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ABSTRACT 

The polymer electrolyte membrane fuel cell (PEMFC) is a promising energy conversion tech-

nology for future sustainable development. The PEMFC has many advantages such as high power 

density, low operating temperatures, low emissions, silent operation, and fast start-up and shut-

down. Furthermore, it has infinite possibilities for use in a wide and variety of applications from 

small scale mobile devices and robots to large scale cars and power plants. Many research groups 

in the world have been investigating about PEMFCs, but they have mainly focused on the single 

cell level or material properties. PEMFC Stack or system level studies are very important topics for 

fuel cell applications, because the performance of single cells and the performance of stacks are 

totally different. The stack consists of single cells but it is not as simple as stacking of single cells. 

In this study, to make a more effective stack, I tried to analyze the thermal distribution of the bi-

polar plate of the stack in terms of three designs: (1) 100cm2 rectangular bi-polar plate, (2) 

200cm2 square cell bi-polar plate, and (3) 200cm2 alternative square design bi-polar plate. I also 

employed four methods: (1) 100cm2 rectangular bi-polar plate without cooling, (2) 100cm2 rectan-

gular bi-polar plate with water cooling, (3) 200cm2 square cell bi-polar plate with air cooling, and 

(4) 200cm2 alternative square design bi-polar plate with air cooling using COMSOL simulations. 

To optimize clamping pressure at the stack assembly, stack clamping pressure conditions were: 

(1) single cell 5000N axial load, (2) single cell 50 in lb bolt torque, (3) single cell 90 in lb bolt 

torque, (4) 16 cell stack 5000N axial load, and (5) 16 cell stack 90 in lb bolt torque. These pressure 

conditions have been analyzed by solid-works simulation and experimental load tests with pres-

sure sensitive films. Furthermore, to find optimal stack operating conditions, I evaluated stack per-

formance depends on gas and stack temperature: 40, 50, 60, and 70℃, relative humidity: dry, 60, 
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80, and 100%, and pressure conditions: 0psi, 10psi, 20psi, and 30psi.  

In thermal distribution analysis, 100cm2 rectangular bi-polar plate with water cooling and 200cm2 

alternative square design bi-polar plate with air cooling show well distributed simulation result. The 

temperature differences of two design are around 2℃ in the simulation. The clamping pressure 

simulation and experiments are present pressure distributions in every layer in the stack. The big-

gest pressure was applied at end plate and gasket, bipolar plate, MEA, GDL in this order. The op-

timal conditions of this stack from experiments are operation at 10psi pressure, 60% relative hu-

midity of react gases, and 70℃ stack temperature.  

Keywords: Polymer Electrolyte Membrane Fuel Cell Stack, Thermal distribution, Clamping pres-

sure, Operating conditions, Stack Fabrication 
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1. Introduction 

The polymer electrolyte membrane fuel cell (PEMFC) is a promising technology because of its high 

power density, low operating temperatures compared with other types of fuel cells, low emissions, 

silent operation, and fast start-up and shutdown. However, still PEMFCs are primarily applied for   

applications due to some remaining barriers of endurance, durability, reliability and cost problems that 

prevent their widespread commercial application. 

To overcome these obstacles, many micro and macro scale investigations have to be conducted on 

a variety of topics not only at the single cell or stack level, but also on the PEMFC system as whole. 

This will lead to PEMFC systems applied to specific applications with integration technologies. How-

ever, many studies have been conducted on PEMFC single cells compared with studies at the stack 

level or system level. Relatively, PEMFC stack level investigations are less studied.  

In this thesis paper, some experiments are conducted at the stack-level, including computational 

simulations and experimental actions. Furthermore, I explain my thoughts in arguing for commercial 

applications of PEMFCs.  
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1.1.  Understanding of PEMFC Stacks 

To understand PEMFC stacks, a PEMFC single cell is explained first in terms of structure and prin-

ciples. Simply, the PEMFC is a converting device that changes chemical energy to electrical energy. It 

can convert chemical energy to electrical energy with the only emissions being pure water and heat 

which can potentially be used anywhere. Figure 1.1 shows the simple structure of PEMFC. Hydrogen 

is inducted on the anode inlet and goes through the electrolyte, the case of a PEMFC a polymer elec-

trolyte, and produces pure water by reaction with oxygen. The remaining hydrogen comes out at the 

anode outlet. Oxygen is inducted at the cathode inlet and unused oxygen comes out with water. The 

electrons which are separated from hydrogen move from the anode to the cathode along the current 

line and work at a specific site.  

 

Figure 1.1 The Simple Principle of PEMFC 
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Equation 1.1 is chemical reaction equation in PEMFC. At the anode, a hydrogen molecule is divid-

ed to two hydrogen ions and two electrons. At the cathode, half oxygen molecule it means an oxygen 

ion meets with two hydrogen ions and two electrons. This reaction makes one water molecule. 

           (1-1) 

PEMFC stacks are stacks of single cells. The layer structure of PEMFC single cell is presented in 

Figure 1.1. This is a single cell in Figure 1.2, but it consists of many components: end plates, current 

collectors, bi-polar plates, gas diffusion layers (GDL), electrode and catalyst layers, membrane. Par-

tially, electrode and catalyst layers with membrane are called membrane electrode assembly (MEA). 

Figure 1.3 shows a stack consists of 4 single cells. Single cells components of stack are not different, 

but some problems that have to consider are shown up by stacking single cells.  

 

Figure 1.2 PEMFC single cell layer structure 
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Figure 1.3 PEMFC stack (4 cells) layer structure 

A lot of fundamental investigations of single cell PEMFC performance have been conducted during 

the past several decades, while stack-level investigations have garnered less attention. Single cell 

PEMFC research is mainly focused on material properties, such as mechanical, electrical and chemi-

cal characteristics of materials, and transport behavior of reactants, including membrane electrode 

assembly (MEA) materials [1-4], the design of bipolar plate [3, 5], durability and degradation of MEA 

[6-10], and thermal management in PEMFC [11-13].  

The performance of PEMFCs is a little bit different depending on stack-level or single cells scale 

performance [14-18].  The cell voltage of PEMFC stacks is not uniform [16, 19], stacks are affected 

by temperatures [20], and reactant and product are concentrated in the gas flow channels [17]. The 

water accumulation also affects stack durability [14]. Water and thermal management optimization 
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method have to be considered for stacks to optimize the non-uniform distributions of potential, tem-

peratures and reactant/product concentrations, which are not necessarily observed at the single cell 

scale. 

In the last decade, PEMFC stack experiments have investigated in some research groups. There 

have been many other PEMFC stack experiments which are the comparison of single cell versus 

stack performance [18, 21-25], the influence of operating conditions on performance [26-31], lifetime 

testing [14, 22, 32-34], and degradation[31, 35-39] in stack-level.  

1.2  Motivation and Objectives 

1.2.1  Motivation for research 

The PEMFC has many problems that have to overcome for using a power generator at variety ap-

plications. One of them, a significant problem is developed at stack assembly. Several studies have 

suggested that fuel cell stack performance suffers as a result of increased number of cells in the fuel 

cell stack, but there is still uncertainty regarding the degree of influence why fuel cell stack suffer from 

degradation or failure. In other word, Figure 1.4 shows the performance of single cell and one cell of 

five cell stack, only single cell performance is good enough for its applications, but the performance of 

that single cell is degraded in case of stack assembly and operating conditions. Around 59% of the 
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total power loss in a PEMFC is due to contact resistance between the bi-polar plates and gas diffu-

sion layer(GDL) [40]. Furthermore, durability is one of the most critical issues for fuel cell lifetime. 

Fuel cell lifetime have to make longer and longer for applying specific applications and replacing in-

ternal-combustion engine (ICE).  

 

Figure 1.4 Comparison between experimentally determined polarization curves for single cell and 

5-cell stack operation, reported by Urbani et al. [18] 

1.2.2  Objectives 

- Understand of PEMFC stacks principles and assembly procedure. 

- Validate the predictive stack-level computational models. 

- Determine operating conditions for achieving a balance between electrical efficiency and operating 

conditions (flooding/ dry-out) and develop a stronger understanding of degradation. 

- Make a fuel cell stack for stack testing and evaluation system installation.  

1.3  Studies of PEMFC Stacks 
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1.3.1  Thermal management 

To advance fuel cell technology, according to Wang et al. [41], the simulation works effectively to 

simulate fuel cell fluid transport and electrochemical reactions. The main expense in a fuel cell cur-

rently is the platinum loading of the activation layer on the electrolyte membrane. Without a major 

breakthrough in materials, increased efficiency is required to push production of fuel cells. Accurate 

simulation of the key factors operating in a fuel cell is a great pathway to this end.  

Yazdi et al. [42] developed a model of the cathode half-cell that includes cathode side gas channels, 

GDLs, and MEA. This model assumes isothermal conditions and constant gas velocity. The oxygen 

flux is solved by Fick’s first law, while reaction rate is represented by the Butler-Volmer equation. Limi-

tations in the analytical solution required the assumption that the over-potential is constant along the 

catalyst layer. This approach results in a very good estimation of a polarization curve. However, it 

would be difficult to compare this model with experimental data, because too many assumptions are 

used.  

A dynamic model was developed by Ziogou et al. [43] that considers temperature, humidity, pres-

sure, and reactant mass flows. The temperature is assumed to be uniform, and the pressure is ho-

mogenous across the channels. This approach applies mass balance equations to solve for reactant 



- 8 - 

species concentration in each layer. Terms for diffusion, porosity, etc. are included where necessary. 

Energy balance is included to describe heat transfer and cooling effects. The Nernst equation is used 

to obtain a voltage-current relationship. This model was experimentally validated, and it performed 

well as a dynamic fuel cell model. The model implements some empirical formulas, which must be 

recalculated for different designs.  

Marquis et al. [44] experimentally tested for optimal fuel cell temperature, with regard to flow rate, in 

a 25 cm
2
 fuel cell. The best performance was obtained with a flow rate of 0.1 LPM for hydrogen and 

0.9 LPM for air. Heat loss in a stack generally occurs through convection from the outer faces, con-

vection through channels, or conduction between materials until thermal equilibrium is reached. A 

heating pad is used in place of the MEA to simulate heat production. Operating temperature is meas-

ured via thermocouples. A thermal imaging camera is used to examine natural convection and con-

duction through the stack. The location of potential hot spots is easily obtained using this technique. 

Hwang [45] found that the departure of the hot spot temperature from the averaged outlet fluid 

temperature is significant. It indicates that the averaged outlet fluid temperature in the thermal design 

of a PEM fuel cell is not appropriate, because it always under-predicts the real maximum temperature 

inside a fuel cell. But Hwang’s model considered a single phase only; the spatial temperature distribu-
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tion in a two-phase flow could be different.  

Zhang [46] studied the effects of operating parameters on the current density distribution in a PEM 

fuel cell to constrain the current density variation, correspondingly decreasing  “pinholes” and im-

proving the membrane reliability. The uniformity of local current density is constrained by the cell tem-

perature, anode pressure, anode mass flow rate, and cathode mass flow rate. The vertical orientation 

of the fuel cell leads to the best cell performance, while the horizontal upward orientation is least ef-

fective for cell performance [46]. 

During hydrogen starvation, the anode potential will rise high enough to oxidize water, resulting in 

oxygen production through the electrolysis of water instead of hydrogen oxidation at the anode [41]. 

The generated oxygen might cause local heat generation and result in membrane breakage. For air 

starvation, the presence of hydrogen in the air electrode could chemically generate heat on the plati-

num particles and result in local hot spots in the MEA, which would lead to membrane failure [41].   

A unique cylindrical fuel cell design, whose goal is portable applications, was built and tested by 

Lee et al. [47]. It incorporates helical flow channels and is completely cooled by convection with 

standing air. The design resulted in better clamping pressure distribution, which was simulated and 

experimentally verified using pressure sensitive film. This means that lower clamping pressure is 
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needed to maintain 2 MPa over all contacting regions and to reduce contact resistance to an ac-

ceptable value. At 0.6 V, the current density of the cylindrical cell 210 mA∙cm
-2

 was 37% higher than 

that of a typical planar design. The cylindrical cell outperforms a planar cell of the same size. This 

design, however, lacks the ability to be stacked like a conventional fuel cell; thus, generating a higher 

power output may be an issue. 

Strahl et al. [48] developed a two-dimensional 100W PEMFC model using COMSOL, based on en-

ergy, momentum, and water mass balance. A two-dimensional model was chosen for computational 

efficiency. The model was able to show control mechanisms for water and thermal management. It 

consisted of an open cathode with a cooling fan directly attached, removing heat by forced convection 

and providing oxygen to the cathode. Systems accounted for in the model include momentum 

transport, convective mass transport, diffusive mass transport, water generation, electro osmotic drag, 

heat generation, convective heat transfer, and conductive heat transfer. Experimental validation of the 

model was successful, allowing comprehensive study of water transport and thermal control mecha-

nisms.  

Based on previous studies, there has been little consideration of using design approaches to solve 

thermal management issues. For this study, the square cell design with a square center hole is intro-
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duced and simulated. This design can eliminate hot sports via self-control thermal management. Here, 

COMSOL is used to simulate species transport, electrochemical effects, and heat transfer in a 

PEMFC. COMSOL utilizes finite element analysis and enables simulation while using multiple inter-

connected physics systems. Each physics system contains a set of governing equations. It also con-

tains the required boundaries and condition settings to properly simulate a system using those equa-

tions. 

1.3.2  Clamping Pressure 

For optimization, clamping pressure must be balanced between competing effects. When clamping 

pressure is low, contact resistance between bi-polar plate and GDL will be high. The material differ-

ence between, machined carbon composite on porous carbon paper, requires pressure for good elec-

trical contact. If the cells are not compressed enough, contact resistance will degrade performance. 

However, when too much clamping pressure is applied, other adverse effects will appear. The GDL 

can depress into the channels of the bi-polar plate, obstructing flow. This will lower efficiency and cre-

ate hot spots reducing the longevity of the PEMFC. Also, the GDL and membrane electrode assembly 

(MEA) are very susceptible to cracking or tearing under pressure. Any damage to those materials 

immediately reduces performance.  If clamping pressure is increased enough it will of course crack 
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the brittle bi-polar plates as well. 

In order to optimize fuel cell clamping pressure,  Zhang et al. [40] used an approach that consisted 

of finding an experimental constitutive relation between contact resistance and clamping pressure. 

Then obtain clamping pressure results from finite element analysis (FEA). Next predict contact re-

sistance based on the clamping pressure obtained from FEA combined with the constitutive relation-

ship. Finally experimentally validate the predicted contact resistance. The experimental setup used by 

Zhang et al. [40] implements a custom-made hydraulic press with a micro-ohmmeter. A GDL is sand-

wiched between two flat, non-featured bi-polar plates. This was then placed between two gold plates. 

From this setup, contact resistance can be tested at various levels of compression. The clamping 

pressure is varied from 0.5 MPa to 3.0 MPa, compared to the typical clamping pressure of 1 MPa. 

One drawback to this experimental setup is found in an assumption. Zhang et al. [40] assumed that 

because the graphite plate is flat, the applied clamping pressure is equal to the contact pressure at 

the interface between the GDL and the bi-polar plate. However, in an actual fuel cell, gaskets must be 

used. The gaskets will reduce the contact pressure at the interface between the GDL and the bi-polar 

plate. Thus, a higher value of contact pressure at the interface is used to determine a constitutive re-

lationship.  
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The constitutive relationship found by Zhang et al. [40] was solved using the least squares method; 

         (1-2) 

where pcontact is the contact pressure and Rcontact is the contact resistance between the graphite 

plate and GDL. The data was obtained by taking 15 experimental values at varying clamping pres-

sures ranging from 0.5 MPa to 4.8 MPa. It was found that increasing clamping pressure has less ef-

fect on contact resistance as clamping pressure increases. So the clamping pressure should be set to 

a point where contact resistance won’t benefit much from an increase but, also where the gas flow is 

not being obstructed and no materials are incurring damage. If clamping pressure is too high, the po-

rosity of the GDL increases and so the transport of chemical species is reduced, decreasing perfor-

mance of the fuel cell. Conversely, if the clamping pressure is too low, contact resistance increases. 

This reduces performance because of an increased ohmic over-potential. 

In order to determine porosity change from compression, Zhou et al. [49] used the following equa-

tion: 

            (1-3) 

where ∅0 is the initial porosity and εV the bulk strain. The total compression force (F) is given by the 

equation: 
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           (1-4) 

where ρn is the normal contact pressure, ρτ the tangential contact stress component (resulting from 

friction so, this term is negligible),and n and τ are unit vectors. Based on this the nominal clamping 

pressure (pc) can be found: 

             (1-5) 

where λ is the length of the cross-section being examined. Using the above information, Zhou et al. 

[49] were able to perform FEA on the GDL and determine its deformation. From here, the deformation 

and porosity information is implemented into another simulation to determine a polarization curve. 

This allows them to find the effect clamping pressure has on performance of a fuel cell. The second 

simulation uses several assumptions (steady flow state, isothermal flow, etc.) and modern analysis 

techniques: Darcy’s law, Butler-Volmer equations, etc. Using this data and performing several itera-

tions at different clamping pressures, an optimum clamping pressure of 1.93 MPa was determined. 

To study the effects of clamping pressure on the electrochemical performance of a fuel cell Chang 

et al. [50], started by determining the electro-physical properties of the GDL which include electrical 

resistance, porosity, and gas permeability. To do this a test stand was built incorporating a milliohm 

meter and thickness gauge. The test stand consisted of copper ends that apply the pressure and a 
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GDL (carbon paper) sandwiched between featureless carbon plates. Various clamping pressures 

were applied and the resulting assembly resistance was calculated via the Ohm’s law equation: 

            (1-6) 

where A is the surface area of the GDL. In order to extrapolate the interfacial resistance between 

the GDL and the carbon plate testing was done without the GDL. For this a double thick layer of car-

bon was used in order to maintain the correct resistance and avoid adding the interfacial resistance 

between two carbon plates. So, all interfacial resistances are known except for that of the GDL and 

carbon plate which can be deduced. 

In order to determine the diffusivity and gas permeability of a GDL, Chang et al. [50] performed two 

different tests. One involved a disk shaped piece with gas introduced through the center and the 

pressure drop calculated when only allowing gas to dissipate along its circumference. This gives the 

in-plate gas permeability. The second test used a square piece with gas entering the top and only ex-

iting through the bottom. Once the pressure drop is determined, the through-plane gas permeability 

can be found. A mass flow controller is used and the gas is de-humidified before entering the test 

piece to eliminate the effect of humidity on gas permeability. Using this information with Darcy’s Law, 

the permeability is calculated. 
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Porosity is found by determining the void-to-volume ratio. The volume of a sample is calculated 

based on its geometry and pore volume is calculated by filling the pores with water. The porosity is 

then determined using the Carman-Kozeny relation: 

            (1-7) 

where dg is the average diameter of carbon fibers and Ka is the Kozeny constant. When using car-

bon cloth as a GDL, Lin et al. [51] found that increasing pressure caused interlocking of the carbon 

fibers which decreased through-plane resistance. Excessive compression, however, damages the 

carbon fibers reducing electrical conductivity. Compression influences porosity, thickness, and electri-

cal resistance. Lin et al. implemented low compressibility gaskets of various thicknesses to dictate the 

compression of the GDL. By doing this, a performance graph is obtained at various GDL compres-

sions which enable optimization of the stack. The study resulted in an optimum compression ratio 

(operating thickness compared to original thickness) of about 60% with carbon cloth. 

Wen et al. [52] performed testing with a pressure sensitive film on a single cell and 10-cell stack in 

order to find the optimum bolt configuration and clamping pressure. Bolt configuration is varied by 

their positions and number used. It is found that a 6 bolt configuration worked best for the rectangular 

100 cm2 active area configuration. Compression simulations showed the maximum safe clamping 
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torque is 16 N•m and this torque ultimately resulted in the best performance. Decreases in porosity of 

the GDL did not appear to have a significant effect. In the 10-cell stack, increasing clamping pressure 

improved pressure distribution. However, maximum power did not increase monotonically. It appears 

that cell to cell variations mean local pressure distributions have an important influence. 

Yu et al. [53] attempt to solve the problem of proper stack compression by using carbon fiber and 

glass fiber reinforced composite end-plates with pre-curvature due to residual heating. Pressure sen-

sitive films are used to experimentally test the pressure distribution. The goal of this study is to correct 

the low pressure area in the middle of the stack under traditional loading. It was found that the pre-

curved plates provided a more uniform pressure distribution and decrease weight compared to con-

ventional steel end plates and were recommended for use. 

1.3.3  Parametric Studies of PEMFC Stacks 

Parametric studies indicate the operating parameters which can affect PEMFC performance, such 

as relative humidity and temperature of reactants, flow rate of gases, and pressure. Operating pa-

rameters can compensate for or delay the degradation of stack performance by operating parameter 

optimization.  

To determine the experimental range for humidification, Chu et al. [54] evaluated air-breathing 
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PEMFC stacks under different environmental conditions. From this experiment, the humidity was less 

than 10% RH, the stack performance loss almost 95% of full power. Furthermore, this paper proved 

PEMFC has the highest power performance at an 85% RH condition. Chu et al. [54] suggested 30% 

RH or higher humidity is proper relative humidity for operating of the stack. That is why experimental 

options of humidity are chosen upper 40% RH. 

Urbani et al. [18] investigated only three steps humidity conditions, 25%, 70%, 100%, that influence 

PEMFC five cell stack performance. A result is the cathode RH has a stronger influence on the stack 

decay compared to the anode RH. In [18], the 70% RH is an optimal humidity condition that water 

balance was probably reached.  

The effects on the performances of individual cell and stacks of PEMFC are studied in Jang et al. 

[26]. They were carried out some operating conditions: gas humidification temperature, cell tempera-

ture, assembled torsion, and gas flow rate. A five cell stack is used for operating condition evaluation. 

Jang et al. [26] concluded not only the individual cell, but also the overall stack shows better perfor-

mance with increase of anode RH. Also, the overall stack performance can be improved by appropri-

ate rising of cell temperature. Stack performance increase as assembling torsion which is same with 

clamping torque in my thesis increase within the range of 60-80 lb in.  
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Cell scale operating parameter investigations were conducted by Amirinejad et al.[20]. The single 

PEMFC cell with an active area 5cm
2
 was used for experiments. In this paper, operating parameters 

are examined that temperature, pressure and humidity of reactant gases. The most important factor 

affecting the performance of PEMFC is the mass transport limitation. To decrease those limitations 

and improve performance of PEMFCs, optimal operating parameters have to be selected. Higher 

pressure and elevated temperature with humidified reactant gases are optimum conditions for 

PEMFC operation [20].  

Performance of PEMFC at elevated temperature was studied by Shyu et al. [55] PEMFC single cell 

was investigated with relative humidity of 35%, 70%, and 100% at cell temperatures ranging from 

65℃ – 120℃ at back pressures of 0 atm and 1 atm, respectively. At 0 atm back pressure, the best 

cell performance was at 65℃. With 1 atm back pressure, the best cell performance was at 100℃. 

Cell performance at low temperature (65℃) was less influenced by the humidification level, whereas 

the cell performance at higher temperature (80℃-120℃) was more affected by humidification level.  
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Table 1-1 Summary of optimal operating conditions for various PEMFC stacks. 

Stack de-

scription 

Optimization 

criteria 

Load 

(A) 

Optimal condition Ref. 

   Stack 

temp. 

(°C) 

Relative 

humidity 

(%) 

Gas 

pressure 

(MPa) 

Stoichi-

ometry 

 

30-Cell, 

220 W 

Electrical effi-

ciency 

10 40 100 0.01 Cathode 

2.25 

[56] 

15 40 75 0.02 Cathode 

2.0 

20 40 50 0.01 Cathode 

1.68 

20 kW Stack potential – – – – Cathode 2–

2.5 

[57] 

300 W Stack potential <12 40–50 – – – [58] 
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Stack de-

scription 

Optimization 

criteria 

Load 

(A) 

Optimal condition Ref. 

   Stack 

temp. 

(°C) 

Relative 

humidity 

(%) 

Gas 

pressure 

(MPa) 

Stoichi-

ometry 

 

>20 55–60 – – – 

5 kW Stack potential – 70 – – – [59] 

5-Cell Stack potential 

stability 

– – 70 – – [18] 

5 kW Stack potential – 70 – 0.2 – [60] 

100 W Stack potential – – – – Cathode 

3.5 

Anode 1.5 

[61] 

100 W Stack potential – – – – Cathode 5 

Anode 2 

[62] 
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Stack de-

scription 

Optimization 

criteria 

Load 

(A) 

Optimal condition Ref. 

   Stack 

temp. 

(°C) 

Relative 

humidity 

(%) 

Gas 

pressure 

(MPa) 

Stoichi-

ometry 

 

20-Cell, 2 

kW 

Stack potential – – 60–80 – Cathode 

2.5–3 

[63] 

  

The contents of Table 1-1 are the summary of optimal operating conditions for various PEMFC 

stacks in published experiments. However, there is no position at 500W, 16-cells PEMFC stack opti-

mal conditions which will be explored in this thesis.  
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2. Experiments 

2.1   Thermal Distribution Management 

The analysis of species transport in a PEM fuel cell is complex with several factors. The species 

always exist as a complex mixture, because liquid water is present in both the anode side and the 

cathode side of the fuel cell. Gases must flow through the porous gas diffusion layer (GDL) and the 

electrode/catalyst layer, which is generally difficult to compute. Also, the transport of ions through the 

membrane has to be considered along with back diffusion of water from the cathode to the anode. 

The following sections will describe the equations and assumptions used to analyze species transport 

and electrochemical effects in a PEM fuel cell. Table 2-1 lists the critical dimensions of the fuel cells 

studied and assigns each a “case” number. Figure 2.1 Case 1 (a-f) shows the channel design and 

cooling design for each case.  

Table 2-1 PEM fuel cell dimensions for three cases. 

Dimension Case 1 Case 2 Case 3 

Channel Width (mm) 1.1 1.1 1.1 

Channel Depth (mm) 1.62 1.62 1.62 

Channel Separation (mm) 0.9 0.9 0.9 
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Active Area (cm
2
) 100 

 
200 200 

GDL Thickness (mm) 0.25  0.25 0.25 

Electrolyte Layer Thickness (mm) 0.1  0.1 0.1 

 

 

Figure 2.1 Case 1, (a) channel design for 100 cm
2
 active-area rectangular fuel cell; case 1, (b) 

channel design for 200 cm
2
 active-area square fuel cell with small bend number; case 2, (c) channel 

design for 200 cm
2
 active-area square fuel cell with high bend number; case 3, (d) channel design for 

water cooling in case 1, (e) air cooling pattern for case 2, and (f) air cooling patter for case 3 (In d, e, 

and f, the highlighted region represents the cooling fluid volume). 
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The transport mechanisms used in this simulation include diffusion, convection, and momentum. A 

Maxwell-Stefan model is adopted for convection and diffusion. Momentum transfer is modeled after 

the Navier-Stokes equations. Brinkman equations model flow through the porous layers, and electro-

chemical effects are modeled using Ohm’s law in conjunction with the Butler-Volmer equation. Fluid 

flow is considered to be compressible and laminar. Input parameters necessary for simulation are 

listed in Table 2-2.  

Table 2-2. Fuel cell model parameters used in this simulation. 

Value Description Reference 

0.4 GDL porosity  [64] 

1.18e-11 [m
2
] GDL permeability  [65] 

222 [S m
-1

] GDL electric conductivity  [66] 

0.743 Inlet H2 mass fraction [67] 

0.023 Inlet H2O mass fraction  [67] 

0.228 Inlet oxygen mass fraction  [67] 

40.88 [mol m
-3

] Oxygen reference concentration  [68] 

40.88 [mol m
-3

] Hydrogen reference concentration  [68] 

9.825 [S m
-1

] Membrane conductivity  [69] 

1.19e-5 [Pa s] Anode viscosity  [70] 

2.46e-5 [Pa s] Cathode viscosity [70] 

838 [J kg
-1

 K
-1

] Membrane heat capacity [71] 

0.254 [W m
-1

 K
-1

] Membrane thermal conductivity [72] 

0.02 [kg mol
-1

] Hydrogen molar mass  

0.028 [kg mol
-1

] Nitrogen molar mass   

0.018 [kg mol
-1

] Water molar mass   

0.032 [kg mol
-1

] Oxygen molar mass   
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101e3 [Pa] Reference pressure   

0.6 Cell voltage (V_cell)  

333 [K] Initial cell temperature, fluid injection temperature (T)  

 

The setup described above is applied to all three cases. The only differences between the three are 

active area (as a result of flow rate), fuel channel pattern, and cooling design. Case 1 is the more tra-

ditional rectangular design with an active area of 100 cm
2
, shown in Figure 2-1(a). Case 1 is simulat-

ed twice, once without any cooling and once with water cooling. Case 2 has an active area of 200 cm
2
 

and a large hole in the center for better temperature distribution and forced air convection. It is shown 

in Figure 2-1(b). Case 3, Figure 2-1(c), also has an active area of 200 cm
2
; it is wider, and the chan-

nel design has an increased number of turns. The areas highlighted in Figure 2-1(d) represent the 

water cooling channels in case 1 of the simulations. Figure 2-1(e) displays the areas where cooling 

air for case 2 will travel from the center hole and out through the cell. The same concept is imple-

mented in case 3, shown in Figure 2-1(f). Fluid flow volumes are represented as solid objects for the 

simulations. 

2.1.1  Secondary Current Distribution 

The Secondary Current Distribution module of COMSOL uses Ohm’s law to solve for the electronic 

and ionic potential of the cell: 
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.           (2-1) 

All domains are included, except for the anode and cathode channel volumes. The local current 

density also depends on reactant concentrations, which must be pulled from the two Transport of 

Concentrated Species physics modules. 

The anode side GDL, anode side electrode, and electrolyte have initial values set to 0 V for electro-

lyte and electric potential. Initial values of the cathode side are set with the electrolyte potential at 0 V 

and the electric potential at V_cell, a variable set to 0.6 V for the simulated images presented. The 

anode electrode is defined as a porous electrode and uses the linearized Butler-Volmer equation to 

find current density: 

            (2-2) 

Equation 2-2 is identical to the equation used to calculate activation overvoltage in “Fuel Cell Fun-

damentals” [73]. The term i0 is the exchange current density determined by the equation: 

           (2-3) 

The cathode electrode is also defined as a porous electrode; however, the Cathodic Tafel equation 

is used to find current density: 

            (2-4) 
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The Cathodic Tafel slope (Ac) is set to -95 mV. The exchange current density is defined by the 

equation: 

             (2-5) 

The equilibrium potential for the cathode electrode is set to 1.15 V. Finally, the anode GDL is de-

fined as the electric ground, while the cathode GDL is set with an electric potential of 0.6 V. 

2.1.2  Transport of Concentrated Species 

This module solves for the concentration of each species throughout the fuel cell. A Maxwell-Stefan 

diffusion model is used, and the anode and cathode sides are separated by two separate Transport of 

Concentrated Species modules. Convection is also considered in this module. The dependent varia-

bles are the mass fractions of hydrogen and water in the anode side and the mass fractions of oxy-

gen, nitrogen, and water in the cathode side. All domains, except the electrolyte, are included in this 

module, with anode side components in the other and cathode side components in the other. 

Convection and diffusion through the channel, GDL, and electrode are modeled in this module us-

ing the Maxwell-Stefan diffusivity matrix. Vural et al. [74] discuss various mass transfer models and 

show that the Maxwell-Stefan model is very well suited to handle fuel cell dynamics [74]. Velocity ( ) 

and pressure are pulled from the Free and Porous Media Flow module. The overriding equation is the 



- 29 - 

following: 

.           (2-6) 

The density (ρ) is solved using the ideal gas equation. Ri is a product of the number of participating 

electrons and the stoichiometric coefficient: 

             (2-7) 

In the anode electrode, the number of participating electrons is set to two and the stoichiometric 

coefficient of hydrogen is one. Anode and cathode electrodes are modeled as 2D layers so species 

transport is not considered; however, electrochemical effects are considered because of species con-

sumption and production. 

The cathode side uses an almost identical setup; however, we are dealing with three species in-

stead of two: oxygen, water, and nitrogen. The Maxwell-Stefan diffusivity matrix becomes a 3x3. Also, 

the number of participating electrons is set to four, the stoichiometric coefficient of oxygen is negative 

one, and the stoichiometric coefficient of water is two. In both Transport of Concentrated Species 

modules, the diffusivity matrix is modified by a constant when used for the GDL.  

2.1.3  Free and Porous Media Flow 

The Free and Porous Media Flow module describes the flow of the chemical species through the 
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channels, GDLs, electrodes, and electrolyte. It incorporates the Navier-Stokes equations for the flow 

channels and Brinkman equations for the porous layers. Laminar flow conditions control the inlets and 

outlets of both hydrogen flow and air flow. All walls use a no-slip boundary condition, keeping fluid 

velocity at the walls at zero. 

The dependent variables for this module are the velocity field and pressure. The overriding equa-

tions include: 

         (2-8) 

              (2-9) 

(2-10) 

The flow is considered as compressible flow. The density, ρ, is pulled from the Transport of Con-

centrated Species modules. Karimi and Li [75] describe the use of Navier-Stokes and Brinkman equa-

tions in fuel cell analysis. 

The inlets are governed by laminar flow with an established input flow rate. Outer edges are con-

strained to zero. The outlets are also governed by laminar flow, with the exit pressure set to zero. The 

flow through porous materials is linked to electrochemical effects by a Porous Electrode Coupling. 

This provides the molar mass of each species, to be used in solving flow in the porous materials. 
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2.1. 4  Heat Transfer 

The effects of heat transfer are very important in a fuel cell study. Temperature affects almost every 

aspect of the fuel cell performance, from diffusivity to reaction rate. Heat transfer is simulated for case 

1; without water cooling and with water cooling. The dependent variable is, of course, temperature. 

The overriding equation is given as: 

           (2-11) 

Most of the heat produced by a fuel cell is a by-product of the electrochemical reaction and is im-

plemented into the simulation via the equation: 

            (2-12) 

This value is carried over from the Secondary Current Distribution module. A separate node is ap-

plied to both anode and cathode to represent both half reactions individually.  

Joule heating is another source of heat in a fuel cell. This is a result of each material’s resistance 

while a current flows through it. The resistance causes heating and is described by equation 2-11. In 

this case, Q is total power dissipation density, and it is also calculated from the Secondary Current 

Distribution module. 

Heat dissipation results from surface-to-ambient radiation and convection, convection from gas flow 



- 32 - 

out of the cell, and water or air cooling. For both cases, surface-to-ambient heat transfer hardly con-

tributes to cooling, as it is only applied to the edges of the bipolar plate material. In both cases, all 

inlet fluid temperatures and initial cell temperature is set to 333 K. 

 

2.2   Clamping Pressure Optimization 

The experimental process is carried out in two ways.  Computer simulation is done as well as ac-

tual load testing. 

2.2.1 Computer Simulation 

The single cell model to be simulated includes the following components; two end-plates, two bi-

polar plates, two GDLs, two gaskets, and an MEA. The GDL and gasket comprise one layer of the 

fuel cell with the GDL sitting inside the gasket. Material properties are applied to each component as 

shown in Table 2-3. The values are taken from data sheets, when available, of the materials that are 

to be used in a later experimental study. Poisson’s ratio of the GDL was taken from a study by Zhang 

et al. [40]. The bipolar plate Poisson’s ratio is from a study by Lee et al. [76] which evaluated electrical, 

mechanical, and molding properties of a composite graphite bipolar plate. The Nafion membrane 

Poisson’s ratio comes from a study by Li et al. [77] on ionic clustering in Nafion. The dimensions of 
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each component are shown in this table as well. The head and nut diameter are both 15.405 mm and 

the bolt holes themselves are 10.27 mm. It is a standard nut and bolt configuration. Each bolt has a 

5000 N axial load applied to it. All features have been removed from the materials except for gas 

channels in the bi-polar plates. The channel dimensions are shown in Table 2-4. 

     All components are modeled as 3D objects and keep their general form. A no penetration con-

straint is applied to keep the materials from moving into each other’s space. An inertial relief setting is 

also used. This keeps the model from moving in space from the forces exerted since the FC is not 

physically fixed to any solid non-moving object. Finally, a sliding fixture is placed on the edges of the 

end-plates to further fix the FC in space, but not constrain it too much. The goal is to have as realistic 

a simulation as possible with the current tools available. 

 

Table 2-3. Materials and properties for compression simulation. 

Layer End-plate Bi-polar plate GDL Gasket MEA 

Material Stainless 

steel 

Carbon graphite Carbon paper Silicon Nafion 

Density (kg m
-3

) 7,800 2,240 480 2,330 918 

Poisson’s ratio 0.28 0.29 0.33 0.30 0.33 
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Elastic modulus (N∙m
-2

) 2e11 6.865e11 5.634e7 5.394e8 1.814e7 

Dimensions (mm) 234x149 195x109 133x84 195x109 195x109 

Thickness (mm) 12.7 3.175 0.254 0.254 0.100 

 

Table 2-4. Dimensions for 100 cm
2
 active area bi-polar plate. 

Dimension Value 

Channel Width 1.1 mm 

Channel Depth 1.62 mm 

Active Area 100 cm
2
 

GDL Thickness 0.25 mm 

Electrode Layer Thickness 0.05 mm 

Electrolyte Layer Thickness 0.1 mm 

2.2.2 Experimental Load Testing 

Experimental testing of the clamping pressure involves placing pressure sensitive film in specific 

locations throughout the stack. The pressure sensitive film has a range of 0 to 2.5 MPa. When pres-

sure is applied to the film it changes colors from white to shades of red via bursting microcapsules. 
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Pressure is approximated depending on the shade of density of red spots in the film. The experiment 

is performed in two ways; a pressure sensitive film is inserted in between the bipolar plates to see the 

effect of the gas channels and establish a base for comparison, and the pressure sensitive film is 

placed in a fuel cell stack. The pressure film sensor is obtained from Fuji and it is of the “Super Low” 

type. Before testing of the stack was performed, the pressure-sensitive film was tested. The pressure-

sensitive film was cut such that it matched the area of the MEA, GDL. The film was then placed be-

tween bipolar plates and applied a load of 0.5 to 2.5 MPa in 0.5 MPa increments using a hydraulic 

press. The results indicated that the pressure-sensitive film is accurate in its stated range and clearly 

shows stress due to gas channels in the bipolar plates. The effects of load on GDL thickness were 

tested by placing a GDL of known thickness in the hydraulic press under various pressures and for a 

set amount of time, then measuring the resulting thickness. The load applied to the bipolar plates 

ranges from 0 to 2.5 MPa in increments of 0.5 MPa. Before the clamping pressure and the loading on 

the fuel cell were started, we measured the how the GDL responds to a compressive loading that 

were applied, from 0.5 to 2.5MPa. This is done to check how the thickness of the GDL varies with 

increasing pressure within the limit which the pressure sensor is able to respond.  

Clamping of the fuel cell stack was done using a torque wrench to apply a known torque. From 
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simulation, it was known that the center of the GDL has very low pressure. To correct this, center pins 

are placed in the center region of the endplate. These pins will apply pressure directly to the conduc-

tion plate which in turn, applies more pressure to the center of the GDLs. Because we were unable to 

use a torque wrench on these small pins; a loading is applied to the center region of the stack using a 

hydraulic press. To accomplish this, wooden blocks were placed in the center region of the endplate. 

The wooden blocks extended past the bolts so that the hydraulic press only came same into contact 

with the wood. 

 Two types of GDLs are used: uncoated carbon paper and Nafion (perfluorinated ion-exchange pol-

ymer) coated carbon paper (Avcarb GDS2120). The coated GDLs have a thickness of approximately 

0.22 mm whereas the non-coated GDLs have a thickness of around 0.14 mm. GDLs are typically 

coated with a micro-porous layer to enhance conductivity and give optimum diffusivity characteristics. 

To identify pressure-sensitive film location, cells were labeled 1-16 with 1 being the cell nearest the 

anode endplate. Application of the loading on a 16-cell stack was done using four different clamping 

pressure methods: 

1.  Eight pressure sensitive films were inserted between the bipolar plate and GDL of cells 1-8. 

Coated GDLs were used. A torque of 90 inch ib was applied to the bolts and a force of 2500 lb was 
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applied by the hydraulic press for 10 minutes. 

2.  Eight pressure sensitive films were inserted between the bipolar plate and GDL of cells 1-8. 

Coated GDLs were used. A torque of 90 in lb was applied to the bolts first. Then a 13.3 lb weight was 

placed on the center region of an endplate and left alone for three days. Last, the stack was placed in 

the hydraulic press with an applied load of 2500 lb for 10 minutes. 

3.  Pressure sensitive film was placed in all 16 cells of the stack. In cells 1-8, pressure sensitive film 

was placed between the bipolar plate and the coated GDL. In cells 9-16, pressure sensitive film was 

placed between bipolar plate and non-coated GDL. A torque of 90 in lb was applied to the bolts and a 

force of 3500 lb was applied by the hydraulic press for 10 minutes. 

4.  Pressure sensitive film placement was identical to method three. A torque of 90 in lb was applied 

to the bolts first. Then a 13.3 lb weight was placed on the center region of an endplate and left alone 

for three days. Last, the stack was placed in the hydraulic press with an applied load of 3500 lb for 2 

hours. 

 

2.3   Fuel Cell Evaluation System 

2.3.1 Overview of the Fuel Cell Evaluation System 
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 To improve PEMFC stacks performance, some groups suggest new flow channel designs or mate-

rials of bi-polar plate [23, 25, 76], other groups investigate in reducing contact resistance  by optimi-

zation of clamping pressure or assembly pressure[40, 50, 78, 79], other groups studied effect of op-

erating parameters on PEMFC stacks[18, 20, 26, 54]. To verify PEMFC stack’s performance, the fuel 

cell evaluation system has been installed first. 

As PEMFC consists of many parts (membrane, electrode, catalyst layer, bipolar plate, seal and so 

on.), the evaluation or characterization methods for each part are also variety. For catalyst evaluation, 

oxygen reduction reaction (ORR) performance is evaluated by line sweep voltammetry (LSV), and 

stability and durability is tested by using cyclic voltammetry (CV). For unit cell or stack performance 

test, some evaluation system are required depend on their capacity. Single cell needs only few hun-

dreds watt (W) capacity scale evaluation system for performance evaluation, but in case of PEMFC 

stacks need capacities from few hundreds to few kilowatt (kW) scale. Therefore, PEMFC stacks that 

need to evaluation has to evaluate at proper evaluation system capacity. 

Many mechanical and electrical components are needed for fuel cell stack evaluation or characteri-

zation: humidity bottle, mass flow controller (MFC), thermo couple, preheater and etc. A fuel cell stack 

evaluation station system was installed for PEM fuel cell stack evaluation and characterization. This 
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station system evaluates not only PEMFCs, but also DMFCs, AFCs, PAFCs, and SOFCs. Figure 2.2 

is a very simple concept diagram of stack evaluation station. 

Figure 2.2 A simple diagram of stack evaluation station. 

At first time plan was 16-cells stack, 500W capacity, but installed evaluation station was 10kW ca-

pacity. There are quite big differences in capacity. Therefore, evaluation station needs to modify for 

reduction its capacity and optimize at 500W PEMFC stack.  

2.3.2 The External Dew Point Humidifier 

In terms of whole evaluation system, the most important part is the humidification system. There 

are many sort of humidification techniques for PEMFC stacks. In macro view, the methods can be 

organized into either internal or external humidifiers. Internal humidification can be defined from litera-

ture reviews as the inlet gases being introduced to the electrochemically active area of the fuel cell at 

temperature and humidity levels other than the desired operating conditions of the fuel cell which is 
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unconditioned. Internally humidifying fuel cells are typically referred to as self-humidifying fuel cells. 

Some papers report to self-humidifying fuel cell by modifying membranes.[80-82] In contrast, external 

humidification will be defined as the inlet gases being heated and humidified (conditioned) before be-

ing introduced into the electrochemically active area of the fuel cell stack. 

Self-humidifying fuel cells are very interesting and promising technology. In order to fuel cells can 

apply small mobile applications; we have to simplify balance of plants (BoP), because among the BoP 

components, humidifier takes the largest area and highest cost. This technology takes time to apply 

to real system applications. Thus, It is hard to find the mechanism of self-humidifying inner reactions 

in the fuel cell stack. 

In this stack evaluation system, the external dew point humidification (DHP) system such as Figure 

2.3 is considered. The study by Sridhar et al.[83] showed that external humidification was preferable 

to internal humidification at higher temperatures. In their experiment, bubbling through heated water 

to humidify inlet gases in the anode and the cathode, this type is widely used as dew point humidifica-

tion. In case of a gas is bubbled through water, the gas is humidified or saturated and for enough long 

path the dew point of the gas approaches the water temperature. The main problem of dew point hu-

midification is that if the gas cools after the humidifier, the excess water condenses out of the gas and 
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enters the fuel cell in droplet form which can make to decrease the fuel cell performance. Therefore, 

either the gas piping after the humidifier has to be heated to prevent condensation or experiment 

conducts at room temperature without humidification.  

 

Figure 2.3 Schematics of the external dew point humidifier 

 

2.3.3 Stack Preparation and Assembly 

To make a first stack, it was chosen to first design, produce, and test a water cooled PEMFC stack. 

The 100cm
2
 rectangle design was considered for part of the research project. Another advantage of 

this early design stage was to find little things that needed to change. The front side and back side of 

water cooled bi-polar plate is presented in figure 2.4. 
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Figure 2.4 The water cooled 100cm
2
 bi-polar plate’s front side and back side. 

The cell is symmetrical in the front to allow one bi-polar plate to be used for the cathode and the 

anode. The bi-polar plates are made of BMC940 a graphite composite material. The front layout and 

back layout of the water cooled bi-polar plate can be seen in Figure 2.5, 2.6. 

 

Figure 2.5 The water cooled 100 cm
2
 bi-polar plate’s front side with the layout. 

 

Figure 2.6 The water cooled 100 cm2 Bi-polar plate’s back side showing layout. 
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 Two water channels were chosen to keep the plate symmetrical and to increase the cooling capa-

bilities. The cooling channels are spread out under the active area. When the anode and cathode bi-

polar plates are put together the channel area is doubled. A cutout hole called a voltage check tab 

was added to the edge so that each cell performance can be measured during the test of an entire 

stack. The back layout of the water cooled bi-polar plate can be seen in Figure 2.6. The dimensional 

sketches are in Appendix A-1. 

The water cooling side gasket was designed to fit into the gasket cutout with room for thickness tol-

erance of the manufacturing process. The gasket thickness was chosen to not only to stick to the 

cathode plate but to go into the anode plate. This make only one gasket needed for each set and re-

duces the likely hood of a water leak. The thickness also leaves room for compression. The gasket is 

made of high temperature silicone. The water cooling side gasket is shown in Figure 2.7. The dimen-

sional sketches are in Appendix A-2. 

 

Figure 2.7 The water gasket for the water cooled bi-polar plate. 
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The gas flow channel gasket is designed to seal the areas off between the bi-polar plates and the 

MEA gasket. The gasket is made out of silicone. The gas flow channel gasket is shown in Figure 2.8. 

The dimensional sketches are in Appendix A-3. 

 

Figure 2.8 The gas flow channel gasket. 

The silicone MEA gasket that is .254 mm thick is used to seal around the active area and is used to 

make a level surface with the GDL (gas diffusion layer). The GDL is .245 mm thick. The center cutout 

is where the GDL is placed. The same setup is used on both sides of the MEA. The silicone MEA 

gasket is shown in Figure 2.9. The dimensional sketches are in Appendix A-4. 

 

Figure 2.9 The MEA silicone gasket. 

The conduction plates are placed at both ends of the stack to pull the current from the stack. The 
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conduction plates of this stack are made of copper for its high values of conductivity. The plates were 

made from .187 inch copper 110. The plate has connectors on each side so they can be diverse in 

their connection to current load of evaluation system. The conduction plate and a photo of the fin-

ished conduction plate are shown in Figure 2.10. 

      

Figure 2.10 The copper conduction plate. 

The layout of the conduction plate is shown in Figure 2.11. The dimensional sketches are in Ap-

pendix A-5. 

 

Figure 2.11 copper conduction plate layouts. 

The silicone endplate gasket is a sheet of silicone that is laser cut to seal all the pathways in be-
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tween the endplate and the conduction plate. The thickness of the high temperature silicone is 1/32 

inches (0.79375 mm) thick. The silicone endplate gasket and a photo of the finished product are 

shown in Figure 2.12. The dimensional sketches are in Appendix A-6. 

 

Figure 2.12 The silicone endplate gasket. 

The end plates were chosen to be made out of 0.5 inches thick Lexan to reduce weight. The end 

plate is where all the bolts apply the compression needed for all the gaskets and to hold the stack 

together. The end plates are also where the pipe threaded compression fitting are connected so the 

needed gases and water can enter the stack. The anode and cathode plates are slightly different be-

cause of the different size inputs of the air and hydrogen. The anode end plate is shown in Figure 

2.13, the anode end plate is shown in Figure 2.14, and the photo of a finished product is in Figure 

2.15. The dimensional sketches are in Appendix A-7, A-8. 
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Figure 2.13 The cathode end plate. 

 

Figure 2.14 The anode end plate. 

 

Figure 2.15 A photo of the Lexan end plate with gas fittings. 

All the parts were assembled in Solid Works to show how the stack will look and give an estimate of 

the weight. The estimated mass is 7.8 kg, without the bolts and fittings. Some of the parts needed that 

are not shown in the stack are the MEA, the gas diffusion level, the gas fittings, the washers, nuts, 



- 48 - 

and threaded rods.  

Table 2-5 Geometric parameters of the fuel cell stack and components 

Dimension Values 

Active area 100cm
2
 

Channel Depth 1.62 mm 

Channel width 1.1 mm 

Gas Diffusion Layer(GDL) Toray carbon paper TGP-H-060 (40x 40cm) 

Membrane Electrode Assembly(MEA) Active area of 13.5cm X 8.5cm on Nafion 212 

Anode catalyst loading 0.2 mg/cm2 of 40% Pt/C 

Cathode catalyst loading 0.4 mg/cm2 of 40% Pt/C 

Numbers of cells 16 cells  

End plate LEXAN Sheet 

Current collector Copper 110 Sheet 

Table 2-5 lists some of the fuel cell stack and MEA specifications. The MEAs have an active area of 

13.5 cm X 8.5 cm, Rim area: 19.5 cm X 10.9 cm, and a loading of 0.2 mg/cm2 of 40% Pt/C catalyst 

on the hydrogen side and 0.4 mg/cm2 of 40% Pt/C catalyst on the oxygen/air side. The MEA’s core 

membrane is Nafion 212. Toray carbon paper TGP-H-060 was used for both the anode and cathode 

gas diffusion layer. The large gas fittings are 3/8” NPT to ¼ tube OD, and the small ones are ¼” NPT 

to ¼ “ tube OD. The 3 /8”threaded rods, 3 /8” nuts and the washers were used. The 500 watt 16 cell 

water cooled stack is shown in Figure 2.16.  
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Figure 2.16 The Water cooled 500 watts stack made in Solid Works. 

Assembly order and pictures of stack components are shown in Figure 2.17. In Figure 2.17, gasket 

A is the silicone endplate gasket to seal all the pathways in between the endplate and the conduction 

plate. Gasket B is the water gasket that prohibits water leakage from the water cooling channel. Gas-

ket C is MEA silicon gasket for compensation of GDL thickness and sealing around the active area. 

Gasket D is exactly same as gasket B.  

 

Figure 2.17 The stack assembly order with pictures of components. 
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2.3.4 Experiment Apparatus 

  Figure 2.18 shows the PEMFC stack that was prepared for the operating condition experiments. 16 

bolts and nuts were used for clamping stack. Gas or water supply 12 holes were completed with pipe 

threaded compression fittings. Because the LEXAN plate is transparent, DGIST logo Figure can be 

shown and inserted between end plate and silicone endplate gasket sheet. 

  

Figure 2.18 A PEMFC stack used in this study 

The gas and water flow diagram is shown in Figure 2.19. Hydrogen gas is supplied from hydrogen 

gas bottle and it passes through one check valve which prohibits against flow of hydrogen gas. Then 

user can choose high or low mass flow controller (MFC) and one more check valve. Before the hy-

drogen gas arrives at the anode humidity bottle, user can choose bypass or humidification. Bypass 

means hydrogen passes without the humidification, supplied gas at the PEMFC stack with dry gas 

condition. If user chooses humidification, the hydrogen gas passes through the anode humidity bottle. 

The gas brings water molecules with hydrogen gas and increase temperature of hydrogen gas at 
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same time. Next, the hydrogen gas meets the anode preheater that maintains the hydrogen gas tem-

perature and the relative humidity by the coil heater. Finally, the hydrogen gas can be supplied at 

PEMFC stack and produces electricity.  

 

 

Figure 2.19 A fuel cell stack evaluation system gas and water flow diagram. 

After stack reaction, the hydrogen gas vents through the anode venting line. Because high temper-

ature gas would be dangerous, cooler reduces the hydrogen gas temperature. The water trap divides 

water and dry hydrogen gas. The divided water pumps out to the anode water vent, dry hydrogen gas 

vents to the anode vent line this line is connected with gas venting line of the FAB building. The Air or 
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oxygen has same procedures with hydrogen gas supplying and venting. Nitrogen gas has a role of 

purge. TCs in the Figure 2.19 are thermocouples for measuring temperature of each water or gas or 

the stack.  

 

Figure 2.20 Testing apparatus of PEMFC stack 

Figure 2.20 shows the gas inlet and outlet were connected with fittings of the stack at opposite po-

sition of the stack. Water was connected middle fittings for cooling or heating. Two thermocouples 
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were inserted by using align holes. The thermocouples are used to observe stack inner temperature. 

The voltage sensors are attached at each cell’s bi-polar plate voltage check tab. To apply load at 

stack, current load unit was connected at current conduction plate edges.  
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3. Results and Discussion 

3.1   Thermal Distribution Management Simulation Result 

3.1.1 100 cm
2
 Cell without Cooling; Case 1 

The cell simulated in this section has an active area of 100 cm
2
. The cell dimensions are shown in 

Table 2.1. This design is more conventional and serves as a good starting point for simulation. In ad-

dition, this design was fabricated first for experimental testing. Several simplifications have been in-

troduced in order to decrease the complexity of the simulation. The simulation is of only a single cell 

bi-polar plate without conduction plates, endplates, and gaskets. The main delivery system for fluids 

has been removed to the point where the fluid begins to flow through the cell, in-plane. This creates 

the assumption that all channels will receive an equal flow rate at their inlets. These simplifications 

will cause error, however, it does not deter from the information gained when analyzing the results. 

This is especially true when comparing designs, as the same simplifications are assigned to each 

case. 

The polarization plot produced by this simulation mimics an actual polarization plot quite well [84]. 

The domain from 0 to 0.2 A cm
-2

 of the current density represents the activation loss in a fuel cell. Ac-

tivation loss is due to the slow electrochemistry in breaking down O2 molecules at the cathode elec-
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trode. At higher voltages, the reduction reaction cannot keep up, and so a low current density results. 

This is the type of curve that is expected in this low current region. The graph from 0.2 to 1 A cm
-2

 of 

current density reflects the ohmic loss in a fuel cell, which is typically quite linear. When a higher cur-

rent density is required of the cell, resistance between layers becomes more pronounced, and a lower 

cell voltage is the result. It is represented well in this simulation.  

Since this simulation involves the electrochemical effects of a fuel cell, the fluid flow through chan-

nels, and the flow in porous materials, we are able to draw a plethora of data from it. The operating 

cell voltage is set to 0.6 V. This value was chosen as it is typical for a fuel cell under load. Hydrogen 

flow rate is established to be 0.417 L/min. Air flow rate is 2.487 L/min. Figure 3.1(a) shows the hydro-

gen mass fraction in the channels and GDL. The mass fraction is at a maximum of 0.74 at the inlets 

and decreases to 0.67 at the outlets. The hydrogen mass fraction also decreases as it enters the GDL, 

which is seen in the enlarged slice. The inlet oxygen mass fraction, Figure 3.1(b), is 0.23; this is the 

reason a much higher flow rate is used for air. The mass fraction decreases to 0.15 at the exit. As with 

hydrogen, the enlarged slice shows mass fraction decrease into the GDL.  



- 56 - 

 Figure 3.1; Case 1 without cooling (a) hydrogen mass fraction profile, (b) oxygen mass fraction pro-

file, (c) water mass fraction in the cathode channels, (d) pressure drop in the cathode channels, (e) 

temperature profile of the cathode side bipolar plate, and (f) outlet velocity gradient close-up of air 

flow (Cell voltage: 0.6 V). 

Water mass fraction can also be obtained from the data, as shown in Figure 3.1(c) for the cathode 

side. Water in the cathode is partially a result of inlet air humidity, but it is mainly due to water produc-

tion via the oxygen and hydrogen reaction. Water mass fraction at the inlet of the cathode channels is 
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0.023 and increases to 0.11 as flow reaches the exit. The enlarged slice clearly shows higher values 

of water in the GDL, where the reaction takes place. The pressure gradient shown in Figure 3.1(d) 

displays a pressure drop of 3.5 kPa from inlet to outlet, with outlet defined at zero pressure. The en-

larged slice shows a clear variation in the pressure of individual channels. Near the outlet, the pres-

sure difference in a plane perpendicular to fluid flow may be greater than 200 Pa. 

Figure 3.1(e) shows the temperature variation on the carbon composite material of the bipolar plate. 

With no cooling, temperature increases from an inlet temperature of 333 K to 348 K at the hottest lo-

cation near the center. Inlet temperatures are fixed, so the temperatures at the right two corners begin 

at 333K and quickly increase away from those corners. As fuel flows toward the exit, temperatures 

increase due to reaction heat, until the temperature reaches a maximum, midway through the last 

straight section of channels. At the exit, convection heat loss slightly lowers the temperature. Figure 

3.1(f) displays the outlet velocity profile slice at a position midway between the surface of the plate 

and the bottom of the channel depth. The figure shows laminar effects with velocity increasing drasti-

cally at the outlet. These maximum values may be a result of the simplifications described previously 

and may thus be inconsequential.  

3.1.2 100 cm
2
 Cell with Water Cooling; Case 1 
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This section aims to simulate the same fuel cell as in section 3.1.1. However, water cooling is now 

involved. It appears from the simulation data that a fuel cell can operate without cooling. That may be 

true with a single cell but, to get a usable power output, cells are generally stacked in series. The cells 

in the middle of the stack will not receive the same benefit of convection to the flowing gas that a sin-

gle cell does. Gas entering the next cell from an endplate will be at a higher temperature, so the effect 

compounds as it continues to the middle of the stack. This calls for a cooling system implementation. 

For case 1, cooling channels are implemented in between anode and cathode interfaces that do not 

contain an MEA. Water enters the channels at a set temperature of 333 K. 

Flow rates are identical to those in the previous simulation of case 1. The flow rate of water, an eas-

ily adjusted value, is set equal to the flow rate of air for the current simulation. Operating cell voltage 

is 0.6 V. Figure 3.2(a) shows the hydrogen mass fraction entering the cell at the same mass fraction 

as the previous simulation, 0.74. The exiting mass faction is, however, slightly higher, with a value of 

0.69. The reason for this will be discussed shortly. The enlarged slice displays decreased hydrogen 

mass fraction into the GDL. Oxygen mass fraction, shown in Figure 3.2(b), enters at 0.23, as before. 

The oxygen mass fraction at the exit is lower than in the previous simulation, at 0.18. The cathode 

water mass fraction, seen in Figure 3.2(c), enters at 0.023 and exits at 0.074. The inlet value of the 
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water mass fraction is the same as before, while the outlet has decreased. 

Figure 3.2(d) displays the pressure distribution in the cathode channels. Pressure at the inlet is 

3.99 kPa and the outlet is set to zero pressure. The inlet pressure value is greater than in the previ-

ous simulation. Variation in fluid viscosity is a possible explanation. Figure 3.2(f) shows a maximum 

outlet velocity of 9.47 m/s. The velocity reaches its maximum right at the outlet boundary. A slight var-

iation in velocity between channels, which is possibly a result of channel geometry, is seen. Channels 

which change direction more drastically have more variation in velocity. 

The temperature profile on the carbon composite bipolar cathode plate, along with the water chan-

nel volume, is shown in Figure 3.2(e). Water cooling of the cell is effective, as the highest temperature 

has decreased to 335 K from 348 K. This observation explains what was found above; for the simula-

tion with cooling compared to that without, hydrogen and oxygen mass fraction is higher at the outlet 

while water mass fraction is lower. There is obviously not as much reaction occurring in the simulation 

with water cooling. The decrease in temperature has also decreased the activation potential of the 

hydrogen and oxygen. This may seem like a hindrance at first, but when considering a full stack of, 

say, 16 cells, temperatures will be higher and cooling more important. Stack temperature can be con-

trolled by water cooling flow rate. 
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Figure 3.2 Case 1 with cooling (a) hydrogen mass fraction profile, (b) oxygen mass fraction profile, 

(c) water mass fraction in the cathode channels, (d) pressure drop in the cathode channels, (e) tem-

perature profile of the cathode side bipolar plate, and (f) outlet velocity gradient close-up of air flow 

(Cell voltage: 0.6 V). 

These results are quite promising. The simulations produce logically valid scenarios and values. 

They are lacking, however, in experimental verification. Even so, the values are in agreement with 

typical values seen in referenced documents.  
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3.1.3 200 cm
2
 Square Cell with Air Cooling; Case 2 

In this section and the next, simulation results of a unique fuel cell design are presented. The goal 

of this design is to improve thermal distribution and thermal management control and to implement air 

cooling as opposed to water cooling. Air cooling will reduce weight and potential for leakage that may 

disrupt fuel cell performance. Also, with an air cooled stack, there is a possibility of using the same air 

for cooling that is supplied to the cathode. This will make the stack more compact, thus further reduc-

ing weight. This design could also provide better clamping pressure distribution; however, that will not 

be explored in this paper. The flow rate used here, 0.834 L/min for hydrogen and 4.974 L/min for oxy-

gen, is two times that used in case 1. Other than flow rate, all parameters are identical to case 1. Cell 

operating voltage is set to 0.6 V. 

The hydrogen mass fraction is shown in Figure 3.3(a) with a maximum value at the inlets of 0.74 

and outlets at 0.72. The lowest value of mass fraction is found in the GDL. The enlarged slice shows 

the decrease in hydrogen mass fraction as it travels to the GDL. The outlet value is slightly higher 

than that for case 1. This can be attributed to a larger flow rate and active area. The variation of mass 

fraction in each set of channels is insignificant. Figure 3.3(b) displays the oxygen mass fraction. Inlet 

mass fraction is 0.2286, while mass fraction at the outlet is 0.21. The GDL, as with oxygen mass frac-
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tion, has the lowest mass fraction of oxygen, nearing zero in some areas. 

Figure 3.3(c) shows the water concentration in the cathode side of the cell. The inlet water mass 

fraction is 0.0224, and the outlet is 0.04. The highest values of mass fraction, 0.2639, are found in the 

GDL, where the reaction occurs. That means that the majority of the water produced in the cell is 

stagnating in the GDL. This will drastically reduce performance and efficiency. Because it is a simula-

tion, it is by definition a ‘simulation error’. The GDL is much larger than the active area of the fuel cell, 

which might contribute to simulation error. The enlarged slice shows the mass fraction of water in-

crease into the GDL; this is expected.  

The pressure in the cathode side of the cell is shown in Figure 3.3(d). Pressures correspond well 

with case 1. The maximum pressure at the inlets is 2.38 kPa, while the outlet is set to zero. Pressure 

is very evenly distributed and has little variation between channel sets, as seen in the enlarged slice. 

The outlet velocity profile is shown in Figure 3.3(f). Laminar flow is apparent, and the highest velocity 

is 11.8 m/s. The velocity distribution is relatively even with differences due to individual channel ge-

ometry.  
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Figure 3.3 Case 2 with forced air cooling (a) hydrogen mass fraction profile, (b) oxygen mass frac-

tion profile, (c) water mass fraction in the cathode channels, (d) pressure drop in the cathode chan-

nels, (e) temperature profile of the cathode side bipolar plate, (f) outlet velocity gradient close-up of 

air flow (Cell voltage: 0.6 V). 

Temperature gradients of the cathode cooling air volumes and bipolar plate are shown in Figure 

3.3(e). The highest temperature, 339 K, is about 4K above that of case 1 with cooling. This is a great 

result, as the case 2 fuel cell only uses forced air convection for cooling. The distribution of tempera-
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ture is also very nice. Two sides of the outer edges contain the hot spots. These hot spots are pulled 

away from the center of the cell, which will allow better thermal management control. It may be possi-

ble to increase the convection occurring at the edges, in a simple and cost-effective way. This would 

allows almost full control of temperature distribution within the cell.  

3.1. 4 200 cm
2
 Alternative Square Cell with Air Cooling; Case 3 

The major difference between this design and that of section 3.1.3 is the gas channel pattern and 

overall cell shape. The center hole is much larger than before. The cell sides, from outer edge to inner 

edge, are thinner in comparison, which, it is hoped, will increase thermal management control and 

decrease the air flow rate needed for cooling. This simulation uses the same flow rates as case 2. In 

fact, all parameters are identical, save for the design of the cell itself.  

Figure 3.4(a) shows the hydrogen mass fraction at an inlet value of 0.74, with a minimum of 0.70 in 

the GDL. The enlarged slice shows a variation in hydrogen mass fraction of the channels; however, 

when considering the scale, it is minute. The minimum value of 0.70 is off-putting at first glance, but it 

makes sense in conjunction with the increased flow rate. More oxygen is entering the cell per unit 

time, so the value at the outlet need not be reduced as much for sufficient power output. Figure 3.4(b) 

displays the oxygen mass fraction with a maximum of 0.23 and a minimum value at the outlets of 0.20. 
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This minimum is only slightly higher than that of case 1 with cooling. This can be explained by the 

same reasoning as used for the hydrogen: increased flow rate. Both hydrogen and oxygen have min-

imums in the GDL. It may be prudent in the future to reduce the size of the GDL to more closely fit the 

active area.  

The cathode water mass fraction is shown in Figure 3.4(c). The scale in the figure has been signifi-

cantly adjusted to display the variation within the channels. The highest water mass fraction, 0.26, 

occurs in the GDL, as it should. The mass fraction in the channels only reaches a maximum of 0.06. A 

possible explanation is that the number of bends in the design hinders water flow in such a way that it 

stagnates in the GDL. This would significantly reduce performance in a real fuel cell. Figure 3.4(d) is 

the pressure variation in the cathode side of the cell. The maximum pressure, 11.4 kPa, occurs at the 

inlet, while the outlets are defined as zero pressure. The outlet velocity, shown in Figure 3.4(f), dis-

plays a maximum velocity of 13.7 m/s. This value is higher than in both simulations of case 1. This 

means that the drastic increase in pressure is due not only to increased flow rate, but also the design 

of flow channel.  
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Figure 3.4 Case 3 with forced air cooling (a) hydrogen mass fraction profile, (b) oxygen mass frac-

tion profile, (c) water mass fraction in the cathode channels, (d) pressure drop in the cathode chan-

nels, (e) temperature profile of the cathode side bipolar plate, and (f) outlet velocity gradient close-up 

of air flow (Cell voltage: 0.6 V). 

 

Figure 3.4(e) shows temperature distribution in the cathode side of the fuel cell. The larger surface 

areas are those of cooling air volume. Thin strips are from the carbon composite bipolar plate. Reduc-

ing the contact area of the bipolar plate this drastically may lower the performance of the cell. This 
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consequence is not tested for in the current simulation. The maximum temperature occurring in this 

cell is 335 K, which compares to case 1 with water cooling. This shows that air cooling has real poten-

tial in being sufficient for stack cooling. The distribution is also promising in that hot spots occur at the 

outside corners. Pulling the hotspots away from the center of the cell allows for easier control. This 

simulation supplies a boundary for convection to the outside air at the edges of the carbon composite 

bipolar plate. Because of the position of the hot spots, this convection to outside air may be increased 

using methods to increase surface area at the edges such as implementing small fins along the edge 

surface. Table 3-1 shows the resulting highest temperature and temperature change for the simula-

tions presented above. 

Table 3-1 Temperature variations for four different approaches. 

Design 

Case 1,     

no cooling 

Case 1,  wa-

ter cooling 

Case 2,     

air cooling 

Case 3,     

air cooling 

Highest Temperature [K] 347.97 335.29 339.42 335.13 

Inlet gas [K] 

(cooling and fuel) 

333 333 333 333 

Temperature change [K] (ΔT) 14.97 2.29 6.42 2.13 
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3.2   Clamping Pressure Result 

3.2.1 Single Cell with 5000 Newton Axial Load 

 A 5000N axial load was applied to the bolt locations of a single cell stack. Figure 3.5(a) displays the 

stress plot for an end-plate with a maximum stress of 105.3 MPa occurring near the bolt holes. Stress 

is on average much lower, around 40 MPa, reducing toward zero in the center. Shown in Figure 

3.5(b) is the stress plot across a bi-polar plate with channels. The maximum stress is 33.7 MPa occur-

ring near the channel inlet and outlet. The bi-polar plate fits in-between the bolts of the end plate. The 

average stress across the bi-polar plate is much lower than the end-plate, at about 15 MPa. Very low 

stress occurs inside the channels, which is expected because it is not in direct contact with other ma-

terial. 

     Figure 3.5(c) shows the stress plot of the GDL. The maximum stress is 3.9 MPa and occurs 

where the bi-polar plate contacts the GDL. This image shows an exaggerated deformation with a 

scale factor of 5. The gold rectangle represents the non-deformed shape. The goal is to have the GDL 

show stress lines that are caused by the bi-polar plate channels [78]. These areas must be in good 

contact in order to reduce contact resistance. Figure 3.5(d) shows the stress plot of the MEA. The 

maximum stress in this layer is 13.7 MPa and also occurs at the corners. This image shows a true 
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scale deformation. It is evident that the MEA is much more susceptible to deformation. The reduced 

stress area in the center comes from the reduced stress in the GDL which is covering the channels. 

The gasket surrounding the GDL is taking the majority of the stress here. 

These results are very telling of the stack configuration. It is obvious that even stack compression 

throughout the face of the GDL is impossible. The center of every layer of the stack will inevitably 

have reduced force. This can be problematic for several reasons and must be addressed. 

 

Figure 3.5 5000N Axial Load: (a) End-plate stress plot, 100 cm2 cell. (b) Bi-polar plate stress plot, 

100 cm2 cell. (c) Deformed GDL stress plot, 100 cm2 cell. (d) Deformed MEA stress plot, 100 cm2 

cell. 

3.2.2 Single Cell with 50 Inch Pounds Torque 
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The goal with this simulation is to add more realism. When assembling the stack, the bolts will ex-

perience torque which is easily measured. Torque is converted to axial load in a nut and bolt assem-

bly by the thread contact. This means thread pitch and friction are factors that must be assigned and 

taken into consideration during assembly. A friction factor of 0.2 is assigned here with a torque of 50 

in lb. Aside from applying torque as opposed to axial load the model is identical to the model de-

scribed above. 

Figure 3.6(a) shows the stress plot on an end-plate with a maximum stress of 79.9 MPa and an av-

erage stress of roughly 25 MPa. The values are lower than before but the stress distribution is quite 

similar. A 50 in lb torque is somewhere in the vicinity of a 1000 N axial load. The next stress plot in 

Figure 3.6(b) is of the bi-polar plate with the included gas channels. A maximum stress of 19.9 MPa 

occurs at the inlets and outlets of the channels with an average stress of around 10 MPa. The stress 

on the channels raises a concern because it reduces to such a low value. Contact resistance will in-

evitably be high in this area.  

The stress plot across the GDL is shown in Figure 3.6(c) with a deformation scale factor of 10. The 

gold rectangle shows the original shape. A maximum stress of 2.4 MPa is found with an average 

stress of about 1.0 MPa. The concern presented in the bi-polar plate is plainly evident from this image. 
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The stress over the center, at least 30% of the whole area, is very nearly zero. Electrons will be hard 

pressed to travel through this area. Figure 3.6(d) gives a reason for this showing the stress, in the 

MEA. A maximum stress of 9.5 MPa occurs at the corners with an average of about 3 MPa through-

out. A deformation scale factor of 5 is shown here. In order to seal the stack gaskets are used this 

material takes the stress that would go through the GDL. Because of this the center of the MEA, the 

area contacting the GDL, is almost zero. 

 

  Figure 3.6 50 in lb torque: (a) End-plate stress plot, 100 cm
2
 cell. (b) Bi-polar plate stress plot, 100 

cm
2
 cell. (c) Deformed GDL stress plot, 100 cm

2
 cell. (d) Deformed MEA stress plot, 100 cm

2
 cell. 

3.2.3 Single Cell with 90 inch Pounds Torque 

The stress across the interface between the bi-polar plate and the GDL is too low with 50 in-lb of 
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torque so it is increased here to 90 in lb. The objective is to get closer to a goal of 5 MPa compres-

sion stress across the inside layers [78] The maximum stress increased to 143.8 MPa in the end-plate, 

shown in Figure 3.7(a). The stress distribution remains the same however; an increase is seen in the 

central area. Stress on the bi-polar plate has increased to a maximum of 36.9 MPa shown in Figure 

3.7(b). 

 

Figure 3.7 90 in lb torque: (a) End-plate stress plot, 100 cm
2
 cell. (b) Bi-polar plate stress plot, 100 

cm
2
 cell. (c) Deformed GDL stress plot, 100 cm

2
 cell. (d) Deformed MEA stress plot, 100 cm

2
 cell. 

The average stress across the GDL, Figure 3.7(c), has increased to about 2 MPa. The center is still 

very close to zero. This suggests a change in stack assembly or bolt configuration should be encour-

aged. Contact resistance will be very high in the center, which can substantially reduce performance. 
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Increasing assembly torque beyond this point has the potential to start destroying materials. Figure 

3.7(d) shows the stress plot on the MEA with a true scale deformation that is substantial. 

These images present two detrimental aspects of this stack design. The bolt configuration results in 

near zero stress at the interface between the GDL and the bi-polar plate. This is highly undesirable as 

it results in high contact resistance. The other factor exaggerating this issue is the silicon gasket. It is 

not allowing enough compression in the GDL for proper contact resistance. More torque could solve 

this problem. However; the gasket carries the force through to the MEA causing it to deform in a way 

that could rupture the material. A better solution might be adjusting the thickness of the gasket. 

3.2.4 Fuel Cell Stack, 16 Cells, 5000 Newton, all layers 

The model discussed in this section has 16 cells and includes all the layers of the single cell model; 

GDLs, MEAs, bi-polar plates, and gaskets. Components are still void of small features including gas 

channels. The 16 cell model discussed in the section is a good representation of what will occur when 

multiple cells are simulated. However, the stress found on the MEA is not accurate because other 

layers that will transfer clamping pressure are absent. The current model will show the stresses 

across the MEA with more realism. Also, the important interaction between the bi-polar plate and GDL 
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is displayed with this model. From the stress plots we can estimate how much contact resistance 

might occur in a specific area of the fuel cell. 

A stress plot on an exploded view of the stack is shown in Figure 3.8(a). It is seen from this figure 

that the end plates, of course, take the brunt of the stress due to clamping force. Figure 3.8(b) shows 

the true scale, resultant replacement deformation on an exploded view of the stack. This reveals that 

something needs to be adjusted in the configuration because the MEAs have a displacement of over 

8 mm in some places. All other layers have relatively small displacements. Figure 3.9(a) is of an end-

plate. The highest regions of stress occur around the bolt holes (up to 195 MPa). Low regions of 

stress arise at the center while near the corners of the plate, stress is almost zero. 

  The stress plot across the first bipolar plate in the stack is shown in Figure 3.8(c). The highest 

stress occurs along the left and right edge at a value of 17.8 MPa. There are regions of low stress 

near the corners. This is possible due to the bolt configuration and/or way in which the endplates are 

flex. The regions of low stress also seem to correspond with regions of low stress on the end plates. 

Displayed in Figure 3.8(d) is the stress plot on the first MEA in the stack at a scale factor of two. The 

gold rectangle represents the original shape of the MEA. All four corners receive the maximum stress 

of up to 7.2 MPa. The left and right edges appear to be the most deformed while the center incurs 
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relatively low stress. 

Figure 3.8(e) shows the stress plot on the first GDL in the stack with a scale factor of 20. The stress 

here is much more uniform; however, it only has a maximum stress of 1.5 MPa. Most of the GDL is 

near 1 MPa. This low stress measurement can cause high contact resistance in the stack and drasti-

cally lower performance. The gasket that surrounds the GDL is shown in Figure 3.8(f) at a scale factor 

of 20. The gasket has a much higher stress range than the GDL with a maximum at 41.9 MPa. This 

means the gasket may be too thick or too rigid for the GDL thickness used. The gasket is absorbing 

all the force of the clamping pressure and very little is transferred to the GDL. It can also be seen that 

the gasket push out in the middle causing high stress on the inside corners. 

    In order to examine the effects of clamping pressure throughout a 16 cell stack, images are pre-

sented of layers in the eighth cell; the middle of the stack. Figure 3.9(b) is of the bipolar plate. The 

maximum stress has decreased by about 4 MPa but, more importantly, the stress plot has changed 

shape. Now very low areas of stress dominate the center of the plate. The left and right edges still 

contain the highest stress values. The MEA is shown in Figure 3.9(c) with a scale factor of 2. There 

appears to be no significant change between the first MEA and eighth MEA stress plot. The image 

shown in Figure 3.9(d) is of an MEA taken out of the stack used for experimental work. The MEA was 
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warped, so it was placed under an acrylic endplate in order to keep it flat. This MEA has a Teflon out-

er band for structure. The MEA was subjected to the heat and clamping pressure of an operating 

stack and has warped in a manner consistent with the simulations. 

The GDL is shown in Figure 3.9(e) with a scale factor of 20. It seems that the stress is nearly the 

same here however; this GDL seems have a higher concentration of high stress areas. The mesh 

appears to be protruding through these results, this may be the cause. Figure 3.9(f) shows the gasket 

surrounding this GDL at a scale factor of 20. The stress here increased substantially, by 5 MPa. Alt-

hough the stress plots are very similar, a logical explanation for the increase in stress is not evident 

outside of simulation error.  
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Figure 3.8 5000N axial load: (a) Exploded 16 cell stack stress plot, 100 cm2 cells. (b) Exploded 16 

cell stack displacement plot, 100 cm2 cells. (c) First cell bipolar plate stress plot, 16 cell stack. (d) 

First cell MEA stress plot, 16 cell stack. (e) First cell GDL stress plot, 16 cell stack. (f) First cell gasket 

stress plot, 16 cell stack.  
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Figure 3.9 5000N axial load (16 cell stack: 100 cm2 active area/cell): (a) end plate stress plot, (b) 

eighth cell bipolar plate stress plot, (c) eighth cell MEA stress plot, (d) eighth cell MEA deformation 

from experimental work, (e) eighth cell GDL stress plot, and (f) eighth cell gasket stress plot. 

3.2.5 Fuel Cell Stack, 16 Cells, 90 inch Pounds per Bolt, all layers 

The next model was simulated in order to increase realism by switching from an axial load to a 

torque load. It is identical to the model in section 3.2.4 except the bolt load is now 90 in lb.  
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Figure 3.10 90 in lb torque: (a) Exploded 16 cell stack stress plot, 100 cm2 cells. (b) Exploded 16 

cell stack displacement plot, 100 cm2 cells. (c) First cell bipolar plate stress plot, 16 cell stack. (d) 

First cell MEA stress plot, 16 cell stack. (e) First cell GDL stress plot, 16 cell stack. (f) First cell gasket 

stress plot, 16 cell stack. 

Figure 3.10(a) is exploded view of the stack showing stress plots on all the materials. The end-

plates are, again, taking most of the stress with a maximum of 193.3 MPa, only slightly lower than the 

5000 N axial load case. Distributions appear similar as they should. Figure 3.10(b) is the exploded 

view resultant displacement plot. The maximum deformation in the MEA layer is over 8 mm. The 
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model needs adjustment. Figure 3.11(a) displays the stress plot on the end plate of that 16 cell stack. 

The maximum stress occurs near the bolt holes at a value of 183.1 MPa, only slightly lower than the 

section 3.2.4 case. 

 

Figure 3.11 90 in lb torque (16 cell stack: 100 cm2 active area/cell): (a) end plate stress plot, (b) 

eighth cell bipolar plate stress plot, (c) eighth cell MEA stress plot, (d) eighth cell MEA deformation 

from experimental work, (e) eighth cell GDL stress plot, and (f) eighth cell gasket stress plot. 

Figure 3.10(c) is of the first bipolar plate’s stress plot with a maximum stress of 17.6 MPa. Stress 
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distributions in the bipolar plate are a bit odd with near zero stress a short distance from the corners. 

Stress in the center of the plate is quite high. This could be just a matter of the plate being so close to 

the area of clamping pressure application. Figure 3.10(d) shows the stress plot on the first MEA with a 

deformation scale factor of 2 and the original shape a gold rectangle. High stress up to 7.1 MPa oc-

curs at the corners while stress drops toward zero in the center to 1.6 MPa. The stress around the 

sides of the MEA is causing large deformations. 

The first GDL of the stack is shown in Figure 3.10(e). The highest stress occurs near the sides at a 

value of 1.5 MPa. Stress drop to around 1.0 MPa in the center of the GDL. Figure 3.10(f) displays the 

gasket that surrounds the GDL. The maximum stress of 41.5 MPa occurs at the inside corners of the 

gasket while most other areas have less than 10 MPa of stress. The gasket is taking most of the 

pressure applied to this layer of the stack. This means the GDL is being deprived of stress needed to 

lower contact resistance. 

Stress plots of layers near the middle of the 16 cell stack, the eighth cell from an endplate, will be 

shown next. This is done to display the variation of clamping pressure throughout a multi cell stack. 

Figure 3.11(b) shows the stress plot on the eighth cell’s bipolar plate. The maximum stress occurs at 

the edges and is 13.5 MPa. The stress distribution shown here is expected. The sides contain most of 
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the stress while the center is near zero. The other layers shown are nearly identical to those of the 

first cell in distribution, range, and magnitude. Figure 3.11(c) is the MEA of the eighth cell, Figure 

3.11(e) the GDL and, Figure 3.11(f) the gasket. A small increase in stress is seen in the GDL and gas-

ket layers which may be a result of the mesh being too large.  An image of a warped MEA taken 

from an experimental 16-cell stack is shown in Figure 3.11(d). The warping is consistent with that 

shown in simulation. 

Table 3-2 Results summary showing max stress in MPa for each material 

Category Single 

Cell 5000 N 

Axial Load 

Single Cell  

50 in lb Bolt 

Torque 

Single Cell  

90 in lb Bolt 

Torque 

16 Cell Stack 

5000 N Axial 

Load 

16 Cell Stack 

90 in lb Bolt 

Torque 

End plate 105.3 79.9 143.8 184.9 183.1 

Bipolar  33.7 19.9 36.9 17.8 17.6 

MEA 13.7 9.5 17.1 7.2 7.1 

GDL 3.9 2.4 4.3 1.5 1.5 

Gasket 23.2 9.5 17.1 41.9 41.5 

8
th
 cell results below… 
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Bipolar    13.6 13.5 

MEA    7.2 7.1 

GDL    1.5 1.5 

Gasket    47.0 46.6 

 

     A summary of the maximum stress in each layer for all cases is shown in Table 3-2. The 16 cell 

stack appears to have an acceptable loading on most materials; however, the gasket stress is too 

high. In reality, this may cause stress concentrations on this region of the bipolar plates causing 

cracks in the brittle material.  

     The series of simulations shown in this paper exemplifies the importance of considering clamp-

ing pressure when building a FC stack. Studying clamping pressure on a single cell is not necessarily 

enough. Adding cells drastically changes stress applied to each individual cell. If the center cell/s has 

a high contact resistance, the performance of the whole stack is reduced. A compromise must be 

made when finding the optimum clamping pressure. It might be prudent to simulate a stack by in-

creasing the number of cells one at a time. This way you can examine each step and decide if that 

number of cells is asking too much of your assembly. For example, it may be better to run two 10-cell 
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stacks as opposed to one 20-cell stack. 

3.2.6 Experimental Load Testing 

The effects of load on GDL thickness were tested for applied load of 0.5 to 2.5 MPa in increments 

of 0.5 MPa. Results are shown in Figure 3.12. The starting thickness of a coated GDL is 0.22 mm. It 

is seen that there is a gradual reduction in thickness from 0.22 mm to 0.177 mm. The non-coated 

GDL begins at 0.14 mm and decreases to 0.08 mm at 2.5 MPa. The tendency of reduction in thick-

ness with the application of load gradually decreases. After a point, there will be very little effect of the 

applied load on the thickness of the GDL.  

 

Figure 3.12 Effects of compressive loading from 0.5 MPa to 2.5 MPa in increments of 0.5MPa for 

10 minutes each. The data points on the top represent the coated GDL and the data points at the bot-

tom represent the non-coated GDL. 
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Results from clamping pressure method one of cells 1, 3, 5, and 7 is shown in Figure 3.13(a-d). 

The pressure sensitive films in Figure 3.13 show very little color which means pressure on the GDL is 

severely lacking throughout the stack. Figure 3.13(d) has the most color and comes from cell 7, near 

the center of the stack. The magnitude of pressure on the GDL appears to increase closer to the cen-

ter of the stack. As seen in the simulations, pressure is highest at the edges and near zero at the cen-

ter of a GDL.  

Clamping pressure method two results from cells 1, 3, 5, and 7 are shown in Figure 3.14(a-d). A 

much deeper coloration is seen in these images indicating that the GDL is under increased pressure 

compared to method one. Between method one and two, the torque and load applied via hydraulic 

press are identical. The difference is a static weight used in method two. This indicates that duration 

may be a cause or solution to clamping pressure concerns. 

Figure 3.15(a-d) shows the results from clamping pressure method three of cells 1, 7, 10, and 16. 

Cells 1 and 7, Figure 3.15(a) and Figure 3.15(b) respectively, have coated GDLs. As a result the color 

is deeper in the pressure-sensitive film. Figure 3.15 makes apparent that GDL thickness is very im-

portant in stack design because it has a large effect on compression. Method four results are shown 

in Figure 3.16(a-d) from cells 1, 7, 10, and 16. The cells containing a coated GDL, cells 1 and 7, Fig-
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ure 3.16(a) and Figure 3.16(b) respectively, again have a much deeper coloration. Figure 3.16 shows 

better clamping pressure distribution near the endplates, cells 1 and 16, Figures 3.16(a) and 3.16(c) 

respectively. Clamping pressure distribution appears to degrade toward the center of the stack while 

magnitude increases. Figure 3.16 also shows that increasing the duration of load applied at the cen-

ter of the endplates significantly increases pressure applied at the GDL. This indicates that a solution 

to clamping pressure concerns may be in applying a load for a set duration to the center of the end-

plates before operation of a FC stack. Doing this allows materials to settle and load to distribute more 

evenly throughout the stack.  

 

Figure 3.13 Pressure sensitive films in a 16-cell stack using method one and coated GDLs: (a) cell 1 

starting from anode endplate, (b) cell 3, (c) cell 5, and (d) cell 7. 
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Figure 3.14 Pressure sensitive films in a 16-cell stack using method two and coated GDLs: (a) Cell 1 

starting from anode endplate, (b) cell 3, (c) cell 5, and (d) cell 7. 

 

Figure 3.15 Pressure sensitive films in a 16-cell stack using method three; coated GDLs in (a) and (b), 
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uncoated GDLs in (c) and (d). (a) Cell 1 starting from anode endplate, (b) cell 7, (c) cell 16 (cell 1 

starting from cathode endplate), and (d) cell 10 (cell 7 starting from cathode endplate). 

 

 

Figure 3.16 Pressure sensitive films in a 16-cell stack using method four; coated GDLs in (a) and (b), 

uncoated GDLs in (c) and (d). (a) Cell 1 starting from anode endplate, (b) cell 7, (c) cell 16 (Cell 1 

starting from cathode endplate), and (d) cell 10 (cell 7 starting from cathode endplate). 

 

3.3   Operating Conditions of PEMFC Stacks 

The stoichiometry is a branch of chemistry that deals with the relative quantities of reactants and 

products in chemical reactions. In a balanced chemical reaction, the relations among quantities of 

reactants and products typically form a ratio of whole numbers. In these experiments, quantities of 

reactants are supplied enough for reaction in PEMFC stack. Optimization criteria is stack potential, 
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stack power is proportional on potential. Table 3-3 is the experimental conditions for the stack optimi-

zation. 

Table 3-3 Experimental conditions for stack optimization 

Humidity Back Pressure Stack temperature Stoichiometry 

Dry 0psi 25℃ 

Enough 

(more than 10) 

60% 10psi 40℃ 

80% 20psi 50℃ 

100% 30psi 60℃ 

  70℃ 

 

A polarization curve is the most important characteristic or index of a fuel cell characteristics and its 

performance. Polarization curve has numerous parameters as equation 3-1. This equation is very well 

known and it would be useful to see what effect each of the parameters has on the polarization curve 

shape. 

           (3-1) 

3.3.1 Initial Tests  
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Some initial tests were conducted for make sure the direction of experimental parameter values. 

This stack combine 16 cell for make 500W fuel cell stack, but performance of this stack was not com-

plete by some reasons which are MEA performance are not satisfied, using GDL without pre-

treatment, using carbon composite bipolar plates, and using air not pure oxygen. This experimental 

data show voltage characteristics of PEM fuel cell stack and power characteristics. 

 These tests have follow conditions: 50 inch pound clamping pressure, 0psi back pressure, 70℃ 

stack temperature, No cooling. The variable value is only humidity of inlet gases which are hydrogen 

and air. Figure 3.17 shows the result of 16 cell stack voltage and power curve that current density 

from zero to 120 mA/cm
2
. Relative humidity of hydrogen and air are same as 80% in left figure and 

100% in right figure.  

     

Figure 3.17 The result of 16 cell stack test at 80%, 100% humidity. 

 To compare the difference of characteristic depend on relative humidity in stack, Figure 3.18 shows 

that 80% of relative humidity condition achieve better performance than 100% of relative humidity 
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condition without any cooling methods. More detail experiments along the variety humidity are done 

other chapter. 

 

Figure 3.18 The comparison of performance depends on humidity 

These initial tests are conducted about different back pressure from 0psi to 15psi that had 5psi step. 

Applying much higher back pressure, the performance of fuel cell stack shows better performance in 

Figure 3.19. However, there is not a big difference between 10 psi and 15 psi back pressure in anode 

and cathode side.  

     

Figure 3.19 The voltage and power curve of 16 cell stack test depends on back pressure. 

3.3.2 Back Pressure Optimization 
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Gibbs free energy changes in a chemical reaction vary with temperature. Equally important, though 

more complex, are the changes in Gibbs free energy with reactant pressure and concentration. Con-

sider a reaction such as 

 (steam)        (3-2) 

Reaction can assume that the steam behaves as an ideal gas, and so 

   

Then, Nernst equations can rewrite like equation 3-3 

        (3-3) 

If all the pressures are given in bar, then = 1 and the equation simplifies to 

              (3-4) 

If this system pressure is P, then we can say that 

 ,           ,            

where α, β, and δ are constants depending on the molar masses and concentrations of , , and 

. Equation 3-4 then becomes 
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       (3-5) 

The two equations 3-3 and 3-5 are forms of the Nernst equation. They provide a theoretical basis and 

a quantitative indication for a large number of variables in fuel cell design and operation.  

 

Figure 3.20 Fuel cell performance at various operating pressures.[85] 

  A positive correlation between stack performance and hydrogen pressure has been shown in Wang 

et al. and Wahdame et al. [28, 31], wherein small pressure increases resulted in measurable in-

creased stack voltages. In [28], at 0.4A/cm
2
, an increase from 1bar(100kPa) to 2bar(200kPa) resulted 

in a 1V stack voltage increase. The temperature of stack is constant at 70℃ (± 2℃) during back 

pressure optimization tests. The voltage and power polarization curves show 0psi is the best perfor-

mance in initial state without preheat and humidification at inlet gases.  
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Figure 3.21 The voltage and power polarization curve without preheat (initial state). 

The voltage and power polarization curve of dry condition (No humidify, with preheat) is shown Fig-

ure 3.22. Figure 3.22 shows that 10psi and 20psi are similar performance as the best performance 

among back pressure experiment conditions. However, above 20psi, high back pressure cannot 

guarantee high performance of PEMFC stack. Instead, high back pressure reduces the stack perfor-

mance.  

Figure 3.23 shows the voltage and power polarization curve of 60% humidity condition. This figure 

also has better performance at 10, 20 psi. At low current density, 30 psi shows the best performance 

among other conditions but, performance of 30 psi condition decrease at high current density. 
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Figure 3.22 The voltage and power polarization curve of dry condition. 

     

Figure 3.23 The voltage and power polarization curve of 60% humidity condition. 

  In Figure 3.24, the polarization curve was drawn at relative humidity 80%. It has very similar results 

with relative humidity 60% condition. In case of 10 psi, 20 psi show better performance than 0 psi, 

30psi. In low current density region, 30 psi pressure condition shows better performance, but it de-

creases in higher current density region. 0 psi condition shows the worst performance in every humid-

ity conditions.  
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Figure 3.24 The voltage and power polarization curve of 80% humidity condition. 

Figure 3.25 shows the voltage and power polarization curves of 100% relative humidity condition. 

Same as previous results, 10 psi and 20 psi condition show better performance than other conditions. 

However, 30 psi condition shows worse performance not only low current density region, but also 

higher current density region.  

     

Figure 3.25 The voltage and power polarization curve of 100% humidity condition. 
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Figure 3.26 Water vapor content in a gas at different pressures and temperatures [86]. 

Figure 3.26 shows the water vapor content in gas at different temperatures and pressures. As it fol-

lows from Equation 3-6, at lower pressure a gas can contain more water vapor, and as it follows from 

Equations 3-6 and 3-7, water content in gas increases exponentially with temperature. Even humidifi-

er is set same value of temperature for same humidity; water vapor content is lower at high pressure 

than low pressure. This Figure 3.26 can support my results about PEMFC stack performances at dif-

ferent pressures.  

                (3-6) 

            (3-7) 

Where a= -5800.2206, b=1.3914993, c=-0.048640239, d=0.41764768x10
-4

, e=-0.14452093x10
-7

, f= 

6.5459673 
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3.3.3 Relative Humidity Optimization 

Cathode air humidity has been shown to influence stack performance at higher humidity levels as a 

result of increased proton conductivity [54]. In Chu et al. [54], the highest power output occurred at 

85% relative humidity for all current densities, and power decreased as humidity was lowered down to 

20%. Below 20% relative humidity, the stack could only reach 5% of maximum stack power. Improved 

performance has been observed with higher hydrogen relative humidity (up to 100%) especially when 

low air humidity are employed. The humidification of the anode helps counteract the effect of mem-

brane dehydration at low air humidity and high current density [87]. Increased inlet gas humidification 

has also been shown to offset membrane failure, as a result of the reduced fluorine release rate. 

Overall, a balance in the proper humidification must be found, as too high of humidity levels may lead 

to flooding due to the accumulation of liquid water and diffusive flux of liquid water to the anode[24].  

 

Figure 3.27 Voltages vs. current density curves for different humidification of inlet gases, the tempera-

ture of cell and back-pressures are constant in 70 °C and 2 atm, respectively. The humidification tem-

peratures are equal to the cell temperature, when humidified hydrogen and/or oxygen are used [20] 
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 Figure 3.27 shows the effects of only cathode humidification, only anode humidification and both 

humidification. From this result Amirinejad et al. [20], the performance of the cell was affected consid-

erable by anode humidification than cathode humidification.  

 The humidification results are shown in Figure 3.28. In these experiments, the humidity of stack set 

and maintain 100% condition and stack temperature set 70 ℃. For stack activation, the stack was 

operated 1 hour before experiment measurement. No preheat means ambient conditions that 25℃ 

humidity bottle temperature, 25 ℃ preheat temperature, actually no operation of heater. Table 3-4 

shows BoP operating techniques for making each different humidity values. 

Table 3-4 BoP operating conditions for each humidity values. 

Humidity condition 

Humidity bottle tem-

perature 

Preheater Stack temperature 

No Preheat 25℃ 25℃ 25℃ 

Dry 25℃ 70℃ 70℃ 

60% 63℃ 70℃ 70℃ 

80% 66.5℃ 70℃ 70℃ 

100% 70℃ 70℃ 70℃ 
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Figure 3.28 The voltage and power polarization curve of stack depends on humidity. 

As shown in Figure 3.28, the stack used in this study has the best performance at 60% and 80%. 

100% humidity condition shows worse performance than other humidity conditions. This result was 

caused by water production from oxygen reduction reaction cannot move out easily from the stack. 

Furthermore, water back diffusion which cathode side water move to anode side pass through poly-

mer membrane can cause these results.  

3.3.4 Stack Operating Temperature Optimization 

Fuel cell performance usually improves with elevated temperature, although this cannot be predict-

ed simply by the equations. Increased temperature results in potential loss due to TΔS / nF in equa-

tion 3-6. 

              (3-6) 

It also results in a higher Tafel slope, which in turn results in potential loss in Figure 3-24.  
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Figure 3.29 Effect of Tafel slope on fuel cell polarization curve [86]. 

However, increased temperature results in exponentially higher exchange current density from 

equation 3-7.  

           (3-7) 

Where :  

 = reference exchange current density (at reference temperature and pressure, typically 25°C and 

101.25 kPa) per unit catalyst surface area, A Pt, 

 = catalyst specific area (theoretical limit for Pt catalyst is 2400 , but state-of-the-art cata-

lyst has about 600 - l000 , which is further reduced by incorporation of catalyst in the elec-

trode structures by up to 30%). 

 = catalyst loading (state-of-the-art electrodes have 0.3 – 0.5 mgPt ; lower loadings are possi-

ble but would result in lower cell voltages). 
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 = reactant partial pressure, kPa 

 = reference pressure, kPa 

γ = pressure coefficient (0.5 to 1.0) 

Ec = activation energy, 66kJ  for oxygen reduction on Pt. 

R = gas constant, 8.314J  

T = temperature, K 

= reference temperature, 298.15 K 

 

Figure 3.30 Effect of operating temperature on fuel cell polarization curve [86]. 

and significantly improves mass transport properties. Figure 3.30 shows the results of an experiment 

in which the cell temperature gradually increased from -10°C to 60℃, and the resulting polarization 

curves clearly indicate voltage gain with increased temperature. 

  In general, a higher operating temperature results in higher cell potential. However, for each fuel 
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cell design there is an optimal temperature. The operating temperature of practical fuel cells must be 

selected from the optimal conditions and system perspective.  

  A fuel cell generates heat as a by-product of the electrochemical reaction. To maintain the desired 

temperature, heat must be taken away from a fuel cell by cooling system. The inner design of the fuel 

cell must allow the heat transfer to occur. Sometimes, small fuel cells need a heater to reach the op-

erating temperature.  

  As this thesis already mentioned simulation result in previous chapter, the temperature inside a fuel 

cell may not be uniform; it may vary from inlet to outlet, from inside out, or from cathode to anode. 

The cell temperature may be approximated by following temperatures, which are much easier to 

measure than the cell temperature: surface temperature, temperature of air leaving the cell, tempera-

ture of coolant leaving the cell. 

  The temperature of coolant leaving the cell is selected in this experiment. This means measured 

temperature is not exactly collect temperature in this stack. However, the most close stack tempera-

ture measurement way is measuring temperature of coolant leaving the cell among some easier.  
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Figure 3.31 The voltage and power polarization curve of stack temperature. 

  Each cell operating temperature is same with humidifier temperature. This means the results of 

Figure 3.31 are conducted 100% humidity condition. In this stack temperature experiment, back pres-

sure was applied 10 psi.  

In terms of stack temperature experiments in Figure 3.26, four test conditions of temperature show 

similar performance from zero current density to 30 mA/cm
2
 current density. However, after current 

density 35 mA/cm
2
, stack temperature 40℃ drop down rapidly. Other conditions of temperature main-

tain similar performance. If conditions have similar performance, consider system scope, low stack 

operating temperature is better.  

However, temperature will increase during stack operation that needs to cool down. In other words, 

stack temperature will increase above 70℃, thus stack temperature have to reduce using cooling 

system. Less cooling down temperature can be explained use less energy for cooling system op-

erating. Therefore, stack operating temperature 70℃ is the most optimum condition for operating.  
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Figure 3.32 The start and end point of polarization curve voltage depends on temperature. 

  Although the cell often performed better at higher temperature due to the more active catalyst, 

these stack polarization curve results suggest that effect of stack operating temperature outweighed 

the catalyst activity. Dehydration of membrane caused an increase in cell internal resistance and re-

duced cell performance. Despite the level of humidification, cell temperature is an important factor in 

performance. 
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4. Summary and Conclusion 

The thermal management simulations presented provides a good foundation for the study and op-

timization of PEMFC systems. The three‐dimensional nature of the model allows for the study of 

some key features not seen in other models, for instance, fluid transport in the channels and diffusion 

through the GDL and MEA can both be seen on the same model. The simulation results show that the 

square fuel cell design with forced air cooling through the center of the bipolar plates has real poten-

tial in the fuel cell world. The temperature gradient is very respectable when compared to the rectan-

gle design, especially considering that the square design uses forced air convection as opposed to 

water. The highest temperature value of case 1 with no cooling is 347.97 K, case 1 with water cooling 

is 335.29 K, case 2 with air cooling is 339.42 K, and case 3 with air cooling is 335.13 K. When using 

only forced air for cooling, and with a 200 cm2 active area, the square cells, case 2 and case 3, are 

below that of case 1 without cooling. Case 3 is even below case 1 with water cooling. The square de-

sign will ultimately decrease weight and increase efficiency with better heat transfer ability. 

The simulations also show that reasonable gas flow values are suitable for the square design. 

Mass concentrations of both hydrogen and oxygen are still high enough at the outlets. Water buildup 

is a concern; however, as pointed out, this may be an issue with the size of the GDL in the model. 
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Further simulations must be performed to find the best combination of design benefits. 

Compression modeling is very important in PEMFCs. Adjusting bolt tension is one of the easier 

ways to optimize a fuel cell and so should be taken advantage of. The simulations shown here pro-

vide a 3D analysis of stress distribution in all materials of a fuel cell stack at various clamping pres-

sure loads. Regions of high stress were located in the gasket between bipolar plate and MEA. The 

single cell simulation provides a good base for simulation of 16 cell stack. The GDL stress plot re-

veals good contact between the channels of the bipolar plate and the carbon paper. A low region is 

evident in the center of this plot; however, based on previous work it will still provide low contact re-

sistance. The 16 cell stack simulation shows an increase in this effect. 

This type of simulation can be very revealing as to the effectiveness of a stack geometry and as-

sembly. It has shown, for the model simulated above, that some changes are in order. Modifications 

must be made in either the silicon gasket or the geometry of stack and bolt configuration. Taking the 

results into consideration, a future model can be developed that may alleviate the problem without 

further consequences. To bring this work further, a study must be done relating this clamping pres-

sure distribution to a contact resistance distribution. This will enable the optimization of clamping con-

figuration and load. 
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Experimental load testing was also done on the fuel cell stack for clamping pressure at short and 

long time intervals and using two different compressive loads. The experimental testing performed 

shows a good correlation with simulation results. Overall this experimentation gives us a good idea 

about the distribution and magnitude of pressure across the GDLs in a 16-cell stack. The experi-

mental testing also presented a possible solution to some clamping pressure concerns by use of a 

method involving preloading of the FC stack. 

Stack operating condition optimization experiments are essential for success to analysis stack 

characterization and apply robot applications. Almost stacks described in many papers have their own 

proper characteristics and operating conditions, thus stacks need to optimize at proper applications 

and system environment. The stack that is made and tested in this thesis shows the best perfor-

mance at Table 4-1 ranges. 

Table 4-1 A summary of optimum operating conditions 

Pressure Relative Humidity Temperature Stoichiometry 

10~20psi 60~80% 50~70℃ Supplied enough 

Table 4-1 shows the range of the operating conditions. However, applying robot or mobile system 

application, stack operation system have to reduce total energy of the system. Therefore, if similar 
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performance, lower pressure is better, lower relative humidity is better, and higher temperature is bet-

ter for energy saving in the system. To bring this work further, an experiment must be done relating 

operating condition to stoichiometry. This will enable the optimization of operating conditions.  
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Appendix A [The 100 cm^2 water cooled stack dimensions.] 

Appendix A-1 [The water cooled Bi-polar Plates dimensions] 

 

Figure A.1 The water cooled Bipolar Plate front side dimensions. 

 

Figure A.2 The water cooled Bipolar Plates back side dimensions. 

Appendix A-2 [The water cooling side gasket dimensions] 
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Figure A.3 The water cooling side gasket dimensions 

 

Appendix A-3 [The gas flow channel gasket dimensions] 

 

Figure A.4 The gas flow channel gasket dimensions. 

 

Appendix A-4 [The silicone MEA gasket dimensions] 
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Figure A.5 The silicone MEA gasket dimensions. 

Appendix A-5 [The copper conduction plate dimensions] 

 

Figure A.6 The copper conduction plate dimensions. 

Appendix A-6 [The silicone endplate gasket dimensions] 
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Figure A.7 The silicone endplate gasket. 

 

Appendix A-7 [The Lexan endplate dimensions] 

 

Figure A.8 The Lexan cathode endplate dimensions. 
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Figure A.9 The Lexan anode endplate dimensions. 

 

Appendix A-8 [Water cooled 500 watts stack dimensions] 

 

Figure A.10 Water cooled 500 watts stack dimensions. 
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요 약 문 

고분자 전해질 연료전지 스택 제작 및 시스템 최적화 

고분자 전해질 연료전지는 미래의 지속 가능한 발전을 위해서 각광 받고 있는 에너지 변환 

기술이다. 고분자 전해질 연료전지는 높은 파워 밀도, 낮은 동작 온도, 적은 방출 물질, 

조용한 동작 소음, 빠른 시작과 정지 등의 많은 장점을 가지고 있다. 게다가, 작은 범위의 

휴대용 장비와 로봇으로부터 자동차나 발전소 같은 큰 범위의 넓고 다양한 응용분야에 무한한 

가능성을 가지고 있다. 전 세계의 많은 연구그룹들이 고분자 전해질 연료전지에 대해 연구되어 

왔으나, 그들 대부분은 하나의 셀 단위나 물질 특성에 관련된 연구가 많았다. 고분자 전해질 

연료전지 스택이나 시스템 단위의 연구는 하나의 셀의 성능과 셀을 여러 개 결합한 스택의 

성능이 완전하게 다르기 때문에 연료전지의 응용 관점에서 매우 중요한 주제이다.  

이 연구에서는 좀 더 효율적으로 스택을 만들기 위해서 세가지 디자인의((1) 100cm
2
의 

직사각형 분리판, (2) 200cm
2
 정사각형 분리판, (3) 200cm

2
 다른 형태의 정사각형 분리판) 

분리판 온도 분포에 대해 해석하였다. 그리고 분리판 온도 분포를 해석하는 데는 네 가지의 

방법((1) 냉각 없는 100cm
2
 직사각형 분리판, (2) 물 냉각을 사용한 100cm

2
 직사각형 분리판, 

(3) 공기 냉각을 이용한 200cm
2
 정사각형 분리판, (4) 공기 냉각을 이용한 200cm

2
 다른 형태의 

정사각형 분리판)을 컴솔을 사용하여 분석하였다. 스택의 쪼임 압력을 최적화 하기 위해서는 

다섯 가지((1) 단위 셀에 5000N 힘, (2) 단위 셀에 50 인치 파운드의 토크, (3) 단위 셀에 90 

인치 파운드의 토크, (4) 16 셀 스택에 5000N 의 힘, (5) 16 셀 스택에 90 인치 파운드의 

토크)의 쪼임 압력 조건을 사용하였다. 이 압력 조건들은 솔리드 워크 시뮬레이션과 압력 

필름을 이용한 실제 로드 테스트를 통해서 해석하였다. 그리고 스택의 적정 동작 조건을 찾기 

위해서 스택의 성능을 가스와 스택의 온도(40, 50, 60, 70 ℃), 상대 습도(dry, 60, 80, 

100℃), 압력(0, 10, 20, 30 psi) 조건에서 실험하였다.  

온도 분포 해석 결과, 물 냉각을 사용한 100cm
2
 직사각형 분리판과 공기 냉각을 이용한 

200cm
2
 다른 형태의 정사각형 분리판에서 온도가 가장 골고루 분포되는 전사모사 결과를 

보여주었다. 두 디자인에서의 온도차는 2℃에 불과 하였다. 쪼임 압력 전사모사와 실험 결과로 

스택의 각 층에 얼마의 압력이 가해지는지 자세히 알 수 있었다. 가장 큰 압력이 전달 되는 

부분은 막음판이었으며, 가스킷, 분리판, 막 전극 접합체, 가스 확산층 순으로 압력이 전달 

되었다. 스택의 동작에 가장 적합한 최적 조건은 10psi 의 압력에서 60%의 상대습도를 가진 

수소와 산소가 공급되며 70℃의 스택 온도를 가지는 경우이다.  

 

핵심어: 고분자 전해질 연료전지 스택, 온도 분포, 스택 쪼임 압력, 연료전지 동작 조건 
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