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The exergy of a high temperature proton exchange membrane fuel cell has been studied
and analyzed in this research. In the present work a genetic algorithm code was developed
using MATLAB software to calculate and optimize work, exergy, exergy efficiency and
thermodynamic irreversibility. Also, a membrane fuel cell was modeled and simulated.
The polarization curve is in good agreement with experimental data. The results were
studied for current density range¼0.05 A/cm2 to 1 A/cm2, temperature range¼393 K to
453 K, pressure range¼1 atm to 3 atm and membrane thickness¼0.016–0.02 cm. The
optimum value of work was calculated 0.496 W/cm2that was obtained at current density
of 1 A/cm2, temperature¼453 K, pressure¼2.6 atm and membrane thickness¼0.016 cm.
The optimum value for irreversibility and exergy efficiency are0.007 W/cm2and 0.46 at the
same point. The optimum point of multi-objective function was obtained at current
density 0.49363 A/cm2, temperature 451.231 K, pressure 2.5 atm and membrane thickness
0.016 cm. At this optimum point work, irreversibility and exergy efficiency were calcu-
lated as 0.2767 W/cm2, 0.1542 W/cm2 and 0.3545 simultaneously.

& 2016 Published by Elsevier Ltd.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are economic and environmentally friendly power generation that have
been extensively used in recent years [1]. They are most promising candidate for electricity generation in automobiles and
portable electronic devices [2–5]. In recent decade, the researches and development in fuel cell stacks accelerated due to
energy crisis and environmental legislation [6,7]. Then, various experimental and theoretical models on PEMFCs have been
developed [8–13]. Water and heat are by products of PEMFC [14]. The fuel cells can be integrated parallel in a stack which
can be produces high range of power [15]. The PEMFC stacks receive more attention for high power generation, economic
generation, easy start up and safe operating conditions [16]. The PEMFC performance is thus defined by many parameters,
such as temperature, pressure, mass flow rate, H2 and O2 concentrations and relative humidity. Also, the geometric char-
acteristics and electrolyte specifications are effective on fuel cell efficiency. Diffusivity of hydrogen and oxygen is a function
of porosity, pore density and electrolyte material [17].

The heat is generated during a process in a fuel cell. The maximum useful work is in the equilibrium state with heat
reservoir. In the equilibrium state between the system and environment, the exergy value is zero. The exergy shows the
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Nomenclature

A Membrane activity
E Exergy rate, kW
E Specific exergy, kJ/kg
F Faradays constant, C mol�1

h Enthalpy, J mol�1

I Irreversibility, kW
i Current density, A cm�2

i0 Exchange current density, A cm�2

n Molar flow rate, kmol/s
P Pressure, atm
R Universal gas constant, mol�1 K�1

s Specific entropy, J mol�1 K�1

T Temperature, K
tmem Membrane thickness, cm
V Cell potential, V
W Power, W
x Mole fraction

Greek letters

μ Chemical potential, J mol�1

ξ Stoichiometric ratio, ratio of excess air and
fuel

λmem Membrane water content
smem Membrane conductivity, U�1 cm�1

η Efficiency
α Transfer coefficients

Subscripts

A Anode
Act Activation
C Cathode
Ch Chemical
Conc Concentration
FC Fuel cell
irrev Irreversible
in Inlet
mem Membrane
ohm Ohmic
out Outlet
pH Physical
rev Reversible
j Species in the flow
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reversibility of a process due to entropy increment [18–20]. The exergy is represented for a system and its environment and
is not a property of the system. The enthalpy and entropy are measured for a system from a reference state. The internal
energy of a system changes by changing different variables such as temperature, pressure and input mass flow rate [21]. The
difference of internal energy of inputs and outputs and mechanical work of the system are the most important terms in
exergy calculation [22]. Exergy value is the criteria for irreversibility of the system [23]. Maximum produced work of a fuel
cell is the ideal work that is not available in a real system [24]. Also, exergy is represented the energy and work destruction
of a cycle. The exergetic content was formulated in this research and the effect of variables on thermodynamic irreversibility
was studied [25].

Exergy can be measured by experimental data. Experimental data are very limit due to the high test cost. Theoretical
results are very helpful for predicting the results in a wide range of variables. The model usually prevents of many ex-
periments which are demanded for analyzing the system. Then, the exergy analysis was studied to estimate the maximum
useful work. In this research, exergy analysis is used to optimize the fuel cell operation.
2. Exergy analysis

The fuel cell consists of two electrodes anode and cathode and a porous polymeric electrolyte which was separated
electrodes and the ion exchange was occurred. H2 molecules diffuse via porous electrodes and protons produce at catalyst
layer. Protons flow through the porous electrolyte and react with O2� ions that produce H2O and heat. Producing the
electrical current in an external circuit is the main aim of a fuel cell. The electrolyte divides the fuel cell structure to two
main sections and prevents from direct contact between hydrogen and oxygen [25–29].

Diffusion and reaction rate control the fuel cell performance. These phenomena should be compatible together. The
operating condition, water content and reaction kinetics must be adjusted and optimized for a modular structure which is
called fuel cell stack. Also, the exergy analysis of a fuel cell can be carried out to optimization. Also, two different approaches
were proposed in different researches. Mechanistic models and empirical based approaches were used in various references
[30]. The results of modeling can be linked to genetic algorithm code to find optimum. Then, momentum, heat transfer,
mass, diffusion and electrochemical reactions should be modeled and solved together. These phenomena are very complex
and are functions of different parameters. Mass diffusivity and catalyst characteristics are most important factors [31,32].
Optimization helps to adjust these parameters. Also, the exergy analysis is a key factor in improving the fuel cell design. In
this research, the exergy was computed and optimized. To obtain exergy values and studying different parameters, a genetic
algorithm was used.

In this research thermodynamic irreversibility, exergy efficiency and work were defined as objective functions. However
this code was used for optimizing the operating condition, but can be used for other geometrical and process variables of
fuel cell. In addition a multi-objective function with proper constraints were selected and optimized in this paper. The
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results were graphically reported, described and also checked by other reported data.

2.1. Assumptions

In order to investigate the thermodynamic characteristics of a single high temperature proton exchange membrane fuel
cell (HT-PEMFC) and its exergetic performance, some general assumptions are supposed as follows:

� HT-PEMFC operates under steady-state conditions.
� Hydrogen and oxygen flows are supposed incompressible and laminar.
� The theoretical amount of hydrogen is calculated based on the produced electrical current (using Faraday's constant). As

well as, theoretical amount of oxygen will be reported based on calculated hydrogen and humidity value.
� All gases are ideal.
� Kinetic and potential exergies are neglected.
� Cell operating temperatures will be supposed 393 K, 413 K, 433 K and 453 K.
� Exergy analysis is carried out for1atm, 2 atm and 3 atm.
� Membrane thickness is 0.016 cm and 0.020 cm.
� Current density is selected in the range 0.01–1.0 A.cm�2 (with 0.05 A.cm�2intervals).
� Dead state pressure is 1 atm and dead state temperature is 298.15 K.
� Heat loss ratio (rHL) is 20% [22].
� Hydrogen and oxygen utilization ratios are 80% and 50%, respectively [26].
� Humidity of input hydrogen and oxygenwill be neglected in exergy calculation. Also, the produced water is negligible due

to its small value.
� The feed gases are humidified at 28 °C.

2.2. Modeling and simulation

Exergy analysis is a crucial concept in fuel cell cost assessment. It was pointed out that cost of produced electricity can be
determined with regard to exergy value. In the other word, exergy is a proper criterion for economic evaluation of a system.
Exergy is a function of enthalpy, entropy, work and irreversibility of a system. Details of exergy calculation and optimization
have been developed in this research. Genetic algorithm is used to minimize exergy as a multi-objective function with
defined constraints in this research.

Each molecule of hydrogen produces 2 electrons that are transferred via external circuit. The electrochemical reaction
between hydrogen and oxygen at catalyst layer is shown by following equation:

+ → + + ( )H O H O ElectricalPower Heat
1
2 12 2 2

Fig. 1. shows the exergy balance of a PEM fuel cell. The exergy of a fuel cell is wasted by heat, mass and work.

∑ ∑̇ = ̇ + ̇ ( )Ex Ex I 2in out

∑ ∑ ∑ ∑̇ = ̇ − ̇ + ̇ + ̇ ( )Ex Ex Ex Ex I 3mass in mass out heat work FC, ,

The exergy of feed and products are calculated by Eqs. (4) and (5):
Fig. 1. Exergy balance of a PEMFC.
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∑ ̇ = ̇ + ̇ = ( ̇× ) + ( ̇× ) ( )Ex Ex Ex n ex n ex 4mass.in H .in O ,in H .in O .in2 2 2 2

∑ ̇ = ̇ + ̇ + ̇ = ( ̇× ) + ( ̇× ) + ( ̇× ) ( )Ex Ex Ex Ex n ex n ex n ex 5mass.out H .out O ,out H O,out H .out O .out H O.out2 2 2 2 2 2

Exergy can be defined with different terms such as physical exergy, kinetic exergy, chemical exergy and potential exergy.
In this research only physical and chemical exergy are considered and kinetic and potential exergy are neglected [27,30]:

= + ( )ex ex ex 6PH CH

( )= − − ( − ) ( )ex h h T s s 7pH
0 0 0

∑ ∑= +
( )

ex x e RT x lnx
8

CH

j
j j

CH
j j0

Molar flow rates of hydrogen, oxygen and produced water are calculated by (Eqs. (9)–11):

̇ = = ̇ = ̇
( )n

i
F

n n
2

2 9H O out H reacted O reacted, , ,2 2 2

̇ = ̇ + ̇ ( )n n n 10H in H reacted H out, . ,2 2 2

̇ = ̇ + ̇ ( )n n n 11O ,in O .reacted O ,out2 2 2

The exergy waste due to the work is calculated by following equation:

∑ ̇ = ̇ ( )Ex W 12work FC

The reversible cell voltage can be estimated by Nernst equation [31].

( ) ( )( )= − × − + × × +
( )

− − ⎡
⎣⎢

⎤
⎦⎥V T T ln p p1. 229 8. 5 10 298. 15 4. 3085 10

1
2

ln
13rev FC FC H O

4 5
2 2

Where the partial pressure of hydrogen and oxygen can be calculated by Eq. (14)–(17) [8].
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Actual cell voltage is lower than of equilibrium state due to irreversibilities. Irreversibilities are classified in three groups:
activation, ohmic and concentration losses. These losses are calculated by (Eqs. (18)–20) [32–35]:

α α
α α

=
+

( )
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Where i0 is exchange current density and can be determined at fuel cell operating temperature [36]:

( ) ( )= × × ( )−i T exp T1. 08 10 0. 086 21FC0
21

To calculate ohmic loss, membrane humidity shall be calculated [37]:

=
( )

a
x P

P 22
H O

sat

2

( )λ =
+ − − < ≤

+ − < ≤ ( )
⎪

⎪⎧⎨
⎩

a a a a

a a

0. 043 17. 81 39. 85 39. 85 0 1

14 1. 4 1 1 3 23
mem

2 3

To calculate concentration loss, concentration overvoltage constants shall be defined. β1 and β2 are reported in different
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researches [15]:
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Then ẆFC (the consumed work of fuel cell) is calculated by Eq. (25).

( )̇ = × = ×[ − − − ] ( )W V i i i V v v v 25FC rev act ohm conc

Finally, exergy due to heat loss is estimated by following equation:

∑ ̇ = × ̇ ( )Ex r Q 26heat HL FC

The Q̇FC is heat generation by fuel cell and can be calculated by Eq. (27).

̇ = ̇ + ̇ ( )Q Q Q 27FC rev irrev

Reversible heat is a function of cell operating temperature, current and entropy of reaction:

( )̇ = − ∇ ( )Q T S
i

nF 28rev FC T

The entropy change and irreversible heat can be estimated as follows [38]:

( )∆ = − + ( )S ln T9967. 35 12414. 83 29T FC

̇ = −
∆

−
( )

⎛
⎝⎜

⎞
⎠⎟Q

G
nF

V i
30irrev

T
cell

Where ΔGT is the Gibbs free energy difference. As mentioned before, the amount of produced water in electrolyte is
negligible. The enthalpy of water formation in vapor can be evaluated as:

∆ =∆ −∆ ( )H H H 31g T l
f

T
vap

,

Where the amount of ΔHf
l is reported 285,830 J [38].

∆ = × − − + ( )−H T T T3. 6985 10 0. 4834 152. 4258 68260. 5789 32T
vap

FC FC FC
4 3 2

Eq. (3)3 shows the total heat which is generated by a PEMFC.

̇ = −
∆

−
( )

⎛
⎝⎜

⎞
⎠⎟Q

H

nF
V i

33
FC

g T
cell

,

Then, the thermodynamic irreversibility is rewritten as eq. (34):

∑ ∑ ∑ ∑̇ = ̇ + ̇ − ̇ − ̇ ( )I Ex Ex Ex Ex 34FC heat mass in mass out work, ,

And, exergy efficiency of a PEM fuel cell is the ratio of work to exergy of input mass:

η =
̇

̇ ( )
W

Ex 35exergy
FC

mass in,
3. Optimization, results and discussion

3.1. Model results

The model was simulated by Ansys Fluent V.15.0 software and the results were used in genetic algorithm developed
code. The results of proposed model were compared to experimental results which were reported by Ubong data [17]. The
polarization curves were plotted at T¼453 K and P¼1 atm. Fig. 2. shows the obtained data.



Fig. 2. Polarization curve data for developed model and experimental data [17].
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Fig. 3. shows the variations of exergy efficiency with current density at constant membrane thickness of 0.016 cm and
various operating pressure and temperature.

The results show that exergy efficiency decreases with increasing the current density. Also, exergy efficiency increases
with increasing temperature. Raising the temperature increases mass exergy of feed and ẆFC simultaneously. Then

̇ ̇W Ex/FC mass in, ratio increases. Pressure change has no significant effect on exergy efficiency. For instance at current
density¼1 A/cm2, T¼393 K and P¼1 atm, the exergy efficiency is 0.1529, for P¼2 atm is 0.2036 and for P¼3 atm is 0.1829.
Fig. 3. represents that exergy efficiency values for P¼2 atm and P¼3 atm are similar.

Thermodynamic irreversibility is represented by input and output exergy and consumed work. This term is a criterion of
irreversibility of a system. Fig.4 shows the plot of thermodynamic irreversibility ( ̇IFC) versus current density at various
operating pressures and temperatures. Membrane thickness of fuel cell is supposed 0.016 cm.

Fig. 4. represents that thermodynamic irreversibility increased with increasing the current density. Pressure and tem-
perature rise have an inverse effect on thermodynamic irreversibility. The results confirm this effect. For instance the results
show that at current density 1 A/cm2, T¼393 K and P¼1 atm, thermodynamic irreversibility is equal to 0.9757 W/cm2 and
is reduced to 0.7298at T¼453 K and P¼3 atm.

Fig. 5 illustrates the variation of exergy efficiency versus operating temperatures at different membrane thickness and
current densities. The cell operating pressure is supposed 3 atm. It can be seen, exergy efficiency of a HT-PEMFC increases
with temperature rise. Increasing the current density decreases exergy efficiency. Fig. 4.shows that thermodynamic irre-
versibility increased by increasing the current density. This is due to the increasing of ̇Exmass in, . Therefore the ratio of work to
input exergy decreased. In the other word, exergy efficiency decreases for higher current densities that it was shown in
Fig. 5.

3.2. Optimization

The exergy function was modeled and the results were studied in previous section. The single-objective optimization of
the system has been carried out to maximize the work and exergy efficiency of the system and to minimize thermodynamic
irreversibility. Three single-objective optimization and a multi-objective optimization are studied in this research. Also, the
exergy function is optimized by genetic algorithm. Decision variables are varied as mentioned in Table 1.

The main assumptions of single-objective optimization are listed in Table 2. Other assumptions were supposed as
software defaults. The population, generation and iteration number were selected as follows.
Fig. 3. Exergy efficiency versus current density in different operating temperature and pressure (membrane thickness is 0.016 cm).
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Fig. 4. Thermodynamic irreversibility versus current density at different operating temperature and pressure (membrane thickness is 0.016 cm).

Fig. 5. Exergy efficiency versus temperature at different membrane thickness and current densities (P¼3 atm).

Table 1
Decision variables.

Decision variables Variation range

Current density [A/cm2] 0.05–1
Temperature [K] 393–453
Pressure [atm] 1–3
Membrane thickness [cm] 0.016–0.02

Table 2
Assumptions in single-objective optimization (Genetic Algorithm).

The basic parameters of the genetic algorithm Value

Population 100
Generation 200
Iteration 200
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Other characteristics and results of the single-objective optimization of work have been summarized in Table 3. Current
density, operating temperature, pressure and membrane thickness of three objective functions were supposed similar to
Table 3
The results and characteristics of single-objective optimization of work.

The objective
function

Current density [A/
cm2]

Temperature [K] Pressure [atm] Membrane thickness
[cm]

The objective function value [W/
cm2]

Work 1 453 2.6 0.016 0.496



Fig. 6. Plot of a single-objective optimization of work.
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each other.
Fig. 6 shows the plot of a single-objective optimization of work. The results show the best fitness was obtained at

iteration 40.
Fig. 7 shows the diagram of a single-objective optimization of irreversibility. The optimization of irreversibility is

achieved at generation no. 80.
Other theoretical results of the single-objective optimization of irreversibility have been presented in Table 4. The results

show that irreversibility value at generation no. 200 is 0.007 W/cm2 which is very low. In the other word the system is very
efficient.

The exergy efficiency plays a key role in economic rating a fuel cell. Fig. 8.shows that the best fitness for exergy efficiency
was obtained in lieu generation no. 100. The fitness value for this generation is �0.46. This value does not varied and remain
constant. In the other word, increasing the generation number doesn’t have not notable impact on accuracy.

The summary of optimization of results of exergy efficiency is presented in Table 5.
In the multi-objective optimization, optimum values for different functions are achieved simultaneously. The functions

work, irreversibility and exergy efficiency only have an optimum value. Following objectives shallbe optimized simulta-
neously:

( )( )( ) ( ) ( ) η= ̇ = ( ̇ ) =f Max W f Min I f Max1 2 3FC FC exergy

The constraints for abovementioned objectives are as follows:
Fig. 7. Plot of a single-objective optimization of irreversibility.



Table 4
The results and characteristics of the single-objective optimization of irreversibility.

The objective function Current density [A/
cm2]

Temperature [K] Pressure [atm] Membrane thickness
[cm]

The objective function value [W/
cm2]

Irreversibility 0.05 453 3 0.016 0.007

Fig. 8. Diagram of a single-objective optimization of exergy efficiency.

Table 5
The results of the single-objective optimization of exergy efficiency.

The objective function Current density [A/cm2] Temperature [K] Pressure [atm] Membrane thickness [cm] The objective function value

Exergy efficiency 0.05 453 3 0.016 0.46
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( ) ( ) ( ) ( )≤ = ≤ ≤ = ≤ ≤ = ≤ ≤ = ≤
⎡
⎣⎢

⎤
⎦⎥ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦i X

A
cm

T X K P X atm t X cm0. 05 1 1 393 2 453 1 3 3 0. 016 4 0. 02mem2

The multi-objective function was solved with regards to defined constraints. Optimum point is a function of decision-
making. This point is related to engineering data and the importance of each objective. In the other word, the aim is finding
an ideal point. However each objective function shallbe optimized separately but optimum point is determined together. All
functions are satisfied at this point. LINMAP method is used to obtain dimensionless functions.

( )
=

∑ ( )=

F
F

F 36
ij
n ij

i 1
m

ij
2

Where F denotes the objective, i is the index of each point on Pareto front graph, j is the index of each objective and m
denotes the number of generation. Then the distance of each point on Pareto front from the ideal point is calculated by Eq.
(37):

( )∑= −
( )=

d F F
37

i
j 1

3

ij
n

ideal,j
n 2

Fideal shows ideal objective function. di represents deviation of objective function from ideal value. Minimum d indicates
the final optimum solution [39]. The Pareto front of this multi-objective function was plotted for 60 populations and 150
iterations. Fig.9 shows this optimum point for all objective functions.

The optimum point is shown in Table 6. This point shows optimum work, irreversibility and exergy efficiency
simultaneously.



Fig. 9. Pareto front of defined multi-objective function.

Table 6
Optimum point.

Variable Value

Current density [A/cm2] 0.49363
Temperature [K] 451.2314
Pressure [atm] 2.5
Membrane thickness [cm] 0.016
Work [W/cm2] 0.276733
Irreversibility [W/cm2] 0.154178
Exergy efficiency 0.354485

M. Haghighi, F. Sharifhassan / Case Studies in Thermal Engineering 8 (2016) 207–217216
4. Conclusion

In this research exergy analysis of a HT-PEMFC was considered and carried out under steady state condition. The cost
optimization of the produced electrical power is dependent to energy waste. The exergy of a fuel cell is wasted by heat, work
and output mass. The exergy balance of the fuel cell was modeled and simulated using Ansys Fluent V.15.0 software. Also,
genetic algorithm was proposed for exergy analysis of a defined fuel cell by MATLAB software. The results were compared
and validated by experimental data. The polarization curve was depicted at T¼453 K and P¼1 atm. The results show that
there is good agreement between theoretical and experimental data. The exergy efficiency was plotted against the current
density at different temperature and pressure (current density¼0.05–1 A/cm2 and temperatures ¼393–453 K). The exergy
efficiency increases with temperature rising due to the increasing ̇ ̇W Ex/FC mass in, function. Also, exergy efficiency is a function
of membrane thickness but pressure has no important effect. The results show the thermodynamic irreversibility decreased
with increasing temperature and pressure. The main objective of this work is optimization of fuel cell performance.
Therefore, the exergy efficiency and work was described as single-objective functions and maximized. Also, thermodynamic
irreversibility of the system should be minimized in order to optimization the system. The optimization code was developed
using MATLAB software. Decision variables of these single-objective functions were selected as current density, tempera-
ture, pressure and membrane thickness. The best fitness for these single-objective functions were carried out at different
generation number. Also, a multi-objective function was carried out and optimized by genetic algorithm method. The di-
mensionless functions were obtained by LINMAP method. The pareto front graph was plotted. The optimum point of multi
objective functions was reported in Table 6. This point was obtained at Work¼0.276733 W/cm2,
Irreversibility¼0.154178 W/cm2 and Exergy efficiency¼0.354485.
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