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Abstract: Nowadays, fuel cells are becoming a real alternative to power several applications, from
portable electronic devices to cars, buses, or stationary facilities. Usually, a basic analysis of a fuel
cell includes polarization curve test, as this method is excellent to characterize the behavior of a fuel
cell as a whole, because it integrates all the different physical process that happens inside in current
and voltage signals. On the other hand, it does not provide accurate information of these physical
processes as individual. In this research, we relate the results of polarization curve test and EIS
(Electrochemical Impedance Spectroscopy) test through two mathematical expressions. Then, using
equivalent electrical circuit elements to model EIS curves, and applying the developed expressions,
we correlate the EIS and polarization curve results, allowing us to interpret the physical meaning of
these circuit elements and obtain a deeper vision of the internal processes that happen.

Keywords: fuel cell; EIS; polarization curve

1. Introduction

There exists a general acceptance that climate change represents one of the most
serious challenges humanity currently has to face. And according to [1-3] there is a
consensus between the scientific community that climate change driven by global warming
is caused by anthropogenic activities.

To diminish the effects of these activities, and taking into consideration that transport
represents 24% of global CO, emissions from energy [4], and the use of renewable energy
sources implies also the deployment of energy storage solutions capable to address variable
generation profile, the use of clean energy carries, where the hydrogen technologies are
included, should play a central role in the global decarbonization too.

The FLHYSAFE project [5], which provided the experimental results that we use
in this research, is a research project supported by the Fuel Cells and Hydrogen 2 Joint
Undertaking under the European Horizon 2020 framework program for Research and
Innovation (GA No 779576). Its principal goal is to show that a fuel cell based modular
system can substitute a current Ram Air Turbine of a commercial aircraft, improving safety,
capabilities, and reducing costs. Additionally, demonstrating that fuel cell technology
fulfills all mass, volume, and maintenance requirements to be installed into a current
aircraft design.

Then, in order to ease the use of fuel cell technologies in transport means, the creation
of procedures that allow us to know the state of health of the fuel cells and characterize
their performance are becoming mandatory. Currently there are several studies, which
propose different diagnostic tools to study ageing processes and failure causes in fuel
cells [6-9]. However, the necessary equipment to implement these procedures could be
easily embarked in transport means to obtain in-situ measurements, this should not be
complex and expensive and the number of sensors should not be enormous, but the
opposite, they have to be easy to install and robust. Thus, we deduce that they should
basically consist of current, voltage, temperature, humidity, and flow-meter sensors, to
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obtain the energy production of the stack and temperature, humidity, and mass-flow to
characterize the intake gases.

Additionally, if we analyze the fuel cell characterization tests that could fit with the
previous premises of using the defined list of sensors, they do not need big and/or complex
equipment in the way that it can be installed in a vehicle, and they only cause negligible
effects during measurements. We decided to reduce the list to polarization curve test and
Electrochemical Impedance Spectroscopy (EIS) test.

Polarization curve test [10-12] would probably be the most basic fuel cell characteriza-
tion test. This test can be thought of as a non-continuous succession of equilibrium states,
where the fuel cell goes from one state to another varying the working current value. In
other words, it is a semi-stationary test. This test is very useful to synthesize the general
performance of a fuel cell, so it treats the cell as a whole, integrating all the effects and
physical phenomena in a response of voltage and current, from there we can obtain the
general health state of the stack, but from this data it is not easy to deduce what kind of
events are happening inside the stack.

The Electrochemical Impedance Spectroscopy test [13-16] basically consists of apply-
ing an electrical stimulus (a known tiny periodic voltage or current signal) to electrodes
at different frequencies and obtaining a response (a resulting current or voltage). This
response can be transformed into an equivalent electric circuit, in other words, into a combi-
nation of serial-parallel collection of resistances, capacitors, Warburg diffusion elements . . .
where any of these electric components tries to represent any physical process that happens
inside the stack, so this technique allows to obtain a deeper insight of what is happening
in stack than the polarization curve test. EIS is considered to play an important role in
electrochemistry and materials science, and it is expected that this role will be enhanced in
coming years.

Commonly, the polarization curve test is used to study the effects that the operating
conditions and their variations have on the fuel cell performance and in the degradation
processes [17-20] and EIS test are applied to study the evolution of the fuel cell internal
resistance in function of operating conditions, detect hydrogen crossover flow, and assess
the hydric conditions of fuel cells [21-27]. However, another possibility would be to study
the state of health of a fuel cell combining V-I curve and EIS results tests, and through a
parametric analysis of a model obtain extra information about the physical processes that
can cause fuel cell degradation [28,29].

In this article, we present two mathematical expressions that can establish a link
between these two techniques, and we describe how to use them to obtain the internal
information of a fuel cell. Preliminary results of the first equation were presented at the
European Hydrogen Energy Conference 2018 [30], but in this article, we present a new and
more robust mathematical expression that solves some issues of the first equation, this
is simpler but does not present a physical solution at I = 0 A. Previously, we applied the
Polarization Curve and EIS techniques on the short fuel cell stack of FLHYSAFE project to
obtain experimental results that we used to validate the mathematical models.

2. Equipment and Methods Description

This section is divided in two points. In the first one, we describe the used equipment
and test methodology to carry out the tests and the main characteristics of the tested fuel
cell, and in the second point, we derive the two mathematical expressions that allow us to
link the results of the polarization curve and EIS tests.

2.1. Equipment and Test Methodology Descriptions

In this work, we tested the nearest single cell to inlet gases of a short stack, which is
composed of six LT PEM cells with an active area of 170 cm? each cell, and platinum based
catalytic layer.

To obtain the experimental results, we performed a polarization curve test, carrying
out an EIS test at every current step, once the voltage values will be steady. The experiments
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were conducted at constant stoichiometry of 1.5 in anode and 2.0 in cathode and relative
humidity of 50%, the working pressure and temperature 1.3 bara and 65 °C respectively.

To carry out the polarization curve test, we used a fuel cell test bench that basically
consists of the subsystems described in Figure 1.

H2 [MFC }-+{HUM SYST | |—{ DEHUM SYST |—{ PRESS CTRL |—+ EXHAUST
FUEL CELL
STACK
AR [MFC | {HUM SYST || I—{ DEHUM SYST }—{ PRESS CTRL |— EXHAUST
TEMP SYST

Figure 1. Fuel cell test bench subsystems.

Furthermore, the fuel cell test bench control system allows the implementation of the
polarization curve test and enables a fully automated and unattended operation fulfilling all
safety requirements and reproducible test results under the specified test input parameters.
Additionally, the fuel test bench included a Data Acquisition System (DAQ) with a fast
enough logging rate to capture the behavior of the fuel cell at transients.

The EIS tests were carried out using a Solartron SI1287 (Electrochemical Interface)
and a Solartron SI1255 HF (Frequency Response Analyzer) and to control this equipment
we utilized the Zplot software. To analyze the EIS results we used the Zview software.
Zplot and Zview are commercial computer programs that were developed by Scribner to
perform EIS tests.

2.2. Development of Mathematical Expressions

To obtain the former equation that relates the polarization curve and the Electrochemi-
cal Impedance Spectroscopy results, we start from a typical group of EIS curves, left part of
Figure 2, and use the equivalent circuit at right part of Figure 2 to reproduce the fuel cell
performance described by EIS curves.
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Figure 2. (a) Typical group of EIS curves. (b) Equivalent circuit.

Where: Rq, is the ohmic resistance, Ry is charge transfer resistance, and C is the
capacitance. Figure 3 plots a generic curve of Ry in function of current.



Energies 2021, 14, 7161

40f17

Rtc(Q)
Ve

1(A)

Figure 3. Generic curve of charge transfer resistance (Ry.) vs. Current.

Studying Figure 3, we realize that the curve can be represented by a monotonic-
decreasing current function. Then, supposing that the value of Ry is given by a rational
function of current, we propose Equation (1) to fit the Ry, curve prototype of Figure 3.

Ric = (1)

Ib
where: [ is the current; V is a fitting parameter; and b is a non-dimensional fitting parameter
0<b<.

Taking into consideration that the resistance of an electric conductor is described by
Equation (2).

R=pL @

where: p is the electrical resistivity constant; [ is the resistance length; and S is the resistance

cross-section. Now, supposing the current is directly proportional to fuel cell active surface
area, we define it by Equation (3).

S, =8= Smax | 3)
Imax
where: S,y is the total active surface area; S, and S are both the resistance cross-section and
Iinax is the max current of the fuel cell. Additionally, supposing that R;. can be expressed
by Equation (2), and substituting Equation (3) in Equation (2) and clearing the / variable,
we obtain an expression for the resistance length (I,), Equation (4).

Smux 1-b
1=yt T 4
T 4)
Analyzing Equation (4), we realize the length of resistance increases with current, and
if we consider this length could be related to the thickness of the cathode double layer, this
implies the thickness of the cathode double layer should grow with the increase of current.
Furthermore, knowing that Equation (5) provides the charge of a parallel plate capacitor.

C=cpere ©)
[

where: g is the vacuum permittivity; ¢; is the relative permittivity; S is the surface areas
of capacitor plates; and [. is the separation of capacitor plates. Taking into consideration
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that the resistor (R;;) and the capacitor (C) are in parallel, we make the hypothesis that I,
and /,, and S. and S, are related by Equation (6).

S
lr - lcSc - Smax - Sr - Smux - = g (6)

ImHX

Therefore, combining Equations (4)—(6), we obtain an expression that describes the
capacitance behavior with current, Equation (7). This expression implies the capacitance is

zero when I = I;;+.
— e Tnax —_1).P
( €0°€; v ( i 1> I (7)

Additionally, we know that Equation (8) gives the charge of a capacitor.

Q= Vcap'c (8)

where: Q is the charge; Vi, is the voltage; and C is the capacitance. Now, supposing that
the charge of a capacitor should be proportional to its plate area, we can write Equation (9).

Imux

Q=K <Smax - Smaz 'I> )

where: K is a constant of proportionality. Then, combining Equations (7)—(9), we obtain the
Equation (10).
K 'Smux I 1-b

%P Lnax

Veap = (10)
This voltage should correspond to the voltage drop caused by cathode activation
overpotential. In other words, the energy of activation overpotential is used to charge the
capacitor and this voltage loss grows with current.
Additionally, if we perform a dimensional analysis on Equation (10), we obtain that the

expression is dimensionally correct. As the units of parameters and variables are: K(%);
eo (S5 ); ei(dimensionless); p(Q-m); Syax (m?); V (Q~Ah); I(A); Inax (A); and Viap (V).

Finally, supposing that Vi;, corresponds to cathode activation overpotential, we
propose the Equation (11) as candidate to describe a fuel cell polarization curve.

Cte -Ilih

V=V- —rl (11)

Imax

where: V is the voltage of fuel cell; Vj is the Open Circuit Voltage; and Cte = %ﬁl’;‘

Using the Equation (11) to fit polarization curve test results, we get good ré}sults, but
if we analyze the Equation (1), we realize that is not defined at I = 0 A, then to solve this
issue we propose to use Equation (12) to fit the R;. curve prototype of Figure 3 instead of
Equation (1).

R
S IP4d
where: d is a fitting parameter. Then, using Equation (12) and operating as we did to obtain
the First Mathematical Expression, we get the Equation (13).

(12)

th

_ V'Smax- I

I, —
' 0 Imax 1Y +d

(13)
Furthermore, if in this case we define /. as the addition of two magnitudes in order to
avoid C tends to infinite, as [, — 0 when I — 0.

V'Smax' I
P'Imax 1Y +d
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where: [j is the separation of capacitor plates when I = 0; and the other magnitudes are
defined as usual. Then, combining Equations (5), (6), and (14), we obtain a new expression
to capacitance.

Sma (Imux - I)

— o, Imax
C= €0€; V-Smax 1 +l (15)
0 Imax Iv+d 0

Now, solving the equation system (6), (8), and (15), we get a new expression to

capacitor voltage.
Q K'Smax’v I K
Veap = = = l 16
“PTC T egeppIpax IV +d * €€ " (16)

If we analyze Equation (16), we can see Iy is an unknown variable, to obtain an
expression for [y we substitute I = 0 in Equation (15) and clear Iy. After that, replacing Iy
by this expression in Equation (15) and taking into consideration that Qy;ax = K-Syax, we
obtain a new equation for V;;, where all variables and parameters are defined.

K'Smax'v I K'Smax _ K'Smax'v I Qmax
€0°€;" 0 Imax 1" +d Co €0°€;"0 Imax 1" +d Co

Veap = (17)
where: Qyqy is the maximum charge of the capacitor, Cy is the capacitance at I = 0, and
the other magnitudes are defined as usual. Furthermore, if we compare Equations (10) and
(17), we can identify the first addend of the Equation (17) with Equation (10), or in other
words, the first addend would correspond to the cathode activation overpotential, while
the second addend is the values of V;p when I = 0. Then, taking into consideration this,
and operating as we did to derive Equation (11), we obtain a new equation to model a fuel
cell polarization curve, and in this case, the new equation is defined in the whole range of

currents.
Qmax o K’Smax'v I

—r-l 18
CO SO'Si'P'Imux Ib+d ( )

V = VNERNST —

where: Vyggrst is the Nernst equation voltage. Additionally, if we group terms, we will
obtain Equation (19), which is equal to Equation (11) except for the parameter d.

Cte 1

V=V- —— —
O Tnax I" +d

r-I (19)

3. Results

At this point, we apply polarization curve and EIS tests on a single cell of the Short-
Stack of FLHYSAFE project. This cell was located at the extreme of the Short-Stack next to
the entrance of gases. Using the presented methodology we explain in detail how to relate
the results of both tests and extract internal information from the tested cell.

Firstly, we performed a polarization curve test and for each current step we carried
out an EIS test, once the standard deviation of the last 10 voltage measurement was less
than 1%, this is the criteria that we used to establish the fuel cell behavior was steady and
stable. The results of these tests appear in Figure 4.

As can be seen, all EIS curves are represented in in (b) Figure 4, but as the EIS curve
at Open Circuit Value (OCV) is much bigger in comparison to the rest, we zoom the EIS
curves from I = 4 A to I = 52 A. Now, using the Zwiev software we fit each one of the
EIS curves with the Equation (20) in order to extract the ohmic resistance (Rq), and the
charge transfer resistance (Ry), these values are collected in Table 1. The Equation (20) is
the mathematical transposition of the equivalent circuit of Figure 2b.

Ry w-R2.-C

Zr = Ra + - 1
TTP0 T W2 RECT 1+ w2REC2

(20)

where: w = 2.7-f and f is the frequency of EIS stimulus.
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Figure 4. Experimental results: (a) polarization curve; (b) EIS curves.

Table 1. Ohmic resistance (Rq), charge transfer resistance (Ry.), capacitance (C) fitting values of raw
EIS curves. Equation (20).

Current (A) Rqp () R; () C (F)
0 (1.936 + 0.011) x 10~° (5.956 4 0.099) x 107> 65,573 + 1146
1 (1.892 £ 0.003) x 10~° (3.788 + 0.057) x 10~® 48,577 4 1473
4 (1.873 + 0.002) x 10~° (1.146 £ 0.036) x 10~° 43,623 + 3105
14 (1.861 + 0.001) x 10~° (4.096 + 0.110) x 107 35,638 £ 2308
24 (1.853 + 0.001) x 10~ (3.437 £ 0.273) x 1077 17,453 =+ 3336
34 (1.843 £ 0.000) x 107° (3.070 % 0.406) x 107 11,187 =+ 3579
52 (1.854 £ 0.000) x 107> (1.463 4 0.484) x 1077 50,014 + 34,463

Now, individually representing the raw EIS curve value along with its fitting curve for
each current, we get Figure 5. If we analyze Figure 5, we realize the existence of anomalous
points. To discriminate these points, we calculate the distance between the measured and
the fitted values for each point through Equation (21).

dis — ( Zrlneas (1) - Z}itt(i) )2 n ( Z;,neas(i) - Z}itt(i) )2 (21)
) max )

max(zilneus) - min(Z;neas (Z;q/mus) - min(z;;was
where: Z/,,.s(i) is the measured impedance real part of i-point; Zy,,s(i) is the measured
impedance imaginary part of i-point; Z},,, (i) is the fitted impedance real part of i-point;
Zmeas (i) is the fitted impedance imaginary part of i-point; max(Z},.,,) is the maximum
value of the all measured impedances real parts; min(Z},,,,) is the minimum value of the
all real measured impedances parts; max(Z;;eas) is the maximum value of the all measured
impedances imaginary parts; and min (Zy,e.s) is the minimum value of the all measured
impedances imaginary parts.
Now, defining outlier as the point which distance doubles the mean distance, Equa-
tion (22):

1 N
dis >2.— ) dis 22

v L (22)

where: N is the total number points of a EIS curve.
Then removing the outliers of EIS curves, and using the Equation (20) to fit the filtered

EIS curves, we obtain new values for the ohmic resistance (Rn), and the charge transfer
resistance (Rfc). Now, we represent the filtered EIS curves along with their fit curves in
Figure 6.
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Figure 6. Filtered EIS curve along with its fitting curve for each current. Equation (20).
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Additionally, the ohmic resistance (Rp), and the charge transfer resistance (Rtc) values
obtained from fitting the filtered EIS curves are given in Table 2.
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Table 2. Ohmic resistance (Rq), charge transfer resistance (Ry.), and capacitance (C) fitting values of

filter EIS curves. Equation (21).

Current (A)

Rq ()

th ((0))

C(F)

0A (1.936 + 0.011) x 107° (5.956 4 0.099) x 107> 65,573 4 1145.9
1A (1.889 + 0.003) x 10~ (3.809 4 0.035) x 10~° 47,741 + 897.9
4A (1.872 + 0.001) x 107 (1.154 4 0.018) x 107° 43,159 4 1485.3
14 A (1.862 + 0.001) x 10~° (4.012 4+ 0.091) x 107 34,658 + 1792.1
24 A (1.856 + 0.001) x 10~ (3.070 + 0.125) x 1077 25,633 4 2436.5
34 A (1.852 + 0.001) x 10~ (2.337 4 0.094) x 1077 26,003 £ 2466.3
52 A (1.851 £ 0.002) x 107> (1.725 £ 0.142) x 1077 31,094 4+ 5773.0

Comparing Figures 5 and 6, we can appreciate that outlier filtering has improved the
fitting, especially in the curves for high currents. If we analyze which were the anomalous
points, we find the majority of them have a frequency of 100 or 200 Hz, so it is reasonable
to suppose they can be a network harmonic (50 Hz), and therefore they really are a sporous
measurement. On the other hand, the filtering criteria found nine outliers for the EIS
curve at I =0 A, but we considered this was caused because the selected equivalent circuit
of Figure 2b does not properly fit this case. In order to improve the fitting accuracy, we
decided to change the capacitor of equivalent circuit of Figure 2b by a constant phase
element (CPE). The CPE frequently substitutes capacitors to simulate inhomogeneities of
a system as rough and porous surfaces. The Equation (23) describes the behavior of the
equivalent circuit of Figure 2b when the capacitor is replaced by a CPE. The impedance of
a CPE is described by the expression Zcpr = —L __ where: T is the capacitance of CPE

T-(i-w)’’
(F); and p is the non-dimensional exponent of the CPE phase. If p = 1 then Zcpg gives the
impedance of a capacitor.
Ric (14 RecTw? cos(5p)) B
(1+ ReeTw? cos(Zp))? + RET2w?Psen? (Zp)

RZ.TwPsen(Zp)
(17 ReTr cos(§9))" + R Tacitsen?(37)

Z1 =R+ i (23)

Then using the Equation (23) to adjust the filter EIS curves, we obtain the fitting values
of Ohmic resistance (Rq), charge transfer resistance (Ry:), and capacitance (T) and phase
exponent (p), given in Table 3.

Table 3. Ohmic resistance (Rqy), charge transfer resistance (Ry.), and capacitance (T) and phase exponent (p) fitting values of
filter EIS curves. Equation (23).

Current (A) R () Ry (Q) C(P |7
0A (1.900 + 0.004) x 105 (6.899 + 0.057) x 105 60,661 + 353 0.887 + 0.004
1A (1.882 4 0.001) x 107> (4.074 £ 0.031) x 10~° 54,226 + 815 0.910 + 0.007
4A (1.867 % 0.001) x 105 (1.284 4 0.018) x 10~° 61,286 == 2539 0.859 & 0.014
14 A (1.860 & 0.001) x 107> (4.450 £ 0.135) x 107 55,629 £ 6294 0.871 + 0.029
24 A (1.854 £ 0.002) x 1075 (3.658 & 0.243) x 107 57,894 + 13,936 0.807 + 0.056
34 A (1.851 + 0.002) x 1075 (2.520 + 0.163) x 10~7 38,967 £ 10,413 0.909 + 0.059
52 A (1.851 £ 0.002) x 107> (1.690 £ 0.222) x 10~7 27,714 £ 15,532 1.024 £0.119

Now, we plot the filtered EIS curves along with the fit curves, which were obtained
using Equation (23), in Figure 7. If we compare Figures 6 and 7, it is clear that Equation (23)
improves the fitting accuracy.
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Figure 7. Filtered EIS curve along with its fitting curve for each current. Equation (23).

Once we have obtained Ry () for different currents Tables 2 and 3, we are in disposi-
tion to fit the charge transfer resistance using the Equation (1).
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Equivalent circuit with capacitor:
Ric(I) = 3.89876-1076- 17083986 . (orr, 1) = 10% (24)
Equivalent circuit with CPE:
Ric(I) = 4.16959-10 6. 17081909 - (opp 1) = 7% (25)
(errye) is the mean relative error, defined by Equation (26).
ZI\L |xi_mezfssfxi7fitt|
<€1’1’r€l > == : Thmens (26)

N

where X; y¢45s are measured values, and x; Fit are fitting values. To calculate the mean rela-
tive error for Equations (25) and (26) the value of R;. at 0 A was not taken in consideration,
as Equation (1) is not defined for this current.

Now, substituting the values of the charge transfer resistance fitted parameters in
Equation (11) and adjusting this expression to polarization curve of Figure 4a, we obtain
the following fitted Equations (27) and (28).

Equivalent circuit with capacitor:

V(I) = 1.07082 — 0.17289-1%1601% _1.87.107°-1 ; (err,o) = 0.5% 27)
Equivalent circuit with CPE:
V(I) = 1.04807 — 0.14890-1%18%% — 1.87.107°-1 ; (err,e;) = 1.0% (28)

To better appreciate the fitting accuracy, we represent together the polarization curve
of Figure 4a and the fitting curves of Equations (27) and (28) in Figure 8.

1.2 1.2

1.0 1.0
S o8 k‘“* o - . — So08 e o . -
Q 5 -
206 ® 0.6
S04 S04

0.2 0.2

0.0 0.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Current density (A/cm2) Current density (A/cm2)
—e—measurement - — —equation (27) —e— measurement - — —equation (28)
(a) (b)

Figure 8. Measured polarization curve and its fitting curves: (a) fitting curve of Equation (27), (b) fitting curve of Equation (28).

If we analyze Figure 8, we can see the fitting curves match well with the experimental
results. Furthermore, we can observe that the ohmic resistance values of Equations (27)
and (28) agree with the Ry (Q2) values of Tables 2 and 3, and the OCV results have physical
meaning. In other words, the fitting values of Ry (2) and OCV are apparently more than
fitting parameters and they have physical sense.

On the other hand, if we use Equation (11) without any restrictions to fit the polariza-
tion curve of Figure 4a, we can obtain a solution, but in this case the fitting parameters do
not have physical meaning, Equation (29).

V(I) = —479.22926 + 480.11795.1 59958910 _ 5 6638.1074.1 ; (err,y) = 0.3%  (29)
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Now, repeating the previous process, but using Equation (12) to fit the charge transfer
resistance of Tables 2 and 3, we obtain the following expressions.
Equivalent circuit with capacitor:

4.05848-10°- .
Ric(I) = 1086405 1 ().06814 ; (ertrer) = 9% (30)
Equivalent circuit with CPE:
4.32066-10°-
Ree(I) ; (errrer) = 8% (31)

~ 7084039 1 0.06263

Then, using the R, parameterization, and fitting the polarization curve of Figure 4a
with Equation (18), we get two expressions for fuel cell voltage.
Equivalent circuit with capacitor:

V(I) = 1.03676 — 0.16459- —1.87-107°-1 (erryy) = 0.6%  (32)

10-86405 1 0.06814
Equivalent circuit with CPE:

I
[084039 1 0,06263

V(I) = 1.02569 — 0.14626- —1.87-107°-1 (err,y) =03%  (33)

Carrying on as before, we plot together the polarization curve of Figure 4a and the
fitting curves of Equations (32) and (33) in Figure 9.

1.2
. . % S o8 o - —

&

ke 0.6

204
0.2
0.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Current density (A/cm2) Current density (A/cm2)
—e— measurement = —= —equation (32) —e— measurement = —= —equation (33)
(a) (b)

Figure 9. Measured polarization curve and its fitting curves: (a) fitting curve of Equation (31); (b) fitting curve of Equation (32).

Now, assessing the fitting accuracy of Equations (11) and (18) to adjust a polarization
curve of a fuel cell, we can see that both of them match well, and none of them does
significantly better than the other. However, Equation (18) is defined in all ranges of
current and provides extra information.

Then, the results of the equivalent circuit with CPE are selected arbitrarily, as repetition
of the analysis process with the results of the equivalent circuit with capacitor does not
provide any extra information. We can see that Equation (18) predicts the existence of
a kind of current value when the load demand is zero. The parameter d can be written
as d = 1,°%0%, then clearing Iy we obtain, Iy = 0.037 A. The experimental equipment
measured 0.05 A when there was no power demand.

4. Discussion

In this article, we present a new methodology that allows us to relate the results of
polarization curve tests with the EIS tests. Each test provides different information of the



Energies 2021, 14, 7161

14 of 17

same reality, so it is expected that the correct combination of them could provide a more
complete vision of the physical phenomena that occurs inside the fuel cell.

This methodology is based on Equation (11) or Equation (18), the second one is an
evolution of the first. Once they have been partially parametrized using the EIS results, they
fit well with the experimental results of polarization curve tests, and the fitting parameters
have physical meaning. Conversely, when the selected equation does not have restrictions,
we can obtain a good fitting curve too, but in this case, the fitting parameter has no physical
meaning. Therefore the hypothesis that we established to derive the equations could be
correct, and they can capture the physical processes that happen inside the fuel cell. If this
is right, we have developed a model that pretends to describe the dynamic of the double
layer, establishing a link between the elements of Figure 4b. In other words, the variations
of the resistance affects the capacitance and vice versa.

According to this model, Equation (6) describes the coupling laws between capacitor
and resistor, if Equation (11) is selected to describe the fuel cell voltage dependence with
current. If not, the relation between the length of resistance and the distance of capacitor
parallel plates is defined by Equation (14). In any case, these coupling laws say that the
variations of lengths are equal Al, = Al and the variations of surface areas are the opposite
AS; = —AS..

Now, taking into consideration Equation (4), the lengths are related to the thickness of
the double layer, the model says this grows with current.

Concerning surface areas, we know that Equations (1) and (12) are rational functions
and both indicate the resistance decreases with current but I, increases—this implies that
active surface area or in other words the resistance surface area S, grows fast enough to
compensate the /, increase. This could point out that total charge transfer resistance is the
sum of parallel resistances of the ionic current paths that go through the double layer, and
the number grows with the increase of current. This is expressed by Equations (34) and (35):

1 1 1  RyR3--Ry+Ry'R3"Ry+---+Ri"Rp"Ry 1

+R7_+ +Rn Rt Ri-Rp---Ry 54)
where: Rt is the total charge transfer resistance, and R; is the resistance of i-th ionic
current path. Now, considering that Ry = Ry = - - - = R, without loss of generality, we

obtain a rational function for total charge transfer resistance that decreases with current:

1 .R"1 R
7:1’[ —>RT=f—>RT:i
n n(I)

Rt R"

Additionally, the model expresses that the double layer surface should be equal
to Syax = Sy + Sc and Sy, is constant, so if S, increases with current, this means that
S¢ decreases. Then, taking into consideration this, and that [, grows with current, we
obtain that capacitance should decrease with current, as it usually does according to the
experimental results of Tables 2 and 3, but not always. The discrepancy between results
and this conclusion must be studied in detail, to determine its causes.

On the other hand, it is necessary to note the novelty of the research, and that it was
not supported by a large number of results. Nowadays, this methodology has been applied
in nine cases, obtaining positive results in all cases. We continue checking the methodology
and improving the models.

(35)

5. Conclusions

In this section, we pretend to summarize the most important findings. Basically, in
this research, we have obtained two prototypes of Equations (11) and (18), that can describe
the behavior of an experimental polarization curve with a mean relative error inferior to
1%, and when the parameter b is obtained from using one of the previously described
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methodologies, the values of other fitting parameters have physical meaning, allowing us
to write:

Vo = VNERsT — Co (36)

where Vj is the Open Circuit Voltage, Vgrst is the Nernst Voltage and C is the capacitance
at I = 0 A. Equation (36) implies the loss of voltage at I = 0 A is mainly caused by the
formation of the double layer in cathode interface region and provides an easy way to
quantify the charge of the double layer when the load is zero.

Additionally, Equation (18) provides an expression for the cathode overpotential 7.4,
too, Equation (37).

K-SmaxV 1

£0-€; 0 Liax 1Y +d

Equation (37) shows the cathode overpotential presents dependence with the permit-
tivity and the resistivity of the cathode interface, and this expression can be used to obtain
how the variation of the permittivity and the resistivity affects the cathode overpotential,
and maybe this could be used to improve fuel cell technology.

Neath = (37)
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Abbreviations

EU European Union

FLHYSAFE Fuel celL HYdrogen System for AircraFt Emergency
EIS Electrochemical Impedance Spectroscopy

MEFC Mass Flow Controller

HUM SYST Humidification System

DEHUM SYST  Dehumidification System

PRESS CTRL Pressure Control System

TEMP SYST Working Temperature Control System

ELOAD Electric Load

DAQ Data Acquisition System

Ryc Charge transfer resistance (Q2)
I Current (A)

1% Fitting parameter (QA”)

b Fitting parameter (0 < b < 1).
0 Electrical resistivity ((0m)

Sy Resistance cross-section (m?)
Iy Resistance length (m)

Simax Total active surface area (mz)
Lnax Maximum current of fuel cell (A)

€0 Vacuum permittivity (Fm~1)
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€ Relative permittivity

S¢ Surface area of capacitor plates (m?)
I Separation of capacitor plates (m)

Q Charge of capacitor (C)

C Capacitance (F)

Veap Voltage of capacitor (V)

K Constant of proportionality (Asm~2)
v Fuel cell voltage (V)

Vo Open Circuit Voltage (V)

d Fitting parameter (AP)

lo Separation of capacitor plates at I =0 A (m)
Co Capacitance atI =0 A (F)

VNERST Nernst equation voltage (V)

Yeath Cathode overpotential (V)
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