
 

Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apen  

The significance of a polarization curve - analysis of a 60-cell polymer 

electrolyte water electrolysis stack

Eugen Hoppe∗ iD, Holger Janßen iD, Sebastian Holtwerth iD, Michael Hehemann iD, 

Walter Zwaygardt, Martin Müller iD
Forschungszentrum Jülich GmbH, Institute of Energy Technologies, IET-4, Wilhelm-Johnen-Straße, Jülich, 52428, NRW, Germany

H I G H L I G H T S

• Profound stack characterization using 

state-of-the-art sensors.

• Operation a stack with an active cell area 

> 1024 cm2.

• Optimum stack efficiency, specific 

power consumption and thermal neu­

trality for the investigated stack at 

0.6 Acm−2 and 1.6V.

• Strong correlation between contact resis­

tance BPP-MEA and the corresponding 

cell voltage.

• Recombination catalyst enables safe 

stack operation even at very low current 

densities.  
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G R A P H I C A L A B S T R A C T

A B S T R A C T

The objective of this study is to demonstrate the diversity of information encapsulated within a polarization curve 

and its operational boundary conditions. To this end, a polymer electrolyte membrane water electrolysis stack 

comprising 60 cells with an active cell area of 1024 cm2 has been constructed and characterized. The performance 

data such as the average cell voltage of 1.88V (𝜂𝐿𝐻𝑉 = 66.6%) at the maximum applied current density of 3A cm−2

and a minimum specific power requirement of 4.01 kWhm−3
N,H2

 at standard conditions at partial load (0.6A cm−2, 

𝜂𝐿𝐻𝑉 = 77.5%) were extracted from the polarization curve. In addition, the current-dependent single cell voltage 

distributions, the pressure and temperature differences for the anode and cathode sides could be determined, as 

well as the Faraday and voltage efficiency. The maximum Faraday efficiency recorded, was 97.6%. A significant 

finding was the measurement of an 𝐻2 in 𝑂2 concentration of 0.11%vol at 0.6A cm−2 which is far below the critical 

concentration of 4%vol. Stack parameters and the begin-of-life state are determined based on the polarization 

curve and the supporting sensors. 

1 . Introduction

Höglinger et al. [1] provide a well-structured summary of the meth­

ods for characterizing an electrolyzer. These include, for example, 

hydraulic response curves, endurance runs, impedance measurements 

and cyclic voltammetry. According to Höglinger et al. [1], the last two 

methods are among the more advanced methods, but are unsuitable for 

stack characterization in terms of larger active cell areas. Lickert et al. 

[2] present a test protocol for a 4 cm2 PEMWE single cell characteri­

zation including impedance measurements and polarization curves. In 
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literature, there are a few studies on electrolyzer stacks. Liebert et al. 

[3] were able to perform impedance measurements on a three-cell stack 

with 282 cm2 active cell area. However, the focus was mainly on the 

middle cell. The end cells were largely not considered. Badwal et al. [4] 

used cells in the range of 9-100 cm2. Smaller cell areas were used as sin­

gle cells for the investigation of materials, design parameters and the 

variation of operating conditions. The 3-cell and 6-cell (each 50 cm2) as 

well as the 2-cell and 14-cell (100 cm2) stacks were used to determine 

polarization curves, efficiencies and degradation behavior. The 14-cell 

stack, operated at 80 ◦C, reached an efficiency of 86%HHV (73%LHV) at 

1A cm−2. Impedance measurements were only carried out for the smaller 

cell area. Badwal et al. [4] found that the mean contact resistance de­

creases with increasing cell number. The authors do not report a cell 

voltage distribution. As Badwal et al. [4] and Selamet et al. [5] also 

tested a stack up to 1A cm−2 with an active cell area of 100 cm2 but 

with 10 cells. The authors carried out both a temperature and a water 

flow variation. The temperature variation from 50 ◦C to 60 ◦C showed 

that the single cell performance improved by about 2% points. The flow 

variation showed better performance at lower flow rates. For 50 ◦C at 

1A cm−2 the 5-cell stack showed an efficiency of 80%HHV (68%LHV). The 

voltage spread at 1A cm−2 is about 100mV. Santarelli et al. [6] used the 

Giner GS-10 stack from Giner Electrochemical Systems LLC (US) con­

sisting of twelve cells with a cell area of 160 cm2 to validate a model 

at temperatures ranging from 42 ◦C to 58 ◦C and a pressure of up to 

70 barg. In addition, the influence of stack temperature, cathode pres­

sure, and water mass flow was analyzed, with the result that the voltage 

decreases with increasing temperature (5.25mV ◦C−1 at 7 barg), the volt­

age increases with increasing pressure (1.6mVbar−1 at 60 ◦C). The stack 

achieves a specific power consumption of 5.39 kWhm−3
N,H2

 (index N: stan­

dard conditions 0 ◦C, 1013.25mbar) at 70 barg at a maximum hydrogen 

production rate of 100 gh−1. The authors concentrated more on the over­

all stack performance than on the single cell behavior. Hancke et al. 

[7] characterized a PEMWE system up to 180 bar differential pressure. 

The system comprises a 12 kW stack from Nel ASA with 34 cells and an 

active cell area of 90 cm2. The authors showed a voltage efficiency of 

up to 71%HHV at 80 ◦C and 30 bar cathode pressure. The authors mea­

sured Faraday efficiencies between 99% at 1.5A cm−2 and 30 bar and 

88% at 1.86A cm−2 and 50 bar. In terms of single cell voltages, a po­

tential variation of less than ±1.54% was achieved. Millet et al. [8] 

indicate an efficiency of almost 80%HHV (68%LHV) for the tested com­

mercial stack GenHy 1000 (twelve cells with 250 cm2 each) for 1A cm−2

and about 86 ◦C. The authors state the lowest specific energy consump­

tion as 3.99 kWhm−3
N,H2

. This was achieved with a current of 123.5A and 

a stack voltage of 13.57V at a temperature of 86 ◦C. In a single cell, the 

authors measured an 𝐻2 in 𝑂2 concentration of about 1.3%vol at 6 barg

with a current density of approximately 0.1A cm−2 without a recombina­

tion catalyst layer. In a comparative study, Wang et al. [9] investigated 

an alkaline and a PEM stack from Shenzhen Hysear Technology Co., 

Ltd. (8 cells, 44.53 cm2 electrode area, 360W). The PEM stack reached 

a minimum specific power consumption of 4.01 kWhm−3
N

 at 55 ◦C. The 

hydrogen in oxygen concentration was in the range of 2%vol. In compar­

ison to previous studies, Kimmel et al. [10] conducted degradation tests 

over 2200h with a commercial stack consisting of 8 cells with an active 

cell area of 125 cm2. Particularly noteworthy is that half of the cells were 

loaded with a total platinum group metals content of 2.4mgcm−2, while 

the other half were loaded with 3–3.5mgcm−2. This enabled the authors 

to investigate aging as a function of loading. Conditioning of the stack 

was done at 30 ◦C and 55 ◦C and current densities up to 2 and 4A cm−2, 

respectively. For the long-term test, no specific temperature is stated. For 

the impedance measurements, temperatures of 25 to 42 ◦C were chosen. 

The authors saw a performance increase after the 2000h as the high-

frequency-resistance decreased over time due to a membrane thinning. 

The authors state that they saw a hydrogen cross over increase, but do 

not quantify the hydrogen in oxygen concentration. Kimmel et al. [10] 

emphasized that this does not mean that there are no other degradation 

phenomena.

Table 1 

Specification of the Greenlight Innovation test station G17-1560 [11].

Parameter Maximum value

El. power 400 kW

Current 4000A at 100V

Voltage 125V

Water supply (anode + cathode) 400 L min−1

Hydrogen 2m3
N

min−2 (0 ◦C, 1.013 bar)

Oxygen 1m3
N
∕min (0 ◦C, 1.013 bar)

Pressure (anode + cathode) 50 barg

Temperature 95 ◦C

Number cells 76

The existing literature has already demonstrated a certain extent of 

investigation into stack behavior. However, the dimensions of the cells 

and the total number of cells are not on an industrial scale. Additionally, 

there is a lack of attention paid to the individual cell voltages and the 𝐻2
in 𝑂2 behavior. In the present study, the aforementioned findings were 

demonstrated for a stack with a cell area of 1024 cm2 and 60 cells, which 

corresponds to a maximum electrical output of approximately 350 kW. 

To the best of our knowledge, the individual studies typically conduct 

only sub-analyses. In this study, we present a wide-ranging analysis of a 

single industry-relevant stack.

2 . Experimental

2.1 . Test station

A test bench (G17-1560) developed in collaboration with Greenlight 

Innovation was used to characterize the stack. The specifications are 

given in Table 1. For further details, please refer to the process flow 

diagram in Ref. [11]. In addition to the current and voltage measure­

ments, which also record the single cell voltages, other sensors have 

been integrated. The hydrogen concentration in the oxygen product line 

is measured continuously. On the one hand, this value is fundamental 

to the safety concept of the test station. On the other hand, it provides 

information about the efficiency of the stack’s internal recombination 

catalyst layer as a part of the MEA. The amount of hydrogen produced 

and well as the temperatures and pressures at the input as output on the 

anode and cathode sides are also measured. Another important feature 

of the test bench is the ability to supply water to the anode only or to 

both the anode and cathode.

2.2 . Sensors

The subsequent section will offer specific information on 𝐻2 in 

𝑂2 concentration measurement and hydrogen mass flow measurement, 

along with the corresponding measurement accuracy. The focus is on 

these two sensors, as they are essential for safety and product gas de­

termination. The 𝐻2 in 𝑂2 sensor must provide a reliable value so that 

the system is set to a safe state when a threshold value (in our case 40%
LEL) is reached. Since hydrogen is the main product of the electrolysis 

process, it is very important to know the mass flow rate accurately. This 

also allows the Faraday efficiency to be determined reliably.

2.2.1 . 𝐻2 in 𝑂2 concentration

To measure the hydrogen in oxygen concentration a Messkonzept 

FTC300 sensor was used. The sensor in this case is a thermal conductiv­

ity sensor. Therefore, a two point calibration was performed. For both 

points, the gas was saturated with water with a dew point of 2 ◦C. For 

the zero point calibration pure oxygen was used, and for the end point 

calibration a premixed gas with a hydrogen in oxygen concentration of 

2.02%vol was used. During operation, the sample gas is extracted shortly 
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Fig. 1. (a) Exploded view of the PEM electrolysis stack utilizing the novel bipolar plates. The outer stack dimensions are 0.58m in height, 0.58m in width, and 1m

in length and (b) the stack integrated into the test rig.

after its exit from the stack (anode), and the gas phase is separated from 

the liquid phase in a small separator. Subsequently, the gas is cooled 

down to a temperature of 2 ◦C prior to its entry into the sensor. The 

linearity of the sensor is less than 1% of the range.

2.2.2 . Hydrogen mass flow meter

For measuring the hydrogen mass flow the thermal mass flow meter 

Bronkhorst F116AI was used. For the specific sensor, the lowest accuracy 

during calibration was 0.3% of the full scale (1800 LN min−2) which is 

equivalent to a hydrogen volume flow of 5.4 LN min−1. This results in 

deviations of more than 10% for current densities lower than 0.1A cm−2

and deviations of less than 5% for current densities above 0.3A cm−2. 

For the measurement, the gas is cooled down to a dew point of 20 ◦C

which results in a water content of less than 0.5% and is neglected in all 

further calculations.

2.3 . Stack

Fig. 1 presents a 3D CAD drawing of our PEM type electrolysis stack 

in the form of an exploded view. The stack size assumes an electric power 

input of approximately 350 kW. Further technical details are shown in 

Table 2 and the CAD data can be found in Ref. [12]. The BPPs [13], 

MPPs, and CCM are designed for 1056 cm2. In consideration of the thin 

membrane and manufacturing tolerances, the implementation of a sub­

gasket was deemed necessary to prevent damage to the CCM. However, 

the implementation of this subgasket results in a reduction of the active 

cell area to 1024 cm2.

The overall stack setup is fairly conventional. End plates and tension 

rods (not shown in Fig. 1) assist in stack clamping. A total of four pipes 

manage the water supply and gas/water mixture removal on the anode 

and cathode sides of the stack. A fluid distributor/collector, placed af­

ter one of the end plates, consists of four manifolds to distribute and 

collect the media streams at the stack level [14]. For more informa­

tion on the stack mechanics, we refer to Ref. [15]. For safety reasons, 

the end plates are electrically isolated from the internal stack assem­

bly. The technical implementation is a combination of isolation plate, 

made from PEEK, and an Au-plated Cu current collector plate. The lat­

ter consists of a flat plate as an inlay for the cutout of the insulation 

plate, with a massive bolt placed in the middle of it. Isolation plates, 

fluid distributor/collector, and end plates comprise corresponding holes 

to allow the current collectors’ bolt to pass for an electric connection out­

side the stack. The diameter of the holes is significantly larger than the 

bolts’ diameter to avoid electrical contact. In addition, isolating mate­

rial is wrapped around the bolt. The stack assembly inside the previously 

described setup comprises the so-called repeating units. Each repeating 

unit consists of a Membrane Electrode Assembly (MEA), BPP (respect. 

BPP unit) and gaskets. More information on the CCM manufacturing 

Table 2 

Technical parameters of the stack and the performance target points for an oper­

ating temperature of 80 ◦C and atmospheric pressure. The target points represent 

performance data, achieved previously with a single test cell having an active 

area of 16 cm2, conventional meander type flow field structure, and gold- respec­

tively platinum-coated cathode and anode flow fields. The cell was operated at 

ambient pressure and a temperature of 80 ◦C.

Parameter Value

Active cell area 1024 cm2 (square-cut)

Number of cells 60

Nominal operating point (target) 1.65V at 2A cm−2

Maximum operating point (target) 1.75V at 3A cm−2

Maximum current (actual) 3072A

Maximum stack voltage (actual) 113V

and specification can be found in Refs. [11,16–18]. The only exception 

is that the internal stack assembly starts and ends with monopolar plates 

(MPP) that are conterminous to the current collector plates. Regarding 

the basic design layout of the BPP, it is beneficial if one can use a MPP 

instead with one side serving as the simple contact area towards the cur­

rent collector plate. Two MPPs plus (n-1) BPPs, together with n MEAs 

constitute a stack with n cells (in our case n = 60). The CCM between 

the cathodic MPP and the first BPP is defined as cell number one, the 

cell sandwiched between the last BPP and the anodic MPP is then cell 

number 60. To reduce contact resistance at the Ti-PTL (anode) and ex­

panded metal (cathode), the PTL was coated with Pt and the cathode 

with a graphene-like coating.

2.4 . Methods

2.4.1 . Polarization curve

A polarization curve shows the actual electrical performance of a 

stack over the entire load range. The current/voltage dependency is 

recorded for a specified set of constant operating parameters. In princi­

ple, three different sections can be distinguished for increasing currents, 

which represent activation losses, ohmic losses and mass transport 

losses. Additional information about the performance of the stack can 

be obtained by displaying a series of polarization curves for different 

operating parameters. This is very helpful for identifying approaches 

for improvement. Plotting the current density instead of the total cur­

rent over the average cell voltage allows comparison with other cells 

and stacks.

Polarization curves can be recorded either in potentiostatic or 

galvanostatic mode. In the first step, the pre-defined operational param­

eters on the anode and cathode sides are set:
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• temperature at the stack inlet 𝑇𝐴,𝑖𝑛 or outlet 𝑇𝐴,𝑜𝑢𝑡.
• pressure at the stack inlet 𝑝𝐴,𝑖𝑛 or outlet 𝑝𝐴,𝑜𝑢𝑡.
• water flow rates 𝑉̇𝐻2𝑂.

• hold time for each current or voltage step 𝑡ℎ𝑜𝑙𝑑 .

In a second step, the stack current or voltage is increased or decreased 

manually or automatically in stages. Stack responses (voltage/current 

but also the other parameters) are recorded at a defined frequency. In 

post processing, the current and voltage values for plotting the polar­

ization curve are calculated (e.g., mean value during hold time, mean 

value of the last minute of hold time). In our case, 12 current density 

steps with a total hold time of 6.5min each were chosen. The last five 

minutes were taken to calculate the average values. The time was chosen 

due to the behavior of the pressure regulation and the resulting fluctu­

ating signal of the hydrogen volume flow. A complete steady state could 

not be achieved; however, the maximum standard deviations over the 5-

minute observation period were approximately 3mV for the single-cell 

voltages, 0.5K for the inlet and outlet temperatures, and 40mbar for the 

pressures. Therefore, we assumed a quasi-steady state.

2.4.2 . Contact resistance measurement

Prior to the assembly of the stack, the contact resistance of the Ti-PTL 

on the anode and the expanded metal on the cathode was determined. To 

this end, the high-frequency resistance was measured using impedance 

spectroscopy. The PTL and expanded metal were then analyzed at four 

points using a gold-plated stamp and carbon paper (2MPa contact pres­

sure). On the cathode side, this corresponds to the actual structure in 

the stack.

2.4.3 . Efficiencies

In addition to the pure description of the performance data of the 

stack in the form of a polarization curve, the efficiency of the stack is 

another important parameter for characterizing the quality of the stack. 

Depending on the focus, two efficiencies can be used. If the focus is 

on the hydrogen produced, the Faraday efficiency 𝜂𝐹 , should be used 

(see Eq. (1)). This relates the actually usable hydrogen 𝑚̇𝐻2 ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  to 

the hydrogen 𝑚̇𝐻2 ,𝐹 𝑎𝑟𝑎𝑑𝑎𝑦 theoretically produced according to Faraday’s 

law.

𝜂𝐹 =
𝑚̇𝐻2 ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑚̇𝐻2 ,𝐹 𝑎𝑟𝑎𝑑𝑎𝑦
(1)

In addition to Faraday efficiency, the performance of a cell can also 

be described by the voltage efficiency. In this case, the actual cell voltage 

𝐸𝑐𝑒𝑙𝑙 is related to the theoretical potential required for water splitting 

(25 ◦C, 1.013 bar), which is based on the reaction enthalpy. The lower 

heating value (LHV) or the higher heating value (HHV) is used, depend­

ing on whether the water is in a gaseous state (𝜂𝐿𝐻𝑉 ) or liquid (𝜂𝐻𝐻𝑉 ). 

The efficiencies can be calculated using Eqs. (2) and (3).

𝜂𝐿𝐻𝑉 = 1.25V

𝐸𝑐𝑒𝑙𝑙
(2)

𝜂𝐻𝐻𝑉 = 1.48V

𝐸𝑐𝑒𝑙𝑙
(3)

3 . Results

For the stack used here, the polarization curve averaged with respect 

to the number of cells is shown in Fig. 2. This was recorded at a stack in­

put temperature of 70 ◦C on both the anode and cathode sides, a cathode 

input pressure of 5 barg, an anode input pressure of 4 barg, and a water 

flow rate of 123 L min−1 on each side. As described in Section 2.4.1, the 

total hold time per current density step was 6.5min to stabilize the volt­

age signal. The last five minutes were used for evaluation. In a first step, 

the arithmetic mean cell voltage for each current density step, calculated 

from the stack voltage is shown in Fig. 2. Moreover, the target points for 

the potential are indicated by stars (see Table 2). With respect to the tar­

get values, a mean cell voltage of 1.78V ± 0.05V (±2.8%) at a current 

Fig. 2. Averaged single cell voltage for an inlet temperature of 70 ◦C on both 

sides, an inlet pressure of 4 barg at the anode and 5 barg at the cathode, and an 

inlet water flow of 123 L min−1 on both sides. Target points refer to 80 ◦C and 

atmospheric pressure.

density of 2A cm−2 and a mean cell voltage of 1.88V ± 0.07V (±3.7%) 

at a current density of 3A cm−2 were achieved. The targeted potential, 

on the other hand, deviates by 130mV for the maximum current den­

sity. The target point was achieved at atmospheric pressure and a cell 

temperature of 80 ◦C. The polarization curve recorded in this study was 

obtained at an anode and cathode pressure of 4 and 5 barg, respectively. 

A direct comparison is not possible since, for technical reasons, the oper­

ating conditions of the laboratory cell could not be matched to those of 

the 60-cell stack. Nevertheless, to provide some context, we attempted 

to calculate the impact of the deviation in the operating parameters. 

According to the Nernst-Equation, this pressure deviation accounts for 

at least a 30mV deviation. The potential increase due to a 10K lower 

temperature in comparison to the lab cell accounts as well for about 

30mV, based on the study of Moradi Nafchi et al. [19]. This means that 

almost half of the difference can be attributed to the different operating 

conditions.

Compared to the targets set by the U.S. Department of Energy, the 

stack exceeds the 2022 benchmark (2A cm−2 at 1.9V per cell) and, when 

compared to the 2026 targets, is slightly above the required single-cell 

voltage of 1.8V at 3A cm−2 [20]. For commercial stacks no UI data are 

available.

For an economic comparison of stacks, the specific power consump­

tion (𝑈𝑠𝑡𝑎𝑐𝑘 ⋅ 𝐼𝑠𝑡𝑎𝑐𝑘 ⋅ 𝑉̇ −1
𝐻2

) of the stack, i.e., how much electrical energy is 

required to produce one standard cubic meter of hydrogen, is of par­

ticular interest. This power consumption is also shown in Fig. 2. At 

the lowest measured current density of 0.02A cm−2, the specific power 

consumption is 6.18 kWhm−3
N,H2

, which represents the maximum of the 

analyzed interval. As the current density increases, the power consump­

tion drops to a minimum of 4.01 kWhm−3
N,H2

 at 0.6A cm−2. Subsequently, 

the specific power consumption increases to 4.5 kWhm−3
N,H2

 at the highest 

measured current density. Taking into account the error in the hydrogen 

volume flow measurement, the specific power consumption at 0.6A cm−2

ranges from 3.93 kWhm−3
N,H2

 to 4.09 kWhm−3
N,H2

. This curve can be easily 

explained based on the efficiency values (see Fig. 7). At low current den­

sities, the loss of hydrogen due to crossover and leakages through gaskets 

is highest compared to the quantity produced. At high current densities, 

voltage efficiency has the greater influence. With these efficiency lev­

els, the stack achieves efficiencies that commercial manufacturers also 

specify [21].

Regardless of the specific stack performance, the activation and 

ohmic regions can be clearly seen. In contrast, the area of mass trans­

port limitation cannot be recognized at the highest current densities. 
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Fig. 3. Single cell voltages of all 60 cells in the stack including the arithmetic 

mean cell voltage.

However, it is not possible to generalize this to all cells. A single cell 

voltage measurement is required. Fig. 3 shows the averaged single cell 

voltage as a solid line and the single cell voltages as dots. It should be 

noted that the visualization does not claim to show all values in detail. 

Rather, the representation allows more global effects to be shown. First, 

the large spread of cell voltages can be seen, especially at high current 

densities. In the low current density range, the difference between the 

best and worst cell is 11mV (0.02A cm−2), and at the highest measured 

current density of 3A cm−2 it is 260mV (1.8V vs. 2.06V). This means that 

the difference increases by a factor of 24 as the current density increases. 

Based on the Z-value used to identify outliers (Z > 2), four outliers are 

found for a current density of 3A cm−2. These are cells with No. 53, 52, 

58, and 24. Excluding these cells, the average cell voltage would de­

crease by 10mV to 1.86Vµ 0.06V, and the maximum spread decreases 

by approximately 60mV to 202mV.

As can already be seen in Fig. 2, there is an ohmic range with one 

slope. In Fig. 3, it can also be seen that the corresponding slope is not the 

same for all cells, which corresponds with the previously described volt­

age spread behavior. These different slopes can have various causes. A 

critical factor that is unique to stacks, is the reproducibility of the mate­

rials used, in particular the dimensional tolerance of the BPP and gaskets 

as well as the thickness of the PTLs. Using the same gasket thickness for 

all cells will result in different compression of the PTLs and therefore 

different electrical resistances [22]. In addition to the manufacturing 

tolerances of the PTLs, the coating of the Ti-PTL on the anode as well as 

the MPP and BPP is also of critical importance as it reduces the contact 

resistance between the individual layers and minimizes passivation of 

the layers. This can be explained above all by the different contact resis­

tances of the bipolar plates. For this purpose, the contact resistance of 

the BPP and MPP was measured (see Section 2.4.2). There is a strong cor­

relation (R2 = 0.6) with the cathodic contact resistance, which is shown 

in Fig. 4 together with the cell voltage distribution for four current den­

sities. Cell 24 is particularly striking, showing the highest voltage at 

all current densities. At the same time, the largest contact resistance of 

119mΩcm2 was also measured for cell 24. The polarization curve can be 

used to classify the contribution of the cathode-side contact resistance of 

the BPP to the total ohmic resistance of cell 24. Between 1 and 2A cm−2

the voltage increase is 170mV. This results in a resistance of 170mΩcm2. 

Typically, the protonic resistance of the membrane has the largest share 

of the total ohmic resistance of an electrolytic cell. It is noteworthy that 

the conductivity or resistance of the membrane is challenging to mea­

sure in situ, given the size of the active cell area [1]. Consequently, it 

was assumed that the membrane has a constant resistance across the en­

tire range. The conductivity of Nafion at 70 ◦C in liquid water is about 

165mScm−1 [23]. For the Nafion 212 used (thickness 50µm), this re­

sults in a resistance of about 30mΩcm2. This means that the sum of 

the BPP contact resistance, and the membrane resistance corresponds 

to 88% of the total resistance from the polarization curve. 70% of the 

total resistance is accounted for by the contact resistance alone. A sim­

ilar correlation can be observed for most of the other cells (see Fig. 4). 

As can be seen from the polarization curve, the cell voltage distribution 

becomes more inhomogeneous as the current density increases. From 

1 to 2A cm−2 the average cell voltage increase is 113mV, and for cell 

24 it is 50% higher. The lowest increase is 88mV for this current den­

sity change. A similar picture emerges for the other two current density 

changes. The cells which already showed the worst performance at low 

current densities show a higher increase in cell voltage with increasing 

current density. Due to the deviation from the standard conditions, some 

cells show a cell voltage below 1.48V at a current density of 0.02A cm−2.

To further investigate the phenomenon of the different potential in­

crease, the cells were systematically sorted based on their cell voltage 

for each current density. As illustrated in Fig. 5, the respective rank (y-

axis) of each cell is depicted for the examined current densities (x-axis). 

The best cell, which has the lowest voltage at a specific current density, 

is shown as 1. The worst is in 60th place. To enhance the clarity of the 

figure, cells that exhibited particularly noteworthy behaviors were se­

lected and highlighted. The figure reveals three distinct behaviors: Cells 

(i) that consistently have approximately the same ranking across the en­

tire current density range (cells 24, 30, and 60). Additionally, cells (ii), 

such as numbers 12 and 20, exhibit higher cell voltages at low current 

densities compared to other cells. However, as current density increases, 

these cells demonstrate superior performance, exhibiting lower voltages. 

Finally, cells (iii) display an opposing trend. Initially, cells 13 and 2 ex­

hibit lower cell voltages in the activation regime, but as current density 

increases, their performance deteriorates. It turns out that only one cell 

(cell 50) keeps its position. 52% of the cells improve their position and 

47% get worse. This is partly due to the different ohmic resistances, 

which result in different slopes. This indicates that certain cells un­

dergo a change in position by multiple increments, while others exhibit 

a change by a single increment. Consequently, the distribution does not 

align with a 50:50 ratio. On the other hand, some cells may already be 

better or worse than others in the activation area, causing a change in 

position at higher current densities.

The more system-relevant changes are shown in Fig. 6(a). Fig. 6(a) 

elucidates the pressure drop and temperature change (𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑖𝑛𝑙𝑒𝑡) 
of the 2-phase flow across the stack for the anode and cathode sides. 

The data show that an increase in current density from 0.02A cm−2 to 

3A cm−2 results in an increase in pressure drop on the anode and cath­

ode sides of approximately 100mbar for the same water flow rate. The 

pressure drop on the anode at the lowest current density was 300mbar, 

and 120mbar on the cathode side at an identical water flow rate of 

123 L min−1. The observed difference in pressure drop may be attributed 

to the varying porosity of the PTL utilized. The C-PTL exhibits an ini­

tial porosity that is approximately 10 percentage points higher than the 

Ti-PTL on the anode side, resulting in a lower flow resistance. The in­

creased gas content in the 2-phase flow with increasing current density 

does not lead to any visible mass transport inhibition. Consequently, the 

gas can be efficiently removed from the cell and, by extension, the cata­

lyst layer. Therefore, this suggests that every cell is sufficiently supplied 

with water. Given the large excess of water used for temperature control, 

a homogeneous distribution can be assumed. However, a more signifi­

cant finding is the increase in the temperature difference from input to 

output. At current densities of up to 0.6A cm−2, the initial temperature 

increase is almost negligible. This is in good correlation to the specific 

heat generation due to the overpotential related to 1.48V. As can be seen 

in Fig. 6, the produced heat is almost zero for low current densities. The 

Applied Energy 426 (2026) 128538 

5 



E. Hoppe, H. Janßen, S. Holtwerth et al.

Fig. 4. (a) Single cell voltage distribution of all 60 cells of the stack for five different current densities and the cathodic and anodic contact resistances of the MPP 

and BPP, (b) the share of the cathodic contact resistance in the total ohmic resistance of the cell.

Fig. 5. Cell ranking of all 60 cells for the entire current density range.

temperature differences are in the range of approximately µ 0.5K and can 

be attributed to measurement uncertainties of the type K thermocouples 

used. At a current density of 1A cm−2, the temperature rises by approxi­

mately 1K on the anode and cathode sides. At around 0.6A cm−2 we can 

identify the thermoneutral operation of the stack. Therefore, the heat 

produced (due to electrochemical losses and the recombination of the 

permeated hydrogen) at 0.6A cm−2, compensates for the sum of the heat 

fluxes dissipated (convection to the outside, water heating, enthalpy of 

vaporization, etc.) (Fig. 6). Hence, no additional heating or cooling is 

required here. Below 0.6A cm−2, the measurements (within the accu­

racy range) indicate a cooling of the anode water mass flow. In this 

case, additional heating is necessary to achieve the required water in­

let temperature. The temperature difference then increases continuously 

with increasing current density as the specific heat increases, reaching 

4.8K at 3A cm−2. This temperature increase does not exceed the 5K limit 

stipulated by numerous manufacturers. Should the current density be 

increased further or the stack be degraded, the cell voltage would rise, 

resulting in an increase in the heat input into the stack. This would lead 

to a temperature difference that exceeds the 5K threshold. To counteract 

this effect, the water mass flow would need to be augmented, thereby 

enabling the removal of additional heat from the stack.

As is well established, the electrolysis process is subject to various 

losses that increase the voltage required for the water splitting process, 

accompanied by a reduction in efficiency. As previously mentioned in 

chapter Section 2.4.3, two types of efficiency are useful to characterize 

electrolysis stacks: voltage efficiency and Faraday efficiency. In the case 

of voltage efficiency, the actual cell voltage can be related to both the 

LHV and the HHV. The bar chart in Fig. 7 shows all three efficiencies 

for the entire current density range examined. It should be noted that, 

for the sake of completeness, the Faraday efficiencies for current densi­

ties below 0.1A cm−2 are also shown; however, their interpretive value 

is limited due to the high level of uncertainty inherent in the data. This 

is further corroborated by the error bars plotted on the chart. At the 

lowest measured current density of 0.02A cm−2, the voltage efficiency 

was 84.8%LHV. Due to the deviation from the standard conditions, the 

efficiency in terms of the HHV can reach values above 100%. However, 

with increasing current density and the associated increasing losses, both 

voltage efficiencies decrease reaching a value of 66.7%LHV and 78.8%HHV

at 3A cm−2. Conversely, Faraday efficiency demonstrates the opposite 

behavior. The efficiency increases with rising current density, reaching 

97.6% at 3A cm−2. Despite the linear increase in hydrogen permeation 

flux with increasing current density [24], the ratio of permeation flux 

to hydrogen produced decreases. Considering efficiencies separately, 

different optimal operating points are identified. In accordance with 

Faraday efficiency, high current densities must be selected to achieve 

the highest hydrogen yield. In terms of voltage efficiency, however, the 

lowest possible current must be selected. Nevertheless, the amount of 

hydrogen produced would be minimal, and stack operation would prob­

ably be uneconomical. Therefore, the stack efficiency 𝜂𝑠𝑡𝑎𝑐𝑘 = 𝜂𝐹 ⋅ 𝜂𝐿𝐻𝑉
can also be considered. For the specific stack employed, its performance 

reaches its optimal level at a current density of 0.6A cm−2, yielding an 

efficiency of 74.9%. Conversely, the specific power consumption is ob­

served to be at its minimum at 0.6A cm−2 at 4 kWhm−3
N,H2

 as can be seen 

from Fig. 2. Furthermore, at this operating point, the stack does not need 

to be cooled or heated, as already shown in Fig. 6(a). In addition, this 

optimal operating point with an average cell voltage of 1.6V coincides 

with the findings of Scheepers et al. [25], who recommend an optimal 

cell voltage of approximately 1.62V for a stack at equal pressure and 

70 ◦C operating temperature. The present study enabled the validation 

of the theoretical considerations and the model from Scheepers et al. 

[25] at an industry-relevant scale.

Assuming that the hydrogen loss increases or decreases at the same 

rate for all current densities, the optimal current density would still be 

0.6A cm−2, since this would only cause a parallel shift in the Faraday ef­

ficiency. Thus, the optimal operating point would not change. Insulating 

Applied Energy 426 (2026) 128538 

6 



E. Hoppe, H. Janßen, S. Holtwerth et al.

Fig. 6. (a) Pressure and temperature changes from stack inlet to outlet with an inlet temperature of 70 ◦C on both sides, an inlet pressure of 4 barg at the anode and 

5 barg at the cathode, and an inlet water flow of 123 L min−1 on both sides, (b) specific heat according to the voltage overpotential.

Fig. 7. Faraday and cell voltage efficiencies. Values above 100% and below 0%
are not shown here, as they are not physically meaningful.

the stack would change the convective heat loss across the surface, 

which would result in a greater heat flux heating the water. This would 

cause the temperature to rise and, consequently (due to the improved 

kinetics), the cell voltage to drop, which in turn would lead to a re­

duction in heat loss due to the decreased overvoltage, thereby reducing 

the heat input and the heating of the water, causing the cell voltage to 

rise again. It is therefore difficult to say at what value the cell voltage 

would stabilize without further experimental or numerical/analytical 

investigations.

In addition to stack efficiency, system efficiency is also of great im­

portance for an industrial electrolyzer. We made a conscious decision 

not to specify an efficiency value for the system used here, as it is a test 

bench and not an industrial plant. To obtain the variety of information 

that forms the basis of this study, we implemented more actuators and 

sensors than are necessary for production.

As the definition of Faraday efficiency stipulates, the measured quan­

tity of hydrogen is directly proportional to the theoretical quantity of 

hydrogen. As illustrated in Fig. 7, the efficiency consistently falls short 

of 100%, indicating that a portion of the hydrogen produced must exit 

the stack via alternative pathways. The primary sink for this hydrogen is 

the crossover through the membrane to the anode side. Additional sinks 

include the sealing surface, and the gas dissolved in the water, which 

Fig. 8. 𝐻2 in 𝑂2 concentration for different current densities derived from the 

polarization curve at 70 ◦C, a pressure on the anode side of 4 barg and 5 barg on 

the cathode side and a water volume flow of 123 L min−1.

is subsequently drained off. It is imperative to note that the crossover 

process, if unchecked, has the potential to generate an explosive atmo­

sphere within the anode chamber, particularly when the proportion of 

hydrogen in the oxygen flow attains and surpasses 4%vol [26]. To avert 

such a scenario, the concentration of hydrogen in the oxygen flow, de­

noted as 𝑐𝐻2𝑖𝑛𝑂2
, is meticulously monitored and measured continuously. 

This measurement is depicted in Fig. 8. In accordance with the extant 

literature, the concentration of hydrogen in the oxygen flow exhibits an 

increase at low current densities and a decrease at higher current den­

sities. The increased production of oxygen at higher current densities, 

dilutes hydrogen to a greater extent, resulting in a lower concentration. 

The stack, equipped with an integrated recombination catalyst layer 

[17], exhibits a concentration of 0.44%vol at 0.02A cm−2, which de­

creases to 0.06%vol at 3A cm−2. The authors are aware that continuous 

operation of an electrolyzer at 0.02A cm−2 is not economical; however, 

given the fact that power generation can be volatile, operation may also 

be necessary in the low partial-load range, and safe operation is possible 

even at this operating point [26].

4 . Conclusion

This contribution is about the beginning-of-life characterization of an 

industrial scale PEM electrolysis stack comprising 60 cells with 1024 cm2
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active area each. With polarization curve measurement and some addi­

tional sensors, it is possible to obtain comprehensive information about 

the stack operation.

It was found that for the investigated stack the optimal operating 

point in regard to minimal power consumption of 4.01 kWhm−3
N,H2

 and 

highest stack efficiency of 74.89% (as a product of Faraday efficiency and 

LHV-related voltage efficiency) is at 1.61V and 0.6A cm−2. At the same 

operating point, the thermal system is at its equilibrium as no heating 

or cooling of the stack is needed. This aligns with analytical calculations 

in the literature showing that there is an optimal operating point. Based 

on this finding, stack operation at partial load is advantageous due to 

minimal OPEX. For very low electricity costs (e.g., direct coupling with 

renewable energy sources), the CAPEX might have a more pronounced 

share of the total costs. Besides the low power consumption, we achieved 

a mean cell voltage of 1.88V at a current density of 3.0A cm−2, which is 

quite impressive for a large scale stack.

For our stack we find significant differences in the single cell voltages 

at constant current. For 3.0A cm−2, the voltage spread is 260mV, which 

is the highest value along the polarization curve. Neglecting the outliers 

would lead to a 23% lower voltage spread. Only a few cells operate at 

much higher voltages and thus at higher temperatures. Possible conse­

quences include local hot spots and stack failure. When analyzing the 

possible reasons for the high voltage spread, we observe a strong corre­

lation with the cathode-side contact resistance of the BPP. We find that 

in extreme cases the contact resistance can dominate the overall ohmic 

resistance of the cell. To minimize contact resistance, it is important to 

reduce the tolerances of the components and the assembly process to 

a minimum. Tolerances occur in component dimensions, coating qual­

ity and contact pressure. Assuming this has been done properly, the 

membrane resistance should account for the largest share of the ohmic 

resistance. In our case we find that a homogeneous and stable coating 

of the Ti BPP on both, the anode and cathode sides is necessary.

Finally, we observe a safe stack operation over the full range of cur­

rent densities. Even at extreme partial loads much lower than 0.2A cm−2

the hydrogen concentration on the anode side is far away from the 

explosion limit of 4%vol. The recombination catalyst is doing a great 

job. The subsequent stage of the research would be to investigate tran­

sient operating conditions, such as start-ups, shutdowns, and dynamic 

behavior.
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