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ABSTRACT 

 

 

In the past decade renewable energies have increasingly become a commodity in 

everyday life.  Because of their high power densities and their application versatility, fuel 

cells have stood out among other sources of renewable energy.  In order to improve this 

technology as the needs for it increases, thermal modeling is an essential step.  

Researchers in the past have investigated the effect that temperature has on fuel cells.  

However, not much work has been done on the thermal dynamics of these devices and no 

one, to the authors knowledge, has studied the speed of response in thermal changes as a 

function of stack size, current demand or mass flow rate of air. 

This research presents a one-dimensional lumped model for an open cathode 

polymer electrolyte fuel cell.  This study analyzes the contribution of all the heat sources 

traditionally involved in the thermal study of fuel cells, and determines simplifications 

that have not been identified previously in the literature.  Moreover, this work presents an 

analysis of open cathode fuel cells by comparing the fuel cell stack to a heat exchanger.  

This analogy provides researchers with a tool to evaluate heat dissipation in air breathing 

fuel cells without having to develop a complicated electrochemical model that would 

have to account for mass transport phenomena.  Finally, this analysis studies both the 

steady state and transient thermal distribution in the fuel cell stack and how this 

distribution is affected by stack size, operation current and mass flow rate of air flowing 

though the cathode/cooling channels.    
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1. INTRODUCTION 

 

 

1.1 MOTIVATION 

For the past 200 years industry has heavily relied on the use of fossil fuels.  It was 

not until the 1970s that the aftermath of this excessive use of fossil fuels started to 

concern the general public.  Ever since, the scientific community has been researching 

alternative ways to provide energy while reducing or completely eliminating greenhouse 

gas (GHG) emissions.  In 1997, the United Nations came to an agreement known as the 

Kyoto Protocol.  The most outstanding characteristic of the Kyoto protocol is that it sets 

constraints to 37 industrialized countries and the European community for reducing GHG 

emissions to an average of 5% of 1990 levels over the 5 year-period 2008-2012 [1].  The 

protocol entered into force in 2001.  These imposed restrictions have been the main 

driving force behind the boom of research in renewable energies such as solar, wind, 

geothermal, nuclear, batteries, fuel cells, etc.  Due to the higher power density, scaling, 

economical affordability, safety measures and resource availability that fuel cells offer in 

comparison to other renewable energy options, this research concentrates on fuel cells.  

More specifically, this research focuses on the thermal modeling of fuel cell which is a 

key determining factor for their durability and efficiency. 

 

1.2 FUEL CELL OPERATION  

Fuel cells are electrochemical devices that convert the chemical energy of a 

reaction directly into electrical energy.  The hydrogen combustion reaction is split into 

two electrochemical reactions  

 
2 2 2H H e   (1) 

 2 2
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2 2

2
O H e H O    (2) 

When these two reactions are physically separated, the electrons from the 

hydrogen can be conducted to a load through an electric circuit before completing the 

reaction.  The electrodes (anode and cathode) in which the reactions take place are 
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separated by an electrolyte that allows ions, but not electrons to flow through.  Figure 1.1 

shows the schematic of the basic unit of a fuel cell. 

 

 

 

 

Figure 1.1. Schematic of an single cell fuel cell [2]. 

 

 

 

 

By stacking multiple units together, fuel cells of different power capabilities can 

be configured.  As Figure 1.1 shows, in a typical fuel cell fuel (generally hydrogen) and 

oxidant are continuously fed into the anode and cathode, respectively.  For this reason, 

fuel cells are often compared to combustion engines.  However, since fuel cells convert 

chemical energy into electrical energy, they are more efficient than combustion engines.  

Also, fuel cells have no moving parts, this making them a more reliable and longer 

lasting system than a combustion engine.  Moreover, fuel cells do not emit undesirable 

gases, such as NOx, SOx, or particulates.  Also, due to their components and 

characteristics, fuel cells can also be compared to batteries.  However, while fuel cell’s 

capacity is determined by the amount of fuel supplied, batteries act like a reservoir only 
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containing as much energy as chemical reactant can be stored in it.  After the battery is 

discharged, it has to be connected to another power supply in order for it to be useful 

again.  Fuel cells have a highly scalable design, which makes them suitable as electrical 

generators in large power plants or buildings.  They are also widely used for mobile 

applications such as in the automotive industry, laptops or smaller electronics such as cell 

phones. 

There are multiple types of fuel cells that are characterized by the combination of 

types of fuel and oxidant they utilize, fuel reforming capabilities, the type of electrolyte, 

the operating temperature, whether the reactants are fed to the cell by internal or external 

manifolds, etc.  However, the most common fuel cell classification is by type of 

electrolyte: polymer electrolyte membrane fuel cell (PEMFC), alkaline fuel cell (AFC), 

phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), and solid oxide 

fuel cell (SOFC) [2].  The operating temperatures of these different types of fuel cells 

range from ~80
o
C (PEMFC) to 1000

o
C (SOFC).  The fuel cell operating temperature is a 

key factor for the operating life of the fuel cell.  The fuel cell temperature will affect the 

degradation of the electrodes and electrolyte, as well as the rate at which the chemical 

reaction will be converted to electrical power.  This thesis focuses on the importance of 

the thermal modeling of these fuel cell systems.  

The PEMFCs are the most commonly used fuel cells for every-day-use 

applications because of their low operating temperature.  For that reason they have also 

been a main research focus for years.  The PEMFCs use a thin polymer membrane as 

electrolyte to conduct ions.  Moreover, PEMFCs have to be fed pure hydrogen and will 

use either pure oxygen or air as the oxidant.  The material used for the membrane in the 

majority of PEMFCs is Nafion®.  In order to promote the transfer of electrons, this 

membrane has to be properly hydrated.  Nafion® membranes are characterized by having 

a polytetrafluoroethylene structure bonded to sulfonic acid  - +

3SO H  chains that provide 

charge sites for proton transport [3].  When sufficient water exists in the membrane, ionic 

conduction in the membrane behaves in a similar way to that in a liquid electrolyte.  

Water in the fuel cell is constantly being created by the electro-chemical reaction.  On the 

other hand, at high temperatures water will also be constantly evaporated.  Flooding and 

dehydration will limit the longevity of the membrane and the fuel cell.  Therefore, water 
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management is another key factor for the proper functionality of the cell.  As it can be 

seen, water and temperature management are very tightly linked together.  Both factors 

not only affect the durability of the fuel cell, but also the reaction rate, which determines 

the fuel cell efficiency.   
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2. LITERATURE REVIEW 

In the 1990s several one dimensional models were published [4-7], but these 

models do not model any cooling mechanism.  Amphlett et al. [5] developed a dynamic 

cell stack model; however, like [4, 6, 7], the temperature distribution through the stack 

was not studied.  In 2000, R.F. Mann et al. [8] and N. Djilali et al. [9] developed more 

complicated one dimensional fuel cell models.  These models described only steady-state 

temperature characteristics.  Later,Yang et al. [10] presented a complete three 

dimensional CFD thermal model and experimental validation of their results.  However, 

the experimental validation provided does not include the temperature distribution 

throughout the stack.  Instead, the validation is only done through the fuel cell 

polarization curve at different operating temperatures.  Later, more detailed models that 

incorporated more layers in the fuel cell were published [11-13].  Xue et al. [12] provided 

experimental validation; however, the empirical data only provided insight of the reactant 

flow rates, and membrane current and voltage.  During this time [11 and 13] major 

advances were achieved in the study of water throughout the membrane and how it was 

affected by temperature changes.  As it can be seen, the literature regarding fuel cell 

modeling before 2008 [14-20] does not show any major steps in the study of temperature 

effects or management within a fuel cell stack  References [14-19] validate focus their 

thermal modeling through observations of the polarization curve.  However, no real 

insight of the temperature distribution within the stack was obtained.  Spiegel [20] 

developed an FEA model that divided the fuel cell into layers, each layer representing a 

finite element.  The analysis then proceeded through an energy balance.  However, the 

analysis does not include thermal contact resistance between the materials and combines 

the energy balance between layers and their heat transfer through conduction.  Spiegel 

[20] only validated her results based off of the data obtained through the polarization 

curve.  Gao and Blunier [21] developed a thermal model, similar to [20], and studied the 

temperature distribution in the fuel cell stack and its evolution in time for different 

current inputs.  However, neither of these models included thermal contact resistances, 

which is crucial for correct thermal modeling.   
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Fuel cell research has led to a new generation of PEM fuel cells which incorporate 

an air cooling system to the oxidant feeding channels.  This new configuration presents 

noticeable advantages in the fuel cell industry such as the elimination of an independent 

supply for pure oxygen making fuel cells more suitable for portable applications.  Rajani 

et al. [22] developed a two-dimensional steady-state non-isothermal model for these types 

of fuel cells. Sasmito et al. [23] developed a two-phase mathematical model that 

concentrated on the flow-field of forced air through the stack cooling channels and its 

effect on the stack performance.  O’Hayre et al. [24] studied a one-dimensional, non-

isothermal model that combined heat and mass transport in a air-breathing natural 

convection PEM fuel cell.  Momer et al. [25] studied the effect of temperature on 

humidity for air-breathing fuel cells.  Lister et al. [26] developed a three-dimensional 

thermal model for microstructured air-breathing fuel cells using finite difference 

methods.   

 

2.1 RESEARCH CONTRIBUTION   

The model presented in this research is a detailed thermal model of a PEM fuel 

cell stack based on first principles that uses thermal contact resistances to calculate the 

heat transferred between the different fuel cell layers.  The analysis of this model will 

answer some questions not yet addressed in the literature.  This work clearly establishes 

the relationship between the different contributions to the heat generation in the fuel cell 

to the current drawn.  Also, the model mathematically analyzes all elements traditionally 

involved in the energy balance of the fuel cell and reveals some simplifications that have 

not examined before. The work presented in this thesis also offers a new perspective to 

the analysis of open cathode fuel cells by comparing the stack to a heat exchanger.  This 

comparison provides researchers and designers with a tool to quickly evaluate heat 

dissipation in the fuel cell stack.  The analysis carried out in this work studies in detail the 

speed of response of the system’s temperature to different inputs.  This analysis will help 

in the design of controllers for these fuel cell systems by providing a better understanding 

of their dynamics to the scientific community. 
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I.  Thermal Modeling and Analysis of Polymer Electrolyte Membrane Open 

Cathode Fuel Cells 

 

 

Blanca Ollero-Loranca 

Missouri University of Science and 

Technology 

Rolla, Missouri 

both5@mst.edu 

 

Dr. Robert Landers 

Missouri University of Science and 

Technology 

Rolla, Missouri 

landersr@mst.edu 

Abstract 

In the past decade renewable energies have increasingly become a commodity in 

everyday life.  Because of their high power densities and their application versatility, fuel 

cells have stood out among other sources of renewable energy.  In order to improve this 

technology as the needs for it increases, accurate thermal modeling is essential.  

Researchers in the past have investigated the effect that temperature has on fuel cell 

performance.  However, not much work has been done on the analysis of the thermal 

dynamics of these devices and no one, to the authors’ knowledge, has studied the speed 

of response in thermal changes as a function of stack size, current demand and air mass 

flow rate. 

This paper presents a one-dimensional lumped model for an open cathode 

polymer electrolyte fuel cell.  This study analyzes the contribution of all of the heat 

sources traditionally involved in the thermal study of fuel cells, and determines 

simplifications that have not been identified previously in the literature.  Moreover, this 

work presents an analysis of open cathode fuel cells by comparing the fuel cell stack to a 

heat exchanger.  This analogy provides researchers with a tool to evaluate heat 

dissipation in air breathing fuel cells without having to develop a complicated 

electrochemical model that would have to account for mass transport phenomena.  

Finally, this analysis studies both the steady state and transient thermal distribution in the 
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fuel cell stack and how this distribution is affected by stack size, operation current and 

mass flow rate of air flowing though the cathode/cooling channels.       

  

1  Introduction 

  In 1997, the United Nations came to an agreement known as the Kyoto Protocol 

in which the participating countries committed to reduce their greenhouse gas emissions 

by 5% by 2012.  These imposed restrictions have been the main driving force behind the 

boom of research in renewable energies such as solar, wind, geothermal, nuclear, 

batteries, fuel cells, etc.  Due to higher power density, scaling, resource availability and 

the non-existence of toxic biproducts that fuel cells offer in comparison to other 

renewable energy options, fuel cells have received substantial focus in the literature.  The 

research conducted in this paper focuses on the thermal modeling of fuel cells, which is a 

key determining factor for their durability and efficiency. 

Fuel cells are electrochemical devices that convert the chemical energy of a 

reaction directly into electrical energy.  The hydrogen combustion reaction is split into 

two electrochemical reactions 

 
2 2 2H H e   (1) 

 2 2

1
2 2

2
O H e H O    (2) 

When these two reactions are physically separated, the electrons from the hydrogen can 

be conducted to a load through an electric circuit before completing the reaction.  The 

electrodes (anode and cathode) in which the reactions take place are separated by an 

electrolyte that allows ions, but not electrons to flow through.   

There are multiple types of fuel cells that are characterized by the combination of 

the types of fuel and oxidant they utilize, fuel reforming capabilities, type of electrolyte, 

operating temperature, whether the reactants are fed to the cell by internal or external 

manifolds, etc.  However, this paper concentrates on Polymer Electrolyte Membrane Fuel 

Cells (PEMFC) as they are very common due to their low operating temperature (~80
o
C).  

The fuel cell operating temperature is a key factor for the operating life of the fuel cell.  
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The fuel cell temperature will affect the degradation of the electrodes and electrolyte, as 

well as the rate at which the chemical reaction will be converted to electrical power.  This 

paper focuses on the thermal modeling of PEM fuel cells.  

The PEMFCs use a thin polymer membrane as electrolyte to conduct ions.  

Moreover, PEMFCs have to be fed pure hydrogen and will use either pure oxygen or air 

as the oxidant.  The material used for the membrane in the majority of PEMFCs is 

Nafion®.  In order to promote the transfer of electrons, this membrane has to be properly 

hydrated.  Water in the fuel cell is constantly being created by the electro-chemical 

reaction.  On the other hand, at high temperatures water will be constantly evaporated.  

Flooding and dehydration will limit the longevity of the membrane and, thus, the fuel 

cell.  Therefore, water management is another key factor for proper fuel cell 

functionality.  As it can be seen, water and temperature management are very tightly 

linked together.  Both factors not only affect fuel cell durability, but also the reaction rate, 

which determines fuel cell efficiency.  

In order to control the fuel cell temperature to obtain optimal water activity and 

overall efficiency, modeling is the first step.  Many fuel cell thermal models have been 

developed.  Most of these models only focus on the static behavior of the fuel cell 

temperature or the dynamic behavior of the membrane.  The fuel cell thermal models 

developed so far incorporate lumped energy equations.  However, many of these models 

do not provide the temperature distribution throughout the stack.  Instead, many of the 

models in the literature show the effects of the operating temperature on the stack 

performance.  

In the 1990s several one dimensional models were published [1-4], but these 

models do not include a cooling mechanism.  Amphlett et al. [2] developed a dynamic 

cell stack model; however, similar to [1, 3, 4], the temperature distribution through the 

stack was not studied.  In 2000, Mann et al. [5] and Djilali et al. [6] developed more 

complicated one dimensional fuel cell models that only described steady-state 

temperature characteristics.  Later, Yang et al. [7] presented a complete three dimensional 

CFD thermal model and experimental validation of their results.  However, the 

experimental validation provided does not include the temperature distribution 

throughout the stack.  Instead, the validation is only done through the fuel cell 
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polarization curve at different operating temperatures.  Later, more detailed fuel cell 

systems thermal models that include more components in the fuel cell stack were 

developed [8-10].  Xue et al. [9] provided experimental validation; however, the 

empirical data only provided insight of the reactant flow rates, and membrane current and 

voltage.  During this time major advances were achieved in the study of water 

concentration in the membrane and how it was affected by temperature changes [8, 10].  

The work in [11-16] only validate their thermal fuel cell models through observations of 

the polarization curve.  However, no insight of the temperature distribution within the 

stack was obtained.  Spiegel [17] developed an FEA model that divided the fuel cell into 

layers, each layer representing an element.  The analysis then proceeded through an 

energy balance.  However, the analysis does not include thermal contact resistance 

between the materials and combines the energy balance between layers and their heat 

transfer through conduction.  Spiegel [17] only validated her results based off of the data 

obtained through the polarization curve.  Gao and Blunier [18] developed a thermal 

model, similar to [17], and studied the temperature distribution in the fuel cell stack and 

its evolution in time for different current inputs.  However, neither of these models 

included thermal contact resistances, which is crucial for correct thermal modeling.   

Fuel cell research has led to a new generation of PEM fuel cells which incorporate 

an air cooling system to the oxidant feeding channels.  This new configuration presents 

noticeable advantages in the fuel cell industry such as the elimination of an independent 

supply for pure oxygen making fuel cells more suitable for portable applications.  Rajani 

et al. [19] developed a two-dimensional steady-state non-isothermal model for these types 

of fuel cells. Sasmito et al. [20] developed a two-phase mathematical model that 

concentrated on the flow-field of forced air through the stack cooling channels and its 

effect on the stack performance.  O’Hayre et al. [21] studied a one-dimensional, non-

isothermal model that combined heat and mass transport in a air-breathing natural 

convection PEM fuel cell.  Momer et al. [22] studied the effect of temperature on 

humidity for air-breathing fuel cells.  Lister et al. [23] developed a three-dimensional 

thermal model for microstructured air-breathing fuel cells using finite difference 

methods.   
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The model presented in this research is a detailed thermal model of a PEM fuel 

cell stack based on first principles that uses thermal contact resistances to calculate the 

heat transferred between the different fuel cell layers.  The analysis of this model will 

answer some questions not yet addressed in the literature.  This work clearly establishes 

the relationship between the different contributions to the heat generation in the fuel cell 

to the current drawn.  Also, the model mathematically analyzes all elements traditionally 

involved in the energy balance of the fuel cell and reveals some simplifications that have 

not been previously examined before. The work presented in this paper also offers a new 

perspective to the analysis of open cathode fuel cells by comparing the stack to a heat 

exchanger.  This comparison provides researchers and designers with a tool to quickly 

evaluate heat dissipation in the fuel cell stack.  The analysis conducted in this work 

studies in detail the speed of response of the system’s temperature to different inputs, 

such as air mass flow rate and current demand.  This analysis will help in the design of 

controllers for these fuel cell systems by providing a better understanding of their 

dynamics. 

 

2  Single Cell Model 

The schematic of a single cell fuel cell is shown in Figure 1.  The fuel cell 

temperature is modeled by coupling the equations that describe the five layers shown in 

Figure 1: two end plates, two bipolar plates and one Membrane Electrode Assembly 

(MEA).   
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Fig. 1.  Single cell fuel cell schematic. 

 

 

 

The heat balance for the single cell fuel cell is displayed in Figure 2.  Five differential 

equations governing this system are derived by performing an energy balance of each 

layer.  Two algebraic equations describing the heat dissipated by the fluid are derived by 

performing a fluid energy balance. 

 

 

 

 

Fig. 2.  Single cell heat balance.  
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2.1  Left End Plate.  The differential equation describing the heat transfer  

dynamics of the left end plate is 

 
     L L L

EP surr BPP

EP

dT t Q t Q t

dt 


  (3) 

where L

EPT  is the left end plate temperature (K), Qsurr is the convective heat coming from 

the fuel cell surroundings (W), 
,EP BPPQ is the conductive heat transferred from the left 

bipolar plate to the end plate (W) and EP is the end plate thermal mass (J/K).  The terms 

in equation (3) are 

     0

L L

surr surr EP EPQ t h A T T t   (4) 

       , "

,

L
L LBPP

EP BPP BPP EP

EP BPP

A
Q t T t T t

R
   (5) 

 EP EP EP EP EPA l c   (6) 

where hsurr is the convective heat transfer coefficient from the fuel cell’s surroundings 

(W/m
2
K), EPA  is the end plate area (m

2
), L

BPPA is the bipolar plate left face area (m
2
), 

"

,EP BPPR  is the thermal contact resistance between the end plate and the bipolar plate 

(m
2
∙K/W), EPl  is the end plate thickness (m), EP  is the end plate density (kg/m

3
), EPc  is 

the end plate specific heat (J/g∙K), T0 is the environmental temperature (K),
 

L

EPT  is the left 

end plate temperature (K) and L

BPPT  is the left bipolar plate temperature (K).  

2.2  Left Bipolar Plate.  The left face of the bipolar plate is a flat surface.  

However, the right face of the bipolar plate has channels embedded in it.  For this reason, 

both the conduction from the layer to the right of the bipolar plate and the convection 

from the air flowing through the channels will have to be taken into account.  Two 

different areas are considered 

   1 2S S S

BPP chan BPPA a N b w    (7) 
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  2V V

BPP BPP chan BPP chanA a w l w N   (8) 

where S

BPPA  is the area of the solid part of the right face of the bipolar plate (m
2
), V

BPPA  is 

the area of the bipolar plate in contact with the air flowing through the channels (m
2
) and 

Nchan is the number of channels.  The other variables are illustrated in Figure 3. 

 

 

 

 

Fig. 3.  Bipolar plate dimensions. 

 

 

 

The heat generated by the bipolar plate is only caused by Joulean heating.  

According to Joule’s Law, the energy generated by any electrical device is  

 
2Q i R  (9) 

where Q is the energy generated (W), R is the electrical resistance (Ω) and i is the current 

(A).  The energy that is not converted to electrical energy will be lost as heat energy.  The 

differential equation describing the heat transfer dynamics of the left bipolar plate is 
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       , , _  S L resL

EP BPP BPP MEA air BPP BPPBPP

BPP

Q t Q t Q t QdT t

dt 

   
  (10) 

where L

BPPT  is the left bipolar plate temperature (K), L

EPQ  is the heat transferred by 

conduction from the left end plate to the left bipolar plate (W), ,

s

BPP MEAQ is the heat 

transferred by conduction from the MEA to the solid part of left bipolar plate in contact 

with the MEA (W),  _

L

air BPPQ  is the convective heat dissipated by the air in the channels 

of left bipolar plate (W), res

BPPQ  is the heat generated by the current flowing through the 

bipolar plate (W), which is solely caused by Joulean heating, and BPP
 
is the bipolar plate 

thermal mass (J/K).  The terms in equation (10) are 

       , "

,

S
S LBPP
BPP MEA MEA BPP

MEA BPP

A
Q t T t T t

R
   (11) 

       _

L V L L

air BPP chan BPP air BPPQ t h A T t T t   (12) 

   2
res

res BPP BPP
BPP

BPP

l
Q i i

A


  (13) 

 L

BPP BPP BPP BPP BPPA l c   (14) 

where 
"

,MEA BPPR  is the thermal contact resistance between the MEA and the bipolar plate 

(m
2
∙K/W), BPPl  is the bipolar plate thickness (m), MEAl  is the MEA thickness (m), hchan is 

the convective heat transfer coefficient in the channels (W/m
2
K), BPP  is the bipolar plate 

density (kg/m
3
), BPPc  is the bipolar plate specific heat (J/g∙K), i is the current through the 

stack (A), res

BPP  is the bipolar plate material electrical resistance (Ω∙m), TMEA is the MEA 

temperature (K) and L

airT is the air temperature in the channels of the left bipolar plate (K).   

The convective heat transfer coefficient is dependent on the flow regime, which 

consists of the flow development and the channel geometry.  The effective diameter (i.e., 

hydraulic diameter) of the square channel (m) is  
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2 V V

H V V

a w
D

a w



 (15) 

where w
V
 is the channel width (m) and a

V
  is the channel height (m) illustrated in Figure 

3.  The Reynolds number is  

 
4

Re air
D

H

m

D 
  (16) 

where   is the fluid viscosity (kg/m∙s).  Turbulent flow occurs if Re ≥ 2300 [24].  If the 

flow is turbulent and L/DH  ≥ 10, the flow will be fully developed.  Also, if the flow is 

laminar and L/DH  ≥ 5×10
-2

RePr, where Pr is the Prandtl number, the flow will be fully 

developed as well.  The Nusselt number is 

  Nu Re ,PrH
D D

hD
f

k
   (17) 

where k is the fluid conduction heat transfer coefficient (W/m∙K).  In turbulent fully 

developed flow, when 0.5 Pr 2000   and 63000 Re 5 10D   , the Nusselt number is 

[24] 

 
  

   
1/2 2/3

/ 8 Re 1000 Pr
Nu

1 12.7 / 8 Pr 1

D

D

f

f




 
 (18) 

where f is the Moody friction factor [24].  The fuel cell air channels can be approximated 

by correlations that accurately approximate the smooth surface condition.  Such relations 

are 

 
1/4 4

1/5 4

0.316Re           for Re 2 10

0.184Re           for Re 2 10

D D

D D

f

f





  

  
 (19) 

In fully developed laminar flow, with the fuel cell channel geometries considered in this 

study, Nu ≈ 3.39.  However, if the conditions determine that the flow is developing 

throughout the channel, the Nusselt number is then [24] 

 
 

 
2/3

0.0668 / Re Pr
Nu 3.39

1 0.04 / Re Pr

H BPP D

D

H BPP D

D w

D w
 

   

 (20) 
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2.3  Membrane Electrode Assembly.  The irreversible reaction heat and entropic 

heat in the cathode catalyst layer are the major contributors to heat generation in the PEM 

fuel cell, accounting for roughly 80 to 90% of the total waste heat released [28].  The 

differential equation describing the heat transfer dynamics of the MEA is  

 
         int

, , _+
                  

R S V

BPP MEA BPP MEA air MEA MEAMEA

MEA

Q t Q t Q t H Q tdT t
=

dt 

  
 (21) 

where, ,

R

BPP MEAQ  is the heat transferred from the left face of the right bipolar plate to the 

MEA by conduction (W), _

V

air MEAQ  is the heat dissipated from the MEA by the air in the 

channels of the left bipolar plate by convection (W), ΔH is the change of enthalpy of the 

species in the MEA (W), int

MEAQ  is the internal heat generated in the MEA (W) and MEA is 

the MEA thermal mass (J/K).  The terms in equation (21) are 

       , "

,

L
R RBPP
BPP MEA BPP MEA

MEA BPP

A
Q t T t T t

R
   (22) 

       _

V V L

air MEA chan MEA air MEAQ t h A T t T t   (23) 

        
2 2 2H O H OH t H t H t H t      (24) 

       
2 2 2

net

H O H O MEA H O A CH t J A MW T t T t    (25) 

     
2 2 2 2 2, , ,H H c H H out H inH t m c T t T    (26) 

     
2 2 2 2 2, , ,O O c O O out O inH t m c T t T    (27) 

 MEA MEA MEA MEA MEAρ A l c   (28) 

where 
2H OH  is the change of enthalpy of the water present in the MEA (W), 

2HH  is 

the change of enthalpy of the hydrogen present in the MEA (W), 
2OH  is the change of 

enthalpy of the oxygen present in the MEA (W), 
2H OMW  is the molecular weight of water 

(18 g/mol), TA is the anode temperature (K), which is assumed to be the same as R

BPPT , TC 
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is the cathode temperature (K), which is assumed to be the same as L

BPPT , 
2 ,H outT  is the 

temperature of the hydrogen at the stack outlet (K), which is assumed to be the same as 

MEAT ,  
2 ,H inT  is the temperature of the hydrogen at the stack inlet (K),  which is assumed 

to be the same as R

BPPT , 
2 ,O outT  is the temperature of the oxygen at the stack outlet (K), 

which is assumed to be the same as MEAT ,   
2 ,O inT  is the temperature of the oxygen at the 

stack inlet (K), which is assumed to be the same as R

BPPT ,  MEAA is the MEA area (m
2
), 

MEA  is the MEA density (kg/m
3
), MEAc  is the MEA specific heat (J/g∙K), 

2H Oc  is the 

specific heat of the water present in the MEA (J/g∙K), 
2Hc  is the specific heat of 

hydrogen (J/g∙K), 
2Oc  is the specific heat of oxygen (J/g∙K), V

MEAA  is the total area of the 

MEA in contact with the air flowing through the channel (m
2
),  R

BPPT  is the right bipolar 

plate temperature (K) and 
2H O

m  is the mass flow rate of water in the MEA (g/s).   

Hydrogen and oxygen coming from the anode and cathode, given by flow rates

2Hm and 
2Om , respectively, are consumed in the MEA while water is being generated.  

The consumption mass flow rate of the species (g/s) is 

 c e

i
m MW

n F
  (29) 

where MW is the molecular weight of the species being consumed (g/mol), i.e., hydrogen 

or oxygen. 
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Fig. 4.  Example of a PEM fuel cell polarization curve [25]. 

 

 

 

In fuel cells, multiple losses occur during operation that affect the heat generation 

in the MEA.  As Figure 4 illustrates, such losses can be depicted in a polarization curve 

and categorized as activation losses, ohmic losses and concentration losses.  The total 

fuel cell operating voltage is  

          total thermo act ohmic concE t E t j j j       (30) 

where Etotal is the total fuel cell operating voltage (V), Ethermo is the ideal thermodynamic 

voltage at the operating conditions, i.e., operating temperature and pressure, (V), act  is 

the activation voltage loss (V), ohmic  is the ohmic voltage loss (V), conc  is the 

concentration voltage loss (V) and j is the fuel cell current density (A/cm
2
).  These terms 

are modeled, respectively, by [29] 

  0

0 ln
i

i

P
thermo

e e R

as RT
E E T T

n F n F a





 
     

 
 (31) 

  logact a b j    (32) 
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  ohmic ohmicj ASR   (33) 

 ln L
conc

L

j
c

j j


 
  

 
 (34) 

where E
0
 is the open circuit potential voltage (1.229 V), ne is the number of electrons 

involved in the reaction, F is Faraday's constant, s  is the entropy change of the reaction 

taking place in the fuel cell, T is the operation temperature (K), R is the ideal gas 

constant, i

Pa
  and i

Ra
  are, respectively, the activities of each species in the products and 

the reactants (atm), a and b are parameters obtained from Taffel kinetics, ASRohmic is the 

area normalized fuel cell resistance (Ω∙cm
2
), c is a constant that defines the concentration 

losses and jL is the fuel cell limiting current density (A/cm
2
).  However, Etotal can also be 

modeled as [27] 

      ln enj

total thermoE t E t A j jR m     (35) 

Equation (35) is a semiempirical model whose parameters are obtained from the nominal 

fuel cell polarization curve. 

Internal heat generation in the membrane is caused by the entropic heat of 

reactions (irreversible heat of electrochemical reactions) responsible for concentration 

and activation overpotentials, as well as Joulean heating.  The heat generated in the MEA 

is  

          int ln
i

i
e e

P
MEA MEA act conc ohmic

R

as R
Q t i T t j j j

n F n F a




  

    
       

     

 (36) 

Comparing equation (36) to the power output of a fuel cell operating at voltage Etotal, 

obtained from equation (31), and current i, it is observed that a PEM fuel cell produces 

nearly a similar amount of waste heat as it does electric output power, rendering an 

energy conversion efficiency of roughly 50% [28].   

It is important to note that ASRohmic  is highly dependent on the water content in 

the membrane and the membrane thickness.  One of the most commonly used polymer 

electrolytes in fuel cells is Nafion®.  It has been well established in the literature that 
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proton conductivity in Nafion® increases linearly with increasing water content and 

exponentially with increasing temperature [29] 

     
 

303

1 1
, exp 1268

303
MEA K

MEA

T t
T t

   
  

    
   

 (37) 

   3 3

303 5.193 10 3.26 10K        (38) 

where σ is the membrane conductivity (S/cm) and λ is the water content in the membrane 

(cm
2
/s).  Now, ASRohmic is 

 
 0

 
MEAx

ohmic

dx
ASR

x 




  

  (39) 

Nafion® membranes used in the fabrication of polymer electrolyte membrane fuel 

cells have sulfonic acid  - +

3SO H  chains that provide charge sites for proton transport 

[29].  When sufficient water exists in the membrane, ionic conduction occurring in it is 

similar to that in liquid electrolytes.  For this reason it is imperative to always keep the 

membrane fully hydrated. 

The ratio of the number of water molecules to the number of charged  - +

3SO H  

sites in the Nafion® membrane is the water content.  Springer et al. [30] developed the 

model of variable membrane hydration.  Their experimental results suggested that λ can 

vary from almost 0 (for completely dehydrated Nafion®) to 22 (for full saturation at 

100
o
C) and 16.8 when the membrane is fully saturated at 80

o
C.  For the purpose of the 

studies conducted this paper, the MEA is considered to always be fully hydrated; 

therefore, λ = 22.   For values of water content greater than 4 cm
2
/s, water diffusivity is 

[29] 

  2 2 4 3 61 1
exp 2416 2.563 0.33 2.64 10 6.71 10 10

303
D

T
       
          

  
(40) 

In order to obtain the water mass flow rate within the membrane, the water content can be 

converted to water concentration in Nafion® 
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2

dry

H O

m

C
M


  (41) 

where 
2H OC  is the water concentration in Nafion® (mol/m

3
), ρdry is the membrane dry 

density (~1970 kg/m
3
) and Mm is Nafion® dry density (~1.1 kg/mol). 

The number of water molecules dragged by each proton in the membrane is called 

the electro-osmotic drag coefficient, ndrag.  This coefficient determines the water 

movement within the membrane and varies linearly with the water content in the 

membrane [29] 

       for 0 22
22

SAT

drag dragn n


    (42) 

where 
SAT

dragn
 
≈ 2.5.  Consequently, the molar flux of water in the membrane due to the 

electro-osmotic drag will depend on the reaction rate  

  
 

2
2

2

drag

H O drag

j t
J t n

F
  (43) 

where 
2

drag

H OJ  is the molar flux of water in the membrane (mol/s∙m
2
) and the quantity 2F 

converts from current density to proton flux [29].  The net water flux in the membrane is 

a combination of the electrosmotic drag and back diffusion 

  
2 2

drynet drag

H O H O

m

d
J J D

M dx


 
   (44) 

Equation (44) can be rewritten as 

 
 

2
22 2

SAT m
drag

dry

x jMd
n

dx F D






 
  
 

 (45) 

where x is the distance within the MEA (m) and α is an unknown parameter that denotes 

the ratio of water flux to hydrogen flux flowing through the membrane from anode to 

cathode.  Solving equation (45) for λ in order to determine the water content as a function 

of the membrane’s thickness yields 
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  
11

exp
22

SAT

m drag

SAT

drag dry

jM n
x C x

n F D






 
    

 

 (46) 

where C is a constant to be determined from the boundary conditions, i.e., the water 

content in the cathode and anode side. 

 

2.4  Right Bipolar Plate.  Similar to the heat balance for the left bipolar plate, the 

 heat balance for the right bipolar plate is 

 
         , _ ,+ S R R resR

BPP EP air BPP BPP MEA BPPBPP

BPP

Q t Q t Q t +Q jdT t
=

dt 


 (47) 

where R

BPPT  is the right bipolar plate temperature (K).  The terms in equation (47) are 

       , "

,

S
S R RBPP
BPP EP EP BPP

EP BPP

A
Q t T t T t

R
   (48) 

       _

R V R R

air BPP chan BPP air BPPQ t h A T t T t   (49) 

where R

EPT  is the right end plate temperature (K) and R

airT  is the air temperature in the 

channels of the right bipolar plate (K). 

 

2.5  Right End Plate.  Similar to the heat balance for the left end plate, the heat 

 balance for the right bipolar plate is 

 
       _ ,

 

R V SR

surr air EP BPP EPEP

EP

Q t Q t Q tdT t

dt 

 
  (50) 

The terms in equation (53) are 

     0

R R

surr surr EP EPQ t h A T T t   (51) 

       _

V V R R

air EP chan EP air EPQ t h A T t T t   (52) 
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where V

EPA  = a
V
wBPP  is the total area of the end plate in contact with the air flowing 

through the channel (m
2
). 

 

2.6  Air Cooling.  The energy balance for the air in the channels in the left bipolar 

 plate is  

 

 
       

    

, ,

                    

air V L L

air air air air in air out chan BPP BPP air

V L

chan MEA MEA air

dT t
m c T T t h A T t T t

dt

h A T t T t

    

 

 (53) 

where airm  is the air mass flow rate in the channels (g/s), airc is the specific heat capacity 

of air (J/gK), 
,air inT  is the air temperature at the channel inlet (298 K) and 

,air outT  is the air 

temperature at the channel outlet (K).  It is assumed that 

     , ,

1

2

L

air air in air outT t T T t   (54) 

Since air has a considerably smaller thermal mass than any solid (~10
6
 times smaller), it 

is assumed that its thermal dynamics are significantly faster than those in the fuel cell 

layers and 

 
 

0
air

air

dT t

dt
  (55) 

Therefore, the temperature of the air in the channels is assumed to change instantaneously 

and, hence, the air energy balance for the channels between the left bipolar plate and 

MEA is 

            0 2 L V L L V L

air air air chan BPP BPP air chan MEA MEA airm c T t h A T t T t h A T t T t       (56) 

Similarly, the air energy balance for the channels between the right bipolar plate and the 

right end plate is 

            0 2 R V R R V R R

air air air chan BPP BPP air chan EP EP airm c T t h A T t T t h A T t T t       (57) 
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Equations (56) and (57) allow for the mismatch of heat transfer to/from the solid surfaces 

forming the channels.  Solving equations (56) and (57)  for the air temperatures, 

respectively, and assuming that Tair, in  = T0 yields 

  
   

 
02

2

V L V

air air chan BPP BPP chan MEA MEAL

air V V

air air chan BPP MEA

m c T h A T t h A T t
T t

m c h A A

 


 
 (58) 

  
   

 
02

2

V R V R

air air chan BPP BPP chan EP EPR

air V V

air air chan BPP EP

m c T h A T t h A T t
T t

m c h A A

 


 
 (59) 

Rearranging equations (3), (10), (21),  (47) and (50), and substituting L

airT  and R

airT  into 

equations (10), (21), (47) and (50) yields 
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The thermal model can now be expressed in matrix form as 

    t t T AT B  (83) 

where  
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2.7  N-cell Stack Model.  By modifying the same structure that was followed for  

the single cell model, the thermal model for an n-cell stack can be determined.  Figure 5 

illustrates the configuration of an n-cell stack.  

 

 

 

 

Fig. 5.  N-cell stack configuration. 

 

 

 

The number of layers (nlayers) in the thermal model is related to the number of cells (ncells) 

in the stack by  

 2 3layers cellsn n   (87) 

Since the layers forming the stack are the same as the ones forming the unit cell, the 

equations used to form the model are the same.  This yields a system of nlayers equations 

with nlayers states, each of which describes the temperature of a specific component in the 

fuel cell stack.   
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3  Physical System 

The hydrogen fuel cell model parameters for the simulation studies conducted in 

this paper are from a commercially available fuel cell, the Horizon H-200, shown in 

Figure 6.  The fuel cell maximum power is 200 W with a maximum amperage of 8 A.  

The stack consists of 48 cells.  The bipolar plates are constructed from graphite and the 

end plates from aluminum.  Also, as described previously, the polymer electrolyte 

membrane is Nafion®.  The configuration of this fuel cell is typical of an air breathing 

fuel cell, having an open cathode that feeds off of the air provided by the channels in the 

bipolar plates.  Each bipolar plate consists of 56 air channels.  These air streams also 

serve as a cooling system for this fuel cell system.  Due to the limitations in the fans 

speed, the maximum air flow rate that can be moved through an individual cell is 1.1×10
-

3
 g/s.  The maximum hydrogen flow rate that can be fed into the fuel cell is 1.5 ×10

-2
 g/s.  

This study, however, will only consider the amount of hydrogen that the fuel cell requires 

to operate at each current demand (0-4×10
-3

 g/s).  Another important characteristic of 

these fuel cells is that due to their open-cathode assembly, the cathode pressure will 

remain fixed at 1 atm.  In order to keep the membrane from deforming, the anode 

pressure will also be kept at atmospheric pressure.  The densities and specific heat 

capacities of the fuel cell materials are shown in Table 1. 

 

 

 

Fig. 6.  Horizon H-200 fuel cell stack. 

 



 

 

30 

Table 1  Specific heat capacities and densities of H-200 fuel cell materials. 

 
Density 

(kg/m
3
) 

Specific heat capacity 

(J/kg∙K) 

End Plate (Al) 2705 900 

Bipolar Plate (Graphite) 1625 770 

MEA 1800 872 

 

 

 

Note the MEA consists of two catalyst layers each (one for the anode and one for 

the cathode), two gas diffusion layers (GDL), one for the anode and cathode sides, and 

one Nafion® membrane.  In order to obtain the MEA density and specific heat capacity, 

the effective properties for the MEA are calculated with the values for each of these 

layers, as shown in Table 2.  The measured areas for the fuel cell used for the simulation 

studies in this paper are shown in Table 3.   

 

 

Table 2  Densities, specific heat capacities and layer volume of  materials forming the 

MEA layer [18]. 

 
Density 

(kg/m
3
) 

Specific heat 

capacity (J/kg∙K) 

Layer Volume 

(m
3
) 

Anode/Cathode 

GDL 
2000 840 5.90×10

-6
 

Anode/Cathode 

catalyst layer 
387 770 9.59×10

-7
 

Membrane 

(Nafion®) 
1970 1100 1.87×10

-6
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Table 3  Fuel cell areas of each heat transfer interface in the different layers. 

Layer 
Wet Area 

(m
2
) 

Solid Channel 

Area (m
2
) 

Solid Surface 

Area (m
2
) 

Left End Plate 1.447×10
−3

 1.596×10
−3

 6.522×10
−3

 

Left Bipolar Plate  7.599×10
−3

 1.596×10
−3

 3.044×10
−3

 

MEA 3.044×10
−3

 1.596×10
−3

 3.044×10
−3

 

Right Bipolar Plate  7.599×10
−3

 1.596×10
−3

 3.044×10
−3

 

Right End Plate  1.447×10
−3

 1.596×10
−3

 6.522×10
−3

 

 

 

 

The thermal contact resistances between the materials that form the MEA are 

between 2.0×10
−4

 and 6.7×10
−4

 m
2
∙K/W [32], and the thermal contact resistance between 

the bipolar plates and the MEA is 2.0×10
−4

 m
2
∙K/W [32].  Thermal contact resistances 

depend on surface finish and the pressure under which the fuel cell layers are clamped 

together.  It is then approximated that the thermal contact resistances are the same for all 

layer interfaces throughout the stack.  For the simulation studies conducted in this paper, 

all thermal contact resistances are assumed to be 2.0×10
−4

 m
2
∙K/W.   

In order to determine the heat generated in the MEA, the individual cell 

polarization curve is constructed (Figure 7).  The experimental data is obtained by 

measuring the fuel cell voltage as different currents are drawn from the fuel cell by 

means of a programmable load (BK Precission 8502 300W Programmable DC Electronic 

load).  The total voltage is then divided by the number of cells in order to determine an 

approximate nominal polarization curve for each cell. 
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Fig. 7.  Horizon H-200 single cell experimental polarization curve.  

 

 

 

An optimization method known as Particle Swarm Optimization (PSO) [33] is 

used to create a model of the single cell polarization curve.  Given the experimental data 

shown in Figure 8, the model parameters in equation (37) are optimized such that the 

difference between the model outputs and corresponding experimental data is minimized. 

The PSO method yields 
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 (88) 

where Aactive is the fuel cell active area (cm
2
).  From the results obtained from the 

polarization curve, it can be determined that Aactive = 14.22 cm
2
.  This value can be 

validated from the fuel cell stack sizing graph in the literature [26] where it is inferred 

that for fuel cell stacks with less than 1 kW power and 50 cells, the active area is ≤ 25 

cm
2
.  Also, the fuel cell area normalized fuel cell resistance is 0.6817 Ω∙cm

2
.  This 

parameter is comparable to the ranges given in the literature (0.1155 Ω∙cm
2
 ≤ R ≤ 0.6195 

Ω∙cm
2
) [1]. 
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 Since the ideal thermodynamic voltage is temperature dependent, this term was 

expanded as defined previously in equation (30).  Note there are two electrons involved 

in the reaction (n
e
 = 2), T0 = 298 K , R = 8.314 J/mol∙K, F = 96485.34 C/mol and s  = 

0.104 and -323.36 J/mol∙K for the anode and cathode reactions, respectively [31].  Since 

the cathode reaction energy is three orders of magnitude greater than that of the anode, 

only the entropy of the cathode is taken into consideration [31].  Also note that in order to 

compute Ethermo, since the anode and cathode pressures are 1 atm and oxygen represents 

21% or the air entering the fuel cell, equation (31) becomes 

  
 

  
 

 

8.314326.36 1
1.23 298 ln

2 96485.34 2 96485.34 0.21

MEA

thermo MEA

T t
E t T t

  
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 
 (89) 

From the terms obtained in equations (88), (89) and (35), the individual heat source terms 

for the membrane can be found and compared.  The different heat generation terms are 

plotted as a function of current in Figure 8 and compared to the total heat generation in 

the MEA. 

 

 

 

 
 Fig. 8.  Heat generation from different sources and total MEA internal heat generation 

versus current.  
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Often in the literature the concentration and activation losses are lumped together 

as one “activation” term.  In this paper, however, these two terms have been considered 

separately in order to study their effects independently.  As seen in Figure 8, from the 

parameters obtained through the polarization curve, the activation process is an 

endothermic event where the electrochemical reaction is absorbing heat energy in order 

to occur.  This is why operating the fuel cell at higher temperatures will favor the reaction 

and produce higher power, assuming optimum membrane hydration.  Also, comparing 

this term to the other heat generation terms, it is determined that the activation energy 

term can be ignored.  Lastly, the electrical resistivity of graphite is 1.75×10
−5

 Ω∙m and 

the bipolar plate thickness is 2.7 mm.  Referring to equation  (14), the heat generated in 

the bipolar plates is 

      
2 251.552 10res res BPP

BPP

BPP

l
Q t i t i t

A

     (90) 

 

4  Steady State Analysis 

4.1  One-cell Steady State Model.  In the steady state, equation (87) is  

  A T B 0
ss ss  (91) 

where 
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From the fuel cell-fan operation, the maximum flow rate that can be provided to the fuel 

cell is 1.39 L/min.  The Reynolds number obtained for the flow in each channel is smaller 
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than 650 for the entire range of fan operation.  Therefore, the flow in the channels will 

remain laminar for the entire range of fan speeds and hc = 69.24W/m
2
∙K.   

As previously mentioned, the membrane is considered to be fully hydrated; thus, 

it can be assumed that the membrane is fully saturated, i.e., 
 

0
d x

dx


 .  In this case  

  
2 2

61.822 10net drag

H O H OJ J i t    (94) 

Substituting this result into equation (25), the water enthalpy is 

         
2

61.822 10 R L

H O BPP BPPH t i t T t T t     (95) 

The enthalpies of hydrogen and oxygen, respectively, are 

         
2

41.492 10 R

H MEA BPPH t j t T t T t     (96) 

         
2

5

0 7.711 10 L

MEA BPPH t j t T t T t     (97) 

Moreover, with the specific material and geometric values previously given, it can be 

determined that the heat transferred by conduction from the left bipolar plate to the MEA 

is the same as the heat transferred by conduction from the right bipolar plate to the right 

end plate (3.669 W/K).  Similarly, the heat transferred by conduction between the left end 

plate and the left bipolar plate is the same as the heat transferred between the MEA and 

the right bipolar plate (6.9977 W/K).  The heat transfer convection coefficient with the 

surrounding air is 20 W/m
2
∙K, yielding a heat transfer by convection from the 

environment to the right and left end plates of 0.1304 W/K. Also, due to geometric 

similarities, the denominators of all the convection terms are the same   (i.e., 

2.4 0.6265airm  ).  In order to maximize the terms that appear in the Ass matrix as a 

function of inputs, i.e., current and mass flow rate, the maximum available current in the 

fuel cell and the minimum air mass flow rate are substituted into the terms of the Ass 

matrix.  When all of the terms in the Ass matrix are compared, it is found that the 

enthalpy terms, the convection terms and the MEA heat generation terms are at least one 

order of magnitude smaller than the conduction terms.  Neglecting these terms 
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 (98) 

The matrix Ass is singular when the mentioned terms are neglected and hence, the steady 

state temperatures cannot be computed.  Therefore, the errors in the steady state solution 

will be analyzed for different simplifications where these terms will be neglected in 

different combinations. 

In order to perform the steady state analysis, the terms forming matrix Bss will 

also be studied.  Examining the terms in the Bss matrix two terms can be distinguished in 

the rows corresponding to the bipolar plates’ energy balances, i.e., 2
nd

 and 4
th
 rows: a 

convection term and a heat generation term.  The first term depends on the mass flow rate 

of air going through the channels, while the second term depends on the current going 

through the bipolar plate.  Hence, the first term results in a minimum and maximum value 

of 3.4×10
−2

 and 0.340 W, respectively.  On the other hand, the heat generated by the 

bipolar plate is between 0 and 1.552×10
−4

 W.  Comparing these results it is determined 

that the heat generated by the bipolar plates is insignificant compared to the energy 

dissipated by convection by the air flowing through the bipolar plate channels and, hence, 

the heat generation term can be neglected.   

To ensure the simplifications previously mentioned are valid, the steady state 

temperatures are computed for multiple operating currents (1-8 A) and air mass flow 

rates (5.66×10
−5

-5.66×10
−4

 g/s).  These ranges were determined by the physical 

limitations of the Horizon fuel cell.  The steady state analysis is performed for different 

scenarios were each term indicated in Table 4 was included or not in the analyses.  

Comparing each case described in Table 4 to the analysis where all the terms are 

included, the errors in the steady state solutions obtained from neglecting the different 

terms in the system are obtained and shown in Table 4. 
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Table 4  Percent error in steady state temperatures for 1 cell neglecting enthalpies, air 

mass flow rates and/or heat generation in the bipolar plates. 

Case # 
Maximum % 

(ΔTss) 

Negligible Terms 

ΔH 
Convection 

terms in Ass 

res

BPP
Q  

Case 1 0 Included Included Included 

Case 2 1.06 Included Not Included Not Included 

Case 3 1.06 Included Not Included Included 

Case 4 3.81×10
−4

 Included Include Not Included 

Case 5 0.912 Not Included Included Included 

Case 6 Cannot compute Not Included Not Included Not Included 

Case 7 Cannot compute Not Included Not Included Included 

Case 8 0.913 Not Included Included Not Included 

 

 

 

As previously mentioned, the denominator in all of the convection terms is 

2.4 0.6265airm  .  The first term in this denominator is at least two orders of magnitude 

smaller than the second one.  Since cases 6 and 7 in Table 4 cannot be computed due to 

Ass being singular, the analysis was repeated ignoring only the air mass flow rate-

dependent term in the denominator in matrices Ass and Bss instead of the entire 

convection terms in Ass.  Comparing the results obtained proceeding with this analysis to 

the results shown in Table 4, the error in all the cases can be computed, i.e., Ass will not 

be singular in any case.  The errors in cases 1-5 and case 8 do not change from the values 

calculated in Table 4.  However, cases 6 and 7 now yield 0.95% error compared to the 

steady state solution obtained without neglecting any term.  

The analysis illustrates that due to the small heat storage capability of gases, the 

changes in enthalpy of the reactant and product species do not contribute considerably to 

the heat transfer problem and can be ignored.  Further, it is observed that the heat 

generated by the bipolar plate is negligible compared to the other terms in the energy 
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balance and can be neglected.  Studying the percent error obtained in the steady state 

solution, it could also be concluded that neglecting the air mass flow rate in the 

denominators of all the convection terms in the analysis would not affect the results 

noticeably since the error introduced ignoring this term is ~1%.  However, neglecting this 

denominator term yields an increase in the steady state temperatures as the air mass flow 

rate is increased.  Since this result does not make physical sense, the air mass flow rate 

will not be neglected in any term of the model. 

4.2  Heat Exchanger Analogy.  In order to validate the steady state analysis, an  

analogy between the fuel cell and a heat exchanger is made.  Assuming a parallel-flow 

heat exchanger (illustrated in Figure 9) with a heat source equal to the heat generated by 

the MEA and at a constant temperature Ts, the temperature of the air in the channels will 

exponentially tend to the temperature of the heat exchanger (i.e., the fuel cell 

temperature) as shown in Figure 10.   

 

 

 

 

Fig. 9.  Heat exchanger schematic.  The solid block is at a constant temperature (Ts).  
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Fig. 10.  Temperature distribution forheat exchanger with constant wall temperature. 

 

 

 

In Figure 10, Tm(x) is the mean fluid temperature at different locations along the channel.  

As observed in Figures 13 and 14, the fluid enters the heat exchanger at a mean 

temperature Tm(x = 0) = 298 K and exits at a temperature Tm(x = L).  The temperature 

difference between the channel wall, which is the same as the fuel cell’s bipolar plate 

temperature, and the air at the channel entrance is ΔT1, and the temperature difference 

between the channel wall and the air at the channel outlet is ΔT2.  The air energy balance 

in the channel is 

     0
airair p m mq m c T L T   (99) 

where q is the heat dissipated by the fluid flow (W).  Note that 

    2 10 .m mT L T T T      For a parallel-flow heat exchanger [24] 
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where q is the heat generated by the heat exchanger (W) and A is the channel wet area 

(i.e., the channel perimeter times the channel length) (m
2
).  Equating equations (99) and 

(100) and rearranging  
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Note that since the fuel cell is being approximated as a heat exchanger, the heat generated 

by the MEA will be equal to the heat generated by the heat exchanger (q) and will also be 

the same as the heat dissipated by the air flowing across the channels.  In order to analyze 

the temperature of the flow in each channel, the following assumption is made: the heat 

generated by the MEA will be evenly distributed in each channel. Therefore, assuming 

there are 56 channels in each bipolar plate and there is one bipolar plate at each side of 

the MEA, equation (99) becomes 

 
int / 2

56

MEAQ
q   (102) 

This heat generation is divided into two terms: Qt = ktTMEA being the heat generation 

portion dependent on the temperature (TMEA = Ts) and Ql being the heat generation 

portion dependent on the ohmic, concentration and activation losses.  Equating the heat 

transfer rate in equation (99) to the heat generated in the fuel cell and solving for Tm(L) 

yields 

    0

air

t s l
m m

air p

k T Q
T L T

m c


   (103) 

Substituting equation (103) into equation (101) and solving for the fuel cell temperature 

yields 
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where  

 exp

air

c

air p
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E

m c

 
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 
 

 (105) 

Figure 11 compares the fuel cell temperatures obtained through the heat exchanger 

analysis to the steady state temperatures obtained from the model exchanging the end 

plates for adiabatic boundary conditions. 
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Fig. 11.  Model fuel cell temperatures with no end plates and adiabatic boundary 

conditions (lines) and heat exchanger temperatures (markers). 

 

 

 

As seen in Figure 11, the parallel-flow heat exchanger temperature results 

accurately match the steady state fuel cell model (0% for all data).  The heat exchanger 

analysis brings new insight to the study of fuel cells as a first-approach steady state 

thermal model.  A new reverse engineering perspective is now given to the design of fuel 

cells:  the heat generated in the fuel cell can be determined first given a desired operating 

temperature.  Knowing the heat generation in the fuel cell, the voltage losses can be 

calculated, which will determine the specific characteristics of the desired fuel cell. 

 

4.3  N-cell Stack Steady State Model.  The single cell model can be extended to  

form a fuel cell stack with higher wattage capabilities. The effects of neglecting the 

enthalpy, heat generation in the bipolar plates or the mass flow rate of air terms in a 48-

cell stack is shown in Table 5. 
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Table 5  Percent error in steady state temperatures for 48-cell stacks neglecting 

enthalpies, air mass flow rates and/or heat generation in the bipolar plates. 

Case # 
Maximum % 

(ΔTss) 

Negligible Terms 

ΔH air
m  res

BPP
Q  

Case 1 0 Included Included Included 

Case 2 28.5 Included Not Included Not Included 

Case 3 28.5 Included Not Included Included 

Case 4 2.44×10
−3

 Included Include Not Included 

Case 5 0.754 Not Included Included Included 

Case 6 Cannot compute Not Included Not Included Not Included 

Case 7 Cannot compute Not Included Not Included Included 

Case 8 0.756 Not Included Included Not Included 

 

 

 

Comparing Tables 4 and 5, it can be observed that most errors are amplified as the 

number of cells in the stack is increased.  Also, similar to the single cell analysis, the air 

mass flow rate will be neglected in the denominator of the convection terms as a separate 

case study.  It is observed that the error introduced by ignoring the air mass flow rate in 

the denominators increases by almost 27 times in the 48-cell stack versus the single cell 

stack (29% error in computation of the steady state temperatures).  On the other hand, the 

error in the computation of the steady state temperatures introduced by neglecting the 

enthalpies and the heat generated by the bipolar plates remains under 1%, thus, these 

terms can be neglected. 

 In order to investigate the effects of different mass flow rates and operating 

currents on different size fuel cells, the steady state temperatures were computed for each 

fuel cell layer at different operating conditions.  Figures 12 and13 show steady state fuel 

cell temperatures for 16 and 48-cell fuel cell stacks, respectively. 
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Fig. 12.  Steady state temperature distribution as a function of mass flow rate and layer of 

a 16 cell-stack fuel cell operating at 2A, 5A and 8A. 

 

 

 

 

Fig. 13.  Steady state temperature distribution as a function of air mass flow rate of a 48 

cell-stack fuel cell operating at currents of 2, 5 and 8 A.  

 

 

 

As Figures 12 and 13 illustrate, the temperature distribution of each stack has a 

parabolic shape in the steady state.  These profiles show that the middle layer reaches the 

highest temperature and the end plates are the coldest areas.  Due to the larger dimensions 

and material properties of the end plates, the thermal mass of these layers is two orders of 
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magnitude larger than those of the other layers.  Greater thermal masses imply higher 

heat storage capacity.  In addition, the heat from these layers is dissipated by convection 

to the environment.  Thus, these two layers have the lowest temperatures.  Since the 

middle layers are more insulated from the environment, the shape of the heat distribution 

is expected.  Comparing the different sizes of fuel cells, it can be seen that the 

temperature distribution for the 48-cell stack encompasses a much wider range of values 

than the single cell fuel cell.  As the number of layers increase, the temperature difference 

between the middle layer and the exterior of the stack also increases.  Similarly, note that 

the maximum temperatures for one cell are lower than the maximum  temperatures for a 

the 48-cell stack.  This is due to the fact that, for the same current, larger fuel cells 

produce more energy (and therefore, more waste heat) as the power is approximately 

linearly scaled with the number of cells that form the stack. Again, comparing both fuel 

cells, it is observed that the 48-cell fuel cell is more affected by the air mass flow rate 

than the single-cell fuel cell.   

Figures 12 and 13 also show that for a constant current, the maximum steady state 

temperatures linearly decrease with increasing mass flow rates.  This observation is 

clearly illustrated in Figure 14. 
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Fig. 14.  Maximum steady state temperatures for different size fuel cell stacks operating 

at 4 A versus air mass flow rate per cell. 

 

 

 

As Figure 14 shows, the maximum steady state temperature increases for 

increasing number of cells and is more sensitive for larger fuel cell stacks.  Analysis 

shows the slopes of the curves in Figure 16 decrease linearly with increasing number of 

cells.  The rate at which heat is dissipated by the increasing air mass flow rate increases 

approximately linearly with increasing number of cells. 

Moreover, as Figures 12 and 13 illustrate, quadrupling the number of cells in the 

stack will significantly increase the overall stack temperatures, ~34% and ~42% for 

currents of 2 and 8 A operating conditions, respectively.  These results can be more easily 

visualized in Figure 15. 
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Fig. 15.  Maximum steady state temperatures versus number of cells for 5.668×10
−4

 g/s 

per cell. 

 

 

 

 

5  Dynamic Analysis 

The fuel cell operation is simulated for different scenarios.  In the first simulation, 

the air mass flow rate is kept constant at 2.86×10
−5

 g/s per cell.  The fuel cell temperature 

is analyzed by varying its operating current as illustrated by Figure 16. 

Each current step lasted long enough such that all of the layers reached their 

steady state temperatures.  One-cell and 48-cell stack fuel cell responses were simulated 

for the same current input.  Their dynamic temperature responses are illustrated in 

Figures 17 and 18, respectively. 
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Fig. 16.  Varying current input with time i = 4, 8 and 1 A. 

 

 

 

 

Fig. 17.   Left end plate and middle MEA temperatures versus time.  One-cell fuel cell 

temperature response to current input described by current profile in Figure 16 and air
m = 

2.86×10
−5

 g/s per cell. 

 

 

 

Comparing the middle MEA layer to the end plate one-cell stack temperature 

profiles, it can be observed that the end plate temperature settles down slightly after the 

middle MEA for the first two input steps and at the same time for the last step. 
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Fig. 18.  Left end plate and middle MEA temperatures versus time.  48-cell fuel cell 

temperature response to current input described by current profile in Figure 16 and air
m = 

2.86×10
−5

 g/s per cell. 

 

 

 

 

Comparing the middle MEA layer to the end plate in the 48-cell stack temperature 

profiles, it can be observed that the settling time is, ~20% faster in the middle MEA than 

it is in the end plate when the system experiences a current input change.  As seen in 

Figures 17 and 18, it takes about one hour for the fuel cell temperatures to reach their 

maximum values at the commanded current input.  Comparing the dynamics of both 

simulations, it can be observed that for the first two steps of the simulation, the dynamics 

of the 48-cell stack are slower than those in the one-cell stack.  However, the on the last 

step of the simulation, the one-cell stack settles down at a constant temperature in less 

time than the 48-cell stack.  In order to quantify how these systems responded to the 

current change, the settling time for each temperature variation is given in Table 6 for 

both systems. 
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Table 6   Settling times (hours) for each temperature variation described in Figures 19 

and 20. 

Location 
1 cell 48 cells 

1 A 4 A 8 A 1 A 4 A 8 A 

EP 1.10 1.09 1.06 1.75 1.32 0.94 

Middle MEA 1.04 1.03 1.00 1.30 0.87 0.52 

 

 

In the second simulation, the current is 4 A.  The fuel cell temperature was 

analyzed by varying the air mass flow rate as shown in Figure 19. 

 

 

 

Fig. 19.  Varying mass flow rate input with time air
m = 2.86×10

−5
, 5.72×10

−5
 and 1.43 

×10
−5

 g/s per cell. 

 

 

 

One-cell and 48-cell stack fuel cell responses were simulated for the mass flow 

rate input in Figure 19.  Their dynamic temperature responses are given in Figures 20 and 

21, respectively. 
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Fig. 20. Left end plate and middle MEA temperatures versus time. 

 One-cell fuel cell temperature response to the air mass rate input described by the profile 

in Figure 21 with i = 4 A. 

 

 

 

It is observed that the speed of response of the system temperature for the one-cell 

stack gets faster as the mass flow rate is increased.  Also, is observed that, the end plate 

responds ~5% slower than the MEA to every change in mass flow rate. 

 

 

 

Fig. 21.   Left end plate and middle MEA temperatures versus time. 

48-cell fuel cell temperature response to air mass flow rate input described by the profile 

in Figure 21 and i = 4 A. 
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In the 48-cell stack, the difference between the speeds of response of the different layers 

is more noticeable.  The end plate is ~70% slower than the middle MEA.  Also, similar to 

the one-cell fuel cell, as the mass flow rate increases, the system settling time decreases 

(with a ~5% difference between the settling times for the smallest and the largest mass 

flow rates).  The maximum temperature change experienced by the change in the air mass 

flow rate observed in Figure 20 is ~0.14
o
C, while the 48-cell fuel cell has a ~23

o
C 

difference between the smallest and the largest air mass flow rates.  In order to quatify 

how these systems responded to the air mass flow rate change, the settling time for each 

temperature variation is given in Table 7 for both systems. 

 

 

 

 

Table 7  Settling times (hours) for each temperature variation described in Figures 22 and 

23. 

Location 

1 cell 48 cells 

1.43 

×10
−5

 g/s 

per BPP 

2.86×10
−5

 

g/s per 

BPP 

5.72×10
−5

 

g/s per 

BPP 

1.43 

×10
−5

 g/s 

per BPP 

2.86×10
−5

 

g/s per 

BPP 

5.72×10
−5

 

g/s per 

BPP 

EP 1.075 1.071 1.067 1.112 1.087 1.063 

Middle MEA 1.018 1.014 1.011 0.673 0.650 0.628 

 

 

 

It has been shown that the temperature of each layer in the fuel cell responds to 

changes in current and air mass flow rate at different speeds.  In order to study the range 

of the system time constants, the fastest and slowest layers are studied.  As it was 

discussed previously, the end plates have greater heat storage capacity than the other 

layers in the MEA, thus, their dynamics are slower than the other layers.  Due to the fuel 

cell configuration, the dynamics of left end plate will be slightly slower than those of the 

right end plate.  Moreover, it was observed in the previous simulations that the speed of 
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response of the different layers was different for both size stacks.  Also, it was seen that 

the system also responded with different speeds based on the inputs (i.e., current and air 

mass flow rate).  For this reason, the time constants were investigated as a function of 

number of cells forming the stack, current and air mass flow rate.  Figure 22 illustrates 

the time constants for the left end plate and the middle MEA layer for a wide range of 

current, number of cells and air mass flow rates. 

 

 

 

 

a) Left end plate 

Fig. 22.  Time constants for fuel cell stacks of different sizes (1 to 50 cells) and different 

operation conditions. 
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b) Middle MEA  

Fig. 22.  Time constants for fuel cell stacks of different sizes (1 to 50 cells) and different 

operation conditions. (cont) 

 

 

 

As seen in Figure 22a, the time constants decrease as the current increase, 

independent of the number of cells.  For 2 A, as the number of cells increases, the time 

constants increase. For 6 and 10 A, the behavior of the stack is opposite from what is 

observed at low currents: the time constants decrease as the stack size increases.  

However, this behavior is only true for up to 25-cell stacks.  When increasing the number 

of cells beyond 25, the time constants again increase, even for larger currents.  For 10 A, 

increasing the number of cells from 13 to 25, decreases the time constant of the left end 

plate layer by 3.3%.  Increasing the number of cells even further, i.e. from 25 to 50 cells, 

increases the time constant by 2.4%.  On the other hand, for a current of 2 A, increasing 

the number of cells from 13 cells to 49 cells increases the time constant by 37.8%.  As 

observed in Figure 22b, similar to the behavior in the left end plate, as more cells are 

added to the stack the time constant of the middle layer decreases with increasing current.   

Comparing Figures 22a and b, it is observed that at 2 A the temperature dynamics 

for the middle layer are only 5% faster than those of the left end plate for a single cell.  

However, for the same stack configuration, at 10 A the middle layer temperature 



 

 

54 

dynamics has a time constant 50% faster than those of the left end plate.  Doing the same 

comparison for a 50-cell stack, at 2 A the middle layer temperature dynamics are 25% 

faster than those of the left end plate.  However, at 10 A the middle layer temperature 

response is 51% faster than that of the left MEA.  This analysis illustrates that, 

independent from the number of cells forming the stack, as currents increases, the time 

constants decrease.  This explains why fuel cells are so easily scalable, making them 

suitable for multiple applications from power plants to portable devices. 

Comparing both dynamic simulations, it can be observed that the system 

temperature is more sensitive to changes in current than it is to changes in air mass flow 

rate.  This behavior is supported by the time constant plots where the maximum change in 

the time constants due to the effects of air mass flow rate is a 13.7% increase for the 

middle MEA in a 51-cell stack operating at 2 A.  Therefore, it can be concluded that for 

thermal management purposes, the operating current will have a greater influence on the 

stack temperature than the air mass flow rate.   

The fuel cell system dynamics can be explained by isolating the MEA dynamics.  

Rearranging the term a33 described by equation (71) and introducing the simplifications 

mentioned in the previous section yields 
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(106) 

Note that since the entropy term in equation (106) is negative for the fuel cell reaction, 

a33 will remain negative for all air mass flow rates and all currents.  As the air mass flow 

rate tends to zero,  
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On the other hand, as the air mass flow rate tends to infinity,  
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Therefore, this term is bounded between 0.162 and 1.  Also, it can be seen that the current 

dependent term in a33 is not upper bounded and tends to zero as the current tends to zero.  

Since this term is negative, as current tends to infinity, the term will tend to -∞.  The time 

constant describing the MEA dynamics is approximately 

 
33

MEA MEA
ct

a


  (109) 

Since the MEA thermal mass is fixed for each layer, as a33 increases, the time 

constant decreases.  As the previous discussion shows, a33 is more sensitive to changes in 

current than it is to changes in mas flow rate (since this term is upper and lower 

bounded).  This analysis mathematically explains the observations previously noted for 

Figure 22.  Furthermore, the electrical power generated in the fuel cell is directly 

proportional to the number of cells in the stack.  As the number of cells increases, the 

electrical power generated by the stack increases accordingly, as does the heat generated.  

Since the electric power generated by a PEM fuel cell is approximately the same as the 

heat produced [28], as more current is demanded from the fuel cell, the more heat is 

generated and hence, the smaller the time constants are.  The current affects some 

coefficients in the A matrix (a33 and the subsequent repeating terms as the number of 

cells is increased) and affects the time constants accordingly, i.e., as current is increased, 

the time constants decrease.   

In order to analyze the fuel cell temperature response as a function of number of 

cells it will be assumed that the stack is only formed by MEA layers since these are the 

only layers in the stack generating heat.  In this case, Ass can be approximated to a 

diagonal matrix formed by a33 terms, and the time constants would be equal to the 

thermal mass matrix multiplied by the inverse of Ass.  Computing the determinants of the 

two multiplying matrices yields 
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where n is the number of cells, 33

ca  is the terms of a33 that are not dependent on current 

and 33

ia  is the term of a33 that is dependent on current.  The current-dependent term in a33 

is three orders of magnitude smaller than 33

ca .  Therefore, 

 

   33 33 33

n n

c n n
c i c

t
a a i a
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 


 (111) 

Since 33

ca  is constant, as more layers are added to the system, the larger becomes the 

thermal mass and the greater becomes the system time constant.  This trend is what 

Figure 22 showed since even for high current, the time constants increased for large 

number of cells. 

 

6  Summary and Conclusions.   

This paper presented an analytical one-dimensional lumped model for an open 

cathode polymer electrolyte fuel cell.   Studying the errors resulting from neglecting 

different terms in the model, it can be concluded that the changes in enthalpies and the 

heat generated in the bipolar plates can be ignored since neglecting these terms only leads 

to simulation errors less than 1%.  However, despite the fact that the term including the 

air mass flow rate in the convection energy balance is negligible compared to the other 

terms, ignoring this term yields simulation errors up to 28.4%.  Also, neglecting these 

terms creates a solution where layer temperatures increase as air mass flow rate increases.  

Therefore, this solution not only gives a high numerical error, it also gives a steady state 

solution that does not make physical sense.  Moreover, since the heat generation in the 

bipolar plates is insignificant and can be neglected, only the heat generated in the MEA 

dictates the heat generation in the fuel cell. 

In order to validate the model presented and its steady state analysis, an analogy 

between the fuel cell and a heat exchanger was made and validated.  The heat exchanger 

analysis brings new insight to the study of fuel cells as an adiabatic steady state fuel cell 

thermal model.  A new reverse engineering perspective is given for the design of fuel 

cells: the heat generated in the fuel cell can be determined first given a desired operating 
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temperature.  Knowing the heat generation in the fuel cell, the voltage losses, which 

determine the specific characteristics of the desired fuel cell, can be calculated.   

Moreover, in order to study the dynamic behavior of the temperatures in the fuel 

cell as air mass flow rate, current and number of cells vary, two dynamic simulations 

were conducted.  It has been shown that the number of cells, the current drawn and the 

mass flow rate of air circulating through the stack affect the system time constants.  The 

heat generated by the fuel cell is affected by the number of cells that form the stack.  On 

the other hand, the larger the stack, the greater the overall system thermal mass.  

Therefore, increasing the number of cells also increases the amount of heat energy that 

can be stored in the stack.  This ratio between heat storage and heat generation 

determines the system time constant as well as the steady state temperatures for all of the 

layers.  Finally, this paper illustrates how the fuel cell temperature response changes with 

different inputs, i.e., air mass flow rate and operating current.  It has been shown that the 

fuel cell steady-state and dynamic temperature is more sensitive to changes in current 

than to changes in air mass flow rate for any stack size.  Furthermore, it has been shown 

that increasing the air mass flow rate of the current, yields a decrease in the system time 

constant.  Finally, it was presented that since the current-dependent term in Ass is 

negligible compared to the other terms multiplying the MEA temperature, as the system 

thermal mass is increased by adding more cells to the stack, the time constants are also 

increased. 
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SECTION 

 

 

 

3. SUMMARY, CONCLUSIONS AND FUTURE WORK 

 

 

This thesis presents a one-dimensional lumped model for an open cathode 

polymer electrolyte fuel cell.   Studying the errors resulting from neglecting different 

terms in the model, it can be concluded that the changes in enthalpies and the heat 

generated in the bipolar plates can be ignored since neglecting these terms only leads to 

simulation errors less than 1%.  However, despite the fact that the term including the air 

mass flow rate in the convection energy balance is negligible compared to the other 

terms, ignoring this term yields simulation up to 28.4%.  Also, neglecting these terms 

creates a solution where layer temperatures increase as air mass flow rate increases.  

Therefore, this solution not only gives a high numerical error, it also gives a steady state 

solution that does not make physical sense.  Moreover, since the heat generation in the 

bipolar plates is insignificant and can be neglected, only the heat generated in the MEA 

dictates the heat generation in the fuel cell. 

In order to validate the model presented and its steady state analysis, an analogy 

between the fuel cell and a heat exchanger is made.  The heat exchanger analysis brings 

new insight to the study of fuel cells as an adiabatic steady state fuel cell thermal model.  

A new reverse engineering perspective is given for the design of fuel cells: the heat 

generated in the fuel cell can be determined first given a desired operating temperature.  

Knowing the heat generation in the fuel cell, the voltage losses, which determine the 

specific characteristics of the desired fuel cell, can be calculated.   

Moreover, in order to study the dynamic behavior of the temperatures in the fuel 

cell as air mass flow rate, current and number of cells are varied, two dynamic 

simulations were analyzed varying these parameters.  It has been shown that the number 

of cells, the current drawn and the mass flow rate of air circulating through the stack 

affect the system time constants.  The heat generated by the fuel cell is affected by the 

number of cells that form the stack.  On the other hand, the larger the stack, the greater 
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the overall system thermal mass.  Therefore, increasing the number of cells also increases 

the amount of heat energy that can be stored in the stack.  This ratio between heat storage 

and heat generation determines the system time constant as well as the steady state 

temperatures for all of the layers.  Finally, this paper illustrates how the fuel cell 

temperature response changes with different inputs, i.e., air mass flow rate and operating 

current.  It has been shown that the fuel cell temperature is more sensitive to changes in 

current does to changes in air mass flow rate for any stack size.   

This thesis is directed toward control oriented modeling.  In order to get there, the 

model presented would have to be linearized and reduced.  Once the model is reduced to 

a manageable number of states, the dynamics described fully supports the design of a 

controller. 
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APPENDIX A 

AIR MASS FLOW RATE OBTAINED THROUGH FAN OPERATION 
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In order to determine the air mass flow rate through each channel, the pressure 

drop across the channels is calculated 

 
 

2
/

2

air chan

BPP

H
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p f w

D

 
   (1) 

where Achan is the channel cross sectional area (m
2
). The air moving through the channels 

in the bipolar plates is driven by two fans that pull air through them.  In order to 

determine the system operating condition, the fan’s characteristic curve is compared to 

the system’s characteristic curve. The intersection between the characteristic curve of the 

fan and equation (3) determines the fuel cell operating point i.e., set point.  Using the fan 

laws and knowing a set point, it is possible to calculate the fan performance at a second 

condition, and the air mass flow rate in the channels can be calculated.  Since the fans are 

placed in parallel, i.e. side by side, the pressure drop across them will be the same.  

However, the amount of air they can move together doubles the amount of air that a 

single fan can move.  Bearing this in mind and calculating the pressure drop across the 

fuel cell with equation (3), the system operation set point is illustrated in Figure 4.1. 

 

 

  

 

Figure 1A.  Fuel cell – fan operation point. 
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Figure 4.1 showed the characteristic curve for one fan operating at a constant 12VDC 

(dotted line), i.e., maximum speed.  As seen in Figure 4.1 the air mass flow rate provided 

by the fan setup at their maximum speed with the fuel cell acting as a resistance to the 

flow is 1.39L/min.   This air mass flow rate is the one used throughout the model 

described in this research. 
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APPENDIX B 

MODEL UNCERTAINTIES 
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The parameters obtained through the Particle Swarm Optimization (PSO) are unknown 

parameters in every fuel cell.  In order to study the model robustness, the uncertainty of 

each of the parameters found in equation (88) was determined.  The uncertainty of each 

parameter can be found in Table 1B. 

 

 

TABLE 1B  Parameter uncertainty. 

Parameter PSO Value Uncertainty (±%) 

Aact 14.22 40 

R 0.6817 20 

A 0.01 99 

m 0.612 10 

n 0.7099 40 

 

 

 

Varying the parameters within these bounds yields to deviations of up to 3% in the steady 

state temperatures. 
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