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A B S T R A C T   

Hydrogen compression is a key part of the green hydrogen supply chain, but mechanical compressors are prone 
to failure and add system complexity and cost. High-pressure water electrolysis can alleviate this problem 
through electrochemical compression of the gas internally in the electrolyzer and thereby eliminating the need 
for an external hydrogen compressor. In this work, a detailed techno-economic assessment of high-pressure 
proton exchange membrane-based water electrolysis (PEMEL) systems was carried out. Electrolyzers operating 
at 80, 200, 350, and 700 bar were compared to state-of-the-art systems operating at 30 bar in combination with a 
mechanical compressor. The results show that it is possible to achieve economically viable solutions with high- 
pressure PEMEL-systems operating up to 200 bar. These pressure levels fit well with the requirements in existing 
and future industrial applications, such as e-fuel production (30–120 bar), injection of hydrogen into natural gas 
grids (70 bar), hydrogen gas storage (≥200 bar), and ammonia production (200–300 bar). A sensitivity analysis 
also showed that if the cost of electricity is sufficiently low (<0.1 € kWh− 1), it may even be economical to operate 
PEMEL systems with hydrogen outlet pressures up to 350 bar.   

1. Introduction 

Green hydrogen from water electrolysis via renewable electricity will 
be an integral part of the future energy system. In addition to replacing 
fossil hydrogen as feedstock in existing industries such as ammonia and 
fertilizer production (currently consuming about 50% of the globally 
produced hydrogen [1]), green hydrogen is expected to play a central 
role as an energy vector in emerging markets such as the mobility sector 
and the renewable power sector [2,3]. Furthermore, green hydrogen 
may serve as feedstock for e-fuel production and as a reducing agent in 
steel production [4-8]. Only about 1–2% of the 70 million tones of 
hydrogen consumed annually is currently produced by renewables [1], 
but to reach the ambitious European emission targets a significant share 
of both existing and emerging markets must be served by water elec
trolysis and renewable electricity in the future. 

To efficiently store and transport hydrogen it is necessary to reduce 
the volume via pressurization or liquefaction. Pressurization of 
hydrogen to the required end-use pressure is conventionally done by a 
mechanical compressor, but from an equipment count, process 
complexity, and plant reliability point of view, pressurizing the gas 
internally in the electrolyzer is an attractive option [9]. 

Proton exchange membrane water electrolysis (PEMEL) is well suited 
for high-pressure operation. Commercial PEMEL systems today operate 

at hydrogen outlet pressures of 30–40 bar, but prototypes delivering 
hydrogen at several hundred bar have been demonstrated [10-12]. This 
is made possible by the solid polymer electrolyte which supports very 
large pressure gradients across the cells and is contrasted by the alkaline 
water electrolyzer systems which are limited to balanced pressure 
operation due to the use of porous separators [13]. Since the pressuri
zation in differential pressure PEMELs is realized electrochemically, no 
water pressurization pump or balance-of-plant high-pressure compo
nents on the oxygen side is required, nor is the handling of compressed 
oxygen gas. These systems are thus inherently safer, less complex, and 
produce higher purity gas than balanced pressure electrolyzers. 

The major drawback of PEMELs operating under high differential 
pressures is the comparatively high hydrogen diffusion through the 
membrane from the hydrogen side to the oxygen side. This decreases the 
amount of usable hydrogen and therefore the faradaic efficiency of the 
system. The concentration of hydrogen in oxygen may even exceed the 
lower flammability limit (LFL) of 4 vol%, making the incorporation of 
anodic gas recombination catalysts necessary. The other disadvantage is 
the higher requirements for mechanical strength because the anode cell 
components receive all the pressure from the cathode side. It may 
therefore be necessary to use thick or reinforced membranes and porous 
transport layers, as well as to restrict the size of the active area. This 
results in higher ohmic losses and may pose a barrier to upscaling. 
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PEM electrolyzers operating at pressure levels compatible with 
relevant end-use applications will have several advantages. It will, for 
example, possible to eliminate the mechanical compressor from the 
system, replacing a bulky, costly, and noisy component which is prone to 
breakdown and requires frequent maintenance. In addition to the ben
efits of reduced system CAPEX and complexity, increasing the electro
lyzer pressure makes it possible to increase the plant’s capacity or 
reduce the size of the system components by a factor equal to the 
pressure ratio. The potential benefit of high-pressure PEM electrolysis 
has attracted interest academically and in the industry, and has also 
been the motivation for IFE’s research activity on the topic and the 
establishment of a flexible PEMEL system laboratory for testing of stacks 
with H2 outlet pressure up to 200 bar [14]. 

Examples of existing and future uses of green hydrogen and the 
corresponding pressure levels are shown in Fig. 1. The low-pressure 
applications can be served by existing electrolyzer technologies 
without the use of a mechanical compressor and include metal hydride 
storage (10–40 bar) [15-17] and metallurgical processes such as steel 
production (5–10 bar) [4,5,18,19]. The former is attractive for onboard 
storage in for example trains where the safety requirements are very 
high and the weight limitations are less strict compared to other trans
port applications. E-fuel and e-methanol production (requiring a 
hydrogen stream up to 100 bar) [7,8,20] represent an intermediate 
pressure application that can benefit from increased electrolyzer oper
ating pressures. An example of this is the ongoing EU project Djewels 
[21] which aims to demonstrate a 20 MW electrolyzer for the production 
of green methanol using 30 bar alkaline electrolyzers (from McPhy) in 
combination with mechanical compressors. Injection of hydrogen into 
the natural gas grid (at ca. 70 bar) [22] is another intermediate pressure 
use case with large potential: The existing gas grid represents an infra
structure that makes it possible to move large volumes of hydrogen from 
the generation source to market fast and may thus contribute to 

accelerate the transition for very large volume users. Ammonia pro
duction (200–300 bar) [23] and gaseous storage in salt caverns 
(130–200 bar) [24,25] or in transport cylinders (180–500 bar) [26] are 
examples of medium-to-high pressure applications, and so is the on
board tanks in heavy-duty vehicles such as buses, trucks, and ferries 
(typically at 350 bar). Finally, passenger cars have onboard tanks at 700 
bar and require hydrogen refueling pressures up to 950 bar for efficient 
gas transfer [9,27]. This is thus the application wherein replacing the 
mechanical compressor will be most challenging. 

While many of the applications for green hydrogen listed in Fig. 1 are 
not economically viable today due to the low cost of grey hydrogen from 
steam-methane reforming (SMR), they may be realizable in the near 
future with the expected increase in CO2 tax and decrease in renewable 
power and electrolyzer cost [6,9,28,29]. The industrial applications 
have in addition the benefit of steady demand, meaning that the water 
electrolysis units can be scaled with the industrial process, and operated 
regularly at near rated capacity, improving the economics of the overall 
process. There have been numerous studies on the techno-economic 
feasibility of water electrolysis-based hydrogen production, e.g., 
[28,30], but the present study differs from previous work in the field by 
incorporating a detailed semi-empirical PEMEL cell model (enabling 
accurate assessment of the effect of changing pressure levels) and 
focusing on the economic viability of high-pressure systems. 

In the study presented in this paper, the techno-economic feasibility 
of implementing PEM water electrolyzers operating at pressures beyond 
state-of-the-art technology has been analyzed. Based on the potential 
markets identified in Fig. 1, four use cases have been investigated and 
are summarized in Table 1. The electrolyzer pressure states considered 
are 80 bar, 200 bar, 350 bar, and 700 bar (Cases 1–4, respectively), and 
these are compared to a reference where the electrolyzer delivers 
hydrogen at 30 bar and a mechanical hydrogen compressor supplies the 
gas to the relevant delivery pressure. The main objective of the study is 
to identify economically viable cases and configurations for high- 
pressure PEM water electrolysis by answering the following three 
research questions: i) What is the potential energy- and cost-saving of 
removing the compressor? ii) What are the optimal conditions and 
system configuration? iii) Which industry applications are most 
suitable? 

2. Method 

A techno-economic modeling tool that can be used to estimate the 
costs of different designs of water electrolysis-based hydrogen systems 
on a case-by-case basis has been developed in the program Engineering 

Fig. 1. Existing and future applications for green hydrogen and corresponding pressure levels. The "base case" (30 bar) and the four investigated use cases (80 bar, 
200 bar, 350 bar and 700 bar) are indicated. 

Table 1 
Summary of the evaluated use cases, associated pressures, and relevant 
applications.  

Case Pressure/ 
bar 

Application 

1 80 E-methanol, e-fuels, natural gas pipeline 
2 200 Salt-cavern storage, compressed gas storage, ammonia 

production 
3 350 Compressed gas storage, heavy-duty vehicle 
4 700 Personal vehicle refueling, heavy-duty vehicle  
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Equation Solver (EES). The Technical part of the model includes a 
detailed semi-empirical representation of the electrolyzer stack con
taining the thermodynamic–, electrochemical- and mass transfer equa
tions necessary to calculate the stack performance. The main equations 
and empirical coefficients have been taken from literature [13,31-34], 
and are found in Appendix A. In addition to the PEMEL stack model, the 
technical model includes terms to account for the parasitic losses of the 
power supply, the main auxiliary water and gas conditioning systems, 
and the compressor. The main technical performance parameters (e.g., 
efficiency and lifetime of components, electrode exchange current 
densities, and diffusivity of gases in the membrane) and cost functions 
for the PEMEL stack and key pieces of equipment are entered into the 
model, in addition to a set of economic parameters (e.g., electricity 
price, interest rate, project lifetime). From this, the model calculates the 
system energy demand, the CAPEX and OPEX, and eventually the overall 
levelized hydrogen cost (€ kgH2

− 1) for different operating scenarios and 
cost levels. 

2.1. Technical model 

A block diagram of the water electrolysis system analyzed is shown 
in Fig. 2. The components included in the system model are the PEMEL 
stack (N cells connected in series), the rectifier which supplies the 
electrolyzer with DC current, the water circulation pump supplying the 
anode with deionized water at the operating temperature, the H2 dryer 
(a chemical adsorption system), and a mechanical compressor. The 
system work, or the total energy demand per mass net H2 (kWhelec kgH2, 

net
− 1), is the sum of the work of the stack (Wstack), the AC/DC power 

converter (Wrect), the water circulation pump (Wpump), the dryer 
(Wdryer) and the mechanical compressor (Wcomp). In addition, a 
“miscellaneous” term (Wmisc) is included to account for the energy usage 
of auxiliary equipment and processes, e.g., the process parameter 
measuring devices, the heater which may be used during start-up, and 
the makeup water pump: 

Wtot = Wstack +Wrect +Wpump +Wdryer +Wcomp +Wmisc (1)  

The stack energy use (Wstack) can be calculated from the following 
relation: 

Wstack =
2⋅F⋅Ustack

ηF
⋅floss (2)  

Where F is the Faraday constant, Ustack is the stack voltage, ηF is the 
Faradaic efficiency, and floss represents the H2 losses related to hydrogen 
gas management (e.g., dryer regeneration). The stack voltage is a 
function of operating temperature, pressure, and membrane thickness 
(δm), and is expressed as the sum of the Nernst voltage (UN) and the 
kinetic, ohmic, and diffusion overvoltages (Ukin, Uohm, and Udiff), 
multiplied by the number of cells in the stack, N: 

Ustack = (UN +Ukin +Uohm +Udiff)⋅N (3) 

The reader is referred to Appendix A for a detailed description of the 
different overvoltages. The voltage efficiency (or energy efficiency) of 
an electrolysis stack is defined as the ratio of the amount of total energy 
required for splitting one mole of water under reversible conditions (i.e., 
the thermoneutral voltage Utn) to the actual total amount of energy used 
in the process (that is, including the energy to overcome irreversibility): 

ηU =
Utn

Ustack
⋅100[%] (4) 

The Faradaic efficiency represents the fraction of the electric current 
passing through the electrochemical cell which yields a net H2 product. 
It can be expressed as: 

ηF = 1 −
iloss

i
= 1 −

2⋅F⋅(jH2 ,loss + 2⋅jO2 ,loss)

i
(5)  

Where jH2 ,loss and jO2 ,loss are the total crossover fluxes (molar flowrate) of 
H2 and O2 permeated through the polymeric membrane and includes 
pressure-driven diffusion, concentration-driven diffusion, and diffusion 
following from water drag (the underlying equations are described in 
Appendix A). 

The Anodic Hydrogen Content (AHC) is the fraction of hydrogen 
present in the oxygen outlet stream and is usually continuously moni
tored during operation to ensure that the hydrogen concentration does 
not reach the LFL. When the hydrogen concentration exceeds, e.g., 50% 
of LFL (2 vol% H2), appropriate safety measures should be triggered 
[34,35]. The AHC is be expressed as: 

AHC =
jH2 ,loss

ṅO2 + jH2 ,loss
⋅100 (6)  

Where ṅO2 (mol cm− 2 s− 1) is the oxygen production rate which is pro
portional to the current density (Faraday’s law). 

The total efficiency of the PEM water electrolysis stack is defined as 
the product of the Faradaic efficiency and the Voltage efficiency: 

ηstack = ηU⋅ηF (7) 

The efficiency of AC-DC power converters is typically greater than 
96%, and the energy usage of the rectifier, Wrect is accounted for in the 
model via efficiency curve interpolation [36]. The energy use of the 
water circulation pump is calculated using the following relation [37]: 

Wpump =
ρ⋅g⋅h⋅qH2O

ηpump
(8)  

Where ρ represents the water density (kg m− 3), g is the gravitational 
acceleration (m s− 2), h is the water head (m), qH2O is the water flow rate 
(m3 s− 1), and ρgh corresponds to ΔPH2O (Pa); the difference between the 
water inlet pressure and the reference pressure. The water flow rate qH2O 

should be adjusted to minimize the temperature difference between the 

Fig. 2. All the components in the high-pressure PEM electrolyzer setup. The components inside the stippled line are covered by the economic and energetic model.  
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inlet and the outlet (maintain thermal equilibrium) and can be described 
by the dimensionless lambda factor λH2O [38], which is the ratio of the 
actual water flow rate (qH2O) to that of the electrolyzed water (qH2O→H2 ): 

λH2O =
qH2O

qH2O→H2

=
2⋅F

MH2O⋅cp
H2O⋅ΔT

(Ustack − Utn) (9)  

where MH2O is the molar weight of water, cp
H2O is the heat capacity of 

liquid water at constant pressure, and ΔT is the temperature difference 
between the stack outlet and inlet. 

The energy consumption of the dryer corresponds to the sum of the 
heat of adsorption, radiation losses, and external heat load to heat the 
desiccant bed and container. It is proportional to the energy required to 
regenerate the desiccant, Eregen (kWhtherm mol− 1

H2O) and the absolute 
humidity of the gas, AH (molH2O mol− 1

H2
) and can be expressed as: 

Wdryer = AH⋅Eregen⋅ηdryer⋅floss (10) 

Based on the analysis carried out by Colella et al. [39], we have 
assumed a regeneration energy, Eregen, corresponding to 0.3 kWhtherm 

mol− 1
H2O and a dryer efficiency, ηdryer, of 3.49 kWhelec kWh− 1

therm. The ab
solute humidity of hydrogen as a function of pressure at various satu
ration temperatures has been taken from Ref. [40]. 

The required mechanical compressor work is determined based on 
the assumption of adiabatic compression and calculated from the dif
ference between the delivery pressure and the stack hydrogen outlet 

pressure: 

Wcomp =

(
γ

γ − 1

)

⋅PH2 ⋅V0⋅

((
Pdel

PH2

)
γ− 1

γ − 1

)

⋅η− 1
comp (11)  

where PH2 is the stack hydrogen outlet pressure (Pa), Pdel is the delivery 
pressure, V0 is the initial specific volume (m3 kg− 1), and γ is the isen
tropic expansion factor equal to 1.41 for hydrogen at room temperature 
[35]. The efficiency of hydrogen compressors (electric drive and me
chanical efficiency) depends on the compressor type and the number of 
compression stages, and for diaphragm compressors, a compression 
ratio of 15 is attainable [41]. 

Table 2 lists the baseline operating conditions and the input to the 
technical model in this work. Note that the empirical coefficients which 
are used to model the cell polarization and the gas crossover are listed in 
Table A1 in Appendix A. When modeling the PEMEL stack we have 
assumed the use of a N117 Nafion membrane because this is one of the 
most widely used membrane for PEMEL systems [35]. We have 
furthermore assumed that the stack operates at an average of 2 A cm− 2, 
and this corresponds to a load factor of 90% for state-of-the-art systems 
with a nominal load of 2.2 A cm− 2 [42]. 

2.2. Economic model 

The economic parameters used in the simulations are listed in 
Table 3 and include the CAPEX of the PEMEL system and the 
compressor, the project costs (engineering, site preparation, installation, 
and contingency), the assumed lifetime of the components, and the 
PEMEL stack degradation rate. The degradation of a PEMEL stack 
manifests itself as a slow voltage increase with time and is reported to 
range between 2 and 5 µV h− 1 for steady-state operation [43]. The 
current and projected PEMEL costs have been reviewed in several 
studies (e.g., [44,45]), showing a relatively large spread of the available 
CAPEX data for multi-stack systems. In this study, we have therefore 
chosen to use the electrolyzer system cost provided in the multi-annual 
work plan of FCH 2 JU (listed as one of the key performance indicators 
for state-of-the-art PEMEL technology) [42]. It should be noted that this 
represents the cost of the overall PEMEL system (stack and BoP), and 
that the stack replacement cost is assumed to be 35% of the initial 
PEMEL system cost [46]. 

The compressor cost used in this study (3800 € kW− 1) is based on 
quotations from suppliers of both piston and diaphragm technologies 
which were collected in connection with Task 33 of IEA’s Hydrogen 
Technology Program and published in Ref. [47]. The cost data are 
grouped based on different input and output pressures and expressed in 
relative capital cost as a function of flow rates. The CAPEX of the 
compressors with input pressure of 5–15 bar and output pressure of 
200–300 bar levels out at flow rates above 10 kg h− 1 and varies between 
10 400 € (kg h− 1)− 1 and 18 500 € (kg h− 1)− 1. The compressors with 
output pressure of 400–450 bar, on the other hand, have a relative 
capital cost between 11 100 and 24 900 € (kg h− 1)− 1. This translates to 
costs in the range of 2500–4400 € kW− 1 and 2300–4900 € kW− 1 for the 
two categories, assuming input pressure of 15 bar and output pressures 
of 300 and 450 bar, respectively. The third category of compressors with 
input pressure of 200–400 bar and output pressure of 700–1000 bar are 
less costly (1200–1500 € kW− 1). In order to have a proper basis for 
comparison in this study, the same capital cost has been used for all the 
considered cases (i.e., inlet pressure of 30 bar, outlet pressure of 80, 200, 
350, and 700 bar), and 3800 € kW− 1 was found to represent the best 
compromise. However, with such a large spread in quoted compressor 
costs, there is significant uncertainty associated with this input param
eter. This has been accounted for in the sensitivity analysis in section 
3.5. Finally, it should be noted that the analysis assumes a compressor 
service cost of 20% of compressor CAPEX every 5000 hrs. This 
assumption is based on IFE’s experience from operating a hydrogen 
refueling station at Hynor [48,49] between 2011 and 2016. 

Table 2 
Technical parameters in the model (base case conditions).  

Model parameter Value 

Electrolyzer operating temperature, T 60 ◦C 
Electrolyzer H2 outlet pressure, PH2 30 bar 
Electrolyzer O2 outlet pressure PO2 2 bar 
System delivery pressure, Pdel 700 bar 
Current density, i 2 A cm− 2 

Membrane thickness (N117), δm 183 µm 
Dryer inlet temperature, TDryer 30 ◦C 
Dryer loss (of gross H2), floss 3% [39] 
Dryer regeneration energy, Eregen 0.3 kWhtherm mol− 1

H2O [39] 
Dryer efficiency,ηdryer 29% [39] 
Water pump efficiency,ηpump 50% [37] 
Miscellaneous load, Wmisc 0.5 kWhelec kg− 1

H2 
[39]  

Table 3 
Economic parameters in the model.  

Model parameter Value 

Electrolyzer systema cost 900 € kWely
− 1 [42] 

Compressor cost 3800 € kWcomp
− 1 [47] 

Installed electrolyzer system capacity 10 MW 
Utilization rate 90% 
Lifetime plant 30 years 
Lifetime compressorb 10 years 
Lifetime PEMELc 7 years 
PEMEL Degradation rate (µV/h) 3.8 [42] 
Discount rate 4% 
Site preparation costs (of CAPEX) 5% 
Engineering costs (of CAPEX) 10% 
Installation costs (of CAPEX) 10% 
Contingency (of CAPEX) 5% 
Operation & Maintenance costs (of CAPEX) 3% 
Energy costs 0.12 € kWh− 1 [50] 
Power costs 30 € kW− 1 [52] 

Notes: 
a) Cost of PEMEL stack and BoP (boundary conditions: input of AC power and 
tap water; output of hydrogen before mechanical compression) [42]. 
b) Full compressor overhauling after 5000 h of operation. Service costs are 
assumed to be 20% of compressor CAPEX. 
c) Stack replacement cost 35% of electrolyzer system CAPEX [46]. 

R. Hancke et al.                                                                                                                                                                                                                                 



Energy Conversion and Management 261 (2022) 115642

5

The electricity price has been set to 0.12 € kWh− 1 and corresponds to 
the average cost for non-household consumers in the EU in 2020 [50]. 
Today only about 34% of the generated electricity in the EU comes from 
renewable energy sources [51], but plant owners can ensure that the 
hydrogen is produced by renewable electricity through power purchase 
agreements with a Guarantee of Origin. The utilization rate of the 
electrolyzer is assumed to be 90% (ca 7900 full load hours), i.e., an 
industrial application with a steady hydrogen demand. It should be 
noted that this utilization rate is very high compared to a case where the 
electrolyzer is not grid-connected and instead coupled directly to a 
variable renewable power source such as onshore wind (typically giving 
3200 full load hours) [9]. The power cost utilized in the calculations has 
been set based on the consumption tariff rate (€ kW− 1) for the trans
mission grid in Norway [52]. 

The economic model calculates the total CAPEX and OPEX, and 
eventually, the full levelized cost of hydrogen (LCOH) based on a net 
present value assessment. The CAPEX includes the project cost (engi
neering, site preparation, installation, and contingency), the initial 
PEMEL and compressor investment cost, and the equipment replace
ment costs. The OPEX includes the operation and maintenance cost and 
the electricity cost (energy and power). LCOH is derived from the total 
CAPEX and OPEX over the system lifetime divided by the total hydrogen 
produced over that lifetime. The calculation is based on the levelized 

cost of electricity (LCOE), a method that is widely used to compare the 
unit costs of different renewable energy technologies [3]: 

LCOH =

∑n
t=1

Ct+Ot
(1+r)t

∑n
t=1

Ht
(1+r)t

(12)  

where Ct is the initial investment in year t, e.g. CAPEX, Ot is the oper
ating costs including operations and maintenance costs and the elec
tricity costs, Ht is the annual hydrogen production, t is the number of 
years, r is the discount rate, and n defines the system lifetime. Different 
contributions to the levelized costs are calculated in addition to the 
overall LCOH and will be used in the graphs in the next section:  

• The electrolyzer portion of the levelized cost of hydrogen includes 
the initial PEMEL system investment cost and the stack replacement 
cost.  

• The compressor portion of the levelized cost of hydrogen includes the 
initial compressor investment cost, the replacement cost, and the 
service cost.  

• The O&M portion of the levelized cost of hydrogen includes the 
operational and maintenance costs (3% of total CAPEX).  

• The project cost portion of the levelized cost of hydrogen includes the 
site preparation, engineering, installation, and contingency. 

Fig. 3. Distribution of energy (a) and levelized cost of hydrogen (b) for the base case (hydrogen electrochemically compressed to 30 bar followed by mechanical 
compression to 700 bar). 

Fig. 4. a) Cell polarization breakdown vs. electrolyzer outlet pressure and b) Electrolyzer cell efficiency and anodic hydrogen content vs. electrolyzer outlet pressure.  
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• The electricity portion of the levelized cost of hydrogen accounts for 
the energy cost and the consumption tariff rate for the transmission 
grid. 

3. Results and discussion 

3.1. Energetic and economic cost breakdown of state-of-the-art PEMEL 
(base case) 

The base case scenario in this study describes a 10 MW PEMEL sys
tem where hydrogen is produced at 30 bar and then compressed me
chanically to 700 bar. The installed capacity of 10 MW corresponds to a 
production rate of 4044 kgH2 day− 1 at the beginning of life and requires 
compressor power of about 800 kW to take the 30 bar stream from the 
electrolyzer up to a delivery pressure of 700 bar. On the cell level, 
operating the electrolyzer under the conditions listed in Table 2 corre
sponds to a cell voltage of 1.97 V, a voltage efficiency (HHV) of 73.3%, 
and a Faradaic Efficiency of 98.9%. The distribution of system energy 
and levelized cost of hydrogen is shown in Fig. 3. 

The total energy demand (Fig. 3a) is 63.77 kWh kgH2
− 1, and as ex

pected, the largest part comes from the electrolyzer (88.5%), compa
rable with what is commonly reported [28]. Other major contributions 
to the system energy demand are the compressor (6.6%), rectifier 
(3.1%), and dryer (1.0%). While the rectifier, water pump, and 
“miscellaneous” electrical loads are largely unavoidable and indepen
dent of the electrolyzer H2 outlet pressure, the compressor and dryer 
energy demands can be reduced by increasing the pressure (shown in 
Fig. 5). 

The total levelized cost of hydrogen delivered at 700 bar is 9.71 € 
kgH2

− 1 in this analysis. The LCOH breakdown is provided in Fig. 3b) and 
shows how the cost is dominated by the electricity cost, where the en
ergy cost makes up 78.8% and the power cost 2.3%. The rest of the costs 
are related to the electrolyzer CAPEX (5.8%), hydrogen compressor 
CAPEX (8.5%), operation and maintenance costs (3.2%), and the project 
cost (1.4%). Reducing or removing the power cost (i.e., the grid 
connection fees) has been discussed as an approach to accelerate the 
deployment of green hydrogen, but the cost breakdown in Fig. 3 shows 
how little effect this will have if the energy costs are as high as the 2020 
average EU rate. 

It should be noted that the full compressor overhaul after 5000 h 
operation at a service cost of 20% of the compressor CAPEX has a 
considerable impact on the compressor contribution to the LCOH. 
Sensitivity analysis shows that the compressor contribution would be 
reduced from 0.83 € kgH2

− 1 to 0.24 € kgH2
− 1 for the base case by 

removing this assumption. 

3.2. Performance of high-pressure PEMEL stacks 

In Fig. 4a) the cell polarization (calculated according to the model 
presented in Appendix A) is plotted as a function of electrolyzer H2 
outlet pressure, indicating the individual cell voltage contributions to 
the overall polarization. Theoretically, the electrochemical compression 
loss in a PEM electrolyzer can be predicted by the Nernst Equation, 
adding 55 mV to the cell voltage going from 30 to 200 bar at 60 ◦C 
(differential pressure). The mass transport polarization decreases 
slightly with pressure, but at 2 A cm− 2 this has a marginal impact on the 
cell voltage as the overvoltage contribution is only 12.3 mV at 30 bar 
and 10.5 mV at 200 bar. It has also been proposed that high-pressure 
operation increases the ohmic [53] losses and decreases the kinetic 
[54] losses, but these interrelations have not yet been validated and 
have therefore not been included in the electrochemical model used in 
this study. 

Figure 4b) shows the evolution of the voltage efficiency, the Faradaic 
efficiency, the total efficiency, and the anodic hydrogen content (AHC) 
as a function of electrolyzer outlet pressure. The voltage efficiency 
(relative to the higher heating value HHV) decreases from 75% at at
mospheric pressure to 71% when the outlet pressure increases to 200 
bar, while the Faradaic efficiency decreases from 100% to about 90% 
due to the enhanced hydraulic driving force for hydrogen back-diffusion 
across the membrane. From Fig. 4b), it can also be seen that the lower 
flammability limit (LFL) of H2 in O2 is exceeded at a H2 outlet pressure of 
60 bar when the electrolyzer is operated at 2 A cm− 2. This underscores 
the need to implement mitigating measures such as a thicker membrane 
or a recombining catalyst at the anode if the system utilizing a N117 type 
of membrane is to face differential pressures above 60 bar. The overall 
electrolyzer efficiency, which is the product of the Faradaic and the 
voltage efficiency, decreases from 75% at atmospheric pressure, to 66% 
at a differential pressure of 200 bar. 

3.3. Energetic and economic cost breakdown of high-pressure PEMEL 
systems 

Even though at the cell level, internal pressurization requires more 
energy than unpressurized electrolysis, increasing the electrolyzer 
pressure can be energetically favorable from a system perspective since 
it will reduce the energy demand for both the mechanical compression 
and the gas drying process. The latter is related to the change in absolute 
humidity. The absolute humidity of hydrogen fully saturated with water 
at 30 bar is about 11.8 gH2O gH2

− 1 (equivalent to a drying energy de
mand of 0.65 kWh kgH2

− 1), which decreases to only about 1.8 gH2O 
gH2

− 1 (drying energy demand of 0.10 kWh kgH2
− 1) at 200 bar [40]. The 

Fig. 5. a) System energy demand as a function of electrolyzer outlet pressure for a final delivery pressure of 700 bar, and b) Comparison of energy demand with 
mechanical compressor ("Comp") and without ("Direct") for the four considered cases (final delivery pressure of 80, 200, 350 and 700 bar). 
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energy requirement of the mechanical compressor decreases from 4.22 
to 1.37 kWh kgH2

− 1 when the electrolyzer outlet pressure increases from 
30 to 200 bar (final delivery pressure of 700 bar). 

The overall system energy demand is plotted as a function of elec
trolyzer outlet pressure for a final delivery pressure of 700 bar in 
Fig. 5a). The lowest overall energy demand is found at an electrolyzer 
outlet pressure of 60 bar, similar to the conclusion by Bensmann et al. 
[55] who investigated the optimal configurations of water electrolysis 
plants. Tjarks et al. [56] carried out similar analyses and suggested that 
the optimal delivery pressure at 2 A cm− 2 is about 15 bar. Pressurized 
operation and the associated optimum is expected to be system-specific 
and depend on each business case and application, but generally, the 
trade-off is assumed to sit somewhere between 30 and 70 bar [9]. 

In Fig. 5b) the overall PEMEL system energy demand for the four 
considered Cases (final delivery pressures of 80, 200, 350, and 700 bar) 
are shown. Systems with only electrochemical compression are 
compared to systems with electrochemical compression to 30 bar 

followed by mechanical compression. The results show that in all of the 
cases the system energy demand is higher with direct electrochemical 
compression than when electrochemical and mechanical compression is 
combined. The difference is 0.22, 2.33, 5.57 and 15.48 kWh kgH2

− 1 at 
80, 200, 350 and 700 bar, respectively. 

Despite the increased energy cost of internal pressurization, water 
electrolysis at the pressure levels compatible with the end-use applica
tions identified in Fig. 1 and Table 1 may be economically viable because 
the compressor cost represents a significant share of the overall 
hydrogen cost. A bar chart of the levelized cost of hydrogen at different 
end-use pressures is shown in Fig. 6a). For each use case, the cost of a 30 
bar system in combination with a mechanical compressor is compared to 
the cost of a system with only electrochemical compression. Notably the 
CAPEX of the PEMEL system will increase when going to higher pres
sures, but since the magnitude of this cost increase is unknown, the 
PEMEL CAPEX is assumed unchanged in order to explore the boundary 
conditions for which pressurized operation can be beneficial. 

Fig. 6. a) LCOH at different end-use pressures. The cost of a 30 bar-system in combination with a mechanical compressor is compared to the cost of a system with 
only electrochemical compression for each case. b) The added, subtracted and net change in LCOH when moving from a 30 bar PEMEL system in combination with a 
compressor to one operating at 200 bar. 

Fig. 7. The cost of hydrogen for Case 1 (80 bar), Case 2 (200 bar) and Case 3 (350 bar) plotted as a function of electricity price. The intercepts indicate the electricity 
price thresholds below which electrochemical compression may become economically viable. 
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Fig. 8. Sensitivity analysis showing the needed change in cost parameters to reach parity between direct compression and mechanical compression for use cases 1–3 
(80, 200 and 350 bar). Direct compression is taken as the zero point (solid black line). 

Fig. 9. The sensitivity of the LCOH to changes in the various input parameters for Case 2 (200 bar).  

Fig. 10. a) Energetically optimal membrane thickness vs. electrolyzer outlet pressure at a final delivery pressure of 700 bar. The commercial Nafion type of 
membranes are indicated. b) overall system energy use and LCOH vs. electrolyzer outlet pressure compared for N117 and optimal membrane thicknesses. 
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Figure 6a) shows that it may be economically feasible to implement 
PEMELs with 80 and 200 bar outlet pressure, as the LCOH in these two 
cases is reduced by 0.18 and 0.10 € kgH2

− 1, respectively (compared to the 
case with a separate compressor). These cost differentials translate to a 
PEMEL CAPEX difference of about 110 EUR kW− 1 for an 80 bar system 
and 90 EUR kW− 1 for a 200 bar system. This is equal to the maximum 
cost penalty that can be allowed for the high-pressure PEMEL system to 
be on par with 30 bar systems in combination with a compressor. 
However, it should here be noted that these cost penalty thresholds are 
highly dependent on the cost of electricity, as discussed in more detail 
below. At 350 and 700 bar, direct compression will not be viable in this 
example. 

An illustration of how removing the compressor affects the LCOH is 
provided for Case 2 (200 bar) in the waterfall chart in Fig. 6b). A sig
nificant cost reduction is realized by removing the mechanical 
compressor CAPEX, but at the same time, there is an increase in both the 
energy cost and the specific electrolyzer investment cost due to the 
reduced efficiency (i.e., less hydrogen can be produced per installed 
kW). 

3.4. Influence of electricity price 

The magnitude of the energy cost penalty associated with direct 
electrochemical compression depends on the electricity price, which is 
the largest and most volatile cost component for the production of 
hydrogen from water electrolysis. In the present study, a relatively high 
electricity price of 0.12 € kWh− 1 has been assumed (EU average in 
2020), which only makes Case 1 and 2 (80 and 200 bar, respectively) 
economically viable. In Fig. 7 the LCOH has been plotted as a function of 
electricity price for the cases 1–3. Internal pressurization (dotted line) is 
compared to a combination of internal and external pressurization (solid 
line) and the intercepts indicate the electricity cost below which direct 
electrochemical compression may be economically viable. The in
tercepts are found at 0.40 € kWh− 1 at 80 bar (not shown in Fig. 7), 0.16 € 
kWh− 1 at 200 bar, and 0.09 € kWh− 1 at 350 bar. 

In order to compete with hydrogen from fossil-based SMR-processes 
today, the green hydrogen production cost needs to come down to 
around 2 € kgH2

− 1 [57]. A prerequisite to reach this target is a low cost of 
renewable electricity. For the system considered in this study an elec
tricity cost as low as 0.018 € kWh− 1 would be required to be able to 
produce hydrogen at 2 € kgH2

− 1. With such low electricity costs, high- 
pressure electrolysis becomes much more favorable. At 200 bar the 
PEMEL system will, for example, now be able to accommodate a CAPEX 
increase of 330 € kW− 1 (ca. 35%) and still be economically viable. 

3.5. Sensitivity analyses 

Figure 8 summarizes the results of the sensitivity analysis insvesti
gating the changes required in electricity price, PEMEL system CAPEX, 
compressor CAPEX, and compressor service rate to make direct 
compression economically equal to mechanical compression. The use 
cases 1–3 (80, 200, and 350 bar) are included in the analyis, highlighting 
the boundary conditions between which pressurized operation can be 
viable. The illustration shows that the 80 bar case will no longer be 
viable if either i) the energy cost is higher than 0.40 € kWh− 1, ii) the 
PEMEL system CAPEX is more than 1010 € kW− 1, iii) the compressor 
CAPEX is below 1400 € kW− 1, or iv) the extra compressor service cost 
each 5000 h of operation is removed entirely. As for the 200 bar case, 
this will no longer be viable if i) the energy cost is higher than 0.16 € 
kWh− 1, ii) the PEMEL system CAPEX is more than 990 € kW− 1, iii) the 
compressor CAPEX is below 3100 € kW− 1, or iv) the extra compressor 
service cost each 5000 h of operation is less than 13% of the compressor 
CAPEX. Finally, the 350 bar-case may become economically viable if i) 
the energy cost is lower than 0.09 € kWh− 1, ii) the PEMEL system CAPEX 
is below 730 € kW− 1, or iii) the compressor CAPEX is above 4800 € 
kW− 1. 

In Fig. 9 a more general sensitivity analysis of the various factors 
contributing to the cost of hydrogen for Case 2 (200 bar) has been car
ried out. The Tornado plots shows that the results are most sensitive to 
the energy cost and electrolyser efficiency, followed by electrolyser 
CAPEX, discount rate, and electrolyser capacity factor. It can be seen 
that a reduced stack lifetime of 1 year compared to the base case does 
not have a significant impact on the overall LCOH. This is important 
because PEMEL durability is likely to be one of the major concerns 
related to the implementation of high-pressure PEMEL systems due to 
issues with, e.g., membrane and catalyst stability. Since the membrane 
thickness is the major PEMEL cell design parameter that influences the 
electrolyzer performance at different pressure levels, a separate analysis 
of the electrolyzer membrane is included in section 3.6. 

3.6. Membrane consideration and optimization 

For the membrane thickness and the resulting energy use in the 
electrolyzer stack, there is a compromise between area resistance 
(voltage efficiency) and low gas crossover (Faradaic efficiency). Hence, 
the membrane thickness can be optimized to minimize the energy 
penalty of hydrogen production at various electrolyzer outlet pressures. 
Fig. 10a) shows the energetically optimal membrane thickness as a 
function of the electrolyzer outlet pressure at a final delivery pressure of 
700 bar, using commercially available Nafion membranes. In this 
example, the optimal membrane thickness increases from about 55 µm 
at 30 bar differential pressure, to more than 148 µm at 200 bar. 

It should be noticed that the optimal membranes at electrolyzer 
operating pressures below 200 bar are considerably thinner than the 
commercially most widespread PEMEL membranes such as N117 (183 
µm). The use of thick perfluoroalkyl sulfonic acid (PFSA) type mem
branes in PEMELs is the result of a compromise between resistance and 
mechanical robustness [35], as the main challenge associated with the 
use of thinner PFSA membranes is that they show issues with creep 
failure under the generation pressure required for electrolysis [10]. The 
development of thinner, robust membranes is, however, subject to 
rigorous research, and promising results have been shown from the 
testing of reinforced 60 µm thick PFSA membranes [10]. Recently, there 
have also been reported successful tests using ≤ 50 µm thick membranes 
with gas recombination catalyst layers and radical scavengers to slow 
down membrane thinning [58]. 

The effect of membrane optimization on system energy use and 
hydrogen production costs is illustrated in Fig. 10b), where the optimal 
membrane thickness is compared to N117. Since the N117 thickness is 
optimal for operation at 260 bar, the two cases converge at this point. At 
30 bar, a 3.4 kWh kgH2

− 1decrease in energy use and 0.47 € kgH2
− 1 cost 

reduction can be achieved. Here it should be noted that the H2 content in 
the O2 stream ranges from 3 vol% at 5 bar with a 32 µm thick membrane 
to 14% at 200 bar with a 150 µm thick membrane; the latter is well 
above LFL. In practical systems, it is necessary to integrate a gas 
recombiner in the stack so that the system can be operated safely. 

Another interesting observation is that since the cost differential 
between systems utilizing N117 and systems with optimized membranes 
is so much larger at 30 bar (0.47 € kgH2

− 1) than at 80 bar (0.21 € kgH2
− 1) 

and 200 bar (0.01 € kgH2
− 1), there is no longer any potential cost savings 

by electrochemically compressing the gas directly at these delivery 
pressures. In order to make internal pressurization economical in sys
tems with optimal membrane thicknesses, the electricity cost would 
need to come down to 0.09 € kWh− 1 at 80 bar and to 0.05 € kWh− 1 at 
200 bar. 

4. Conclusions 

Increasing the operating pressure of water electrolyzers and thereby 
eliminating the need for external mechanical compression is one of the 
pathways to reduce the overall costs of renewable hydrogen and in
crease the reliability of electrolyzer plants. In this work, the energy 
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consumption and economic viability of operating PEM water electro
lyzers at 80, 200, 350, and 700 bar were investigated in detail and 
compared to state-of-the-art PEM systems operating at 30 bar in com
bination with a mechanical compressor. 

The following conclusions can be made:  

• In all the use cases considered, self-pressurized electrolyzers give a 
higher overall energy consumption than electrolyzers operating at 
30 bar in combination with a hydrogen compressor. This is because 
the compression losses in the electrolyzer are higher than the alter
native mechanical compression energy.  

• A significant reduction in CAPEX can be realized by removing the 
mechanical compressor. Hence, the economic viability of high- 
pressure PEM water electrolysis depends on i) the energy cost and 
ii) the CAPEX of the high-pressure PEMEL system.  

• With a PEMEL system cost of 900 € kW− 1 and a compressor cost of 
3800 € kW− 1, high-pressure electrolysis at 80, 200, and 350 bar may 
become economically viable with electricity prices below 0.4, 0.16, 
and 0.09 € kWh− 1, respectively.  

• With an electricity price of 0.12 € kWh− 1 (EU average for non- 
household consumers in 2020), high-pressure electrolysis at 80 and 
200 bar can become economically viable if the PEMEL system CAPEX 
increase is less than ca. 10% compared to state-of-the-art.  

• To be able to produce renewable hydrogen at the target of 2 € kgH2
− 1 

(fossil fuel parity) the cost of electricity needs to be as low as 0.02 € 
kWh− 1. A 200 bar PEMEL system could in this case accommodate a 
CAPEX increase of 35% (from 900 to 1230 € kW− 1) and still be 
economically viable in comparison with the use of a mechanical 
compressor.  

• Optimization of membrane thicknesses can further reduce the 
hydrogen production cost, but mainly for low-pressure conditions. If 
an optimized membrane thickness is used, the electricity price needs 
to be further reduced to make high-pressure PEMEL cost-effective (e. 
g., below 0.09 € kWh− 1 at 80 bar). 

In summary, the most promising use cases for high-pressure PEMEL 
are found at 80 and 200 bar. This fits well with the pressure re
quirements for several industrial hydrogen applications, such as green 
methanol production, transport and storage in the natural gas grid, gas 
storage in salt caverns, and ammonia production. The analysis demon
strates that if a market for such applications arises, 80- and 200 bar PEM 
electrolysis systems may become economically viable. Hence, the study 
also justifies further research on high-pressure PEMEL systems (e.g. 200 
bar system at IFE), with the objective to increase efficiency and reduce 
costs. 
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Appendix A:. Technical model 

The electrochemical and mass transport relations used to simulate the current- and voltage efficiency of the PEMEL cell are presented in this 
appendix, and Table A1 summarizes the empirical input parameters utilized. The cell voltage is the sum of the Nernst voltage (UN) and the kinetic, 
ohmic, and diffusion overvoltages (Ukin, Uohm, and Udiff). The Nernst potential is 1.23 V in a water electrolysis cell at standard conditions, but increases 
with temperature T and partial pressure Pi according to [13]: 

UN = Urev +
R⋅T
2⋅F

ln

(
PH2

̅̅̅̅̅̅̅̅
PO2

√

Pref
3/2aH2O

)

(A1) 

where Pref denotes the standard ambient pressure and aH2O the activity of water (unity when liquid water is present at the electrodes). The 
reversible potential can be expressed by the empirical relation [59]: 

Urev(T, 1 atm) = 1.5184 − 0.0015421⋅T + 9.523⋅10− 5⋅TlogT + 9, 84⋅10− 8⋅T2 

which is applicable to up to 18 bar pressure. To account for pressure effects, the reversible potential can be calculated from first principles ac
cording to: 

Urev =
ΔG
2⋅F

=
((HH2 + 0.5⋅HO2 − HH2O) − T(SH2 + 0.5⋅SO2 − SH2O) )

2⋅F
(A2) 

Here ΔG is the change in Gibbs free energy. H(T) and S(T,P) are the reaction enthalpy and entropy, respectively, which are thermophysical 
properties with tabulated values retrieved in EES. 

The kinetic overvoltage, Ukin, is the sum of the activation barrier on the anode (ηO2
) and the cathode (ηH2

) which can be described by the respective 
exchange current densities, iex

a and iex
c . The exchange current density at the anode is by far the lowest, and the anodic overvoltage thus dominates the 

kinetic losses. The expression for the kinetic losses is derived from the Butler-Volmer reaction, and yields the following relation when assuming the 
backward reaction rate can be neglected: 

Ukin = ηO2
+ ηH2

=
R⋅T

αa⋅2⋅F
ln
(

i
iex
a

)

+
R⋅T

αc⋅2⋅F
ln
(

i
iex
c

)

(A3)  

where αa and αc are the charge transfer coefficients for the anode and cathode which is related to the symmetry of the activation (energy) barrier in the 
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gas evolution process and usually assumes a value between zero and unity. 
The Ohmic overvoltage Uohm represents losses that are caused by the resistance to the flow of electric current through the cell components 

(dominated by contact resistances) Rel, and the flow of protons through the membrane Rm. In accordance with Ohm’s law, the ohmic polarization 
increases linearly with current density: 

Uohm = (Rel + Rm)⋅I = RΩ⋅I (A4) 

The total ionic/electronic cell resistance RΩ is expressed in ohms. The transport properties of Nafion in its fully hydrated state are well known [32], 
and an established empirical relation [60] has been used to describe the Arrhenius-type proton conductivity, σm: 

δm

Rm
= σm = 2.29⋅ exp

(
− 7829

R⋅T

)

(A5)  

where δm is the membrane thickness. The total ohmic resistance is often determined experimentally by so-called High-Frequency Resistance (HFR) 
measurements, and by subtracting the protonic contribution, Rel can be determined. Mass transport polarization, or diffusion overvoltage Udiff, is a 
non-Faradaic loss which is a function of the ratio of the pressure at the electrode interface to the pressure inside the channel: 

Udiff,O2 =
R T
4 F

ln
(

PO2

PO2 ,ch − Pvp

)

(A6)  

Udiff,H2 =
R T
2 F

ln
(

PH2

PH2 ,ch − Pvp

)

(A7) 

Here PH2,ch and PO2,ch is the pressure measured inside the cathodic and anodic channels, resepctively, and Pvp is the vapor pressure of water which 
is calculated using the Tetens equation. In commercial PEMELs, the mass-transport limitation effect is hardly seen because the applied current 
densities are not high enough. It is generally recognized that the partial pressures of H2 and O2 inside the catalyst layers, PH2 and PO2 , will be higher 
than the measured pressure in the channels due to supersaturation in the layers. This pressure enhancement is proportional to the current density (i.e. 
gas production rate) and related by a partial pressure increase factor γ (bar cm2 A− 1) [34]. The hydrogen pressure inside the cathode catalyst layer can 
be described as: 

PH2 = PH2 ,ch + γH2
i − Pvp (A8)  

The hydrogen partial pressure increase factor is an empirical parameter which depends on the structure, thickness, and permeability of the catalyst 
layer. Assuming that the anodic and cathodic catalyst layers have similar thicknesses and structures, the fit parameter for the partial pressure increase 
factor for oxygen in the anodic catalyst layer has been described by Schalenbach et al. [34]: 

γO2
=

εH2 ,Fick

εO2 ,Fick
⋅0.5⋅γH2

(A9) 

Here εi,Fick is the diffusivity (mol cm− 1 s− 1 bar− 1) of species i in Nafion. 
The gross hydrogen production rate ṅH2 (mol cm− 2 s− 1) is proportional to the current density according to Faraday’s law: 

ṅH2 =
i

2⋅F
(A10) 

The cross-permeation flux density of hydrogen and oxygen can be derived based on Fick’s law: 

jH2 ,Fick = εH2 ,Fick⋅
(

ΔPH2

δm

)

(A11)  

jO2 ,Fick = εO2 ,Fick⋅
(

ΔPO2

δm

)

(A12) 

From Darcy’s law, the cross-permeation flux of hydrogen by convection for higher cathodic than anodic absolute pressures can be represented as 
[13]: 

jH2 ,Darcy = εH2 ,Darcy

(
PH2 − PO2

δm

)

(A13)  

Where εH2 ,Darcy is the hydrogen permeability driven by Δp. Finally, the electro-osmotic drag of water during electrolysis contributes to the gas cross- 
permeation due to the solubility of H2 and O2 in water. This contribution to the cross-permeation is proportional to the empirical electro-osmotic drag 
coefficient, nH2O,eo (the ratio of moles of water per moles of protons transported from the anode to the cathode) [33,34]: 

jH2 ,drag = ṅH2O,eo⋅
(

PH2 ,c⋅SH2

CH2O

)

(A14)  

jO2 ,drag = ṅH2O,eo⋅
(

PO2 ,a⋅SO2

CH2O

)

(A15)  

Where Si is the gas solubility (mol cm− 3 bar− 1), and CH2O is the concentration of water in Nafion (mol/L). Notably, the electro-osmotic drag effectively 
reduces the cross-permeation flux of hydrogen because the proton flux has the opposite direction. The resulting total hydrogen and oxygen cross- 
permeation flux densities can be expressed as: 
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jH2 ,loss = jH2 ,Fick + jH2 ,Darcy − jH2 ,drag (A16)  

jO2 ,loss = jO2 ,Fick + jO2 ,drag (A17) 

The water drag fluxes are found to be more than one order of magnitude lower than the fluxes associated with Fickian and hydraulic diffusion, and 
these contributions can therefore for all practical purposes be neglected. 
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Table A1 
Empirical Parameters used in the PEMEL cell model.  

Parameter Value Unit 

iex
a 1.6 × 10− 8 [31] A cm− 2 

iex
c 0.1 [31] A cm− 2 

αan 0.8  
αcat 0.5 [61]  
Rel 0.005 * Ω cm2 

γH2 
2.4 [34] bar cm2A− 1 

εH2 ,Darcy 2.0 × 10− 11 [34] mol cm− 1s− 1bar− 1 

εH2 , Fick 4.7 × 10− 11 [34] mol cm− 1s− 1bar− 1 

εO2 , Fick 2.0 × 10− 11 [32] mol cm− 1s− 1bar− 1 

εO2 ,Darcy 2.0 × 10− 11 [32] mol cm− 1s− 1bar− 1 

SH2 0.7 × 10− 7 [34] mol cm− 3 bar− 1 

SO2 0.8 × 10− 7 [34] mol cm− 3 bar− 1 

neo 3.5 [33] mol H2O (mol H+)− 1 

CH2O 40 [34] mol L− 1 

*Estimated based on ref. [62,63]. 
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