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ABSTRACT

In the study, we proposed a new formula for the hydrogen consumption of fuel cell under non-constant current behavior. We used supercapacitors
as auxiliary energy source to form a hybrid system and change the current behavior of the fuel cell. We performed hybrid system tests for different
supercapacitor values. We extracted the fuel cell current, voltage, hydrogen consumption for each configuration. We compared the measured values
and expected values from known equations. We see that, results from hydrogen consumption equations does not match the hybrid system hydrogen
consumption. Finally, we proposed a new formula for hydrogen consumption including the current gradient and current peak value for hybrid

systems.
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Introduction

Due to advantages as low temperature, high energy density, small size and environment
friendly clean energy; proton exchange membrane fuel cells (PEMFC) are considered to
be one of the promising energy sources for the hydrogen fuel cell powered vehicles [1-
4]. Besides the advantages, PEMFCs have some electrical disadvantages as poor dynamic
response, low power density [5-7]. These disadvantages cause increase in hydrogen con-
sumption and consumption related efficiency of the PEMFC. To suppress the effects of dis-
advantages, a hybrid powertrain is formed by using the PEMFCs with an auxiliary power
source [5]. To form a hybrid powertrain mostly batteries and supercapacitors are used as an
auxiliary power source [8-11].

Because of the purpose of forming hybrid powertrain reducing the hydrogen consumption,
the hydrogen consumption, should be calculated in the design stage of the powertrain. Thus,
the best solution can be achieved considering the size and the cost of the powertrain. The
mathematical equations proposed by the authors [12-15] to calculate the hydrogen consump-
tion of the fuel cell stack. The molar hydrogen consumption of the fuel cell is given in equation
1[12-13];
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Here, | is the current and N is the cell number of the fuel cell stack. F is faraday constant, ap-
proximately 9.65 x 10* Cmol™. And n gives the molar hydrogen consumption. Using equation
(2) hydrogen consumption in Ipm (liter per minutes) can be calculated [14-15];

lpm = 0.00735xIxNxSH2 (2)

Here, | is the current and N is the cell number of the fuel cell stack. S,,, is stoichiometric ratio
for hydrogen.
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In both equations, the consumption formula is dependent the
time-independent value of the current. The equations do not
contain how the current reaches this value. The current signal
of the fuel cell stack will be changed by auxiliary power source,
while the reducing hydrogen consumption and these equations
cannot be used for calculating the hydrogen consumption.

In the study, we formed a hybrid powertrain using supercapaci-
tors as auxiliary power source by connecting the fuel cell and su-
percapacitors parallel to each other. We performed our tests on a
prototype hydrogen powered vehicle. We used different super-
capacitor values in repeating tests and recorded the voltage, cur-
rent and hydrogen consumption values during each test. Using
measured results, we proposed a new hydrogen consumption
formula including the fuel cell current gradient and peak value.
The performed tests also provided us to determine the best con-
figuration considering the hydrogen consumption.

Material and Method

We performed test in a prototype hydrogen powered vehicle.
The system components are given in Table 1.

Table 1. System components

Description Specification

Fuel Cell 700W, 40 cells, 37V/25A

Electrical Motor 500W, nominal voltage 48V

Each one 2.7V, 360F; in each test 18F,
36F and 54F supercapacitor banks are

Supercapacitor used

Prototype Vehicle 200kg with driver

W: watt; A: ampere; V: volt; F: Farad; kg: kilogram

Firstly, we performed a test without using supercapacitors for
reference values. After reference measurements, we formed hy-
brid powertrain as in Figure 1.

Supercapacitor ~ Mator
Fuel(cell

Figure 1. The hybrid powertrain performed in the tests

We performed same tests for supercapacitor values 18F, 36F and 54F.
We measured the hydrogen consumption using Red-y flow meter.
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Results

Figure 2 presents the fuel cell currents in hybrid powertrain
with different supercapacitor values.

As seen in Figure 2 the peak value and gradient of the cur-
rent curve changes depend on the supercapacitor value. The
peak value and gradient of fuel cell current decrease with the
increasing supercapacitor value. The hydrogen consumption
of fuel cell is measured 2.85L for test without using superca-
pacitors and for hybrid power train 2.54L, 2.45L and 2.28L, for
18F,36F,54F respectively.
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Figure 2. The fuel cell current for different supercapacitor values

After these results, we investigated relation between the mea-
sured hydrogen consumption and expected hydrogen con-
sumption from equations current value directly determines the
hydrogen consumption.

Firstly, we extracted peak current and hydrogen consump-
tion curve (Figure 3) and see that, while peak current de-
creased around 60%, hydrogen consumption decreased
only 20%.
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Figure 3. Hydrogen consumption and fuel cell peak current re-
lation
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Sure, the fuel cell does not deliver the peak current constantly
during operation because of hybridization with supercapaci-
tors, the conflict between measured and expected value can
make sense. To remove the conflict and make the equations
useful, we calculated the average value of the current by fitting
mathematical equations to current curves. The hydrogen con-
sumption and average current curve is presented in Figure 4.
As seen in Figure 4 while the average current decreases nearly
70%, the hydrogen consumption is only decreased 20%. Here,
there is a need for a new formula for non-constant currents
which includes the gradient of current. We proposed a new
formula which includes both peak value of the current and the
gradient of the current.
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Figure 4. Hydrogen consumption and fuel cell average current
relation

To form a new formula, we normalized the hydrogen consump-
tion according to peak value of current and presented in Figure 5.

The mathematical equation of the curve in Figure 5 is ex-
pressed in equation 3.

Hpep = —0.5062x1, %7¢7 (3)
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Figure 5. Normalized hydrogen consumption according to cur-
rent peak value

Here, H stands for normalize hydrogen consumption accord-
ing to peak value of the current and | is the peak current value.

We attributed the remaining hydrogen consumption to current
gradient induced consumption and presented the consump-
tion- current gradient curve in Figure 6.
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Figure 6. Normalized hydrogen consumption according to cur-
rent gradient

The mathematical equation of the curve in Figure 6 is ex-
pressed in equation 4.

Hpcg = 0.9334xG 01924 (4)

Here, H stands for normalize hydrogen consumption accord-
ing to current gradient and G is the current gradient.

After determining the normalized consumptions, equation 3 and
equation 4 combined as in equation 5 to form hydrogen consumption.

He = kyx(IyxG)kz (5)

Here, H_stands for hydrogen consumption (L), k, (LA") and k, are
the constants. Ip is the peak value and G is the gradient of the cur-
rent. In equation 5, k, and k, are 0.7755 and 0.0837; respectively.

To validate the results of curve fitting method, we compared the
measured and calculated results as seen in Figure 7. The calculat-
ed results are in a good agreement with measured results.
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Figure 7. Comparison of measured and calculated results
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Because of the peak value and the current gradient are change
with supercapacitors we extracted the peak value and current
gradient changes with supercapacitors. The peak current-su-
percapacitor curve is seen in Figure 8.
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Figure 8. Current peak value change with the supercapacitors

We formulated the supercapacitor induced change in peak cur-
rent as in equation 6, using curve fitting methods.
Ip = 21.52xC~0308 (6)

Here, | Jis the peak current and C is the supercapacitor value.

The current gradient-supercapacitor curve is seen in Figure 9.
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Figure 9. Current gradient change with the supercapacitors

We formulated the supercapacitor induced change in current
gradient as in equation 7, using curve fitting methods.

G = 3.27xC~9775 7)

Here, G is the current gradient and C is the supercapacitor
value.

If equation 6 and 7 put into proposed hydrogen consumption
equation, the supercapacitor effect on hydrogen consumption
can be extracted for hybrid systems.
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Conclusion

In the study, we proposed a new formula for the hydrogen con-
sumption for hybrid systems. We used supercapacitors as aux-
iliary energy source to change the current behavior of the fuel
cell. We performed tests on hydrogen powered vehicle for dif-
ferent supercapacitor values and for each test we extracted dif-
ferent current behavior. Using experimental results, we formed
a new formula in exponential form, including peak current and
current gradient. Seen in normalized hydrogen consumption
curves, using supercapacitors decreases the peak current but
increases the normalized hydrogen consumption. The increas-
ing supercapacitor value decreases both the current gradient
and hydrogen consumption. A new hydrogen consumption
formula for hybrid systems is proposed which includes the
supercapacitor induced peak current and current gradient
changes. This study helps designers to find the best solution for
size and the cost of the powertrain considering the hydrogen
consumption at design stage.
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