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ARTICLE INFO ABSTRACT

Keywords: The effect of low ambient pressure on a PEMFC system is investigated by operating the entire non-pressurized
PEMFC fuel cell system inside a low-pressure chamber. Polarization curve measurements are conducted at various
Fuel cell system pressure levels between 980 and 491 hPa by using the manufacturer’s default parameters for stack temperature
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and cathode stoichiometry control. Significant net power losses of up to 59 % at 491 hPa are observed
with respect to 980 hPa, which result from increasing stack drying and growing parasitic power losses with
decreasing pressure. The latter is due to the decreasing fluid density combined with a constant mass flow
requirement. Using statistical design of experiment methods, a comprehensive parameter study is performed
to derive model equations for the response of the cell voltage, the net power and the relative humidity at
low-pressure operation. The model predictions are in very good agreement with validation measurements.
Model evaluation yields the pressure and current density-dependent optimal parameters for stack temperature
and cathode stoichiometry control in terms of the net power output. Applying the optimal control parameters
to the experiment leads to significantly higher cell efficiency and net power compared to the use of the default
parameters. At 497 hPa, a net power increase of 29 % is observed experimentally. The model analysis shows
that, in good approximation, the optimal relative humidity is independent of the pressure and decreases linearly
with rising current density. Moreover, the optimal stack temperature is, in a first approximation, independent
of the current density and decreases linearly with decreasing pressure. Based on these two linear relations, a
simplified optimal operation strategy is proposed to obtain high net power output at low ambient pressure.

1. Introduction altitudes of 1524 m and 2256 m, respectively. According to the ICAO
standard atmosphere [18], the altitudes reported by [15,16] correspond
The use of polymer electrolyte membrane fuel cells (PEMFCs) as to operating pressures of 843 hPa and 770 hPa, respectively. Graf

power source is a promising approach to contribute to the decarboniza- et al. [17] presented dynamically observed current-voltage curves at
tion of the aviation sector [1-5]. However, the low ambient pressure different low-pressure levels of a 100 cells Hydrogenics HD10 type fuel
associated to high-altitude conditions presents a fundamental challenge cell stack, i.e. the same fuel cell type as the unit under test in the present
for the operation of PEMFC systems in aviation and other high-altitude paper. Compared to the maximum gross power output at 900 hPa, a

applications [6]. At reduced pressures, PEMFC systems suffer from
significant performance losses, primarily due to lowered oxygen partial
pressure [7], deteriorating membrane hydration [8], and increased
parasitic losses [9]. These effects lead to substantial reductions in net
power output and overall system efficiency [10-17], thereby limiting
the viability of fuel cells in real-world aviation applications.
Addressing these challenges requires a precise understanding of how
operating parameters such as stack temperature, cathode stoichiom-

etry, and stack humidification interact under low-pressure conditions T ;
and affect the fuel cell’s performance. Previous studies have provided Werner et al. [20,21] performed stack temperature variations combined

important insights into this issue. Chang and Gallman [15] and Spiegel with moderate stoichiometry variations at low operating pressures (950
et al. [16] reported net power drops of 25 % and 24 % at moderate — 700 hPa). With regard to stack gross power, they concluded that

power loss of 46 % can be observed from their measurements at an
ambient pressure of 300 hPa.

Hordé et al. [19] experimentally investigated the effect of cathode
stoichiometry variation on a PEMFC at low operating pressures. Ap-
plying a stoichiometry of 2, the power output at 780 hPa dropped by
48 % with respect to 1001 hPa. However, the power drop could be
reduced to only 5 % by increasing the stoichiometry to 2.5, which
indicates a large optimization potential due to parameter optimization.
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Nomenclature

Latin letters

i Current density, A/cm?

p Chamber pressure, hPa

Pet Net power, W

Pout Pressure at the cathode outlet, hPa

Peat Tout) Saturation vapor pressure as function of the
cathode outlet temperature, hPa

rH Relative humidity, %

roo Oxygen concentration at the cathode inlet, —

T Stack temperature, °C

t Runtime, h

U Average cell voltage, V

Greek letters

n Cell efficiency based on the LHV of hydrogen, %

A Cathode stoichiometry, —

Abbreviations

ANOVA Analysis of variance

ATLAS Altitude test chamber for low-pressure analysis of
fuel cell systems

BoP Balance of plant

C.V. Coefficient of variation

df Degree of freedom

DoE Design of experiment

ICAO International Civil Aviation Organization

LHV Lower heating value

PEMFC Polymer electrolyte membrane fuel cell

PRESS Predicted residual sum of squares

RMSE Root mean square error

stoichiometry variations play a subordinate role compared to stack
temperature adaption.

Pessot et al. [22] characterized the performance of a 1 kW PEMFC at
varying inlet gas pressure (1500 — 800 hPa), fuel cell temperature and
inlet relative humidity of air and hydrogen, based on data obtained
with design of experiment methods. They derived a polarization curve
model as a function of the operating parameters and showed reasonable
prediction capability of the model by using parameters that lie outside
the model’s validity limits, i.e. at gas pressures of 1700 hPa and 650 hPa.

In the named previous studies, PEMFCs were primarily character-
ized at discrete low-pressure levels and some indications how to over-
come the associated power losses were given. What remains missing is
a comprehensive, pressure-dependent control strategy that integrates
all critical parameters into a unified framework maximizing net power
across a wide range of ambient pressures [23].

Many altitude control approaches mainly focus on the optimization
of the air supply system [24-28]. While pressurization effectively leads
to higher fuel cell power output, the membrane humidification strongly
depends on both cathode stoichiometry and stack temperature. The lat-
ter has been widely neglected in previously presented altitude control
strategies.

The present paper addresses that gap and presents pressure- and
current-density-dependent control functions for cathode stoichiometry
and stack temperature that are continuous and readily applicable in
real-time control systems, enabling dynamic adaptation in variable-
pressure environments such as flight. To this end, a comprehensive
parameter study is performed to identify the optimal operating con-
ditions of a PEMFC system with regard to aviation application. Based
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Fig. 1. ATLAS testbed setup with open door of the low-pressure chamber.

on the results, the control functions are derived by utilizing a design
of experiment approach. Eventually, the presented novel optimiza-
tion method will be transferable to various other fuel cell systems to
maintain high performance under strongly changing ambient pressure.

In Section 2 the testbed setup including the fuel cell system con-
figuration is described in detail. In Section 3 the testing and evaluation
procedures as well as the design of experiment approach are presented.
In Section 4 the experimental and modeling results are discussed and
validated. Moreover, an optimal control strategy for low-pressure oper-
ation is proposed. Finally, the conclusions of the study are presented in
Section 5 and future research perspectives are suggested in Section 6.

2. Experimental setup

The low-pressure test environment, called ATLAS (Altitude Test
chamber for Low-pressure Analysis of fuel cell Systems), consists of
a low-pressure chamber to which a vacuum pump is connected. The
chamber is supplied with dry compressed air through a mass flow
controller and the pressure is controlled by a pressure regulator. Fur-
thermore, it is possible to control the inlet air temperature by a process
thermostat.

The fuel cell system is operated inside the low-pressure chamber
and is composed of a self-humidifying 120 cells Hydrogenics HyPM
HD 10-120 PEMFC stack [29] with an active cell area of 195 cm?
and 12 kW nominal power output, an anode recirculation pump and
a cooling unit. A blower supplies the cathode inlet with air from the
low-pressure atmosphere. Due to a pressure coupling between anode
and cathode, where the anode pressure is constantly kept about 40 hPa
above the cathode pressure, both sides are affected by the low-pressure
environment. Besides the primary cooling system of the stack, a sec-
ondary cooling circuit is installed for separating the product water from
both anode and cathode exhaust gas. An insight into the ATLAS test
environment is given in Fig. 1.

While the balance of plant (BoP) components are powered by an
auxiliary power supply, the components’ individual power demands are
measured to determine the system’s net power output. The fuel cell
stack is equipped with a cell voltage monitoring board, which measures
the mean voltages of 60 cell pairs. Inside the low-pressure chamber,
the pressure, temperature, relative humidity, and hydrogen and oxygen
concentrations of the test atmosphere are measured. Besides various
pressure and temperature probes distributed across the anode and
cathode systems, the relative humidity is measured at the cathode
outlet. The latter is used as an indication of the stack humidification,
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Fig. 2. Example of the preconditioning procedure and polarization curve measurement. The close-up shows the current density steps and the corresponding averaged cell voltage
response U as orange line. The last 120 s of each step, indicated in red, are used to determine the steady-state mean value of U. The black lines in the close-up represent the

regression line of the measured voltage response during the red 120 s averaging interval.

although complex internal humidification phenomena as well as liquid
water formation are not represented by the sensor. To investigate these
effects, either supporting numerical simulations [30,31] or single cell
tests [32] would be required.

Hydrogen for the electrochemical reaction and nitrogen for the
inertization of the fuel cell are provided by large in-house supply tanks.
The electricity produced by the fuel cell is fed into the grid via an
electrical load. The waste heat is discharged via the in-house cooling
circuit.

The fuel cell system features a controller board, which controls the
BoP components, i.e. the air blower, the hydrogen recirculation pump
and the hydrogen supply and purge valves, according to the desired
power demand. The communication with the FC controller board is
implemented into a custom built LabView program, used to control the
entire testbed.

Detailed piping and instrumentation diagrams of the inside and
outside of the ATLAS low-pressure chamber are shown in Appendix A,
Fig. A.13 and Fig. A.14, respectively. A list of the implemented sensors
is given in Appendix A, Table A.6.

3. Methods and procedures
3.1. Testing procedures

Prior to all tests, a preconditioning procedure, i.e. an empirically
defined load cycle shown as dotted line in Fig. 2, is applied in order to
minimize the influence of reversible degradation and to set the fuel cell
into a well defined and reproducible state. Preconditioning is repeated
at the beginning of each testing day.

To investigate the effect of low ambient pressure on the perfor-
mance of the fuel cell, polarization curves are measured at different
pressure levels (1000—500 hPa) using the manufacturer’s default param-
eters for stack temperature and cathode stoichiometry control, which
solely depend on the current density i, see Table 1 and the dashed lines
in Figs. 7a and b. The polarization curves are measured by stepwise
increasing the current density to the maximum value such that the
average cell voltage U is about 0.5 V. Then, the current density is
stepwise decreased to a minimum value such that the average cell
voltage is about 0.75 V, see the solid line in Fig. 2.

To identify the optimal operating conditions for low-pressure opera-
tion of the PEMFC system, a widespread parameter study is performed,
where the stack temperature 7' and the cathode stoichiometry A are
varied at different current density i and chamber pressure p levels.
The parameter study is performed the following way: After the precon-
ditioning procedure at the beginning of each testing day, the system

Table 1
Default parameters for 7 and 4 control of a Hydrogenics HyPM HD 10-120 PEMFC
stack, depending solely on i.

i [A/cm?] T [°C] 4[]
0.00 50.0 2.86
0.09 50.0 2.68
0.10 50.3 2.66
0.24 55.0 2.66
0.30 55.0 2.66
0.40 55.0 2.46
0.50 55.0 2.46
0.70 60.0 2.46
0.90 60.0 2.46

performance is measured at a reference point, i.e. p = 750 hPa, i =
0.51 A/em?, T = 55.0 °C and A = 2.36, to keep track of the performance
evolution during the test campaign. In the next step, the chamber
pressure is set to the desired level and kept constant for the rest of the
day. The steady-state measuring points are determined by choosing the
stack temperature and cathode stoichiometry values according to the
test plan, see Section 3.2. The measuring points of the parameter study
are recorded with monotonically increasing current density to avoid
hysteresis effects, cf. e.g. [7].

The experiments are carried out under defined conditions, where
the oxygen concentration inside the test chamber is > 19.6 % and
the temperature just in front of the air blower is kept constant at
20.0 °C. It is assumed, that a steady state is reached when the two
following criteria are met: First, all control parameters have been
held constant for at least 12 minutes to avoid the incorporation of
dynamic effects due to the state change. Second, the rate of change
of the average cell voltage |dU/df| < 10 pV/s, which is determined
by calculating the slope of the regression line of the measured average
cell voltage during a 120 s interval used to determine the steady-state
mean values, see the close-up in Fig. 2. Note that dynamic effects such
as membrane hydration or dehydration are represented by a changing
voltage response such that in some cases the second criterion leads to
dwell times of more than 20 min, if the fuel cell is exposed to extreme
conditions.

In Appendix A, Table A.6, all sensors implemented in the ATLAS
testbed, which have been calibrated prior to the test campaign, are
listed together with their measurement uncertainties. In all following
figures showing experimental data, the associated measurement errors
are visualized as error bars. Since not all measurement uncertainties
can be considered as independent and random (e.g. the dependence
of the relative humidity measurement on the temperature probe at
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Table 2
Treatment factors and the corresponding levels of the parameter space investigated in
course of the parameter study.
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Table 3
Limiting values of the current density, the stack temperature and the cathode stoi-
chiometry applied during the parameter study at each pressure level.

Factor No. of levels Levels

p [hPa] 6 500, 600, 700, 800, 900, 1000

i [A/cm?] 20 0.13, 0.26, 0.33, 0.38, 0.44,
0.49, 0.51, 0.54, 0.59, 0.64,
0.67, 0.69, 0.74, 0.77, 0.79,
0.85, 0.87, 0.90, 0.92, 0.95

T [°C] 16 40.0, 42.0, 44.0, 46.0, 48.0,
50.0, 52.0, 54.0, 56.0, 58.0,
60.0, 62.0,64.0, 66.0, 68.0, 70.0

Al-] 9 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2,

3.4, 3.6

the corresponding position), a conservative error calculation is ap-
plied, [33]. Therefore, the error of a quantity calculated by a sum
or difference is determined by the sum of the individual errors. The
fractional error, i.e. the error divided by the measured value, of a
quantity calculated by a multiplication or division is determined by the
sum of the individual fractional errors.

3.2. Design of experiment

The investigation and optimization of complex systems often re-
quires a large number of experiments, especially when multidimen-
sional parameter spaces are analyzed. In such cases, statistical methods
may be applied to analyze parameter interactions and to reduce the
required number of experimental runs. A well-established approach is
the statistical design of experiments (DoE), which allows to identify
optimal parameter combinations, e.g. for maximum performance, and
dependencies between different factors, [34,35].

DoE methods are widely used in a variety of scientific and engi-
neering disciplines, including fuel cell research and development [21,
22,36-41]. They allow efficient evaluation, modeling and optimization
of multiple factors. Comprehensive overviews of the application of
DoE methods in combination with fuel cell analysis were presented by
Wahdame et al. [42] and Karanfil [43].

For the present analysis, performing the parameter study in a
full factorial way, i.e. testing all possible combinations of the four-
dimensional parameter space with the factor levels shown in Table
2, would result in 17280 measuring points and is thus an unfeasible
testing procedure. However, the number of experimental runs can be
significantly reduced without loss of relevant information by applying
DoE methods. The “D-optimal design” approach, i.e. a response surface
methodology, seems well suited for planning the actual study, see
e.g. [21,34,36]. This method is applied by using the software package
Matlab R2021b as part of the Statistics and Machine Learning toolbox
by calling the function candexch (), [44]. With D-optimal design it is
possible to determine the most relevant parameter combinations after
excluding certain combinations that cannot be attained as they would
lead to e.g. fuel cell dry out or flooding. The limits of the parameter
space are given in Table 3. The lower current density limit results from
the discrete current density levels given in Table 2 and the minimum air
blower frequency (= 400 Hz) together with the definition of a minimum
cathode stoichiometry of 2 in order to avoid concentration losses,
cf. [45]. The upper current density limit corresponds to a minimum cell
voltage of 0.5 V. The upper stoichiometry limit is chosen to capture the
effect where further increase of 1 does not result in higher net power
due to a disproportional increase of the blower power. The overall
stack temperature limits are set to 55.0 + 15.0 °C, where 55.0 °C is
the mean stack temperature suggested by the manufacturer. However,
to prevent dry out or flooding, the investigated temperature range
is narrowed at the different pressure levels. More details about the
parameter constraints and the derivation of the limits are given in Ap-
pendix B. Eventually, 480 parameter combinations yield an appropriate

p [hPa] i [A/cm?] T [°C] A1

min. max. min. max. min. max.
1000 0.26 0.95 50.0 70.0 2.0 3.6
900 0.26 0.92 48.0 70.0 2.0 3.6
800 0.13 0.90 46.0 70.0 2.0 3.6
700 0.13 0.77 42.0 68.0 2.0 3.6
600 0.13 0.67 40.0 64.0 2.0 3.6
500 0.13 0.51 40.0 60.0 2.0 3.6

compromise between experimental effort and gain of knowledge for the
present study.

The parameter configurations selected by the D-optimal design ap-
proach are based on a model equation, which has to be defined prior
to the experiments. In this study, a polynomial model equation of the
form

k
v, p,i,T,A) = ay+ oyt + Zaj po it T ¢ 1)
j=2
is chosen. The response variable is denoted by y. After performing
the experiments, the model coefficients a are determined according
to the choice of the response variable representing either the net
power P,,, the average cell voltage U, or the relative humidity at
the cathode outlet rH. The treatment factors are the runtime ¢, the
chamber pressure p, the current density i, the stack temperature 7, and
the cathode stoichiometry 4. The exponents a, b, ¢, and d are selected to
represent principal effects up to the fourth order, where one exponent
is 1, 2, 3, or 4, and the others are 0. Interactions up to the third order
are also included, meaning two, three, or all four exponents are 1, or
one exponent is 1 and another is 2, with the remaining exponents being
0. With this choice of exponents, k = 41 and the total number of model
coefficients including a;, and «; is 42.

Note that the linear term for the runtime 7 in Eq. (1) accounts for
a constant degradation rate. Interaction terms where 7 is multiplied
with other treatment factors to account for e.g. current density or
temperature depending degradation rates are beyond the scope of the
present paper. A detailed analysis of the degradation behavior under
low-pressure conditions will be given elsewhere.

3.3. Data evaluation

In this study, only steady-state measuring points according to the
steady-state definition presented in Section 3.1 are considered. For
determining the polarization curves measured at different ambient
pressure levels shown in Section 4.1, only the part of descending
current density is used as shown in Fig. 2. The fuel cell system’s net
power is determined by subtracting the parasitic power demand of the
BoP components from the fuel cell gross power. The cell efficiency
based on the lower heating value (LHV) of hydrogen, discussed in
Section 4.2, is defined as, [7],

U
T 1254V
The software Stat-Ease 360 is used for the analysis of the parameter
study, i.e. the estimation of the model coefficients a of Eq. (1) by
the method of ordinary least squares [46]. Moreover, Stat-Ease 360
conducts an analysis of variance (ANOVA) and provides a detailed
summary of the model’s statistics, facilitating the identification of the
best-fitting model for the experimental data.
The use of the D-optimal design requires the initial specification of
a comprehensive model equation, i.e. Eq. (1), which is subsequently
simplified by employing the principle of stepwise regression, particu-
larly sequential backward selection. This method is applied by initially
considering the complete model including all predictors and iteratively

n 100 %. ()
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Table 4
Measured average chamber pressure and the corresponding altitude according to [18]
for the pressure levels investigated in Section 4.1.

Pressure level [hPa] Avg. pressure [hPa] Altitude [m]

1000 980 277
900 888 1101
800 789 2063
700 690 3123
600 589 4342
500 491 5712

dropping the least significant terms based on their statistical impact
on the response variable [47]. After each removal, the model is re-
estimated until only significant effects and interactions remain. The
predictor significance is assessed by using the p-value with a threshold
of 0.1, cf. [48].

For the regression evaluation, quantitative validation measures such
as the adjusted and the predicted R? values [34] are employed along-
side visual inspection. Specifically, the adjusted R? is used as metric to
evaluate the model quality, as it accounts for the number of predictors
relative to the sample size, thereby enabling a more precise evaluation
of the model’s performance.

Details about the regression models and their specifications in-
cluding the ANOVA results are provided in Table 5 and in Appendix
C.

For further information about the employed methods and proce-
dures it is referred to Ref. [49].

4. Results and discussion

4.1. Experimental results using default control parameters at low-pressure
operation

The following experimental results were determined at different
pressure levels. During the experiments, the actual chamber pressures
differed from the setpoints and the averaged pressure values together
with the corresponding altitude according to [18] are listed in Table 4.

To quantify the performance losses of the PEMFC under test at low-
pressure operation, polarization curve measurements are performed at
different pressure levels (cf. Table 4) by keeping the temperature and
stoichiometry control unchanged, cf. Table 1. The resulting polarization
curves shown in Fig. 3a illustrate a strong effect due to the environmen-
tal pressure, which can be partly attributed to the accompanying lower
oxygen partial pressure present at the electrode leading to a lower
amount of reactants available for the electrochemical reaction, cf. [7].
While a low voltage drop due to the pressure reduction is observed at
low current densities, the voltage drop with decreasing pressure is more
pronounced at high current densities. This is due to enhanced mass
transport losses under low-pressure conditions, [45]. A comparison of
the polarization curves measured at 980 hPa and 491 hPa shows a cell
voltage decrease of only 11 % at 0.2 A/cm?, but a decrease of 27 % at
0.4 A/cm?. As a result, the net power output also decreases significantly
with decreasing pressure at high current densities, which is shown in
Fig. 3b. The maximum power output at a pressure of 491 hPa is only
41 % of the maximum power at 980 hPa. A possible explanation for the
unusual behavior observed at 0.4 A/cm? and the chamber pressures of
888 hPa and 789 hPa will be given in Section 4.5.

Note that at 500 hPa, Graf et al. [17] observed voltage drops of 4 %
at 0.2 A/cm? and of 8 % at 0.4 A/cm? with respect to their measure-
ments at 950 hPa by investigating the same fuel cell type as used in the
present study. However, it has to be taken into account that the data
presented in Ref. [17] represent dynamically observed current-voltage
curves under low-pressure conditions, where each curve was measured
within 300 s. Thus, the results should be compared with reservation.

The three main contributions to the parasitic power are the power
demands of the air blower, the anode recirculation pump and the
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Fig. 3. Polarization curves (a) and net power (b) versus current density at different

ambient pressure levels by using the default parameters for the stack temperature and
cathode stoichiometry, see Table 1.
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Fig. 4. Parasitic power demand of the air blower (a) and the recirculation pump (b)
measured at different pressure levels and varying current densities.

cooling pump. For the fuel cell system under test, the stack cooling is
controlled by a bypass valve while the cooling pump runs at a constant
speed, see Appendix A, Fig. A.13. Thus, the power demand of the
cooling pump is constantly 102 W. Note that for net power optimization
purposes, the cooling could also be controlled directly by adjusting the
pump speed, avoiding or minimizing the use of a bypass valve. The
power demands of the air blower and the anode recirculation pump at
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different pressure and current density levels are shown in Fig. 4a and
b, respectively. At all pressure levels the blower power demand rises
with increasing current density as higher air flow rates are necessary
for the electrochemical reaction, see Fig. 4a. In addition, the blower
power demand increases significantly with decreasing pressure for a
given current density. For example, at 0.4 A/cm?, the power demand
at 491 hPa increases by a factor of 2.9 compared to 980 hPa. This results
from the fact that the blower is controlled to provide a certain cathode
stoichiometry, i.e. a certain mass flow, at a given current density, cf.
Table 1. Due to the decreasing density of air at low pressures, a higher
blower speed and consequently a higher power is required to maintain
the mass flow. Moreover, the low air density leads to a higher volume
flow rate and thus to a higher pressure drop across the stack, which
also results in a higher blower power demand. The anode recirculation
pump is controlled by the Hydrogenics fuel cell controller, which aims
to keep the pump at a constant speed. The required pump power
strongly depends on the fluid density, which is primarily affected by
the pressure. Thus, the power demand at low pressures decreases due
to the low fluid density, see Fig. 4b. One should keep in mind that
due to varying stack humidification, the anode fluid density can also
change significantly as a result of the low density of hydrogen and
the comparably high density of water vapor. This effect cannot be
quantified due to the lack of anode humidity measurements but it is
believed to be responsible for the changing power demand at different
current densities for a given pressure in Fig. 4b, see e.g. the strong
recirculation pump power increase at 789 hPa and i = 0.4 A/cm?.
The control approach of maintaining a constant speed combined with
low fluid density at low pressures results in decreasing mass flow
and may cause local fuel starvation. Thus, for aircraft applications, an
adaptation to a constant mass flow at low-pressure operation could
be a reasonable optimization approach. With this, the power demand
of the recirculation pump would rise at low pressure levels, similar
to the power demand of the air blower. However, with the default
implemented control approach for the recirculation pump, the total
parasitic power demand declines with decreasing pressure.

Fig. 5 shows the relative humidity rH measured at the cathode
outlet versus the current density for various pressure levels. This gives
an indication of the internal membrane humidification. Note that the
results at 888 hPa were probably distorted by droplet formation on the
probe, resulting in unrealistically high humidity values up to 92 %.
With increasing current density, the relative humidity decreases at all
pressure levels (except for 888 hPa) due to the rising stack temperature,
cf. Table 1. For a given current density, the stack temperature, and
therefore the saturation partial pressure, is the same at all pressure
levels. However, the partial pressure of the gaseous water decreases
with the ambient pressure, resulting in a low relative humidity, i.e.
a drying effect. Proper water management is known to be crucial to
fuel cell operation. Based on these results and the observation that the
total parasitic power demand declines with decreasing pressure, it is
assumed that the stack dehydration is a major cause of the severe power
losses at low ambient pressures.

4.2. Regression model evaluation and identification of the optimal control
parameters

Based on the results of the parameter study, model equations de-
scribing the response of the average cell voltage U, the system net
power P and the relative humidity at the cathode outlet rH are
derived by determining the corresponding coefficients « of the model
Eq. (1), see Section 3.3. The exact values of the coefficients for each
model equation used in the following evaluations are given in Appendix
C. All results of response variables depending on the runtime r will
be shown with values corresponding to the center of the experimental
space at t = 236 h.

Optimization of the net power model P, (t,p,i,T,4) yields the
optimal stack temperature T, (p, i) and optimal cathode stoichiometry
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Fig. 5. Low-pressure effect on the relative humidity at the cathode outlet at varying
current densities. The results at 888 hPa were probably distorted by droplet formation
on the probe, leading to unrealistically high relative humidity values.

Aopi (P, 7) to obtain the maximum net power for a given current density
and ambient pressure, i.e. P (t, p, i, Top, Aop) = max{ P (¢, p, 1)}

Fig. 6a shows the contour plot of the optimized net power model
Py (t, i, Top, Aop) At varying pressure and current density. The contour
plots of T, opt (P> 1) and Aopi (P, 1) are shown in Figs. 6¢ and d, respectively.
Analyzing the highest achievable net power at 1000 hPa and at 500 hPa,
in Fig. 6a, i.e. 10399 W and 5504 W, respectively, the power loss by
using optimized control parameters is 47 %, compared to 59 % by using
default control parameters as shown in Fig. 3b.

Evaluating the model of the relative humidity at the cathode outlet
rH(p,i, T, A) with the optimal stack temperature and cathode stoichiom-
etry, i.e. rHyy (i, Top, Aop)> Yields the optimal stack humidification
values shown in Fig. 6b. Note that the relative humidity turned out to
be independent of the runtime, i.e. the corresponding term involving
t was dropped in course of performing the procedure of sequential
backward selection as described in Section 3.1. The optimal relative
humidity at the cathode outlet is only slightly pressure-dependent but
decreases with increasing current density. To achieve the desired cath-
ode outlet humidity at a given current density value, strongly varying
combinations of the stack temperature and cathode stoichiometry are
identified as optimal values for different pressure levels in Fig. 6¢ and
d, respectively. For example, to realize the optimal relative humidity
of 59 % at i = 0.5 A/cm?, the model yields Topr = 45.1 °C, Agp = 2.98
for p =500 hPa, and T, = 64.3 °C, A, = 2.55 for p = 989 hPa.

The optimal stack temperature in Fig. 6¢ remains almost constant
for a given pressure level. However, with decreasing pressure, the
optimal stack temperature strongly decreases with a mean slope of
37 m°C/hPa, such that, in a first approximation, the optimal stack
temperature follows the line of best fit

T, (p) = (26.5 + p 0.037/hPa) [°C]. 3)

This equation reflects, in a linear approximation, the dependence of
the water saturation vapor pressure on the temperature. Thus, Eq. (3)
can also be derived from the definition of the relative humidity as the
ratio of water partial pressure (i.e. the product of the absolute pressure
and the water mole fraction) and the water saturation vapor pressure.
Therefore, a mean relative humidity of 60 % and a water mole fraction
of 0.115 are used in conjunction with the Magnus equation [50] to
express the temperature-dependent water saturation vapor pressure,
which is then linearized around 46.0 °C.

The optimal stack temperature under low-pressure conditions shown
in Fig. 6¢ is identified within the interplay between two opposing
effects. On the one hand, a higher operating temperature positively
affects the cell potential as it results in higher exchange current density,
higher membrane conductivity and improved mass transport, [7]. On
the other hand, a lower stack temperature, particularly together with
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evaluated with optimal control parameters, (e), and evaluated with default control parameters according to Table 1, (f).

increased cathode stoichiometry (see Fig. 6d), is required to guarantee
optimal humidification of the fuel cell.

In Fig. 6d a clear trend towards higher cathode stoichiometry is
visible at increasing current density and high pressure. At low pressure
levels, the overall stoichiometry is higher while the values decrease
with increasing current density, see also Fig. 7b. This is due to two
counteracting effects: Higher stoichiometry results in a moderate pres-
surization of the stack and consequently to a slightly increased cell
potential. However, higher stoichiometry also leads to increased blower
power consumption. Therefore, optimizing the system net power yields
optimal stoichiometry values that provide high pressurization to com-
pensate for the low ambient pressure, but only moderately increase
the blower power consumption. Note that for a detailed investigation
of this matter, more information of the blower (Domel 793.3.285-
517) including the compressor map with efficiency curves would be
necessary.

Figs. 6e and f show the cell efficiency » [cf. Eq. (2)] based on the
average cell voltage model U(t, p,i,T, A) (see Appendix C.2) evaluated

with optimized and default control parameters, respectively. While in
Fig. 6e the model results are shown according to the investigated con-
strained parameter space (see Appendix B), in Fig. 6f only results with
U > 0.5V (i.e. n > 39.9 %), representing the validity limit of the model,
are depicted. The parameter optimization shows a significant efficiency
increase at all pressure levels in comparison with the cell efficiency
obtained with default control parameters. At high pressure levels, the
efficiency is particularly increased at high current density values. At
low pressure levels, the parameter optimization leads to higher overall
efficiency as well as a less pronounced efficiency decrease with rising
current density.

In Figs. 7a and b the optimized parameters for stack temperature
and cathode stoichiometry control are shown as isobars for the inves-
tigated pressure levels between 1000 and 500 hPa. For comparison, the
default parameters given by the manufacturer are shown as dashed
lines, see also Table 1. The optimized parameters deviate strongly
from the default parameters both quantitatively and qualitatively, even
for 1000 hPa, which is about the fuel cell system’s design pressure
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default parameters according to Table 1 are shown as dashed lines.

of 989 hPa [29]. Whereas the default control strategy (dashed lines)
requires to increase the stack temperature and decrease the stoichiom-
etry with rising current density, the optimized parameters show rather
inverse characteristics, see the solid curves for 1000 hPa.

4.3. Regression model validation

To validate the regression models presented in the previous section,
polarization curves are recorded at p = 978 hPa and p = 497 hPa
using control parameters for the stack temperature and the cathode
stoichiometry close to the identified optimal control parameters shown
in Fig. 7. Note that the fuel cell controller of the fuel cell system under
test allows to set the cathode stoichiometry with a precision of 0.1,
thus the optimal values suggested by the model cannot be attained ex-
actly. Therefore, the predictions of the cell voltage model U(t, p,i,T, 1),
the net power model P, (t,p,i,T,A) and the relative humidity model
rH(p,i, T, ) are compared to the experimental data of the polarization
curve measurements by using the exact same values of 7" and 4 for the
models as applied for the experimental measurements. Furthermore, all
experimental data presented in the following are degradation corrected
to improve the comparability with the model. To this end, the center
of the experimental space at r = 236 h is chosen as the common
time instant. This means that the measured values of P, and U
are adjusted by applying the corresponding coefficients of the model
Eq. (1), accounting for the linear degradation, i.e. «;. A constant voltage
loss rate of —77 uV/h and a constant net power loss rate of —847 mW/h
are identified as coefficient a, for the voltage and the net power model,
respectively [see Appendix C, Egs. (C.1) and (C.2)]. Considering that
the model equations are only valid within the investigated boundaries
given in Table 3, the models are only compared with experimental data
lying within the validity region, i.e. within the current density limits.

Fig. 8a shows the prediction of the cell voltage model U(t, p,i, T, A)
in comparison to the validation measurements. Based on the testing
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Fig. 8. Validation of the cell voltage model U(r = 236 h,p,i,T, 4), (a), the net power
model P, (r =236 h,p,i, T, 4), (b), and the relative humidity model rH(p,i,T, 1), (c).
The model predictions including the prediction intervals with a confidence level of
95 % indicated by the shaded areas are compared to experimental measurements at
the pressure levels 978 hPa (blue) and 497 hPa (yellow).

procedure for the parameter study (see Section 3.1), the model is only
valid for the ascending part of the polarization curve and hysteresis
effects cannot be represented by the model. Thus, the experimental data
shows the ascending part of the polarization curve measurements, cf.
the solid line in Fig. 2. At both pressure levels, the experimental data
shown in Fig. 8a is well within the model prediction interval with a
confidence level of 95 %, indicated by the shaded area.

Even though the experimental data shown in Fig. 8a are degradation
corrected (cf. Section 3.2), the model predicts a notably higher cell
voltage at high current density at both pressure levels compared to the
validation experiment, which reveals possible limitations of the model.
First, this indicates that concentration losses are underrepresented by
the model, which would suggest the use of a physical-empirical model
equation. Another explanation for the deviation at high current density
may be that considering a constant voltage loss rate is not sufficient to
capture the full degradation behavior and a current density-dependent
voltage loss rate as found by Ref. [51] should be included into the
model equation. Note that a methodically accurate incorporation of
treatment factor-dependent degradation requires to initially include
the interaction between the runtime and all treatment factors and
then identify the most relevant interactions by performing sequential
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Table 5
Fit statistics of the validated models.

Model RMSE Mean C.V. % PRESS R?  Adj. R? Pred. R? Adeq. Prec.
U, p,i,T,4) 0.0121 0.5862 2.07 0.0764 0.9835 0.9824 0.9810 103.50
P (t,p,i,T,2) 176.66 5946 2.97 1.59x 107 0.9951 0.9949 0.9945 210.88

rH(p,i,T, 1) 2.05 59.19 3.46 2245.6 0.9605 0.9585 0.9537 82.42

backward selection. The evaluation and physical interpretation of the
remaining interactions would require a more comprehensive measure-
ment setup including e.g. electrochemical impedance spectroscopy or
cyclic voltammetry, cf. [52]. This is beyond the scope of the present
study and may be investigated in the future. However, the use of a
constant degradation rate yields significantly higher model accuracy
compared to completely neglecting degradation. For example, while
a cell voltage model without degradation term exhibits a root mean
square error (RMSE) of 13.2 mV, the inclusion of the linear degradation
term yields a RMSE of 12.1 mV, which reduces the coefficient of vari-
ation (C.V.) from 2.24 % to 2.07 % (see Table 5). Similarly, the RMSE
of the net power model reduces from 186.61 W without degradation
term to 176.66 W by including the term, i.e. a reduction of C.V. from
3.14 % to 2.97 %.

In Fig. 8b the net power model prediction at both pressure lev-
els is in good agreement with the measurement data. Note that the
optimal stack temperature model T, (p,i) and the optimal cathode
stoichiometry model Aopt (P, ) are derived from the net power model, see
Section 4.2. Thus, a separate validation of these two models is omitted.

In Fig. 8c the relative humidity model rH(p,i,T, 1) is compared to
the measured relative humidity at the cathode outlet. For both p =
978 hPa and p = 497 hPa, the validation measurements are in good
agreement with the model prediction and within the shaded prediction
interval with a confidence level of 95 %.

In Table 5 key fit statistics of the validated models including the
RMSE, the C.V., the adjusted and predicted R?, etc. are summarized.
All models exhibit excellent goodness of fit with adjusted R? values >
0.95 and low C.V. values, indicating high prediction accuracy. Further-
more, the predictive R? values are close to the adjusted R?, confirming
good generalizability without overfitting, [48]. The adequate precision
values are far above the recommended threshold of 4, [34], demon-
strating strong signal-to-noise ratios across all models. The ANOVA of
all validated models can be found in Appendix C.

4.4. Net power sensitivity analysis

A response variable’s sensitivity to parameter changes can be an-
alyzed by means of a perturbation plot. There, the effect of single
parameter variations from a chosen reference point is visualized, while
all other parameters are assumed to be fixed (one-factor-at-a-time).
Factor curves with a steep slope or strong curvature show that the
response variable is very sensitive to that particular factor change.
Since the net power was chosen as target value to identify the optimal
operating parameters, the net power model is analyzed in terms of
sensitivity to parameter variations in the following. In Figs. 9 and 10
solid curves represent the investigated constrained parameter range for
the shown reference point. Dotted lines indicate the overall parameter
range investigated in course of the parameter study, cf. Table 3.

In Fig. 9 the approximate center of the investigated parameter space
(t = 236 h, p = 750 hPa, i = 0.51 A/em?, T = 55 °C, 1 = 2.8)
is chosen as reference point. Based on the slope, the most significant
factor is the current density (green curve) followed by the pressure
(black curve). While the strong dependence of the net power on the
current density is not surprising due to the direct implications of the
current density on the gross power, the strong pressure sensitivity
underlines the significance of the pressure related optimization effort
of the present study. In terms of the two control parameters T and 4,
changes of the stack temperature are more significant with a distinct
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optimum value compared to changes of the cathode stoichiometry,
which is in agreement with the observations by Werner et al. [21].

In Figs. 10a and b the perturbation plots of the net power are shown
with i = 0.25 A/cm? and i = 0.75 A/cm?, respectively. All other factors
correspond to the approximate center of the investigated parameter
space, cf. Fig. 9. Analyzing the sensitivity at a low current density
in Fig. 10a shows small slopes and curvatures of the factor curves,
indicating that the net power is equally (in-)sensitive to all factors. This
implies that the fuel cell system’s net power at low current densities
is relatively robust without a high potential for optimization through
control parameter optimization. However, the opposite can be observed
in Fig. 10b, where the sensitivity of the net power at high current
density is shown. Here, small parameter variations lead to strongly
changing net power responses. This behavior supports the significance
of the above identified optimal parameters, particularly for reaching
high net power at high current density.

A net power sensitivity analysis at high and low pressure values
yields the same level of parameter sensitivity across the whole pressure
range, with analog observations as in Fig. 9. A separate discussion of
the sensitivity at different pressure levels is therefore omitted.

4.5. Optimal control strategy for low-pressure operation

Operating the fuel cell system under low-pressure conditions by
applying the optimal parameters for stack temperature and cathode
stoichiometry control as identified in Section 4.2 (see Figs. 6¢ and d,
or Fig. 7) yields a significantly higher net power output compared to
operating the system with the default control parameters according to
Table 1.

In Fig. 11a the maximum net power obtained by evaluating the
model P, (t,p,i,T, 4) with optimal and default control parameters at
varying pressure is shown as red solid and black dashed lines, re-
spectively. The net power measurements obtained with default control
parameters (black squares) are within the prediction interval of the
corresponding model, whereas the net power measurements obtained
with control parameters close to the optimal values (red dots) lie
slightly below the model prediction using the exact optimal control
parameters. Considering the good agreement of the validation results in
Fig. 8, where the model results and the measurements are obtained by
applying identical control parameters, it seems that the small deviation
from the optimal parameter values (due to the fuel cell controller
allowing to set the stoichiometry only with a precision of 0.1) result in
noticeable performance losses. This is in accordance with the sensitivity
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analysis of the net power at high current densities in Section 4.4.
However, the reduced performance may also be partly attributed to
the observations in Figs. 8a and b, where the model prediction over-
estimates the performance at high current density compared to the
experimental data, indicating reduced model capability to accurately
capture concentration losses and enhanced degradation at high cur-
rent density. This effect is particularly evident when comparing the
experimental data at p > 800 hPa. There, the current density-dependent
degradation adherent to the data obtained with optimized parameters

10

(red dots), which was measured at the end of the test campaign (after
> 415 h of operation), seems to be larger than the net power gain due
to parameter optimization. Consequently, the overall power output is
lower than by using default parameters at the beginning of the test
campaign (black squares). From these observations it is assumed that
accelerated degradation has taken place due to strongly varying stack
humidification as well as rapid load changes during the measurements.
However, a detailed degradation analysis is beyond the scope of the
present study.

In Fig. 11b the relative increase of the maximum net power by
applying optimal control parameters is shown for both model (line)
and experimental (dots) results. The relatively large prediction interval
shown as shaded area as well as the large measurement uncertainties
result from consequent error propagation. While low to moderate per-
formance increase can be observed at high pressure levels, a strong
increase appears under low-pressure conditions. The model predicts the
highest relative net power increase at p = 500 hPa with 17 % (i.e.
791 W) performance improvement. The optimization potential under
low-pressure conditions can be confirmed by the comparison of the
experimental results. At a pressure of 497 hPa, the experimental data
show a relative net power increase as high as 29 % (i.e. 1167 W).
Considering the uncertainties of the model and the experiment, both
results are consistent.

It is well known that maintaining a fuel cell in optimal humidifica-
tion conditions is crucial for high performance as well as durability. In
Fig. 12 the optimal relative humidity at the cathode outlet predicted
by the regression model rHy (p,i, Ty, Agp) is shown for the six in-
vestigated pressure levels between 1000 and 500 hPa. The prediction
intervals are indicated by the shaded areas shown in the same color as
the corresponding model prediction curves. Remarkably, the prediction
curves lie almost on top of each other. Moreover, they lie within each
other’s prediction intervals. This indicates that the optimal relative
humidity at the cathode outlet is pressure-independent and, to a first
approximation, follows the black dashed line of best fit

rHop (i) = (70.9 — i 20.7 cm?/A) [%]. (€))

For comparison, the relative humidity measured at the cathode outlet
during experiments with control parameters set as close as possible
to the optimal values Tope (i, ) and Aopt (i, p), are shown as colored
markers in Fig. 12. The majority of the measurement data lies within
the prediction intervals but slightly below the model prediction curves.
This may be due to the fact that the fuel cell controller does not allow to
set the exact optimal parameter values. Nevertheless, all measurement
points follow a clear trend towards a lower relative humidity at higher
current density.
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The identification of the optimal relative humidity yields a possible
explanation for some unusual behavior observed when the PEMFC is
operated under low-pressure conditions with default control parame-
ters. In Fig. 3a and b the performance at i = 0.4 A/cm? and a chamber
pressure of 888 hPa and 789 hPa are almost identical. The application of
the default parameters for stoichiometry and temperature control leads
to relative humidity values of 70 % and 62 % for 888 hPa and 789 hPa,
respectively, see Fig. 5. According to Eq. (4), rH, (0.4 A/cm?) = 61.7 %.
This shows that the results in Fig. 3 at i = 0.4 A/cm? and 789 hPa
are obtained with an optimally humidified fuel cell, whereas a too wet
fuel cell at i = 0.4 A/cm? and 888 hPa leads to significant performance
losses.

Finally, a simplified control strategy yielding high system net power
at low-pressure operation could be implemented by controlling the
pressure-dependent stack temperature according to Eq. (3). On the
other hand, the cathode stoichiometry is used to maintain the relative
humidity at the cathode outlet in its current density-dependent optimal
state according to Eq. (4) with an accuracy of about +5 %. However, to
achieve the highest possible net power, the stack temperature and the
cathode stoichiometry have to be set according to T, (p, i) and Ay (p, 1)
in Figs. 6¢ and d, respectively, see also the model Egs. (C.4) and (C.5)
in Appendix C.

The presented control functions are limited to the application to
the fuel cell system under test. However, the proposed optimization
framework consisting of a DoE based characterization of the PEMFC
system followed by the derivation of model equations and the optimiza-
tion regarding net power, which ultimately yields the optimal control
functions, provides a generic procedure applicable to various other fuel
cell systems with a comparable setup. This means a non-pressurized,
liquid-cooled, self-humidifying fuel cell system such that the treatment
factors are identical to the present investigation.

5. Conclusions

This study investigated the challenges of operating a PEMFC system
under low ambient pressure conditions by operating a Hydrogenics
HyPM HD 10-120 stack inside a low-pressure chamber. Across a pres-
sure range from 980 and 491 hPa (simulating altitudes up to 5712 m),
a net power loss of up to 59 % was observed when operating with the
manufacturer’s default parameters for stack temperature and cathode
stoichiometry control. The performance degradation was attributed
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to increased parasitic losses from the BoP systems and to membrane
drying due to reduced water partial pressure.

To identify the optimal operating conditions in terms of system net
power, a comprehensive parameter study was performed by applying
statistical DoE methods. In course of the parameter study, the stack
temperature and the cathode stoichiometry were varied at different
current density and chamber pressure levels. Based on the experimental
results, model equations were derived for the cell voltage U(t, p,i, T, A),
the net power P, (t,p,i,T, 1) and the relative humidity at the cathode
outlet rH(p,i,T, ). The models’ prediction capabilities were confirmed
by the comparison with validation measurements. Optimization of the
net power model yielded the optimal control functions T, (p.i) and
Aopt(p,©). The experimental application of these optimal parameters
resulted in a significantly higher performance at low-pressure operation
compared to the use of the default parameters. At 497 hPa, a maximum
net power gain of 29 % could be reached.

Importantly, the analysis revealed two simplifying trends: Firstly,
the optimal stack temperature decreases linearly with pressure and is
approximately independent of current density. Secondly, the optimal
relative humidity decreases linearly with current density and is inde-
pendent of pressure. These findings led to a novel, simplified pressure-
and load-adaptive control strategy. Therefore, the linear relation for
Top(p) is applied, while the stoichiometry is varied to maintain the
optimal humidification rH,, (/). Compared to previous studies that
examined isolated parameter effects or fixed pressure levels, this work
delivers an experimentally validated and practically implementable
continuous solution for net power maximization under low-pressure
conditions. This contributes a significant advancement to the field of
altitude-adaptive PEMFC control by providing a generalizable optimiza-
tion framework applicable to various other fuel cell systems exhibiting
a comparable setup.

6. Future research

The present study indicates considerable optimization potential
through environmental pressure-dependent temperature and stoichiom-
etry control, without significant additional power requirements. The
results might also be transferable to the operation of pressurized fuel
cells at high altitudes. Applying the proposed optimization approach to
such systems could lead to an operation with reduced pressurization
requirements for a given power output at a given ambient pressure. As
a consequence, a lighter and smaller compressor could be used, causing
less parasitic power loss and leading to a higher specific power density
of the PEMFC system.

Aiming at high-altitude operation of PEMFC systems for aviation
applications, it is planned to take into account the effect of low am-
bient temperature additionally to low pressure in further investiga-
tions. Moreover, the present study showed that more sophisticated,
e.g. physical-empirical, model equations including operating parameter
depending degradation should be considered in future studies.
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Fig. A.13. Piping and instrumentation diagram of the inside of the ATLAS low-pressure chamber.

Acknowledgments

Funding of the project EnaBle (20M1905) by the German Federal
Ministry for Economic Affairs and Energy is gratefully acknowledged.
Moreover, the authors should like to thank Fabian Krauth for his
support during the test campaign and Pascal Meier, Oliver Thalau
and Patrick Stehle for many helpful discussions concerning test proce-
dures, evaluation and testbed adaption. Finally, the authors thank the
anonymous reviewers for their comments, which helped to improve the
quality of the paper.

Appendix A. ATLAS testbed: Piping and instrumentation
See Figs. A.13 and A.14 and Table A.6.
Appendix B. Parameter constraints

In course of the parameter study, preliminary pilot experiments
identified certain unattainable parameter combinations, as they would
lead to fuel cell dry out or flooding. The range of stable operating con-
ditions was determined based on the relative humidity at the cathode
outlet, which was found to be between 48 % and 95 %.

Assuming a negligible water content at the fuel cell inlet, Eq. (6-69)
proposed by [7], can be used to determine the relative humidity at the
cathode outlet, i.e.

rH = 2"02 Pout

A+ r02 Psat (Tout) ’
where rgy, poy and pg,(T,,) denote the oxygen concentration at the
cathode inlet, the pressure at the cathode outlet and the saturation va-
por pressure as function of the cathode outlet temperature, respectively.

Using Eq. (B.1), the corresponding saturation pressure range can
be determined for the upper and lower relative humidity boundaries
across all cathode stoichiometry and pressure levels. To this end, it
is assumed that the exhaust gas temperature at the cathode outlet
corresponds to the stack temperature. According to the International
Association for the Properties of Water and Steam (IAPWS) [53], the

(B.1)

12

saturation pressure can thus be directly related to the stack temperature
limits.

Since the range of achievable humidity levels decreases with in-
creasing current density due to flooding, the relative humidity at the
cathode outlet is limited to 80 % for the maximum current density at
each pressure level (see the back surface in Fig. B.15). Additionally,
the overall stack temperature limits are set to 55.0 + 15.0 °C, where
55.0 °C is the mean stack temperature suggested by the manufacturer.
The discussed constraints result in the detailed parameter limitations
presented in Fig. B.15.

Appendix C. Regression model equations and ANOVA

In all following model equations, the units of the model coefficients
are omitted. However, the model parameters 7, p,i,T and 4 should be
applied with their corresponding units [s], [hPa], [A/cm?], [°C] and
[-], respectively.

C.1. Net power model P, (t,p,i, T, 1)

After dropping non-significant terms by sequential backward selec-
tion, the net power model equation reads:
P (t,p,i,T, 1) = (8861.76748 — 0.84719 - t + 13.76083 - p — 46379.64961 - i
— 361.86707 - T — 2723.52955 - A — 57.44845 - pi
—0.31631 - pT — 1.61862 - pA + 2236.65666 - iT
+ 16855.38278 - iA + 44.22505 - T A + 0.00529 - p*
—13930.37965 - i + 4.15703 - T2 +281.45122 - A°
+ 175750 - piT + 8.30920 - piA — 263.04016 - iT A
—0.03997 - p?i + 7.96305 - pi® — 179.06403 - i*T
—24.57336 - iT? — 1582.07426 - iA> + 6721.41114 - i*) [W].

(Cn

The net power model’s ANOVA is given in Table C.7, while the model’s
fit statistics is given in Table 5.



D. Murschenhofer et al.

Table A.6

Cooling
water

2 bar <

2
H2N2 1D2 N2 Air

Energy Conversion and Management 345 (2025) 120251

cAir Primary cooling

Secondary cooling

Wastewater

b T

i

F02021

Integral
process thermostat

N4

Glysantin
2w

Vacuum
regulator

afety
relief valve

Vacuum Pump

Vacuum Pump
201

Water trap

L‘:> Wastevater

Exhaust

Wastewater

Cooling
water

e Gas / Fluid

Air

- Cooling fluid

Water

Fig. A.14. Piping and instrumentation diagram of the outside of the ATLAS low-pressure chamber.

List of the implemented sensors of the ATLAS testbed, including the reference code used in the piping and instrumentation diagrams (P&ID) of Figs. A.13 and A.14, and the
measuring range and error of the sensors. While the unit slpm denotes standard liter per minute referenced to 1013 hPa at 21 °C, the unit In/min refers to 1013 hPa at 0 °C.
Some sensor measuring errors are based on the full scale (FS), while others are based on the measured value (MV).

P&ID code Measured value [unit] Type Manufacturer Measuring range Measuring error
E-01-040 Cell pair voltage [V] LTC6803-1 Linear Technology Corp. -03-5V +2.8 mV
FT-A-01-022 Cathode air flow in [slpm] AFH10-02 (OEM: 800-01262) Hitachi Astemo Americas Inc. - -
FT-Gly-01-025 Coolant flow [1/min] Typ 210 DN20 Huba Control AG 5 - 85 I/min <+l % FS
FT-H-02-021 Hydrogen volume flow [In/min] EL-FLOW Select F-112AC Bronkhorst GmbH 1.4 - 200 In/min +0.5% MV +0.1 % FS
FTC-A-02-020 Chamber air flow [In/min] MFC D-6381-DR/003AI Bronkhorst GmbH 100 - 5000 In/min +1.0% MV +0.5 % FS
H2T-H-01-026 H, content [ppm] PowerKnowz Neodym Technologies Inc. 0 - 20000 ppm +800 ppm
1-01-028 Current air blower [A] DK 20 C420 U LEM International SA 0-20 A +1 % FS
1-01-029 Current recirculation pump [A] DK 20 C420 U LEM International SA 0-5A +1 % FS
1-01-039 Stack current [A] DCS36-200-1 InPower Electronics 0-200 A +1 % FS
J-01-038 Water pump power [W] WP29 24V EMP Corp. 0-360 W -
02T-A-01-031 O, content [Vol%] MF010-0O-LC Dittrich Elektronic GmbH 0.1 - 25 Vol% +1.5 % FS
PT-A-01-004 Pressure cathode in [hPa] DRTR-ED-20MA-A2B B+B Thermo-Technik GmbH 0 - 2 bar(a) <+04 % FS
PT-A-02-005 Chamber pressure [hPa] DRTR-ED-20MA-A5B B+B Thermo-Technik GmbH 0 - 5 bar(a) < +0.4 % FS
PT-H-01-001 Chamber pressure [hPa] DRTR-ED-20MA-A2B B+B Thermo-Technik GmbH 0 — 2 bar(a) <+04 % FS
PT-H-01-002 Pressure H, supply [hPa] DRTR-ED-20MA-A10B B+B Thermo-Technik GmbH 0 — 10 bar(a) <+04 % FS
PT-H-01-003 Pressure anode [hPa] DRTR-ED-20MA-A2B B+B Thermo-Technik GmbH 0 - 2 bar(a) <+04 % FS
PT-H-01-023 Pressure anode internal [hPa] AST4000FV0025P4A1000 American Sensor Technologies —14.7 - 25 PSI <+0.5 % FS
PTC-A-02-019 Chamber pressure regulator [bar] RPD200/0-1abs./3/a/1/N Drumag GmbH 0 — 1 bar(a) <+02 % FS
TT-A-01-011 Temp. cathode in [°C] Thermocouple Type K ES Electronic Sensor GmbH —50 - 200 °C +1.5°C
TT-A-01-012 Resistor temp. [°C] Thermocouple Type K ES Electronic Sensor GmbH —50 - 200 °C +1.5 °C
TT-A-01-013 Temp. intercooler out [°C] Thermocouple Type K ES Electronic Sensor GmbH —50 - 200 °C +1.5 °C
TT-A-01-017 Chamber temp. [°C] KS-CAN-03 ZILA GmbH —40 - 80 °C +0.5 °C
TT-A-01-018 Temp. cathode out [°C] EE33-MFT J2022HV01/AB6-T12 E+E Electronik GmbH —40 - 120 °C +0.2 °C
TT-A-01-032 Temp. air blower in [°C] PT1000 (DIN B) Otom Group GmbH —60 - 180 °C +(0.3 +0.005MV) °C
TT-Gly-01-014 Coolant temp. stack out [°C] PT1000 (DIN A) Otom Group GmbH —60 — 180 °C +(0.15 + 0.002MV) °C
TT-Gly-01-016 Coolant temp. stack In [°C] PT1000 (DIN B) Huba Control AG —40 - 125 °C +0.3 °C
rHT-A-01-017 Relative humidity chamber [%] KS-CAN-03 ZILA GmbH 0 - 100 % +2 %
rHT-A-01-018 Relative humidity cathode out [%] EE33-MFT J2022HV01/AB6-T12 E+E Electronik GmbH 0 - 100 % +(1.3+0.3%MV) %
Auxiliary Power Supply [V] PS 8160-60 2U Elektro-Automatik GmbH 0-160 V <02 % MV

13
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Table C.8
ANOVA of the cell voltage model U(t,p,i,T, A).
Source Sum of squares df Mean square F-value p-value
— 70 o rH=48%
o o rH=80% Model 3.95 30 0.1316 893.03 0
E 65 rH=95% P 0.0574 1 0.0574 389.39 7.20 x 10793
5 60 i 0.3810 1 0.3810 2585.28 2.08 x 107188
g 55 T 0.0109 1 0.0109 74.25 1.18 x 10710
E A 0.0015 1 0.0015 10.08 0.0016
E 50 t 0.0120 1 0.0120 81.24 5.79x107'8
§ 45 pi 0.0107 1 0.0107 72.79 2.23x 10710
@ 40 T 0.0075 1 0.0075 51.04 3.68 x 10712
pA 2.31x107° 1 2.31x 107 0.016 0.9004
1000 g0, 32 3-:\’\ iT 0.0043 1 0.0043 28.96 1.19x 1077
Pressure , 12° 600 24 23 omet™ i 0.0042 1 0.0042 28.72 134 1077
hea) 500 20 node St TA 0.0007 1 0.0007 4.60 0.0324
P’ 0.0163 1 0.0163 110.70 2.74x 10723
Fig. B.15. Detailed parameter limits for the stack temperature and the cathode izz 0.0183 1 0.0183 124.03 133 x ]OfS
stoichiometry used in course of the parameter study at different pressure levels. The T 0.0040 1 0.0040 27.43 251x 107
red surface represents the limits that apply to obtain minimal relative humidity values s 0.0012 1 0.0012 8.17 0.0045
at the cathode outlet of 48 %. The black and blue surfaces represent the limits that piT 0.0135 1 0.0135 91.57 7.26x 10720
apply to obtain maximum relative humidity values of 80 % and 95 %, respectively. pTa 0.0021 1 0.0021 14.06 0.0002
iTA 0.0022 1 0.0022 15.12 0.0001
Pl 0.0172 1 0.0172 116.55 2.60 x 10724
p*T 0.0020 1 0.0020 13.36 0.0003
P*A 0.0038 1 0.0038 25.86 5.41x 1077
T2 0.0022 1 0.0022 14.74 0.0001
Optimal Cell Voltage U VI oo P2 0.0009 1 0.0009 5.86 0.0159
_ 21 0.0014 1 0.0014 9.46 0.0022
iT? 0.0061 1 0.0061 41.63 2.87x 10710
i2? 0.0017 1 0.0017 11.50 0.0008
T4 0.0016 1 0.0016 10.70 0.0012
_ TA? 0.0010 1 0.0010 6.61 0.0104
g o T3 0.0017 1 0.0017 11.42 0.0008
E Pu 0.0005 1 0.0005 3.10 0.0789
% 700 Residual 0.0662 449 0.00015
¢ Cor Total ~ 4.0147 479
&

0.5 0.6 0.7 08 0.9
Current Density i [A/cm?]

C.2. Cell voltage model U(t, p,i, T, A)

Fig. C.16. Optimized cell voltage model U(r = 236 h,p,i,Topl,Aop‘).

Table C.7
ANOVA of the net power model P, (t,p,i,T, ).

After dropping non-significant terms by sequential backward selec-

Source Sum of squares df Mean square F-value p-value . .
tion, the cell voltage model equation reads:

Model 2.89 x 10° 24 1.21 x 108 3859.6 0
p 1.58 x 107 1 1.58 x 107 506.17 6.63 x 107
i 9.47 x 107 1 9.47 x 107 3032.86 2.33 x 107203 U(t,p,i,T, 1) = (=5.11699 — 0.000077 - £ — 0.006190 - p
T 741 105 1 7.41 x 10 23.74 1.52x 1070
A 471 % 10° 1 471 % 10° 15.09 0.0001 —3.26963 - i +0.27523 - T + 2.68464 - A
t 1.48 x 106 1 1.48 x 10° 47.3 2,02 x 1071 .
pi 4.54 % 10 1 4.54 % 106 145.62 278 x 1072 = 0.001415 - pi +0.000298 - pT'+0.002003 - pA
T 7.16 x 10° 1 7.16 x 109 229.5 2.87 x 1074 +0.077289 - iT + 0.842066 - iA — 0.085690 - T A
pA 1.74 x 106 1 1.74 % 10° 55.91 43210713 6 2 2 2
T 1.29 % 105 1 1.29 % 106 41.18 3.50 x 10-10 —6.19491 X 107 - p” — 0.155168 - i“ — 0.004878 - T
iA 3.45x10° 1 3.45%10° 11.05 0.0010 — 0.404243 - > +8.93428 x 107 - piT
T 2,05 x 10° 1 2,05 10° 65.81 4.67x 10715 5
P 7.29 % 10° 1 7.29 % 106 23362 7.29%10°% —4.57326 X 107 - pT'A — 0.009935 - iT 4
2 6.23 x 106 1 6.23 X 10° 199.5 7.77x 10738 — 2.14346 X 1070 . pi + 6.48230 x 1078 - p2T
T2 530 x 106 1 5.30 % 10° 169.9 3.19 x 1073
2 1.92 % 10° 1 1.92 % 106 61.5 3.18x 1071 +1.01885 x 1076 - p?A — 2.52677 x 1076 - pT?
piT 3.47 x 10° 1 3.47 x 10° 111.19 2.09 x 1072 _ Y 2
pid 1.01 x 106 1 1.01 x 10° 32.37 228 %1078 0000173 - pA7 +0.145297 - i*4
iTA 127 105 1 127 % 10° 40.61 4.60x 10710 — 0.001095 - iT? — 0.067328 - i 4% + 0.000764 - T2 A

2 6 6 —17
PR 243 10 1 2.43 % 10 77.8 2.45% 10 2 3 3
P2 1.86 x 10° 1 1.86 x 10° 5.95 0.0151 + 0.006496 - T A~ + 0.000029 - T” + 0.021356 - 1°) [V].
2T 3.66 X 10° 1 3.66 X 10° 11.74 0.0007 (C.2)
iT? 2,97 x 10 1 2.97x 108 95.06 1.60 x 10-20 ’
ix2 1.25 x 106 1 1.25 x 10° 40.11 5.76 x 10710
i3 8.27x 10° 1 8.27x 10° 26.49 3.94 %1077

Fig. C.16 shows the contour plot of the optimized cell voltage model
Residual 142107 455 31208.06 by applying the optimal values for stack temperature and cathode sto-
Cor Total  2.91x10° 479 ichiometry control, i.e. T, (p,i) and A, (p, i), respectively. The results
are shown for the center of the experimental space at + = 236 h. The
cell voltage model’s ANOVA is given in Table C.8, while the model’s fit
statistics is given in Table 5.
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Table C.9

ANOVA of the relative humidity model rH(p,i,T, 2).
Source Sum of squares df Mean square F-value p-value
Model 46624.99 23 2027.17 482.23 4.10x 107303
P 4518.12 1 4518.12 1074.77 5.41x 107122
i 2627.59 1 2627.59 625.05 1.65 x 1077
T 3990.28 1 3990.28 949.21 1.64x 107113
A 1486.32 1 1486.32 353.57 8.19x 107
pi 14.06 1 14.06 3.34 0.0681
pT 0.42 1 0.42 0.10 0.7512
pA 43.56 1 43.56 10.36 0.0014
iT 213.10 1 213.10 50.69 4.23x 10712
iA 21.91 1 21.91 5.21 0.0229
TA 28.61 1 28.61 6.81 0.0094
Vs 114.54 1 114.54 27.25 2.73x 1077
i? 37.20 1 37.20 8.85 0.0031
T2 7.82 1 7.82 1.86 0.1732
A 82.34 1 82.34 19.59 1.20x 1073
iTA 48.20 1 48.20 11.47 0.0008
Pl 35.77 1 35.77 8.51 0.0037
pi? 25.80 1 25.80 6.14 0.0136
pA? 57.36 1 57.36 13.65 0.0002
24 174.06 1 174.06 41.41 3.13x 10710
T 134.72 1 134.72 32.05 2,67 x 1078
e 46.24 1 46.24 11.00 0.0010
T3 4.65 1 4.65 1.11 0.2935
T 18.77 1 18.77 4.46 0.0352
Residual 1916.93 456 4.20
Cor Total 48541.92 479

C.3. Relative humidity model rH (p,i, T, 1)

After dropping non-significant terms by sequential backward selec-
tion, the relative humidity model equation reads:

rH(p,i,T, ) = (—536.11249 — 0.060655 - p + 260.36793 - i
+44.21504 - T + 50.50698 - A+ 0.22378 - pi
—0.000120 - pT + 0.095288 - pA — 4.50900 - iT
— 88.63289 - id— 2.61617-TA —3.35353 x 1070 . p?
—251.31032 - i% — 1.14804 - T2 — 7.10200 - A
+ 0.75385 - iT A — 9.36094 x 107> - p%i — 0.062798 - pi*
—0.019613 - pA + 3.08969 - i>T + 39.54110 - i* A
+0.46129 - T 4> +0.01377 - T3 — 0.000061 - T*) [%] .

(C.3)

The relative humidity model’s ANOVA is given in Table C.9, while the
model’s fit statistics is given in Table 5.

C.4. Optimal stack temperature model T, (p, i)

After dropping non-significant terms by sequential backward selec-
tion, the optimal stack temperature model equation reads:

Top(p i) = (1241121 + 0.04292 - p + 87.65794 - i
—0.00793 - pi — 1.62157 x 1070 - p? — 210.63948 - i
—1.33911 x 107% - p?i +0.00799 - pi® + 1.16779 x 10~ - p*
+ 212.65995 - i* — 1.36030 x 10713 . p* — 81.96024 - i*) [°C].

(C4

The optimal stack temperature model’s ANOVA and fit statistics are
given in Tables C.10 and C.11, respectively.
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Table C.10
ANOVA of the optimal stack temperature model T, (p, /).
Source Sum of squares  df Mean square  F-value p-value
Model 1.209 x 10° 11 1.099 x 10° 4.807 x 107 0
P 1.696 x 10° 1 1.696 x 10° 7.415 x 107 0
i 5411.55 1 5411.55 2367x10° 0O
pi 0.21 1 0.21 91.49 1.18 x 10721
P* 0.07 1 0.07 28.56 9.12x 1078
i 4.19 1 4.19 1832.01 0
i 0.26 1 0.26 115.19 7.76 x 10727
pi? 13.73 1 13.73 6004.33 0
P 0.11 1 0.11 46.62 8.75x 10712
i 130.67 1 130.67 57144.40 0
p* 6.81 x 1073 1 6.81 x 1073 0.03 0.8630
i* 216.48 1 216.48 94671.59 0
Residual 92.36 40389  0.0023
Cor Total ~ 1.209 x 10° 40400
Table C.11
Fit statistics of the optimal stack temperature model T, (p, ).
RMSE Mean CV. % R? Adj. R? Pred. R? Adeq. Prec.
0.0478 54.53 0.0877 0.9999 0.9999 0.9999 25021.53
Table C.12
ANOVA of the optimal cathode stoichiometry model 2, (p, i).
Source Sum of squares  df Mean square  F-value p-value
Model 776.64 11 70.60 6297%x10° 0
P 66.68 1 66.68 5947x10° 0O
i 31.02 1 31.02 2767x10° 0
pi 0.38 1 0.38 3462.28 0
P* 0.0311 1 0.0311 277.12 5.13 x 10792
i? 0.1137 1 0.1137 1014.03 8.49 x 107220
pri 0.1149 1 0.1149 1024.91 418 x 107222
pi? 5.03 1 5.03 44872.29 0
P 0.0004 1 0.0004 3.60 0.0578
i 0.7693 1 0.7693 6860.84 0
P 0.0010 1 0.0010 8.84 0.0029
i 5.88 1 5.88 52415.31 0
Residual 4.53 40389  0.00011
Cor Total  781.17 40400
Table C.13
Fit statistics of the optimal cathode stoichiometry model A (p, i).
RMSE Mean C.V. % R? Adj. R? Pred. R? Adeq. Prec.
0.0106 2.81 0.3773 0.9942 0.9942 0.9942 4287.4774

C.5. Optimal cathode stoichiometry model Aqy, (p, i)

After dropping non-significant terms by sequential backward selec-
tion, the optimal cathode stoichiometry model equation reads:
Aopt (P, 1) = 6.19857 — 0.00129 - p — 16.58180 - i
+0.00491 - pi —2.21063 x 1075 - p? + 34.94368 - i>
+8.84484 x 1077 - p?i — 0.00484 - pi® + 1.60395 x 10~ - p?
— 33.70819 - i* —5.19071 x 10713 . p* + 13.50416 - i* .
(C.5)

The optimal cathode stoichiometry model’s ANOVA and fit statistics are
given in Tables C.12 and C.13, respectively.

Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.enconman.2025.120251.
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Data availability

Data will be made available on request.
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