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Highlights

e The operating conditions of the PEM fuel cell, which is one of the fuel cells, were evaluated.

e  The temperature value in the PEM fuel cell is discussed.

e  The pressure value in the PEM fuel cell is discussed.

o While the performance of a PEM fuel cell increases with the operating temperature, it starts to decrease after 90 °C.

You can cite this article as: Bilen K, Tarhan BC, Celik S. Numerical investigation of the effect of operating conditions on the
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ABSTRACT

The operating parameters of proton exchange membrane fuel cells (PEMFCs) are very effective at generating heat. The
study examined and evaluated parameters that can help determine fuel cell (FC) performance. The parameters and
structures used in systems have been examined. In this context, performance evaluations have been made by performing
electrochemical analyses of PEMFCs. Evaluations about how the study parameters affect the performance was made on
MATLAB® and the results were presented. As a result of the study, it was seen that the operating temperature increased
the efficiency until it reached certain limits. On the other hand, although the performance-enhancing effects of the
working pressure are observed, high pressure appears as an obstacle. Air stoichiometric rate is another variable that
affects FC performance. While high stoichiometric rates improve performance, they can adversely affect the membrane.
According to the simulation result, it was found that the working temperature, working pressure and air stoichiometry
should be optimized together.

Keywords: Fuel cell, FC, Electrochemical analysis, Polymer electrolyte membrane, PEMFC, Fuel cell modeling,
Polarization curves
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1. INTRODUCTION

Fuel cells convert chemical energy into electrical energy and do this with high efficiency and zero
emission and they have attracted the world’s attention with these features in recent years. The
energy need of the world increases by approximately 1.8% every year [1]. Also, alternative energy
producers such as FCs have gained importance due to the rapid increase in pollution and a decrease

in fossil fuel reserves globally in the last 40-50 years [2].

Fuel cells appear as one of the best solutions for this because of their properties. Fuel cells attract
attention because they have a high-power density of up to three times compared to batteries and
are longer lasting. In addition, in the last five years, hydrogen FC electric cars have emerged in the
previous five years. Fuel cells have passed more than a century since their first discovery.
Srinivasan [3] and Thomas et al. [4] referred to the history of FCs. The basis of FCs was first
described by Christian Schoenbein in 1838. In 1842, Sir William Grove discovered the first FC
prototype, which operates according to the opposite principle of water electrolysis. The first 5 kW
alkaline FC was introduced to the world by Francis Bacon in 1950. Sunden [5] mentioned the
practical application of FCs. It was first used in space exploration in the Gemini project in the
1960s. The use of Proton Exchange Membrane Fuel Cells (PEMFCs) in NASA’s space projects

started around this time.

Today, a large portion of energy consumption is in the field of transportation. Fuel cells have the
potential to subsidize a large portion of this energy need. For this reason, research on FCs that can

be used in portable vehicles is increasing.

A fuel cell generates electricity from the chemical energy of the fuel electrochemically and
directly. Electrochemical reactions are used in conventional batteries as well as FCs. However,
FCs do not need to be recharged like a battery, as long as fuel and oxidant continue to supply.
PEMFCs are low-temperature FCs that use a solid polymer in the form of a solid phase proton
conducting membrane as an electrolyte which eliminates the need to contain corrosive liquids.
PEMFCs have many advantages over the other FC types, including low-temperature operation,
high power density, fast start-up, system robustness, flexibility of fuel type (with reformer), and
reduced sealing, corrosion, shielding, or leaking concerns [6]. In this case, the most advantageous

fuel cell type is PEMFC, thanks to its portability and low-temperature operation [7, 8].
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A schematic diagram of the operating principle and chemical reactions of a PEM fuel cell is shown

in Fig. 1.
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Figure 1. Schematic diagram of operating principle and chemical reactions of PEMFC (adapted

from reference 9).

The performance parameters of PEMFCs can be improved using cooling of the cells. Therefore,
many researchers have focused on the cooling of the PEMFCs and several studies can be found
about the cooling of the FCs in the literature. Many studies have shown that the increase in the
system costs is due to the lack of analysis of the operating parameters of the FCs. Correct selection
of the parameters provides technical and economic benefits. In a theoretical study, Sankar et al.
[10] used cooling fans to keep the operating temperature of the FC constant. In the study, it is
shown that fans controlled by a nonlinear sliding mode supplied better results than fans moving at

a specific rate. Also, the constant temperature had a positive effect on the system.

Heat spreaders execute passive cooling of the FCs. In order to achieve a high heat transfer rate, it
is crucial to choose materials with high thermal properties. In addition to being with good thermal
properties, it makes the FC more stable. In another experimental study performed by Faghri and
Guo [11], passive cooling was obtained with heat pipes as heat spreaders. In the study, the high
thermal conductivity of the heat pipes has been compared with other materials and satisfying
results have been achieved by using heat pipes. In addition, the operating temperature was

stabilized.
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Two-phase heat transfer has the highest heat removal capacity. In this cooling method, a large
amount of heat exchange is essential. Since the operating temperature of PEMFCs is between 60
and 80 degrees, the working fluid must undergo phase change in this temperature range. In an
experimental study, Choi et al. [12] used HFE 7100 for cooling of PEMFCs. According to
experimental data, two-phase cooling was functional and kept the temperature below 63 °C.
Afshari et al. [13] examined the performance difference between two different types of geometry
(straight and zigzag) in a numerical study. Zigzag ducts reduce heat dissipation by 8% while
reducing temperature difference by 23% and the maximum temperature by 5%. Thus, the

decreasing temperature rose the FC performance and life.

Han et al. [14] theoretically showed thermal management is a vital factor for better FC
performance. In the modelled system, the heat generation and cooling module analysed on the
MATLAB® platform are essential for performance analysis. Hajmohammedi and Toghraei [15]
showed in their numerical study that aluminium-containing water significantly increases its
thermal conductivity. In addition, the use of nanofluids significantly reduces the size of the cooling

systems. Amount of nanoparticles added to the coolant affects the cooling capacity.

Yu and Jung [16] investigated the control of heat management in the system with different
algorithms in their theoretical study. As a result of the research, it was observed that the coolant
temperature and FC temperature are the main factors of the performance. The return control
algorithm has been determined as the most useful algorithm.

Sayqgili et al. [17] numerically examined different liquid cooling mechanisms in their tests using a
3 kW PEMFC, three various mechanisms were analyzed, and their performances were tried to be
increased with different control mechanisms. As a result of the modelling and analysis on
MATLAB?®, it is understood that the mechanism and algorithm used have an essential place in the

performance of FCs.

In PEMFCs, the optimum operating temperature and regular heat distribution protect the FCs and
the system for a longer operating time. Besides, it directly affects FC performance. Various factors
affect efficiency. Among these factors, FC size, system complexity, the amount of heat removed
from the system, and operating parameters are essential. Theoretical research by Fronk et al. [18]

has shown that in a FC where the operating temperature is between 80 °C and 90 °C, the working
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pressure reaches 3 atm, and the radiator size should be 1.5 times larger than the internal combustion

engine producing the same power.

The efficiency of FCs is highly dependent on operating temperature. High temperature causes
membrane dehydration and stack degradation. The stability of a certain temperature is crucial in
terms of providing maximum efficiency. The distribution of the temperature in a regular profile is
vital in terms of both performance and durability as well as being stable. Therefore, heat generated
by the losses must be adequately removed from the system. The removal of heat from the system
can be achieved by conduction, natural convection, forced convection, and radiation. Heat transfer
mechanisms are required to transfer the heat generated in the FC system to the external
environment. In addition, the gases and water formed in the system provide to remove some of the

heat.

Recent studies have shown that PEMFC’s energy and exergy analysis are essential for the decision
of FCs’ performance. Nyugen et al. [19] made the exergy analysis of a PEMFC system with a heat
recovery system with PEMFC. They created a computer model to increase the performance of the
system. In a theoretical study carried out by Rahimi et al. [20], the wind turbine combined the FC
system and obtained the hydrogen required for the FC from wind energy. Mert et al. [21]
performed parametric research and made energy and exergy analyses of PEMFC used in vehicles.
The thermodynamic analysis was applied to the compressor humidifier pressure controller, cooling
system, and FC cells. As a result, an exergy efficiency of 8% was obtained. Zafar and Dinger [22]
theoretically analyzed the wind turbine, PV, and FC system and they found their energy and exergy

efficiencies.

As can be seen from the studies in the literature, numerical studies in fuel cells are carried out on
the change on a limited parameter. Therefore, the aim of the present study is to numerically
investigate the effect of operating conditions on the performance parameters of PEM fuel cells in
a wide range of parameters. In the study, the effect of operating temperature, operating pressure,
and stoichiometric rate on the voltage, current density, heat generation, and electrical efficiency
of the PEM fuel cell was determined. In the study also, polarization curves at different operating

temperatures, operating pressure, and stoichiometric rate were obtained.
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2. ELECTROCHEMICAL ANALYSIS

Total cell voltage is calculated as the difference between the reversible and irreversible cell
voltage. Reversible, that is, the maximum voltage is obtained using the Nernst equation from Mann
et al. [23].

° Pu /Po
v -AG RT 2 2
rev = + = ln sat (1)
nek” nel’ PH,0

Where, p;azto IS water vapor saturation pressure. p;azto can be approximated by the equation given

by Musio et al. [24] and Miansari et al. [25]:

log,, Pt (Trc) = —2.1794 +0.02953 Tyc - 9.1837Tyc” + 1.4454T> 2)

Trc is in Kelvin’s unit. Py, and P, are the partial pressure of Hz and O.. Rowe and Li [26] used

the equations for the calculation of partial pressures Hz and O as follows:

1 -Xm,0.A
P, = el 3)
T e @A
1 -Xm,0.c
= —HM0C 4
Po, 1+ (D5 )

Here, Xy, 0 is the molar ratio of water and it is calculated as follows:

sat

p
Xn,0 = 2 (5)

P operating

Using the Nernst equation developed by Amphlett et al. [27], the reversible voltage is calculated.

Vi = 1.229 — 8.5-10 4 (Tpc — 298.25) + 4.3085-107 T [1n (sz) +2In (poz)] (6)
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2.1. Voltage Losses

The operating voltage is obtained when the voltage losses, i.e., the sum of the irreversible voltage,
are subtracted from the reversible voltage. The operating voltage is never constant because it is
calculated due to the losses that change with the change of parameters such as operating
temperature and current density. It consists of irreversible voltage, activation energy, ohmic losses,

and concentration losses.
Voperating = Vrev - Virrev (7)
Voperating = Vrev - (Vact + Vohmic + Vconc) (8)

2.2. Activation Losses
Losses caused by low reaction rates at the anode and cathode are called activation losses.

Activation losses can be calculated using empirical models developed by Amphlett et al. [27].
Vact == [51 + §2TFC + 53TFC [ln(d)z)] + 54TFC[ln(i)]] (9)

In Eq. 9, & is the parametric coefficients, and it is taken as follows:

& =-0.948

& =0.00286 +0.0002 In (A4) +4.3-10 In(cyy, )
&=7610"

& =-19310"

where A is the fuel cell area in cm?. Oxygen and hydrogen concentration at the cathode and anode

could be calculated by Henry’s law given by Amphlett et al. [27].

‘ _ 498
Co, =P, 1.97-10 7 exp (=) (10)

‘ _ =77
cy, = py, 9174107 exp(3-) (11)
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2.3. Ohmic Losses

The losses in the fuel cell are generally caused by electrical resistance. Ohmic losses may have
many reasons such as contact potential, electrode resistance, or membrane resistance. Since these
values are difficult to pinpoint precisely, their value is found using empirical expressions.

There is a direct relationship between current and ohmic losses. The ohmic effect that occurs on

fuel cell membranes is calculated:
Vohmic = iRint (12)

Here, Rint given by Mann et al. [23] is the resistivity of the membrane and described as

Ry = Dimenm (13)

Aint

m is calculated via the equation developed by Mann et al. [23].

181.6

1+0.03() + 0.062(?7(3:)26)2-5}

™M~ [1-0.634-3(5)] exp[4A18<M>]

TR

(14)

In the equation, A is a function of membrane moisture and depends on factors such as anode inlet

gas rate. Its value is often set as the ideal value of 14 and can range from 14 to 22.

2.4. Concentration Losses
Concentration losses are losses caused by mass transfer limitations. These are formed between
substances and products that react at high current densities. It affects the anode and cathode

surfaces. Concentration losses are calculated by the following equation given by Spiegel [28].

RT JI
Vconc = n_Fln (JL ]:J) (15)

Ju takes a value between 1.6 and 2. However, the equation is valid only when the J < J._ statement

is implemented.
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2.5. Fuel Cell Voltage Efficiency

The ideal fuel cell voltage corresponds to 1.481 V when the high-heating enthalpy is converted.
When the output voltage of the fuel cell is divided by this value, the electrical efficiency of the
fuel cell is calculated using Eq. 16 mentioned by Barbir [29].

71 — Voperating _ Voperating (16)
FC Vany 1.481

2.6. PEMFC Heat Generation
Heat generation due to losses can be found using Eq. 17. Here, Wy is the power generation of the

fuel cell.

; 1 Viev _
Qgen a WFC (Voperating 1) (17)
3. RESULTS AND DISCUSSION

In this study, performance changes of the PEM fuel cell were analyzed numerically using the
MATLAB® program. Analyses were made based on theoretical equations, empirical equations,
and various physical facts and concluded that the parametric model is an excellent way to predict

fuel cells’ performance. A flowchart about numerical analysis for MATLAB® is shown in Fig. 2.
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Figure 2. Flowchart for MATLAB®.
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The analysis has been made by integrating some articles and applied based on the operating

temperature, the operating pressure, and stoichiometric rates of the fuel cell. The conditions used

are given in Table 1.

Table 1. The values range of the PEMFC.

Parameter Value
Universal gas constant 8.3145 J/(mol-K)
Faraday’s constant 96485 C/mol

Operating temperature

50 °Cto 100 °C

Current density

0.1 A/lcm?to 0.8 A/cm?

Operating pressure 1 bar to 5 bar
Anode pressure 3 bar
Cathode pressure 3 bar

Anode stoichiometric rate 1to5
Cathode stoichiometric rate 1to5
Membrane thickness 0.005 cm
Fuel cell area 50 cm?

Some polarization curves were compared with the results of some experimental and theoretical
studies placed in the literature for the same temperature, pressure, and stoichiometric rate to verify
the results of this study in Fig. 3. Firstly, results of this study were compared with Laurencelle et
al.’s [30] study. Difference between the results was due to variations in factors such as the working
area and gas pressure in the channel. Despite this difference, both studies have a similar rate of
change in the fuel cell voltage with an increasing current density. Results of this study were also
compared with Tohidi et al.’s [31] research and similar voltage values were observed with a
corresponding rate of change in the polarization curves. Compared with Yan et al.’s [32] similar
search, the results were found to be parallel. Within this study, the influence of stoichiometry was
also examined, and the numerical outcomes were compared to those of Cellek and Bilgili’s [33]

work.
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Figure 3. Comparison of the polarization curves with some previous experimental and
theoretical studies [30-33].

Upon comparison, it was discerned that the studies exhibited a marked similarity. These
comparisons between this study and previous studies placed in the literature indicate that the
numerical approach of this study is consistent with the previous experimental and numerical

research.

Electrochemical analysis has been done in fuel cells, and losses have been investigated. It has been
observed that the losses in these cells are generally examined under three headings. Calculations
of major losses are shown. The amount of heat generated due to losses was also calculated. The
polarization curves of the fuel cell are shown in Fig. 4a depending on the operating temperature.
The polarization curves of the fuel cell are also shown with bars in Fig. 4b for a clear
representation. In this study, performance and efficiency of the cells in a certain temperature range
were analyzed parametrically. Temperature range has been chosen between 50 °C and 100 °C
because the operating temperature mentioned by Sunden of the low-temperature proton exchange
membrane fuel cell remains between these values. The polarization curves of the fuel cell are

shown as bars in Fig. 4b depending on the operating temperature for a clear representation.
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Figure 4a. Polarization curves at different operating temperatures.

p=l15bar, =15 BT=50°C
AT =:60°C
aT="70°C
N7 =80°C
BT =90°C
87 =100"°C

0.75

0.70

0.65

Fuel cell voltage (V)

0.60

AL LLLLLLLLL LAY LSS LL)

[NNNNNNANNNNNNNNNNNNNNY
| A SISLILLLSSSS)

N

0.4 0.5 0.6 0.7 0.8
Current density (A/cm?)

Figure 4b. Variation of fuel cell voltage with current density at different operating temperatures.

As a result of the analysis, the optimum operating temperature has been reached, and the system
shown in Fig. 4a and Fig 4b has shown the optimum performance at 80 °C. The temperature must
be kept at a specific value for the system to operate at high efficiency and durability. When
sufficient humidity is provided in the PEMFC, the best performance is obtained at 80 °C.
According to the Nernst equation (Eq. 1), voltage (Vrev) decreases as the temperature increases.
Normally it can be thought that the performance should decrease with increasing temperature.
However, with increasing temperature, the ion transfer rate also increases and the performance

increase is more than the loss with temperature, and as a result, the performance of the fuel cell
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increases. Since the upper limit of the working strength of the polymer electrolyte membrane is 90

°C, the temperature was not increased further for this fuel cell type.

Operating pressure is another factor affecting efficiency in fuel cells. The increase in operating
pressure positively affects the fuel cell voltage as shown in Fig. 5a, 5b, and 5c. Also, several
negative effects referred to Tohidi et al. [31], such as high crossover, sealing problems, parasitic
power loss, and higher cost for compression could be a challenge to increase operating pressure.
The fuel cell efficiency must be increased by determining the optimum value of the pressure.
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Figure 5. Variation of fuel cell voltage with current density at different pressure and
temperatures: a) 70°C b) 80°C c¢) 90°C.

It is seen that the fuel cell performance changes significantly with the change in pressure. As seen
in Fig. 5, while performance increases rapidly up to 3 bar pressure, its effect on performance
decreases at subsequent pressures. With increasing pressure, voltage (Vrev) increases according to
the Nernst equation (Eq. 1). Thus, fuel cell performance increases with increasing pressure.
However, in practice, ambient air is sent to the cathode side and additional power loss is required
for additional pressurization. Therefore, operating the fuel cell at ambient pressure may be more
effective in systems using hydrogen/air. In fuel cell systems using hydrogen/oxygen (such as
submarine systems), the pressure value is used as 3 bar. Further pressurization may cause rupture
of the membrane used in the fuel cell and mixing of fuel and oxidant, gas leaks and dangerous
explosions. Cathode pressure is one of the factors affecting fuel cell performance and it was taken

as a 3 bar in the study.
Another parameter affecting the fuel cell voltage is the feed gas stoichiometric rate. Changing of

polarization curves with gas stoichiometric rate at specified temperature and pressure are presented

in Fig. 6. Figures 6a, 6b, 6¢, and 6d show in which direction the values affect the fuel cell voltage.
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Figure 6. Polarization curves at different air stoichiometric rates: a) 80°C, 2 bar b) 80°C, 3
bar c) 90°C, 2 bar d) 90°C, 3 bar.

As can be seen from the polarization curves in Figure 6, fuel cell performance increases as the
stoichiometric rate increases. Accordingly, in this study, it is seen that the best fuel cell
performance will be achieved in case of the stoichiometric rate is 3. However, for a better fuel cell
performance, optimum value of the air stoichiometric rate should be determined in order to provide
required membrane humidity. Optimum value of the stoichiometric rate positively affects the fuel

cell performance.

Air stoichiometric flow rate affects the amount of oxygen in the cell and humidity in the
membrane. If this value is low, the amount of oxygen reaching the membrane decreases, which
reduces the fuel cell’s performance. At the same time, the low value of this value increases the
conductivity by increasing the moisture of the membrane. For this reason, it is essential to find the

optimum value.

4. CONCLUSION

In this study, the performance changes of the PEM fuel cell were analyzed numerically using the
MATLAB® program. In this model, the effects of fuel cell operating temperature, operating
pressure, cathode pressure, and air stoichiometric rate on fuel cell performance were investigated.
Analyses were made based on empirical equations and various physical facts and concluded that

the parametric model is an excellent way to predict fuel cells’ performance.
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e Working pressure increases the performance up to a certain value.

e Although the working pressure generally increases the performance, reaching high-pressure
values is unnecessary. After 3 bar pressure, the increase in performance decreases and the
possibility of leakage and membrane rupture due to high pressure increases. For this reason, 3
bar pressure was determined as the pressure limit.

e Although air stoichiometric rate makes a significant contribution to performance, higher values

have a negative effect.

Fuel cell power output variation was determined using optimum values that are found in this study.
Values to be used to maximize fuel cell efficiency have been found as a result of electrochemical

modeling and power output values are shown in Fig. 7.
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Figure 7. Variation of fuel cell voltage and fuel cell power output with the current density at the

optimum operating conditions.

As can be seen from Fig. 7, the fuel cell power output, obtained for the optimum values of the
operating parameters, reaches its maximum level at a certain value of the voltage. In this study,

maximum value of power output was obtained approximately 4.27 W at a value of about 0.47 V.
Analyses can improve the design by obtaining the necessary preliminary information for the fuel

cell and cooling system design. A good cooling system design will have an enormous impact on

FC performance. The practical system could be improved with the information that is given by the
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study. It was emphasized that temperature might be an essential change in future studies. Besides,

the controlled changing of the parameters in the study can be analyzed from different variables.

NOMENCLATURE

A Ampere meter, or area (cm?)

c’ Concentration of gas (mol/cm?®)
AG® Gibbs free energy change (J)

F Faraday’s constant (C/mol)

i Current (A)

J Current density (A/cm?)

I Thickness (cm)

ne Number of electrons

p Pressure (bar)

PEM  Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell

R Universal gas constant J/(mol-K), or resistivity (Q)
T Temperature (K)
\Y Voltage (V)

X Dry gas ratio

V4 Molar ratio

& Stoichiometric rate
Subscript

A Anode

act Activation

conc  Concentration

C Cathode

FC Fuel Cell

gen Generation
HHV  High Heating Value

int Internal
irrev Irreversible
L Limited
mem  Membrane
rev Reversible
sat Saturation
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