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THE MICRO-SCALE MODELING BY EXPERIMENTAL STUDY IN PEM FUEL CELL

T. Taner'”

ABSTRACT

This study posed parameters effects to the PEM fuel cell performance by an experimental work. The aim
of this study is to investigate performance effects of PEM fuel cells and to optimize water conditions as well as
fuel cell performance. Platinum-plated catalyzed anode performance was demonstrated for the micro-scale
modeling by experimental study in PEM fuel cell. Therefore, time dependent voltage and current parameter
changes were observed for the performance analysis in the experimental study. PEM fuel cell was enhanced by
adjusting the anode plate, air feed pump and hydrogen fuel quantities. This study is to determine about optimizing
some parameters (pressure, flow rate, voltage) for the fuel cell performance. The result of this study was found to
be 2.62 x 107 [kg/s] average of water production and generated 42.5 [kJ] H; energy. In conclusion, performance
efficiency was found to be around 52%. These results demonstrated that water production was also very significant
for the PEM fuel cell durability. PEM fuel cell energy efficiency increases while the mass flow is in a certain range
and under pressure atmospheric conditions.
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INTRODUCTION

The subject of this study is about enhancing PEM fuel cell by optimizing experiment parameters.
Nowadays, the demand of alternative energy resources begins to increase due to the depletion of fossil fuels
whereas the demand of PEM fuel cell, which increase by this way, is the one of the alternative energy resources.
In this study, the performance of one of the innovative and alternative energy sources of Proton Exchange
Membrane Fuel Cell (PEM) was researched for the micro-scale of fuel cell. The time-dependent voltage (volt) and
current parameters for the performance analysis of 7 W power-operated Pt (platinum) catalyzed fuel cell in PEM
fuel cells that have been investigated in this work. PEM fuel cell performance is experimentally measured by anode
plate fuel cell. Because of these measurements, the effects of air and hydrogen feeding effects and performance-
based optimizations were determined by experimental of single fuel cell. Effects of voltage and current
performance are also identified by optimization of changing these parameters. Problem of PEM fuel cell is about
durability and water management. Therefore, calculation of water production effects on energy efficiency of PEM
fuel cell. This study indicated hydrogen gas and energy efficiency the micro-scale modeling by experimental study
in PEM fuel cell.

Similar studies have been investigated because of literature review. Thus, this study has been done
according to these literature studies, which are experimental works. One of the biggest problems of PEM the fuel
cell is durability. PEM fuel cell can be used aircraft, automotive, aerospace vehicles and similar vehicles. These
are likely to be crucial alternative energy sources for hydrogen fuel power, recycling energy systems and portable
electronic devices [1, 2]. In these similar studies were conducted with PEM fuel cells. It can be seen that water
management is a significant issue. PEM fuel cell performance needs to be adjusted water management in efficient
way [3]. The inlet and outlet of the water carried in the PEM fuel cell. Performance of fuel cell was researched by
theoretical and experimental [4]. Performance of fuel cell was seen separately from gas diffusion plates generally.
Thus, it can be enhanced recovery and transport at lower flow rates [5].Fuel cell membrane (water) content and
properties, parameter effects and ionic conductivity have been investigated in other study [6]. Entering hydrogen
and oxygen gases to the fuel cell must be humid to increase the performance, so do chemical reaction [1]. Water
management can be improved in anode working conditions [7]. Fuel cell performance that is improved by
introducing more oxygen into the anodes according to the boundary operating conditions at the cathode with
increasing inlet velocity and outlet pressure [8]. In this experimental study, the air stoichiometric ratio and
performance effects of air-relative humidity of PEM fuel cells were investigated depending on the literature [2].

Water balance of fuel cell in cathode section was researched by another study. When using high-resolution neutron
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radiography in the direction of the plane with the anode, pressure and relative humidity gradients were shown in
the fuel cell membrane electrode setup, where saturation profiles change in the diffusion medium [9]. The
advantages and disadvantages of the fuel cell are also mentioned in this experimental work. In addition to the
advantages of the PEM fuel cell, it also has disadvantages. PEM fuel cell has been found to be advantageous to
operate at the electrode reaction kinetics, heat and water management, alternative catalysis, high power density
and low operating temperature [10-17]. However, high sensitivity, membrane (membrane) and materials have been
found to be very expensive in the PEM fuel cell. Many disadvantages can be seen such as gasification of fuel cell
membrane durability materials, gas diffusion layer, disruption and manufacturing process difficulties [10-11; 18-
21]. The electric energy efficiency of PEM fuel cell was found about 40% in a previous study [22]. In the PEM
fuel cell, it is possible to quickly remove the water by controlling it with the heat and efficiency of a high
performance. When the proton H" is conveyed from anode to cathode correctly, the amount of evaporation is
greater than the amount of water. This waste of water can increase efficiency of fuel cell. Apart from that, the PEM
fuel cell has a durability problem due to high temperature [17, 23]. This durability problem is the most critical
feature of the PEM fuel cell. This problem can only be solved by water management. In this way, the problem of
fuel cell durability can be eliminated. If this problem is resolved, the PEM fuel cell becomes an alternative energy
source that provides significant energy [17, 24]. If low-humidity conditions are met in the fuel cell, performance
and efficiency rates will become effective [17, 25]. The reaction took place using the platinum and catalyst fuel
cycle [17, 26]. If the platinum value can be got high value, the performance can be decreased by this state [17, 27].
On the contrary, fuel cell is one of the biggest advantages of high performance efficiencies and no emission value
[17, 28]. Parameters are temperature, current, and voltage that were about effects of PEM fuel cell performance
[29-30]. Neutralized water transport method and flow were shown for PEM fuel cell cycle in another study [31].
The micro and macro scale transport processes were investigated to enhance PEM fuel cell performance [32].
Giurgea et al. [33] demonstrated flooding conditions, which were accomplished by rising the hygrometry of the
inlet airflow at constant temperature of the fuel cell stack, or by reducing the temperature of the fuel cell stack at
constant hygrometry of inlet airflow. Rezaece and Houshmand [34] posed an energy and exergy analysis of a
combined power generation system consists of a PEM fuel cell power station. Gimba et al. [35] enhanced to
research the effects of operating parameters such as temperature, anode and cathode pressures, reactants flow rates,
membrane thickness, and humidity on the performance of the PEM fuel cell. Haghighi and Sharifhassan [36]
studied about the exergy of a high temperature PEM fuel cell that was optimized for exergy efficiency and
thermodynamic irreversibility. Similar studies researched about durability, water management and material
properties. Many previous studies applied theoretical and experimental studies in PEM fuel cell performance
analysis.

In this study, it has been found that water management needs to be applied well in order for the fuel cell
to perform well. Electrolysis has attracted great interest as a hydrogen production method in PEM fuel cells. This
study was focused on the mass flow that is in a certain range and under pressure atmospheric conditions. Therefore,
a micro-scale of PEM fuel cell energy efficiency can increase remarkably. These parameters affect water waste
and durability of PEM fuel cell. Thus, it is difficult to obtain energy from the PEM fuel cell. This study was aimed
to investigate the performance of the PEM fuel cell experimentally, to optimize the mass airflow and the pressure,
to enhance the current and voltage quantities and to provide well water management. When air mass flow rate and
pressure changed, PEM fuel cell efficiency was optimized in this study. Due to these reasons, importance of this
study is to improve the performance of PEM fuel cells and to enhance PEM fuel cell for future similar studies.

MATERIAL and METHOD

In this experimental study, using technical characteristics of the PEM fuel cell are given below;
* Micro-scale Anodic Plate Clear Pack single-cell fuel cell specifications: weight 520 g, dimensions 110 x 90 x 70
mm, electrical feature 2 gold —plated M4 brass screws, gas instant fittings &4 mm anode and <96 mm cathode,
* MEA (Membrane Electrode Assembly) specifications: Nafion 25 um thick, active area of 50 x 50 mm and anode
platinum loading is 0.3 mg/cm?,
* 0-2.5 bar hydrogen pressure regulator specifications: weight 180 g, dimensions 65 x 80 x 80 mm, accuracy is +/-
0.1 bar,
* Temperature of maximum internal is 70°C,
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* Regulated air supply system (Air supply for providing an air mass) specifications: weight 600 g, dimensions 170
x 60 x 125 mm, power supply is 24 V DC, range of use is 0 to 2 1/min,

* Electronic load (Power supply) specifications: weight 920 g, dimensions 118 x 123 x 130 mm, voltage control
from 0.05 V to 5V, power is from 0 W to 20 W during 30 minutes, sample rate is 10 Hz, power supply is 24 V
DC,

* Software is Labview for Pragma Industries’ electronic load,

* Air discharge manual valve,

* Voltage-current-temperature control and tuning software for requiring operation,

* A 10 1 metal hydride tank ( &35 x 130 mm dimensions and 470 g weight) with 99.9% pure hydrogen gas supplier
was prepared.

In the experimental study, the 10 | tube with hydrogen gas was prepared for testing by connecting to the
pressure regulator and to the anodic plate fuel cell with the air feed pump and special polyurethane flexible pipes.
The hydrogen gas metal tank valve was opened and the power supply operated. The fuel cell software was switched
on and adjusted from the pressure regulator for the required differential pressures. The manual valve was opened
for 5 to 10 seconds to remove the air remaining in the fuel cell for the anode section. In order to receive the data,
data logging was opened and the electronic load was set at constant voltage. Afterwards the air flow was provided
by the air supply pump with different air flow. The MEA (Membrane Electrode Assembly) was run for 15 minutes
to allow the system to reach the equilibrium depending on the input moisture condition. The preparation of the test
pressure and the airflow at different values were carried out following the following sequence:

1. Filling a pure hydrogen gas tank with a pressure of 400 bar at a pressure of 50 liter with the help of a hydrogen
regulator in a 10 1 metal tank,

2. Connection of 10 I metal tank with pure hydrogen gas via the pressure regulator in the fuel cell system,

3. Operation of the power source and the air-supplier pump respectively,

4. Manual valve opened to prevent excess air,

5. Obtaining voltage and current results.

EXPERIMENTAL STUDIES AND METHODS
PEM Fuel Cell Operation

The 10 1 hydrogen hydride tank was connected to the fuel cell system via a polyurethane pipe to the
pressure regulator. Afterwards, 7 W power supply and air provider pump was turned on. The manual valve was
opened for 5 to 10 seconds to release the remaining air in the fuel cell and the remaining air was discharged. While
the software was opened, data logging data was obtained at 15 minutes after the currents and voltages were
obtained.

4
§
' Power supply Computer and
Air pump — software
Manuel Zi
valve
L -~ Cable color Usage area
@_ Reds Power supply
Blue Air & waste water
Hydrate PEM Fuel Red Hydrogen gas
hydrogen | Cell Gray & black Power supply
metal tank Pressure > Yellow USB connection
regulator Waste
water

Figure 1. Schematic drawing of the PEM fuel cell in the experimental study
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The PEM fuel cell test set-up is detailed schematic drawing in Fig. 1. As a result of the literature study
and preliminary tests, it is possible to operate the power supply for 15 minutes by adjusting the voltage of 1 Nm
fuel cell torque meter, 0.5 - 1 bar pressure, 0.6 - 1 V with 0.2 - 0.4 I/min air mass flow rate in 15 minute.

Investigation of Range in Voltage and Current Dependent Time

During the PEM fuel cell experimental study, the fuel cell was tightened with a 1 Nm torque meter
adjuster. Firstly, the current and the changes in the tension are observed in Fig. 2 by adjusting the 0.6 V voltage
with 0.5 bar pressure, 0.2 1/min air mass flow supply. Then parameters were changed and optimized as 1 V voltage
with 1 bar pressure and 0.4 1/min air mass flow supply. Findings related to these values were discussed. In each
second, voltage and current changes were obtained for 15 minutes. These experiments were repeated four times in

order to get effective results.
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Figure 2. Software screen display of voltage, current and temperature graphs after 15 minutes of experiment [37]
Calculation of PEM Fuel Cell Gas Consumption and Water Amount

In the PEM fuel cell experimental work, the calculation of gas consumption and waste water volumes are
crucial for fuel cell efficiency. The reaction between hydrogen and oxygen gas are as follows [17, 35-40]:

H2+% 0,—H,O0 electric power + waste heat (water) (D

The fuel cell anode reaction is as follows:
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Anode: H, — 2H" + 2¢” 2)
The fuel cell cathode reaction is as follows:
2 0, +2H +2¢" > H,0 3)
The mass balance in the PEM fuel cell is as follows:
2 Mjp = 2 Mout “4)

The formula that gives the relationship between the amount of gas used in the fuel cell and the current
(electric charge) is as follows [35, 39, 41]:

I1[A]=2 F [C/mol] X niz [mol] &)
In the experimental work, the current I notion is represented by the symbol [A], the Faraday constant F is
96485 [C / mol], and n is the molar ratio of hydrogen gas.
Since the experiment is carried out under the parameters of 2 types of voltage and current for 15 minutes,
when the time is considered, the formula is as follows [35, 36, 41]:
I[A/s] =2 F [C/mol] x ng2 [mol/s] (6)

If molarity nu> [mol/s] is rearranged to find the consumption of hydrogen gas:

mol 1[é]

s []= e ()

Similarly, the formula giving the amount of molarity oxygen gas ng, [mol/s] is given below:

| 112
mo _ s
no, [%]= e ®)

‘mol

Water molarity production amount ny,o [mol/s] can be calculated as follows:

5 )

] _ 5]
2F [

nHzO [

S

Inlet of O, and H, mass flow amount can be calculated respectively as follows [36, 41]:

o, [k—g] =3.57x 107 [“v—wnt] (10)
iy, [£]=1.05 x 10° W_J] (11)

Oxygen stoichiometry rate can be defined as As symbol. Electric power is Wyet [W] and Veen [V] is voltage

of the experiment. [y“e‘

] can be equal to Iei. An effective energy content of hydrogen fuel’s specific enthalpy is

cell
assumed 1.43x10® [J/kg]. Lost hydrogen gas (mH2 ot [kg]) amount can be calculated during purge. If its purge
amount is 30 for 0.5 s at around 200 ml/s, lost hydrogen gas becomes 3 liter that is equal to 27x107 kg.
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Total consuming hydrogen weight (mH2 otal [kg]) can be found by collecting hydrogen gas mass flow

(my, [kg]) with Lost hydrogen gas (mHz,m [kg]) amount. Air stoichiometry rate A is 14,7. Usage of air mass

flow amount can be calculated as follows:

tig, [£]=8.29 x 107 [ (12)

cell

Thus, amount of exit air mass flow can be calculated difference between inlet of O, and usage of air mass
flow amount as follows [36, 41]:

i [ ={3:57x 107 [“V—VVH‘]} —{829x 10" VVV—II]} (13)
Then, water production can be calculated as follows:
thyo [£] =934 x 10 [72¢] (14)
In addition, cell efficiency can be determined as follows:
o= T30 (s)

Production of heat Qu [W] that is generated from PEM fuel cell can be calculated in regard to electric
power as follows [41]:

Q= Wae (3-1) (16)

Veell
Generation of energy can be calculated via 900 seconds as follows:
E [J] =Wt [W] x t[s] 17)

Amount of energy account for hydrogen gas can be calculated as follows:
s[J
Epp,[J-my, ., [kelx1.43x10 [k—g] (18)

Energy efficiency of PEM fuel cell can be found from Eq. 17 and 18 as follows:

E[J
I (19)

 Em,l]

Hydrogen gas stoichiometry rate (Ay,) can be can be calculated as follows:

mHZ,mtal [kg]

My = my, [ke] (20)
In addition, Energy efficiency of PEM fuel cell can be calculated as follows:
n.= Vccll[J]XL (21)

en 148 Ay,

Eq. 19 and Eq. 20 can validate their results.
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RESULTS AND DISCUSSION

Experimental studies were completed as 0.6 Volt with 0.5 bar pressure, 0.2 I/min air mass flow and 1.0
Volt with 1.0 bar pressure, 0.4 1/min air mass flow for 15 minutes. Then, these results were compared each other
by PEM fuel cell gas consumption, production of water and energy efficiency. In addition, finding these results
were drawn via voltage and current relations.

Drawing of Voltage and Current Graphs

In Fig. 3, operating the flow rate of the PEM fuel cell for 15 minutes was set at 0.6 Volt with 0.5 bar
pressure, 0.2 I/min air mass flow for a time dependent. It has been found that the current changed logarithmic
between 0.047 A and 0.029 A, and the voltage range from 0.5867 V to 0.5888 V.
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Figure 3. 0.5 bar pressure, 0.2 I/min air flow mass and 0.6 V voltage logarithmic changes of current and voltage

with time

According to the same experimental study, 1.0 bar pressure, 0.4 1/min air flow feed, 1.0 V voltage was set
and the flow in the PEM fuel cell operating for 15 minutes reached the values depending on the time. The current
was found logarithmic to vary from 0.0556 A to 0.068 A, and from 0.755 V to 0.785 V in Fig. 4.
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Figure 4. 1.0 bar pressure, 0.4 I/min air flow mass and 1.0 V voltage logarithmic changes of current and voltage

with time
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In Table 1, the maximum and minimum changes in the fuel cell voltage and current parameters of the
experimental data were given as follows: Operating PEM fuel cell for 15 minutes at 1.0 bar pressure, 1.0 I/min
with 0.4 I/min air flow feed, according to experimental actual measurements; It was found that the voltage value
dropped from 0.852 [V] to 0.810 [V] and the current value increased to 2.75 [A] from 2.87 [A] (set point
approximately 1.9). PEM fuel cell operating for 15 minutes with a 0.5 bar pressure, 0.2 I/min airflow feed and 0.6
V voltage adjustment, according to experimental actual measurements; It was found that the voltage value
increased from 0.588 [V] to 0.590 [V] and the current value decreased from 2.28 [A] from 2.23 [A] (set point
approximately 1.9).

Table 1. PEM fuel cell parameters of the experimental work

. o e Vel [V] 1 [A]

Experimental parameter variations Max. Min. Mox Min.

0.852 0.810 2.87 2.75

1.0 bar pressure, 0.4 1/min air mass flow rate 1.0 V voltage Average [V] Average [A]

0.831 2.81

Max. Min. Max. Min.

0.5 bar pressure, 0.2 1/min air mass flow rate 0.6 V voltage 0.592verage [\9]'588 2.2iverage [ A]2'23
0.589 2.255

Gas Consumption Amounts and Water Production of PEM Fuel Cell

In this study, gas consumption and water production were calculated from Eq. 5 to Eq. 14, respectively.
Eventually, these results were found and given in Table 2. Total consumption of hydrogen gas weight average was
found 2,966 x 10 [kg] according to 1.0 bar pressure, 0.4 I/min air mass flow rate 1.0 V voltage and 2,913 x 10
[kg] according to 0.5 bar pressure, 0.2 1/min air mass flow rate 0.6 V voltage. These results show that total total
consumption of hydrogen gas weight is related to pressure, air mass flow and voltage in the experimental study.
Beside, water production amount was investigated that water amount can change with air mass flow rate. Whereas
1.0 bar pressure, 0.4 1/min air mass flow rate 1.0 V voltage produced 2.62 x 107 [kg/s] average of water production,
0.5 bar pressure, 0.2 1/min air mass flow rate 0.6 V voltage produced 2.11 x 10”7 [kg/s] average of water production.
These results posed that increasing air mass flow and voltage lead to generate water in the system.

Table 2. The result of the PEM fuel cell gas consumption amounts and water production

Experiment Value  ritairexit [Kg/s] Tiwater [Kg/s] mH: [kg/s] mH: [kg] mH2 total [kg]

1.0 bar pressure, 0.4  Max. 1.48 x 107 2.68 x 107 3.0l x10°® 2.71 x 1073 2.971 x 104
1/min air mass flow Min. 1.42x 10° 2.57x 107 2.89x 108 2.60 x 10°° 2.960 x 104
rate 1.0 V voltage Avg. 1.45x 107 2.62x 107 2.95x 108 2.66 x 10 2.966 x 10
0.5 bar pressure, 0.2  Max. 1.18x 107 2.13x 107 2.39x 108 2.15x 107 2.915x 10*
I/min air mass flow Min. 1.15x 107 2.08 x 107 2.34x108 2.11x 107 2911 x10*
rate 0.6 V voltage Avg. 1.16 x 107 2.11 x 107 2.37x 108 2.13x 107 2913 x 10

Note: Lost Hz was calculated 2.7 x 10" kg, experimental time was 15 min.

Table 3. The result of the PEM fuel cell energy efficiency

Experiment Value  Whaet [W] En [J] Eng,[J] Ay, [%] Qu[W]  Nenal%] M, [%]
1.0 bar pressure, 0.4 ~ Max. 2.445 2200.72  42488.37 10.96 1.14 52% 53%
1/min air mass flow  Min. 2.228 2004.75 42326.21 11.39 1.21 47% 48%
rate 1.0 V voltage ~ Avg. 2.335 2101.60  42407.29 11.17 1.18 50% 50%
0.5 bar pressure, 0.2  Max. 1.345 1210.68 41691.08 13.53 1.51 29% 29%
l/min air mass flow  Min. 1.311 1180.12  41623.51 13.81 1.48 28% 29%
rate 0.6 V voltage Avg. 1.328 1195.38 41657.29 13.67 1.49 29% 29%

Note: PEM fuel cell is lower than the theoretical one due to the losses that occur during purge, which reduces
the amount of available hydrogen gas. Therefore, the results were estimated to be due to the measurement of
mathematical autonomy in 10 seconds according to polarization curve [37]. Enthalpy H, was taken 1.0 x 103
[J/kg] from study of Larmine and Dick [41].
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In Table 3, the result of the PEM fuel cell energy efficiency and the other parameters were shown micro-
scale voltage of PEM fuel cell. In these results, generation of hydrogen energy average amount was found 42.5
[kJ] according to 1.0 bar pressure, 0.4 1/min air mass flow rate 1.0 V voltage for the small scale of PEM fuel cell.
Heating loss of fuel cell was found to 1.14-1.49 [W].

In this study, average performance efficiency was found to around 52% for the microscale of PEM fuel
cell. These results were compared previous studies that posed similar results. Gimba et al. [35] calculated energy
and exergy efficiency 48%. Dincer and Rosen [38] posed that the maximum system energy and exergy efficiencies
can be 42.3% and 49.6%. Purnima and Jayanti [42] indicated energy efficiency 48.47%. Tsai and Chen [43]
determined energy efficiency 44%. The PEM alone system operating at high pressure was calculated energy
efficiency as 49.1% by Ferrero and Massimo Santarelli [44]. Salemme et al. [45] determined the highest and lowest
value corresponding to methane (49.3%) and acetylene (42.6%), respectively. It can be seen that the result of this
study energy efficiency is appropriate according to previous studies.

CONCLUSION

In conclusion, energy efficiency was found 52% for the microscale of PEM fuel cell in this study. This
result was figured out for 1.0 bar pressure, 0.4 1/min air mass flow rate 1.0 V voltage. According to the results,
when pressure, air mass flow rate and voltage were increased slowly, energy efficiency could rise up in effectively.
In the future, similar experimental studies can be researched for optimization of the pressure, air mass flow rate
and voltage for energy efficiency.

The results of this experimental study emphasized the durability of water management in terms of PEM
fuel cell. Provided that production water quantity is plummeted by optimisation, PEM fuel cell lifetime can go up
by the cell durability feature as well as energy efficiency.

Altering pressure, flow rate, voltage can adjust PEM fuel cell performance for the micro-scale of PEM
fuel cell.

This study posed the performance of PEM Fuel Cell that can be increased by these parameters. If air
supply can control in PEM Fuel cell, waste water will be managed easily in the system.

This experimental work will encourage other similar studies to improve the small scale of PEM fuel cell
types.

In addition, it was observed that hydrogen gas energy efficiency results were very consistent when
compared to previous studies. This study indicated that the temperature of the power supply declined as the voltage
was increased.

As a scientific contribution, it is determined that the fuel cell energy efficiency increases while the mass
flow is in a certain range and under pressure atmospheric conditions.

ACKNOWLEDGEMENT
I would like to thank the Aksaray University Scientific Research Projects Agency for supporting this
project under the 2016-030 project.

NOMENCLATURE
Symbols and Units

My . Amount of exit air mass flow, kg/s

Mg Usage of air mass flow amount, kg/s

hy, Inlet of hydrogen gas mass flow amount, kg/s
thy, o Water mass flow amount, kg/s

Mg, Inlet of oxygen gas mass flow amount, kg/s
Euy, Amount of energy account for hydrogen gas, J
my,, .  Lost hydrogen gas amount, kg

my, ., Total consuming hydrogen weight, kg

my, Hydrogen gas mass flow, kg

nNy,0 Water molarity production, mol/s
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Oxygen gas molarity, mol/s
Cell performance, %

Energy efficiency, %
Amount of energy, J

Faraday constant, C/mol
Current, A

Inlet mass, kg

Outlet mass, kg

Hydrogen gas molarity, mol/s
Production of heat, W
Tension of fuel cell, V
Electric power, W

Air stoichiometry rate
Hydrogen gas stoichiometry rate

Stoichiometry rate

Abbreviations

z Sum

H, Hydrogen gas

0, Oxygen gas

A Ampere

C Coulomb

e Electron

H* Proton hydrogen ion

H,O Dihydrogen monooxygen

J Joule

1 liter

min Minute

mol molarity

PEM Proton Exchange Membrane

S Seconds

t Time, s

A% Voltage

A\ Watt
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