume of gases. To optimize this extra 

volume of gases, the %age utilization factor of gases is required to be investigated. 
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Figure 6: Characteristic Polarization curves for 4 single cells of different MEA Configurations. 

The polarization curves for all of the single cells presented in the Table 3 have been 

drawn on a single graph for comparison in Figure 6. All of the cells have different 

geometries, MEA configuration, catalyst, gas flow field patterns, fabrication history 

and different assembling parameters. Hence, they exhibit different polarization 

curves, presenting the accumulated effect on the performance characteristics. 
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Figure 7:  Performance comparison by a plot of Current density Vs potential of the single cells. 

Figure 7 is a true representation of performance indicator of all of the above 

mentioned fuel cells. These results indicated that by increasing the current density 

the voltage of the cell decreases. Hence to draw the required current density an 

optimum voltage can be predicted or adjusted accordingly for the specific cells. 

The power produced in a fuel cell is directly proportional to the current drawn from 

the cell as indicated in Figure 8. Hence a compromise can be made and an optimum 

power can be drawn from a fuel cell. 
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Figure 8:  Relationship of power produced with the current . 

By increasing the potential, as shown in Figure 9, the power produced or drawn decreases and it can be 

adjusted or optimized accordingly. This effect is minimum in case of a fuel cell with mea area 100 cm2. 
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Figure 9: Representation of inverse relationship of potential with the power produced. 

3.4  Effect of Temperature on Electrochemical reaction rate. 

The experiment was performed from 10oC to 50oC.  The current produced at 10oC was 5.2 A and it 

increased to 13.7 A when  temperature raised to 50oC. This increase in current by temperature is an indication 

of the respective increase in the rate of electrochemical reaction in the fuel cell. Figure 10 shows the change in 

electrochemical reaction i.e. current with rise in temperature. 
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Figure10: Graph depicting the change in electrochemical reaction rate with the change in temperature. 

Moreover, the same behavior was studied during the fuel cell operation that in the start  the electrical 

power  is at low levels and with the passage of time it increases. This is due to the reason that in the beginning 

the cell was at ambient temperature (20oC) and both hydrogen & oxygen were being supplied at this 

temperature. The electrochemical reaction is an exothermic in nature so the temperature rises within the fuel 

cell. As the ideal temperature for this reaction is 70-80oC, the potential rises to highest level as it approaches but 

again there is a limit about this temperature (80oC), above which the Nafion membrane may get short  

circuiting. 

3.5 Galvanostatic measurements. 

The study of Galvanostatic polarization of platinum disc electrode in the presence of H2SO4 /NaOH + 

CH3OH for the determination of catalytic activities of the catalysts by drawing the Tafel plot of over potential 

vs current densities and calculating the slope of the curve obtained and using this slope in the Tafel equation to 

calculate Io( Jo) which is an indicator of the catalytic activity [24]. 

The over potential was plotted against the log of current density and the resulting slope of the curve 

Tafel slope was calculated which was 0.591. 

And we know from Tafel equation; 

Over potential =  = (2.3 RT/ αηF) X 

   log Io ─ (2.3RT/ αηF) log I               

   = (2.3 RT/ αηF)( log Io─  log I ) 

 

�Where over potential = Potential when current flows  ─ Equilibrium potential 

 = 1.33 ─ 1.2 

 = 0.13 

While the calculated Slope = 0.591 
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 = 2.3RT/ αηF 

 = 0.00831 

 = 8.31 X 10-3 

By putting the respective values in Tafel equation 

0.13 = 0.591( log Io ─  log I ) 

0.13/0.591 = log 

log Io   = (0.13/0.591) + log I 

log Io   = 0.2199 � 2.3 

Io   = log-1( 2.08) 

 

 

Figure 11: Comparison of Tafel plots of oxidation current densities for the surface area of platinum 

towards the methanol galvanostatic polarization in H2SO4  and NaOH 

While the value of Io is a representation of catalytic activity and the value of Io = 8.31 x 10-3 is 

comparable to the value of Io for platinum in H2SO4 given in Table 1 [19]. 

The catalytic activities of the smooth platinum electrode towards methanol electro oxidation in 1 M 

H2SO4 also exhibited similar behavior as that in 1 M NaOH but the curves presented in Tafel plots gives us the  

difference in slope values highlighting the difference in over potential exhibiting the catalytic behavior in acidic 

and basic media as shown in Figure  11. 

3.6 Performance of fuel cell stack 

The fuel cell stacks fabricated indigenously were tested for current, voltage, power and endurance 

tests. Following are the results: 
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A 3 cell stack delivered 18 W at a potential of 2.5 V and it was used to illuminate an LED display 

board. 

A 5 cell stack delivered 22 W at a potential of 4 V. Both of these stacks were operated for several 

hours for endurance tests. 

The characteristic polarization curves were drawn for the indigenous fuel cell stacks for comparison 

with the fuel cell stacks fabricated by the world’s famous fuel cell manufacturers, e.g., Gas Hub         ( 

Singapore ), Palcan Fuel Cells (Canada), Ballad (Canada). The trend of the indigenous fuel cell stack is almost 

same as that of the other fuel cell stacks as shown in Figure 12. 
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Chapter 3Chapter 2 Figure 12:  A comparison of polarization curves for various fuel cell 
stacks representing inherent behavior.  

The Figure 13 shows the individual contribution of the single cells in the over all out put of the fuel 

cell stack in the form of current and voltage. The variation of current and voltage is very much clear and it is 

due to a lot of factors e.g., gas pressure,     temperature, contact resistance etc. 
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Figure 13:  Determination of current–voltage contribution of individual cells in the 3-Cell stack 

Testing. 
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Conclusions 

1. It has been investigated that by using metallic materials, e.g., copper, aluminum, stainless steel and gold-
platted copper, some of the required properties are satisfactory but corrosion, weight and fabrication 
problems are of considerable attention. On the other hand, by using graphite and graphite composite 
materials the problem of porosity, conductivity and fabrication cost were adequately addressed. It was 
found that pure graphite could be the ideal candidate for bipolar plate material having good electrical and 
thermal conductivity, easy machining and resistance to corrosion at all fuel cell operation conditions but 
two of its properties, i.e, porosity and poor mechanical strength make it unfit as the ideal bipolar plate 
material. Therefore, by compounding graphite with other polymers, binders and ionomer materials the 
required properties for bipolar plates can be achieved.  

 

2. The platinum catalyst has been synthesized and successfully used to fabricate MEA. Its efficiency was 
comparatively  poor but has been found to be encouraging after investigating the polarization curves.  

3. The catalytic activities of the catalysts can be measured by employing the smooth platinum electrode 
method as methanol electro oxidation in 1 M H2SO4 also exhibited similar behavior as that in 1 M NaOH, 
but the curves presented in Tafel plots has given the  difference in slope values highlighting the difference 
in over potential exhibiting the difference in catalytic behavior.  
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