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H I G H L I G H T S

• Performance Analysis of a Segmented Along the Channel Cell Under Water Starvation.
• Current, Temperature, and Impedance Distribution Measurements up to 5A⋅cm − 2

• Local Impedance Spectroscopy with Distribution of Relaxation Time analysis.
• Membrane Dry-out Leads to High Ohmic Resistance and Mostly Inactive Cell Segments.
• Mass Transport Limitations Seem not to Occur Without Significant Membrane Dry-out.

A B S T R A C T

Proton exchange membrane water electrolyzers are typically operated with high water stoichiometry since the water, as a reactant, is also used as cooling agent for 
heat management. Water starvation phenomena are therefore not a pressing issue. However, in large industrial cell designs with challenging flow distribution, some 
areas of the cell may not be properly supplied with water.

This study investigates water starvation in a segmented test cell with 30 cm long flow field channels. By varying the water flow rate close to the stoichiometric 
level, local membrane dry-out and mass transport issues are investigated. To achieve this, the distribution of current density, temperature, and impedance are 
analyzed up to 5 A•cm− 2 mean cell current density. Distribution of Relaxation Time is used to analyze the local impedance.

Our findings reveal that undersupply of water drastically affects the high frequency resistance coupled with increasing low-frequency capacitive features of the 
impedance, which we refer to as membrane dry-out due to mass transport limitations. However, mass transport issues, without a significant influence on membrane 
resistance, seem not to be relevant. By varying the gas pressure, membrane dry-out effects can be reduced which emphasizes the importance of oxygen removal at the 
anode.

1. Introduction

Proton exchange membrane (PEM) water electrolyzers are usually 
operated at high water flow rates to ensure proper water and heat 
management. The stoichiometric factor λ, defined as the amount of 
water supplied to the cell relative to the stoichiometric water con
sumption, typically ranges between 100 and 1000, depending on the 
water flow applied [1–3]. Therefore, industrial cell and stack develop
ment focuses on proper heat management to minimize temperature 
gradients and, subsequently, minimize stress on PEM water electrolysis 
cell components. A properly humidified membrane is also a key factor in 
cell design regarding performance and durability. Both aspects become 
more pressing at high current densities, which result in high water 
consumption and heat dissipation rates due to increased overpotentials. 

At industrially relevant operation points, mass transport losses or even 
limitations are not relevant when using state-of-the-art flow compo
nents, such as porous transport layers (PTLs) and flow field designs, as 
demonstrated in our previous work where a laboratory-scaled cell de
signs were operated up to 25 A•cm− 2 [4].

Despite the fact that the PEM water electrolysis industry is currently 
not focusing on reducing the amount of water fed to the cell and 
circulated in the system, investment and operating costs for pumps, ion 
exchangers and filters can contribute significantly to the overall costs 
[5–8]. External stack cooling reduces the amount of high-purity water 
needed and may significantly lower operating costs. Furthermore, large 
industrial stacks of several 1000 cm2 active area require proper distri
bution of water to and within the electrolysis cells. Otherwise, partial 
undersupply of the active area may result in local water supply close to 
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the stoichiometric level [9–12]. These parts might significantly increase 
the cell’s overall overpotential and accelerate degradation.

To understand such locally resolved phenomena in stacks with large 
active cell areas, the approach of segmented cells can provide important 
information. Segmentation minimizes the electrical in-plane conduc
tivity between different cell areas and provides access to local current 
densities and impedance spectra. To analyze different water-to-gas ra
tios, cells are often segmented only along the flow field channels, 
referred to as along the channel (AtC) test cells. Typically, measurements 
of current density, temperature, and impedance distribution are carried 
out [10–15]. In this work, we use an AtC test cell with 30 cm long flow 
field channels and the capability to be operated at high current densities 
up to 10 A•cm− 2, as introduced earlier in Ref. [16]. The cell is divided 
into 10 segments along the channel, in which current density, temper
ature, and impedance can be measured simultaneously.

Immerz et al. investigated undersupply phenomena at current den
sities of up to 1.5 A•cm− 2 in a 50 cm single-channel PEM water elec
trolyzer [6] and showed that operation with stoichiometries of 5 and 
lower leads to a drop in current density along the channel and a severe 
increase in mass transport resistance, as detected by locally resolved 
electrochemical impedance spectroscopy (EIS). They found that signif
icant mass transport overpotentials are observable coupled with an in
crease in ohmic overpotentials, which indicate that an undersupply of 
the reactant consequently also affects membrane conductivity by drying.

Sun et al. showed in a test cell with five measurement probes along 
the channel that a current density drop towards the cell outlet occurs at 
stoichiometries <5 [12], which agrees with the findings of Immerz et al. 
They also observed increasing high frequency resistances (HFR) under 
water starvation and additionally reported increasing temperature to
wards the cell outlet, in combination, which indicates drying effects.

Jason K. Lee et al. analyzed gas saturation within the porous trans
port layer using operando neutron imaging at current densities of up to 
9 A•cm− 2 under water flow rate variation in a test cell with 0.8 cm2 

active area [17]. They report drastic gas saturation at high current 
densities with low water flow rates and identify a critical current density 
at which the high gas saturation and mass transport overpotential could 
lead to cell failure when exceeding this limit.

So far, all works reported on water starvation with industrially 
relevant cell designs and dimensions have in common that only low 
current densities of <2 A•cm− 2 are investigated, which do not represent 
state-of-the-art or future operation points of up to 5 A•cm− 2.

While standard operation typically involves supplying liquid water 
exclusively to the anode of the cell, various unconventional water supply 
methods have been developed for PEM water electrolysis where water 
starvation phenomena are more pressing.

One notable approach, patented by Thomassen et al. [18], entails 
feeding process water to the cathode, requiring water permeation 
through the membrane for the oxygen evolution reaction (OER) at the 
anode. This method simplifies the system architecture by maintaining a 
single-phase flow on the anode side, resulting in a more compact design 
and reducing system costs while also minimizing risks associated with 
hydrogen crossover [8]. As a result, thinner membranes (<50 μm 
thickness) can be applied, which drastically decreases ohmic over
potentials [19]. However, challenges remain, including the necessity for 
precise water flow control to prevent excess water from accumulating at 
the anode and to avoid being forced to remove liquid water at the anode 
outlet. Moreover, cathode-fed cells are often operated at lower current 
densities compared to anode-fed cells due to potential dry-out condi
tions arising from mass transport limitations [20].

Another method that should be mentioned is PEM steam electrolysis. 
PEM steam electrolysis involves supplying water vapor instead of liquid 
water to the cell, which reduces the thermodynamic energy required for 
the electrolysis process compared to using liquid water [21]. This 
method benefits from faster reaction kinetics and lower operating 
voltages [22]. However, little work has been reported thus far, as there is 
still a lack of stable membrane ionomers. Water vapor can be introduced 

to either the cathode or anode of the cell, with the common approach 
being anode feeding. Cathode feeding results in a significantly lower 
limiting current density compared to anode feeding and has not yet been 
extensively investigated [23]. The primary challenge for PEM steam 
electrolysis is the rapid decay of membrane performance due to elevated 
temperatures, which limits its investigation primarily to 
laboratory-scale operations [22].

In this work, we report cell performance analyses of a state-of-the-art 
PEM water electrolysis of up to 5 A•cm− 2 and close to the stoichiometric 
level. Using current density and temperature distribution measure
ments, we analyze dry-out effectsof the membrane and impeded reac
tant supply are analyzed, which are confirmed by locally resolved EIS, 
with subsequent focusing on the HFR and low-frequency impedance 
analyses. The water flow rate is varied between 54 μl•min− 1•cm− 2 and 
161 μl•min− 1•cm− 2, meeting stoichiometries between 3 < λ < 50 
depending on the applied current density. The results are compared with 
industrially relevant flow rates of 10.7 ml•min− 1•cm− 2, with the cell’s 
active area being 56 cm2. With this work, we want to gain a deeper 
understanding of dry-out and mass transport effects that may occur in 
industrial-scaled cells or cells with unconventional cell operation.

2. Experimental

2.1. Test bench

The test bench used in this work was developed in-house at 
Fraunhofer ISE [21] and is designed for operation at pressures up to 50 
bar, temperatures up to 80 ◦C, and flow rates ranging from 100 
ml•min− 1 to 2 l•min− 1 at both the anode and cathode. The process water 
is circulated separately for the anode and cathode. Water-gas separators, 
filters, and ion exchangers provide stable conditions for the water 
applied and ensure a water conductivity of ≤0.1 μS⋅cm− 1. Due to 
electro-osmotic drag, the water level at the anode decreases while it 
increases at the cathode, which is balanced by a balancing line between 
both water tanks. Heat exchangers in the anode and cathode lines 
maintain stable cell temperatures with an accuracy of ±0.5 K. For 
operation at low water flow rates, additional electrical heat pads, which 
are in contact with the cell, are employed. Currents up to 1000 A can be 
applied using a DC (direct current) power source from TDK Lambda, 
Germany. For conducting EIS, Zahner Zennium X and Zahner EL1000 
from Zahner Elektrik GmbH & Co. KG, Germany, are used. The test 
bench is controlled by in-house developed software using LabVIEW from 
National Instruments, USA. For full automation of the test bench, a 
Python-based code has been developed to interact with LabVIEW.

Since the test bench can only maintain stable water flow rates at a 
minimum flow of 100 ml•min− 1, an additional flow meter (EK-2KA-H) 
from Kytola Instruments, Finland, is implemented between the test cell 
and the original flow meter at the anode. With a bypass line, low water 
flow rates between 3 ml•min− 1 (~54 μl•min− 1•cm− 2 with 56 cm2 cell 
area) and 9 ml•min− 1 (161 μl•min− 1•cm− 2) can be effectively applied to 
the cell. During the measurements, the flow showed deviations from the 
mean value; therefore, we conservatively assume the accuracy to be ±1 
ml•min− 1, which subsequently needs to be considered regarding the 
stoichiometry values.

2.2. Test cell design – along the channel (AtC) approach

To analyze locally resolved phenomena, we designed and built a 
segmented AtC cell, which is described in detail and whose functionality 
is discussed in our previous work [16]. Fig. 1 a) provides a schematic 
diagram and b) a photo of the AtC cell. The cell has an active area of 30 
× 2 cm (length x width) and is segmented along the straight parallel flow 
field, which consists of ten milled flow field channels with 1 × 2 mm2 

(width x depth) cross-sectional area and nine 0.9 mm wide lands in 
between. To segment the cell, the in-plane conductivity between each 
segment at the anode bipolar plate and the porous transport layer (PTL) 
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is interrupted. 10 equal segments of 2.8 × 2 cm2 active area are 
employed along the channels, resulting in an active cell area of 56 cm2. 
The anode flow field plate consists of 10 galvanically gold-coated tita
nium inlets, each radially sealed against a non-conductive frame. Each 
segment is connected to 12 measurement contacts embedded in a 
printed circuit board (PCB) custom-designed by DiLiCo Engineering 
GmbH, Germany, resulting in a total of 120 measurement points, see 
Fig. 1 c). The PCB is set on top of a homogenization and a current col
lector plate, which are not segmented. At each measurement contact, the 
current density and temperature are measured using a shunt resistor and 
Pt100 sensors, respectively. Furthermore, at the central two of the 12 
contacts, a frequency response analyzer (FRA) system by Zahner Elektrik 
GmbH & Co. KG, Germany, is employed. With this approach, the 
impedance of the mean cell and in each segment can be measured in 
parallel. For the analysis shown here, only the mean value from all 12 
contacts within one segment is considered.

The cell is designed for high current densities of 10 A•cm− 2 (600 A 
absolute) and differential and balanced pressures up to 10 barg. Flow 
rates up to 1200 ml•min− 1 and temperatures of 80 ◦C can be applied. 
During assembly, homogeneous compression is difficult to achieve; 
therefore, small variations along the segments due to different contact 
conditions are observed in the measurements and will be discussed. In 
our previous work, we demonstrated that the differences due to segment 
contacting have a standard deviation of less than ±5 % of the mean 
current density applied. Therefore, effects along the channel can be 
properly analyzed, as also shown for industrially relevant cell operation 
in Ref. [4].

2.3. Cell components

As the catalyst-coated membrane (CCM), an E400 Gen.3 CCM by 
Greenerity GmbH, Germany, is used. This CCM is based on an anode 
IrOx and a cathode Pt/C catalyst layer printed on a Nafion®-based N115 
membrane with a dry thickness of 125 μm. The catalyst loading and 
other structural parameters can be considered state-of-the-art for the 
European market, defined by Clean Hydrogen Partnership, European 
Union [24]; further information cannot be disclosed. As the anode 
porous transport layer (PTL), a 250 μm PTL (2GDL-10-0.25), electro
plated with 200 nm of platinum on both sides, by NV Bekaert SA, 
Belgium, is employed. As the cathode PTL, a 215 μm thick SGL22BB by 

SGL Carbon SE, Germany, is used. To ensure that no misalignment be
tween CCM and anode and cathode PTL is present, the coated area of the 
CCM is equal with the sealing area.

2.4. Electrochemical measurement

All electrochemical measurements in this study are conducted at 
60 ◦C and controlled on the anode inlet temperature of the water flow. 
The cell is operated normally at ambient pressure. To analyze the in
fluence of pressure, additional operation at 3 barg and 6 barg balanced 
pressure is carried out. Water is applied only at the anode; the cathode is 
operated dry but humidified by the electroosmotic water drag. The 
water flow is varied between 54, 107 and 161 μl•min− 1•cm− 2 with a 
referred active cell area of 56 cm2 to analyze water starvation effects. 
For comparison a flow rate of 10.7 ml•min− 1•cm− 2 is applied for fully 
hydrated conditions, as it is known for real operating conditions.

Polarization curve measurements at 0.01, 0.025, 0.05, 0.075, 0.1, 
0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 A•cm− 2 are conducted 
with 10 min holding time each. At each current density step, the high 
frequency series resistance (HFR) is measured to separate ohmic and 
non-ohmic cell behavior. Therefore, EIS at high frequencies between 10 
kHz and 100 Hz is performed. Since high frequency artifacts caused by 
external and internal wiring in the PCB and the test bench, the imped
ance at a phase angle of 0◦ is inaccurate for determining the HFR. We 
previously presented a method to extract the HFR by fitting the capac
itive semicircle of the anode charge transfer process using an equivalent 
circuit model (ECM) consisting of a resistor in series with a RQ element 
(resistor with constant phase element in parallel), which is a typical 
approach to model charge transfer processes [25], between 1 kHz and 
100 Hz, see Supplementary Information SI 1. For a more detailed dis
cussion on this method, it is referred to Ref. [16]. For the analysis of the 
HFR of the cell segments, the measurement quality is too low to be 
properly evaluated at current densities <1 A•cm− 2, see discussion in 
Ref. [4]. For current densities <1 A•cm− 2 the HFR between 1 A•cm− 2 

and 2 A•cm− 2 is linearly interpolated and the extrapolated towards 
lower current densities. At every operation point, the current density 
and temperature of the cell segments are measured. To analyze the local 
cell behavior, the cell is operated at constant current (galvanostatic) 
mode. Constant voltage (potentiostatic) mode is beneficial at critical 
operation points to analyze limiting currents, which is therefore 

Fig. 1. a) Simplified schematic diagram of the AtC cell, b) photo of the AtC cell, and c) design of the printed circuit board (PCB) - according to [16].
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conducted as well. Furthermore, at specific current densities (galvano
static) EIS is conducted between 10 kHz and 100 mHz to analyze, in 
addition to the HFR, the polarization resistance of the mean cell and the 
cell segments.

2.5. Impedance analysis

Before each impedance analysis, the generated data is tested for drift 
and instabilities using the Kramers Kronig test [26,27]. The impedance 
spectra shown in this work fulfill the Kramers Kronig test with the re
siduals being smaller than ±1%. For critical impedance data (Kramers 
Kronig residuals greater than ±1%) that can occur during undersupply 
of reactant (water) in the cell it is explicitly mentioned that the data 
should be interpreted with caution.

Polarization processes often occur at similar time constants leading 
to an overlapping of each other. In conventional Nyquist plots or Bode 
presentations these processes can often not be deconvoluted accurately. 
Distribution of Relaxation Time (DRT) has proven to be a useful method 
for several electrochemical converters, such as batteries, fuel cells and 
electrolysis cells [28–33]. In this work a DRT algorithm developed by 
KIT is used [34]. With DRT, the number of relevant processes can be 
estimated by the number of peaks in the DRT function g(τ), which can be 
calculated by Equation (1). 

Z(ω)=R0 + Rpol

∫∞

0

g(τ)
1 + jωτ dτ (1) 

R0 describes the ohmic resistance of the cell which should correspond to 
the values determined by HFR measurements, see above. Rpol is the sum 
of the resistance of all polarization processes. Solving Equation (1) is 
challenging, a widely employed approach is the use of the regularization 
parameter λ by Tikhonov [35,36]. In our previous impedance analysis 
for this test setup the optimal Tikhonov parameter was determined to be 
λ = 10− 3, see Ref. [4], which is also used in this study. It is here to be 
mentioned that minimal inaccuracies in the measurement can provoke 
DRT peaks, which can lead to misinterpretations [37], which is cir
cumvented using the Kramers Kronig test, see above.

In our previous work we showed the importance of the low- 
frequency inductive feature [38,39]. Within this work, we discuss the 
superimposing phenomena of inductive loops and mass transport related 
polarization due to reactant undersupply. The DRT algorithm by KIT 
was previously adapted to analyze low-frequency inductive loops and 
interpret them as RC-elements allowing negative resistance values [40].

3. Results & discussion

3.1. Polarization curve measurements under water starvation

At low flow rates, the stoichiometry serves as an important reference 
value. The stoichiometry λ directly correlates the consumed water 
(ṅw,stoich) with the amount of water applied (ṅw,app), defined by Equation 
(2). 

λ=
ṅw,app

ṅw,stoich
=

z⋅F⋅V̇w,app⋅ρw

i⋅A⋅Mw
(2) 

With Mw and ρw being the molar mass and density (at the operational 
temperature) of water, V̇w,app the applied volume flow of water, z the 
number of transferred electrons, F Faraday’s constant, i the mean cell 
current density, and A the active cell area. As discussed in the Intro
duction section, PEM water electrolyzers are typically operated under 
water enrichment (λ > 100) at which no severe humidification issues of 
membrane and ionomer are present [3,15]. At λ < 10 water deficits are 
reported in the literature, resulting in increasing Ohmic resistance due to 
not properly humidified membrane and ionomer [6,12,41].

Fig. 2 shows the performance analysis of the entire AtC cell under 
water starvation in galvanostatic operation. The polarization curves and 
HFR-free polarization curves (dashed lines at the bottom) reveal that 
operations with 107 μl•min− 1•cm− 2 (red curve) and 161 
μl•min− 1•cm− 2 (yellow curve) anode water flow, are consistent with 
each other but differ from the measurement with high water flow rate of 
10.7 ml•min− 1•cm− 2 (black curve) significantly, as shown in Fig. 2 a). 
At current densities <4 A•cm− 2 and a high water flow rate a signifi
cantly better performance is measured which can be attributed to a 
temperature effect. With high water flow rates, the cell is properly 
heated by the inlet water which results in a low and slightly decreasing 
HFR with increasing current density, see Fig. 2 b). The mean cell tem
perature measured by the 120 temperature sensors within the PCB un
derneath the anode flow field increases by 9 K from low to high current 
densities, see Fig. 2 c). The error bars represent the standard deviation of 
all 120 temperature sensors alongside the active area.

However, at 107 μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2, the mean 
cell temperature measured with the PCB changes significantly with 
current density. At low current densities, the cell temperature is around 
39 ◦C, which is explained by the heat loss between CCM and PCB (23 mm 

Fig. 2. Cell behavior of the entire AtC cell under variation of the flow rate. a) 
Polarization curve and HFR-free polarization curve, b) HFR over current den
sity, and c) mean cell temperature measured with the PCB at a flow rate vari
ation between 54 μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2 and compared with 
industrially relevant high flow rates. The measurements are done at 60 ◦C (inlet 
water temperature) and ambient pressure.
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distance in height) and the small amount of water (at 60 ◦C) supplied to 
the cell. With increasing current density, the mean cell temperature rises 
up to 72 ◦C, indicating the poor heat management due to the low water 
flow rate. The intersection of the temperature curves of 107 
μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2 with 10.7 ml•min− 1•cm− 2 at 
~4 A•cm− 2 agrees with the intersection of the polarization curves. This 
temperature effect also explains the lower cell overpotentials, see HFR- 
free polarization curve. Since the differences for 107 μl•min− 1•cm− 2 

and 161 μl•min− 1•cm− 2 in cell performance and temperature are small 
(10 mV), we believe that no significant undersupply of water and 
therefore no pertinent membrane dry-out is present. Even at 5 A•cm− 2 

and 107 μl•min− 1•cm− 2 with a stoichiometry of λ < 4, the cell operation 
seems to be stable. However, the low water flow rates suggest that the 
membrane conductivity is reduced due to non-optimal membrane hu
midification, which can be assumed for the high water flow of 10.7 
ml•min− 1•cm− 2 applied. It should be noted that the here detected 
temperature influence is enormous and needs to be considered when 
analyzing the data. An improved external heat management, e.g. by 
using a thermal surrounding at operation temperature (thermal box) 
may significantly reduce this inaccuracy.

For the measurement with a water flow rate of 54 μl•min− 1•cm− 2, 
comparable cell behavior is measured up to 2 A•cm− 2 with only slightly 
higher HFR and lower temperature compared with 107 μl•min− 1•cm− 2 

and 161 μl•min− 1•cm− 2. Above a current density of 2 A•cm− 2 (λ ∼ 4.8) 
the cell performance is decreasing drastically, as both the HFR and cell 
temperature increase. The error bars of the mean cell temperature 
indicate unstable cell behavior during operation, since large tempera
ture differences along the channel occur. When the current density is set 
from 3 A•cm− 2 to 3.5 A•cm− 2, a linear increase of the cell voltage from 
2.3 V to 2.7 V was observed for the first 70 s, reaching exponentially 
within the next 20 s the voltage limit of 3.5 V of the test bench, see 
Supplementary Information SI 2. Due to the increasing HFR paired with 
increasing cell temperature but not affected cell polarization (see HFR- 
free polarization curve) up to 3 A•cm− 2 the measurement suggests 
that the cell faced significant membrane dry-out, which is analyzed in 
the following using impedance spectroscopy.

At 3 A•cm− 2, a stoichiometry of 3.2 can be calculated with signifi
cant dry-out effects detected. Since even at higher stoichiometries 
(λ ∼ 4.8 at 2 A•cm− 2) these effects start to occur and at a flow rate of 
107 μl•min− 1•cm− 2, stoichiometries of λ ∼ 3.8 do not seem to be 
affected by dry-out, we conclude that only considering the stoichiometry 
cannot provide sufficient information on relevant membrane and ion
omer dry-out. Instead, more parameters as local temperature, ratio of 
liquid and vapor phase of water, membrane-specific electro-osmotic 
drag and properties of the porous materials need to be considered.

3.2. Impedance analysis of the entire cell under water starvation

Impedance spectroscopy of the entire cell, applied at current den
sities of 1 A•cm− 2 and 3 A•cm− 2 during the polarization curve reveals 
significant differences in performance, see Nyquist presentations of 
Fig. 3 a) and b). At a current density of 1 A•cm− 2 the polarization 
resistance appears to be comparable for all flow rates applied, and only 
differences in the HFR are detected. This is consistent with the results in 
Fig. 2, as all HFR-free polarization curves show equal behavior for 1 
A•cm− 2.

At 3 A•cm− 2, in addition to the change in HFR, which is discussed 
above, also the polarization resistances change. The capacitive loop at 
higher frequencies, which we refer to charge transfer processes, does not 
significantly differ among the measurements. The difference between 
the HFR and the low frequency resistance (LFR, real part of the 
impedance at the second intersection with -Im(Z) = 0) is for all spectra 
around 15 mΩ⋅cm2. This can also be seen at the DRT analysis in Fig. 3 c) 
between 25 Hz and 1 kHz. The processes appear to occur at similar 
frequencies and show comparable area-specific-resistance (ASR), see 
area underneath each peak. This indicates that, although significant 

differences in water supply are present, the charge transfer resistance is 
not significantly affected.

Contrary to this, the low-frequency impedance below 2 Hz differs 
among the measurements, as a typical inductive loop is detected at high 
flow rates, which is in good agreement with our previous findings [38,
39]. The physico-chemical processes behind the inductive features are 
not yet fully understood. In our previous works, we suggested that slow 
processes which decrease the membrane resistance due to water diffu
sion or thermal effects might be the origin of this phenomenon. In the 
DRT analysis, two inductive peaks are detected at ~1 Hz and ~130 mHz 
for 10.7 ml•min− 1•cm− 2 water flow applied. For the 107 
μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2 the inductive feature at ~1 Hz 
is also detectable and comparable with 10.7 ml•min− 1•cm− 2. The sec
ond inductive process can only be anticipated by the change of the arc in 
the Nyquist presentation. This process is not detected by the DRT al
gorithm within the measurement range.

For a water flow rate of 54 μl•min− 1•cm− 2, the inductive loop is 
overlapped by a second capacitive loop which is usually related to mass 
transport losses or limitations of the reactant, as described in PEM fuel 
cells and water electrolyzers literature [42–46]. The small inductive 
process at around 150 mHz is superimposed by a comparably large 
capacitive process according to the DRT analysis, indicating that severe 
mass transport resistance is present. In general, this impedance mea
surement at low flow rates needs to be considered carefully as the cell 
performance behaves unstable, reaching the limits of the Kramers Kro
nig residuals of ± 1%. This is especially pressing for the low-frequency 
range, see dashed lines in the Nyquist presentation. However, with 
impedance analysis, we can show that mass transport limitations (sec
ond capacitive loop at low frequencies) for water as a reactant occurs 

Fig. 3. Impedance analysis of the mean cell at stoichiometry variation. Nyquist 
presentation at a) 1 A•cm− 2 and b) 3 A•cm− 2, and c) DRT analysis at 3 A•cm− 2. 
The measurements are done at 60 ◦C (inlet water temperature) and 
ambient pressure.
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simultaneously with increasing membrane resistance (increase of HFR) 
resulting in a large increase of the mean cell resistance.

3.3. Local impedance analysis under water starvation

Up to this point, we only discussed the performance behavior of the 
entire AtC cell. The locally resolved impedance spectra at a mean current 
density of 3 A•cm− 2 and water flow rates of 54 μl•min− 1•cm− 2, 107 
μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2 are depicted in Fig. 4. Fig. 4 a) 
shows the HFR-free Nyquist presentation at 54 μl•min− 1•cm− 2 for all 10 
segments, the corresponding spectra at 107 μl•min− 1•cm− 2 and 161 
μl•min− 1•cm− 2 are provided in the Supplementary Information SI 3. 
The HFR distribution along the channel is presented in Fig. 4 b) at the 
top. The HFR measured at 161 μl•min− 1•cm− 2 water flow shows a ho
mogenous profile with a maximum spread of ~ 17 mΩ⋅cm2 which is 
referred to contact issues of the segments and the temperature gradient 
of ~5 K along the channel, see Fig. 4 b) at the bottom. It should be noted 
that the temperature shown here is measured using the PCB and not the 
water temperature. Due to heat loss between CCM and the measurement 

contacts of the PCB temperatures underneath the inlet water tempera
ture are observed. The current density profile (center) also shows a 
homogenous distribution. At 107 μl•min− 1•cm− 2 equal cell behavior as 
at 161 μl•min− 1•cm− 2 1 is observed, with a slightly higher HFR for 
segment 9 and segment 10.

At 54 μl•min− 1•cm− 2 higher current densities at the inlet and lower 
at the outlet are detected with increased HFR-values from segment 3 
onwards. The temperature profile stays rather constant between seg
ments 1 and 5 and is drastically increasing by 20 K between segments 6 
and 10. These effects can clearly be attributed to undersupply, local dry- 
out of ionomer and membrane and heating up of the segments.

The polarization resistance along the channel supports these find
ings, see Fig. 4 a) and the DRT analysis in Fig. 4 c). For 54 
μl•min− 1•cm− 2 segment 1 exhibits an impedance spectrum with a 
proper water supply, as two capacitive peaks at ~400 Hz and ~70 Hz, 
and two inductive features at ~1 Hz and below 200 mHz are detectable. 
Segment 2 already shows a slight superimposition of the inductive loop 
by a low-frequency capacitive loss process; see Fig. 4 a). For segment 3 to 
7 the low-frequency capacitive process is increasing and the negative 

Fig. 4. Locally resolved performance analysis under flow rate variation. a) HFR-free Nyquist presentation at a water flow rate of 54 μl•min− 1•cm− 2, b) current 
density, HFR, and temperature distribution, and c) DRT analysis of segment 1 to 7 at 54 μl•min− 1•cm− 2, 107 μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2 anode water 
flow. The measurements are done at 60 ◦C (inlet water temperature) and ambient pressure.

N. Hensle et al.                                                                                                                                                                                                                                  Journal of Power Sources 654 (2025) 237865 

6 



peak vanishes, indicating that the inductive loop is superimposed by an 
increasing mass transport resistance. Segment 8 to 10 show highly un
stable condition and do not fulfill the Kramers Kronig test at low fre
quencies, reaching residuals of up to ±27%. Therefore, these spectra are 
not further analyzed with DRT and not discussed here. The instability 
portends the critical situation due to water starvation. The measure
ments at 107 μl•min− 1•cm− 2 and 161 μl•min− 1•cm− 2 water flow rate 
show DRT behavior comparable to 100 ml•min− 1•cm− 2, neither tem
perature or HFR increase, nor significant mass transport related pro
cesses were observable over the entire active area.

3.4. Current density distribution analysis under water starvation

Since the cell shows highly unstable behavior in galvanostatic mode 
when operating close to the stoichiometric level, we analyze the current 

density distribution under flow rate variation in potentiostatic mode, at 
a cell voltage of 2.4 V, see Fig. 5 a). For easier comparison of the results, 
the deviation of the local current density from the mean current density 
is shown over the cell segments. Each mean current density is given in 
the legend. At a flow rate of 161 μl•min− 1•cm− 2 only marginal de
viations of up to 8 % are detected. These deviations are related to contact 
issues of the segments (e.g. see segment 4 and 7) and to a temperature 
effect. Accumulating gas leads to poorer heat removal along the channel, 
which results in increased heating of the components, such as the 
membrane. In turn, increased temperature of the membrane leads to 
increased membrane conductivity, therefore, (slightly) more current is 
flowing at the outlet compared to the inlet, see temperature profile in 
Fig. 5 b).

At 107 μl•min− 1•cm− 2 water flow, a comparable trend is observed 
between segment 1 and segment 8. However, at segment 9 and 10 a drop 

Fig. 5. a) Relative deviation of the mean current density (iloc,rel) at 2.4 V and water flow rate variation. The relative deviation of the inverse HFR (HFR− 1
rel ) is given in 

dashed lines, b) corresponding temperature profiles. c) Membrane resistance over water content of the membrane according to Refs. [48,49], d) calculation of the 
liquid-to-gas ratio, and e) calculation of the relative humidity over the cell segments. The measurements are done at 60 ◦C (inlet water temperature) and 
ambient pressure.

N. Hensle et al.                                                                                                                                                                                                                                  Journal of Power Sources 654 (2025) 237865 

7 



in current density compared to the mean current density of − 40 % and 
− 50 %, respectively, is detected. The current density drop may be 
explained by a beginning of water starvation since a high amount of 
reactant was consumed by the previous segments. Even lower flow rates 
of 54 μl•min− 1•cm− 2 shows that this current density drop seemingly 
moves more towards the cell inlet, as the drop occurs already at segment 
6 with up to − 78 % deviation from the mean value. These almost 
inactive segments lead to a current density increase at the first 5 seg
ments. However, the mean current density is drastically reduced 
compared with the other measurements, see legend at the bottom left. It 
should be noted, that the potentiostatic measurements were conducted 
after the galvanostic measurements as presented in Fig. 2. Since these 
harsh measurements clearly harmed the cell components, a significant 
decrease in overall performance is observed. Several degradation effects 
need to be considered, as oxidation of PTL and flow field components as 
well as deactivation of the catalyst layer. However, due to the operation 
enforcing dry-out, we would assign most of the degradation effects to 
change of ionomer and membrane properties. Investigations of these 
degradation effects are not focus of this study but is highly recom
mended to gain more understanding. Characterization methods, such as 
EIS, cyclic voltammetry, and ex situ analyses as discussed for PEM fuel 
cell stacks in Ref. [47] are expected to be highly valuable.

The Supplementary Information SI 4 shows the analysis at 2.0 V and 
2.2 V r revealing that no local dry-out occurs at 2.0 V for all water flow 
rates. For 54 μl•min− 1•cm− 2 and 2.2 V the above discussed current 
density drop was observed for segment 8 to 10. It also can be seen that 
the mean cell current density between 2.2 V and 2.4 V is only marginally 
increasing, which suggests that operation close to a limiting current is 
present. The temperature profiles show an increasing trend along the 
segments whenever a relatively constant current profile is present, as the 
current density drops down (at segment 9 for 107 μl•min− 1•cm− 2 and 
segment 6 for 54 μl•min− 1•cm− 2 at 2.4 V) the cell cools down due to less 
heat dissipation from the reaction, see Fig. 5 b). This can be interpreted 
as a critical situation regarding water supply, but no total membrane 
drying occurs, as compared with increasing temperature and increasing 
HFR for 2.4 V in Fig. 5.

During these potentiostatic measurements locally resolved imped
ance measurements were carried out to extract the HFR of each indi
vidual segment using the approach mentioned above. Especially at 54 
μl•min− 1•cm− 2 the impedance data quality and thus the accuracy is low 
which needs to be carefully considered. The fitting error for the HFR 
analysis is determined to be <12 %. The HFR measurements discussed 
here should only be seen in a qualitative way.

According to Ohm’s law, the current (density) is at constant voltage 
inversely proportional to the resistance, see Equation (3). 

Δiloc,rel ∝ ΔR− 1
loc,rel with Uloc,rel = Ucell (3) 

With the assumption that a change in HFR is mostly depending on the 
change of membrane resistance due to humidification (at comparable 
temperatures) we can state that a direct correlation between the inverse 
HFR and current density distribution explains local membrane dry-out, 
see Equation (4). Therefore, the relative deviation of the inverse HFR is 

plotted in Fig. 5 a) with dashed lines, showing high agreement for all 
measurements. The marginal deviations between current density and 
inverse HFR are attributed to the poor impedance quality. 

Δiloc,rel ∝ ΔHFR− 1
loc,rel with Uloc,rel = Ucell (4) 

To understand the characteristic drop in current density for 54 
μl•min− 1•cm− 2 and 107 μl•min− 1•cm− 2 at segment 6 and segment 9, 
respectively, an estimation of the water content of the membrane λPEM is 
performed, see Fig. 5 c). Springer, Zawodzinski et al. discussed the in
fluence of λPEM on various membrane parameter of Nafion-based mem
branes, such as membrane conductivity [48,49]. They observed a 
saturation of the water content, which is seen as fully humidified at 
λPEM = 22. It is assumed that the first segment during the measurement 
at 2.4 V and 54 μl•min− 1•cm− 2 equals a water content of λPEM = 22. 
Therefore, the measurement data reported by Springer is corrected by 
the HFR of the first segment, see black dashed line. Segment 1 to 
segment 5 range in between 17 < λPEM < 22, which is seen as the region 
between fully vapor-saturated and saturated with liquid water. In 
contrast, the water content of segment 6 to segment 10 ranges between 
2.6 < λPEM < 4.3, which indicates the severe membrane drying. Between 
segment 5 and segment 6 a change in HFR of > 450 mΩ⋅cm2 is observed, 
which leads to the interpretation that in segment 5 all liquid water is 
consumed and segment 6 to segment 10 is only supplied by water in the 
vapor phase.

To evaluate this interpretation, a calculation of the liquid-to-gas ratio 
Ψl/g along the cell segments in the anode flow field channel for a flow 
rate variation of 54 μl•min− 1•cm− 2 at 2.4 V cell voltage is presented in 
Fig. 5 d). Utilizing the information about the current flowing through 
each segment and the inlet water, the liquid-to-gas ratio in the flow field 
channels is calculated for each segment, see Equation (5). It is assumed 
that the amounts of liquid water, gaseous water and oxygen at the end of 
one segment equals the inlet of the next segment. It is presumed that the 
oxygen produced has a relative humidity of 100 % if liquid water is 
present. The amount of vapor water is calculated using the saturated 
vapor pressure using Antoine’s equation [50], which is then subtracted 
from the liquid water amount and added to the gas phase. The 
electro-osmotic drag is assumed to be constant over the whole active 
area, independent of membrane humidification, pressure, and temper
ature. Literature suggests a drag coefficient between 0.9 < ζ < 7 (mol
ecules of water per proton) depending on the membrane humidification 
[49,51,52]. If the current density drop between segment 5 and segment 
6 is caused by the transition between liquid and vapor-fed electrolysis, a 
drag coefficient of ζ = 3 can be fitted, which is in good agreement with 
literature values. The water diffusion and back diffusion through the 
membrane and the presence of vapor water are not considered here.  

ij describes the current in segment j, Mw the molar mass and ρw the 
density of water, z the number of electrons transferred, F Faraday’s 
constant, and R the universal gas constant. The temperature of each 
segment Tj is measured by the PCB, the temperature in the catalyst layer 
might be significantly higher, as heat dissipation between CCM and PCB 

Ψl/g,j =Ψl/g,j− 1 −
V̇l,j− 1 − V̇l,j

∑j− 1

1
V̇g,prod + V̇g,j

=Ψl/g,j− 1 −

V̇l,j− 1

⏞̅⏟⏟̅⏞
previous segment

−

(
ij⋅Mw⋅(1 + ζ)

z⋅F⋅ρw

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
water consumption by reaction

−

(
ij⋅Mw

z⋅F⋅ρw
⋅

ps(T)
pcell − ps(T)

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
water evaporation

∑j− 1

1
V̇g,prod

⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟
previous segment

+ ij⋅R⋅Tj
/
z⋅F⋅pcell

⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟
gas production by reaction

+

(
ij⋅R⋅Tj

z⋅F⋅pcell
⋅

ps(T)
pcell − ps(T)

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
water evaporation

with 1≤ j ≤ 10 (5) 
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is expected, as discussed previously [4]. Since the pressure drop along 
the channel is < 300 mbar, the pressure in the segments is assumed to be 
constant and equal to the cell pressure pcell, ps(T) describes the saturated 
water pressure. The inlet liquid-to-gas ratio is set as a boundary condi
tion to Ψl/g,0 = 100%.

For 161 μl•min− 1•cm− 2 a minimum liquid-to-water ratio of 0.13 % 
at segment 10 is observed, which seems to adequately feed the elec
trolysis reaction and humidifies the membrane since no decrease of 
current density towards the cell outlet is observed, see Fig. 5 a). For 107 
μl•min− 1•cm− 2 from segment 8 and for 54 μl•min− 1•cm− 2 from 
segment 6, negative liquid-to-gas ratios are observed. Both values are in 
good agreement with the characteristic current density drop, which is 
interpreted as transition between liquid and vapor-fed electrolysis. The 
slight inaccuracy for 107 μl•min− 1•cm− 2 (negative values from segment 
8 but current density drop at segment 9) is attributed to the neglected 
water diffusion and homogenous drag coefficient.

At a negative liquid-to-gas ratio, the reaction is fed by vapor water, 
which can be calculated by the relative humidity φ as the vapor-water 
uptake of the produced oxygen. Fig. 5 e) shows the relative humidity 
for 2.4 V and 54 μl•min− 1•cm− 2. If liquid water is present (from segment 
1 to segment 5) a relative humidity of 100 % is assumed. As the vapor- 
fed electrolysis is present from segment 6 on, the water amount in vapor 
phase accumulated between segment 1 and segment 5 supplies the re
action. Therefore, the relative humidity decreases along the channel. At 
segment 8 to segment 10 negative values for the relative humidity are 
observed, which are non-physical. One interpretation may be that these 
cell regions are fed by back diffusion water through the membrane from 
accumulated drag water at the cathode, which is not considered in our 
calculations. The stoichiometric water flux which cannot be covered by 
our calculation (segment 8 to segment 10, see orange dashed area) is 
ṅstoich,8− 10 = 3.76⋅10− 6 mol⋅cm− 2⋅s− 1, which needs to be provided by 
the back diffusion flux ṅPEM, see Fig. 5 e). This value for the here used 
Nafion® N115 membrane is in the same order of magnitude as the 
values determined in the experimental permeation studies in the liter
ature [53,54].

3.5. Influence of gas pressure under water starvation

Water transport to the catalyst layer competes with the opposing 
removal of oxygen through PTL and flow field. Since water can be 
assumed to be incompressible, but gas transport is significantly affected 
by pressure, the cell pressure at both sides (balanced pressure) was set to 
0 barg, 3 barg, and 6 barg in potentiostatic operation, see Fig. 6. Fig. 6 a) 
depicts the current density profiles with a water flow rate of 54 
μl•min− 1•cm− 2 at 2.0 V, 2.2 V, and 2.4 V, respectively, and the different 
pressures applied. At 2.0 V, inactive segments are not observable at all, 
as all graphs show equal current density distribution, for even lower 
voltages as well no inactive segments are expected, as also identifiable 
for 54 μl•min− 1•cm− 2 flow rate in Fig. 2 and Supplementary Informa
tion SI 4. The mean cell current densities for each cell voltage are pro
vided in the legend and in Fig. 6 b). A slightly lower performance with 
increased pressure is observed at a given cell voltage of 2.0 V which is 
attributed to increased Nernst potential [55] and setup-depending 
increased HFR, as shown in Fig. 6 c). The HFR slightly increases with 
pressure since the contact between PTL and flow field decreases, as 
previously discussed for differential pressure operation with a compa
rable setup [4]. We believe that a similar phenomenon occurs as well 
with balanced pressure operation and might be even more pronounced 
due to the anode pressure, leading to further detachment of the PTL from 
the flow field lands.

At 2.2 V and at 0 barg and 3 barg pressure, a drop in current density is 
observed at segments 8 to 10, which is not detected under 6 barg pres
sure. Additionally, the mean cell current densities and HFR values 
change, with the highest pressure showing the best cell performance. 
The change in HFR at these low water flow rates is associated with local 

membrane dry-out. At 2.4 V, all pressure conditions result in a drop in 
local current density towards the cell outlet. However, the current 
density profiles, mean cell current densities and the HFR suggest that 
pressure operation leads to less critical dry-out effects.

4. Conclusion

This work discusses the behavior of a PEM water electrolysis cell at 
high current densities up to 5 A•cm− 2 under water starvation with water 
stoichiometries of <10. Water flow rates between 54 μl•min− 1•cm− 2 

and 161 μl•min− 1•cm− 2 were applied to an along the channel test cell 
with an active area of 56 cm2 and compared with a standard flow rate of 
10.7 ml•min− 1•cm− 2. Water stoichiometries above 5 do not show sig
nificant mass transport-related limitations, even at high current 

Fig. 6. a) Current density distribution at 2.0 V, 2.2 V and 2.4 V cell voltage for 
0 barg, 3 barg and 6 barg balanced cell pressure, b) mean current density and c) 
mean HFR over cell voltage. The measurements are done at 60 ◦C (inlet water 
temperature) and a water flow rate of 54 μl•min− 1•cm− 2.
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densities of 5 A•cm− 2, which is in good agreement with the literature [6,
12]. When operating at stoichiometries of approximately 3, significant 
increase of the HFR, which we associate with membrane dry-out, is 
observed, resulting in unstable cell voltages. An increase in mass 
transport resistance has been detected when operating close to the 
stoichiometric water level, superimposing low-frequency inductive 
features analyzed by electrochemical impedance spectroscopy.

Locally resolved impedance analysis showed that even when oper
ating close to the stoichiometric level, inlet segments were still properly 
supplied with water, while segments towards the cell outlet showed 
local membrane drying and increased mass transport resistance. Seg
ments at the cell outlet exhibited unstable behavior, which drastically 
affected the quality of impedance data.

Under potentiostatic operation, we demonstrate that there is a direct 
correlation between the current density distribution and the distribution 
of the inverse high frequency resistance, which we refer to as membrane 
conductivity. Comparison to experimental studies of membrane con
ductivity depending on the membrane’s water content shows that severe 
membrane dry-out is present at the cell outlet. Theoretical calculations 
of the liquid-to-gas ratio show that at characteristic current density 
drops, no liquid water is present anymore and that the reaction might be 
covered by the humidity of the oxygen produced. The relative humidity 
of the gas is therefore decreasing along the channel, resulting in negative 
values, which are interpreted as back diffusion of water through the 
membrane, and are neglected in the calculation. A quantitative com
parison of the missing stoichiometric water flux has the same order of 
magnitude as experimental analyses of the same membrane reported in 
the literature.

Varying the cell pressure revealed that increased gas pressure can 
reduce dry-out effects. This is attributed to the reduced volume demand 
of the gas transport from the catalyst layer through the PTL and subse
quently the improved water transport to humidify the ionomer and 
membrane.

In summary, it can be stated that, for the herein used cell setup, the 
limiting factor of operation under water starvation is an increasing 
membrane resistance, due to dry-out. Increase of low-frequency capac
itance in impedance data, which is attributed to mass transport pro
cesses, are observed simultaneously, indicating water transport 
limitations. The operation presented in this work may not be typical for 
PEM water electrolysis, which is usually conducted at water stoichi
ometries >100, but it highlights the importance of proper water distri
bution. This is especially pressing for large industry stack designs. Given 
the severe impact on cell performance observed under these extreme 
conditions, further investigations into degradation under full or partial 
water supply are recommended. Moreover, electrochemical and fluidic 
modeling is suggested to better understand the limiting factors of water 
supply to the anode.
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