
Chapter 2
Cell Voltages, Polarisations
and Performances

The fuel cell works under defined conditions such as gas variables, temperature, etc.
The operating conditions determine the efficiency of fuel cells and hence require
rigorous understanding. Behind the operation of every fuel cell, there are series of
thermodynamic and chemical equations that should be well understood. In this
chapter, we determine the performance, efficiency and then losses of the fuel cell.
The open-circuit voltage (OCV) of a fuel cell is also taken into consideration along
with various factors including pressure, temperature, fuel constituents and con-
centration, etc.

2.1 Electromotive Force of Fuel Cell

Before obtaining the EMF for the cell, we need to have a clear understanding of
Gibbs free energy (ΔG). Gibbs free energy is defined as the energy available to do
external work. Nowadays, a most common term ‘exergy’ is used, which is defined
as the total external work extracted including that due to pressure and volume
changes. We also use the term ‘zero-energy point’ for the elements in a normal state
of standard pressure (0.1 MPa) and temperature (25°C).

Gibbs energy is basically free energy available for conversion into usable work.
The change in Gibbs free energy is given by

DG ¼ DH�TDS ð2:1Þ

ΔH is the enthalpy change, which is the total thermal energy available, ΔS is the
entropy change and TΔS represents unavailable energy attributed to the entropy or
disorder of the system. When the entropy change is positive, then the heat is
extracted from the surroundings whereas for the negative entropy change, heat is
given out to the surroundings.
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The Gibbs free energy of formation Gf can also be expressed in terms of products
and reactants as follows:

DGf ¼ Gf productsð Þ�Gf reactantsð Þ ð2:2Þ

We can demonstrate the Gibbs energy of formation with the help of the fol-
lowing reaction:

H2 þ 1
2
O2 ! H2O ð2:3Þ

DGf ¼ ðGfÞH2O � ðGfÞH2
þ 1

2
ðGfÞO2

� �
ð2:4Þ

However, for a fuel cell the reaction mechanism is not as simple as it appears to be.
This can be addressed by considering the electrons moving in an external circuit.
For each hydrogen molecule used, 2 electrons pass through the external circuit.
Hence, for 1 mol of hydrogen used, 2N electrons will migrate through the external
circuit [N − Avogadro’s number or 6.023 × 1023 atoms]. Hence, the total charge
flowing through the external circuit becomes −2Ne or −2F coulombs
(F = Faraday’s constant = Ne = charge on one mole of electrons).

The total electric work done in moving −2F charge around the cell-circuit, for
E voltage (ideal potential) of fuel cell is given by

Work done ¼ �2FE J ð2:5Þ

This work released Gibbs free energy (provided the system is reversible and has
no losses).

) DGf ¼ �2FE ð2:6Þ

) E ¼ �DGf

2F
ð2:7Þ

The more general form of Eq. (2.7) is given by

E ¼ � DGf
nF ð2:8Þ

where n represents number of electrons participating in the cell reaction.
Equation (2.8) is the fundamental electromotive force equation for the fuel cell. ‘E’
also represents the OCV of cell.

For general cell reaction, the free energy is expressed as:

uAþ vB ! xCþ yD ð2:9Þ
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The free energy change is given by

DGf ¼ DG�
f þRT ln

½C�x½D�y
½A�u½B�v ð2:10Þ

R is the gas constant and DG�
f is the free energy change at standard temperature and

pressure (STP) conditions. Substituting (2.8) in (2.10), we find

E ¼ E� þ RT
nF

ln
½A�u½B�v
½C�x½D�y ð2:11Þ

Equation (2.11) is the general form of the Nernst equation, where [A]u [B]v is the
reactant activity and [C]x [D]y is the product activity. Hence, it is clear from
Eq. (2.11), that the increase in concentration of reactants increases the cell potential.
The potential can also be obtained by calculating the heat capacities, entropies and
enthalpies. The heat capacity (Cp) can be given by

Cp ¼ aþ bT þ cT2 ð2:12Þ

where T is the temperature and a, b and c are empirical constants. Hence, the
change in heat capacities of products and reactants can be obtained as

DCp ¼ DaþDðbTÞþD cT2
� � ð2:13Þ

or

dCp ¼ daþ d bTð Þþ d cT2� � ð2:14Þ

The changes in enthalpy and entropy are expressed as:

DS ¼ DS� þ
ZT
298

DCp

T
dT ð2:15Þ

and

DH ¼ DH� þ
ZT
298

DCp dT ð2:16Þ

where ΔS° and ΔH° are the changes in entropies and enthalpies at standard tem-
perature (298 K) and pressure. Using Eq. (2.14) in Eqs. (2.15) and (2.16) yields
following results:
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DS ¼ DS� þ a ln
T
298

� �
þ b T � 298ð Þþ 1

2
C T � 298ð Þ2 ð2:17Þ

DH ¼ DH� þ a T � 298ð Þþ 1
2

b� 298ð Þ2 þ 1
3
C T � 298ð Þ3 ð2:18Þ

We can obtain OCV for some fuel cells and batteries. For example, for DMFC
[Chap. 1, Eq. (2.22)], the cell reaction is given by

CH3OHþ 3
2
O2 ! 2H2OþCO2 ð2:19Þ

6e− are passing through the external circuit for each methanol molecule. The
change in Gibbs free energy for Eq. (2.19) is −698 kJ/mol. By using Eq. (2.8), we
obtain

E ¼ 698� 103

6� 96;485
¼ 1:21V ð2:20Þ

(F = Faraday constant = Ne = 6.023 × 1023 × 1.6 × 10−19 C = 96,485 C).
For a hydrogen fuel cell, the ΔGf is 210.3 kJ/mol at temperature of 400°C. The

basic reaction is given by:

H2 þ 1
2
O2 ! H2O

The OCV, ‘E’ at 400°C is given by

E ¼ 210:3� 103

2� 96;485
¼ 1:09V ð2:21Þ

Similarly for batteries (here alkali battery), the anode and cathode reactions are
given by:

At Anode:

Znþ 2OH� ! ZnOþH2Oþ 2e� ð2:22Þ

At Cathode:

2MnO2 þH2Oþ 2e� ! Mn2O3 þ 2OH� ð2:23Þ

The overall cell reaction is given by
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2MnO2 þZn ! ZnOþMn2O3 ð2:24Þ

The changes in Gibbs free energy for Eq. (2.24) is −277 kJ/mol, which yields
OCV for transfer of 2e− in the outer circuit follows.

E ¼ 277� 103

2� 96;485
¼ 1:44V

2.2 Cell Efficiency

There are two processes which may take place inside a fuel cell, i.e., reversible or
irreversible. If all energy is converted into electrical energy without any loss, then
the process is considered to be reversible. On the other hand, if some of the energy
is converted to heat which leads to losses in the system, then the process is con-
sidered to be irreversible. The efficiency of reversible system is considered to be
100 %, whereas for an irreversible system the efficiency is <100% attributed to the
loss due to some thrown away or wasted energy. The efficiency of an energy
conversion system (such as a fuel cell) is defined as electric energy produced per
mol of fuel relative to the change in chemical energy of stored fuel; i.e.,

g ¼ DGf

DHf
ð2:25Þ

ΔHf is the enthalpy of formation and is also considered to be the calorific value of
fuel. The value of ΔHf is positive when energy is required for the process whereas
its negative value represents release of energy. The maximum possible efficiency is
defined as:

g ¼ DGf

DHf
� 100 ð2:26Þ

The efficiency of a fuel cell is determined by considering the standard free energy of
the formation of water

H2 þ 1
2
O2 ! H2O(lÞ DHf ¼ �285:84 kJ/mol

or
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H2 þ 1
2
O2 ! H2O ðgÞ DHf ¼ �241:83 kJ/mol

The difference between the two heats of formation is 44.01 kJ/mol and gives the
molar enthalpy of vaporisation of water (latent heat). The efficiency of an ideal fuel
cell operation at standard conditions is 237:30

285:84

� �
= 0.83 or 83% for the free energy of

237.3 kJ/mol.
The efficiency depends upon the temperature and pressure, etc., of the system,

which is discussed later on in this chapter. The efficiency of a system can also be
expressed in terms of the maximum EMF of a cell. Due to the losses in the fuel
cells, the efficiency of systems decreases and actual cell voltage (Vactual) decreases
as compared to the ideal cell voltage (Videal).

g ¼ Useful energy
DHf

¼ Vactual � Current

Videal � Current
0:83

g ¼ 0:83 Vactual

Videal

ð2:27Þ

For illustration, the efficiency of a hydrogen fuel cell operating at 25°C and after
pressure is given by

The open circuit voltageE ¼ �DGf

nF

At 25 °C, ΔGf = −237.3 kJ/mol

) E ¼ 237:3� 103

2� 96;485
¼ 1:22V

As the OCV is the ideal voltage, hence we can say, Videal = 1.22 V. Using this
value of Videal in Eq. (2.28), we get

g ¼ 0:83� Vactual

1:22
¼ 0:675Vactual

) g ¼ 0:675Vactual

ð2:28Þ

The cell voltage will vary for different temperature and current densities, hence
changing the efficiencies. For example, η changes from 8.27 at 100°C to 52% at
1000°C, when we use carbon monoxide, i.e.,

COþ 1
2
O2 ! CO2
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whereas, η does not change considerably for following reaction

CH4 þ 2O2 ! CO2 þ 2H2O

This is due to the fact that the ΔGf changes considerably with temperature for
formation of carbon dioxide from the carbon monoxide. In contrast to this, the ΔGf

for formation of CO2 from methane remains almost constant w.r.t. temperature.

2.3 Polarisation and Cell Losses

In the previous section, we have obtained the open-circuit value (OCV) for a fuel
cell as

E ¼ �DGf

nF

This value is considered to be maximum for the ideal case. For example, at 200°C,
the ΔGf = –220 kJ, which yields

E ¼ 220� 103

2� 96;485
¼ 1:14V

Anyhow, the actual performance of a fuel cell is smaller than this voltage.
Figure 2.1 demonstrates the ideal performance and actual performance of the cell.

Fig. 2.1 Graph depicting ‘no
loss’ voltage and ‘actual
voltage’
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Figure 2.1 shows the variation of cell voltage with current density (current/area)
for the cell operating at high and low temperatures. The initial fall in voltage is
small for the cells operating at high temperatures, whereas the initial voltage fall is
high for the cells operating at low temperatures. In addition to this, the cells
operating at higher temperatures exhibit more linear behaviour. The reversible
system is considered to be the ideal system because it is a ‘no loss’ system. The
actual potential of a cell decreases from its ideal potential due to irreversible losses
in the system. These fuel cell irreversibilities contribute to the voltage drop of the
system. There are four major factors which contribute to the decrease in cell per-
formance. The primary four sources of losses are fuel cross-over, activation
polarisation, ohmic polarisation and concentration polarisation. We can summarise
the total voltage as

Total voltageV ¼ Open circuit voltageE�Losses ð2:29Þ

The fuel crossover losses are due to the wastage of fuel passing through the
electrolyte. Fuel crossover losses are prominent in the fuel cell operation at low
temperatures. The activation losses are due to the slow reaction kinetics on the
surface of the electrodes. Ohmic losses are due to the resistance offered to the flow
of electrons and ions through electrodes and electrolytes, respectively. The con-
centration losses are due to the change in concentration of the reactants at the
surface of electrodes.

2.3.1 Activation Losses

Activation losses are the main cause of voltage drop (mainly at cathode) for the
low- and medium-temperature fuel cells. In 1905, Tafel obtained a pattern for the
verification of overvoltage against current density as shown in Fig. 2.2.

The voltage drop due to activation polarisation is represented by the Tafel
equation as follows:

gact ¼
2:3RT
a nF

log
i
i0

� �
ð2:30Þ

where i0 is the exchange current density.

) gact ¼
2:3RT
a nF

log i� 2:3RT
a nF

log i0

) gact ¼ � 2:3RT
a nF

log i0 þ 2:3RT
a nF

log i

) gact ¼ aþ b log i

ð2:31Þ
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where

a ¼ � 2:3RT
a nF

log i0 ð2:32Þ

and

b ¼ 2:3RT
a nF

ð2:33Þ

α is the electron transfer coefficient and is proportional to the electrical energy, which
changes the rate of the electrochemical reaction. The term ‘b’ represents the Tafel
slope. The factor RT

a nF is high for the slow electrochemical reaction, whereas it is small
for the fast electrochemical reaction. The exchange current density i0 is the current
density at which overvoltage starts increasing from zero. For a slow electrochemical
reaction, i0 is small and vice versa. If we rearrange Eq. (2.30), then we obtain

i ¼ i0 exp
a nF gact

RT

� �
ð2:34Þ

Equation (2.34) is the Butler–Volmer equation and can be used as an alternative for
the Tafel equation. It should be noted that the Tafel equation holds good only for i> i0.

Basically, activation polarisation is dominant at low current density because the
electronic barriers are to be overcome prior to ion and current flow. Activation
polarisation is directly influenced by the rate of electrochemical reaction and is
attributed to the sluggish electrode kinetics. When the exchange current density is

Fig. 2.2 Slow and fast
electrochemical reactions
represented as Tafel Plots
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zero, then it indicates that the forward and reverse reactions are taking place at the
some reaction rate; i.e., the flow of electrons takes place at same rate. When the
exchange current density is high, then the reaction rate becomes higher in one
direction and the electrode surface becomes more active. Current density influences
the cell performance crucially; i.e., when i0 is increased tenfold, the activation
polarisation also increases by 100 mV [for slope of 100 mV/log (i0)]. When the
Tafel slope is 50 mV/log current density, then the tenfold increase in the current
density yields 50 mV increase of the activation polarisation. If the Tafel slope gets
lowered, then the activation polarisation also gets lowered down. Equation (2.30)
also gives an impression that the rise in temperature might raise the ηact, whereas
practically it is observed that the controlling factor for ηact is ‘i0’. A smaller value of
i0 yields a greater voltage drop; usually the value of i0 is smaller at cathode as
compared to the anode for hydrogen fed fuel cells. But for the fuel cells, where
methane is used as a fuel, the anode overvoltage cannot be neglected. The total
voltage drop would be given by:

Voltage drop ¼ banode log
i
i0a

� �
þ bcathode log

i
i0c

� �
ð2:35Þ

i0a anode exchange current density
i0c cathode exchange current density
banode/bcathode anode and cathode Tafel constants, respectively

Equation (2.35) is the same as Eq. (2.30). Hence, the activation polarisation may
be due to one electrode or both electrodes. If the value of i0 is increased then the
activation polarisation is reduced, hence the focus should be on increasing the
exchange current. The exchange current density can be increased by using catalysts.
In addition to this, increasing the pressure and temperature (Fig. 2.1), would
effectively increase the current density. Increasing the reactant concentration as well
as electrode roughness would probably lead to an increase in current density due to
occupancy of catalyst sites by the reactants.

2.3.2 Ohmic Losses (Resistive Losses)

The fuel cell consists of electrodes and electrolytes. Electrodes offer resistance to
the flow of electrons whereas the electrolyte provides obstruction to the flow of
ions. The ohmic losses occur due to the flow of electrons at cathodes and flow of
ions through the electrolyte. The cell interconnects and bipolar plates also con-
tribute to the ohmic losses. Usually, Ohm’s law is given by

V ¼ IR ð2:36Þ
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where I is the current and R is the resistance. For a fuel cell, Eq. (2.36) can be
written as

gohm ¼ ir ð2:37Þ

where i is the current density in (mA/cm2) and r is the area-specific resistance
(ASR), i.e., the resistance corresponding to an area of 1 cm2 of the cell. The ASR
includes total cell resistance, i.e., ionic, electronic and contact resistance and the
units of r are kΩ cm2. The cell resistance remains constant; hence as the current
increases, the ohmic polarisation also increases. The ohmic polarisation can be
reduced by decreasing the electrode separation which decreases the resistance,
thereby decreasing the ohmic polarisation. Second, if the electrodes are electrolyte
supported, then the electrolyte must be made as this as possible provided the two
electrodes should not short circuit. Both the electrodes and electrolyte should
exhibit high electronic and ionic conductivity, respectively.

2.3.3 Concentration Losses (Mass Transport Losses)

The concentration losses are also known as gas transport losses. During an elec-
trochemical process, the reactant is consumed at the electrode. This leads to the
concentration gradient and loss of potential due to the inability of the surrounding
material to maintain the initial bulk concentration. The losses due to the concen-
tration gradient and depletion of reactants at the electrode are known as concen-
tration losses. Hydrogen and oxygen are fed at the anode and cathode, respectively.
During the working of the fuel cell, the concentration of oxygen and hydrogen will
fall on the cathode and anode, respectively. The decrease in concentration depends
on the circulation of air/hydrogen around the cathode/anode and the current being
taken from the fuel cell. Hence, the partial pressure of oxygen and hydrogen
changes the concentration; i.e., the decrease in concentration causes a decrease in
partial pressure. This reduction in gas pressure causes a decrease in cell voltage.
The main causes of concentration losses are solution of reactants into the elec-
trolyte, dissolution of products out of the electrolyte, slow gas diffusion into
electrode pores, diffusion of reactants through the electrolyte to the electrochemical
reaction site and diffusion of products through the electrolyte from the electro-
chemical reaction site. The change in voltage caused by concentration polarisation
can be explained with the help of Fick’s law.

According to Fick’s first law of diffusion, the current density is given by:

i ¼ nFDðCB � CSÞ
d

ð2:38Þ
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where n is the number of electrons participating in the reaction, D is the diffusion
coefficient of the reactants, CB and CS are bulk and surface concentration,
respectively, and d is the diffusion layer thickness.

i1 is postulated as the limited current density, i.e., the current density at which
the rate of supply of fuel and rate of use of fuel equals. This occurs for the zero
surface concentration. i.e., CS = 0. Equation (2.38) becomes

i1 ¼ nFDCB

d
ð2:39Þ

Equation (2.38) can be rewritten as

i ¼ nFDCB

d
� nFDCS

d

) i ¼ i1 � nFDCS

d

) i
i1
¼ 1� nFDCS

di1

) i
i1
¼ 1� CS

CB

ð2:40Þ

) CS

CB
¼ 1� i

i1
ð2:41Þ

There are two conditions, which may arise in the cell, i.e., zero current, which is
the equilibrium condition and when the current is flowing (bulk concentration
reduces). The Nernst equations for both conditions can be written as

for i ¼ 0ð Þ E ¼ E� þ RT
nF

ln CB ð2:42Þ

E ¼ E� þ RT
nF

ln CS ð2:43Þ

The potential difference can be written as

gconc: ¼ DE ¼ RT
nF

ln
CB

CS
ð2:44Þ

ηconc. is the concentration polarisation due to the concentration change at the
electrode. Using Eq. (2.41) in Eq. (2.44) yields:
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gconc: ¼ �RT
nF

ln 1� i
i1

� �
ð2:45Þ

The concentration polarisation is predominant for high temperature fuel cells.
When the hydrogen is supplied via reformer, then the rate of supply of hydrogen at
the anode decreases as compared to its consumption rate; then the concentration
polarisation dominates in the fuel cell. The removal of water can also be a
prominent cause for the mass transport or concentration losses.

2.3.4 Fuel Crossover Losses

The fuel cell consists of an ion-conducting electrolyte through which the conduc-
tion process takes place. Sometimes, the fuel from the anode side may diffuse to the
cathode side. It may react directly with the oxygen at the cathode due to the
presence of catalyst. But this reaction yields no current, hence leading to the
wastage of fuel, which migrates from cathode to anode through the electrolyte. This
loss of fuel is known as the fuel crossover losses. The fuel crossover losses and
internal currents are taken to be equivalent. When the cell is in open circuit, the cell
current density would not be zero due to the internal current density. For example, if
the internal current density is 0.5 mA/cm2, then the open circuit would yield 1.01 V,
which is almost 19% less than the OCV. The gas usage is given by

Charge ¼ 4F � amount of H2

By dividing it with time, we obtain
For single cell,

H2 usage ¼ I
4F

moles/s ð2:46Þ

For stack of N cells,

H2 usage ¼ IN
4F

moles/s ð2:47Þ

For a PEM cell with cell area 10 cm2, 0.034 cm2/s of H2 is consumed. The gas
usage becomes 1.4 × 10−7 mol/s corresponding to the volume of 2.43 × 104 cm3 for
one mole of any gas. Hence, from Eq. (2.47), we find

H2 usage ¼ 1:4� 10�7 � 2� 96;485 ¼ 27mA

For a cell area of 10 cm2, the current density becomes 2.7 mA/cm2. The fuel
crossover losses can be summarised as
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Hfuel ¼ 2:3RT
a nF

ln
in
i0

� �
ð2:48Þ

where in is the internal current density. For high-temperature fuel cells, the sig-
nificance of the internal current decreases because exchange current density i0 is
quite high. Anyhow for the fuel cells operating at low temperatures, the fuel
crossover and internal currents play a significant role.

2.3.5 Summation of Losses

The total effective cell voltage after the losses is given by

V ¼ E � Total lossesð Þ
) V ¼ E � gact þ gohm þ gconc: þ gfuelð Þ

) V ¼ E � 2:3RT
anF

log
i
i0

� �
þ irþ RT

nF
ln 1� i

i1

� �
þ 2:3RT

anF
ln

in
i0

� �� 	

) V ¼ E � ir � 2:3RT
anF

log
i
i0

� �
� 2:3RT

anF
log

in
i0

� �
þ RT

nF
log 1� i

i1

� �
ð2:49Þ

It should be noted that the crossover current is very small for high-temperature
fuel cells and then Eq. (2.49) is given by:

) V ¼ E � ir � 2:3RT
a nF

log
i
i0

� �
þ 2:3RT

nF
log 1� i

i1

� �
ð2:50Þ

There is an alternative approach to obtain the effective voltage. The total
polarisation can also be summed up for the fuel cell. Usually, the total polarisation
is predominantly due to concentration losses and activation losses; i.e.,

ganode ¼ gconc: þ gactð Þanode ð2:51Þ

and

gcathode ¼ gconc: þ gactð Þcathode ð2:52Þ

The general equation can be written can be written as

gelectrode ¼ gconc: þ gactð Þelectrode ð2:53Þ

The polarisation will lead to the change in electrode potential as follows
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Velectrode ¼ Eelectrode � gelectrodej j ð2:54Þ

For the anode, the potential increases whereas the cathode potential shows a
decrease. The cell voltage consists of anode and cathode potentials along with
ohmic polarisation, i.e.,

V ¼ Vcathode�Vanode�ir

) V ¼ Ecathode�Eanodeð Þ�gcathode�ganode�ir

) V ¼ E� gconc: þ gactð Þcathode� gconc: þ gactð Þanode�ir

ð2:55Þ

For low-temperature fuel cells, the in factor is also added; i.e.,

V ¼ E� gconc: þ gactð Þcathode� gconc: þ gactð Þanode�ir�in ð2:56Þ

The major loss of fuel cell voltage is due to the ohmic and electrode polarisa-
tions. Efforts are made to reduce the polarisations, so that V approaches E and hence
maximum efficiency is obtained. This can be done by improving the electrode
structure, using highly conducting electrolyte and better electrocatalysts. Hence, the
actual and ideal potentials for a fuel cell are different due to various losses.

2.4 Performance of Fuel Cells

For low-temperature fuel cells, electrocatalysts are required to achieve desirable
reaction rates at the anode and cathode, whereas the high-temperature fuel cells do
not require any electrocatalyst. The most common type of electrode reactions and
their corresponding Nernst potential are as follows:

Reaction Nernst potential

H2 þ 1
2 O2 �! H2O E ¼ E� þ RT

2F ln
pH2
pH2O


 �
þ ln p1=2O2

h ih i
(2.57)

CO þ 1
2 O2 �! CO2 E ¼ E� þ RT

2F ln pCO
pCO2


 �
þ ln p1=2O2

h ih i
(2.58)

H2 þ 1
2 O2 þCO2ðcÞ �! H2O þ CO2ðaÞ E ¼ E� þ RT

2F ln
pH2

pH2O pCO2ð ÞðaÞ

� �
þ ln p1=2O2

pCO2ð ÞðcÞ
h i� �

(2.59)

CH4 þ 2O2 �! 2H2Oþ CO2 E ¼ E� þ RT
8F ln

pCH4
p2H2O

pCO2

� �
þ ln p2O2

h i� �
(2.60)

There is a simple way to obtain the Nernst equations. For example, consider a
reaction
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aAþ bB ! cC ð2:61Þ

which indicates that a moles of A react with b moles of B to form c moles of C. The
two reactants A, B and product C are designated different activities, i.e., aA, aB and
aC. For an ideal gas, the activity is defined as

a ¼ p
p�

ð2:62Þ

where p° is the standard pressure at 0.1 MPa and p is the partial pressure of gas. For
example, the activity of oxygen is given by

a ¼ pO2

p�O2

ð2:63Þ

The Gibbs free energy gets modified and can be written as

DGf ¼ G�
f � RT ln

aaAa
b
B

acC

� �
ð2:64Þ

or

�DGf

2F
¼ �DG�

f

2F
þ RT

2F
ln

aaAa
b
B

acC

� �
ð2:65Þ

) E ¼ E� þ RT
2F

ln
aaAa

b
B

acC

� �
ð2:66Þ

Equation (2.66) infers the increase in the potential with increase in the activity of
reactants. Equation (2.66) is also referred to as a Nernst equation and can also be
written in terms of E.M.F. Let us demonstrate it with the help of the following
reaction inside fuel cell (operating at high temperature).

H2 þ 1
2
O2 ! H2O

The activities for reactants and products can be given as

aH2 ¼
pH2

p�H2

; aO2 ¼
pO2

p�O2

; aH2O ¼ pH2O

p�H2O

At high temperatures, the steam behaves as an ideal gas and p� ¼ p�O2
¼ p�H2O ¼ 1

bar.

58 2 Cell Voltages, Polarisations and Performances



The E.M.F. is simplified as

E ¼ E� þ RT
2F

ln
pH2p

1=2
O2

pH2O

 !
ð2:67Þ

Equation (2.67) can be written as

E ¼ E� þ RT
2F

ln
p1=2O2

pH2O

 !
þ RT

2F
ln pH2ð Þ ð2:68Þ

If pO2 and pH2O are unchanged and the partial pressure of hydrogen increases from
p1 to p2, then the change in voltage will be given by

DV ¼ RT
2F

ln p2 � RT
2F

ln p1

) DV ¼ RT
2F

ln
p2
p1

� � ð2:69Þ

The Nernst equation can also be expressed in another form; let us suppose that
the pressure on the anode and cathode are essentially the same and the system
pressure can be taken p. Then the pH2 ; pO2 and pH2O are expressed as n1p, n2p and
n3p where n1, n2 and n3 are constants that depend on concentration and molar mass
of hydrogen, oxygen and water, respectively. Equation (2.67) then becomes

E ¼ E� þ RT
2F

n1n
1=2
2 p1=2

n3

 !

E ¼ E� þ
RT
2F ln

n1n
1=2
2

n3

� �
Ist term

þ
RT
4F ln ðpÞ
IInd term

ð2:70Þ

The first term contributes to the fall in E.M.F. due to the concentration change of
reactants and products. During the operation of a fuel cell, the concentration of
products will increase at the cost of reactant concentration, which will make the first
term smaller. The current density and fuel concentration are lower at the outlet;
hence, the E.M.F. is small near the exit. The term ‘RT’ indicates high Nernst
voltage at high temperatures. The second term indicates the increase in system
pressure which would eventually lead to an increase of cell E.M.F. If pressure gets
increased from p1 to p2, then the second term increases. The increase in pressure is
more significant for the low-temperature fuel cells because high pressure helps in
reducing the losses especially for the cathode.

The fuel cell performance is affected by a number of variables including current
density, gas composition, fuel utilisation, pressure and temperature. When the
operating conditions for a fuel cell are changed; then the system cost may increase.
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Ideally, the fuel cell system must possess low cost, high power density, portability
and less system weight. When the cell stack size is reduced, the cell cost may also
get reduced and the efficiency of cell may decrease. For stationary power appli-
cations, higher voltages and hence higher efficiency are required. In contrast to this,
high current density or lower cell voltages are apt for mobile applications.
Figure 2.3 gives the voltage–power relationship for a fuel cell.

It is clear from Fig. 2.3, that the higher current density and power density usually
occur for low cell voltage. Hence, for getting maximum efficiency, the operating
conditions should be balanced to get a good compromise between current density,
voltage and operating cost. The effect of temperature and pressure on the ideal
potential of fuel cell can be described on the basis of Gibbs free energy with
pressure and temperature. As we know

DGf ¼ DH�TDS

) �nFE ¼ DH�TDS

@E
@p


 �
T
¼ DS

nF

ð2:71Þ

and

@E
@T

� �
P
¼ DV

nF
ð2:72Þ

For the reaction H2 þ 1
2 O2 ! H2O, the entropy change is negative due to which

the reversible potential decreases with increase in the temperature. In contrast to
this, the volume change is negative for this reaction which leads to an increase in
reversible cell voltage with an increase in pressure. The pressure increase also
increases the gas solubility; mass transfer reacts and reactant partial pressures.
Hence, the fuel cell efficiency increases and the electrolyte evaporation rate

Fig. 2.3 The relation
between current density,
power density and cell voltage
of fuel cell
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decreases at elevated pressures in the fuel cell system. Another major factor that
determines fuel cell efficiencies is gas composition and utilisation of reactants. The
fuel utilisation is given by

Ufuel ¼ Fuelin � Fuelout
Fuelin

ð2:73Þ

It is apparent, if the fuel and oxygen gas have a higher concentration, then the
fuel cell will possess higher efficiencies and hence high cell voltages. The difference
between fuel provided at the inlet and fuel flow rate at the outlet of the fuel cell
represents the fuel consumed. Certain other factors such as fuel leakage and
chemical reaction may lead to more consumption of fuel, which increases the
apparent utilisation of the fuel. From inlet to outlet, the gas composition keeps on
changing, hence leading to reduced cell voltages. The voltage reduction is attributed
to the lowest electrode potential (from the Nernst equation) because the electrodes
are good ionic conductors and the cell voltage values cannot be greater than the
minimum Nernst potential.

The current density and impurities also affect the fuel cell performance. In the
initial stages, activation polarisation decreases the cell voltage. When current
densities increase, then the concentration losses are predominant and a sharp
decrease in cell performance is observed. During normal fuel cell application,
ohmic losses are observed due to internal resistances of the fuel cell. This section
deals with the effect of different variables on fuel cell performance and efficiency.
The different fuel cells and their performances are discussed one by one.

2.4.1 Performance of PAFC

For PAFC, the polarisation contribution of the two half cells is shown in Fig. 2.4.
Hydrogen is taken to be the reference point/zero polarisation.

Figure 2.4 indicates the polarisation losses for PAFC with anode and cathode
loading of 0.5 mg Pt/cm2, pressure 1 atm, 100% phosphoric acid and operating
temperature of 180°C. The anode losses are very small on pure H2, whereas the
cathode polarisation is greater with air and comparatively small for pure oxygen. As
discussed, it is known that an increase in cell pressure enhances the performance of
the cell (Eq. 2.72).

DV ¼ RT
2F

ln
p2
p1

� �
ð2:74Þ

The above equation holds well for the pressure range of 1 atm ≤ p ≤ 10 atm and
temperature range of 180°C < T < 220°C. Figure 2.5 demonstrates that the increase
in pressure from 3 to 8 atm increases the cell voltage for H2 fuel fuel/Air PAFC.
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At higher pressure and current density, the diffusion polarisation at the cathode
decreases and reversible cell potential increases. At the cathode, increased oxygen
and water pressures decrease activation polarisation. As shown in Fig. 2.5, an
increase of 44 mV is observed when pressure and temperature are increased by
2.9 atm and 15°C, respectively. An increase in temperature exhibits a beneficial
effect on cell performance because the polarisation losses diminish with increased
temperature. The relationship between voltage gain and temperature change is
given by:

DV mVð Þ ¼ ADT �Cð Þ ð2:75Þ

Fig. 2.5 The increase in
PAFC cell performance with
pressure increase

Fig. 2.4 Polarisation of
anode and cathode for PAFC
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The validity of Eq. (2.75) holds goodwithin a temperature range of 180°C< T < 250°C.
The value ofA has been given between 0.55 and 0.75. For 250mA/cm2 current density,
the value of A is given to be 1.15 which means that the voltage increases by 1.15 mV
per degree rise in temperature. Increasing the temperature also increases the relative
tolerance of the anode for COpoisoning due to reduced adsorption. The impurities such
as carbon monoxide and hydrogen sulphide originate while the fuel enters the fuel
processor and reformer chamber. The CO in the fuel affects the anode performance
because CO poisons the electrocatalytic activity of Pt. electrodes. As discussed in
Chap. 1, two carbon monoxide molecules replace 1 H2 molecule, hence affecting the
reaction kinetics of the cell. The effect of temperature and impurity (H2S andCO) on cell
voltage in shown in Fig. 2.6. As evident from Fig. 2.6, cell performance increases with
temperature, but problems such as evaporation, electrolyte degradation, corrosion and
catalyst sintering also elevate it. The CO poisoning decreases cell performance con-
siderably as compared to the fuel contaminated with sulphide compounds. The fuel
processors and coal gasifiers in PAFC power plants usually incorporate hydrogen
sulphide and carbonyl sulphide as impurities in the hydrogen fuel. The platinum anodes
can tolerate <20 ppm of H2S and <50 ppm of (H2S + carbonyl sulphide) concentration
within a temperature range of 190–210°C and 9.2 atm. A CO level of up to 1% is
acceptable at working temperature above 190°C. If temperature is increased, then the
CO absorbed on the anode gets desorbed. Similarly, the sulphur-poisoned anodes can
alsobe reactivatedby increasing the temperature or by increasing the cathode potentials.

The cathode performance is also affected by the utilisation and composition
oxidant. The use of 21% O2 instead of pure O2 decreases the current density. As the
oxygen is utilised, the cathode polarisation also increases. The voltage loss due to
change in oxidant utilisation at cathode is given by

Fig. 2.6 Effect of
temperature and impurities on
the cell voltage of PAFC
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DVð Þcathode¼ Ac ln
p2
p1

� �
O2

Ac ¼ 148 for 0:04� p2
p1
� 0:2

Ac ¼ 96 for 0:2\ p2
p1
\1

" #
ð2:76Þ

Similarly, the voltage loss due to change in hydrogen partial pressure at the
anode is given by

DVð Þanode¼ Aa ln
p2
p1

� �
H2

Aa ¼ 55½ � ð2:77Þ

The anode reaction is reversible; hence hydrogen utilisation does not have much
significance on cell performance. Hydrogen is derived from coal gases/liquids
petroleum products and hydrocarbons such as methane. The reformed fuel may
contain CO and CO2 as traces. CO2 and unreacted hydrocarbons act as diluents
because they are electrochemically inert. Low utilisations cause poor fuel use but
yield high performance. The current density also influences the cell performance
and the voltage losses can be given by:

DVð ÞCD¼ ACD DJ ACD ¼ �0:53 for 100\J\200mA/cm2

ACD ¼ �0:39 for 200\J\650mA/cm2

� �
ð2:78Þ

The value of ACD are obtained at 207°C, 8.2 atm and oxidant/fuel utilisation of
70 /85%, respectively. At atmospheric conditions of 1 atm, operating temperature
204°C, and oxidant/fuel utilisation of 60 /80%, respectively, Eq. (2.78) becomes

DVð Þatm¼ Aatm DJ Aatm ¼ �0:74 for 50\J\120mA/cm2

Aatm ¼ �0:45 for 120\J\215mA/cm2

� �
ð2:79Þ

The PAFC technology is considered to be the only commercial available fuel
cell. The PAFC plants rely heavily on the quality of power produced from the
stacks. The largest power of 11 MW has been achieved using the PAFC plant built
by international fuel cells and Toshiba for Tokyo Electric Power. The major
industrial developers of PAFC are Fuji Electric, Toshiba and Mitsubishi Electric
Company (Japan) and UTC fuel cells (ONSI Corporation, United States).
Mitsubishi Electric Company has demonstrated cell performance of 0.65 mV at
300 mA/cm2. In 1991, Tokyo Electric Company demonstrated cell performance of
0.71 V at 431 mA/cm2. Bharat Heavy Electrical Ltd. of India and Caltex Oil
Corporation of South Korea are new entrants for the PAFC technology.
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2.4.2 Performance of AFC

Till now, we have been familiar with the concept that the activation overvoltage on
the cathode is reduced upon increase in pressure and temperature. Upon increasing
the pressure, the change in OCV is given by the second term of Eq. (2.74), i.e.,

DV ¼ RT
4F

ln
p2
p1

� �
ð2:80Þ

Temperature pressure and electrolyte concentration should be balanced to
achieve maximum efficiency. For example, to obtain high performance for the
Bacon cell, the pressure has to be reduced and temperature should be increased.
Moreover, the electrolyte concentration of KOH should be increased by 75%, so
that the electrolyte does not boil. Figure 2.7 depicts the variation of KOH elec-
trolyte concentration with temperature and pressure.

When the concentration of KOH is increased, the vapour pressure is reduced.
For AFC, the reactant gas pressure and electrolyte pressure differ from each other. For
example, both the reactant gases in the Apollo system were about 0.7 bar above the
electrolyte pressure. For the Orbitor fuel cell, the oxygen pressure was 0.35 below the
hydrogen pressure. The crucial problem in AFC is the carbonation of electrodes when
air is used instead of pure oxygen. There are many groups which are actively engaged
in the production and development of AFC. EFFCELLGmbH, a Swiss company, has
developed AFC for mobile applications. Hydrocell (Finland) developed portable
AFC with an integrated CO2 scrubber system. Scottish Fuel Cell Consortium (SFEC)
of Scotland has been focused on the development of fuel cell hybrid battery electric
drive trains. Gaskatel GmbH (Germany) is focusing on the electrochemical processes
within AFC, particularly gas diffusion electrode kinetics. Astris Energi Inc. (Canada)
has developed 1–10 kW systems for AFC. Cenergie Corporation (Atlanta, USA) has

Fig. 2.7 Variation of KOH
concentration with different
pressure and temperature
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been focused on developing novel designs for SOFC. Apollo Energy Systems
(Pampona Beach, USA) is developing the AFC for mobile and portable applications.
Independent Power Technologies Ltd. (Moscow) are developing AFC for stationary
applications. Fuel Cell Control Ltd. (UK) develops system integrators for AFC
engines, which find applications in remote base transmitters and cellular communi-
cations. DLR German Aerospace Center (Stuttgart) focuses on the degradation
mechanics and production of gas diffusion electrodes. The typical polarisation
characteristics for AFC (Ni anode) are shown in Fig. 2.8.

2.4.3 Performance of PEMFC

The research is focused on lowering the cost of PEMFC and improving its per-
formance. Usually, increasing the power for a system makes it more efficient.
Additionally, it will also increase the cost and weight of the fuel cell system. The
pressure increase raises the exchange current density and hence the OCV also
increases lowering the cathode overpotential. The rate in OCV is given by

DV ¼ RT
4F

ln
p2
p1

� �

Let current I Amperes in flowing through n stacks of PEMFC; then the power
gain will be given by

Pgain ¼ RT
4F

ln
p2
p1

� �
nI ð2:81Þ

We derive the voltage loss and hence power loss in a more detailed way as
follows:

Fig. 2.8 Polarisation versus
current density characteristics
for the AFC
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Whenever a gas expands, work is done by gas, or in other words, the work is
done on the gas for compressing it. In an adiabatic reversible process (no heat loss),
the pressure change from p1 to p2 will lead to temperature change of T1 to T 0

1; i.e.,

T 0
1

T1
¼ p2

p1

� �c�1
c

ð2:82Þ

where c ¼ CP
CV

or ratio of specific heat at constant pressure to specific heat at constant
volume. T 0

1 is the isentropic temperature, anyhow practically the temperature
change is higher than T 0

1 and is given by T2. The work done can be given by the
change in enthalpy of gas as

Actual work ¼ W ¼ CP T2�T1ð Þm ð2:83Þ

where m is the mass of gas compressed. For Eq. (2.83), the heat flow and kinetic
energy of gas has been considered to be negligible. The gas is taken to be perfect
gas and hence CP is taken to be constant. For the isoentropic system, the work done
can be written as

Isoentropic work ¼ W 0 ¼ CP T 0
1�T1

� �
m ð2:84Þ

To obtain the efficiency, we have to divide Eq. (2.83) and (2.84) as follows:

g ¼ Isentropicwork
Actual work

) g ¼ CPðT 0
1 � T1Þm

CPðT2 � T1Þm ¼ T 0
1 � T1

T2 � T1

ð2:85Þ

Substituting Eq. (2.82) in (2.85) we get,

g ¼
T1

p2
p1


 �c�1
c �T1

� �
T2 � T1

) g ¼ T1
T2 � T1

p2
p1

� �c�1
c

�1

 ! ð2:86Þ

) DT ¼ T1
g

p2
p1

� �c�1
c

�1

 !
ð2:87Þ

Equation (2.87) provides the temperature change, which will be used to obtain the
power lost (Plost) for unit time; i.e.,
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Power lost ¼ W ¼ CPDT _m ð2:88Þ

_m indicates the rate of flow of gas in kg/s; we get

Power lost ¼ CP
T1
g

p2
p1

� �c�1
c

�1

 !
_m ð2:89Þ

Hence, we can make the net assessment of the system on the basis of Eqs. (2.81)
and (2.89). Two models are usually considered to obtain the voltage gains: the
optimistic and realistic models. The optimistic model always yields gains at high
pressure, whereas the realistic model gives the net loss when pressure is increased.
Figure 2.9 shows the boundary conditions for both models.

An increase in oxygen pressure also affects the performance of PEMFC as
shown in Fig. 2.10. In increase in oxygen pressure from 3 to 10.2 atmospheres, and
current density 215 mA/cm2, produces an increase of 42 mV in the cell voltage (at
93°C). The current density and operating temperature value play a crucial role in
determining the cell gain. For instance, the PEFMC at 80°C (431 mA/cm2) yielded
a voltage gains of 22 mV for pressure increase of 2.4 to 3.4 atm, whereas for a
PEMFC at 50°C (500 mA/cm2) demonstrates an increase of 83 mV in voltage upon
pressure change from 1 to 5 atmospheres.

An increase in operating temperature lowers the internal resistance (mainly
ohmic resistance) of the cell. The experimental data suggest an increase of voltage

Fig. 2.9 The values of different constants used in realistic and optimistic models
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within 1.1 mV to 2.5 mV range per °C rise in operating temperature. At higher
temperatures, the CO chemisorptions also decrease, hence increase the voltage gain.
The stack operation has considerably affected the fuel cell performance: the CO
content in methanol reformed gas can be reduced from 1% to 10 ppm using a
selective oxidation process. Los Alamos National Laboratory (LANL) has
addressed this problem by bleeding a small amount of oxygen into the anode
chamber. Figure 2.11 shows the PEMFC performance of bleeding oxygen in the
anode compartment.

Fig. 2.11 PEMFC
performance of bleeding
oxygen into anode
compartment

Fig. 2.10 The effect of O2

pressure on the PEMFC
performance for operating
temperature 93°C (H2 at
3 atm)
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The air and hydrogen partial pressures are 5 atm and 3 atm, respectively
(Nafion—117 μm thick). Using the bleeding oxygen concept, the performance of
PEMFC with fuel H2 becomes equivalent to the performance of PEMFC with fuel
H2 + 100 ppm CO + 2% O2. But the main drawback of this approach is the loss of
fuel, which could be overcome using platinum|ruthenium anodes. LANL also
obtained voltage gain of 0.78 V at 200 mA/cm2 current density (operating tem-
perature 80°C), Nafion membrane and platinum loading of 0.4 mg/cm2. Currently,
the major focus is to develop a fuel cell with low cost and high system efficiency for
terrestrial applications.

2.4.4 Performance of MFC

For MFC, the performance can be analysed using half-cell reactions. If acetate is
oxidised by bacteria at the anode, the half cell reaction is given by

2HCO�
3 þ 9Hþ þ 8e� ! CH3COO� þ 4H2O ð2:90Þ

The Nernst equation for oxidation of acetate is given by

Ea ¼ E
�
a �

RT
8F

CH3COO�½ �
HCO�

3

� 
2
Hþ½ �9

 !
ð2:91Þ

The reaction and Nernst potential at cathode is given by

O2 þ 4Hþ þ 4e� ! 2H2O ð2:92Þ

Fig. 2.12 The polarisation
and power curve of MFC
operating on starch
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Ec ¼ E
�
c �

RT
4F

1

pO2 H
þ½ �4

 !
ð2:93Þ

For MFC, ferricyanides and manganese oxides have been used as alternatives for
oxygen. The main application of MFC is to treat the wastewater. The ohmic
resistance plays dominant role in the polarisation curves. The polarisation and
power curves for MFC are shown in Fig. 2.12 for starch substrate. The polarisation
curves for MFC are usually linear in nature and hence the internal resistance value
can be easily obtained from their slope. The performance of MFC depends upon the
electrochemical reactions occurring between the electron acceptor with high
potential and organic substrate with low potential. In MFC, it becomes uncertain to
have an idea of the cell voltage because the electron transfer takes place via the
organic substrate and complex chain which varies from microbe to microbe.

For MFC, pH buffer, electrolyte, electrode material, anodic chamber and cathode
chamber conditions play a crucial role in determining the cell voltage. Oxygen is
the most commonly used electron acceptor in MFC. When ferricyanide is used as
an electron acceptor, then the power output increase (i.e., power output of 4310 and
3600 mW/m2) can be obtained due to the higher mass transfer rate and low acti-
vation energy required for cathodic reaction while using ferricyanide. The current
and power densities are also boosted when hydrogen peroxide is used as an electron
accepter. In the anodic chamber, high fuel concentrations yield a higher output in a
wide range of concentrations. When S. putrefaciens was used in MFC, high power
density could be obtained for lactate fuel concentration up to 200 mM.

The pH difference occurs between the anodic and cathodic chambers if no buffer
solution is used in the MFC. This pH difference causes an increase in the proton
diffusion from the anode to the cathode chamber until equilibrium is achieved.
Using an HCl solution to the cathode, the current density increases and if NaCl is
added to the MFC, then the power density increases due to enhanced conductivity
of the catholyte and analyte. Several research groups investigated electrode mate-
rials with less activation polarisation. As compared to the graphite electrode, Pt./Pt.
black yields less activation polarisation due to its higher catalytic activity.
A 100-fold increase in current could be obtained using a woven graphite/Mn
(IV) graphite anode as compared to the graphite anode only because Mn(IV) served
as the mediator for MFC. A fourfold increase in the current could be observed when
a Fe(III+) graphite cathode and Mn(IV) graphite anode combination was used
instead of plain graphite electrodes. The Pt./Pt. black electrode activity gets reduced
by the PtO layer on their surface. Anyhow, the current density is observed to
increase from 0.84 to 1.445 mA/cm2 when polyaniline is coated on the Pt. black
anode. Cobalt tetramethoxyphenylporphyrin (CoTMPP) and Iron
(III) phthalocyanine (FePc)-based cathodes are also used as an alternative MFC
cathodes because they deliver almost similar performance and are relatively cheap.

Nafion membranes (Du Pont, Delaware) are the most commonly used membrane
in the MFC system for the selective permeability of protons, in spite of the cost
issues. The surface area of the polymer exchange membrane influences the power
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output because the increase in PEM surface area decreases the internal resistance.
The power output of 2.2 mW/m2 was observed when the salt bridge was used in
MFC inoculated with G. metallireducens. When graphite electrodes with a surface
area of 17 cm2 for both anode and cathode were used, then the voltage of 67 mV
could be achieved for MFC inoculated with Escherichia coli. Though many efforts
are being made to improve the cell performance, the slow metabolism of the
microbes limits the performance.

2.4.5 Performance of DCFC

Scientific Applications and Research Associate (SARA) Inc. started an R&D pro-
gram on DCFC (molten hydroxide) in the 1990s. SARA built prototypes for
demonstrating the molten hydroxide DCFC technology and the latest prototypes
include MARK II-D and MARK III-A. Figure 2.13 demonstrates the power and

Table 2.1 Materials and design parameters of prototype cells

Prototype
cell

Anode Cathode Cathode
container

Electrode
spacing
(cm)

Anode
surface area
(cm2)

MARK
III-A

7.6 cm dia,
12.6 cm long
graphite

Fe2Ti Prismatic 2 300

MARK
II-A

2 cm dia,
4.1 cm long
graphite

Ni
foam-lined
C-1018 steel

Cylindrical 1.3 26

Fig. 2.13 The characteristics of MARK II-D and MARK III-A at an operating temperature of
630°C (Photo courtesy by SARA)
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voltage density characteristics for MARK II-D and MARK III-A at the operating
temperature of 630°C.

The maximum efficiency for the MARK III-A prototype was 60% at a current
density of 50 mA/cm2, whereas the peak power densities achieved by MARK III-A
and MARK II-D are 42 and 58 mW/cm2, respectively. The major losses in DCFC
occurred due to ohmic losses, which are attributed to the large spacing between
anode and cathode. High performance could be achieved by increasing the cathode
surface area, coal derived anode, optimisation of air flow and improved current
collector–anode contact. Table 2.1 demonstrate the design parameter for MARK
III-A and MARK II-D.

A pure graphite rod acts as the anode and fuel which is immersed into a molten
sodium hydroxide solution. The electrolyte is contained within the prismatic or
cylindrical container, which also acts as the cathode. The cell operates between
400° and 650° and humidified air is fed into the cell via a gas distributor.

Fig. 2.14 Cell potential and power density versus current density for the DCFC (Photocourtesy by
LLNL, California)

Fig. 2.15 Peak power
density characteristics
obtained for the DCFC.
(Photocourtesy by SRI)

2.4 Performance of Fuel Cells 73



Figure 2.14 demonstrates the potential and power density characteristic obtained for
molten carbonate electrolyte DCFC obtained by Lawrence Livemore National
Laboratory (LLNL, California). LLNL used 32% Li2CO3–68% K2CO3 melt as an
electrolyte and the Nernst potential is given by:

E ¼ E
� � RT

4F
ln CO2½ �3a þ

RT
4F

ln O2½ � CO2½ �2c

 �

ð2:94Þ

The anode and cathode cell reactions are

Anode: Cþ 2CO2�
3 ! 3CO2 þ 4e�

Cathode: O2 þ 2CO2 þ 4e� ! 2CO2�
3

� �

LLNL obtained current densities from 58 to 124 mA/cm2 for a cell voltage of
0.8 V. The performance of solid electrolyte based DCFC obtained by SRI is shown
in Fig. 2.15. At 950°C, power densities of 100 mW/cm2 could be obtained.

CellTech Power LLC obtained power obtained of 10 mW/cm2 at 0.248 V and
50 mW/cm2 at 0.507 V for temperatures of 800 and 1000°C, respectively. (ZrO2)
(HfO2)0.02 (Y2O3)0.08 was used as an electrolyte, carbon black as an anode and
0.6 mm thick La0.84Sr0.16MnO3 as cathode for the CellTech fuel cell. The DCFC
cell performance depends upon the carbon source surface area and oxygen surface
groups, which increases the active sites on the carbon source.

2.4.6 Performance of MCFC

Significant polarisation losses occur in MCFC and its operating conditions are
almost same as those of PAFC. For an MCFC, the anode and cathode compartments
are at the same pressure, and the change in reversible voltage can be given by

DV ¼ RT
4F

ln
p2
p1

If T = 650°C, then the above equation becomes

DV ¼ 20 ln
p2
p1

ð2:95Þ

Equation (2.95) infers that for a tenfold increase in pressure, an increase of 46 mV
in reversible cell potential is observed. As the pressure is increased, the mass
transport rates and gas solubilities also increase. Anyhow, the increased pressure
may promote some reactions: decomposition of methane to carbon/hydrogen,
methanation (methane formation) and carbon deposition and methane formation are
favoured. The carbon deposition may lead to the plugging of gas passages in the
anode. The steam reformation also gets inhibited due to higher pressure, which is a
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demerit for the system using an internal reformer. If methane forms during the
operation of MCFC, then 3 mol of H2 are consumed, which is detrimental for the
fuel cell because fuel loss and hence power wastage occurs. The pressure difference
between the anode and cathode compartments must be kept as minimum as pos-
sible. The MCFC electrolyte is contained in the ceramic matrix, which is suscep-
tible to cracking under stresses. For overcoming these things, the partial pressure of
H2O in gas stream is increased to avoid carbon deposition. In addition to this, water
and CO2 are added to the fuel to modify the equilibrium such that methane for-
mation is minimised. The performance of MCFC is affected by the gas composition,
i.e., the increase in CO2 and oxygen content (Fig. 2.16). As the CO2 content
increases, the cell performance also increases. The stack size and design also affect
the performance of MCFC. Figure 2.17 shows that the stack networking helps in
increasing the overall performance as well as simplifying the system design.

The stack design concept was given by the ECN project and this stack is known
as SMARTERTM (used both for MCFC and SOFC stacking). This geometry con-
tains two different geometries of cells stacked together: single pass operation is
applied to one cell and anode recycle to other. These systems require no preheating
and glass flow rates are larger increasing the heat capacity of the system. In addition
to this, the SMARTERTM stack system exhibits less pressure on the internal
reformation catalyst because the fuel entering the stack has already been partially
reformed.

Fig. 2.16 MCFC performance with pressure and CO2
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The increase in temperature increases the equilibrium constant (K) as the equi-
librium composition increases for the product:

K ¼ pCOpH2O

pH2pCO2

ð2:96Þ

The polarisation is also small at higher temperatures. The results obtained for the
effect of temperature on the performance of 8.5 cm2 MCFC cell are as follows:

DV mVð Þ ¼ AðT2 � T1Þ
A ¼ 2:16 575 �C� T � 600 �C
A ¼ 1:40 600 �C� T � 650 �C
A ¼ 0:25 650 �C� T � 700 �C

2
4

3
5 ð2:97Þ

Fig. 2.18 MCFC cell voltage
dependence on fuel utilisation

Fig. 2.17 The SMARTER stack concept for enhancing the power output (Larminie and Dicks
2003)
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The carbonates usually melt above 500°C and cell performance is enhanced on
increasing the temperature. Beyond 650°C, the gains decrease along with the
electrolyte loss due to evaporation and high corrosion rates. As the reactants are
consumed, the activation and concentration polarisation increase, hence decreasing
the MCFC performance. The average cell voltage at 172 mA/cm2 is found to
decrease by about 30 mV for 20–50% utilisation of oxidant. Figure 2.18 depicts the
cell performance for 30–60% fuel utilisation.

The major loss in MCFC occurs due to ohmic polarisation and the magnitude of
ohmic losses can be given as

DVCD mVð Þ ¼ ACDDJ
ACD ¼ �1:21 50� J� 100
ACD ¼ �1:78 150� J� 200

� �

where J is the current density in mA/cm2.
We have discussed the current density, performance and ideal behaviour of

different fuel cells. The SOFC, its working, design principles and performance
variables are studied in Chap. 3. Hence, we do not discuss it in the current chapter.

Bibliography

Larminie J, Dicks A (2003) Fuel cells system explained, 2nd edn. Wiley, England

Suggested Bibliography

Advanced water-cooled phosphoric acid fuel cell development, final report, Report
No. DE/MC/24221-3130, International Fuel Cells Corporation for U.S. DOE under Contract
DE-AC21-88MC24221, South Windsor, CT

Balachov II, Dubois LH, Hornbostel MD, Lipilin AS (2005) Presented in fuel cell seminar, direct
carbon fuel cellworkshop, Palm Springs, CA, USA, 14 Nov 2005. Proceedings online: http://
www.fuelcellseminar.com/pdf/ Direct Carbon Fuel Cell Workshop/Balachov Iouri.pdf.
(Photocourtesy by LLNL, California)

Appleby AJ, Electroanal J Chem 118(31)
Cairns EJ, Liebhafsky HA (1969) Energy conversion, pp 9, 63
Cao D, Sun Y, Wang G (2007) J Power Sources 167:250
Cooper JF (2003) Reactions of the carbon anode in molten carbonate electrolyte. Pittsburgh, PA:

direct carbon fuel cell workshop, NETL. http://www.netl.doe.gov/publications/proceedings/03/
dcfcw/Cooper%202.pdf

Fickett AP (1977) In: McIntyre JDE, Srinivasan S, Will FG (eds) Proceedings of the symposium
on electrode materials and processes for energy conversion and storage. The Electrochemical
Society, Inc. Pennington, NJ, p 546

Giddey S, Badwal SPS, Kulkarni A, Munnings C (2012) Prog Energy Combust Sci 38:360
Gottesfeld S (1993) Polymer electrolyte fuel cells: potential transportation and stationary

applications. No. 10, An EPRI/GRI Fuel Cell Workshop on Technology Research and
Development, Stonehart Associates, Madison, Connecticut

2.4 Performance of Fuel Cells 77

http://dx.doi.org/10.1007/978-3-319-25598-9_3
http://www.fuelcellseminar.com/pdf/
http://www.fuelcellseminar.com/pdf/
http://www.netl.doe.gov/publications/proceedings/03/dcfcw/Cooper%25202.pdf
http://www.netl.doe.gov/publications/proceedings/03/dcfcw/Cooper%25202.pdf


Gulzow E (2004) Fuel Cells. doi:10.1002/fuce.200400042
Haile SM (2003) Acta Materialia 51:5981
Hirschenhofer JH, Stauffer DB, Engleman RR, Klett MG (1998) Fuel cell handbook, 4th edn
Huff J (1986) Status of fuel cell technologies. In: Fuel cell seminar abstracts, 1986 national fuel

cell seminar, Tucson, AZ
Jalan V, Poirier J, Desai M, Morrisean B (1990) Development of CO and H2S tolerant PAFC

anode catalysts. In: Proceedings of the second annual fuel cell contractors review meeting
Kunz HR, Murphy LA (1986) In: Selman JR, Maru HC (eds) Proceedings of the symposium on

electrochemical modeling of battery, fuel cell, and photoenergy conversion systems. The
Electrochemical Society, Inc., Pennington, NJ, p 379

Laconti A, Smarz G, Sribnik F (1986) New membrane-catalyst for solid polymer electrolyte
systems. Final report prepared by Electro-Chem Products, Hamilton Standard for Los Alamos
National Laboratory under Contract No. 9-X53-D6272-1

Logan BE et al (2006) Environ Sci Technol 40(17):5181
Patton EM (2003) Presented in direct carbon fuel cell workshop, NETL, Pittsburg, PA, USA.

Proceedings online: http://www.netl.doe.gov/publications/proceedings/03/dcfcw/Patton.pdf, 30
July 2003

Ralph T, Hards G, Keating J, Campbell S, Wilkinson D, Davis M, St. Pierre J, Johnson M (1997) J
Electrochem Soc 144(11)

Saddawi A (2005) Carbon fuels for the direct carbon fuel cell, Master Thesis, West Virginia
University, Morgantown, WV, USA

Simons SN, King RB, Prokopius PR (1982) In: Camara EH (ed) Symposium proceedings fuel
cells technology status and applications, Institute of Gas Technology, Chicago, IL, vol 45, p 46

Singhal SC, Kendall K (2000) High temperature solid-oxide fuel cells: fundamentals. Elsevier,
New York

Strasser K (1991) In: 26th intersociety energy conversion engineering conference proceedings, vol
3, conversion technologies/electrochemical conversion, Boston, Massachusetts. Society of
Automotive Engineers, Inc., Warrendale, PA, 4–9 Aug 1991

Tanaka T et al (1989) 1989 Int Gas Res Conf 252
Zecevic S, Patton EM, Parhami P (2004) Carbon 42:1983
Zecevic S, Patton EM, Parhami P (2005) Direct carbon fuel cell with hydroxideelectrolyte—cell

performance during initial stage of a long term operation. In: Proceedings of the 3rd
international conference on fuel cell science, engineering, and technology, pp 507

78 2 Cell Voltages, Polarisations and Performances

http://dx.doi.org/10.1002/fuce.200400042
http://www.netl.doe.gov/publications/proceedings/03/dcfcw/Patton.pdf


http://www.springer.com/978-3-319-25596-5


	2 Cell Voltages, Polarisations and Performances
	2.1 Electromotive Force of Fuel Cell
	2.2 Cell Efficiency
	2.3 Polarisation and Cell Losses
	2.3.1 Activation Losses
	2.3.2 Ohmic Losses (Resistive Losses)
	2.3.3 Concentration Losses (Mass Transport Losses)
	2.3.4 Fuel Crossover Losses
	2.3.5 Summation of Losses

	2.4 Performance of Fuel Cells
	2.4.1 Performance of PAFC
	2.4.2 Performance of AFC
	2.4.3 Performance of PEMFC
	2.4.4 Performance of MFC
	2.4.5 Performance of DCFC
	2.4.6 Performance of MCFC

	Bibliography
	Suggested Bibliography


