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H I G H L I G H T S  

• PtOx formation and membrane dry out can be prevented by a minimum current, to produce enough water and avoid OCV. 
• A start up after soaking the stack in water showed severe flooding issues but afterwards an improvement is seen. 
• The reconditioning procedure provided by air starvation of 100 s helps to provide 6,2% more el. energy. 
• Post-processing algorithm filters noisy EIS data and thus improves the stationary accuracy of the resulting model.  
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A B S T R A C T   

The Air-cooled and open cathode proton exchange fuel cell (PEMFC) offers particular advantages in terms of 
complexity and weight reduction. Therefore, it seems very attractive to support the aviation industry in their 
de‑carbonisation process. Major challenges in terms of operational stability and reliability hinders this tech
nology to be used in commercial applications. 

Therefore, this study thoroughly examines the conditioning and optimization of open cathode PEMFC stacks, 
drawing insights from experimental findings. Key areas of focus include the enduring impact of pre- 
humidification, the quantification of efficiency enhancements through reconditioning via oxygen starvation, 
and the refinement of Electrochemical Impedance Spectroscopy (EIS) data analysis under non-stationary 
conditions. 

The pre-humidification enhances stack performance by improving cell voltages from 40.09 V to 41.37 V at 30 
A, increasing membrane humidity and improving efficiency. Furthermore, the residual water in the stack also 
functions as evaporative cooling and can assist in limiting the operating temperature of the stack during system 
start up. However, it is demonstrated that excessive soaking with water leads to severe flooding phenomena at 
the beginning of operation. 

A reconditioning period of 100 s through oxygen starvation induces a notable increase in stack voltage, from 
41.37 V to 47.79 V at 35 A, which decreases to 43.56 V after 10 min of operation. This corresponds to an average 
increase in electric energy provision of about 6.2% at constant hydrogen consumption, attributed to PtOx 
reduction and increased water production. 

Despite limitations outside the medium frequency range (approximately 10 Hz – 15 kHz) for non-stationary 
conditions, EIS aids in understanding of the stack behaviour and supports the interpretation of current and 
voltage results. A novel evaluation method enables the quantitative description of the condition using EIS data. 
This data reveals a considerable drop (on average about 21,5% for the 10 A point and about 27,4% for the 30 A 
point) in charge transfer resistances of the fuel cell from initial operation to measurements after overnight 
soaking and the first series of oxygen starvation recovery.   
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1. Introduction 

The operation of a fuel cell is a complex process that combines the 
electrochemical reaction with mass transport, energy conversion, mo
mentum and charge transport [1,2]. The PEMFC is supplied with 
hydrogen on the anode side and oxygen from the air on the cathode side. 
The reaction products are water, electrical and thermal energy. Products 
and reactants are transported in and out of the fuel cell via channels in 
the bipolar plate [3]. The generated heat is mainly transported via the 
coolant through the coolant channels in the bipolar plates. The used 
coolant can be liquid or gaseous. Water or water-glycol mixtures are 
generally used as the liquid medium and ambient air is generally used as 
the gaseous medium. The air-cooled and open cathode PEMFC offers 
particular advantages in terms of complexity and weight when the 
cooling and cathode channels are combined, in comparison to conven
tional liquid-cooled PEMFCs and seems therefore very attractive to 
support the aviation industry in their de‑carbonisation process [4]. 

To accelerate the de‑carbonisation, it is necessary to fulfil the re
quirements for high power densities while maintaining high efficiency 
and durability. A simple way to improve toward the performance goals 
is to operate the fuel cell at its maximum allowable temperature. An 
increased operating temperature leads to an improved power output due 
to faster reaction kinetics and decreasing ohmic losses in the membrane, 
thus increasing the performance [5–7]. On the other hand, the operating 
temperature affects the maximum theoretical voltage at which a fuel cell 
can operate. A higher temperature corresponds to a lower theoretical 
maximum voltage and lower theoretical efficiency. In addition, the 
temperature also has a major influence on the water management of the 
fuel cell. The ionic conductivity of the membrane, a crucial factor for the 
efficiency of the fuel cell, is mainly influenced by its humidity. Conse
quently, the temperature indirectly affects the efficiency and possible 
performance of the fuel cell by facilitating increased water absorption at 
elevated temperatures [8–11]. 

Many studies are available on analytical and numerical modelling 
[12–25] of PEMFCs and several researchers have concentrated on the 
area of thermal modelling as well as thermal and water management 
[26–39] Chupin et al. presented in [29] a one-dimensional model and Yu 
and Jung [32] developed a two-dimensional numerical thermal model of 
a water-cooled PEMFC. Yu’s and Jung’s heat transfer sub-model 
included the conductive heat transfer inside the MEA and convective 
heat rejection from MEA to cooling water flow and gases. In [40] 
Ondrejička et al. explore the limits of using air cooling for PEMFC stacks. 
They presented a numerical thermal model in order to analyse the heat 
transfer and predict the temperature distribution in air-cooled PEMFCs. 

Studies on open cathode stacks are primarily concerned with oper
ational stability under varying environmental and operational condi
tions, as well as active and passive measures to improve it [41–49]. Yu 
et al. describe in [41,42] the sensibility of the stack performance when 
the anode end cell performs as the weakest cell. To mitigate this sensi
bility, they described the use of endplate heaters [41] and copper end
plates with carbon paper [42], which leads to a more uniform 
temperatures and stress distribution. 

Another barrier is the susceptibility to contaminants due to the open 
design of an air-cooled open cathode fuel cell system. Contaminants very 
often cause reversible performance losses and can be removed by special 
operation strategies. For example, specific cell potentials, such as low 
cathode potentials and high anode potentials, can be applied to recover 
from contamination-related degradation mechanisms [11]. Further
more, test procedures have been developed to evaluate the effect of 
reversible and irreversible performance degradation on the fuel cell 
behaviour during operation [50–52]. In [51] Gazdzicki et al. used 
defined test blocks under specific load cycles and recovery phases to 
recover the reversible performance loss and separate that effect from 
irreversible losses. In [53] Zago et al. analysed and described a perfor
mance loss mechanism due to PtOx formation. Several studies demon
strated that an operation under low potentials, caused by H2/N2 

conditioning or high currents, causes a PtOx reduction [54–57]. Balogun 
et al. demonstrated in [57], that cathode starvation leads to an accel
erated conditioning procedure for PEMFCs. In comparison to protocols 
proposed by the US Department of Energy (DOE) and European Union 
(EU) and to an amperometric conditioning protocol, this protocol 
reached the target power 10 times faster and with a lower degradation 
rate during cycling experiments. 

The aim of this study is to clarify whether used and degraded air- 
cooled open cathode stacks are irreversibly or reversibly degraded and 
to demonstrate that stacks, previously thought irreversibly damaged can 
be recovered by special procedures. 

2. Experimental 

The scientific issues to be clarified with the help of experimental 
investigations of this work can be divided into three main topics. 

2.1. Pre-humidification of the stack 

The maximum performance of a fuel cell stack is strongly influenced 
by the ohmic losses that occur in the membranes. These in turn can be 
influenced during operation by internal and external humidification. 
Soaking the stack in water the day before the experiments, is expected to 
reduce the ohmic resistance to a minimum. The effect of this method on 
the operatinoal behaviour of the stack is determined. 

2.2. Reconditioning of the stack by air starvation 

In order to minimise reversible efficiency losses caused by PtOx 
formation, the stack is operated under air starving conditions (λ≪1). An 
oxide-free platinum surface is expected to achieve better performance 
results. The performance gain and duration to recover the PtOx forma
tion are quantified. 

2.3. EIS - Measurements for non-stationary conditions 

To assess the impact of the mentioned conditioning methods on the 
electrochemical processes within the fuel cell stack, a series of Electro
chemical Impedance Spectroscopy (EIS)-measurements is conducted. 
Given the challenges associated with maintaining a consistent stationary 
operation to get reliable results from the EIS-measurements, a novel 
method is presented, which enables automated identification and tar
geted exclusion of unreliable data points from the subsequent analysis. 
This allows meaningful analysis of EIS data obtained under nonideal 
conditions in a short time frame. 

2.4. Experimental setup 

For the experimental investigations, an AC64 – Open-Cathode-Stack 
from Intelligent Energy with a gross power output of 2 kW, consisting of 
72 single cells, each with a nominal electrode area of ~60 cm2, was 
used. The metallic bipolar plates with a thickness of 0.1 mm have a 
straight flow field design on the cathode. The structure of the open 
cathode consists of alternating channels for cathode and cooling chan
nels. The schematic drawing of the experimental setup is depicted in 
Fig. 1. 

The gas supply of pressurized hydrogen is regulated by a manual 
pressure regulator valve (PRV) at the inlet of the anode side of the stack, 
which is set to 700 mbar relative to the environment. It should be noted 
that 700 mbar corresponds to the maximum fuel supply pressure ac
cording to the datasheet [58]. To recirculate unused hydrogen and hu
midity to the stack, a 24 V diaphragm pump is used. Another benefit of 
using this pump is a more homogeneous media and temperature distri
bution at the anode side in comparison to a setup without such a pump. 
As diffused nitrogen and water from the cathode side needs to be 
released, a purge valve is implemented at the anode exhaust line of the 
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stack and opens every 30 s. To avoid pressure surges on the Membrane 
Electrode Assemblies (MEAs), due to the comparatively large pressure 
difference of the anode system to the environment, the purge valve is 
controlled by Pulse Width Modulation (PWM). This allows a moderate 
rate of pressure increase and decrease during the purge process 
compared to a solenoid valve, which is often used for liquid-cooled 
stacks. 

The cathodic air supply and cooling are realized with an axial fan 
(San Ace 120) located at the cathode outlet of the stack. Environmental 
air is sucked through the stack, thereby a more even flow and temper
ature distribution across the stack can be achieved. 

The speed of the fan is set proportional to the required volume flow 
rate. Since the volume flow of air required for cooling the stack is higher 
than the volume flow required for oxygen supply, a measurement of the 
exhaust gas temperature is used to control the fan speed. The tempera
tures of the cathode are measured at the cathode in- and outlet of the 
stack. For the experimental test regarding pre-humidification, an addi
tional IR-camera (FLIR A655SC) was used. 

To control the electric power output of the stack, a thermal DC-load 
(H&H PLI 6412) is used, which allows potentiostatic and galvanostatic 
operation of the stack. Additionally, a frequency response analyser is 
used, which is further described in Section 2.4. 

2.5. Pre-humidification of the stack 

After system start up, the stack is operated for 30 min at a current of 
10 A and afterwards at 30 A without previous knowledge about the state 
of the stack. During this start up procedure, three EIS-measurements are 
carried out at each of the two current levels. Subsequently, the load is 
released to 3 A and held for 3 min, followed by load steps of 10 A, 20 A, 
30 A and 40 A for the same duration. After a reconditioning procedure 
according to Section 2.3, the same load steps were measured again in 
ascending and descending order to obtain a VI-Curve as reference. After 
the system shut-down, the stack is removed from the test-rig. Pre-hu
midification of the stack is achieved by pouring approximately 1 l of 
demineralized water evenly to the cathode of the stack. The stack is then 
placed in a sealed container for at least 12 h. The pre-humidified stack is 
placed in the test bench again and an IR-Camera is measuring the tem
perature distribution of the cathode inlet during system start up. During 
start up, the current is stepwise increased up to 35 A. 

2.6. Reconditioning by oxygen starvation 

To recover reversible voltage losses due to PtOx formation at the 
cathodic catalyst layer, first the system is started and a current of 5 A is 
set, avoiding OCV. Then, the cathode fan is switched off, which will 
result in a voltage drop due to oxygen starvation. 5 s after the stack 
voltage reaches 0 V, the current is set to 0 A to stop the oxygen 

consumption of the stack. As soon as OCV is reached again, the pro
cedure is repeated two times more. Subsequently, the fan is started again 
to bring the stack back into operation. To determine the influence of this 
procedure, it is performed directly after system start and after operation 
for an extended period under load in a second experiment. 

2.7. Electrochemical impedance spectroscopy - measurements 

In order to identify the effect of the mentioned recovery methods on 
the electrochemical processes within the fuel cell stack, a number of EIS- 
measurements are performed. A Zahner IM6 system is used in 
conjunction with the H&H electric load. The Zahner system is used to 
add a DC current of 1 A and an AC modulation of 96 mA in sinusoidal 
form. The investigated frequency ranges from 50 kHz down to 250 mHz, 
comparable to EIS-measurements on PEMFC in other publications 
[59–61]. Using this setup, the first measurements at a current of 10 A 
and 30 A for the dry and non-conditioned state were performed. The 
second series of EIS-measurements includes current steps of 3 A, 10 A, 
20 A and 30 A after humidification and reconditioning of the stack. 

At the upper end of the frequency spectrum the data is expected to 
exhibit poor quality, due to unavoidable parasitic influences of the 
measurement setup, at the lower frequency end, the data is expected to 
become unreliable, due to the non-stationary operation of the open 
cathode stack. As the anode supplies using regular purging, as well as the 
system cooling, featuring a rather simplistic control algorithm, the sys
tem is unable to reach a truly stationary operating state. 

The measured data will be analysed using a modified version of the 
PyEIS python toolbox. The first step is the linear Kramers-Kronig test 
proposed by Boukamp et al. [62], which is implemented with an auto
mated selection of the required number of RC-elements proposed by 
Schönleber et al. [63]. The measured impedance is fitted with an ohmic 
resistor (Rohm) and N RC-elements in Voigt configuration, resulting in the 
following equation giving the impedance (Z): 

Z = Rohm +
∑N

k=2

Rk

1 + jωτk
. (1) 

Rk is the real resistance of the kth RC element and τk the respective 
relaxation time. The relative residuals are defined in [62] as: 

ΔZ′ =
Z′ − Z′(ω)
|Z(ω) |

,ΔZ′′ =
Z′′ − Z′′(ω)

|Z(ω) |
(2) 

For a more detailed description of the process the reader is referred 
to [62,63]. While the relative residuals can indicate questionable data, 
they are not suitable as a judging criterion to exclude bad data points 
from the further analysis, since the model used to calculate the relative 
residuals might be heavily influenced by the respective data. An ideal 
impedance spectrum will not contain drastic changes in magnitude and 
phase of the impedance over the frequency range. Therefore, a new 

Fig. 1. A schematic description of the test setup is shown. The test station has a hydrogen and air supply, with the air supplied being used for reaction and cooling. 
The current is regulated via an electric DC-load, if necessary, a potentiostat can also be switched on for EIS-measurements. 
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algorithm is proposed to evaluate the measurement data and eliminate 
excessively noisy data using four judging variables: 

ΔZi =

⃒
⃒
⃒
⃒
⃒
⃒
⃒

|Zi− 1 |− |Zi+1 |
2 − |Zi|

|Zi|

⃒
⃒
⃒
⃒
⃒
⃒
⃒

> Δcont,Δϕi =

⃒
⃒
⃒
⃒
⃒
⃒
⃒

|ϕi− 1 |− |ϕi+1 |

2 − |ϕi|

|ϕi|
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⃒
⃒
⃒
⃒
⃒
⃒

> Δcont (3)  

Δϕii0 =

⃒
⃒
⃒
⃒1 −

⃒
⃒
⃒
⃒
ϕi0

ϕi

⃒
⃒
⃒
⃒

⃒
⃒
⃒
⃒ > Δgrad,Δϕii1 =

⃒
⃒
⃒
⃒1 −

⃒
⃒
⃒
⃒
ϕi1

ϕi

⃒
⃒
⃒
⃒

⃒
⃒
⃒
⃒ > Δgrad. (4) 

Going through the measured data points, i, at all frequencies the 
algorithm checks whether any of the conditions in Eqs. (3) and (4) are 
true. In the event one or more of the conditions are true, the data point 
for that respective frequency is disregarded for the following analysis. 
Furthermore, the data points with the highest and lowest frequency will 
be disregarded, since there is no data with a higher or lower frequency to 
compare them to, to evaluate Eq. (3). Eq. (3) ensures, that the spectrum 
is sufficiently continuous, while eq. (4) prevents excessive gradients, 
which are also not expected. The parameters will need to be adapted, in 
order to find a trade-off between the accuracy of the data and the lim
itation of the range of investigation. 

3. Results 

3.1. Stack operation 

The electric parameters of the stack as well as the in- and outlet 
temperature and outlet humidity during the initial measurement of the 

dry and non-conditioned state of the stack are depicted in Fig. 2. The two 
load steps, each with three conducted EIS-measurements are indicated. 
The added DC current of 1 A during the measurement with the AC 
modulation of 96 mA by the EIS load is not displayed in the figure. Thus, 
the actual current and power during the EIS-measurements were slightly 
higher. However, the measured voltage accurately indicates the stack 
response to the total DC current and AC modulation. Therefore, the 
voltage dips indicate when the EIS-measurements took place. 

After system start up, the outlet temperature of the stack increases 
due to dissipation of the thermal reaction power. In addition, a slight 
increase in the humidity of the cathode outlet can be observed. After 
increasing the current from 10 A to 30 A, a further increase in temper
ature and humidity can be seen. However, the measured humidity 
subsequently continues to decrease so that a steady state condition is not 
present even after 30 min of operation. During this period, a continuous 
increase in the recorded stack voltage was observed, starting at 40.11 V 
just before the first EIS-measurement at 30 A, reaching 40.47 V 130 s 
after the third EIS-measurement. 

The subsequent load reduction immediately leads to a decrease in the 
exhaust gas temperature and humidity. Additionally, the subsequent 
step-wise current increase reveals the proportional relation between the 
amount of product water and heat generated to the current and the 
outlet humidity of the stack. 

The reconditioning procedure according to Section 2.3 was per
formed two times afterwards. The corresponding measurement results 
are shown in Fig. 3. 

The OCV displays a gradual increase after the first three phases of 

Fig. 2. Relevant operating parameter of fuel cell stack during initial operation of dry and non-conditioned stack including impedance measurements at 10 and 30 A 
and a subsequent recording of a VI-curve. 
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Fig. 3. Relevant operating parameter of fuel cell stack during two reconditioning phases of the stack by oxygen starvation, each followed by operation under load.  

Fig. 4. Relevant operating parameter of pre-humidified fuel cell stack after overnight soaking including two reconditioning phases prior to and after the impedance 
measurement series at 3, 10, 20 and 30 A. 

F. Becker et al.                                                                                                                                                                                                                                  



Applied Energy 363 (2024) 123048

6

starvation: 67.13 V, 67.37 V, and 69.15 V. Subsequent to the first 
reconditioning phase, the current was increased to 40 A. Here a 
maximum voltage of 41.82 V was achieved. Then, the stack voltages 
continuously decreased, while the temperature and humidity at the 
cathode outlet of the stack continuously increased. The repetition of the 
reconditioning phase resulted in a maximum voltage peak of 43.52 V at 
40 A. The subsequent increase in current to 45 A resulted in a maximum 
voltage of 41.03 V, which dropped continuously to 39.09 V during the 
holding period of 30 s. 

It has to be mentioned, that the measured outlet temperature of the 
stack during the reconditioning phases cannot be trusted as the cathode 
fan was shut off during this time. Consequently, no forced convection of 
the cathode gas took place. 

After this measurement, a second VI-curve was obtained, with each 
data point corresponding to a current step held for 180 s, serving as 
reference points for the further analysis. 

The measurement results of the pre-humidified stack after overnight 
soaking are depicted in Fig. 4. Compared to the previous measurements, 
a higher OCV of 70.81 V was initially achieved. However, the following 
increase in current led to significant voltage drops, which recovered 
only gradually and exceeded those observed under typical operation 
conditions. 

The observed phenomenon wherein the outlet temperature results in 
a lower value compared to the inlet temperature of the stack at the 
beginning of system operation can be attributed to the evaporation 
enthalpy of the additional water in the stack due to pre-humidification. 
However, this effect is not sustainable. After 280 s of operation, the 
outlet temperature was equal to the inlet temperature. During this time, 
an electrical energy of 17.7 Wh was provided by the stack. 

At a current of 35 A an increased cell voltage fluctuation can be 
observed. This is related to the anode-side purge, whose influence on the 
cell voltage increases with higher current density and correspondingly 
higher hydrogen consumption changing the anode pressure. The 
average stack voltage before the first reconditioning phase of the mea
surement equals 43.20 V. Afterwards, a peak stack voltage of 48.23 V 
was measured, which continuously decreased to 44.05 V after 172 s. 

In Fig. 4 the EIS-measurements at the different load steps are indi
cated as well. The measured relative humidity at the cathode outlet stays 
constant in this time except for marginal changes during the load 
changes. Furthermore, a continuous decrease of cell voltage occurs 
especially at the first current step of 3 A. 

Before the final reconditioning phase of the measurement a stack 
voltage of 41.85 V was measured at 35 A. After the reconditioning phase, 
47.79 V was achieved, which continuously decreased to 43.56 V after 
600 s. 

3.2. EIS measurements 

Using a modifiedPyEIS Python toolbox [64], the measurement data 
has been plotted and analysed. As can be seen in Fig. 4, the EIS mea
surements at 3 A were all conducted under non-stationary conditions, as 
evidenced by the drop of the voltage from the first to the last mea
surement. These measurements will, therefore, be used to test different 
values for Δcont and Δgrad. The relative Kramers-Kronig residuals for the 
third EIS measurement at 3 A are shown in Fig. 5 (further points in 
Appendix A 1) for the raw data and three combinations of parameters for 
Δcont and Δgrad (5/12.5; 10/25; 20/50%). The relative residuals (Eq. 2) of 
the measurements result from a fit with Eq. (1) using the process 
described in [62,63]. 

In Fig. 5, the magnitude of the residuals indicates unreliable data, 
which does not conform to the Kramers-Kronig relations. This was ex
pected, as discussed above, so now in the further process, special care 
needs to be taken in order to ensure only valid conclusions are drawn 
from the data. Comparing Fig. 5 (a) and (b) shows a significant reduction 
of the residuals with any of the proposed parameters, however, the best 
results are achieved using the combination 10/25%, which will be used 
in the following further analysis. Fig. 6 shows the Nyquist plot of the 
processed data of all measurements at 3 A, Fig. 6 (b) in particular vi
sualises the high frequency region, where the membrane resistance is 
the dominating. 

Eventhough the data in Fig. 6 (b) does not show the actual crossing of 
the impedance spectrum with the real axis of the Nyquist plot, it clearly 
shows how the data tends toward a new impedance value with every 
subsequent measurement after the recovery procedures. 

Fig. 7 (a) shows a Nyquist plot of the raw measurement data over the 
entire frequency range for the impedance measurements at 10 A prior to 
the overnight soaking. Fig. 7 (b) shows the Bode plot of both impedance 
magnitude |Z| and phase angel ϕ over the entire measured range and 
Fig. 7 (d) and (e) show the respective data for the measurements on the 
next day after the soaking. Especially in this second set of plots a lot of 
instability can be observed, especially for the high and low frequency 
regions of the measured data. Comparing Fig. 7 (a) and (d), already 
shows the reduced impedance of the stack due to the recovery proced
ure. Fig. 7 (e) and (f) show the relative residuals (Eq. 2) of the first 
measurements resulting from a fit with Eq. (1) using the process 
described in [62,63]. In both cases, the magnitude of the residuals in
dicates bad data, which does not conform to the Kramers-Kronig re
lations and is therefore not reliable. This was expected, as discussed 
above, so now in the further process, special care needs to be taken in 
order to ensure only valid conclusions are drawn from the data. 

Fig. 8 visualises the effect the proposed algorithm has on the quality 
of the subsequently performed fit. All experimental data sets are fitted 

Fig. 5. (a) Residuals of the real part, ΔZ′ (○), and the imaginary part, ΔZ′′ (◊), from the linear Kramers-Kronig test of the raw data at 3 A current after the overnight 
soaking of the stack; (b) Kramers-Kronig residuals of the processed data using 5/12.5% (red), 10/25% (grey) and 20/50% (yellow) for Δcont/Δgrad. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. (a) Nyquist plot of the processed data of all four EIS measurements at 3 A, (b) high frequency part of the Nyquist plot.  

Fig. 7. (a) Nyquist plot of the raw experimental data, (b) Bode plot of magnitude, |Z| (○), and phase angle. Φ (◊) from exp. 1 and (c) residuals of the real part, ΔZ′ (○), 
and the imaginary part, ΔZ′′ (◊), from the linear Kramers-Kronig test data for 10 A current prior to the overnight soaking of the stack; (d), (e) and (f) show the 
respective plots after overnight soaking. 
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with a complex nonlinear least square (CNLS) algorithm to estimate the 
optimal parameters for a Voigt configuration R-RQ-RQ equivalent cir
cuit. In Fig. 8 noisy data points, which were identified through the 
criteria given in Eqs. (3) and (4) are highlighted. Then the original fit 
using all measured data points and the optimised fit, without the high
lighted measurements are displayed in the Bode plots for the previously 
discussed measurements (further plots in Appendix A 1). 

It is both visually, from Fig. 8, and numerically, from Table 1, 
apparent, that the quality of the fit is improved through the elimination 
of excessively noisy data from the source data. In most cases the fit is 
improved by four orders of magnitude, the minimal improvement is for 
three orders of magnitude, which is still quite significant. R1 and R2 
represent the ohmic losses, which can be associated with the different 
processes in the electrodes of the fuel cell. The larger of the two, R1, 

decreases on average by 21.5 and 11.7% at 10 and 30 A respectively, due 
to the reconditioning procedures. For the smaller resistance R2, the 
reduction at 10 A is even more significant, with 50.7% (average), 
however, at 30 A, this parameter is actually increased by 36.1% 
(average). Further, the value of R1 at 10 A increases with each mea
surement after the overnight soaking (Table 1), a similar trend can be 
seen for the previous measurements at 3 A (Table A2.1). 

Apart from the improvement of the fitting, the algorithm also iden
tifies the data points, which represent reliable measurements and, 
therefore, allow analysis of the stacks performance. The minimum of the 
stacks impedance in the frequency range between 500 Hz and 10 kHz is 
more or less equal to the membrane resistance, which is the fitting 
parameter Rs. Table 2 presents the absolute and relative changes of the 
membrane resistance in the measurement and fitting due to the 

Fig. 8. Bode plot of the measured and processed data as well as the respective fits, highlighted data points were excluded from the optimised fits, solid lines represent 
the magnitude, |Z|, and dotted the phase angle, Φ. (a) measurement at 10 A and (b) at 30 A prior to overnight soaking, (c) 10 A and (d) 30 A after the soaking. 

Table 1 
Values of the fitted parameters of the equivalent circuit calculated with a complex nonlinear least square algorithm and the calculated χ2-value as a measure of the 
goodness of the respective fit.  

Fit Rs [Ω] R1 [Ω] Q1
[
F sn1 − 1] n1 R2 [Ω] Q2

[
F sn2 − 1] n2 χ2 

10 A (1) dry 1.18 × 10− 2 8.61 × 10− 1 3.10 × 10− 2 9.19 × 10− 1 1.05 × 10− 1 2.12 × 10− 5 1.00 × 100 1.32 × 10− 3 

10 A (1) dry opt. 7.86 × 10− 2 8.81 × 10− 1 3.92 × 10− 2 8.85 × 10− 1 6.06 × 10− 2 2.90 × 10− 1 5.00 × 10− 1 2.24 × 10− 7 

10 A (1) wet 1.54 × 10− 2 5.33 × 10− 1 3.20 × 10− 2 9.37 × 10− 1 9.82 × 10− 2 2.01 × 10− 5 1.00 × 100 5.65 × 10− 3 

10 A (1) wet opt. 8.50 × 10− 2 6.50 × 10− 1 4.11 × 10− 2 8.72 × 10− 1 3.65 × 10− 2 1.84 × 10− 1 5.99 × 10− 1 2.40 × 10− 6 

10 A (2) dry 1.21 × 10− 2 8.71 × 10− 1 3.16 × 10− 2 9.43 × 10− 1 1.06 × 10− 1 1.94 × 10− 5 1.00 × 100 2.59 × 10− 3 

10 A (2) dry opt. 7.95 × 10− 2 9.24 × 10− 1 4.06 × 10− 2 8.73 × 10− 1 5.25 × 10− 2 2.73 × 10− 1 5.04 × 10− 1 2.06 × 10− 7 

10 A (2) wet 2.21 × 10− 2 6.25 × 10− 1 4.87 × 10− 2 8.73 × 10− 1 8.60 × 10− 2 2.44 × 10− 5 1.00 × 100 5.53 × 10− 3 

10 A (2) wet opt. 8.05 × 10− 2 6.67 × 10− 1 3.79 × 10− 2 8.93 × 10− 1 4.01 × 10− 2 2.03 × 10− 1 5.97 × 10− 1 1.65 × 10− 6 

10 A (3) dry 1.00 × 10− 2 8.86 × 10− 1 3.68 × 10− 2 8.93 × 10− 1 1.06 × 10− 1 2.09 × 10− 5 1.00 × 100 1.12 × 10− 3 

10 A (3) dry opt. 8.04 × 10− 2 8.67 × 10− 1 3.35 × 10− 2 9.18 × 10− 1 6.21 × 10− 2 3.01 × 10− 1 5.00 × 10− 1 1.01 × 10− 6 

10 A (3) wet 1.08 × 10− 2 6.64 × 10− 1 5.54 × 10− 2 8.27 × 10− 1 9.66 × 10− 2 2.17 × 10− 5 1.00 × 100 2.87 × 10− 3 

10 A (3) wet opt. 7.98 × 10− 2 7.81 × 10− 1 5.88 × 10− 2 7.90 × 10− 1 9.81 × 10− 3 4.53 × 10− 3 1.00 × 100 4.63 × 10− 6 

30 A (1) dry 1.09 × 10− 2 5.82 × 10− 1 6.58 × 10− 2 9.35 × 10− 1 8.78 × 10− 2 2.59 × 10− 5 1.00 × 100 1.54 × 10− 2 

30 A (1) dry opt. 6.54 × 10− 2 6.40 × 10− 1 6.84 × 10− 2 8.26 × 10− 1 1.84 × 10− 2 5.14 × 10− 1 5.00 × 10− 1 4.03 × 10− 7 

30 A (1) wet 1.01 × 10− 2 4.36 × 10− 1 7.18 × 10− 2 9.20 × 10− 1 7.47 × 10− 2 2.52 × 10− 5 1.00 × 100 3.12 × 10− 2 

30 A (1) wet opt. 6.00 × 10− 2 5.10 × 10− 1 6.63 × 10− 2 8.40 × 10− 1 1.26 × 10− 2 5.94 × 10− 3 1.00 × 100 1.05 × 10− 8 

30 A (2) dry 2.28 × 10− 2 6.22 × 10− 1 8.17 × 10− 2 9.04 × 10− 1 7.84 × 10− 2 2.96 × 10− 5 1.00 × 100 3.22 × 10− 2 

30 A (2) dry opt. 6.29 × 10− 2 6.41 × 10− 1 6.56 × 10− 2 8.33 × 10− 1 2.06 × 10− 2 2.44 × 10− 1 5.49 × 10− 1 1.16 × 10− 7 

30 A (2) wet 2.34 × 10− 2 4.77 × 10− 1 1.10 × 10− 1 8.68 × 10− 1 6.24 × 10− 2 3.58 × 10− 5 1.00 × 100 3.86 × 10− 2 

30 A (2) wet opt. 5.31 × 10− 2 4.16 × 10− 1 4.35 × 10− 2 9.36 × 10− 1 4.23 × 10− 2 3.67 × 10− 1 5.00 × 10− 1 4.92 × 10− 9 

30 A (3) dry 1.99 × 10− 2 5.90 × 10− 1 3.89 × 10− 2 9.99 × 10− 1 7.75 × 10− 2 2.85 × 10− 5 1.00 × 100 8.50 × 10− 3 

30 A (3) dry opt. 6.48 × 10− 2 6.80 × 10− 1 7.26 × 10− 2 8.07 × 10− 1 1.34 × 10− 2 6.01 × 10− 2 7.10 × 10− 1 1.62 × 10− 7 

30 A (3) wet 7.51 × 10− 2 3.19 × 10− 1 2.30 × 10− 1 1.00 × 100 1.70 × 10− 1 3.64 × 10− 2 1.00 × 100 3.85 × 10− 2 

30 A (3) wet opt. 5.73 × 10− 2 4.96 × 10− 1 6.52 × 10− 2 8.43 × 10− 1 1.65 × 10− 2 3.52 × 10− 2 7.51 × 10− 1 1.15 × 10− 7  
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reconditioning procedures and the operating current. The data shows, 
that an increased current has a more pronounced effect on the mem
brane resistance, than the overnight soaking of the stack. This behaviour 
can be observed in the measurement data, as well as in the fitting results. 
Furthermore, the measured ohmic resistance of the stack decreases at 
the 10 A operating point after the performed procedures (− 6.16%), 
whereas the respective fitting parameter increases slightly (+2.90%). 
The values for the goodness of the fitting (χ2) of the measurements at 10 
A before the soaking show a slightly better fitting result, than after the 
soaking (comp. Table 1). 

4. Discussion 

The experimental results already showed parametric relationships 
and potential for improvement regarding the conditioning of Open- 
Cathode-PEM-FC-Stacks. Main topics for the analysis and discussion 
can be summarised as follows:  

- The external pre-humidification influences the membrane hydration 
and the stack cooling.  

- O2-starvation reduces the PtOx amount on the cathode catalyst layer.  
- The improvement of data validity by the proposed algorithm for the 

the analysis of the EIS-measurement data obtained under non- 
stationary conditions 

4.1. Pre-humidification of the stack 

In order to identify the influence of pre-humidification on the stack, 
the operating points of the initial operation during EIS-measurements as 
well as the first and reference VI-curves are depicted in Fig. 9, together 
with chosen operating points during soaked start up. 

As expected, due to the prolonged storage of the stack, the cell 

voltages during the initial operation are lowest, where 40.09 V were 
measured at 30 A after operation for more than 30 min. During the first 
VI-curve measurement, the cell voltages recover to 41.37 V at 30 A, 
showing the first recovery effects during operation and approaching the 
reference cell voltages of 43.17 V. This can be attributed to a multitude 
of factors [11,51], one of which is lacking humidification of the mem
branes, which is counteracted by operation and the temporal load 
reduction during VI-curve measurement. 

After overnight – soaking, the membrane should be fully humidified 
and thus exhibit maximum proton conductivity. The immediate per
formance of the soaked stack upon start up was worse compared to the 
measurements before, due to severe flooding of the cathode compart
ment blocking the supply of oxygen to the cathode, however, once the 
blockages were removed, the stack did perform better, as evidenced by 
the last two data points of the curve in Fig. 9. In comparison to the initial 
and dry operation of the stack, a reduced membrane resistance was also 
measured even after it was operated under drying conditions through a 
low current of 3 A for over 35 min, as shown in Table 2. 

The distribution and effect of the cathode and coolant channel 
flooding on the stack temperature is visualised in Fig. 10, which displays 
pictures taken with the IR-camera at different times during the start up. 
Fig. 10 a) - c) show the severe flooding and inhomogeneity in the tem
perature distribution during start up, which took more than 10 min. 
Likely, the flooding was blown out of the channels and the stack voltage 
properly recovered to levels above the previous operation. Fig. 10 d) 
shows beginning homogenisation of the temperature distribution across 
the stack, which preceded the stationary temperature distribution 
shown in Fig. 10 e). This can be seen as characteristic for prolonged 
operation of the stack at high currents. 

4.2. Reconditioning by oxygen starvation 

The influence of the proposed reconditioning procedure according to 

Table 2 
Averaged measurement and fitting values for the membrane resistance at two different operating points before and after the overnight soaking and the relative 
differences between these values.   

processed measurements optimised fitting  

dry wet rel. diff. dry wet rel. diff. 

10 A 8.70 × 10− 2 Ω 8.17 × 10− 2 Ω − 6.16% 7.95 × 10− 2 Ω 8.18 × 10− 2 Ω 2.90% 
30 A 6.85 × 10− 2 Ω 6.20 × 10− 2 Ω − 9.53% 6.43 × 10− 2 Ω 5.68 × 10− 2 Ω − 11.7% 
rel. Diff. − 21.3% − 24.1%  − 19.0% − 30.5%   

Fig. 9. VI-Curves of the stack for dry and pre-humidified operation.  
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Section 2.3 can be seen in Fig. 11. The Figure shows the reference VI- 
curve as well as the corresponding stack voltages after the first and 
second reconditioning phases during load phase ramp-up shown in 
Fig. 3. Furthermore, Fig. 11 displays the measurement results from 
Fig. 4, which includes the average stack voltage of the EIS-measurement 
following the reconditioning procedure after the soaked start-up. 
Additionally, it illustrates the influence of the fourth reconditioning 
procedure at 35 A after the EIS-measurements. 

The positive effect of the reconditioning procedure on the stack 
voltage is clearly visible and can be explained mainly by two reasons. 
The reduction of PtOx, which leads to a higher ECSA [11] and the 
production of water during the reconditioning phases without convec
tive flow of air through the stack. By repeating the procedure, the stack 
voltage was further increased. This implies that conducting the pro
cedure once is not yet sufficient to completely eliminate reversible 
degradation effects. 

How lasting the effect of the reconditioning is, mainly depends on the 
average cell voltage of the stack as PtOx formation is forced in a voltage 
range of 0.60 V…0.95 V [65]. After soaked start up and a third recon
ditioning procedure, the stack was operated under low current operation 

of 3 A for more than 35 min. During this time, the stack voltage 
decreased from 59.17 V to 56.70 V, corresponding to a decrease in 
average cell voltage from 822 mV to 788 mV (compare Fig. 4). It is 
assumed, that much of the effect from pre-humidifying and recon
ditioning is spoiled by the operation at low currents conditions, which 
are forcing membrane dry out and PtOx formation. This statement is 
supported by the increasing impedance during this operating point, as 
shown in Fig. 6 (b). However, a slight increase in stack voltage during 
the EIS-measurements from 10 A to 30 A can be seen. 

After the EIS-measurements, a nearly constant stack voltage of 41.35 
V was measured at a current of 35 A, whereby the voltage fluctuations 
due to anode purge are considered by building the average value of the 
last minute of the operational point. This is equivalent to an average cell 
voltage of 574 mV and corresponds to the reference point 1 after EIS- 
measurement in Fig. 11. Direct after the fourth reconditioning phase 
(point 2), a Stack voltage of 47.79 V was measured at 35 A, which de
creases to 43.56 V after 10 min of operation (point 3). The mean stack 
voltage during this time equals 43.92 V, which resulted in approx. 6.2% 
more electrical energy provided by the stack at the same hydrogen 
consumption. Correspondingly less thermal energy is released from the 

Fig. 10. IR-Pictures of the cathode inlet of the stack during system start up after overnight soaking (The red circled area is not to be evaluated, it corresponds to a 
defect of the IR-camera). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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stack, which helps to prevent the MEAs from drying out. It has to be 
mentioned, that extensive oxygen starvation will lead to degradation in 
form of inhomogeneous agglomeration of the platinum catalyst [66], 
whereas short-term starvation up to 100 s will not damage the cell ac
cording to [67]. 

4.3. Electrochemical impedance spectroscopy (EIS) 

As visualised through the comparison of the relative residuals of the 
Kramers-Kronig analysis (Fig. 5 and Appendix A1, Figs. A1.1–5), the 
algorithm is able to extract the meaningful data from the noisy mea
surement. The data quality even after using the algorithm is still not 
ideal, as evidenced by the mismatch in the relative change of the 
membrane resistance before and after the overnight soaking between 
measurement and fitting. Especially in the high and low frequency re
gions a significant number of data points are eliminated by the algo
rithm, thereby showing, that especially for EIS measurements under 
non-stationary conditions, only a very limited frequency range 
(approximately 10 Hz - 15 kHz) can be investigated. However, the 
resulting data can be fitted using a common equivalent circuit structure 
for fuel cells (R-RQ-RQ in Voigt configuration) and does reflect the ex
pected behaviour for the ohmic resistance (Rs) and the first of the par
allel resistances (R1). The resulting behaviour of R2 at high current (30 
A) is questionable. Closer inspection of the results in Table 1 show, that 
the change of this parameter from before the reconditioning to after it, is 
not equal in all three measurements. The value decreases in the first 
measurement, and increases in the other two. Since the value of R2 very 
small the effect on the overall behaviour is negligible. It can be associ
ated with the small, high frequency half circle in the Nyquist plot 
(Figs. A1.12–15 (b)), which is usually attributed to the anode reaction, 
which is not influenced by the oxygen starvation reconditioning 
procedure. 

While one needs to be conscious of the limitations due to the poor 
quality of the original data and the limited frequency range, the fitting 
does produce reasonably accurate results for the most significant con
tributors in the fuel cells behaviour. 

5. Conclusion and outlook 

With increasing load current the voltage of the stack becomes 
increasingly fluctuating because the stack enters a vicious circle in terms 
of operation. As cooling and air supply to the cathode are driven by the 
same fan, an increase in the operating temperature, caused by a higher 
load current automatically leads to an increase of the fan speed in order 

to control the temperature. Since the stack is already operating at a large 
λ-value, any increase of the airflow on the cathode side will dry out the 
stack even further, thus increasing the stack’s impedance and thermal 
losses. This holds true for all open cathode stacks where cooling and 
cathode supply are not separately controllable. Furthermore, prolonged 
operation at low currents close to the OCV will cause the formation of 
PtOx, which will increase the stacks impedance and result in increased 
thermal losses, further advancing the vicious circle described above. 
Thus, a minimum current should be set even in idle operation to produce 
enough water and avoid OCV and correspondingly PtOx formation. 
Especially in systems powered by multiple stacks the operating strategy 
could fully shut down some of the stacks in low load situations, to keep 
the active stacks above the minimum current, even though this increases 
the overall system response time to a significant load step. Future EIS 
measurements at low load on open cathode stacks should employ a 
different procedure, because achieving a stable operating point and 
running through an entire EIS measurement proved to significantly 
change the characteristic of the stack (compare Sec. 4.2 and Fig. 4). In 
cases like this, the data acquisition procedure could be changed to allow 
for either less time to scan the required frequency range, scan multiple 
frequencies at once or realise the scan in multiple sections with 
controlled recovery periods in between, where the stack is operated at a 
higher current to re-humidify the stack before the membrane dries too 
much. Lastly, in order to improve the high frequency data, a corrective 
measurement of the setup with a known, very small resistance should be 
performed and subtracted from all subsequent measurements, to elimi
nate high frequency noise due to the cables and measurement setup. The 
proposed post-processing algorithm to improve the data quality for the 
model generation has been shown to improve the stationary accuracy of 
the model significantly. The next step will be to perform further ex
periments featuring characteristic load cycles and other highly dynamic 
processes and simulate the same load cycles with the fitted models. 

Application of liquid water to the stack before start up caused severe 
flooding issues for the first 10 min of operation, inhibiting the perfor
mance. However, once the excess water had been expelled from the 
stack, the performance of the stack was better than the reference. To 
further address the PtOx issues, an oxygen starvation procedure of about 
100 s in total duration was shown to improve the stacks performance. 
For 10 mins following the procedure the stack exhibited an improved 
efficiency under constant load providing 6.2% more el. energy at con
stant hydrogen consumption. Therefore, recovery procedures for stacks, 
which can be executed during system operation need to be investigated 
further. 

Fig. 11. VI-Curves of the stack before and after reconditioning by oxygen starvation.  
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