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Abstract 

Fuel cell systems are becoming more commonplace as a power generation method and are being 

researched, developed, and explored for commercial use, including portable fuel cells that 

appear in laptops, phones, and of course, chargers. This thesis examines a model constructed on 

inspiration from the myFC PowerTrekk, a portable fuel cell charger, using COMSOL Multiphysics, 

a finite element analysis software. As an educational tool and in the form of zero-dimensional, 

two-dimensional, and three-dimensional models, an investigation was completed into the 

geometric construction, air conditions and compositions, and product materials with a best case 

scenario completed that summarizes the results identified. On the basis of the results of this 

research, it can be concluded that polyoximetylen and high-density polyethylene were 

considered as possible materials for the majority of the product, though a more thorough 

investigation is needed. Air flow of above 10 
�� , air water vapour mass fraction below 50% and 

initial temperature between 308K and 298K was considered in this best scenario. Suggestions 

on future expansions to this project are also given in the conclusion. 
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If aliens did visit us, I'd be embarrassed to tell them we still dig fossil fuels 

from the ground as a source of energy. 
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Nomenclature 

This is a list of used acronyms, symbols and variables. If there are variables that are used twice, 

context should be checked. 

Symbol Units/Notes Description ∂u∂y 
��� ��  Velocity in direction y (x and z can substitute y) 

0D Abbreviation Zero-Dimensional (model) 

1D Abbreviation One-Dimensional (model) 

2D Abbreviation Two-Dimensional (model) 

3D Abbreviation Three-Dimensional (model) 

A � Area; area normal to the flow; area of emitting surface 

a (-) Charge transfer coefficient 

a 
��  Thermal diffusivity 

aq Subscript Aqueous – state of substance 

C � Capacitance  

CFD Acronym Computational Fluid Dynamics 

CISTR Acronym Continuous Ideally Stirred-Tank Reactor 

Cp  
���� Heat capacity 

EMF Acronym Electromotive force  

F 
���� Farad constant 

g Subscript Gas – state of substance 

g 
�� Acceleration due to gravity 

GDL Acronym Gas Diffusion Layer � 
��� Heat transfer coefficient 

HDPE Acronym High-density polyethylene (plastic) 

HHV Acronym Higher heating value 
����� 

HTC Acronym Heat transfer coefficient (convective) 

I A Current  

i 
�� Current density 

IEC Acronym International Electrotechnical Commission standards 

iL 
�� Limiting current density 

io 
�� Exchange current density 

k 
�� ∙ � Thermal conductivity 

KTH Acronym Kungliga Tekniska Högskolan – Royal Institute of Technology 

l Subscript Liquid – state of substance 

LHV Acronym Lower heating value	 ����� 
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MEA Acronym Membrane Electrode Assembly 

n 
kgmol Molar mass, for example 2.02 

�#��� for hydrogen 

OCV Acronym Open circuit voltage 

P � Power 

P $% Pressure 

PEM Acronym Polymer Electrolyte Membrane or Proton Exchange Membrane 

PEMFC Acronym Polymer Electrolyte Membrane or Proton Exchange Membrane Fuel Cell 

PET Acronym Polyethylene terephthalate (plastic) 

PMMA Acronym Poly(methyl methacrylate) (plastic) 

POM Acronym Polyoxymethylene (plastic) 

PP Acronym Polypropylene (plastic) 

Pr (-) Prandtl number  

q � Charge in coulombs  

q 
�� Energy flux 

Q W Heat – for example, heat of reaction &'(),+ 

R 
�� ∙ ��� Universal gas constant 

Ra (-) Rayleigh number 

Re  (-) Reynolds number 

Rohm ,-� or , Resistance  

s Subscript Solid – state of substance 

STP Acronym Standard Temperature and Pressure 

T � Temperature – units of Celsius are noted, if Kelvin not acceptable 

u 
��  Velocity vector for Navier-Stokes Equation 

v 
��  Fluid velocity  

v 
��  kinematic viscosity 

W � Energy 

X V Placeholder for 
.∙/0∙)∙1 – non-standard 

z ��� Moles of electrons  

μ $% ∙ � Dynamic viscosity 

ρ 
���2 Density of the fluid 

σ 
���3 Stefan-Boltzmann constant 

456777 ���� Gibb’s free energy 

48 
���� Enthalpy change 49  K Temperature change – units of Celsius are noted, if Kelvin not acceptable 4: V Overpotential losses 
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Introduction 

Background 

Energy needs are continuously increasing as societies embrace technologies that are more user-

friendly, mass produced, accessible and cheaper. These technologies range in size and function, 

but electricity always needs to be generated to power them. This also means more resources, 

whether considered “clean” or “dirty”, are consumed. Ideally and to the maximum extent 

possible, clean energy sources and processes should be accessible, utilized, and desirable to the 

generator and the user. With fuel cells showing major potential to fill this gap, there needs to be 

further investigation into their benefits as well as their disadvantages. Micro-fuel cell systems 

have been around for some time but with the continuous need for increased portability, 

including the need to charge devices such as mobile phones, tablets, and laptops, they will 

become major players in a variety of market sectors.  

By developing and observing the behaviour exhibited by computer-aided models of these 

devices, a better understanding of how the theory meets the practical occurs. Since fuel cell 

systems require multidisciplinary knowledge and investigation, the models can become quite 

complex but also very useful in providing direction for future developments. There are a number 

of portable fuel cell technologies, such as the Swedish myFC AB’s “JAQ” product and its prior 

product the “PowerTrekk”, which are designed to charge mobile devices. Various other products 

have entered the market in the past couple of years. In order to encourage the further 

development of these types of products, it is desirable to model and understand new aspects of 

the behaviour of these systems. 

Aim and Objectives 

The aim of this project is to model the thermal management of a fuel cell system already 

commercialized and released to the markets that they serve. An improved understanding of a 

number of key variables that change the thermal characteristics of the fluids and materials used 

in the product will show, from an engineering stand-point, not only what is working well but 

also identify opportunities for future development. All systems have ideal working states, which, 

in the real world, are not always met. Consequently, it is important and beneficial to determine 

how changing operational conditions affect the performance of portable micro-fuel cell systems. 

Scope 

The work presented in this thesis looks at a number of key characteristics of a commercial 

micro-fuel cell system. The model’s characteristics are changed using physical and conditional 

variables in order to showcase, as an educational tool, the strengths and weaknesses of the 

system, the technology, and the modelling of real systems.  

The developed model is designed to represent a functional real life system, where the simulated 

outputs mirror the physical product. Consequently, observations can be made that provide a 

deeper understanding of the product’s underlying properties. Real world performance by these 

types of systems depends on a large number of variables including the weather, the chemical 

composition of the fuel and air being used and the materials used to manufacture the product. In 

addition, the interaction of the variables and their impact on the desired output is both complex 

and changeable. 
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It is also hoped that this report and model will function as an educational tool for people 

interested in fuel cells, portable systems and sustainable energy as well as the subjects related to 

them. By further educating people on the benefits of this technology, greater steps can be made 

to make fuel cells more common in people’s multifaceted lifestyles. 

Revisions to the Master Thesis can still be made after publication in order to refine the model 

and observations that are identified by future research. An example would be an improvement 

to the model due to the identification of a more accurate physical constant for one of the later 

mentioned equations. The Master Thesis is to be indefinitely available for the public with 

scrutiny encouraged. 

Methodology 

In order to fully appreciate the system, three different dimensional models were produced. 

Building up the model from a zero-dimensional (0D) to a two-dimensional (2D) and finally to a 

three-dimensional (3D) model facilitated an ability to investigate unique aspects of the product. 

The 0D model does not consider all the aspects that would need to be considered in a 3D model, 

which simplifies the initial number of problems considered. This approach facilitates the 

development of a set of preliminary findings. This would be more difficult to accomplish if one 

started immediately with a 3D model. However it also takes more time to build up to a final set 

of conclusions and recommendations. 

The approach taken resulted, first, in developing a 0D model. This means the model will be space 

independent and only time dependent. This involves looking at how the temperature changes 

over time while seeing how each part of the system interacts with the other parts. There are a 

number of considerations of what can and should be done. These are described in the Literature 

Review on page 11 in greater details. 

The two-dimensional (2D) model focuses on a visualization that considers two-dimensional 

space (i.e. x and y direction) and the time taken by the fuel cell from start-up to running. A 

simplified fuel cell system with multiple cells is designed with material properties included. 

Assuming cumulative or in-series connections, the number of cells can be decided upon that 

produces a larger amount of power. However, five cells were chosen due to the PowerTrekk 

having this number of cells excluding the sensor cell. The sensor cell is unique to the myFC 

design and is used primarily as a feedback to check up on the performance of the other cells. 

Considerations include velocity profiles of the air moving across the cell, the air composition, the 

material composition for the fuel cell parts, and the geometry of the system.  This includes 

chemical reactions and passive cooling across the reactors and fuel cell.  

The final three-dimensional model considers many of the same factors as the two-dimensional 

model.  The air conditions including composition, temperature, and velocity, materials used, and 

geometry are all considered in the model. Other considerations could be the process by which 

the hydrogen is produced, i.e. different chemical reactions, water splitting using electrolysis or 

other means. Since this was a portable fuel cell, only the current chemical hydrogen production 

method is considered. 

The myFC micro-fuel cell was used as a reference due to the simplicity of the fuel cell, availability 

of data, and personal experience working with the company and the PowerTrekk engine 

(location of fuel cells). By building up the model using the PowerTrekk as a reference, the 

geometry, materials, and effectiveness are, by extension, representative of a real world 



11 

 

application and product. Consequently, the delivered thesis will have the intended educational 

value when published. 

Literature Review 

Fuel cells are a complicated and multidisciplinary topic combining, for example, electrical, 

chemical, and energy engineering, as well as material sciences and nanotechnology. This section 

provides an overview of the subtopics important to fuel cell products. However, it should be 

noted that this could be extended if more in-depth material was needed for projects beyond the 

scope of this thesis. 

As mentioned previously, the fuel cell is a multidisciplinary subject and there is a need to 

understand each part of the system to fully appreciate and model this system. This section 

highlights the electrochemical background needed to understand how the proton exchange 

membrane fuel cell works and how different aspects such as material, working and surrounding 

temperatures, and fuel feeds’ humidity and contents affect the performance of the fuel cell and 

the accuracy of a model. The information provided will also focus primarily on information more 

relevant to the product in focus. There are plenty of variables to consider, but the model will 

represent a relatively realistic system.  

Proton Exchange Membrane Fuel Cells 

Proton Exchange Membrane Fuel Cells also known as Polymer Electrolyte Membrane Fuel Cells, 

PEMFCs or PEMs, are electricity-generating devices that typically use hydrogen as a fuel. 

Hydrogen is an attractive fuel due to its zero carbon dioxide emissions when being used to 

generate electricity. Carbon dioxide, greenhouse gases*, halocarbons, nor other harmful 

substances are directly produced. The process of producing hydrogen can produce harmful 

substances and converting hydrocarbons to hydrogen is contrary to the overall goal of 

producing clean energy, but there are other chemical as well as non-chemical  means (e.g. water 

splitting via solar cells or radiolysis). Hydrogen production is an immense research topic in itself 

and therefore only commercialised hydrogen production methods used with micro fuel cells will 

be considered.  

A PEM system is made up of a number of distinct parts which are highlighted in Figure 1 and a 

membrane electrode assembly (MEA) consists of a polymer electrolyte membrane, the two 

catalyst layers and the gas diffusion layer (GDL). The anode side has the hydrogen coming in 

while the cathode side has oxygen coming in. Oftentimes, there are bipolar plates that help 

distribute the gases and create connections between the surface of the cathode and the anode. 

The gas diffusion layer has a number of functions but the main function is to distribute the gas 

throughout the electrodes, while at the same time providing electrical contact between the 

bipolar plates and the electrodes. Between the anode and cathode there is the electrolyte 

membrane, where the name PEM originates, and in the case of the PowerTrekk, it is based on 

Nafion, a sulfonated tetrafluoroethylene [2]. The PEM operates at low temperature, allowing for 

a quick start-up as well as less degradation, as compared to for example, molten carbonate fuel 

cells which work at over 600°C[3].  

More details of some of the parts within the MEA are discussed in detail in later sections. 

                                                             
* Water vapour is a greenhouse gas but there are reasons why it is not considered negative in this context. 

See here for more details: [4] Schmidt, G.; “Water vapour: feedback or forcing?” NASA Goddard Institute for 

Space Studies and Earth Institute; Retrieved 2015.06.24: http://www.realclimate.org/index.php?p=142 
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Figure 1. PEM fuel cell setup showing the bipolar plate, the gas diffusion layer (GDL), electrode, and electrolyte. The 

fuels are entering from opposing sides.[5]  

 

Electrochemical Theory 

As noted above, the fuel cell contains three main parts – the anode, the electrolyte and the 

cathode. The anode takes in the hydrogen, where it is split into hydrogen protons and free 

electrons. The electrons pass through the anode to the circuitry where the electricity is 

generated, and the protons travel through the electrolyte towards the electrically positive 

cathode. In a galvanic cell, such as the fuel cell, the cathode is electrically positive and attracts 

the flow of electrons from the anode side. On the cathode side, air or pure oxygen is fed and 

combines with the hydrogen protons and electrons leaving the circuitry. These are the main 

reactions that are present in a fuel cell: 

1) Anode side reaction 

28,;<= → 48@ A 4BC (1) 

 

2) Cathode side reaction 

D A 4BC A 48@ → 28D (2) 

 

3) Overall reaction 

28,;<= 	A D,;<= → 28D;E= (3) 

 

As can be seen, the main by-product for PEMs is water, making the process very clean as 

compared to other forms of electricity generation. Water is presented in liquid form in this 

equation, which is done when calculating with the higher heating value (HHV). This means the 

product from this combustion process is brought to a condensed state, creating a heterogeneous 

fluid system. The lower heating value (LHV) can also be used though the water product would be 

in the form of vapour. In most situations, over time the vapour will cool to form a liquid. In the 

model, the chemical species were kept as gases instead of liquids, i.e. the LHV was used in 

calculations. This simplifies the situation by considering only a homogeneous chemical setup.  
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Modelling 

Each of the dimensional models depends on different processes and each model in itself is 

unique. The models are useful in different ways, so each can be further extended depending on 

the desired use. The modelling utilizes COMSOL Multiphysics with some calculations done in 

Excel and MATLAB. Experimental data was also employed. 

Zero-Dimensional model 

The zero-dimensional model allows for a space independent study with the only dependency 

being on time. As the time continues, other variables will change due to this condition and the 

main focus will be on the temperature change. The temperature changes are based on a number 

of different elements within the system, which will be described here in some detail. The point of 

a 0D model is to have a very simple but representative model of a system where everything is so 

to speak perfectly mixed. It is analogous to a Continuous Ideally Stirred-Tank Reactor (CISTR) in 

chemical process engineering. 

Chemical Reactions 

The 0D model depends on the chemical reactions that are taking place. The main reactions 

considered are contained here.  

1) Hydrogen production reaction 

The main chemical reaction considered is the one between sodium silicide and water to produce 

hydrogen and natrosilite[6],[7]: 

2F%GH;�= 	A 58D;E= 	→ 58;<= 	A F%GHDJ	;KL= (4) 

 

The amount of heat produced from this reaction is -350 
MN�OE [8]. The heat generated from the 

hydrogen production will be represented by Qrxn,1. 

2) Hydrogen-Oxygen reaction 

The reaction was mentioned earlier in the Electrochemical Theory Section, but is mentioned 

here again for reference: 

28,;<= 	A D,;<= → 28D;E= (5) 

 

where hydrogen reacts with oxygen to form water with an enthalpy of combustion using HHV 

of -285.9 
MN�OE (or 572 kJ where the combustible hydrogen’s molar mass is 2.02 

M<�OE)[9]. This 

chemical reaction produces heat, as is the negative sign convention. The heat generated will be 

represented by Qrxn,2. 

By combining the two reactions, an overall production of heat can be calculated: 

&'(),POP = &'(),+ A &'(), (6) 

 

where Qrxn,tot is the total heat rate of reaction (W), Qrxn,1 is the hydrogen production reaction’s 

heat rate and by Qrxn,2 is the hydrogen-oxygen reaction’s heat rate.  

In the 0D model, the total reaction heat rate as is not used in the energy balance, since for a 

general fuel cell system the production of hydrogen is not included in the fuel cell energy 
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balance. Only the hydrogen consumption is included in the performance evaluation. 

Nonetheless, it is important to consider the production of hydrogen when looking at the product, 

since the amount of heat produced depends greatly on the use of the product. If too much heat is 

produced, any fuel cell can become non-functional. 

Fuel Cell Electronics 

All substances have qualities of conductance and resistance. Conductors allow the electric 

current to flow through, but there is still a resistance, even for superconductors. This is due to 

the fact that there is no perfect conductor. If there is greater resistance to current flow there is 

also more heat generated, which affects the overall temperature of the system and its efficiency.  

The theoretical output voltage of a fuel cell is designated as the reversible open circuit voltage 

(OCV), or electromotive force (EMF) and is determined by the Gibbs free energy [3]. Appendix A 

– Reversible Open Circuit Voltage goes into detail as how to calculate the EMF, but the main 

equation is  

R = Δ56777T ∙ � (7) 

 

where Δ56777 is the Gibb’s free energy change � N�OE�, z is moles of electrons (mol) and F is the 

Faraday constant � U�OE�. The EMF for a PEM fuel cell at standard temperature and pressure (STP) 

is 1.2292 V (often simply rounded to 1.23 V in literature) and is the highest voltage that is 

theoretically possible, meaning that in reality there are losses. Fuel cells have three major losses 

that are visualized on a voltage versus current graph; see Figure 2. 

 

 

Figure 2. The polarization curve for a fuel cell system with the three main losses highlighted. [10] EN is the Nernst 

based potential, E is the regular potential, and EH is the thermo-neutral potential. The superscript of 0 is standard 

conditions.[11] 

As the current increases, the voltage decreases, highlighted by the three main areas of loss apart 

from the entropy loss and the non-standard conditions loss. The entropy loss is due to 

irreversibility in real world applications. This depends on, among other conditions, temperature, 

component concentrations, and pressure[12].  
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The three main losses are the activation losses (also known as kinetic losses), the Ohmic losses 

and the mass transport losses (also known as concentration losses)[13]. The activation losses 

are the losses due to starting the reaction and its energy requirement. As the first section of 

Figure 2 shows, the drop is a non-linear relationship and can be approximated using the Tafel 

Equation[14]: 

Δ:KVP =	 W ∙ 9X ∙ Y ∙ � ln [ HHO\ (8) 

 Δ:KVP is the overpotential due to activation (V), R is the universal gas constant � N]∙�OE�, T is the 

absolute temperature (K), X is the charge transfer coefficient (additional energy for cathodic 

reduction)[13], H is the current density ��̂_�, and HOis the exchange current density ��̂_�. The 

exchange current density is a form of equilibrium where the anodic and cathodic reactions are in 

equilibrium and the net current is at zero overpotential. 

The equation can also be rearranged and expanded to solve for current as opposed to voltage 

drop, which can be useful if looking at how current depends on electrode potential. The form 

that results is referred to as the Butler-Volmer equation[3]: 

H = HO `Ba b cXK ∙ Y ∙ � ∙ ;R − ReL=W ∙ 9 f − Bab	c−XV ∙ Y ∙ � ∙ ;R − ReL=W ∙ 9 fg (9) 

 

where XKis the charge transfer coefficient of the anode and XV  is the charge transfer coefficient 

of the cathode, R is the electrode potential and ReL is the equilibrium potential.  

The second major loss is the Ohmic loss overpotential and is governed by Ohm’s law (V = i ∙ W): 

Δ:Oj� = i ∙ WOj� (10) i = Δ:Oj�WOj�  (11) 

 

where Δ:Oj� is the Ohmic losses overpotential (V),  i is the current (A) and WOj� is the 

resistance ;,=. The Ohmic losses are due to the resistance to flow of electrons through the fuel 

cell components, though electrically conductive, and at the same time the protons (H+) flowing 

through the membrane. The resistance will be dependent on the concentration of water in and 

temperature of the membrane, as well as the type of material[15].  

From this a number of other relations can be made, though detailed discussion will not be made. 

Here are some of the relationships that can be considered and are used in various ways within 

the model:  

$ = :i = iW ∗ i = :W = :lm  (12) 

 

where $ is the power (�), : is the overpotential (:), l is the charge (�), and i is the current (�). 

The third loss is the mass transport loss due to partial pressure changes when the reactant gases 

are consumed at the catalyst spots and triple phase boundary. This can be summed up by 
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Δ:n/ =	 W ∙ 9X ∙ Y ∙ � ln [ HoHo − H\ = p ∗ ln [ HoHo − H\ (13) 

H = Ho ∗ BCqrstu ∗ ;BCqrstu − 1= (14) 

 

The variables are the same as the activation losses except Δ:n/ is the losses due to mass 

transport (V) and Ho is the limiting current density ��̂_�. p is simply a placeholder for the 

variables and is a non-standard usage. The limiting current density is the maximum current 

density for the electrochemical device, meaning that the fuel is spent at a rate equal to its 

maximum supply rate. It is the limit as in, if there is no more fuel to be supplied, the fuel cell 

cannot efficiently provide power.  

This can be summed up as follows: 

:1U = Rw� − Δ:KVP − Δ:Oj� − Δ:n/ (15) 

 

Convective Cooling 

The cooling of the system is caused by the air circulating over the fuel cell. This air provides the 

oxygen as well which was described in the section Chemical Reactions. With the air, come 

impurities (i.e. substances other than oxygen) including particulates, nitrogen and water. 

Harmful particles can be considered negligible and the nitrogen is an inert gas, therefore not 

interfering with the reactions taking place. Water brings the possibility of unintended cooling 

and also can obstruct the effective working of the system by condensing within it and also 

blocking oxygen access to the fuel cells. 

The simple convection equation for air can be considered:  

&Kx',VO)y = � ∙ � ∙ 49 (16) 

 

where � is the convective heat transfer coefficient � z�_]�, � is the area normal to the flow (�), 

and49 is the change in temperature (K)  

The assumption used is that there is laminar flow in the space around the fuel cell. This may 

change due to fluid properties in more advanced models but for the 0D model a laminar flow 

over the fuel cell will be considered. This means that the Reynolds number �WB = {∙y∙o| = y∙o} � is 

in theory considered between 1 and 20000[16][17], but without Stokes flow being observed, 

where Stokes flow is the condition when advective inertial forces are small compared to viscous 

forces. This usually happens when Re ≪ 1.  

Radiation 

Radiation may be very small and insignificant in certain circumstances, such as at lower 

temperatures; nonetheless, as an overview, this is the base equation for radiation: 

&'K~ = � ∙ 93 ∙ � (17) 

 

where A is the area of the emitting surface (m2), T is the absolute temperature (K), and � is the 

Stefan-Boltzmann constant (5.676E-8 
z�_]�). This is considered a perfect radiator (blackbody), 

and radiation will ideally cool the system.  
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All the equations combined will make an energy balance available that will be modelled in the 

COMSOL Multiphysics program in the form of ordinary differential equations. 

Heat transfer coefficient 

The heat transfer coefficient (HTC) is the amount of thermal power divided by the difference in 

temperature between the solid and the fluid and depends on the geometry, Rayleigh number, 

thermal conductivity of the material and the characteristic length. The Rayleigh number (Ra) 

determines if the main process of heat transfer is in the form of conduction (below critical value) 

or of convection (above critical value). Different correlations are used for the heat transfer 

coefficient depending on Ra and orientation. In the 2D setup, the surface is considered a hot 

surface facing up. 

This coefficient is probably the most important variable to consider in the convective heat 

transfer portion of the model. There are many correlations, conditions, and variables to be 

considered when calculating it. The general ranges for the coefficient are summarised in Table 1 

from Welty, et al.[16] 

Table 1. The heat transfer coefficient for a number of different scenarios.  

Mechanism Range � ����� 

Free convection, air 5-50 

Forced convection, air 25-250 

Forced convection, water 250-15000 

Boiling water 2500-25000 

Condensing water vapour 5000-100000 

 

An empirical correlation for the coefficient for air is  

� = 10.45 − � A 10�+ (18) 

 

but is only applicable for velocities (�) between 2 and 20 
�� .[21] 

For natural convection of a fluid over a hot flat plate facing up, there is a dependency on the 

Rayleigh number as can be seen with the following equations and conditions: 

� = 0.54 ∙ � ∙ W%o+3�  
10J � W%E � 2	 � 10� (19) 

� = 0.14 ∙ � ∙ W%o+2�  
2	 � 10� � W%E � 3	 � 10+� (20) 

 

By using a combination of the above mentioned equations, a heat transfer coefficient can be 

determined for natural and force convection. 

Implementing information 

All the information provided above is used in the model in some shape or form. It is a simple 

compendium of a small bit of the information that has been researched and collected when 

beginning the 0D model. The most important equations included, in a simplified form, are those 

for energy and the chemical reactions. This phase includes the identification and inclusion of the 
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key constants.  Also, the connection of the heat-producing element into a single output was 

completed for this model (e.g. 0D assumes perfectly mixed conditions). Some parts have 

recursive dependencies, e.g. as temperature increases in the system, the reaction proceeds more 

quickly, producing thermal energy and in turn this heat increases the temperature of the system.  

Two-Dimensional Model 

The two-dimensional model was the second major modelling step in the process. This model 

consists of most of the same elements discussed in the zero-dimensional model. There were 

further consideration such as slip conditions, flow over a flat plate and/or dynamic body, the 

velocity boundary layer, and materials used in the fuel cell along with their connections. 

Distances, velocities, and different state materials (gas, liquid, and solid) and realistic modelling 

were focused on in greater detail when developing the 2D model.  

The 2D model consists of a box in an open air environment with five identical fuel cells in series 

and the air flows from the left (–x) to the right (+x). The air cools the system but also provides 

oxygen to the cells further driving the reaction. It was assumed that the air was an unlimited 

quantity and the oxygen required by the fuel cell for the chemical reaction was met with excess 

oxygen. This assumption is based off of initially setting up the model with a mass transfer 

module, which showed little effect.  

The average wind speed in Stockholm is between 4 and 5 
�� [18][19], which is a good starting 

point for setting up a velocity. A sweep of different velocities and humidities that represent 

different scenarios or world locations was performed, but the base velocity of 2 
��  was chosen to 

represent a “calm” day.  

Air cooling 

A fluid over a solid can provide cooling and in the case of fuel cells provides oxygen as a chemical 

reactant. As mentioned previously, there is an excess of oxygen in the air for the fuel cell, so this 

is not considered in detail. The cooling that takes place is primarily convective cooling and is 

presented in the 0D model (see Convective Cooling on page 16) with the main equation being 

the following: 

&Kx',VO)y = � ∙ � ∙ 49 (21) 

 

The heat transfer coefficient relies on a number of conditions as well as the orientation of the 

system being studied. The fuel cell is considered a horizontal flat plate with external flow over it. 

This creates a flow profile with the fluid closest to the plate (fuel cell) slowing down while the 

higher layers remain more constant. Infinite distance from the plate has a flow that is the same 

flow as the free stream before reaching the plate. This is called the velocity boundary layer, but 

there is also a thermal boundary layer. The relationship between the thermal diffusion ;X= and 

the viscous diffusion ;�= is based on the dimensionless Prandtl number (Pr): 

$� = �X 	= ����  (22) 

 �� is the specific heat � N]∙M<�, � is the dynamic viscosity ;$% ∙ �=, and k is the thermal 

conductivity � z]∙��. If Pr is less than one, the thermal boundary layer is larger than the velocity 
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boundary layer. If Pr is greater than one, the opposite is true. Figure 3 below shows the main 

components of the laminar flow boundary layer that is produced. 

 

Figure 3. Boundary layer visualisation with three different stages. 1) Laminar flow 2) Transition flow 3) Turbulent 

flow. 

The  
����  is the change of the velocity in the y direction, and as can be seen, the velocity closer to 

the flat surface L, the characteristic length of the plate, is less than towards the free stream. The �a shows the height that the boundary layer exhibits as it moves along in the x direction. This 

would change as it passes over one fuel cell and continues over the adjacent cells. This assumes 

that the fuel cell is very flat and that the fluid properties do not change. In reality, oxygen is 

reacting with the hydrogen to produce water vapour which is added to the air. The fuel cell 

system is also not flat though for simplicity, it is considered flat. 

The Navier-Stokes equations are the key equations in the fluid mechanics and are used to 

describe how velocity, pressure, temperature, and density of a moving fluid are related.[20] The 

following is the Navier-Stokes equation for modelling the system: 

� ⋅ ���m = �� − �$ A ��� (23) 

 

with the assumptions of incompressible flow, constant viscosity and laminar flow[16][9]. A 

breakdown of the equation is � is the density �M<���, � is the velocity ��� �, � is the acceleration 

due to gravity ���_�, $ is the pressure ;$%=, and � is the viscosity ;$% ∙ �=. It should be noted that 

the velocity is an intricate part of the fluid description.  

The continuity equation, which is also solved in the 2D model, describes the conservation of a 

quantity, such as momentum, mass, or energy. The following two equations are the fluid 

dynamics and the energy and heat equations based on the concept of continuity. 
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���m A Δ ⋅ ;��= = 0 (24) ���m A Δ ⋅ ;�= = 0 (25) 

  

where � is the density, m is time, l is the energy flux and � is the flow velocity vector. Basically, 

these equations state that what goes in, comes out – a simple balance, whether it is mass, energy, 

or another extensive property.  

Three-Dimensional Model 

The three dimensional model uses the same theory as the other two models described above, 

but there is a third axis (dimension) to consider.  

Temperature and fuel cell performance 

There are a number of known effects on the fuel cell when the temperatures of different parts 

change. The model will hopefully capture these changes effectively but it is important to be 

aware of possible changes and predict them. PEMs are low temperature fuel cells meaning their 

ideal working temperature is typically far below 373K (100°C), but still above 273K (0°C).  

Table 2 shows the dependence that the fuel cell has on temperature. As the temperature 

increases the maximum EMF drops, and though the PEM fuel cells should never exceed 100°C, 

the temperature alone lowers the efficiency quite significantly. This is important since efficiency 

is one of the main driving forces supporting fuel cells over other fossil fuel consuming electricity 

generators. Nonetheless, the efficiency limits are higher than some generator types.[22] 

Table 2. Table showing the temperature and state dependence on maximum EMF and efficiency[23] 

State Temperature  ¡¢ 
Max 

EMF 

Efficiency 

limit 

 
°C 

�����B V 
 

Liquid 25 -237.2 1.23 83% 

Liquid 80 -228.2 1.18 80% 

Gas 80 -226.2 1.18 80% 

Gas 100 -225.3 1.17 79% 

Gas 200 -220.4 1.14 77% 

Gas 400 -210.3 1.09 74% 

Gas 600 -199.6 1.04 70% 

Gas 800 -188.6 0.98 66% 

Gas 1000 -177.4 0.92 62% 

 

Meshing 

Modelling in 2D and 3D requires a mesh to be set up, which COMSOL can perform automatically. 

Each mesh element is a location where calculations are made, and by making a finer mesh, the 

results will take longer to generate (i.e. time expensive and hardware power expensive) but will 

also be considered more accurate in accordance with the model setup. In order to create a 

realistic model the fineness of the mesh needs to be satisfactory without making the model 

unusable, i.e. too much of a of a time and/or hardware power cost increase. The figures below, 
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Figure 4 and Figure 5, show the mesh setup as well as some finer areas where the more precise 

calculations are needed.  

 

 

Figure 4. Zoomed in onto the 2D mesh  

 

Product Base 

The myFC PowerTrekk and its successors are portable fuel cell systems that are used to charge 

portable electronics such as phones and tablets. Originally developed at KTH, the company has 

become a publically traded company listed on NASDAQ OMX First North. The inspiration for the 

model is the PowerTrekk 2.0 and uses size, output and geometry as a model base. The main 

technical information is highlighted in the following table, Table 3. 

Table 3. Data for PowerTrekk 2.0 product[24] 

PowerTrekk 2.0 

Puck (fuel container) Capacity  1400 mAh (5,18 Wh) 

Power Output 6.5 W 

Output Voltage 5 V 

 

Figure 5. The mesh on the left shows the 3D model mesh around the fuel cell system. The mesh on the right shows the cross 

section of the fuel cell system. The locations of higher fineness are similar in the 2D model. 
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Key differences between the model and the actual product are that a battery is not included in 

the model and electronics are considered non-heat producing components. The geometry is 

simplified in order to reduce the cost of the model (time and size) and the product materials and 

amounts of material are different (e.g. using nylon 6,6 instead of actual plastic), which affect the 

heat hotspots and cooling of the device. The PowerTrekk can be seen below in Figure 6. 

 

Figure 6. PowerTrekk 2.0 with water container on the right and puck on the left. The fuel cells are not visible under 

the green design and black cover. 

The PEM fuel cell system also produces its own hydrogen when water is added to an aluminium 

fuel container called a Puck. The two main chemicals are sodium borohydride and sodium 

silicide. This is transferred to the cells via simple channels and a gas diffusion layer.   

Modelling Software 

The software used, which was also initially developed at KTH, is COMSOL Multiphysics. It is a 

finite element analysis software capable of modelling multiple physical phenomenon such as 

heat transfer coupled with fluid flow and electrochemical reactions. The software is earning the 

reputation as the go-to modelling solution when dealing with complex systems and is an 

essential part of this thesis. With continuous updates and support, the software will continue to 

become more relevant, and a great deal of trust is put into the company to represent realistic 

physical interactions which is the fundamental reason it was also chosen as the software 

package for this thesis. 

Within the software there are packages called modules that are specified to handle different 

types of physics[25]. The modules included in this model are Heat Transfer, CFD (Computational 

Fluid Dynamics), and Batteries and Fuel Cells.  

Assumptions and Constants  

This section tries to cover all of the assumptions and constants for all of the models developed 

and used.  

Assumptions 

When constructing a model, there are a number of assumptions that need to be made in order to 

simplify the problem, limit computation time and optimise the use of resources. In all 

engineering practices, it is often more important to know what to assume and how to simplify 

effectively than to have an exact model [26]. Here is a list of the main assumptions: 
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• Zero-dimensional models assume everything is perfectly mixed. This is based off of the 

definition of a 0D model. 

• Material quality and characteristics were pulled from various sources including other 

models, available literature, the COMSOL library and online. These have been cross-

checked with other sources to help validate that the choices made were the best 

available ones for the models. 

• The fuel cell system takes place on a flat surface (the ground) which would be a natural 

setup in the real life environment for this product 

• Adhesives, electronics, and material such as screws were not used in models, the 

assumption being that they do not have a considerable impact on the results. 

• Hydrogen immediately reached the cells after being produced, but there is an excess in 

hydrogen production. Delay in travel was not considered since the real system has a very 

small delay time that is at most two minutes.  

• The model fluids are in a single phase (gas) and PowerTrekk components are isotropic. 

Constants 

These are the important constants for the model including some physical constants. 

Constant Value Units Description 

456777 -226.1 
����� Gibb’s free energy of formation (steam) 

486  -241.2 
����� Enthalpy change of formation 

� 50 
��� Heat transfer coefficient 

io 0.04 
��-� Exchange current density 

iL 1.6 
�-� Limiting current density 

Tsurr 298.15 � 
Initial temperature of surroundings and 

material � 0.245 Ω-� Resistance of cell 

ε 0.95 (-) Emissivity 

 

Weaknesses in 3D Models 

The intent of the model is to provide an approximation of the real system with the goal of 

providing insight that provides educational value to the reader. Consequently, some level of 

inaccuracy needs to be both anticipated and accepted.  A model that completely and accurately 

represents the actual product would also be unacceptable from a cost of model development 

standpoint. The computation time would also be impractical. The aggregated impact of the 

model’s simplifications is not considered significant to the results presented in this thesis. For 

completeness the following are understood to be gaps in the model when compared with the 

actual product: 

• Product has air gaps around the chemical puck and the cells/electronics, 

producing larger surface area to cool the system 
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• In the model, the shape of the lower chassis is slightly different with the model 

middle not being compressed, increasing the amount of material needed and 

decreasing surface area 

• In the model, there is no cover that protects against debris over the fuel cells 

instead a flat open air environment was assumed 

• In order to respect intellectual property,  substitute materials were used in the model 

• A water container was not included in the model but does exist in the actual product 

Results and Discussion 

The results are split up into different model dimensions. Each has its own purpose and each is 

used as a step to the next model in the hierarchy and with each being more complex than its 

predecessor (i.e. from 0D to 2D to 3D) 

Zero-Dimensional 

The zero-dimensional model has many of the basic theoretical equations discussed in the 

Literature Review. First, an investigation of the temperature rise and how the fuel cell stabilizes 

was performed. After all of the heat transfer parameters had been implemented, the effect was 

apparent. The temperature change also affects the chemistry and the performance of the fuel 

cell. The temperature also affects the chemical reactions and the performance of the fuel cell.  

The fuel cell system came to a max temperature of about 341K (67.8°C), which is a common 

temperature for PEM and microsystems, though on the higher side[3]. Since microsystems also 

need to be compliant with a number of different protocols such as International Electrotechnical 

Commission standards (IEC) that allow for consumers to use the actual equipment, this seems 

very reasonable. The heat from the hydrogen production has not been included, which will raise 

the temperature, and this 0D model does not consider material like the 2D or 3D models. The 

results for this are shown in Figure 7. 

 

Figure 7. Showing the temperature of the fuel cell increasing over time from start-up at room temperature to running 

at full capacity. 
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Figure 8. The heat rates of different components. 

Figure 8 shows the heat rates of different components as well as the total heat rate (&POP). The 

radiation and air flowing over the fuel cell cool the cells, while the reactions and the use of the 

fuel cell (i.e. electricity production) warms the fuel cell. There are two reaction heat sources – 

the hydrogen production in the puck and the hydrogen consumption in the actual cells. The 

performance of the puck does not consider the production of hydrogen but in the more physical 

2D and 3D models the proximity of the heat producing portion most definitely affect each other.  

One of the more difficult considerations of the system was the heat transfer coefficient (HTC). 

The HTC has a number of variables as described in the section “Heat transfer coefficient” section 

on page 17. A small variance in this value can lead to a large temperature difference, so it is 

important to investigate it in detail. 

 

Figure 9. The convective heat transfer coefficient is swept over a range to see optimum results. The heat transfer 

coefficient is in 
����. 
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As Figure 9 shows, the convective heat transfer coefficient range can truly affect the overall 

temperature of the fuel cell. The HTC that was chosen was near the natural/forced convection 

limit (50 
z�_]), though most likely it is a bit low as compared to reality. With a HTC difference of 

20, the temperature change can be about 10 degrees, but as the HTC increases, the temperature 

change difference becomes smaller. The lower the HTC the longer it takes the system to plateau 

and become stable for long runs, but the time required for this was always less than 200 seconds 

from start-up. 

 

Figure 10. The polarization curve shows the three main losses within the fuel cell.  

When discussing electrochemical devices, the polarisation curve is one of the most important 

visualisations used. The curve, as discussed in the Literature Review, shows the Activation 

losses, the Ohmic losses, and the Concentration losses. Using the theoretical formulas, this is 

what should result with the initial drop resulting from the EMF and a relatively linear drop due 

to Ohmic losses. The final drop comes from the concentration losses and appears more 

exponential. As can be seen in Figure 10, this is exactly what happens, with there being a limit at 

the limiting current density (set at 1600 
�^V�_  in this case). The results also split up the individual 

losses with their expected profile. This coupled with the power density relation in Figure 11 

shows the abilities of the fuel cell.  
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Figure 11. The power density versus the current density where there is a dip at the current density limit. The max 

power is at the top of the blue line. 

 

The exchange current density is needed to be as high as possible. By doing a sweep for an order 

of magnitude of possible exchange current densities one can see that the higher the i0, the better 

for the system performance, as shown in Figure 12. Again, this density correlates with the level 

of reaction activity taking place. Consequently, more activity results in a better electrochemical 

reaction in the fuel cell. 

 

Figure 12. Each of the i0 is a different exchange current density that could hold true. The importance of this is that 

there could be a near 0.08 V change based on the material, which increases the uncertainty of the results. 
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Two-Dimensional 

More users can relate to the 2D model as it visually presents a cross section of the simplified 

product. The main considerations for the 2D (as well as the 3D) are the velocity of the air coming 

in, the properties of the air (such as water content), the temperature of the air, and how each 

interacts with the fuel cell system.  

Air Velocity 

The air entering the system enters with a velocity that is lower at the ground level than 

compared with air at other levels. This is due to friction between the fluid and the flat solid. As 

the air approaches the fuel cell system, it will initially interact with the physical presence. But it 

will also interact with the heated air, which is of a different density and composition to that of 

the entering air. Figure 13 shows the profile of the air entering in the +x direction and the 

coloured bands represent the velocity of the air throughout the visible system. One can observe 

the air hitting the fuel cell and creating what can be considered small turbulent flow streams. 

All diagrams have a maximum inlet air velocity of 2 
��  unless noted otherwise.  

 

Figure 13. The air entering is in parabolic profile delineating motion over an assumed flat, no slip surface i.e. the 

ground. The time for this was after a 9000 second run. 

 

Figure 14. Zoomed in version of Figure 13 where the stream change is more observable. 

Heat Transfer 

As the flow of air passes over the fuel cell, heat is transferred based on the cells to the air, which 

carries the energy away from the fuel cell system. This also happens to the outer build-up where 

the material is a major determinant of the heat transfer. Each material has a different heat 
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capacity and thermal conductivity, so choosing the correct material could mean the difference 

between overheating the electronics resulting in a failed device and having a usable device.  

Figure 15 shows the temperature distribution through the fuel cell system and the surrounding 

air at 2 
��  airflow. As the flow rate increases, the dissipation of the hot air is greater, keeping the 

fuel cell system cooler and in better overall working condition. 

 

 

 

Figure 15. The profile of the temperature within the fuel cell system and the surrounding air. The air flowing over the 

cell shows how the temperature distributes to the right with the flow of fluid (air). Takes place at 9000 seconds. 

The hydrogen production within the fuel cell system is a unique aspect considered, since the 

majority of commercial products and systems use hydrogen produced off-site. This introduces 

quite a bit of heat, as can be seen Figure 15. 

Air composition  

The air entering had a set concentration, with oxygen, water vapour and nitrogen as the key 

components. The temperature was also set to 298.15K (considered room temperature), which is 

also the initial temperature of the solid materials in the fuel cell system. The base composition of 

the air is set to a mass fraction of 0.79 Nitrogen and 0.209 Oxygen. Water vapour is then 

included at 13.89% (as a mass fraction), though it is important to note that actual weather 

conditions and location can vary with the air being extremely dry, hot, wet and/or cold. If the air 

becomes very wet, the cells can be blocked from receiving the necessary oxygen needed for the 

reaction. See Figure 16  on page 29 for visualisation from the current setup. 

 



30 

 

 The figure above shows that the concentration of oxygen is much lower at the cells where the 

surface reactions are taking place. The water concentration is also higher at these points. As the 

air flows over the fuel cell, the oxygen concentration more prominently decreases as shown. 

Each consecutive cell requires more oxygen from the same (or similar) volume resulting in a 

significant lowering of the surrounding oxygen concentration. The same reasoning and an 

opposite effect takes place with regards to the water concentration. The difference in oxygen 

will create a deficiency or void in oxygen, which should, in this scenario, be filled rather quickly 

via diffusion. The presented results reflect a 150 minute run, but the result was the same for 

other test runs (e.g. 8 hours). The range of molar concentration ranged from a low concentration 

of 6.53 
�OE��   to high of 7.13 

�OE��  for oxygen and 8.40 and 9.38 
�OE�� 	for water. 

Three-Dimensional 

The three-dimensional model implements the third axis which will lead to a more expensive 

computation. The same aspects were considered in the 3D as the 2D but with more complex 

setup.  

The 3D model is slightly different than the 2D model in that the 3D model also has a sensor cell 

used to determine the flow and effectiveness of all the fuel cells in the system. It is smaller than 

the other cells, but helps to keep the model closer to the actual product specifications and is a 

functioning part of the system.  

On the left side of Figure 17, the 3D setup with air entering from the left in the +x direction is 

shown. The right side shows the cross section of the fuel cell system with the air also entering 

from the left in the +x direction.  Most of the other cross section figures will have the air entering 

from the +x and flowing in the –x direction. Either way, the puck is always on the side where the 

air enters, in case the orientation of the visual is confusing. The fuel cell system is cut in half in 

Figure 16. The molar concentration of water vapour (left) and oxygen (right). As expected, the concentration is lower further from 

the air inlet and closer to the cells. Takes place at 9000 seconds. 

Figure 17. The 3D setup for the fuel cell system (left) and the cross section of the 3D system is on the right. The air entering 

from the left for both these images (from –x to +x). 
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order to decrease the cost of computation but with a symmetry element included.  The 

symmetry element mirrors the results of one half of the model, since the product construction is 

bilaterally symmetrical.  

Air velocity  

The velocity, as in the 2D model, enters in a half-parabolic fashion where the air at ground level 

is slower than the air further away from solid objects. This is due to a no slip condition and 

although in reality there is some air movement, the velocity is much lower closer to the ground.  

Figure 18 shows slices across the model with flowrates dipping near zero, as the air approaches 

the ground and the fuel cell system. The air going past the fuel cell show distinct initialisation of 

vortex trails, which would be more dominant if the velocity were increased. 

 

Figure 18. Slices showing the velocity of the air as it collides with the fuel cell system. The “hotter” the colour, the 

faster the air.  

This figure has a maximum velocity of 2 
��  and there are four layers of velocity being shown with 

the second from the top layer visualising the velocity just above the fuel cell system. The layer is 

primarily green, but the blue shows the reduction in velocity due to the contact with the fuel cell 

system.  

The next section will include the velocity increases and show how the heat transfer is affected by 

these changes. 

Heat Transfer 

As time progresses, the temperature builds up inside the fuel cell system. However, after a 

longer period of time the temperature eventually plateaus. Additionally, computations were 

completed for longer runs of over 8 hours to see if the plateau was noticeable during a time 

period that was far larger than the 2-3 hour actual PowerTrekk run. This was to see if there was 

a large build-up of temperature over time, but it did not seem to produce much higher 

temperatures, supporting the idea that temperature stabilises.  

Figure 19 and Figure 20 show the different sides of the fuel cell system with all the components 

producing reasonable temperature results. 
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Figure 19. The average temperature is in the 330K range. Even from this angle, the heat from the hydrogen 

production can be seen. 

 

 

Figure 20. The cross-section of the fuel cell system with the temperature building up around the cells but also the 

chemical reaction is visible in the hydrogen production chamber (or Puck). The time is at 9000 seconds. 

The convective cooling of the cells improves as the velocity of the air over the system increases. 

Of course, the temperature decrease of the cells also reduces the overall temperature of the fuel 

cell system including the hydrogen production chamber. Four velocity scenarios were 

considered with flow rates of 3 
�� , 5 

�� , 10 
�� , and 20 

��  with the results shown in Figure 21. The 

20 
��  is an extreme condition but is used to highlight an extreme weather condition that could 

require emergency power for a portable device such as a GPS or phone. 
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Figure 21.Temperature with air flow velocity changes. From the left: 3 

�¤ , 5 
�¤ , 10 

�¤ , and 20 
�¤ . 

The results show, an expected decrease in overall temperature as the velocity is increased. The 

maximum temperature reached by the 20 
��  scenario was 318K, while the 3 

��  scenario had a 

maximum of 341K. The minimum was for all scenarios 298K, which was the inlet temperature. 

Figure 22 shows the trend of the inlet velocity with the maximum temperature in the model. 

 

 

Figure 22. Temperature trend with respect to inlet velocity. 

 

Air composition 

The same initial conditions from the 2D model were considered in the 3D model, but after the 

initial run, sweeps of the oxygen and the water vapour concentrations were considered.      

Figure 23 shows the oxygen concentration with a “normal” setting of 79% nitrogen and 20.94% 

oxygen entering the system and Figure 24 shows the water vapour with an inlet concentration of 

13.89%.  
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Figure 23.The oxygen concentration over the fuel cells decreases nearer the cells and further from the air inlet. 

 

Figure 24. The results for 13.89% water vapour in the 3D model show an increase of water vapour at the cells, as is 

expected. 

The oxygen concentration drops by 0.5% to 20.49% closest to the fuel cells due to the chemical 

reaction consumption, though there is still plenty to react with since the air flow over the fuel 

cell system is continuous. The water vapour increases by the cells and reaches 14.41%, i.e. a 

0.5% increase. With these initial values set up, a sweep of six different water vapour initial 

percentages was considered (i.e. 5.0%, 50.0%, 60.0%, 70.0%, 80.0% and 90.0%). This was done 

to present different climate conditions that were both meaningful and practical. 

 

Figure 25. The results for the 50.0% water vapour air composition show only a slight change in humidity. The 50.0% 

scenario did have a larger increase in water vapour which would affect overall performance. 
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Figure 25 shows the results for 50.0% water vapour in the inlet air. The increases in water 

vapour surrounding the fuel cells for each scenario is shown in Table 4 and graphed in Figure 

26. The temperature may also change due to the fuel cell being cooled by the air. 

Table 4. Water vapour change dependent on the initial water vapour in air 

Water vapour 
Concentration 

Change 

5.0% +0.45% 

13.89% (base) +0.514% 

50.0% +0.58% 

60.0% +0.61% 

70.0% +0.65% 

80.0% +0.675% 

90.0% +0.68% 

 

 

Figure 26. Showing the trend of increased water vapour by cells. 

As the surround temperature increases, the dew point (temperature where water vapour begins 

to condense out of the air) also increases. The relative humidity (the water content of the air) 

also affects the dew point where, if the relative humidity is high, the dew point approaches the 

surrounding temperature. As the temperature and water in the air increases around the fuel cell, 

the danger of water droplets forming and blocking passageways for the hydrogen gas. If 

hydrogen gas cannot reach the anode or the protons reach the cathode, a complete reaction 

cannot proceed. The water can also build-up on top of the cells, where oxygen is consumed, 

which can also prevent further reaction from continuing.  

Starting Temperature 

The starting temperature of the air and the system was tested by sweeping through a number of 

temperatures. Temperatures tested were 278K, 298.15K (base), 308K, and 313K. The 

temperature of the air affects the cooling of the system and the maximum and minimum 

temperatures of the system, so it is important to look at these scenarios. The difference could be 

considered a summer temperature and a winter temperature at a given location. 
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Figure 27. The temperature of the fuel cell for different inlet temperatures. Colder temperatures may prevent the fuel 

cell from functioning but the same goes for very high temperatures. From the left: 313K, 308K, 298K, and 278K 

Figure 27 shows the four different scenarios with dropping temperature throughout the fuel 

cells. The slice in parallel with the inlet also shows the halo of heat decreasing in intensity as the 

system is cooled. The cooler air, as expected, cools the system down and Figure 28 shows the 

trend of the increased temperature with more exponential growth as the inlet temperature 

increases.  

 

Figure 28. The maximum temperature for each run and trend from information.  

Material Sweep 

A material sw27eep was performed on the container material. This means that a number of 

materials were tested to see the difference they would make to the overall temperature of the 

system. The materials have different properties such as heat capacity, thermal conductivity, 

maximum working temperature melting temperature, and robustness. Table 5 shows the 

properties of the materials and inferences covering why they should or should not be used in the 

product. 
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Table 5. Comparison of materials[27][28][29][30][31] 

Property 
Thermal 

Conductivity 

Heat 

Capacity 

Melting 

Point 

Working 

Temperature 

Poisson’s 

Ratio 

Tensile 

Strength 
Density 

Price  

(resin) 

Units 
Wm ∗ K 

Jkg ∗ K ℃ ℃ (-) MPa 
���2 

©G�� 

Nylon 6,6 0.25 1670 269 80-180 0.41 75 1140 3.28–4.07 

Steel 44.5 475 1370 >700 0.28 400-550 7850 0.90–0.75  

HDPE 0.48 1900 130 55-120 0.46 37 950 2.40–2.46 

PET 0.25 1250 255 115-170 0.40 80 1380 2.02–2.07 

PMMA 0.18 1450 160 50-90 0.40 114 1180 2.75–2.86 

POM 0.23 1500 175 80-120 0.35 67-69 1415 2.86–3.06 

PP 0.15 1800 140 90-120 0.45 26-37 900 2.11–2.27 

Teflon 0.19 1300 327 180-260 0.46 10-43 2200 >20.001 

Notes:  

1. Robustness/brittleness and financial cost of each material was not considered in detail, 

but common plastics and metals in consumer electronics were looked into. Prices for 

plastics are very dependent on bulk, supplier, and sales person. Best estimate were 

made, though prices can fluctuate drastically[33] 

2. Temperature dependent data, such as density, was based on conditions between 22℃ 

and 25℃,	and	working temperature is the upper limit working temperature 

3. Heat capacity is at constant pressure 

4. Plastics are in the form of resin while steel is in the form of a plate 

 

    

 

Nylon 6,6 Steel HDPE PET 

    

PMMA POM PP Teflon 

Figure 29. The eight different scenarios considered with the Nylon 6,6 being the base setup. 

Figure 29 shows the difference a material can make in the dissipation of heat. The steel has the 

lowest overall temperature. This is most likely due to its high thermal conductivity, though it 
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does have a low heat capacity. The thermal conductivity could overpower this, since it is 200 

times greater than most of the plastics investigated. The plastics are relatively similar with POM 

and Teflon having the lowest overall temperatures. Teflon fluctuates in price becoming very 

expensive at times and therefore most likely impractical for this application. From an 

environmental point of view PET and HDPE are easier to recycle[34]. However, POM and HDPE 

seem to be the best choices based on a blend of cost, strength, recyclability and relatively good 

temperature control. 

Experimental Results  

An experimental investigation was undertaken to understand and document the temperature 

increase of the PowerTrekk when running. This was conducted in order to determine how close 

the model temperature was to the real-world temperature. The battery in the PowerTrekk was 

bypassed by immediately using the energy as opposed to storing it. 

 

Figure 30. The results from the experimental setup. This involved measuring temperature for the puck and the 2nd 

cell in the series. 

These results show that the model is within a reasonable range with the maximum temperature 

of a PowerTrekk observed at a maximum of 330K, which is about 15K lower than the model’s 

setup. The puck reached about 320K but is in a plastic casing that allows for air cooling. The 

temperature was taken on the cover over the fuel cell and the air flow was low due to being 

inside the laboratory.  
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Figure 31. Log scale of the results to show comparison between models and experimental results. Logarithmic trend 

lines are plotted with the data 

Figure 31 shows a comparison between the 0D model, the 3D model, and the experimental 

results. Both models have a temperature increase one order of magnitude faster than the 

experimental values, which may be in part due to thermal mass of the actual bodies, since the 

physical characteristics of the materials will affect the outcome greatly. The maximum 

temperature, as described previously, is just less than 15K higher. One other factor that creates 

the difference in temperature is the lack of air gaps in the model which would allow more 

effective cooling of the system. The trend lines are near parallel for the 0D and the cell 

experimental results, while the 3D model results converge more toward the cell experimental 

results. 

The 3D and 0D model show similar results in the speed to which they approach the maximum 

temperature. The 2D model results also had a similar profile, but are not included in the figure in 

order to reduce clutter. The 3D model can be improved by using different physical and material 

variables and constants, but this could also have been the focus of the 2D model. The amount of 

time and effort to produce a 3D model may not add considerable value to the results, but does 

showcase a more realistic and visually appealing model. The 3D model can also consider more 

than just a slice of the product, allowing for more complex constructions as well as scenarios. 

The computational cost also was higher, but does not necessarily provide more accurate results. 

Nonetheless, the models can be effectively compared to the experimental results. 

A weakness in the measuring of the temperature is due to the fact that it is taken on the surface 

of the fuel cell, while the temperatures recorded in the model are the maximum temperatures. It 

is difficult to measure the maximum temperature of the product, so this is the best that could be 

done. 
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Best Case Scenario 

Based on the variable changes made and their results, the best case scenario can be identified. Of 

course, the user of the product would most likely not be able to stringently set all the conditions 

described hereafter, but using the product in locations with the best case scenario conditions 

will improve performance of the product.  

The temperature should be minimized without hindering chemical reactions and oxygen should 

be provided via higher airflow, which also can sweep away extra water residue. Air velocity of 

10 
�� 	and above and water vapour mass fraction below 50% is best. When considering humidity, 

one does not want the fuel cell to be completely dry which may harm the performance of a fuel 

cell in long run by damaging the material that it is built from. The PowerTrekk’s puck solves this 

problem by allowing a certain amount of humid air to travel with the hydrogen, keeping the fuel 

cell moist. Room temperature of 298K to 308K is an ideal range for the inlet and starting 

conditions, which keeps the fuel cell at a reasonable temperature throughout the run. POM and 

HDPE seem like the best possible substitutes for the Nylon 6,6 in the base scenario, and both 

have slightly lower costs. Again, a more thorough investigation would need to be undertaken. 

Conclusion 

There were a number of different changes made to the operational conditions and composition 

of the system, each with their own effect on how the fuel cell operates. The temperature needs to 

be controlled not only to improve performance but also to protect the end user. The zero-

dimensional model started the focus to produce a realistic model and to simulate conditions in a 

modelled setting. The results appeared accurate at temperatures around 341K (68℃), which is a 

reasonable for a PEM fuel cell. The fuel cell produced heat and was cooled by convection and 

radiation and stabilised by multiple heat transfer coefficients considerations. All of this provided 

an acceptable polarisation curve. 

The two-dimensional model provided the backbone for the three-dimensional model. Airflow 

profiles scenarios were considered with slightly higher temperatures than the 0D model. The 

profiles make sense. The concentration profiles where the oxygen concentration decreases 

nearer the cell as well as farther away from the inlet source, i.e. at the cells farthest from the 

inlet.  

The 3D model had an exponential decrease in temperature as the velocity increased, plateauing 

below 320K. If the device would have been in a location that was not an extended flat surface 

and instead presented on a pedestal, this effect would probably take place even more, since 

more air could then circulate around the device to cool it. Both the 2D and 3D temperatures are 

also higher than the 0D as the 0D did not consider the hydrogen production heat nor material 

use. 

If water vapour was present in the air, there was a less than expected effect on the fuel cell 

performance, but did lend to a decrease in the overall systems temperature. The overall 

temperature is also higher than expected since data from running a PowerTrekk shows that the 

temperature after running for an extended period of time is about 330K.  

All-in-all, the model seemed to represent a realistic fuel cell system with results representing the 

real world application of this product. There are definite improvements that could be performed 

on the model as well as making the model more like the actual PowerTrekk, such as in the choice 
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of material use and the product geometry, but it is at a satisfactory level. By making the model 

more realistic, it also becomes more expensive. It is hoped that this model can be used as an 

education tool for people who are interested in fuel cell systems, modelling, heat and mass 

transfer and related energy subjects.   

Continuation 

There are a number of conditions not considered in this model which could be explored in future 

projects. The following are suggestions on what else could be done. 

• Complex chemical reaction investigation – looking at more precise chemical reactions 

and implementing them as part of the hydrogen production and consumption. Looking at 

different chemistries and modelling them could also be an entirely separate project. 

• Model of membrane electrode assembly (MEA) – the complex structure of the MEA could 

be constructed with all parts accounted for. The electrolyte’s surface area and material 

would be interesting to model in a multi-dimensional setup. 

• Air conditions – looking at the air conditions in multiple locations and climates around 

the world could improve understanding of optimal conditions for the system. Snow, 

extreme wind, and desert conditions are just a few of the possible scenarios.  

• Contamination and degradation – the PEM fuel cell degrades under certain conditions 

such as over thousands of hours of operation or when sulphur is introduced into the 

system. Investigating the effects of operational use or product contamination are 

important for any consumer product. 

• Fuel cell similarity – A more realistic model could be produced by studying, in this case, 

the PowerTrekk’s fuel cell and ensuring that the properties included in the model more 

accurately represent the actual cells and the FuelCellStickerTM. Electronics could also be 

implemented. 

These can all be done on the PowerTrekk or next generation products and simulated with 

COMSOL, but other products and software also exist for investigation.
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Appendix A – Reversible Open Circuit Voltage 
The reversible open circuit voltage at STP can be determined as follows. The mathematical 

equation for this is  

R = Δ56777T ∙ � 

where Δ56777 is the Gibb’s free energy change, z is moles of electrons, and F is the Faraday constant 

in Coulombs. The Gibb’s free energy change can be calculated from known thermodynamic 

values for each of the components in the following equation: 

28	;�= A D;�= → 28D;�= 
with two moles of electrons being produced per mole of fuel.  

ΔG°	 = 	ΔH°	– 	TΔS° 
4H°	 = 	4H°²,³´�µ�¶·¸		– 	4H°²,´¹º¶·º»·¸ =	– 285.9 ����� 		– 	0	 =	– 285.9 ����� 

4S°	 = 	4S°²,³´�µ�¶·¸		– 	4S°²,´¹º¶·º»·¸ = ;70.0=– ¿½ ∗ 205.0	 A 	130.6Â =	– 163 JKmol 
[4S°	 = 	4S°²,³´�µ�¶·¸,¸·¹º�		– 	4S°²,´¹º¶·º»·¸ = ;188.83=– ¿½ ∗ 205.0	 A 	130.6Â =	– 44 JKmol\ 

ΔG°	 = 	ΔH°	– 	TΔS°	 =	– 285.9 kJmol 	– 	¿298	KÂ [– 163 JKmol\ = −237.2 kJmol 
R° = Δ5°677777T ∙ � = −237.2

�����2 ∗ 96485C = 1.2292	: 

A more detailed explanation can be found in Appendix 1 of Fuel Cells Explained[3]. It should be 

noted that the open circuit voltage is zero at the anode but a function of temperature on the 

cathode side. Table 2 on page 20 shows the dependence with efficiencies on the far right.
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Appendix B – Nernst Equation 

This is an example of a Nernst Equation calculation for the fuel cell. It gives the max potential of 

the fuel cell 

R = R° A W ∙ 9T ∙ � lnÄ$Å_
+ $Æ_$Æ_Å Ç 

R° = Δ5°677777T ∙ �  

Gas constant, R = 8.314 
�È∙���= Gas constant  

Absolute temperature, T = 80°C = 353.15 K 

Total pressure (atmospheric), P_tot = 1.0131 bar 

Oxygen fraction in air, X_O2 = 0.21 

Hydrogen fraction in feed, X_H2 = 0.95 

Water fraction in feed, X_H2O = 0.05 

Moles of electrons, z = 2 

Faraday’s constant, F = 96485 
É��� 

Component Pressure, P_component = P_tot*x_component 

Gibb’s Free Energy at 80°C, Δ5°677777 = -226.1 
����� 

Efficiency use of fuel cell, ÊË�e = .95 (this is variable in reality) 

 R° = 1.17168	: R = 1.2047	: RË�e = R ∗ ÊË�e = 1.14 

 


