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The temperature of operation is a key parameter in determining the performance and

durability of a polymer electrolyte fuel cell (PEFC). Controlling temperature and under-

standing its distribution and dynamic response is vital for effective operation and design

of better systems. The sensitivity to temperature means that uncertainty in this param-

eter leads to variable response and can mask other factors affecting performance. It is

important to be able to determine the impact of temperature uncertainly and quantify

how much PEFC operation is influenced under different operating conditions.

Here, a simple lumped mathematical model is used to describe PEFC performance un-

der temperature uncertainty. An analytical approach gives a measure of the sensitivity

of performance to temperature at different nominal operating temperatures and electri-

cal loadings. Whereas a statistical approach, using Monte Carlo stochastic sampling,

provides a ’probability map’ of PEFC polarisation behaviour. As such, a polarisation

’area’ or ’band’ is considered as opposed to a polarisation ’curve’. Results show that

temperature variation has the greatest effect at higher currents and lower nominal op-

erating temperatures. Thermal imaging of a commercial air-cooled stack is included to

illustrate the temporal and spatial temperature variation exerienced in real systems.
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Chapter 1

Introduction

In recent years, climate change and sustainability have risen to be the two of the most

concerning issues globally. Sustainability is “to meet the present needs without compro-

mising the demands of future generation ”, which concerns three main areas: society,

economy and environment. Climate change is one of the critical factors, which affect en-

vironmental sustainability. Scientists have spent decades examining the possible causes

leading to climate change. One of the main causes of climate change is the atmospheric

temperature rise due to greenhouse gas emissions [1]. Increase in concentration of green-

house gases is a critical issue, which has been studied for last decades. To reduce the

emission of greenhouse gases, alternative sources of energy need to be considered.

The main greenhouse gases emitted by human activities at the global scale are carbon

dioxide produced by combustion of fossil fuels; methane that can be liberated from

agricultural activities such as fertiliser use; nitrous oxide also from agricultural activities

and fluorinated gases (F gases) that are mainly released from industrial processes such

as refrigeration [2]. Figure 1.1(a) shows that CO2 has the largest contribution among

the greenhouse gases and also the majority of it comes from combustion of fossil fuels

and deforestation and decay of biomass [2]. Figure 1.1(b) shows that the majority of

greenhouse gas emissions are produced for energy supply, transport and industry.

Figure 1.1(c) shows that based on the research in 2008, 85% of global energy is provided

by fossil fuels and 15% by renewable energies, such as nuclear energy(2%) and bioenergy,

direct solar energy, ocean energy, wind energy, hydropower and geothermal energy.

Data collected in 2010 shows that 91% of CO2 emission comes from fossil fuels and

cement and 9% comes from land use change, such as deforestation and decay of biomass.

Data shows that there is a 0.28% rise in annual CO2 emission from 2011 to 2012 [2].

To reduce the impact of CO2 on the environment and human health, an alternative to

fossil fuels is required with lower greenhouse gas emissions. Also, limited amount of fossil

1
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Figure 1.1: Global gas emissions and details about the sources of emissions and
shares of energy resources are described in this figure

fuels and very long replenishing time is another reason to consider renewable energies

as an alternative to produce energy [2].

In the last 150 years, researchers and developers have been looking into hydropower,

nuclear energy and renewables as an alternative to fossil fuels to face the environmental

concerns, technological demands and economic issues. There are different sources of

energy, which converts directly mechanical energy or heat to electricity with zero or

very low CO2 emission (wind, hydropower, nuclear, bio-fuels, biomass and solar).

To achieve an alternative, hydrogen is recognised as a clean, sustainable, potentially low

cost energy vector, which can be used for stationary power, transportation, industrial,

residential and commercial sectors. Hydrogen can be produced by using clean technolo-

gies to be stored and transported by trucks or pipelines in order to be used in fuel cells,

turbines and engines.
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One of the fastest growing technologies in the renewable energy industry are fuel cells.

A fuel cell is a device that converts the chemical energy of fuels directly to electricity.

Fuel cells come in a range of sizes and types for various applications. Low temperature

fuel cells can be used in laptops, electronic devices and vehicles.

Fuel cells are particularly promising for transportation. Currently there are many taxis

and buses running with hydrogen fuel cells for a cleaner environment. For example,

Hyundai has plans to manufacture 1,000 vehicles running with fuel cells by 2015 and

10,000 more to be released soon after to fulfil the aim to minimise the CO2 emission

to zero [3]. The UK’s first hydrogen powered ferry was released in July 2013 in Bristol

harbour to show the technical and commercial benefits of hydrogen fuel cell technology

[4].

1.1 Challenges

The key problem with the renewable industry is that it is limited to the availability

of resources, geographical and environmental constraints and capital and operational

costs of technologies. Renewable energy is still facing two major challenges in order

to displace fossil fuels. First the capital and operation costs (i.e. wind turbine, solar

panel, electrolysis of hydrogen) needs to become cost competitive with fossil fuels, and

the second challenge is to determine an effective way of storing energy.

To realise a hydrogen economy, it is critical to consider how to produce and store hy-

drogen in a safe and functional way. Steam Methane Reforming (SMR) reacts high

temperature steam with fossil fuels to produce hydrogen and carbon monoxide in a

strongly endothermic reaction. Currently, 95% of hydrogen for industrial applications

is produced by SMR where there are other methods like electrolysis and thermolysis are

also known to produce hydrogen by using electricity obtained from wind or solar energy.

In the UK, wind energy provides 1.5% of overall electricity, which is provided by 2434

wind turbines and 3391 MW of installed capacity [5].

For wider spread commercialisation, fuel cell technology needs to become cheaper and

more efficient in order to allow hydrogen to be a larger scale substitute to fossil fuels. To

achieve a more efficient and better performance fuel cell, it is important to learn about

uncertainties involved in the physical and operational parameters and measuring condi-

tions. When operating fuel cells, there is always a level of uncertainty in the operating

parameters and physical state of the system that leads to variable and unpredictable

performance. This uncertainty can be due to fluctuations and distribution of operating

parameters, measurement accuracy, random errors, unoptimised / unstable control, etc.

[6].
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1.2 Research overview and aims and objectives

Temperature is one of the parameters in a fuel cell system with the highest uncertainty

as it is a function of operating point, reactant flow rate and ambient conditions; it is also

temporally variant under dynamic conditions and spatially heterogeneous. Temperature

is an important component in fuel cell operation and plays a key role in cell performance

[7–9]. Water transport is directly influenced by temperature, affecting the mobility of

species in the electrolyte and access and removal of water at the electrodes and propensity

to flooding [10].

The intention of this study is to provide fuel cell developers with an understanding of the

sensitivity of polarisation performance to uncertainty in the temperature of the system

(spatial and temporal). A key outcome is that conventional polarisation curves should

be considered as “polarisation areas” or “bands” with variable uncertainty across their

operating range.

In this work, a simple mathematical lumped model is used to examine the effect of

temperature on the parameters and fundamental physical and chemical properties that

determine PEFC performance. First, an analytical approach is adopted that examines

the sensitivity of the models to small changes in temperature by using the differential
dV
dT to map the operating range of polarisation and nominal operating temperature.

However, this does not capture the stochastic nature of the uncertainty associated with

practical operation, so a second analysis is performed that applies a statistical treatment

to develop a “probability map” of fuel cell polarisation performance. In order to support

the statistical study, an experimental characterisation of a commercial air-cooled stack is

performed that uses high-resolution thermal imaging to characterise the kind of spatial

and temporal temperature uncertainty that can be expected in a practical operating

system.

1.3 Thesis outline

The structure of this report is as follows: Chapter two discusses relevant literature review

and identifies possible gaps in prior knowledge. Chapter three presents two mathemat-

ical models to consider analytical and statistical behaviour of temperature on overall

performance of a fuel cell. In chapter four, experimental methodology with thermal

imaging is presented to confirm the presence of temperature distribution temporally

and spatially, chapter five shows the application of temperature/ current mapping to

find temperature variation in 16 segments of fuel cell stack and chapter six and seven

present the results for modelling and experimentation respectively. Finally, in chapter

eight, conclusion and future work are shown to complete the report.



Chapter 2

Background and related work

2.1 Introduction to fuel cells

A fuel cell converts chemical energy of fuels to electricity. It has three main parts,

the electrodes - cathode and anodes - and electrolyte. The nature of the electrolyte

defines the type and name of the fuel cell. There are different types of fuel cells for

various applications. Table 2.1 summarises some of the advantages and disadvantages

of different types of fuel cells [11, 12]. The focus of this study is on the low temperature

Polymer Electrolyte Fuel Cell (PEFC).

Figure 2.1 presents a PEFC, which consists of different parts including gas channels,

attached with collectors which are the passage for reacting gases. The Gas Diffusion

Layer (GDL) has a porous nature which makes the diffusion of reactants and removal of

produced liquid water at the cathode side easier. It is also a good electrical conductor,

by producing low electrical resistance between the catalyst layer and the collector. The

catalyst layer is where electrochemical reactions occur. In PEFC the most commonly

used catalyst is platinum. The catalyst has the role of speeding up the reactions oc-

curring inside the cell. In this case, the reaction at the anode is hydrogen molecules

breaking into positive ions (protons) and at the cathode oxygen molecules reacting with

the protons, which migrate through the membrane from anode to cathode.

Figure 2.1 illustrates the reaction between hydrogen and oxygen in a fuel cell. Hydrogen

enters into the cell from the anode side, react at the electrode and loses electrons.

The resultant positive ions travel towards the cathode through the proton exchange

membrane and the free electrons travel through the external circuit towards the cathode.

On the cathode side, air enters the cathode, where the reaction between the hydrogen

ions (electrons) and oxygen molecules takes place.

5
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Figure 2.1: PEFC diagram to show the different parts of the system and how the
species move across the MEA

The reactions that take place inside the PEFC are as follows:

Reaction at anode

2H2 → 4H+ + 4e− (2.1)

Reaction at cathode

O2 + 4H+ + 4e− → 2H2O (2.2)

Overall cell reaction

2H2 +O2 → 2H2O (2.3)

The operating temperature for the PEFC is mainly lower than 100◦C to avoid excessive

loss of water. Also, the high current density of this type of fuel cells form a lightweight

and compact system, which results in more desirable device for portable uses. One of the

other advantages is the use of a solid electrolyte, which makes the sealing of the electrodes

easier. PEFCs have less problems with corrosion compared to high temperature fuel cells,

which makes low temperature fuel cells have a longer stack life. However, one of the

main disadvantages of PEFCs is the risk of flooding, which can occur with poor water

management.

There are three main challenges for fuel cells:
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Types of Advantages Disadvantages
Fuel Cell

SOFC
* Fuel flexibility * Limited range of material selection
* Non-precious metal catalyst * Sealing issues
* High quality waste heat for Co-
generation

* High temperatures results in irreg-
ular component expansion

MCFC
* Fuel flexibility * Corrosive and mobile electrolyte
* Non-precious metal catalyst * Loss of electrolyte due to high tem-

perature accelerates degradation of
the cells

* Higher efficiency than PEFC
and PAFC

PAFC

* Mature technology * Slow reduction in the cathode side
* Co generation is available * Electrolyte is a corrosive liquid
* Excellent reliability and long-
term running

* Complex system configuration sim-
ilar to PEFC

* Almost inexpensive electrolyte

DMFC
* Simple structure * Poor cell efficiency
* Good durability for low power
and long operating hours

* Poor durability for short term op-
erating and high power

PEFC
* Quick start up * Complex system configuration
* Highest power density com-
pared to other types

* Water and thermal management
difficulties

Table 2.1: Characteristics of different types of fuel cells

• Economics - which considers costly aspects of fuel cell such as expensive compo-

nents.

• Durability - It is crucial to use materials and operation models that prolong the

life of the system. This also has an effect on economy of ownership.

• Reliability- A fuel cell has different applications and it is essential to use optimum

operating conditions in order to meet the specifications considering the environ-

mental concerns.
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2.2 Characteristics of fuel cell performance

There are different mathematical models presented in the literature for different purposes

to describe mass , energy balance and electrochemistry of the reactions occurring in fuel

cells over single or multiple dimensions. To validate the models with experiments, it is

important to explain briefly the various methods to validate the cell performance.

The most commonly used method to validate the theoretical data with experiments

is the polarisation V-I curve, where voltage is plotted versus current density. Cell

voltage is affected by different losses, such as thermodynamics, activation, ohmic and

concentration losses, which are demonstrated in Figure 2.2.

Figure 2.2: A polarisation V-I curve with voltage losses

Activation is the result of breaking the molecules to ions and trasnfer the positive ions

across the membrane [13, 14]. Activation is a function of exchange current density,

which is defined as the rate of reduction or oxidation at equilibrium. The value of

exchange current density i0 varies with the type of catalyst used in the reaction, electrode

roughness, the metal compositions and soluble species concentrations. Exchange current

density is also a function of temperature, which improves exponentially with increasing

temperature [14]. To obtain a better performance, larger i0 is favourable to increase the

reaction kinetics.

The ionic and electron transfer produces ohmic resistance inside the cell, this is par-

ticularly significant for the membrane electrolyte [13, 15]. Electrical resistance is often
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assumed to be negligible; where the ionic resistance is a function of membrane conduc-

tivity, which depends on the type of the membrane used in the fuel cells. To achieve

good conduction, it is essential to keep the membrane humidified. Temperature plays

a key role to increase the rate of conductivity in the membrane and also to maximise

the rate of reaction; however, the membrane needs to be hydrated to allow the proton

conduction with minimal resistance. Therefore, choosing the right value of temperature

is a trade off between membrane hydration and conduction at the desirable level to

minimise ohmic loss.

The other major loss mechanism is mass transport limitation. When the concentration

of reactants drops to zero in the catalyst layer, the current density becomes limiting.

Mass transport limitation dominates at higher current densities and is a function of

diffusion coefficient and reactant concentrations [10, 13, 16].

The open circuit voltage (OCV) before current is drawn is defined by the thermodynam-

ics of reaction and the Nernst equation, which accounts for the concentration of reactant

species [13]. Open circuit voltage EO occurs, when there is no current density available

in the cell.

2.3 Electrochemical description of a fuel cell

The V-I curves present the total cell voltage of the fuel cell by considering the losses

involved in thermodynamics and kinetics of the reaction, mass and charge transfer hap-

pening in the cell. The overall polarisation curve is generated by subtracting the relevant

over-potentials from the open circuit potential that can be seen in Equation 2.4:

Vcell = E − ηact − ηohmic − ηconc (2.4)

where E is open circuit voltage at zero current density. The Nernst equation is used

to describe the thermodynamics. ηact is the activation loss due to kinetics of reaction,

which depends on the rate of the reactions at the surface of the electrodes. ηohm is the

ohmic loss taken to be exclusively due to the ionic resistance of the electrolyte membrane,

which is a function of water content and temperature. ηcon is concentration loss and is

a function of the activity of reactants and products and also rate of diffusion of species

through the GDL.

2.3.1 Fuel cell thermodynamics

Thermodynamic analysis describes the magnitude and the direction of the reaction using

the Nernst equation. The first law of thermodynamics is used to calculate the maximum

useful energy required to do work [13]:
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∆U = Q−W (2.5)

where in Equation 2.5, Q and W represent heat supplied to the system and work done

by the system and U is internal energy. To calculate the total work done by the system,

Equation 2.6 is defined as:

W = Wp +We (2.6)

where We is the electrical work needed to transport the electrons and Wp is the mechan-

ical contribution at constant pressure and temperature, which depends on the change of

volume only. Equation 2.7 shows the same phenomenon as follows, where P is pressure

and ∆V is change of volume.

Wp = P∆V (2.7)

by using the second law of thermodynamics, the next equation is defined to calculate

the heat loss from the system. Equation 2.8 explain the entropy change of the fuel cell,

∆S, in terms of the heat transfer, δQ, and temperature T .

∆S =
δQ

T
(2.8)

to calculate the maximum useful work, the change in Gibbs free energy at constant

temperature and pressure is described in Equation 2.9 following up the Equation 2.10

to determine enthalpy change, ∆H, assuming constant pressure.

∆G = ∆H − T∆S (2.9)

Enthalpy change is defined by

∆H = ∆U − P∆V (2.10)

By combining Equations 2.6, 2.7 and 2.8 and substituting into Equation 2.5, the internal

energy in terms of work done and change of entropy is determined and substituting the

obtained expression and Equation 2.10 into Equation 2.9 gives the Gibbs free energy in

terms of electrical work, which means the electrical work in a closed system at constant

pressure and temperature is caused by the change in Gibbs free energy of the system.
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∆G = −We = −nFE (2.11)

Equation 2.11 provides a direct relationship between the thermodynamics of the reaction

(∆G) and the electrical potential (E). To calculate the potential change when the system

is not operating at standard conditions, the Nernst equation is described as:

E = E0 −
RT

naF
log(

p(w)

p(H2)p
0.5
(O2)

) (2.12)

where E0 is the maximum voltage achieved depending on fuel cell temperature at stan-

dard conditions and the second term accounts for the effect of temperature and reac-

tant/product concentrations.

2.3.2 Reaction kinetics

The rate at which a reaction is attained at the surface of the electrodes is affected by the

kinetics of the reactions. The thermodynamics of the reaction was previously described

for the equilibrium state, when there is no current flow occurring. A potential change

at the electrodes due to the kinetics of reaction is called activation overpotential.

The Tafel equation is used to describe the activation overpotential, which is a function

of the exchange current density. Exchange current density, i0, is the rate of the reaction

at the reversible potential. i0 is often measured experimentally; however, there are some

expressions available in literature to calculate it theoretically [13].

Empirical equation 2.13 is used in this work to calculate i0 as a function of iref0 [14],

which is reference exchange current density to work as a third electrode to measure the

rate of current transfer. To overcome the inaccuracy of the potential measurement under

load, a commonly used technique is to insert a third electrode as a reference electrode.

The overpotential at the third electrode is negligible as it draws no current; therefore,

the measured over potential only applies to the working electrodes to determine the net

current transferred across the MEA.

i0,c = iref0 acLc (
PO2

P ref
)γ exp(

−Ec
R.T

(1− T

T ref
)) (2.13)

In Equation 2.13, iref0 is a reference exchange current density [13], ac is catalyst specific

area cm2 mg−1, lc is catalyst loading mg(pt) cm−2, PO2
is oxygen partial pressure, Pref is

reference operating pressure, Ec is reaction activation energy J mol−1 and R is universal

ideal gas constant. To determine the thermal sensitivity of the reaction kinetics, the

effect of temperature on i0 is essential where exchange current density can be described
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by the Tafel equation as a function of the ratio of oxidised and reduced concentration.

The magnitude of this ratio (CO/CR) depends on the rate and kinetics of electrons,

which temperature plays a key role in this case. Therefore, it is crucial to capture the

effect of temperature on the rate of electron transfer across the electrodes to learn about

the sensitivity of reaction kinetics in MEA.

Figure 5.4 shows that i0 behaves exponentially with temperature from 30 to 90◦C, where

at lower temperature there is a larger slope of i0 than higher temperature. The graph

shows that kinetics of reaction improves with temperature due to higher rate of current

transfer as a result of significant mobility of species at higher temperature resulting in

more collision between the species and higher rate of reaction.

Partial pressure of oxygen, PrO2 at the cathode can be found by Equation 2.14, where

Pair is the total pressure of air going into the cell, i is current density and Pw is the total

pressure of water produced at the cathode [14].

PrO2 =
Pair

exp(4.192 i
T 1.344 )

− Pw (2.14)

Current experimental studies show that the anodic kinetics are negligible compared to

cathodic one due to significant exchange current density. The value of exchange current

density is dependent on reactant concentration c∗R, activation barrier ∆G, temperature

and the number of possible reaction sites ( i.e. the reaction interface roughness) [13].

Therefore, the anodic kinetics is not considered in the calculation due to its negligible

effect. The typical i0,c value is 3×10−9Acm−2 [13]. Equation 2.15 defines the activation

loss at the electrode, where nc is the number of free electrons, αc is transfer coefficient

at the cathode, i is current density and i0 is exchange current density.

ηact =
RT

αcncF
× log(

i

i0
) (2.15)

2.3.3 Fuel cell charge transport

Ohmic losses are another type of over-potential occurring in the fuel cell, which affects

the cell voltage. Ohmic losses occur as a result of ionic resistance in the electrolyte and

electronic resistance in the bipolar plates, electrodes and gas diffusion layers.

Ohmic loss is a function of current density and internal resistance, which is the sum

of the electrical and ionic resistances. Electrical resistance is assumed negligible in this

work because of its relatively small effect on the cell potential compares to the electrolyte

[17]. Equation 2.16 is used to describe the ohmic losses, where l is membrane thickness

and σm is membrane conductivity (S cm−1).
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ηohmic = (
l

σm
)i (2.16)

Ionic resistance is a function of membrane thickness and conductivity, and it is typically

assumed to be in the range of 0.1-0.2 Ω.cm2 [14]. To capture the effect of temperature on

membrane conductivity and resistance, an empirical Equation 2.17 is used to calculate

the membrane conductivity, where cm is defined as water content [16],

σm = (0.00514× cm − 0.000326)× exp(1268(
1

303
− 1

T
)) (2.17)

Conductivity is a function of the water activity and water content of the membrane.

Equation 2.18 is used to calculate the membrane water content [18], Where am is an

empirical term, which depends on water activity of the electrodes. To estimate con-

ductivity, anodic water activity or average of the two electrodes are usually used with

respect to β, which is a design parameter depending on operating conditions [10] and

defines the contribution of water activity at each electrodes.

cm = 0.043 + 17.18× am − 39.85× a2m + 36× a3m (2.18)

In Equation 2.19, aa and ac are water activities at anode and cathode respectively.

am = β × aa + (1− β)× ac (2.19)

To calculate water activity at the electrodes, partial pressure of reactants must be divided

to water saturation pressure. In Equation 2.20, Mw,a/c is mass flux of vapour water at

the electrodes, MH2/O2 is mass flux of hydrogen and oxygen and P is the total pressure

and P satw is water saturation pressure.

aa/c =
Mv
w,a/c

(Mv
w,a/c +MH2/O2

)
× P

P satw

(2.20)

Relative water content is a function of pressure and it is normally determined experimen-

tally. Experimental data show that increased water content at high pressure improves

membrane conduction, which makes ohmic losses smaller.

To calculate water activity, Equations 2.21 to 2.26 are used to describe the mass flux for

hydrogen, oxygen and water respectively at the anode and cathode, where λ is stoichio-

metric ratio of species, A active area, n is the number of electrons at the electrodes, M

is mass flux, yw is mole fraction of water, RH is relative humidity and P satw is saturation

pressure of water.
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MH2 = λH2

iA

naF
(2.21)

MO2 = λO2

iA

ncF
(2.22)

Mv
w,a =

yw,a,in
1− yw,a,in

MH2 (2.23)

Mv
w,c =

yw,c,in
1− yw,c,in

MO2 (2.24)

yw,a,in = RHfuel[
P satw

P
] (2.25)

yw,c,in = RHair[
P satw

P
] (2.26)

2.3.4 Fuel cell mass transport

Insufficient reactant at the surface of the electrodes cause a mass transport limitation,

which reduces the total cell voltage. Increase in concentration of reactants, temperature

or agitation of fluid can improve mass transport and reduce the limitation providing on

the cell voltage.

Overpotentials with respect to mass transport limitations are called concentration losses,

which results in a limiting current density iL. Limiting current density would be

achieved, when the reactant concentration in the catalyst layer drops to zero, which

in this study is hydrogen as this work looks at PEFC with hydrogen as a fuel. The

resulting current density would be termed the limiting current density. The diffusion

coefficient has a linear relationship with iL as larger diffusion can lead to more reaction

and larger iL.

To determine the concentration loss, overpotential at the anode is considered negligible

due to insignificant concentration difference between the hydrogen ions concentration

and initial hydrogen molecules concentration. Equation 2.27 is used to describe the

concentration loss due to diffusion on cathode side [13],

ηconc =
RT

ncF
log(

iL,c
iL,c − i

) (2.27)
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where nc is the number of free electrons at cathode and iL,c is the cathodic limiting

current density. Cathodic iL,c is defined by the Equation 2.28, where δ is the GDL

thickness.

iL,c = ncF D
eff c(O2)

δ
(2.28)

where C(O2) is oxygen concentration and can be found by using the ideal gas law equation

and xO2 is the molar fraction of oxygen.

c(O2) = x(O2)
P

RT
(2.29)

The next term is the effective diffusion coefficient Deff , which depends on the binary

diffusion coefficient of oxygen and nitrogen in the air and also the porosity of the elec-

trodes. The porosity proposed is the ratio of pore volume to total volume. The typical

porosity of electrodes in fuel cells is 0.4, which means 40% of the total volume consists

of pores [13]. It is important to emphasise that the empirical Bruggemann correlation

used in this work to calculate the effective diffusion coefficient is achieved fully experi-

mentally and it is applicable for dry GDL; however, there are some theoretical models

available in the literature, which include the effect of liquid water on effective diffusion

coefficient [19] that can only be used for modelling purposes as they have not been val-

idated by experiments. As previously mentioned, this work’s focus is to show the effect

of temperature on PEFC model by keeping the model simple; therefore, it is assumed

a single vapour phase water only to avoid any complexity. Equation 2.30 describes how

diffusion coefficient is calculated empirically using binary diffusion coefficient, D(O2,N2),

and porosity, ε.

Deff = D(O2,N2) ε
1.5 (2.30)

The binary diffusion coefficient is calculated by the equation 2.31, which is a function

of temperature and pressure and Dref
O2,N that is looked up from the literature [14].

D(O2,N2) = Dref
(O2,N2)

(
T

T ref
)3/2 (

P ref

P
) (2.31)

2.4 Uncertainty associated with fuel cells performance

One of the most important issues that adds complexities in design is the level of un-

certainty in operating and design characteristics. Uncertainty can affect the system
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performance due to addressing inaccuracy in experiments that results in heat/power

losses and side reactions.

Researchers have been working on different approaches to learn more about different

types of uncertainty and their impact on system performance [6]. There are different

types of uncertainty that need to be considered:

1. Uncertainty in physical expressions in modelling (Model Uncertainty) such as rate

of reaction, heat transfer, conductivity and relative humidity models.

2. Uncertainty in chemical/physical properties (Parametric Uncertainty) such as con-

ductivity, diffusivity, porosity.

3. Uncertainty in environmental conditions, power demands and prices (External

Uncertainty).

4. Uncertainty in measurement (sensors, control systems, human error, etc.)

There is an increasingly amount of work that is dedicated to examine uncertainty in

modelling. Giannakoudis et al. consider uncertainty in environmental conditions such

as weather fluctuation and operating efficiency of sub-systems [20]. Giannakoudis et al.

aim to achieve an optimal design system by considering the economic, environmental

and operating perspective, while considering design uncertainties as fluctuations in the

realistic operating conditions.

They present two main possible approaches dealing with uncertainty in modelling, in-

cluding deterministic and probabilistic (stochastic) form. In a deterministic method,

uncertainty can be described in either specific bound or finite number of fixed parame-

ter values. In this case the set of discrete points for the fixed parameter values in each

iteration can be used. In a stochastic method, uncertainty can be expressed through

probability distribution which lies within a region where there is a probability that the

parameter resides within that region. Sampling is an appropriate way of finding a set

of discrete points randomly without any particular trend. There are different methods

to do the computational sampling such as Monte Carlo, Latin Hypercube Sampling and

etc., which can be used for different applications.

Santarelli et al. look at the impact of temperature change between 50-80◦C on cathode

exchange current density, internal current density and internal resistance. In this work

an electrochemical model is used to determine how the V-I curve is affected at different

temperatures, and also to compare the analytical results with the experimental data

as it can be seen in Figure 2.3 [9]. Results presented in Figure 2.4 show that the

exchange current density increases by 10−4Acm−2 from 50 to 80◦C, which means higher

temperature has a significant effect on rate of reaction [9].
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Figure 2.3: Polarisation curve for temperature 50◦C, 65◦C and 80◦C are presented
and compared with experimental data. markers show the experimental data and lines

show modelling data

In Figure 2.5, cell resistance is plotted versus temperature as the error bars [9]. The

graph shows that the cell resistance decreases with temperature by 0.3 Ω cm2 within

the defined range of temperature. The estimated uncertainty is noted as about 1% in

this work. As temperature increases, conductivity gets improved and results in lower

resistance. All the above results are verified with experimental data obtained by [21] and

[22], which shows a good agreements with regression and experimental results. Santarelli

et al. apply an analytical approach to introduce the temperature values into the model,

which can be improved by using randomisation to generate the spatial arrangement of

temperature samples to avoid any association between temperatures and the outputs.

It would be useful to consider a larger range of temperature in order to capture more

details about the parametric variation at different temperature values.

Figure 2.4: Values of exchange cur-
rent density vs. operating tempera-

ture

Figure 2.5: Values of internal current den-
sity vs. operating temperature

Mawardi and Pitchumani focus on uncertainty of materials and operating parameters,
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which impacts on the performance of fuel cells by applying a one dimensional, non

isothermal model [6] to present the fuel cell material and operating parameters with

uncertainty, which are shown in terms of continuous probability distribution with mean

of µ and standard deviation of σ. The mathematical model used by Mawardi and

Pitchumani looks at the molar flux of species in the x-direction across the electrodes and

the membrane, which is described in Equation 2.32. Also they look at the water transfer

across the membrane, which is a good conductor when fully hydrated. To determine the

flux of water, Equation 2.33 is proposed to look at the net effect of electro-osmotic drag,

diffusion and convection of water due to pressure and concentration gradients, where Ni

is molar flux of species, ωi is mass source for species and Wi is molar mass of species.

dNi

dx
=

ωi
Wi

(2.32)

To calculate molar flux of liquid water, Equation 2.33 is used, where l subscript denoted

for liquid water, Dl the diffusion coefficient for liquid water in the membrane, kp the

hydraulic permeability of the membrane, µv the viscosity of liquid water and ηd is the

electro-osmotic drag coefficient.

Nl = Dl
dcl
dx
− εmemw cl

kp
µv

(
dP

dx
) +

ηdI

F
(2.33)

Parametric analysis is performed to determine the effects of uncertainty in the oper-

ating parameters on the power density for several values of fuel cell temperatures and

pressures on the anode and cathode. This paper contains a deterministic PEFC model,

which presents a basic stochastic model to generate the input samples as a probability

distribution [6].

This model includes model uncertainty by looking at the transfer coefficient αa and αc

as well as operating uncertainty in cell temperature T , pressure at the electrodes Pa ,Pc,

relative humidity RHa, RHc, stoichiometry and dry gas mole fraction at the cathode

and the anode.

As it can be seen in Figure 2.6, the uncertainty in each of the above parameters are

expressed as a probability distribution function and quantified by the distribution’s mean

value [6]. The degree of uncertainty is described by using the coefficient of variation (CV )

which is computed by standard deviation over mean value (CV = σ/µ).

The sampling method called Latin Hypercube Sampling (LHS) is the technique used in

Mawardi’s paper to select the combination of input uncertain parameters. This method

generates N samples for M uncertain parameters. To achieve this, one dimensional

distribution should be divided to N intervals and one sample is picked randomly from

each interval. This method is a technique to reduce the number of runs with more
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effective sampling process and the main advantage of this method, compared to other

methods such as Monte Carlo, is that the random variables are considered only once as

each interval is sampled one time only.

The output obtained is validate with experimental values obtained by Springer et al.

[15] and also numerical prediction by Rowe and Li [23]. Figure 2.7 shows that voltage

loss decreases monotonically with current density due to increase in ohmic loss in the

membrane [15, 23]. The obtained results show a good agreement with the numerical

predictions over the entire range of current density. On the other hand, the experimental

data has a sharp drop of voltage over current density due to presence of CO in the inlet

hydrogen, which develops CO poisoning on the catalyst surface that results in slower

electrochemical reaction. The graph shows that the sharp drop exists between current

density of 0.2 and 0.4 Acm−2 due to dominant limitation of mass transport rate so as

current density increases the partial pressure of oxygen at the catalyst surface /cathode

interface rapidly decreases; therefore, less oxygen reaching the reaction site so the sharp

voltage drop appears.

Mawardi and Pitchumani also study the relationship between the number of samples

and convergence of standard deviation and mean value. The goal is to determine the

impact of number of samples on the mean and standard deviation power density. The re-

sults obtained show that higher number of samples achieve mean and standard deviation

Figure 2.6: Methodology presented by Mawardi and Pitchuman to calculate the effect
of parametric uncertainty on cell performance
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convergence within 0.1% and 3.0%, while the samples are generated by Gaussian dis-

tribution [6]. The output distribution shows the skewness, which suggests nonlinearity

between the power density and input uncertainty.

To characterise the distributions, Mawardi and Pitchumani calculated the CV to com-

pare the distributions for different operating conditions. The results show that CV of the

power density increases with input uncertainty for various operating parameters within

the given standard deviation; however, higher temperatures lead to lower CVs of power

density for all input CVs. Therefore, power density increases with temperature as does

the standard deviation and mean values; moreover, the increase in standard deviation is

not as significant as increase in mean values, which results in lower CV of power density

with temperature.

The above statement indicates that fuel cells should be operating at high temperature

to increase the mean power density; however, higher temperature would leads to larger

water transport that causes the risk of flooding. Also it is important to consider min-

imising variance power density for low temperatures. Balancing these two considerations

is one of the important concerns about robust operating regimes.

Figure 2.8 shows the mean power density versus standard deviation of power density for

different temperatures at three input CVs, which shows the ratio of standard deviation

of m number of parameters for N number of samples to their mean values [6]. Each

sample represents a combination of uncertain parameter values, ξ : 1, ....,m and the

mathematical model used to simulate the performance for each sample 1, .., N .

The graphs show that optimal mean power density increases with temperature and

decreases with input CV. This result shows that the fuel cell cannot be operated at

Figure 2.7: The simulation obtained by Mawardi and Pitchumani shows the relation-
ship between the results from stochastic modelling and experimental data collected by

Springer et al. and numerical data gained by Rowe and Li
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the maximum power density without corresponding increase in the variability. As can

be seen in Figure 2.8, for a given temperature, standard deviation increases as input

uncertainty increases; therefore, in order to reach the maximum power density, it is

inevitable to avoid variability [6].

The major aim is to maximise mean power density by choosing the optimal cell temper-

ature for a given input CV and desired standard deviation power density. Results are

based on parametric studies over a selected range of three principal operating param-

eters in order to illustrate the methodology of fuel cell design under uncertainty using

stochastic simulations.

Figure 2.8: Presents the data for the mean power density (σpd) in the range of 00.10
W cm2 and for the three input uncertainty levels [σµ ]xi and the three temperatures. (a)

shows power density at various temperatures at CV = 0.02, (b) shows at CV = 0.05
and (c) shows at CV = 0.1
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As future work, this model can be extended to include multi-dimensional and multi-phase

aspects. Also, a stochastic modelling framework may be combined with a numerical

optimisation scheme to provide a robust design tool for stochastic optimisation under

uncertainty.

One of the most commonly used ways of approaching uncertainty is to determine the

impact of the parameter uncertainties on other variables; for example, the effect of tem-

perature on degradation rates. Placca et al. study the effect of temperature uncertainty

on the performance of PEFCs by considering the effect of degradation [24]. First, a non

degrading semi-empirical model is used that is validated against experiments. The main

assumption is that the concentration loss is taken as negligible; therefore, the current

density is kept up to 1 Acm−2 in order to prevent concentration loss [24]. Also, the

electrical resistance is assumed to be negligible due to low electrical-to-ionic resistance

ratio.

The simple mathematical model is used by Placca et al. as follows [24]:

Vcell = ENernst + ηactivation + ηohmic (2.34)

Where ηactivation and ηohmic are both negative values and also an empirical correlation

is used to show the relationship between the effect of degradation rate on active area

with time in Equation 2.35 [24].

A = 2.5 + 50exp(−K2× t) (2.35)

where A is active area, K2 is degradation rate (hr−1) and t is time (hr).

To present the results in uniform and Gaussian distributions, sampling is used to achieve

the acceptable mean and standard deviation. Results show that there is a constant

1% CV of input voltage with current density are distributed for both Gaussian and

uniform distributions. The non degrading model results show that voltage increases

with temperature where the main assumption in this model is that all other components

such as degradation rate are constant. Placca et al. also describe a similar model,

which describes the impact of variation in temperature and degradation rate on cell

performance [24].

In the model presented by Placca et.al, two sets are studied. In the first set temperature

is assumed constant and degradation rate K2 of the membrane is randomly chosen and

in the second set K2 is kept constant while temperature is randomly chosen. For each

set, the data are presented in both uniform and Gaussian distributions. The results in

Figure 2.9 is presented to show the variation of cell voltage in both cases of stochastical

temperature distributions [24]. It can be seen that cell voltage are more spread for the
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Gaussian distribution than the uniform one with the same probability for each interval.

To show the effect of degradation rate, Figure 2.10 is presented to show the effect of

degradation rate over time for Gaussian and uniform distributions [24]. It can be seen

that cell voltage are more spread for Gaussian distribution, which is an expected results

to get higher cell active area degradation with time.

Figure 2.9: shows the Vcell for 1000 samples generated by Gaussion distribution on
the left with mean temperature of 80◦C at 30A current and 3.53◦C standard deviation.
On the right, the spread of Vcell is presented by uniform distribution within the range

of 74− 86 ◦C with constant degradation rate of 0.0002

In order to analyse the effect of major parameters of this model, the Response Surface

Method (RSM) is applied. RSM is a statistical method to distinguish the relationship

between the variables and the response variables [24]. To determine the interaction

between these two parameters an optimisation approach needs to be considered for

further calculation.

In summary, this section has covered some of previous research on uncertainty applied

to fuel cells performance and degradation. The next section presents some of the work

related to the effect of temperature on fuel cells performed previously in literature.

2.5 Review of effect of temperature on fuel cell perfor-

mance

There are many factors that lead to temperature variation in fuel cells, including pressure

drop, concentration loss, humidification variation, thermal conductivity of materials and
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Figure 2.10: Cell voltage versus time at current=30 A, where temperature is constant
at 80◦C and degradation rate is generated randomly with mean= 0.0002 and standard
deviation = 0.00002 for Gaussian distribution and for a uniform distribution with a

range of 0.000165 and 0.000235

rate of water transport. Previous work has looked at the significance of temperature

variation inside the cell [7, 8, 25, 26].

This section describes some of the factors causing temperature distribution such as gas

flow channel width and design, existence of liquid water, and membrane thickness. The

purpose of studying these causes is to estimate an appropriate temperature variation to

introduce to the model in order to investigate the impact of the temperature variation

on cell performance.

Misran et al. looked at the effect of temperature on water transport on cathode and

anode and showing the influence of temperature at 40, 50 and 60 ◦C on electro-osmotic

drag coefficient, water diffusion coefficient, membrane ionic conductivity and water back

diffusion. A mathematical model presented by Misran et al. is a function of water

activity which is itself depending on operating pressure. The experiments carried out

by Misran et.al operated at 1 and 1.5 bar and 100% anode humidity and 0 to 0.5%

cathode humidity [27]. The results show that the relative humidity at the inlet gas,

anode, decreases with temperature along the channel length due to condensation rate,

electro-osmotic drag and friction between the gas streams in the flow field.

The effect of temperature on fuel cell performance is critically dependent on cell humid-

ity. Perez-Page and Perez-Herranz show in their paper that cell performance decreases

with temperature as the membrane can be dried and results in high internal resistance

[28]. To increase the performance, better hydration is required at higher temperature to
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increase the active area for ionic transfer and better conduction and diffusion. However,

higher operating temperature can cause water evaporation in the membrane and drop

the performance and on the contrary higher hydration at low operating temperature can

lead to flooding in the membrane. Therefore, it is important to operate the fuel cells

at the right operating and humidification temperature to avoid drying or flooding the

membrane.

Pharoah et al. show that temperature distribution depends on state of water inside the

cell as absorption and desorption of water causes the change in maximum temperature.

Also the presence of liquid water in catalyst layer is another cause of temperature rise,

as it reduces the effective diffusion coefficient of oxygen and therefore decrease the max-

imum achievable current due to higher resistance in active area [25]. It is shown that

temperature is also significantly affected by gas flow field design and the width of the

flow channels. These variables can cause the catalyst temperature to deviate between

4 to 13 ◦C from the end plate temperature [7]. The model used in this thesis does not

capture these variables including flow channel design, two phase flow and width of flow

channels in order to keep it lumped model; however, upgrading to two dimensional model

can be considered as future work.

As is commonly used in fuel cell modelling, the empirical Bruggeman correlation was

used in this work to estimate conductivity and diffusivity [29–31]. However, this as-

sumes that there is no liquid water present in the cell. At low temperature and high

current density there is a higher chance of liquid water formation. Under such conditions

fuel cell performance may be more sensitive to temperature uncertainty and theoretical

correlations such as those described by Das et al. may be considered [19].

There has been many developments in order to measure the temperature variation in-

side the fuel cell. One of these developments is by Inman et al. whose work is about

implementing thermal sensors to obtain temperature variation inside the cell [26]. They

determine that temperature is mainly affected by liquid water formation inside the cell

and also heat lost due to water evaporation. Thermal sensors are also used in current

research presented in Chapter 4 to measure temperature at different points across the

MEA [32].

Shimpalee and Dutta looked at the temperature variation across the channel width for

two different sets of input parameters [8]. One set is operating at cell temperature of

70 ◦C and larger molar fraction of hydrogen at the anode and oxygen at the cathode

compared with set two, which is operating at temperature of 80 ◦C and larger membrane

thickness than set one. Temperature is measured for one third, half and two thirds of

the channel length. Results show that the temperature variation is between 0.1 to 4.7K

for insulated and uninsulated boundaries.

The previous studies presented above describe the existing temperature distribution by

capturing various effects on fuel cells. The purpose of this background review is to
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establish how much temperature is likely to vary in order to choose a sensible variation

to start a statistical treatment; as a result, ±5 ◦C temperature variation is proposed to

accomplish the aims of this work.

2.6 Thermal measurement

To capture the temperature distribution inside the MEA, a high resolution thermal

camera is used to identify how temperature varies spatially and temporally.

There are various powerful tools to understand the performance of the fuel cells and also

to validate heat transfer models including temperature mapping either with thermocou-

ples [33–35], micro sensors measuring the temperature and humidity [36], thermistors

[37] and thermal imaging [35, 38–42]. Temperature distribution inside the fuel cells is

the key information to learn about water transport in order to be able to improve water

management across the cell.

2.6.1 Thermal imaging and thermocouples

On of the simple tools to obtain temperature distribution is thermocouples [33]. To

study temperature distribution inside fuel cells using thermocouples or micro sensors,

the system needs to have an open end, where the thermocouples can reach the MEA.

The down side of this approach is that the presence of the thermocouples inside the cell

might affect the cell performance. Also depending on the number of thermocouples only

a few points across the cell can be tested. However, on the positive side, Wilkinson et al.

believe that local temperature measurements correlate well with local current densities

obtained and published in literature, which means current mapping can be determined

indirectly [33].

2.6.2 Open and closed cathode

The mechanical design of a fuel cell is one of the key variables which affects on the

method of thermal measurements [43]. Having an open cathode is one of the options

which allows air into the cell by natural convection using open flow channels to the

atmosphere. There are many work in literature, which focus on using open-end cathodes

to study the performance of fuel cells, temperature optimisation and imrpovement of

membrane assembly [43–52].
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2.7 Temperature and current mappings

Currently there is no previous work published on temperature and current mapping on

PEFCs, which makes it difficult to estimate the range of uncertainty involved within

the system. Therefore, in this study a high resolution thermal camera is used to record

temperature for a range of 15-100◦C with the images being recorded using commer-

cial available software (ResearchIR, FLIR ATC, Croissy-Beaubourg, France)in order to

measure temperature across the MEA [32].

2.8 Approach and methodology

To satisfy the objectives of this research, two models are presented, an analytical model

to study the impact of temperature on intrinsic physics of the system and a statisti-

cal model to show the probabilistic effect of temperature on fuel cell performance. To

establish the probabilistic behaviour, a sampling method is required to provide a nor-

mal temperature distribution into the model to show how voltage behaves with current

density considering the temperature variation.

There are various types of distribution to represent the behaviour of large group of data

and normal distribution (Gaussian distribution) is the most common one with symmetric

shape. To avoid complexity, the input temperature distribution is assumed to be normal,

which means there would be a similar probability of temperature variation above and

below the operating mean temperature, in order to determine how voltage distribution

would look like under temperature sensitivity at different current density.

To supply the temperature distribution, a sampling method is considered in this work

to deliver the samples randomly. Monte Carlo Sampling method (MCS) is with mean

operating temperature 80◦C and standard deviation 5◦C. MCS is a computational tech-

nique to generate random numbers to consider uncertainties in physical problems and

ensure a high degree of representativeness. MCS is the most commonly used techniques

to generate random numbers in order to simulate some phenomena and examine the

probability of the desired event occurs [53].

2.9 Summary

Previous work suggests that temperature has a significant impact on a fuel cell

reaction kinetics, thermodynamics and mass and charge transfers.
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This chapter reviews the previous work describing the significance of temperature

on fuel cell performance; however, these studies have not analysed the sensitivity of

the fuel cell performance for a given point stochastically.

The current study aims to determine the analytical and probabilistic effect of temper-

ature uncertainty on fuel cell performance by using a simple lumped mathematical

fuel cell model.

To verify the models, experiments are carried out to show the variation of temper-

ature across the MEA.



Chapter 3

Analytical and statistical

investigation into the sensitivity

of PEFC performance with

temperature

3.1 Model assumptions and equations

A lumped, semi-empirical, mathematical model is used to describe the electrochemical

phenomena of PEFC to simulate the cell performance under temperature variation. The

model considers the electrodes and the polymer membrane that form the membrane

electrode assembly (MEA). The purpose of using this model is to indicate the effect of

temperature on different parameters and identify their impact on overall performance.

Therefore, some of the parameters, such as exchange current density and conductivity

which are usually measured experimentally, are expressed by using empirical equations,

which themselves can generate discrepancy due to model uncertainty. However, the focus

of this work is the impact of temperature measurement uncertainty on cell performance,

whereas model uncertainty is assumed negligible. In this study the following assumptions

are made for the purpose of simplicity, whilst maintaining systematic fundamentals of

comparison for each temperature.

The assumptions made in this work are:

• Steady state system

• Incompressible and ideal gasses

• Single phase vapour water

29
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• Heat loss is negligible

• Pressure drop is negligible

• Current and temperature distribution is uniform

• There is no reactant consumption along the length of the flow channel (reactant

distribution is homogeneous)

• No electron crossover

The equations presented in Table 3.2 are a combination of mechanistic, empirical and

semi-empirical equations [10, 13, 14, 24, 54, 55]. The mechanistic models are determined

based on physics of the system. These type of models are commonly known as theoretical

models which are derived from physics and electrochemistry governing the subject of

interest. For instance, to present the fuel cell processes in two or three dimensions,

mechanistic models can be very helpful to describe the detailed and complex presentation

of fuel cell performance and the flow of species in various directions.

Empirical (or analytical equations) are considered when theoretical models are not avail-

able or are difficult to obtain. In this case the data obtained from experiments should

be analysed to provide a correlation between the parameters. These type of models

can be constrained by the type of equipment used and might not be applicable to all

relevant systems (depending on operating conditions, size and layout of the equipment).

The third type of models are semi-empirical which are the combination of empirical and

mechanistic models.

This work uses combination of the above models, as there are no mechanistic models

available for some of the parameters (i.e. conductivity, diffusivity), in order to capture

the effect of temperature on them. Conductivity and diffusivity are mainly measured

experimentally rather than being calculated theoretically.
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Table 3.1: Physical constants used in this study

Parameter Value
Catalyst loading(Lc) 0.125 mg(Pt) cm−2

Catalyst specific area(aca) 0.4 cm2mg−1

Faradays constant(F ) 96486Cmol−1

Ideal gas constant (R) 8.314 J mol−1K−1

Membrane thickness(l) 0.01275 cm

reference exchange current density(iref0 ) 3× 10−9 Acm−2

Reference temperature(Tref ) 298 K
Reference pressure(Pref ) 1 atm

Reference Gibbs free energy (Gref ) -228170 J mol−1

Activation energy (Ec) 76500 J mol−1

Diffusion coefficient of water in membrane (D0) 5.5× 10−7cm−2 s−1

Active area (A) 25× 104 cm2

Operating pressure (P ) 1.5 atm
Oxygen pressure (PO2) 5 atm

Hydrogen pressure (PH2) 3 atm
Water pressure (Pw) 1 atm

Reference binary diffusion coefficient (Dref
ij ) 0.1 cm2 s−1

GDL thickness (tGDL) 0.05 cm
Enthalpy change (dH) -242367.35 J
Entropy change (dS) -84.2 J

Anode water activity (aa) 0.5
Porosity (ε) 0.444

Number of electrons at cathode (nc) 4
Number of electrons at anode (na) 2
Relative humidity of air (RHair) 0.5

Relative humidity of fuel (RHfuel) 1
Stoichiometric ratio of hydrogen(λH2) 1.25
Stoichiometric ratio of oxygen (λO2) 2

Pressure coefficient (Y ) 0.5
Oxygen mole fraction (xO2) 0.21
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3.2 Analytical treatment

The analytical approach provides the understanding about the physics of the system and

how temperature makes an impact on polarisation curves. The results are presented in

the form of dV
dT to propose a map that can be helpful to predict the performance for a

given temperature and current density.

In the most recent studies, the operating temperature for PEFC is reported for a range

of 30 to 80◦ C [17, 56–58] depending on hydration of the electrodes and membrane;

however, Das et al. shows that the effect of temperature on polarisation curves is most

significant at high current densities.[58]. To determine the sensitivity of cell voltage

with the intrinsic physics of the system with respect to temperature and current density,

the differential of cell voltage with respect to temperature is used at different absolute

temperatures from 30 to 90◦ C. To estimate the gradient of voltage with temperature,

numerical differentiation is used with temperature step size δT of 0.05. The smaller

step size value provides more accurate approximation of the gradient. To determine a

good confidence in the results 0.05 is chosen for a step size in this work to calculate

the gradient for over 1000 points within the defined range of temperature. Equation 3.1

describes how voltage as a function of current density and temperature, V (i, T ) changes

with respect to temperature:

dV

dT
=
V2 − V1
T2 − T1

(3.1)

To determine dV/dT, the mathematical model presented in Table 3.2 needs to be running

at various operating temperatures from 30 to 90◦C to plot the obtained voltage versus

temperature at various current densities as it can be seen partially in Figure 3.1.

Figure 3.1 shows that the differential can be found by small step changes along the curve

in order to find the most accurate value for the slope. This section looks at the derivatives

of the voltage with respect to temperature and current density to present the three

dimensional surface map of dV
dT versus temperature and current density. As mentioned

previously, this work does not consider the crossover effect on fuel cell performance due

to using simple lumped model for calculations and also to eliminate the effect of losses

due to hydrogen crossover; therefore, the high OCV is obtained from the theoretical

study, which might be slightly higher than what is usually measured practically.

The key purpose of this analysis is to obtain an understanding about the range of

uncertainty involved within the physics of the system. This study helps the fuel cell

developers to confirm that the voltage variation obtained from the cell is within the

changes in the physics of the system and if it exceeds the range of variation, there

are other variables, which need to be considered as a source of producing uncertainty

including the effect of degradation and membrane swelling.
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Figure 3.1: Shows how the gradient of a curve can be found analytically

3.3 Statistical treatment

To predict the probabilistic deviation of cell voltage due to uncertainty in temperature,

a statistical analysis is used that employs a Monte Carlo Simulation (MCS) to provide a

random normal distribution of temperature samples. A normal distribution (Gaussian)

is employed as it is the most widely used distribution with similar standard deviation

value on both sides of the mean value, which makes the distribution symmetric [59].

To establish the effect of temperature, the standard deviation of ±5◦C is selected for

10,000 samples. Previous studies have reported 3-11 ◦C temperature variation in a fuel

cell due to different uncertainties and operating conditions [7, 8, 24]. Also the tests

carried out on the Intelligent Energy (IL) stack in this work, justifies the similar value

of 12◦C across the cell. Therefore, to characterise the effect of temperature on a fuel cell

performance, the average of ± 5◦C is selected preliminary to assess the performance of

the system. It is important to choose a suitable sample size which is large enough to give

sufficient confidence in the results but not so large as to lead to unnecessary processing

time. To assess this, the model was run from 100 samples to 100,000 samples in order

to develop a distribution curve.
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Tmean  = 80 °C 

Std  = ±5 
Monte Carlo 

Sampling  

Figure 3.2: Stochastic sampling and deterministic model

Due to the nonlinearity in this model, the running time would significantly increases

above the sampling size of 10,000 due to processing more data. To find the sample size,

the variance of error for MCS generating input temperature samples is calculated.

Table 3.3 shows how different sample size and bin size can affect the variance of error,

Verror. A sample size of 10,000 was chosen as a suitable trade-off between accuracy and

processing time. Bin is defined as a disjoint category that mainly used for statistical

analysis to represet a group of observations (i.e. histogram).

To generate the samples, Equation 3.2 is implemented in Octave [60], a high level pro-

gramming language that provides access to a number of solvers for linear and nonlinear

numerical computations [61], where T is temperature, Tmean is mean temperature, σ

is standard deviation and randn(n,m) is a function that randomly generates a normal

distributions of n numbers in m columns.

T = Tmean + σ.randn(n,m) (3.2)

The obtained data are characterised by statistical analysis: skewness and coefficient of

variation (CV), to present the degree of asymmetry of the distributions and measure



Department of Chemical Engineering 36

Table 3.3: Shows how number of samples and bin size affect the accuaracy of the
results

Sample size Bin size Verror

100 10 0.5

1, 000 100 0.158

10, 000 1, 000 0.05

100, 000 10, 000 0.0158

of dispersion of voltage. As shown in Figure 3.3, positive skew shows that there is a

longer tail on the right side of the mean value and negative skew indicates the opposite,

when there is a longer tail on the left side of the distribution. A distribution curve is

classified as symmetrical when the skewness is zero. Because of the nature of the model

and logarithmic expressions used in the model, Equation 3.3 is used to calculate the

skewness, where N is the total number of samples [62].

Figure 3.3: This figure shows the zero, positive and negative skewness

Skewness =
(Σ(x− µ(x))2)/N

σ3
(3.3)

To verify the skewness, Equation 3.4 is used to indicate the degree of skewness by

comparing the obtained values with the standard error of skew (SES)[63].

SES =
√ 6

N
(3.4)

The Coefficient of variation (CV), which is often expressed in percentage is used to

compare the standard deviation of data at diverse mean values [6], where σ is standard

deviation of distribution and µ is the mean value [64].

CV =
σ

µ
(3.5)
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3.4 Summary

The two approaches presented in this work set out to determine the effect of tem-

perature variation on cell polarisation V-I curves to establish a voltage distribution

map for different current densities and temperature. This map tend to show a com-

parison of the sensitivity of the physics of the cell and the continuous (probabilistic)

effect of temperature on cell voltage in order to propose an effective polarisation

area or ’band’ in contrast to the most commonly used term polarisation ’curve’.

This approach can be also used to establish whether the cell performance is affected

by other criteria such as degradation of the membrane or GDL, presence of liquid

water and poor diffusion due to low porosity if the variation of cell voltage exceeds

the presented polarisation area under temperature uncertainty.



Chapter 4

Experimentation

This study looks at different experiments to investigate temperature variation across

the MEA using thermal camera and temperature/current mapping. To validate the

model presented in the previous chapter, a commercial closed-cathode fuel cell is used

to validate the model at operating temperature of 80◦C.

To look at temperature measurement uncertainty across the MEA, industrial fuel cell

stack and a single cell provided by Intelligent Energy are used to measure how much tem-

perature varies for given points with time using thermal camera and temperature/cur-

rent mapping. Primarily, a thermal camera was used to look at the middle cell of an IE

stack as well as a single cell to compare the temperature variations after 25 minutes of

reaching equilibruim. However, during my writing up, IE provided us with a new tem-

perature/current mapping plate, which allowed us to look at larger area inside the fuel

cell rather than only capturing the external surface temperature with thermal camera.

As it can be seen in Figure 4.1, this chapter describes the tests run by the commercial

closed-cathode fuel cell, an industrial single cell and a stack provided by IE using the

temperature/current mapping approach to establish temperature distributions due to

measurement uncertainty inside the MEA.

38
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Figure 4.1: Summarises the experiments and the approaches taken in this study

4.1 Commercial single cell operation to validate the model

To validate the mathematical model with experiment, fuel cell testing was conducted

using a commercial single fuel cell. As can be seen in Figure 4.2, two graphite monopolar

plates were sandwiched by two gold-plated current collectors that are connected to load

bank cables. To reduce any discrepancy in the cell voltage measured due to resistive

losses in the load bank cables, voltage sense leads were attached to the PCB current

collectors. To measure the temperature of the cell, thermocouples were inserted into the

heating plates and connected to an external heater.

The aim is to get the polarisation V-I curves at the temperature 80◦ C and use the data

collected to validate the model; to establish the discrepancy of the thermocouples, the

temperature on external heater is noted in order to account for the level of uncertainty

involved in measurement. In this case there is 0.25% fluctuation of temperature due to

the external heater.

To determine the polarisation curves, the fuel cell is operated at flow rate 18mlA−1min−1,

with anode and cathode relative humidity of 100% and oxidant and fuel temperature
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Figure 4.2: Schematic diagram of a single cell and the scribner

80◦ C. The membrane dimension is 64 cm2 with active geometric area of (GDL) 3.3

cm× 1cm.

The data are recorded by increasing the load by 50 mAcm−2 steps from OCV and to

allow the corresponding voltage to stabilise for 60 s before moving to the next load level.

To activate the newly fabricated polymer electrolyte membrane fuel cell, a conditioning

process is needed to make the new cell ready for the performance. This break-in period

can take hours or days to establish the maximum performance depending on the type

of the cell and the experiments. The process is to increase the performance gradually

until it reaches a plateau without any further increase.

4.1.1 Methodology

The MEA cell had to be conditioned before the experiment started in order to reach

steady state and to obtain optimal performance from the fuel cell. The membrane has

to be well hydrated to reduce resistivity and the temperature of the cell and gases were
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allowed to reach the required operating value of 80◦C in order to reach optimal conduc-

tivity levels. While the desired temperatures are attained, which took about an hour,

the fuel cell has kept at a constant current density of 0.1 Acm−2 for 15 minutes, which

has then increased to 0.3 Acm−2 for 15 minutes and finally to 0.5 Acm−2 for 30 minutes.

The lower current densities were used at the start of the conditioning because at this

stage the membrane is still very dry, which means high resistivity and lower conductivity,

making it unlikely to sustain the reaction at higher current densities. However, as the

temperature of the cell and gases reaches the optimum operating values the membrane

resistivity reduces and the cell is able to operate at higher current densities. During

conditioning, the MEA is processed and a drastic improvement in performance has seen

by a sudden increase in voltage, which is due to membrane humidification from the gases

and also self-humidification as a result of the cell reactions taking place. The cell condi-

tioning stops when the operating parameters are at the optimum level and the voltage

generated at various current densities are stable over a period of time.

To validate the model with experiments, polarisation V-I curves obtained from the tests

completed on a commercial single cell to fit the model. The manipulation parameters

are chosen to be activation energy Ec, porosity ε and open circuit voltage, E0. By

data fitting, it can be seen how far the design values set in the model differ from the

experiments.

4.2 Industrial (IE) fuel cell to study temperature variation

To validate the model with a fuel cell stack, an industrial fuel cell test rig provided by IE

is used to operate with hydrogen as a fuel and air coming from the atmosphere that has

been through the cooling channels by fans. Figure 4.3 shows the schematic diagram of

the testing rig. It can be seen that pure hydrogen enters with pressure of 5 bar through

two valves, which are used to ensure a safe hydrogen shutdown in a case of emergency. If

there is any issue with hydrogen, the valves are designed to open and close manually or

automatically to avoid any incidents. Then the hydrogen goes into the pressure regulator

to get to a pressure of 0.4 bar. To measure the pressure of hydrogen to ensure it is stable

and not dropping, hydrogen goes into the pressure transducer before entering the cell.

Hydrogen stays in the cell unless the purge valve opens, when hydrogen flows into purge

bottle and then extractor. The main purpose of having a purge bottle is to collect liquid

water from the cell.

On the other side, air goes into the cooling channels from the cathode side and a PID

controller is used to control the temperature to avoid the stack from overheating. To

cool down the system, three fans on the cathode side are used to force the air into the

cooling channels when the system gets heated up. A K-type thermocouple was used to
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record the internal temperature in the central area of the fuel cell and operate the PID

controller.
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Pressure
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Pressure 
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Fans:
T regulator

Figure 4.3: Schematic diagram of IE air cooled stack

A similar configuration of air cooled stack has used for a single cell to operate the system.

The only difference is that the cooling fans used for the stack are more powerful due to

higher generated heat.

4.2.1 Methodology

Temperature mapping, either with thermocouples [33–35, 50], micro sensors (measuring

the temperature and humidity )[36], thermistors [37], thermal imaging [35, 38–42, 65] of

fuel cells has shown to be a powerful tool to understand the performance and validate

heat transfer models. Having an open cathode fuel cell stack has the advantage of making

the temperature measurement process easier by using the thermal imaging approach. As

stated in Chapter 2, open cathode operation relies on natural convection of air into the

electrodes rather than pressurised feeding oxygen into the system.
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Thermal imaging was performed using a 640 × 512 focal plane array InSb camera

(SC5600MB FLIR, UK). The camera was calibrated for the temperature range in ques-

tion (15−100 ◦) C with the images being recorded using commercially available software

(ResearchIR, FLIR ATC, Croissy-Beaubourg, France). Images were recorded at a fre-

quency of 25 Hz for a period greater than 10 minutes to ensure a statistically significant

number of data points were collected.

To determine how the temperature changes at a specific current density in different

locations along the cell, the tests are carried out in middle cell of IE stack only for the

purpose of simplicity, which can be seen in Figure 4.4. To measure the temperature of the

middle cell, the top and bottom cells of the stack were covered with card papers and also

to reduce the background noise causing false reading, the back of the thermal camera was

covered with cloth to allow the readings less affected by external uncertainties. These

tests are carried out to compare temperature distribution in a stack and a single cell,

both provided by IE, to show the effect of configuration and flow channels and sizing on

generating uncertainty.

The camera starts recording for 10 minutes after the system reached the equilibrium.

The reason for choosing 10 minutes is to provide sufficient number of data for statistical

analysis. The system operates and recorded at constant temperature for current densities

of 0.33, 0.5, 0.67 and 0.78 Acm−2.(20, 30, 40 and 46 A)

To establish the effect of time on distribution of temperature at different locations along

the cell, the temperature for given points are recorded for 25 minutes once the system

reaches equilibrium. The purpose of these tests are to determine temperature distri-

bution with time and how the mean of the distribution changes. The objective is to

establish the probability of temperature uncertainty with time and the impact on the

shape of the distribution and the degree of asymmetry.

As shown in Figure 4.4 there are four points selected on the MEA of the middle cell

and it is named SP1 to SP4 from fuel entrance towards the ’dead-end’. This work looks

at the distribution of temperature variation over time at these four points to compare

how time and distance affect on temperature variation whilst other variables are kept

constant. The similar tests are carried out on a single PEFC for comparison, which the

results are presented in Figure 6.3.

4.2.2 Current and temperature mapping on an industrial (IE) single

cell

This section aims to confirm the range of temperature measurement uncertainty in

PEFCs using current/temperature mapping at 16 segments of the IE PEFC single cell.

As shown in Figure 4.5 if a single cell is divided to 16 equal segments, air enters from the

top(segment 1-4) and leaves the cell from the bottom (segment 13-16) and hydrogen goes
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Figure 4.4: Thermal image of fuel cell stack after equilibrating for 25 minutes. This
figure shows temperature distribution in four given points along the MEA of a middle
cell of an industrial IE stack to compare how temperature distribution changes along
the MEA considering air entering from back to front and the fuel enters from left to

right

in from the left ( segment 1-13) and leaves from the right (segment 4-16) [66]. This sensor

plate uses shunt resistors and copper meanders to measure current and temperature at

each segment.

The data obtained from the current/temperature mapping are used to fit the model pre-

sented in this work and also to compare the results with the modelling study described

in chapter 3. The aim is to use the temperature and current mapping to determine

temperature variation temporally and spatially and compare it with the work presented

in Chapter 3, where temperature uncertainty is kept constant as ±5◦C along the polar-

isation area. The challenge is to show that in reality temperature uncertainty changes

with wider variation with increasing current densities in polarisation area.

4.2.3 Methodology

To establish the empirical relationship between current density and temperature, Figure

4.7 is obtained to show the relationship between temperature and current density. It
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Figure 4.5: Shows a top view from a single cell splitting to 16 parts, where fans blow
air from top (seg 1-4) to bottom (seg 13-16) and hydrogen enters from left (1-13) to

right (4-16)

Figure 4.6: Shows how temperature current sensor plate lies within a fuel cell

can be seen that temperature increases exponentially with current density, which can

be the results of heat accumulation due to larger current flow. Figure 4.7 is used to

calculate the empirical correlation between temperature and current as it is described

in Equation 4.1.

T = 36.60583i3 − 19.36523i2 + 26.69182i+ 22.83177 (4.1)

Where T is temperature and i is current density. Equation 4.1 is added to the mathe-

matical model described in chapter 3 to simulate voltage.
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Figure 4.7: This graph shows how global temperature changes with current density
over 16 segments of PEFC stack. The temperature values are found by taking the

average of temperature over 16 segments

4.2.4 Validation of the model by using an industrial (IE) stack

This section shows a model validation study by using real data from literature [15,

57]. A parameter estimation technique is applied in this work to determine the key

model parameters and also to validate the overall model behaviour by comparing the

performance of a system experimentally and theoretically.

The presented empirical correlation that is used to fit the model into the experimental

data is presented in Figure 4.8. This figure shows that there is a good relationship

between the experiments and the model used in this paper; however, there is a slight

difference when it gets to higher current density where mass limitation region dominates,

which can be the result of model limitation to capture precisely what happens inside

the stack.
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Figure 4.8: Compares the experimental data with modelling results

4.3 Summary

This chapter describes the experimental setup of two different fuel cell systems for

two purposes. First to validate the model presented in Chapter 3 using a commercial

single cell to look at temperature variation and secondly to use the IE fuel cell stack

and the IE single cell to measure temperature using a thermal imaging camera.

Thermal imaging is one of the most common ways of thermal measurement. The

use of thermal imaging is described to measure temperature on the middle cell in a

5-cell air cooled PEFC to study the effect of time on temperature variation at four

different points along the MEA of the cell.

Temperature-current mapping is a useful technique to measure the thermal sensitiv-

ity of different parts of the cell with respect to any changes in operating conditions.

In this work, this technique is used to capture the sensitivity of single PEFC in order

to compare the obtained results with the theoretical data presented in the previous

chapter.



Chapter 5

Modelling results

This section aims to show the sensitivity of fuel cell performance with temperature by

looking at voltage distribution across the polarisation curve. To characterise the voltage

distribution, statistical and numerical methods are performed to establish the effect of

analytical and stochastic approaches on the fundamental physics of fuel cell performance.

5.1 Analytical approach

As mentioned in previous chapters, polarisation curves are made of different voltage

losses in fuel cells and temperature has a significant impact on these losses. The Figure

5.1 shows a case study on the effect of three temperature values on the thermodynamics,

kinetics, ohmic and mass limitation losses in PEFC model.

It can be seen that temperature has a greater impact on internal membrane resistance in

comparison with kinetics and mass transport limitations, which they are both a function

of temperature with respect to exchange current density and diffusivity, respectively.

Internal resistance depends on conductivity, which itself is a function of temperature

and membrane hydration.

Figure 5.1(a) shows the impact of temperature on OCV which is independent of current

density and changes with reactants and products concentration. The graph shows that

at higher temperature; less free energy is required to do useful work, in other words, for

hydrogen oxidation the Gibbs free energy decreases with temperature which results in

reduced OCV as it is described earlier in Equation 2.11.

Figure 5.1(b) shows that voltage loss due to kinetics of reacion increases with tempera-

ture, which results in reduced current flow.

48
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(d) Concentration loss vs. current density for 3 tempera-
ture values

Figure 5.1: Voltage losses are plotted separately versus current density for three
temperature values where Tnominal is 80◦C and Tmin and Tmax are the lower and
higher by 5◦C than the nominal temperature. This figure shows the behaviour of

losses with temperature variation versus current density

Ohmic loss is due to resistance to charge transfer and it is dominated by conduction in

electrolyte membrane. Figure 5.1(c) shows that Ohmic loss is also affected by tempera-

ture due to dehydration of membrane and consequent Ohmic resistance increase.

Concentration loss (mass limitation loss) dominates at higher current density. Tempera-

ture improves the diffusion of species into the GDL/catalyst leading to better and faster

supply of reactants, which can be seen in Figure 5.1(d).

The graphs described above are simple versions of surface contour plots presented in

Figure 5.2, which shows the impact of a range of temperature on voltage at various

current densities.

Figure 5.3 shows the variation of differential cell voltage with respect to temperature

as a function of current density and absolute operating temperature. It can be seen
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Figure 5.2: These four figures are the contour plots of Figure 5.1 to show the con-
tinuous changes of each voltage loss with respect to current density and temperature.
The trends are colourcoded to show that at darker colour there is a higher voltage loss

which has a greater manifest at higher current density and lower temperature.

that the PEFC becomes more sensitive to temperature change with increasing current

density and reduced temperature, increasing to over 10 mV ◦C−1 above 1 Acm−2 from

temperature 30 to 90◦C.

The effect of temperature on the various loss mechanisms can be seen in Figure 5.2. The

following observations can be made: (i) the entropy change associated with the formation

of water leads to a small change in OCV over this temperature range; (ii) electro-

kinetics improve with temperature resulting in lower activation loss due to exponential

increase in i0 with temperature; (iii) Ohmic loss increases linearly with current, increased

temperature results in a reduction of the resistance inside the cell due to increased

proton conductivity; (iv) concentration loss, which is mainly dominant at higher current

density, also reduces with temperature due to improved diffusion, gas mobility and
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Figure 5.3: This figure shows voltage differentiation with respect to temperature
versus temperature and current density in a contour format. The lighter colour presents

the higher voltage variation with temperature

species concentration, resulting in better mass transport and larger limiting current

density.

Temperature has an exponential effect on exchange current density as it is shown in

Figure 5.4. Assuming to operate two identical fuel cells at 80◦C and 60 ◦ C with

±5◦C temperature variation, it is expected to see larger variation of exchange current

density at 80◦C due to exponential impact of temperature on i0 used in this work.

The mathematical model used to describe i0 is an empirical correlation using the third

electrode to measure the net current transferred across the MEA. The model is a function

of temperature, catalysts loading and area, cathode pressure and activation energy.[14]
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Figure 5.4: i0,c behaves exponentially with temperature considering ±5◦ C temper-

ature uncertainty, this graph shows the average value of exchange current density at

each operating temperature

5.2 Statistical approach

To capture the probabilistic behaviour of cell performance under temperature uncer-

tainly, MCS sampling was used to provide temperature input samples for a mean op-

erating temperature of 80 ◦C and standard deviation of ±5 ◦C. The samples generated

by MCS are introduced into the deterministic lumped mathematical PEFC model to

determine cell voltage for various current densities.

It is apparent from Figure 5.5 that voltage distribution is not uniform at different current

densities. The colour map shows that as current density increases, the ’width’ of the

distribution increases. This figure clearly shows that the expectation of a polarisation

response to conform to a single line is not reasonable when there is uncertainty associated

with temperature (or other operating parameters). Rather, a polarisation area better

describes the situation. It can be seen in Figure 5.5 that theoretical performance shows

higher sensitivity at larger current density due to non-linearity of the model.

Figure 5.6 is also presented to confirm the above statement by showing the distribution

of voltage due to temperature sensitivity at different parts of the polarisation plot, where

it can be seen that the distributions widen as current density increases.

To calculate the degree of asymmetry of a distribution over various current densities, the

skewness is determined to show the effect of temperature variation on cell performance.
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Figure 5.5: Contour plot of V-I area at mean operating temperature of 80◦C with
standard deviation of ±5◦C generated by MCS

It can be seen in Figure 5.7, there is a tendency towards lower voltage in the polarisation

V-I area due to higher overpotential and probabilistic effect of temperature on the cell

performance. The skewness of the voltage distribution becomes more negative with

increased current density, i.e. fuel cell voltage will be more likely to be biased towards

lower voltage. To establish the extent of skewness, Equation 3.4 is used to determine

the SES. The results obtained from Equation 3.4 show that over the current density of

0.2 Acm−2 the magnitude of the skewness is larger than twice the SES. This indicates

that the distribution can be regarded as significantly skewed towards a lower voltage

with increasing current.

To determine the importance of mean operating temperature on cell performance, the

CV is calculated at various current densities. Figure 5.8(a) shows how CV changes at

different operating temperatures (30 - 90 ◦C) taking a temperature uncertainty of ±5◦

C. The purpose of this calculation is to study the sensitivity of the system with respect to

mean operating temperature for the specific variation of uncertainty. The results show
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Figure 5.6: Contour plot of V-I area at mean operating temperature of 80◦C with
standard deviation of ±5◦C generated by MCS and compare voltage distributions at

different current density

that the system is more sensitive at lower temperature due to larger resistance and poor

kinetics and mass transport resulting in higher overpotentials and larger distribution of

voltage, which helps fuel cell developers to know the range of impact of uncertainties

on cell performance with increasing current density. Figure 5.8(a) shows there is over

50% variation in voltage from 0 to 1.6Acm−2, which confirms the same phenomena also

described in analytical section.

To establish how dispersion of cell voltage relates to the given temperature uncertainty

δT , the CV of cell voltage is calculated for different values and presented in Figure

5.8(b). It can be seen that regardless of mean operating temperature the δT increases

monotonically at current density 0.6 Acm−2. However, it should be stressed that this

model does not include the relationship between temperature and current density. The

author believes that an upgraded model that considers the relationship between current

density and temperature can estimate the effect of temperature uncertainty on overall
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Figure 5.7: Skewness of V-I polarisation “area” at operating temperature of 80◦ C
and standard deviation of 5◦ C

cell performance more accurately since with increasing current density, the system heats

up and temperature increases too, which can possibly generates more uncertainty.

To assess the sensitivity of the cell performance regarding the standard deviation of

temperature uncertainty, δT of ±2, 5, 7, 10◦C are examined at the mean operating tem-

perature of 30, 40, 50, 60, 70, 80◦C. The polarisation curves obtained for each δT are

analysed and CV is calculated for a current density 0.6Acm−2 to compare the variation

of cell voltage with respect to various mean operating temperature and temperature

uncertainty. The simulation shows that there is a linear increase in voltage variation

with increased uncertainty and reducing temperature. It can be seen from Figure 5.8(b)

that the CV increases for almost 10% from δT value ±2◦C to ±10◦C operating at 30◦C

and only 3% at operating temperature of 90◦C. It is clear from Figure 5.8(b) that the

model shows higher sensitivity at lower temperature with larger δT .
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Figure 5.8: (a) CV changes with δT = ±5 at different operating temperatures. (b)
CV changes at various operating temperatures for a range of δT = ±2, 5, 7, 10◦C at

current density of 0.6Acm−2.
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5.3 Summary

By comparing the two treatments (analytical and statistical), it can be seen that they

both confirm that voltage distribution magnifies with current density and reducing

temperature due to non-linearity in the models with respect to temperature and

current density.

This chapter presented the theoretical analysis on the effect of temperature uncer-

tainty on fuel cell performance assuming ±5◦C temperature variation across the

MEA using literature. However, to justify this study, the experiments described

in Chapter 4 were performed in order to obtain real temperature data to confirm

temperature variation across the MEA. Then the experimental results obtained in

Chapter 4 substituted into the model to modify the polarisation area with real data.

Next chapter shows the results obtained from the experiments.



Chapter 6

Experimental results

6.1 Model validation using a commercial fuel cell

This section shows the performance of commercial fuel cell at 80◦C to establish the range

of temperature variation while running at constant temperature. The polarisation curves

presented in Figure 6.1 show that there is a lower Open Circuit Voltage (OCV) compared

to the one presented by theoretical data due to making the assumption of no electron

cross-over in modeling chapter. These data confirm that in reality the achieved OCV

does hardly get over 1V due to efficiency of the system. Also thesse tests shows that

there was ±0.5 ◦C temperature variation from OCV to 1.5 Acm−2, which is negligible

in comparison with temperature uncertainty in fuel cell stack presented later on in this

chapter.

6.2 Temperature distribution investigation on industrial

fuel cells using a thermal camera

This section presents the results obtained from experiments using thermal imaging cam-

era to measure temperature variation across the MEA over time. The aim is to achieve

two goals, first to show how temperature variation changes over time and whether the

changes are linear or nonlinear. Secondly to establish temperature variation ranges

across the MEA.

In the second section of this chapter, current and temperature mapping is used to estab-

lish how temperature varies with current density over 16 sigments of a single cell. The

modified polarisation area is presented later in this chapter using the real temperature
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Figure 6.1: Polarisation curve obtained from a commercial fuel cell operating at 80◦C

data in order to be compared with the polarisation area obtained by using theoretical

data in Chapter 3.

6.2.1 Spatial study

To establish the temperature variation at various current densities, thermal imaging is

performed on a stack. Figure 6.2 shows a thermal image of the stack from the front where

air exits the system. It can be seen that at 40A (0.67 Acm−2) temperature variation

in the MEA region spans X - Y with almost 12◦C difference between the active and

cooling channels, where active is white and cooling channels are red regions.

To look at the thermal images with increased current density, it can be seen that tem-

perature variation in the MEA region increases with current density due to increasing

rate of reaction. (See Appendix)

In conducting the experiment using the thermal imaging camera a pixel resolution of

approximately 0.35×10−3 m was achieved. The noise-equivalent temperature difference

(NETD), a measure of the signal-to-noise ratio, of the camera during the experiments

was recorded as 19 mK during the experiment enabling a high thermal resolution to be

reported.

To ensure the system was described accurately, a calibration was conducted in order

to eliminate environmental reflections. To achieve this, a diffuse reflector was used to

enable the environmental emissivity to be set to 1. In investigating the temperatures of
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Figure 6.2: Thermal image of fuel cell stack at a current loading of 40A (0.67 Acm−2)
after equilibrating for 25 minutes. There are four points marked on the middle cell of

the stack for comparison

the stack, each channel represented a cavity that could be considered to be a quasi-black

body [67]. This allows an emissivity approaching 1 to be used; in this case a conservative

0.98 was chosen. By utilising this technique a direct comparison can be made between

the active and cooling channels without the need to calculate the emissivity of each

channel.

Table 6.1: Statistical variables for four points along the MEA at current density 0.67
Acm−2 and 25 minutes operation

Statistical variables/location SP1 SP2 SP3 SP4

Mean (Single cell) ◦ C 32.40 35.25 34.34 34.70
Mean (Stack) ◦ C 46.70 44.79 44.68 44.58

CV (Single cell)% 16.20 19.00 16.60 17.35
CV (Stack)% 0.32 0.33 0.38 0.53

Figure 6.3 is illustrated to compare the temperature variation spatially at four points

along the MEA for the industrial IE stack and a single cell at current density 0.67

Acm−2 for 25 minutes under similar operating conditions. Results are plotted in Figure

6.3 showing the stack data in red and single cell data in black. The purpose of this

comparison is to identify the effect of sizing including multiple cells on temperature

variation and ultimately on the cell performance at different locations along the MEA.
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The CV and mean calculations are carried out to show a Gaussian distribution for each

point, which are presented in Table 6.1. It can be seen that for the stack the range of

temperature changes from almost 44 to 47 ◦C from the hydrogen gas entrance to the

’dead-end’, which shows the temperature inconsistency at different points in MEA. The

CV of SP1 to SP4 increases by almost 25% showing that the spatial distribution itself

has ranging temporal variation. The Table 6.1 illustrates that the mean temperature

of localised distributions decreases along the cell by approximately 2.3% from the gas

entrance to the ’dead-end’ of the cell due to gas cooling within the cell.

It can be seen that distribution widens from 0.5 to 1◦C from SP1 to SP4 while the mean

of distribution shifts towards lower temperature. This figure indicates that the mean

temperature reduces with distance, which can be the effect of resistance and heat loss.

To look at the same behaviour on a single cell system, Figure 6.3 shows that the mean

of the black distribution curves vary in wider ranges, the mean of temperature distri-

bution increases for about 7% and the CV increases for about 3.5%. The data shows

that the single cell is less affected by temperature variation spatially from SP1 to SP4

compared to the stack; however, the variation for a similar location in a single cell is

approximately 20% compared to the stack, which shows the single cell is more sensitive

with temperature. To design a fuel cell stack, it is essential to consider the sizing and

the number of the cells, which might have an impact on sensitivity of the system with

temperature.

6.2.2 Temporal study

To study the effect of time on temperature variations, both IE rigs ( single cell and stack)

ran under similar operating conditions at current density 0.67Acm−2 for 30 minutes and

the data recorded every 5 minutes to compare temperature variations at a given point.

Figure 6.4 presents the results obtained for 30 minutes of operation in the stack at SP3.

The system mean temperature reduces by almost 0.18% and the CV increases by 13%

with time.

To study the effect of temporal variation in a single cell, SP3 is chosen and the temper-

ature is recorded for over 30 minutes and presented in Figure 6.5. It can be seen that

the CV reduces from interval one (5 minutes) to interval six (30 minutes). The results

show that the temperature variation increases for about 0.2% and mean temperature

shifts to higher temperature for about 0.04%. To compare the two systems it can be

seen that the temporal effect is larger at the stack than the single cell.
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Figure 6.3: Temperature distribution at four locations along the MEA of a middle
cell in air-cooled stack (red) and a single cell (black) at current 40A colleceted for 25

minutes

6.3 Effect of local temperature on polarisation area using

temperature/current mapping

The section uses temperature mapping data to calculate the temperature variation across

16 segments for various current densities to obtain effective polarisation areas. Figure

6.6 shows an example of temperature measurement across the 16 segments of a cell.

To look at variation at each current density individually, Figure 6.7 is presented to show

how the standard deviation of temperature at 16 segments varies with current density

along the polarisation area.

It is shown in Figure 6.7 that variation increases upto the point where the limiting

current is reached. These data are used to identify the standard deviation of temper-

ature variation in order to plot the polarisation area by substituting the data found
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Figure 6.4: Temperature distribution obtained at different operating time for SP3 for
stack
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Figure 6.5: Single cell thermal image at SP3 at 6 time intervals to study the effect of
time on temperature distribution
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Figure 6.6: Temperature variation across 16 segments at current 0.97 A to show the
hot spot across the cell (refer to Figure 4.5)

Figure 6.7: Shows temperature variation, σ, with current density. The temperature
variation is calculated for the 16 segments at each current density
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from the current /temperature mapping into the model used in Chapter 3. Previously

the polarisation area was plotted in Figure 6.8 assuming there is ±5◦C temperature

uncertainty consistently across polarisation area; however, these findings confirm that

the uncertainty changes with current density.

To analyse the sensitivity of polarisation area with temperature distributions, the fol-

lowing Figures 6.8 and 6.9 are presented to compare the modelling and experimental

data.

It was previously shown in Figure 5.5 in Chapter 5, how the polarisation area is affected

by a constant temperature uncertainty of ±5◦C across all current densities. However,

this work aims to show how temperature uncertainty varies with current density and

incorporate this into modelling study. The polarisation area obtained from temperature

and current mapping is shown in Figure 6.9. This figure confirms that kinetics is less

affected by temperature uncertainty at lower current density and as it goes towards larger

current density, the effect of temperature uncertainty magnifies and gets significantly

larger up to the point reaching mass limitation.

This experiment confirms that there is a nonlinear relationship between current and

temperature, which explains the variation in voltage losses once there is a change in

temperature. These data shows that at high current density there is a higher sensitivity

of voltage with temperature variation over time. It is critical to state that there are other

sources of uncertainty which have not been mentioned here including as degradation and

membrane swelling that can worsen these findings [24].
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6.4 Summary

Thermal imaging on an operational PEFC stack allows the spatial and temporal

variation in temperature to be assessed. The experiments show that the width of

temperature distribution decreases spatially towards the ’dead-end’ of the stack. As

it can be seen in Figure 6.2, a temperature variation of over 12 ◦C was observed

across the active area of the stack (air exit face), whereas the variation across the

central MEA was almost 2.5◦C with standard deviation of ±0.5◦C temporally.

Also this chapter shows that temperature uncertainty does not stay constant with

current density and has the tendency to increase. By comparing the polarisation

contour maps from modelling study and experimental data, it can be seen that the

shape of polarisation area changes with given temperature uncertainty across all

current densities whereas the other plot does not changes massively with current

density assuming the δT stays constant at ±5◦C.

This case study shows that to predict the range of temperature uncertainty in the

system, it is crucial to consider the operating current and temperature as well as

the size of the cell in order to identify the hot spots.



Chapter 7

Conclusion and future work

7.1 Conclusion

Temperature is a key parameter for determining PEFC performance and uncertainty, as

this parameter is reflected in the variability in the polarisation response. An analytical

and statistical approach has been used to determine the sensitivity and probability of

performance variation as a function of current density and nominal operating tempera-

ture.

Lower cell temperatures and higher current densities are predicted to lead to the greatest

variation in performance for a given temperature change or statistical variation (’uncer-

tainty’). The study has identified an effective polarization ’area’ or ’band’, in contrast to

the widely quoted polarization ’curve’, as being the most appropriate way to represent

model predictions of fuel cell performance.

The cell performance variation due to temperature distribution at a given point in the

V-I polarisation area translates into negative skewness. This means that there is a

tendency for the V-I area to be biased towards a lower voltage. Therefore, reported

polarisation data will tend to err on the side of poorer perceived performance due to the

natural variation in temperature for a given system.

Thermal imaging on an operational PEFC stack allows the spatial and temporal varia-

tion in temperature to be assessed. The experiments show that the width of tempera-

ture distribution decreases spatially towards the dead-end of the stack. A temperature

variation of over 12◦C was observed across the active area of the stack (air exit face),

whereas the variation across the central MEA was ∼ 2.5◦C and the temporal variation

has a standard deviation of ±0.5◦C.

Temperature mapping is also used to measure the real temperature data across the

16 segments of the cell in order to show temperature variation with current density in
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order to modify the polarisation area. The results show that the temperature variation

increases with current densities and changes the shape of the polarisation plot.

7.2 Future work

The results presented in this work can lead to further investogation into the following

areas:

• Upgrade the mathematical model to describe water management and dimensions

of the fuel cell and also to capture the layout of flow channels in order to es-

tablish more accurate temperature variation with respect to different designs and

operating conditions.

• Modify the model to capture the relationship between current density and temper-

ature with respect to time. The aim is to give a better interpretation of sensitivity

of temperature with respect to current density over time.

• Look at different parts of fuel cells i.e. GDL and cooling channels to study the

temperature variation, which will lead to improvement in design in a case of sig-

nificantly larger variation.



Chapter 8

Appendix
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(a) At current 20A (0.33 Acm2) after equilibrating
for 5 minutes

(b) At current 20A (0.33 Acm2) after equilibrating
for 25 minutes

(c) At current 30A (0.5 Acm2) after equilibrating for
5 minutes

(d) At current 30A (0.5 Acm2 ) after equilibrating
for 25 minutes

(e) At current 40A (0.67 Acm2) after equilibrating
for 5 minutes

(f) At current 40A (0.67 Acm2) after equilibrating
for 25 minutes

(g) At current 46A (0.78 Acm2) after equilibrating
for 5 minutes

(h) At current 46A (0.78 Acm2) after equilibrating
for 25 minutes

Figure 8.1: Thermal image of IE stack at a polarisation after equilibrating for 25
minues
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a b s t r a c t

The temperature of operation is a key parameter in determining the performance and dura-

bility of a polymer electrolyte fuel cell (PEFC). Controlling temperature and understanding its

distribution and dynamic response is vital for effective operation and design of better sys-

tems. The sensitivity to temperature means that uncertainty in this parameter leads to var-

iable response and canmask other factors affecting performance. It is important to be able to

determine the impact of temperature uncertainly and quantify howmuch PEFC operation is

influenced under different operating conditions. Here, a simple lumpedmathematicalmodel

is used to describe PEFC performance under temperature uncertainty. An analytical approach

gives a measure of the sensitivity of performance to temperature at different nominal oper-

ating temperatures and electrical loadings.Whereas a statistical approach, usingMonte Carlo

stochastic sampling, provides a ‘probability map’ of PEFC polarisation behaviour. As such, a

polarisation ‘area’ or ‘band’ is considered as opposed to a polarisation ‘curve’. Results show

that temperature variation has the greatest effect at higher currents and lower nominal

operating temperatures. Thermal imaging of a commercial air-cooled stack is included to

illustrate the temporal and spatial temperature variation experienced in real systems.

Copyright ª 2013, The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

A polymer electrolyte fuel cell (PEFC) is a device that converts

chemical energy in fuels directly into electricity with high

efficiency, no combustion or moving parts [1]. The advantages

of this type of fuel cell includes low operating temperature,

quick start-up, planar configuration and easier sealing due to

the use of a solid electrolyte [2e9]. However, water manage-

ment issues require careful consideration to ensure good

protonic conductivity in the electrolyte while avoiding elec-

trode flooding that limits reactant access and results in mass
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transport limitations [10]. To achieve this, it is important to

run the system at the optimum operating conditions by

applying efficient control methodologies. There are many

factors which affect performance, ranging from fundamental

thermodynamic properties; ionic, electronic and mass trans-

port mechanisms; heat transfer and electro-kinetics [11e13].

For all these processes, temperature is a major determining

factor and control is essential for understanding how fuel cells

operate, optimising performance, and developing better and

longer lasting devices.

When operating fuel cells, there is always a level of ‘un-

certainty’ in the operating parameters and physical state of

the system that leads to variable and unpredictable perfor-

mance. This uncertainty can be due to fluctuations and dis-

tribution of operating parameters, measurement accuracy,

random errors, unoptimised/unstable control, etc. [14]. Tem-

perature is one of the parameters with the highest uncertainty

as it is a function of operating point, reactant flow rate and

ambient conditions; it is also temporally variant under dy-

namic conditions and spatially heterogeneous.

The sensitivity of fuel cell operation with respect to tem-

perature has been reported in the literature [15e17]. Studies

have focussed on the impact of operating temperature on fuel

cell performance, and also uncertainty as a part of the control

system [18,19].

Temperature is an important component in fuel cell

operation, and plays a key role in cell performance [20,21].

Water transport is directly influenced by temperature,

affecting the mobility of species in the electrolyte and access

and removal of water at the electrodes and propensity to

flooding [10]. Thermal imaging has increasingly become a

popular tool for the investigation of fuel cells. It provides high

spatial resolution imaging and allowing non-contact mea-

surements, so avoiding potential interference with fuel cell

operation. Thermal imaging can be used to identify defects

and/or areas of unusually low or high activity on the surface of

fuel cells. Aieta et al. have shown how catalyst loading defects

can be investigated using thermal imaging [22]. Hakenjos et al.

measured the current and temperature distribution using IR

thermography in order to obtain the temperature distribution

along the GDL of a PEMFC [23]. They also observed flow-field

flooding through images taken from temperature distribu-

tion. Daino et al. have performed similar work aimed at

identifying temperature gradients along GDL layers within

PEMFCs [24].

In this paper, a simplemathematical lumpedmodel is used

to examine the effect of temperature on the parameters and

fundamental physical and chemical properties that determine

PEFC performance. First, an analytical approach is adopted

that examines the sensitivity of the equations to small

changes in temperature by using the differential dV/dT to map

the operating range of polarisation and nominal operating

temperature. However, this does not capture the stochastic

nature of the uncertainty associated with practical operation,

so a second analysis is performed that applies a statistical

treatment to develop a ‘probability map’ of fuel cell polar-

isation performance.

In order to support the statistical study, an experimental

characterisation of a commercial air-cooled stack is per-

formed that uses high-resolution thermal imaging to

characterise the kind of spatial and temporal temperature

uncertainty that can be expected in a practical operating

system.

The intention of this study is to provide fuel cell developers

with a basis for estimating the expected level of uncertainty in

polarisation performance based on a given uncertainty in the

temperature of the system (spatial and temporal). A key

outcome is that conventional polarisation curves should be

considered as ‘polarisation areas’ or ‘bands’ with variable

uncertainty across their operating range.

1.1. Temperature uncertainty in fuel cell operation

Temperature distribution within fuel cells has been modelled

using a range of techniques and length scales; for example,

Shimpalee and Dutta describe the temperature variation

across the flow channel width [21] and Pharoah and Burheim

at the cell level [20]. However, models rarely consider the ef-

fect of measurement and physical uncertainty on cell

performance.

Mawardi and Pitchumani investigated the impacts of un-

certainty in materials and operating parameters on fuel cell

performance by using a one dimensional, non-isothermal

mathematical model [14]. Parametric analysis was used to

determine how cell voltage and power density change with

uncertainty, where the input samples were generated sto-

chastically using the Latin Hypercube Sampling (LHS)method.

To show the significance of temperature on other variables

like degradation rate, Placca et al. demonstrated the effect of

the interaction between temperature and degradation rate on

overall performance of fuel cells [25]. The Response Surface

Method (RSM)was applied in this study to analyse the effect of

uncertainty in these variables on polarisation (VeI) curves.

However, no attempt was made to quantify the association

between the measurement uncertainty and temporal and

spatial temperature distribution.

2. Model development

For the purpose of analytical and statistical analysis, a

mathematical model is required to describe the thermody-

namics of the system, kinetics, mass and charge transfer as a

function of temperature.

2.1. Model assumptions and equations

A lumped, semi-empirical, mathematical model is used to

simulate PEFC operation [10,11]. The purpose of using this

model is to indicate the effect of temperature on different

parameters and identify their impact on overall performance.

Therefore, some of the parameters, such as exchange current

density and conductivity, which are usually measured

experimentally, are expressed using empirical equations,

which themselves can generate discrepancy due to model

uncertainty. However, the focus of this work is the impact of

temperature uncertainty on cell performance, whereas model

uncertainty is assumed negligible. The following assumptions

are applied: (i) steady state system; (ii) incompressible and

ideal gases; (iii) single phase vapour water; (iv) heat loss is

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 4 3 9e1 4 4 81440



negligible; (v) pressure drop is negligible; (vi) current distri-

bution is uniform; and (vii) there is no reactant consumption

along the length of the flow channel (reactant distribution is

homogeneous).

Simple lumped models of PEFC operation are well docu-

mented and have been used for a wide variety of applications

[11]. The model used here follows a well-established protocol

with the key equations summarised in Table 1 [10,26e29], and

the physical constants and parameters defined in Table 2

[10,11,17,25e28]. The important role of temperature in deter-

mining PEFC performance is evident by the common appear-

ance of T in the governing equations, which include

logarithmic, exponential, power and linear functions.

As is commonly used in fuel cell modelling, the empirical

Bruggeman correlation was used to estimate conductivity and

diffusivity [30e32]. However, this assumes that there is no

liquid water present in the cell. At low temperature and high

current density there is a higher chance of liquid water

formation. Under such conditions fuel cell performance may

be more sensitive to temperature uncertainty and theoretical

correlations such as those described by Das et al. may be

considered [33].

The overall polarisation curve is generated by subtracting

the relevant over-potentials from the open circuit potential:

V ¼ Erev � hact � hohmic � hcon (1)

where, Erev is open circuit voltage at zero current density. The

Nernst equation is used to describe the thermodynamics. hact
is the activation loss due to kinetics of reaction, which de-

pends on the rate of the reactions at the surface of the elec-

trodes. hohm is the ohmic loss taken to be exclusively due to

the ionic resistance of the electrolyte membrane, which is a

function of water content and temperature. hcon is concen-

tration loss and is a function of the activity of reactants and

products and also rate of diffusion of species through the GDL.

2.2. Analytical treatment

The effect of operating temperature on PEFC performance is

commonly reported in the range of 30e80 �C [15e17,34], with

Das et al. showing that the effect is most significant at high

current densities [34].

To determine the sensitivity of cell voltage, based on the

intrinsic physics of the system, with respect to temperature

and current density, the differential of cell voltage with

Table 1 e List of equations used to describe the physical
mode of the PEFC.

Name Equations

Species mass flux MH2 ¼ lH2
iA
naF

MO2 ¼ lO2
iA
ncF

Mv
H2O;c ¼

���� yH2Oin
1�yH2Oin

����
c

MO2

Mv
H2O;a ¼

���� yH2Oin
1�yH2Oin

����
a

MH2

yH2O;a ¼ RHfuel
PsatH2O

P

yH2O;c ¼ RHair
PsatH2O

P

Thermodynamic E0 ¼ dH�TdS
nF

Erev ¼ E0 � RT
nF ln

�
PH2O

PH2
P0:5
O2

�

PsatH2O
¼ expðð2:95� 10�2ÞT� ð9:18� 10�5ÞT2

þ�
1:44� 10�7

�
T3 � 2:18

�

Activation loss

at the electrodes
i0 ¼ iref0 acLc

�
PrO2

Pref

�g

exp
�
�Ec
RT

�
1� T

Tref

��

PrO2 ¼ Pair

exp

�
4:192i
T1:344

�� PH2O

hact ¼
h
RT
anF ln

i
i0

i
a
þ
h
RT
anF ln

i
i0

i
c

Ohmic loss at

the membrane

kmem ¼ ð0:00514cm � 0:000326Þ

exp

�
1268

�
1

303
� 1

T

��

cm ¼ 0:043þ 17:18am � 39:85a2m þ 36a3m
am ¼ baa þ ð1� bÞac
aa ¼ Mv

H2O;a

Mv
H2O;a

þMH2
$ P
Psat
H2O

ac ¼ Mv
H2O;c

Mv
H2O;cþMO2

$ P
Psat
H2O

hohmic ¼ R$i ¼ lmem
kmem

$i

Concentration

loss at the

electrodes

iL;c ¼ ncFDeff cO2
dGDL

Deff ¼ DO2=N2
ε
1:5

DO2=N2
¼ Dref

O2=N2

�
T

Tref

�3 =

2
�
Pref

P

�

CO2 ¼ xO2
P
RT

hcon ¼
h
RT
anF ln

iL
iL�i

i
a
þ
h
RT
anF ln

iL
iL�i

i
c

Table 2 e Physical constants used in the model.

Parameter Value

Catalyst loading (Lc) 0.125 mg(Pt) cm�2

Catalyst-specific area (aca) 0.4 cm2 mg�1

Faraday’s constant (F) 96,486 C mol�1

Ideal gas constant (R) 8.314 J mol�1 K�1

Membrane thickness (l) 0.01275 cm

Reference exchange current density ðiref0 Þ 3 � 10�9 A cm�2

Reference temperature (Tref) 298 K

Reference pressure (Pref) 1 atm

Reference Gibbs free energy (Gref) �228,170 J mol�1

Activation energy (Ec) 76,500 J mol�1

Diffusion coefficient of water in membrane (D0) 5.5 � 10�7 cm2 s�1

Active area (A) 25 � 104 cm2

Operating pressure (P) 1.5 atm

Oxygen pressure ðPO2 Þ 5 atm

Hydrogen pressure ðPH2 Þ 3 atm

Water pressure (Pw) 1 atm

Reference binary diffusion coefficient ðDref
ij Þ 0.1 cm2 s�1

GDL thickness (tGDL) 0.05 cm

Enthalpy change (dH) �242,367.25 J

Entropy change (dS) �84.2 J

Cathode water activity (ac) 0.3

Anode water activity (aa) 0.5

Porosity (ε) 0.444

Number of electrons at cathode (nc) 4

Number of electrons at anode (na) 2

Relative humidity of air (RHair) 0.5

Relative humidity of fuel (RHfuel) 1

Stoichiometric ratio of hydrogen ðlH2 Þ 1.25

Stoichiometric ratio of oxygen ðlO2 Þ 2

Pressure coefficient (g) 0.5

Oxygen mole fraction ðxO2 Þ 0.21
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respect to temperature is determined by applying a small

change in temperature (0.05 �C) to the model equations, such

that:

dV
dT

z
V2 � V1

T2 � T1
(2)

2.3. Statistical treatment

To predict the probabilistic deviation of cell voltage due to

uncertainty in temperature, a statistical analysis is used that

employs a Monte Carlo Simulation (MCS) to provide a random

normal distribution of temperature samples. A normal dis-

tribution (Gaussian) is employed to describe the statistical

spread (uncertainty) of temperatures [35].

To establish the effect of temperature, the standard devi-

ation of �5 �C is selected for 10,000 samples. Previous studies

have reported 3e11 �C temperature variation in a fuel cell due

to different uncertainties and operating conditions [20,21,25].

Also, the tests carried out on the commercial stack suggests

that this is an appropriate base-case for examining tempera-

ture uncertainty.

It is important to choose a suitable sample size which is

large enough to give sufficient confidence in the results, but

not so large as to lead to unnecessary processing time. To

assess this, the model was run from 100 to 100,000 samples in

order to develop a distribution curve.

Table 3 shows how different sample size and bin size can

affect the variance of error (Verror). A sample size of 10,000 was

chosen as a suitable trade-off between accuracy and pro-

cessing time.

To generate the samples, Equation (3) [36] is implemented

in Octave (GNU Octave), a high level programming language

that provides access to a number of solvers for linear and

nonlinear numerical computations [37].

T ¼ Tmean þ s$randnðn;mÞ (3)

where Tmean is the mean operating temperature and s is the

standard deviation of distribution.

The obtained data are characterised by statistical analysis:

skewness and coefficient of variance (CV), to present the de-

gree of asymmetry of the distributions and measure of

dispersion of voltage. Positive skew has a longer tail on the

right hand side (higher values) of themean value and negative

skew is bias towards lower values. A distribution curve is

classified as symmetrical when the skewness is zero. Because

of the nature of the model and logarithmic expressions used

in the model, Equation (4) is used to calculate the skewness,

where N is the total number of samples [38]:

skewness ¼
�P ðx� mðxÞÞ3

�.
N

s3
(4)

To verify the skewness, Equation (5) is used to indicate the

degree of skewness by comparing the obtained values with

the standard error of skew (SES) [39].

SES ¼
ffiffiffiffi
6
N

r
(5)

Table 3 e Variance of error as a function of sample and
bin size.

Sample size Bin size Verror

100 10 0.5

1000 100 0.158

10,000 1000 0.05

100,000 10,000 0.0158

Fig. 1 e Experimental test station for the 5 cell stack.

Fig. 2 e Picture and sketch of the fuel cell stack showing the

active and cooling channels.
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The coefficient of variance (CV), which is often expressed

as a percentage, is used to compare the standard deviation of

data at diversemean values [14], where s is standard deviation

of distribution and m is the mean value [40].

CV ¼ s

m
(6)

3. Experimental

3.1. Stack operation

Fuel cell stack operationwas carried out using a 5-cell air cooled

(AC) open-cathode stack (Intelligent Energy Ltd., UK) [41,42].

This test station, displayed Fig. 1, is used to supply dry, non-

heated, pressurized hydrogen in dead-endedmode to the anodes,

and oxygen is supplied to the cathode using three fans blowing

ambient air through the open cathodes (stack and channel

Fig. 3 e Sensitivity map based on analytical analysis

showing differential change in voltage with temperature

(dV/dT) as a function of nominal operating temperature

and current density.

Fig. 4 e Effect of temperature on (1) OCV, (2) activation loss, (3) Ohmic loss and (4) concentration loss.

Fig. 5 e Contour plot of VeI polarisation ‘area’ at mean

operating temperature of 80 �C with standard deviation of

±5 �C generated by MCS. Plot to the right hand side shows

the voltage distribution at current density of 0.1, 0.5, 0.9,

1.3, and 1.7 A cmL2.
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configuration shown in Fig. 2). The fans are powered by a pro-

grammable power supply (3649A Agilent), and the fuel cell was

loaded using an Agilent 6060B load unit; each controlled using

bespoke software (LabVIEW, National Instruments) using a GPIB

interface.Eachofthe5cellshasamembranesurfaceareaof60cm2.

Due to its unique design, it does not require any external

heating and operates from room temperature. Heat is gener-

ated by the electrochemical reactions and Joule heating.

A K-type thermocouple was used to record the internal

temperature in the central area of the fuel cell and operate the

PID controller. The PID controller treats the temperature as an

input, and changes the speed of the fans in order to regulate

the temperature to its predefined setpoint.

3.2. Heat management and thermal imaging

Temperature mapping, either with thermocouples [43e46],

micro sensors measuring the temperature and humidity [47],

thermistors [48], thermal imaging [23] [49e54], of fuel cells has

shown to be a powerful tool to understand the performance

and validate heat transfer models. The open-cathode config-

uration of the AC stack makes it an ideal system for thermal

imaging because it is possible to directly point the camera at

the active and cooling channels.

Thermal imaging was performed using a 640 � 512 focal

plane array InSb camera (SC5600MB FLIR, UK). The camera

was calibrated for the temperature range in question

(15e100 �C) with the images being recorded using commer-

cially available software (ResearchIR, FLIR ATC, Croissy-

Beaubourg, France). Images were recorded at a frequency of

25 Hz for a period greater than 10 min to ensure a statistically

significant number of data points were collected.

4. Results and discussion

4.1. Analytical interpretation

The analytical approach provides insight into the physics of

the system and how temperature makes an impact on

performance. Fig. 3 shows the variation in differential cell

voltage with respect to temperature as a function of current

density and absolute operating temperature. It can be seen

that the PEFC becomes more sensitive to temperature change

with increasing current density and reduced temperature;

increasing to over 10 mV �C�1 above 1 A cm�2 from 30 to 90 �C.
The effect of temperature on the various loss mechanisms

can be seen in Fig. 4. The following observations can be made:

(i) the entropy change associated with the formation of water

leads to a small change in OCV over this temperature range;

(ii) electro-kinetics improve with temperature resulting in

lower activation loss due to exponential increase in ORR i0
with temperature; (iii) Ohmic loss increases linearly with

current, increased temperature results in a reduction of the

resistance inside the cell due to increased proton conductivity;

(iv) concentration loss, which is mainly dominant at higher

Fig. 6 e Skewness of VeI polarisation ‘area’ at operating

temperature of 80 �C and standard deviation of ±5 �C.

Fig. 7 e Contour plots showing: (a) how CV changes at

different mean operating temperatures for ±5 �C; (b) how
CV changes at an operating temperature of 80 �C with

various standard deviation of temperature uncertainty at

i [ 0.6 A cmL2.
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current density, also reduces with temperature due to

improved diffusion, gas mobility and species concentration

resulting in better mass transport and larger limiting current

density.

4.2. Statistical interpretation

To capture the probabilistic behaviour of cell performance

under temperature uncertainly, MCS sampling was used to

provide temperature input samples for a mean operating

temperature of 80 �C and standard deviation of �5 �C. The
samples generated by MCS are introduced into the deter-

ministic lumped mathematical PEFC model to obtain cell

voltage for various current densities.

It is apparent from Fig. 5 that voltage distribution is not

uniform at different current densities. The colour map shows

that as current density increases, the width of the distribution

increases. This figure clearly shows that the expectation of a

polarisation response to conform to a single ‘line’ is not

reasonable when there is uncertainty associated with tem-

perature (or other operating parameters). Rather, a polar-

isation ‘area’ or ‘band’ better describes the situation.

It can be seen in Fig. 5 that performance shows higher

sensitivity at larger current density due to non-linearity of the

model which is more dominant at higher current density.

To calculate the degree of asymmetry of a distribution over

various current densities, the skewness is determined to show

the effect of temperature variation on cell performance. It can

be seen in Fig. 6, there is a tendency towards lower voltage in

the VeI polarisation area due to higher overpotential and

probabilistic effect of temperature on the cell performance. It

can be seen that skewness of the voltage distribution becomes

more negative with increased current density, i.e. fuel cell

voltage will be more likely to be biased towards lower voltage.

To establish the extent of skewness, Equation (5) is used to

determine the SES. The results show that over a current

density of 0.2 A cm�2 the magnitude of the skewness is larger

than twice the SES. This indicates that the distribution can be

regarded as significantly skewed towards a lower voltage with

increasing current.

Fig. 7(a) shows how CV changes at different operating

temperatures (30e90 �C), taking a temperature uncertainty of

�5 �C. The trend across current and temperature is qualita-

tively the same as that observed in the analytical analysis;

however, this interpretation allows the probability at each

condition to be quantified.

Fig. 8 e Thermal image of fuel cell stack at a current loading

of 46 A (0.78 A cmL2) after equilibrating for 25 min.

Fig. 9 e Temperature distribution after 25 min fuel cell operation at current density 0.78 A cmL2. Figs. 1e4 show the four

points (SP1eSP4) along the middle cell. SP1 is the closest point to H2 entrance and SP4 is the furthest.
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To establish how dispersion of cell voltage relates to the

given temperature uncertainty, the CV of cell voltage is

calculated for different sT values at a current density of

0.6 A cm�2 (Fig. 7(b)). It can be seen that regardless of tem-

perature uncertainty the sT increases monotonically.

4.3. Stack testing

4.3.1. Thermal imaging
Thermal imaging measurements achieved a pixel resolution

of w0.35 mm. The noise-equivalent temperature difference

(NETD), a measure of the signal-to-noise ratio, of the camera

during the experiments was recorded as 19 mK, demon-

strating a high thermal resolution.

A calibration was conducted in order to eliminate envi-

ronmental reflections. To achieve this, a diffuse reflector was

used to enable the environmental emissivity to be set to unity.

In investigating the temperature distribution of the stack,

each channel represented a cavity that could be considered to

be a quasi-black body [55]. This allows an emissivity

approaching unity to be used; in this case, 0.98 was chosen. By

utilising this technique a direct comparison can be made be-

tween the active and cooling channels without the need to

calculate the emissivity of each channel.

Fig. 8 shows a thermal image of the stack seen from the

side with air exiting the system. It can be seen that there is

substantial temperature variation across the stack with

w12 �C difference between the active and cooling channels

(active ewhite and cooling e red). The figure also shows the

position of four different point measurements (SP1eSP4)

made along the central cell in the stack, used to assess lateral

temperature variation in space and time.

4.3.2. Statistical interpretation of experimental temperature
distribution
The temporal temperature distribution for each of the four

points displays a Gaussian distribution (Fig. 9), the statistical

characterisation for each point is shown in Table 4. It can be

seen that the CV of location 1 to location 4 increases by almost

50% showing that the spatial distribution itself has ranging

temporal variation. Also in the same table it can be seen that

the skewness is effectively zero.

5. Conclusion

Temperature is a key parameter for determining PEFC per-

formance and uncertainty in this parameter is reflected in the

variability in the polarisation response. An analytical and

statistical approach has been used to determine the sensi-

tivity and probability of performance variation as a function of

current density and nominal operating temperature.

Lower cell temperatures and higher current densities are

predicted to lead to the greatest variation in performance for a

given temperature change or statistical variation (‘uncer-

tainty’). The study has identified an effective polarization

‘area’ or ‘band’, in contrast to the widely quoted polarization

‘curve’, as being the most appropriate way to represent model

predictions of fuel cell performance.

The cell performance variation due to temperature distri-

bution at a given point in the VeI polarisation area translates

into the negative skewness. This means that there is a ten-

dency for the VeI area to be biased towards a lower voltage.

Therefore, reported polarisation data will tend to err on the

side of poorer perceived performance due to the natural

variation in temperature for a given system.

Thermal imaging on an operational PEFC stack allows the

spatial and temporal variation in temperature to be assessed.

The experiments show that the width of temperature distri-

bution decreases spatially towards the “dead-end” of the

stack. A temperature variation of over 12 �C was observed

across the active area of the stack (air exit face), whereas the

variation across the central MEA was w2.5 �C and the tem-

poral variation has a standard deviation of �0.5 �C.
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