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Abstract  
 
With the rising fraction of renewable energy sources on the overall electricity production – 
especially in Germany – the load leveling of electric energy due to the volatile character of 
renewable energy sources compared to conventional energy sources like coal or natural gas 
becomes more and more important. One possibility to store electrical energy short term and 
also over a duration of days and weeks is to convert the energy to hydrogen by electrolysis. 
Especially PEM1-electrolysis offers a high flexibility and at the same time a high purity of the 
produced hydrogen. One of the core components of a PEM-electrolysis cell is the gas diffu-
sion layer (GDL, also referred to as the current collector or porous transport layer in the liter-
ature), which enables the distribution of the electric current and at the same time supports 
the removal of the evolving gases. Due to high current densities during cell operation mas-
sive metal structures are necessary and it is not possible to visually observe the 2-phase-
flow processes inside of the cell without disturbing the flow field or the distribution of the elec-
tric current. One possibility to gain an insight into a running cell is the usage of neutron radi-
ography. In the following work the two-phase flow at different operating conditions was exam-
ined and results are discussed. Influences of different cell conditions on the point of opera-
tion are being documented, too.   
 

 
                                                           

1 PEM = Polymer Electrolyte Membrane 



   

1. Introduction 
 
Water electrolysis has been a field of growing interest in the recent years due to its ability to 
store electricity generated from intermittent renewable sources like wind or solar energy. In 
this way it is possible to store larger amounts of energy compared to other technologies such 
as batteries or supercapacitors [9]. In PEM water electrolysis, water is supplied at the anode 
side and split into oxygen, electrons and protons. The protons are transported through the 
polymer electrolyte, while the evolving oxygen is transported out of the cell with the feed wa-
ter as two-phase flow.  
The operating pressure strongly influences the two-phase flow in terms of the evolving vol-
umes. PEM water electrolysis is capable of producing hydrogen safely at a pressurized level 
of up to 100 bars [7]. A pressurization of 30 bar leads to a small reduction of the electrolysis 
efficiency in the range of 3% [7,8] due to crossover effects over the membrane. Compared to 
a additional separate compression up to a pressure of around 30 bar this is still more efficient 
[7]. A high operating pressure of the electrolysis therefore allows an effective storage and 
minimizes the costs for following compression steps (if needed).  
On the other side an operation at lower pressure levels of the electrolysis cell itself decreas-
es the cell costs, as it allows for a much lighter construction. The profitability of PEM electrol-
ysis is a decisive factor for the future use cases of this process [6] and needs a careful eval-
uation on the operating conditions. A focus of this work was therefore to find out the influ-
ences of different operating conditions, especially of different internal pressures, on the cell 
performance. Another focus were the two-phase flow processes inside of the GDL at differ-
ent operating conditions and at different positions on a single GDL.   
 
 
2. Description of the visualization problem 
 
PEM water electrolysis systems are currently scaled to the megawatt range, necessitating an 
increase of the active area of an individual cell in order to reduce the overall costs [6]. This 
scale-up goes along with questions concerning the media distribution on large cell areas. 
Typically a GDL is used to allow a more homogeneous media distribution along the active 
cell area. The oxygen side of the GDL provides a cross transport of H2O to the reactive zone 
and at the same time an oxygen transport away from the electrode. Of special interest is the 
information about the oxygen saturation and distribution inside of the GDL, at different points 
of operation but also at different locations inside a homogeneous GDL. Due to the continu-
ous production of oxygen and hydrogen gas over the whole active area of the electrolysis cell 
and therefore over the whole contacting area of the GDL, the gases accumulate from the 
bottom to the top of the electrolysis cell in the case of a vertical orientation. One option to 
visualize these effects would be to employ a transparent GDL material to allow for optical 
inspection, yet this approach introduces disturbances to the cell operation, as the electrical 
connection of the cell has to be carried out by a connection on the side of the cell or other-
wise by electrical connectors through the cell. The former leads to a change in the current 
distribution and the latter leads to a disturbance in the flow field. Therefore a pure optical 
inspection will introduce perturbations to the observed effects. 
 
 
 
3. Solution of the visualization problem 
 
There are methods to allow visualization of the cell structure and the occurring processes 
inside a cell while at the same time using an unaltered cell setup, employing standard metal-



   

lic materials as usual for the GDLs and for the surrounding parts like the end plates. One of 
them is neutron radiography, in which a neutron beam is directed at the cell, and the espe-
cially strong neutron attenuation in hydrogen allows visualizing the gas/water distribution. 
This method has been successfully applied in the past to PEM fuel cells [1,3,4] and liquid fed 
direct methanol fuel cells [2], where it allowed studying the water distribution inside running 
cells. This technique has also recently been applied to PEM water electrolysis [5], where the 
water accumulation on the cathode side was studied. This technique allows investigating the 
interior of large samples (up to hundreds of cubic centimetres) with a spatial resolution of 
lower than 100 µm and a temporal resolution of up to 1 s. The ability of neutrons to be 
transmitted through several centimetres of metal on the one hand and to be very sensitive to 
small amounts of light elements such as hydrogen, boron and lithium on the other hand 
makes neutron radiography a unique method for non-destructive testing in both industry and 
materials science. Using this method, the gas/water distribution inside a PEM water electrol-
ysis cell was studied using neutron radiography at CONRAD-2 (Helmholtz-Zentrum Berlin) 
for different operation conditions, examining especially the dynamics in the transport and 
quantifying the distribution along the cell area and the oxygen content of the cell. To the 
knowledge of the authors this technique is employed for the first time for visualizing the flow 
processes during PEM water electrolysis on the anode side at different locations of a GDL. 
 
 
4. Experimental Setup 
 
All measurements were carried out at the CONRAD-2 beamline at the BER II neutron source 
at Helmholtz-Zentrum Berlin using the following experimental conditions: detector system 
(sCMOS camera “Andor NEO”) with pixel size of22µm, scintillator screen (6LiFZnS) with a 
thickness of 100 µm and beam collimation ratio (L/D) of 350. The polymer electrolyte mem-
brane water electrolysis cell was placed in the neutron beam. Images were taken every sec-
ond. Therefore dynamics in the range of some seconds are visible whereas dynamics faster 

Power supply 

Anode side with inlet and outlet 
For gas/water-mixtures 

Voltage measurement 

Figure 1: Experimental setup at CONRAD 



   

than 1 s cannot be resolved. The setup consists of an electrolysis cell, which is a machined 
metal structure. Water and – if needed for the reproduction of boundary conditions on a large 
cell area – oxygen gas is pumped through the cell. Only the anode side was supplied with 
water and additional gas, the cathode side was not supplied with water. The cell installed in 
front of the detector is shown in Figure 1. On the cathode side a graphite paper was installed 
as gas diffusion layer. The resulting measurements are a superposition of anode and cath-
ode side. The processes on the cathode side are not as dynamic as on the anode side due 
to the missing water circulation and the much thinner gas diffusion layer (around 0,3 mm) 
compared to the anode side (around 7 mm). Thus the effects due to water fluctuations on the 
cathode side can be neglected. The cells active area was 42mmx42mm, which is equal to 
the size of the gas diffusion layer in the setup. The cell was operated at atmospheric pres-
sure. The flow rate of water could be adjusted. The flow was directed from the bottom to the 
top of the cell. To simulate pressurized conditions, where the evolving gas volumes are 
smaller, the measurements are done at low current densities to simulate the low gas potion. 
The effect of the changes in gas density and kinematic viscosity on the dynamics of the two-
phase flow has been neglected (see for example [10]). For the effect of pressure on the sur-
face tension on the oxygen/water-interface no measurements could be found. Similar meas-
urements of the combinations water/CO2 [12][14] and water/methane [13] indicate, that for 
the given conditions the influence was small and in the range of -10% for water/CO2 and 
about -7% for water/methane.  
 

The inlet and outlet flows are be-
ing distributed over the width of 
the cell before the flow is entering 
the cell. There is no separate flow 
field in the cell, as the gas diffu-
sion layer provides the flow field 
functionality. The gas diffusion 
layer itself is composed of several 
layers of stretched metal mesh 
sheets. The electrical current is 
distributed from the end plate to 
the roughest layer with only a 
small number of contact points to 
the finest layer with a much higher 
number of contact points over the 
sample. 

The results of the measurements are images with different greyscale values, representing 
the intensities of the transmitted neutron beam on different locations on the image. The in-
tensity depends mostly on the amount of water irradiated, as the neutron attenuation in our 
setup is mainly due to water. An oxygen bubble evolving in water therefore leads to an in-
crease in neutron transmission as the amount of water to the neutron beam to penetrate de-
creases, as does the neutron attenuation. Hence the oxygen bubbles lead to brighter spots in 
the image. A reference image (index R) was chosen where the cell is just perfused by water 
and not applying a current to the cell, so without electrolysis operation. This reference picture 
R is an averaged picture over 120 single pictures. In order to obtain a measure for the 
change in the amount of gas between two settings, all images (index M) were divided by the 
reference image R. The beam attenuation over a thickness 𝑧 of a material is given by the 
Beer-Lambert law  
 

Figure 2: Positions on the large area cell corresponding to the 
neutron radiography measurements 

Full GDL 
Active area 

Inflow 

Outflow 

Position on the large cell 
for which a correspond-
ing neutron radiography 
measurement was con-
ducted  



   

𝐼𝑀(𝑖, 𝑗) =  𝐼0(𝑖, 𝑗) ⋅ exp (−𝛼 ⋅ 𝑧) 
where 𝐼0(𝑖, 𝑗) is the initial beam intensity at the pixel location (𝑖, 𝑗), 𝐼𝑀(𝑖, 𝑗)  is the beam inten-
sity after transmission through the cell and thus through the mixture of water and gas, 𝛼 is 
the attenuation coefficient. In order to quantify the change in the water/gas ratio, this intensity  
𝐼𝑀(𝑖, 𝑗)  is divided by the reference intensity 𝐼𝑅(𝑖, 𝑗), and solving the resulting equation for the 
thickness 𝑧 therefore yields information about the gas volumes 𝑉𝑔𝑔𝑔(𝑖, 𝑗) = Δ𝑥 ⋅ Δ𝑥 ⋅ 𝑧 at the 
the pixel location (𝑖, 𝑗), so that   
 

𝑉𝑔𝑔𝑔(𝑖, 𝑗) =
∆𝑥2

α
∙ ln (

𝐼𝑀(𝑖, 𝑗)
𝐼𝑅(𝑖, 𝑗)

) 

 
The attenuation coefficient α is composed of the attenuation coefficients of the water, of the 
gases, and the remaining cell components, so that α = αH2O + αO2 +  αcomponents. As the 
neutron attenuation primarily occurs in the hydrogen of water, only the contribution by water 
is considered, so α = αH2O. In the work here, a value of 𝛼 = 5,2 cm-1 was determined by a 
calibration measurement  for a defined distance of 5 cm between the measurement setup 
and the detector.  
 
5. Results 
 
Neutron radiography measurements were conducted for different operating conditions of the 
testing cell. Those conditions reflect the conditions inside a complete electrolysis cell with an 
active area of 1.400 cm2 (at 35 bar) and 15.000 cm² (atmospheric) respectively at different 
positions of this area (Figure 2) and at different current densities. An additional injection of 
oxygen from the bottom of the measurement cell has been used to reproduce the accumula-
tion of oxygen from the bottom of the cell to the top. This setup therefore allows to study the 
gas/water distribution and transport, as it would occur in a large area electrolysis cell.  
 
 
5.1. Comparison between pressurized and atmospheric operation 
 
In a first step some of the points of operation are shown at their corresponding position inside 
of a larger GDL. The focus was on the normal point of operation for an atmospheric and a 
simulated pressurized system (35 bar). Figure 4 shows the comparison at 5 different points 
of a bigger GDL. One has to keep in mind, that due to a drop in surface tension at higher 
pressure (see 4) the evolving bubbles might be of a smaller and finer distributed character. 
At atmospheric operation, strong differences between inlet and outlet are obvious due to the 
accumulation of larger gas volumes compared to the simulated pressurized operation. 
In Figure 5 two comparisons concerning the O2 content in the open GDL volume (volume of 
the GDL available for water and gas) are shown.  
The pressurized operation is - with focus on the O2 content - nearly independent from the O2 
input volume flow (left picture). This correlates with the observations during operation. Gas 
bubbles mostly grow until a specific size is reached, depending on the structure of the GDL. 
Then by their own buoyancy they are driven out of the cell. The duration of accumulation is 
2-3 seconds depending on the current density. The gas content in the cell in pressurized 
operation fluctuates in a range of about ±10-15%.  
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Figure 3: Comparison of the oxygen saturation at a simulated pressurized (35 bar, top pictures) and 
atmospheric (bottom pictures) operation. Gas is marked in black color 

 

 
Figure 4: O2 content in open GDL volume in dependence of O2 input flow (left) and H2O input flow 
(right) 

 
In an atmospheric operation the volumetric O2 flow is much higher, which leads to a strong 
dependence between the O2 input volumetric flow and the gas content inside of the cell. The 
variations in the gas content are in the range of ± 1-3% of the mean value. Due to the higher 
gas content, a more steady flow situation arises, which leads to a smaller variation. This is 
independent from the observation of strongly different gas contents of the sample cells de-
pending on the position in the larger GDL (see Figure 4). 
The right diagram of Figure 5 shows the dependence of the O2 content in the open GDL 
volume from the H2O input volume flow. In the tendency it shows lower O2 contents with ris-
ing H2O volume flows.   
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Figure 6: Current - voltage - characteristic of the setup 

5.2. Influence of gas fraction on the static point of operation 
 
In Figure 5 the gas content in the cell is put in relation to the cell voltage for different points 
of operation, which means also different H2O and O2 input volume flows. A relation to the cell 

performance comparable to the “dry-
out” - effect, which is common for 
fuel cells at high current densities 
(see for example [11]), could not be 
observed. The cell performance 
seems to be independent from the 
gas content inside of the cell and 
thereby also from the location inside 
a bigger gas diffusion layer, at least 
for the chosen conditions (which lead 
to a maximum O2 content of about 
30%).  
But a difference could be identified in 
the dynamic behaviour of the voltage 
at current density jumps in atmos-
pheric operation.  
 

  
 
5.3. Comparison of the dynamic behaviour 
 
In Figure 7 the cell voltage after a change in current density is shown for the atmospheric 
cell operation. The current density was changed from 0,5 A/cm² to 1 A/cm² (dotted lines) and 
from 1 A/cm² to 1,5 A/cm² (solid lines). The operating state changes have been different 
concerning water volume flow 
and oxygen volume flow. It can 
be seen that there are strong 
differences concerning the 
dynamic behaviour. At the step 
from 0,5 to 1,0 A/cm² the point of 
operation reaches nearly 
immediately a steady state, while 
at the step from 1,0 to 1,5 A/cm² 
the point of operation needs at 
least 20 min to reach a quasi-
steady state. The reason for this 
behaviour is up to now unclear 
and needs further investigation. 
One possibility is a lack of 
running-in time. Other measure-
ment setups of the authors have 
shown a similar behaviour during 
the running-in-time. But still after 
10 hours of operation the situation did not change. No tendency to a decrease during contin-
uous operation of the cell could be identified (see Figure 6, small diagram). The lack of per-

Figure 5: Cell voltage in dependence of the O2 content 



   

formance could therefore also arise due to transport problems in the cell at higher current 
densities and atmospheric operation.  

 
Figure 7: Voltage over time at different atmospheric conditions 

 
5.4. Conclusions 
In the present experiment at Helmholtz-Zentrum Berlin, different conditions within a larger 
GDL area were simulated in order to get an overview over the two-phase flow inside of the 
GDL. It was found that the two-phase flows depends heavily on the location of the sample 
(inlet, outlet, center of the GDL) for atmospheric conditions, while at pressurized conditions 
no significant differences could be observed. The volumes of oxygen were estimated by a 
comparison of the resulting flow pictures and showed average oxygen contents of about 18 
to 20% for pressurized operation and 14 to 30 % for atmospheric operation.  
It was seen, that the character of the flow field is nearly equal for different positions inside a 
GDL at quasi-pressurized conditions (Figure 4, top pictures), and the fluctuations in oxygen 
saturation are in the range of 10-15%. For atmospheric operation the character of the flow 
field depends strongly on the position inside a GDL (Figure 4, bottom pictures), but the 
oxygen saturation revealed to be more constant with deviations of just 1-3%.  
It was also seen that for a steady operation (after about 20 min) the cell voltage is not 
dependent on the gas content in the open volume up to the gas content levels we could 
reproduce. But in dynamic operation there is a significant difference between jumps from 0,5 
to 1,0 A/cm² and 1,0 to 1,5 A/cm² for the voltage at atmospheric operation. Here a 
connection to the short running-in time of the cell cannot be excluded. For a definitive 
statement it would need further investigation with concentration on this aspect. 
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