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Abstract: The present study aims to develop a test protocol based on the literature for electrochemical characterisation of a polymer 
electrolyte membrane (PEM) electrolysis commercial stack using polarisation curves. For this, a 1-kW water electrolysis test stand  
with integrated temperature control and measurement systems was built around the stack. Afterwards, the stack performance  
was characterised under different operating pressure and temperature conditions by using polarisation curves. A measurement protocol 
was developed based on the literature. To ensure the reproducibility of the results, two rounds of experiments were performed.  
The experiments were carried out at temperatures between 20 and 60 °C and pressures up to 15 bar. The results show distinct regions  
in the polarisation curves related to the activation and ohmic overvoltage. The effect of temperature and pressure on the performance  
is shown and analysed. The performance of single cells in the stack is also measured. The stack polarisation curves are compared  
with those in the literature, which gives an understanding of the materials used in electrodes and types of membranes. 
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1. INTRODUCTION 

In the future, green hydrogen is expected to be used as a 
chemical feedstock for industry and as long-term chemical storage 
for the energy grid. To support the establishment of the hydrogen 
market, the German government in the coalition agreement 
for 2021–2025 proposed an expansion of electrolysis capacity of 
up to 10 GW in Germany by 2030, based on the National Hydro-
gen Strategy [1]. Green hydrogen must be produced from renew-
able energy, which requires high reliability and dynamic capability 
of electrolysers [2]. Therefore, the necessary development of the 
hydrogen economy entails many technical challenges that must 
be addressed early on for a successful implementation. For poly-
mer electrolyte membrane water electrolysis (PEMWE), the stack 
is the most expensive component, accounting for about 60 % of 
the initial costs of an electrolysis plant [3,4]. For this reason, it is 
important to understand and improve the performance of the stack 
through electrochemical studies. In this field, one of the most 
common methods to study electrochemical cells is polarisation 
curves. These curves show the voltage behaviour of a cell under 
different current loads at constant temperature and pressure. In 
addition, a polarisation curve is a tool for comparing between the 
performance of electrolysers. 

In common data sheets of commercial PEMWE manufactur-
ers, only a system efficiency at nominal load is given. This gives 
very little information about the stack performance in partial loads. 
Since polarisation curves cover the whole load range, they can 
serve as the base for optimising the electrolyser operation. Due to 
highly fluctuating renewable energy sources, PEMWE may often 

have to operate under partial load. Furthermore, in commercial 
PEMWE plants, condition monitoring is essential to detect or 
prevent degradation. Polarisation curves can be a powerful tool to 
track cell degradation. Since high-power PEMWE stacks can have 
numerous cells, it is complicated to track every single one of 
them. Moreover, for the PEMWE stack description in modelling, 
often only the sum of identical single cells is considered for the 
total stack voltage [5]. However, this does not take account of the 
ohmic resistance of the end plates. Therefore, it is important to 
understand the difference and correlation between the polarisation 
curves of the stack and the individual cell. To the best of the 
authors’ knowledge, there is no generic description of this. It is 
also necessary to examine the specific ways in which individual 
cells influence the overall performance of the PEMWE. In addition, 
the performance of the PEMWE is influenced not only by the 
power set point but also by temperature and pressure conditions. 
The effect of these factors has been widely described in the litera-
ture [6,7,8]. The findings of single cell examinations should be 
compared to the influence on a commercial stack on cell and 
stack level. 

The Bremen University of Applied Sciences (HSB) is currently 
engaged in hydrogen technology research and the implementation 
of various electrolyser technologies. In this context, the main 
objective of this work was the electrochemical characterisation of 
a PEMWE stack using polarisation curves. For this purpose, a 1-
kW electrolysis test bench was first set up for educational and 
research purposes at the Laboratory of Environmental Chemistry 
of the HSB. Since there is currently no technically standardised 
and recognised measurement protocol, especially for industrial 
plants, a suitable protocol was designed from various sources, 
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which tested a single cell at the laboratory level [9–11]. For com-
plete characterisation over a wide operating range, experiments 
were carried out under multiple temperatures and pressures. To 
monitor the overall performance of the stack, measurements were 
performed at the stack level and compared with monitoring results 
of individual cells.  

2. FUNDAMENTALS 

In this chapter, the electrochemical basics are described, 
which are necessary for the general understanding of the study. 
Firstly, the redox reaction that occurs during the electrolysis is 
described, then the voltage necessary for the reaction to occur 
and the corresponding losses and, finally, the characterisation 
method, i.e., the polarisation curve. 

2.1. Polymer electrolyte membrane (PEM) water reaction 

In PEMWE, water is split into hydrogen and oxygen by an 
electrochemical potential. The redox reaction in (2.3) is described 
by the two half-cell reactions (2.1) and (2.2). The oxygen evolution 
reaction (OER) takes place at the anode with a required minimum 
anode potential of 1.23 V, while the hydrogen evolution reac-
tion (HER) takes place at the cathode with a potential of 0 V. Both 
reactions must be catalysed, and a membrane is located between 
the electrodes for product separation and for efficient proton 
transport [12]. 

OER:                     H2O → 2H+   + 2e− +  
1

2
 O2                  (2.1) 

HER:        2H+ + 2e− → H2             (2.2) 

∑:                          H2O → H2 +
1

2
O2           (2.3) 

During the operation, water flows through the flow field of the 
bipolar plates, which ensures homogeneous distribution of water 
over the entire active surface and efficient removal of products 
from the cell. Within the cell, water flows through the porous 
transport layer (PTL) on the anode side to the catalyst-coated 
membrane (CCM), where it is converted into H+ protons, 
electrons and oxygen (OER). Oxygen and excess water are 
transported through the PTL to the anode gas outlet. Electrons 
leave the anode through the external circuit, providing the driving 
force (cell voltage). Hydrogen ions move across the membrane to 
the cathode side, where they recombine with electrons to produce 
molecular hydrogen (HER). With the increase in current density, 
the transport of water from the anode to the cathode increases 
simultaneously due to electroosmotic movement. This entrained 
water is known as drag water. Hydrogen and drag water are 
released through the PTL into the flow channels and scrubbed 
through the cathode gas outlet. The membrane, electrodes 
and PTLs together form the membrane electrode 
assembly (MEA). The electrodes are located on both sides of the 
MEA, and together it is known as the CCM. The designation 
of CCMs in the literature usually follows this scheme: cathode-
catalyst/membrane/anode-catalyst, e.g., Pt/Nafion®-117/IrO2, indi-
cating the catalysts (Pt and IrO2) used on cathode and anode 
sides and the membrane (Nafion®-117) in between. 

 

2.2. Overvoltage of PEM electrolysis 

Previously, the voltage for OER and HER was described for 
the ideal case. Considering real-time operation, the voltage of an 
electrolysis cell 

𝑈cell  =  𝑈ocv +  𝜂act  +  𝜂ohm + 𝜂mass,      (2.4) 

can be calculated as the sum of the open-circuit voltage 𝑈ocv 
and the losses: the activation overvoltage 𝜂act, ohmic overvolt-

age 𝜂ohm and mass transport overvoltage 𝜂mass. The percentage 
of the individual losses depends, to a considerable part, on the 
design, the materials used and the operating parameters such as 

pressure and temperature. The open-circuit voltage 𝑈ocv is the 
theoretical minimum potential difference between the two elec-
trodes required to start the reaction. 

At very low current densities, the total overvoltage is almost 
entirely determined by the activation overvoltage. The activation 
overvoltage describes the energy required to initiate the 
electrochemical reaction. Especially, the OER requires a high 
activation energy and occurs slower than the HER. The activation 
surge is directly influenced by temperature, catalyst material and 
catalyst loading. 

The ohmic overvoltage is related to the proton resistance 
passing through the membrane and the electrical resistance of the 
components. The proton resistance of the membrane is significant 
as it is typically 10 times higher than the electrical resistance. With 
increasing current and proton flow, the ohmic overvoltage also 
increases linearly. Insufficient humidification of the membrane 
leads to a decrease in proton conduction, resulting in a higher 
voltage requirement. Intensified electrical resistance is caused, 
e.g., by poor contact between the current collectors and the bipo-
lar plates or by passivation of the surfaces through the formation 
of oxide layers [15]. An increase in membrane thickness also has 
a negative effect on this overvoltage. However, a thinner mem-
brane could increase the gas permeability [15]. 

The diffusion or concentration overvoltage refers to transport 
resistances resulting from insufficient inward transport of water 
into the stack or of gases and drag water out of the stack. At high 
current densities, gas bubbles may not be removed from the 
electrodes as quickly as they are generated. The voltage increas-
es as the active surfaces are covered, the electrical resistance of 
the cell increases due to the non-conductivity of the bubbles, and 
the diffusion of water to the active surfaces is restricted.  

Increasing the operating temperature of a PEMWE significant-
ly improves the performance of the stack [14]. However, high 
temperatures increase gas permeability and decrease the me-
chanical stability of the membrane and may contribute to acceler-
ated degradation [16]. This, along with the stability problems of ion 
exchange resins at temperatures above 60 °C, is the reason that 
the temperature in current commercial PEM plants does not usu-
ally exceed 60–70 °C [17]. 

2.3. Polarisation-Curve 

The polarisation curve shows the relationship between cell 
voltage and current density, where lower cell potential at higher 
current density is desirable. It can be used to track cell 
degradation by comparing the curve at the beginning of life (BoL) 
and at the end of life (EoL). In addition, a polarisation curve is a 
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useful and standardised method for comparing the performance of 
different electrolysers. During the measurement, constant 
operating conditions or thermodynamic equilibrium, including 
temperature and pressure, must be ensured. The polarisation 
curve can be measured in two ways, under galvanostatic or 
potentiostatic control. In the first variant, the current density is 
modified stepwise, while in the second variant, the voltage is 
changed. 

In the following, the polarisation curve of an electrolysis cell is 
explained and illustrated with the help of Fig. 1. As it can be seen, 
the cell voltage increases with increasing current density, 
corresponding to increasing hydrogen production according to 
Faraday’s law. The curve can be roughly divided into three 
overvoltage dominated ranges, the activation, ohmic, and mass 
transport range. The area with very low current densities is 
characterised by a strong voltage rise, which is due to the large 
influence of the activation overvoltage. Ohmic losses dominate 
most of the polarisation curve, which is characterised by a linear 
curve behaviour. With increasing current, a slope change by 
bending upwards is observed due to mass transport limitation. In 
this range, the efficiency is low, and the heat dissipation is very 
high. 

 
Fig. 1. Typical polarisation curves of an electrolysis cell at two different 

temperatures [18] 

3. MATERIALS AND METHODS 

For the characterisation process of the PEMWE, a test rig was 
built around a 1-kW commercial stack. The stack consists 
of 10 cells connected in series, with an active cell area of 30 cm2 
each. The characteristics of the stack according to the manufac-
turer are listed in Tab. 1. Details of the PEM cell materials are 
confidential by the commercial stack manufacturer and have not 
been provided to the stack owner. 

The pressures referred to in this article are measured above 
atmospheric pressure and are expressed in units of bar. The stack 

operates under differential pressure, where the pressure on the 

cathode side can reach up to 20 bar, while the maximum 
allowable pressure on the anode side is limited to 0.5 bar. 
According to the manufacturer, a water inflow of 66 l/h at the 
anode side is needed to ensure a maximum temperature 
difference  

ΔTs = 𝑇in,anode − 𝑇out,anode,                                                (3.1) 

between the inlet and the outlet temperature of the 

ode ΔTs of 10 K. While most of the water is used for cooling the 
stack, only a small amount is required for the reaction. Moreover, 
drag water is carried to the cathode side through the membrane, 
which is about 1 l per standard cubic meter of produced hydrogen. 

Tab. 1. PEM stack technical specifications 

Feature Value Unit  Feature Value Unit 

Temperature 
𝑇in,anode 

20–70 °C  Cells 10 - 

Max.  𝛥𝑇s   10 K  
Active 
area 

30 cm2 

Max. voltage 25 V  
O2 

operating 
pressure 

<0.5 bar 

Minimal 
current 

15 A  
H2 oper-

ating 
pressure 

Max 20 bar 

Nominal 
current 

52.5 A  
H2O 

conduc-
tivity 

0.1 𝜇S/cm 

Max. current 75 A  
Cooling 
water 

flow rate 
66 l/h 

Nominal 
power 

1 kW  
H2O 
con-

sumption 
1 kg/h 

Min. power 0.25 kW  
ηnominal 

 
78 % 

Max. power 1.88 kW  
H2-

produc-
tion 

0.06 to 
0.31 

m3/h 
@STP 

PEM, polymer electrolyte membrane 

To operate the stack, the following subsystems have been in-
stalled: process water loop, stack power supply, thermal man-
agement, hydrogen production subsystem, nitrogen inertisation 
subsystem, measurement subsystem and a central data acquisi-
tion subsystem. In the following text, the systems mentioned are 
described with the help of the flow diagram in Figs. 2 and 3, which 
shows the setup in the laboratory. The process water circuit oper-
ates on the anode side. First, there is a peristaltic pump (P-1) to 
ensure a constant flow of water through the stack. Downstream, 
there are two counterflow glass heat exchangers (W- 1 and W-2). 
To operate the PEMWE, the conductivity of water must be less 
than 0.1 µS/cm. This is achieved with an ion exchange resin 
bed (F-2), which separates harmful metal ions and measured with 
a conductivity sensor (Ql-1) placed in a parallel pipe. A filter (F-3) 
is used upstream of the stack and downstream of the ion ex-
changer to prevent contaminant particles coming into the stack, 
such as resin, that can be released from the ion exchanger. After 
the stack, the water with the produced oxygen flows to the oxygen 
tank (F-1), where gas and liquid are separated by gravity. To 
compensate for the water consumed by losses from the water 
splitting reaction, water can be added to the system through the 
oxygen tank. Water is added on the anode side because it is 
needed for OER, and the oxygen tank is not overpressurised. Two 
temperature sensors (TIRC-2 and TIR-3) are placed to measure 

the inlet 𝑇in,anode and outlet water temperature of the 

stack 𝑇out,anode . The sensors are used to record the temperature 

difference of the stack ΔTs  (TDIC-1).  
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Fig. 2. Piping and instrument flow diagram of the test rig 

 
Fig. 3. Installed test bench for PEM electrolysis with 1 kW nominal power 

 
Fig. 4. Schematic of the stack anode inlet temperature control loop  

 by means of the internal PID of the chiller. 

For temperature regulation, a chiller (W-3) is connected to the 
heat exchangers and used to control the process water tempera-

ture feeding the stack 𝑇in,anode. The temperature signal from the 

sensor before the stack is compared with the reference tempera-

ture 𝑇in,set. According to the control error 𝛥𝑇dev, the chiller regu-

lates its water outlet temperature 𝑇out,chiller by its internal propor-

tional–integral–derivative (PID) controller. A schematic of the 
temperature control is shown in Fig. 4. This allows automatic 
regulation of the stack supply temperature. A proportional–
integral (PI) controller would probably be sufficient, but the chiller 
with its PID was available in the laboratory for use.  

The produced gases leave the stack (A-1) mixed with liquid 

and gaseous water. In this system, liquid water is separated on 
the cathode side using a ball float steam trap (KS-1). A pre-
pressure regulator (VDR-1) is installed to maintain the pressure in 
the system. Additionally, a safety valve (PSV-1) is placed 
upstream of the pressure regulator, which opens if the system 
pressure exceeds 18 bar, to ensure that the maximum pressure is 
not reached on the cathode side of the stack. The pressure is also 
monitored and displayed by a pressure gauge (PI-1). The 
inertisation subsystem is connected to the cathode side of the 
stack. Nitrogen is used as an inert gas for the inertisation of the 
hydrogen pipes and components. 

To operate the stack, software of the power supply is used, in 
which it is possible to program what current or voltage the stack 
receives. To protect the stack from high voltages, the power 
supply is programmed to a cut-off voltage of 25 V according to the 
manufacturer’s specifications. Current and voltage measurements 
of the stack are also carried out by the power supply. Noise and 
impedance effects have been minimised with the addition of two 
twisted sense wires as recommended in the power supply 
manual. In addition to data collection by the power supply, a data 
acquisition program was developed in LabVIEW [19] to measure 
the temperature of the process water loop and voltage of the 
single cells. The individual cells were measured by attaching 
cables directly to the contacts of each cell and then the cables 
were connected to a National Instruments Module 9215. This way, 
the individual cells can be monitored, and short circuits between 
individual cells can be detected.  

The measurement protocol for polarisation curves was also 
developed. The protocol can be used on all commercial 
electrolysers, which can be installed on the test rig setup in this 
study. In general, it can be adapted to other test rigs, but there 
may be limitations that need to be considered such as 
temperature and flow rate. 

The polarisation curves have been recorded under 
galvanostatic control. According to Ref [11], the cell voltage 
should not deviate by more than ±5 mV during a 30-s period. For 
this reason, each step of the current density should last at 
least 30 s. To verify that the system is in thermodynamic 
equilibrium, two polarisation curves are recorded for each 
experiment. At atmospheric pressure, the ascending polarisation 
curve is first determined, i.e., the lowest allowable current is 
applied to the stack. The current is gradually increased until the 
maximum value of 75 A (2.5 A/cm2) is reached. Then, the 
descending polarisation curve is recorded from the highest current 
to the lowest current. Under pressure, the process is reversed. If 
the curves strongly deviate from each other, this speaks of 
hysteresis and thus of a system that is not in equilibrium, and the 
experiment must be repeated [11]. Furthermore, each experiment 
was performed twice to ensure reproducibility of the measurement 
results.  

The larger the current range over which the polarisation curve 
is taken, the more the information about a wide operating range of 
the stack is obtained. However, the lower part of the load range is 
limited by hydrogen permeation to the anode, which increases at 
low operating current densities [20], while at the upper part of the 
load range, a maximum current given by the manufacturer is the 
technical limiting aspect. The minimum current recommended by 
the manufacturer, that is applied to the PEMWE, is 15 A 
respectively 0.5 A/cm2. To obtain more information about the 
activation losses of the stack, lower currents from 0.006 
A/cm2 (0.2 A) were used with the low current density steps lasting 
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only 399 s, instead of the suggested 30 s due to safety aspects. 
The shorter steps avoid excessive hydrogen concentration on the 
anode side, which could lead to recombination of hydrogen with 
oxygen and thus could lead to a rupture of the membrane. The 
polarisation curve data acquisition is divided into three parts, 
which can be seen in Tab. 2. This table shows the current steps 
for each section and the duration of each step. It has been found 
in the literature that no mass transport losses are observed in 

some commercial electrolysers even at 5 A/cm2 [14]. However, 
depending on the design, mass transport losses can occur earlier. 
Therefore, several steps are initially performed in the range of 2–
2.5 A/cm2. After no mass transport losses have been observed in 
the first experiments, the same step size as in the ohmic loss 
range is maintained. The current steps applied do not exceed the 
maximum current ramp of 5 A/s, as specified by the stack 
manufacturer.  

Tab. 2. Operating procedure for recording of polarisation curves at atmospheric pressure. For 5 bar, 10 bar, and 15 bar, the data acquisition steps  
             for the polarisation curves were performed in the reverse order

Step Description Details 

Warm up Start the system, set the temperature and wait until the operating 
conditions stabilise 

(1) H2O conductivity 0.1 μS/cm 

(2) Pump volume flow 160 l/h  

(3) Stack inlet temperature 20 °C, 30 °C, 40 °C, 50 °C, 
60 °C 

(4) Overpressure at the cathode 0, 5 bar, 10 bar, 15 bar  

Data acquisition 

(polarisation 
curve) 

Conduct current-controlled polarisation curves at constant tem-
perature and pressure  

(1) Ascending curve 

 Activation overvoltage 1  
o Step size: 0.025 A/cm2  
o Range: 0.006–0.15 A/cm2 
o Step duration: 5 s 

 Activation overvoltage 2 
o Step size: 0.05 A/cm2 
o Range: 0.2–0.5 A/cm2 
o Step duration: 30 s 

 Ohmic overvoltage 
o Step size: 0.1 A/cm2 
o Range: 0.6–2.5 A/cm2 
o Step duration: 30 s 

2) Descending curve with the same steps 

Shutdown Prepare the system for the shutdown under security precautions 1) Turn off the power supply 

2) Ensure water flow through the stack for a further 5 min 

3) Open the nitrogen valve for purge 

 
For each test, the temperature and pressure in the stack are 

kept constant during data acquisition. As the safety valve is set 
at 18 bar, pressures of 0 bar, 5 bar, 10 bar, and 15 bar are used 
on the cathode side, and the anode is not pressurised. The 
operation temperature is limited by the maximum operating 
temperature of the ion exchanger, which is 60 °C. For this reason, 
the experiments are carried out at five stack inlet 
temperatures: 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C. For reliable 

results, the temperature difference in the stack ΔTs should be as 

small as possible, and the stack supply temperature 𝑇in,anode 

should be kept constant [11]. According to this, the flow rate of the 
pump is maintained at the maximum of 160 l/h for all experiments, 

allowing a temperature difference ΔTs of less than ±5 K. This is 
below the ±10 K limit specified by the manufacturer but higher 
than ±2 K, which is recommended by other reports [9–11]. In this 

work, ΔTdev is defined as follows:  

ΔTdev = 𝑇in,set − 𝑇in,anode  ≤   ±2 K.        (3.2) 

A deviation   of ±2 K from the inlet temperature set 

ue 𝑇in,anode was tolerated.  

4. RESULTS AND DISCUSSION 

The results are obtained from the polarisation curves of 7 of 
the 10 single cells and the entire stack, as well as the 

temperatures and pressures in the system during the 32 
experiments. The influence of the operating factors, temperature 
and pressure is shown by the polarisation curves. Since the cells 
are connected in series, the sum of the cell voltage should amount 
to the total stack voltage. Therefore, to compare the performance 
of the entire stack with the performance of the individual cells, the 
total voltage measured by the power supply is divided by the 
number of cells.  

Fig. 5a shows the current density and voltage during an ex-
periment at 60 °C and 5 bar. The decreasing current density steps 
are shown in red, and the resulting stack voltage is shown in 
green. Fig. 5b shows the behaviour of the inlet and the outlet 
temperature of the stack, as well as the temperature difference. 

The inlet temperature of the stack 𝑇in,anode remains almost con-

stant and is independent of the current. It remained below the 

permitted value deviation of the set inlet temperature of ±2 K in 
this experiment as well as in all other experiments. The outlet 
temperature of the stack decreases until a current density of 
about 0.6 A/cm2 (18 A) is reached. After that, the outlet tempera-
ture remains almost the same as the inlet temperature. The tem-
perature difference in this experiment decreases from about 4 K to 
about 0 K from the highest current density of 2.5–0.6 A/cm2. Then, 

it remains almost constant at 0.25 K until the lowest current 

density is reached. The temperature difference ΔTs remains 
within the permissible range of ±5 K throughout all experiments.  

The stack responds quickly to a current variation, with the 
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voltage value adjusting within 2 s of a change in current. There-
fore, 30 s at each current density step was sufficient to guarantee 

the maximum variation of 5 mV. No significant hysteresis was 

observed in any of the experiments, indicating that the system 
was in thermodynamic equilibrium during all measurements, 
which can be seen in Fig. 9 of the Appendix. Furthermore, the 
feasibility of the experiment is proven with a second set of exper-
iments. A minimal difference was found between the first and 
second series of tests, with the largest difference be-
ing 0.022 A/cm2, seen in the polarisation curve at 30 °C and 0 bar 
at maximum current density. The results can be seen in Fig. 10 of 
the Appendix.  

In general, all the polarisation curves taken show two zones 
that are related to the activation and ohmic losses. From 0 to 
about 0.2 A/cm2, the polarisation curve has a behaviour 
analogous to the Butler-Volmer equation from Ref [14] used to 

describe the activation overvoltage, which is of the form sinh1(x). 
At approximately 0.2 A/cm2, the polarisation curve behaves 
linearly with increasing current density up to the maximum current 
density of 2.5 A/cm2. It can also be seen that most of the curve 
has a linear behaviour, i.e., the ohmic losses dominate most of the 
polarisation curve. As mentioned in Section 2.3, an exponential 
increase in voltage is expected at higher current densities due to 
the mass transport limitation. This behaviour was not observed up 
to current densities of 2.5 A/cm2, which also has been found in 

other studies [9,14,6]. Accurate identification of the precise limits 

of the loss regions requires further studies such as 
electrochemical impedance spectroscopy (EIS) [21]. 

 

 
Fig. 5. (a) Current density steps and voltage for the polarisation curves, 

at 60 °C and 5 bar with decreasing current density (b) Course  
of the inlet and the outlet temperature as well as the temperature 
difference in the stack 

4.1 Effect of operating temperature and pressure 

In this paragraph, the effect of the operating conditions on the 
stack performance are described. Fig. 6a shows the influence of 
temperature on the polarisation curve of the stack at a constant 
pressure of 0 bar. The polarisation curve is strongly dependent on 
the operating temperature. At a current density of 2.5 A/cm2, the 
voltage of the stack increases by 14 % when the temperature 
rises from 20 °C to 60 °C. The black square in Fig. 6a represents 
the nominal voltage efficiency ηv of the stack of 78% (1.48 V/1.90 
V) at a nominal current density of 1.75 A/cm2 according to the 
manufacturer. This point is closer to the polarisation curve  
of 60 °C. 

In the first part of the polarisation curve from 0 to 
about 0.2 A/cm2, the curves differ slightly from each other, 
showing an influence of temperature on the voltage; however, it is 
small compared to the rest of the curve. At a constant current 
density of 0.2 A/cm2, the highest voltage difference is 31 mV 
between the temperatures of 20 °C and 30 °C. The smallest 
difference at the same current density is 19 mV and was found 
between the 50 °C and 60 °C curves. In the second part of the 
curve, from 0.2 A/cm2 to 2.5 A/cm2, the voltage difference 
between the curves begins to increase linearly at different 
temperatures. At a current density of 2.5 A/cm2, the largest 
voltage difference is 108 mV, also between 20 °C and 30 °C.  

The results indicate that the stack voltage decreases as the 
temperature increases, which brings the cell voltage closer to the 
thermoneutral voltage. This confirms that the electrolysers have 
better performance at higher temperatures. The reason for this 
could be the higher ionic conductivity of the membrane at higher 
temperatures, leading to lower ohmic losses. This is observed 
since the results showed a higher slope of the curve at 20 °C than 
the slope of the curve at 60 °C in the linear range of the 
polarisation curve. In addition, higher temperatures could also 
facilitate faster reaction kinetics, resulting in lower kinetic 
overvoltage. As shown in the small box in Fig. 6a, electrolysis 
starts faster at higher temperatures, indicating that the activation 
barrier is lower at higher temperatures. Another effect that may 
influence this behaviour is the dependence of the open-circuit 
voltage on temperature. At the lowest tested current density 
of 0.006 A/cm2, voltages of about 1.490 V at 20 °C and 1.433 V 
at 60 °C have been measured. The experiment that came closest 
to the thermoneutral voltage at standard conditions was the 
polarisation curve at 20 °C and atmospheric pressure. The slightly 
lower starting voltage at high temperatures can be explained by 
the partial pressure of the water vapour in the catalytic interface 
region of the electrolyte, and the same behaviour was observed in 
another test setup [6]. 

The polarisation curves of the 10-cell stack at different cath-
ode pressures are shown in Fig. 6b. The voltage increases with 
increasing pressure at all current densities, which means that the 
performance of the stack decreases at higher pressure; however, 
this is not particularly dominant. The influence of pressure on the 
polarisation curve of the stack was mainly observed in the activa-
tion zone. With increasing current density, the pressure has barely 
any effect due to the lack of correlation between the pressure and 
ohmic resistance of the membrane, as described in the study in 
Ref [14]. For 2.5 A/cm2, the difference is about 13 mV be-
tween 0 bar and 15 bar.  
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4.2 Single cell measurements 

Measurements were made in 7 out of 10 cells, as three of 
them could not be considered due to measurement errors. Fig. 7 
shows the polarisation curves at 40 °C and 15 bar pressure. For 
the other tested temperatures and pressures, a similar behaviour 
as in Fig. 7 was observed.  

The performance of the cells is generally similar at all current 
densities. At low current densities between 0 A/cm2 
and 0.5 A/cm2, in the overvoltage activation zone, the polarisation 
curves are almost overlapping and show a negligible difference. 
From this, it could be concluded that all cells have the same cata-
lysts with the same loads and that the catalyst is applied homoge-
neously over the entire electrode. From about 0.5 A/cm2, where 
the linear region of the polarisation curve begins, the polarisation 
curve of the cells and of the stack start to diverge from each other 
as the current density increases. This may be due to the cells and 
the stack having different ohmic losses. Ohmic losses may differ 
between cells because of different electric contacts between the 
cells. Currently, electrolysis stacks are mostly produced manually, 
which can lead to inhomogeneities during the series connection or 
stacking of cells. The order of the cells at 2.5 A/cm2 from best to 
lowest performance is 3, 6, 7, 8, 2, 10, and 4. Additionally, the 
stack always has higher voltage values than the cells. 

 

 
Fig. 6. (a) Effect of temperature on the performance of the stack  

at a constant pressure of 0 bar. (b) Effect of pressure on the  
performance of the stack at a constant temperature of 60 °C 

The ohmic losses of the stack are higher than those of the 
cells since the stack measurement also considered the end 
plates, while the measurement of the cells was directly performed 
at the cell electrodes. Furthermore, as pressure increases, the 
voltage difference between the cells tends to widen, which is 
expected as high pressure can lead to reduction in the contact 
area. In particular, the cells far from the water inlet (e.g., cell 10) 
showed higher voltage at high currents than the first cells (e.g., 
cell 3). This may mean that irregular water distribution or more 
difficult gas removal may occur in the cells far from the water inlet. 
Since no clear mass transport losses are observed in general, this 
is unclear. Cell 4 shows the highest voltage values, which is in-
consistent with the assumption of transport losses mentioned 
earlier. In this case, the explanation could be that in the middle 
part of the stack, the contact resistance between the membrane 
and the electrodes, as well as that between the bipolar plates and 
the CCMs, increases due to less compression of the cells.  

However, it is important to note that the cells are generally 
very close to each other at all current densities, and the largest 
voltage difference is between the cells and the stack. In this study, 
the difference recorded between the cells is not considerable, as 
mentioned in the study in Ref [6]. It was found that improper con-
tacts lead to uneven current distribution and a higher operating 
voltage to compensate for the non-active zones [6]. As high volt-
ages were not seen in this work, it can be assumed that the CCMs 
of the stack have good contact with the bipolar plates and the 
cells to each other. However, in Ref [6], it was found that the 
effects of contact areas on stack performance at higher current 
densities were more pronounced, which could be an explanation 
for why the cell curves are further apart at current densities 
above 2 A/cm2. 

 

Fig. 7. Polarisation curve at 40 °C and 15 bar. Visualisation  
of the behaviour of the stack and 7 cells 

4.3 Comparison with other PEM electrolysis systems 

In this section, the experimental data obtained in this study 
are compared with those of four studies. It should be noted that 
the specific materials used in the PEMWE for this study were not 
disclosed by the commercial stack manufacturer and were not 
made available to the authors. Since the composition of the CCM 
of the stack used in this work is not known, it is of interest to the 
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authors for research purposes to draw general assumptions about 
the materials used in the commercial stack, through comparisons 
with the performance of other cells. Moreover, it should be noted 
that the polarisation lines of the present study shown in this 
section are from the stack, while all those in the literature are from 
a single cell since characterisation and fabrication of a single cell 
are generally easier. 

 

Fig. 8. (a) Comparison of polarisation curves from this work and the 
literature in the temperature range of 30 °C and 35 °C  
and pressure range of 0 bar and 20 bar [2,23]. (b) Comparison  
of polarisation curves from this work and the literature at 60 °C 
and pressure range of 0 bar and 20 bar [17,22] 

 
Fig. 8a illustrates the results presented in Ref [22] for 

temperatures near 30 °C and pressures of 0 bar and 20 bar, with 
the dark blue being a IrO2/Nafion®-117/Pt-C and the light blue 
an IrO2-RuO2/Nafion-117/Pt-C cell. The polarisation curve at 0 bar 
with a 90-μm-thick Aquivion® membrane with IrRuOx and Pt/C 
catalysts deposited on both sides of the membrane is shown in 
pink [23]. For comparison, the polarisation lines of this work 
closest to the operating conditions of the other works are also 
plotted in Fig. 8a. The polarisation curve at 35 °C and 20 bar with 
a IrO2/Nafion-117/Pt-C cell is the curve closest to the values of the 
investigated stack at 30 °C. It can also be noted that the other two 

curves (pink and light blue) are far from the results obtained here. 
These show lower voltage values at the same current density, i.e., 
better performance. These two curves use a RuOx catalyst on the 
anode side. It has been found in the literature that the use of RuOx 
improves the rate of the OER. Although RuOx has a much lower 
overvoltage than other electrocatalysts in the OER, RuOx 
dissolves and becomes corroded at a higher rate during oxygen 
evolution [16]. This could be a reason why electrolyser 
manufacturers use IrO2 instead of RuOx [14]. In addition, the 
Aquivion® membrane is thinner (90 μm) than that of 
Nafion® 117 (175 μm), which reduces ohmic losses. 

Fig. 8b illustrates the results presented in Ref [22] at 60 °C 
and at pressures ranging from atmospheric to 20 bar. The 
polarisation curves from the study [22] are shown in blue 
for 20 bar and in red for 10 bar. The results from the present study 
at 10 bar are shown in light green, and the results at 0 bar are 
shown in dark green. A polarisation curve for a CCM with a 
Nafion®-117 membrane and a catalyst on the anode of IrO2/TiO2 
and Pt/C on the cathode from the study in Ref [17] at 60 °C and 
ambient pressure can also be found in purple. This polarisation 
curve is very close to the curve measured in this work at 60 °C 
and 10 bar. It could be assumed that the performance of the used 
commercial stack is close to that of a cell with IrO2/TiO2 electrodes 
and a Nafion®-117 membrane. However, other factors of the 
stack design that affect the cell's performance must be considered 
such as the influence of ionomer content, catalyst loading, 
membrane wetting and other factors [17]. 

In the study in Ref [17], it was found that the cell voltage 
difference between 40 °C and 80 °C is about 160 mV at a current 
density of 1 A/cm2 and increases to more than 250 mV at 3 A/cm2. 
In the present study, a voltage difference of 212 mV was 
measured between 20 °C and 60 °C at a current density 
of 1 A/cm2 and at 2.5 A/cm2, the voltage difference increases 
to 397 mV. In [17] it was pointed out that this difference is due to 
a 50 % increase in membrane conductivity between 40 °C 
and 80 °C. In all the polarisation curves shown in this article, 
measured up to 3 A/cm2, no mass transport overvoltage is visible. 

5. CONCLUSIONS 

A 1-kW water electrolysis test stand was set up at the Bremen 
University of Applied Sciences for hydrogen production. The 
electrochemical characterisation of the stack and the cells was 
realised using the polarisation curves. A galvanostatic control was 
used to characterise up to 2.5 A/cm2, at 5 different temperatures 
of 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C and at 4 different 
pressures of 0 bar, 5 bar, 10 bar, and 15 bar. The developed 
protocol for data collection was explained and can be used in 
future experiments. This work has shown that temperature is the 
most significant factor influencing the performance of the stack. 
Increasing the pressure also affects the stack performance, 
although by a lower percentage. High temperature and 
atmospheric pressure on the cathode side were found to be the 
most favourable operating conditions for best efficiency. However, 
the operation of the stack at higher pressures allows the 
production of pressurised hydrogen without severely affecting the 
performance on the stack level. Two zones of stack operation 
were also identified, one is dominated by activation voltage losses 
and the other is dominated by ohmic losses. No significant mass 
transport losses were found.  
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The stack has a higher voltage than the group of single cells 
due to its higher ohmic losses. It has also been found that not all 
cells have the same voltage value, especially in the area where 
ohmic losses dominate. However, the cells are generally very 
close together at all current densities. It could be assumed that 
the membranes of the stack have good contact with their catalyst 
layers, which also applies to the current collector with the bipolar 
plates and between them. In addition, it has been found not to be 
suitable to describe the total stack voltage by the sum of N identi-
cal individual cells. This is especially important for modelling and 
scaling of electrolysers based on single cell tests. The comparison 
of the results of this work with those from the literature showed 
that the performance of the stack from this work is comparable to 
that of an IrO2-TiO2 Nafion-117/Pt-C cell. However, this cannot be 
assured with the present results. 

In future work, the parameters of an existing electrochemical 
model of the stack will be determined using the experimental data 
from this work. These electrochemical parameters will be integrat-
ed into a MATLAB-Simulink® model to simulate the stack and the 
complete system as part of the Hydrogen Lab Bremerhaven of the 
Fraunhofer Institute for Wind Energy Systems (IWES). In addition, 
the experimental data obtained in this work can be used to vali-
date the modelling of the stack. Furthermore, it is desired to identi-
fy the percentage of voltage losses due to the end plates. 

6 APPENDIX 

The hysteresis was taken in all experiments, and in this 
section, the largest hysteresis is shown, which has been 
measured at 60 °C and 0 bar. In Fig. 10, the comparison between 
the first and the second round of experiments at 0 bar and at 4 
different temperatures 30 °C, 40 °C, 50 °C, and 60 °C is given. 
The other experiments at 5 bar, 10 bar and 15 bar have a similar 
behaviour to the experiment presented in Fig. 10. 

Fig. 9. Hysteresis at 60 °C and 0 bar 

Fig. 10. Comparison between the first and second round of experiments  
             at different temperatures and a constant pressure of 0 bar 
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