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

• Hybrid AEM stack design combining 
AEMWE with liquid alkaline separator.

• Hybrid design avoids anode exposure to 
high voltage maintaining membrane 
hydration.

• Achieved up to 81 % efficiency and 
41–46 kWh/kg energy consumption at 
1 bar.

• Mechanically supported membranes 
allow high-pressure operation with low 
crossover.

• Hundreds of hours of stack tests exhib
iting reversible and irreversible 
degradation.

A R T I C L E  I N F O
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A B S T R A C T

This study explores the performance and durability of a hybrid alkaline/membrane electrolysis cell combining 
Anion Exchange Membrane technology with a liquid alkaline separator. By leveraging innovative design fea
tures, including mechanically supported membranes and hybrid configurations, this approach addresses key 
challenges in AEMWE systems, such as membrane degradation and limited durability. The hybrid configuration 
ensures enhanced hydration, minimizes hydrogen crossover, and enables operation under high-pressure condi
tions, while maintaining high efficiency and low specific energy consumption. Experimental tests were con
ducted on single cells and stack configurations to evaluate key performance indicators (KPIs), including stack 
efficiency, specific energy consumption, and hydrogen purity, under varying operational conditions. Results 
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demonstrated efficiencies up to 81 % at 1 bar and specific energy consumption of 41–46 kWh/kg, nearing 2050 
targets for green hydrogen production. In particular, durability assessments revealed both reversible and irre
versible degradation processes, and electrochemical impedance spectroscopy (EIS) and distribution of relaxation 
times (DRT) pinpointed critical performance trends. These findings underline the potential of hybrid AEMWE 
systems for scalable, cost-effective, and efficient hydrogen production, providing insights into optimization 
strategies for long-term industrial applications.

1. Introduction

Among electrolysis technologies, Anion Exchange Membrane elec
trolysis (AEMWE) presents an exciting opportunity, as it combines key 
advantages from both Proton Exchange Membrane (PEMWE) and alka
line electrolysis (AWE), offering a cost-effective and scalable solution for 
green hydrogen production [1].

AEMWE leverages a solid polymer membrane similar to that used in 
PEMWE systems but operates in an alkaline environment. This design 
allows for the use of less expensive, non-precious metal catalysts and 
materials, making it a promising alternative to traditional electrolysis 
methods. AEMWE cells can also be tolerant to water contaminants, 
avoiding a significant failure mechanism in PEMWE stacks. The alkaline 
environment also enhances the oxygen evolution reaction (OER) on the 
anode, enabling more efficient operation. However, traditional AEMWE 
systems have encountered challenges, especially with durability. The 
catalyst and ionomers at the membrane-electrode interface tend to 
degrade over a short period of time [2]. In contrast, membrane degra
dation typically occurs after several hours of operation [3–5]. Address
ing these challenges is essential to scaling up hydrogen production. 
Various AEMWE configurations have been explored, each with unique 
advantages and challenges related to water management, system 
complexity, and performance. Below is a summary of key configurations 
used in AEMWE electrolysis:

Power to Hydrogen Inc. (P2H2) is an advanced electrolysis company 
founded in 2019 based in Columbus, Ohio, USA and with offices in 
Antwerp, Belgium. A hybrid configuration, developed by P2H2, 
combining various features reported in Table 1, is explored in this work. 
P2H2 has successfully tackled many of the key challenges in traditional 
Anion Exchange Membrane (AEMWE) electrolysis by developing a series 
of innovative solutions, which have significantly enhanced the 

technology’s durability, efficiency, and cost-effectiveness. Their hybrid 
cell, protected by multiple patents, integrates the advantages of AEMWE 
technology with a liquid alkaline cell stack, addressing common barriers 
such as membrane degradation and high operational costs. One of the 
central breakthroughs comes from P2H2’s patented cell design. US 
Patent 10,844,497 [10] covers a system that integrates an AEMWE with 
a liquid electrolyte stack, effectively removing the AEMWE from direct 
contact with the high-voltage interface at the oxygen electrode. This 
approach mitigates the common degradation problems that have his
torically limited the lifespan of AEMWE systems. Another key patent, US 
Patent 11,228,051 [11], involves the use of mechanically supported 
membranes. These membranes allow for stable operation at high pres
sures, reducing hydrogen crossover, which is crucial for enhancing both 
performance and safety during large-scale hydrogen production.

P2H2 has also focused on improving the durability of AEMWE sys
tems. Their design uses a liquid electrolyte to maintain constant hy
dration of the membrane, preventing membrane degradation at high 
voltages. By strategically isolating the membrane from the harshest 
operational environments, the system can extend its functional lifespan, 
making it more reliable and cost-effective for long-term use.

In terms of catalysts, P2H2 has limited use of the costly platinum- 
group metals (PGMs), typically used in PEM electrolyzers. Instead, 
they’ve developed proprietary low-PGM catalysts, optimized for the 
alkaline environment of AEMWE electrolysis. These catalysts not only 
reduce costs but also enhance reaction efficiency, making the system 
both economically viable and highly efficient. Catalysts are deposited on 
gas diffusion electrodes (GDEs). Carbon paper is used as a support for the 
cathode catalyst and metal felt is used as a backing layer for the anode. 
GDEs can be advantageous for AEMWE because it allows electrodes to be 
reused after a membrane failure. A crucial feature of P2H2’s technology 
is the mechanical support for membranes, which enables high-pressure 
operation with minimal hydrogen crossover and resistance to pressure 
differentials. This design not only increases efficiency but also signifi
cantly improves durability, allowing the system to handle the demands 
of industrial-scale hydrogen production.

The review of existing literature shows that most research on 
AEMWE focuses on the performance of single cells rather than on short- 
stacks or full system designs. Moreover, these studies often assess 
durability over relatively short durations, typically around 100 h. For 
instance, Park Y. et al. [3] conducted a durability test on a 5-cell AEM 
stack over 150 h at a current density of 0.44 A/cm2 using 1 M KOH at 
50 ◦C. In these conditions, the stack demonstrated a degradation rate of 
2 mV/h, indicating stable, albeit limited, performance. Further, Park S. 
et al. [12] explored the performance of a 5-cell AEM stack with two 
different configurations: non-noble metal-based cells except for a Pt 
cathode (NNM-Pt) and a fully noble-metal-free configuration (NNM). 
Durability tests conducted for 10 h showed current densities of 1.0 
A/cm2 for NNM-Pt and 0.5 A/cm2 for the NNM configuration, providing 
insights into the feasibility of non-noble metal catalysts in these systems. 
Jang et al. [13]. evaluated the long-term performance of a 3-cell AEM 
stack, running for 2000 h at 0.5 A/cm2 with 0.1 M KOH at 45 ◦C. Over 
this period, the short-stack voltage increased slightly from 5.04 V to 
5.06 V, yielding a degradation rate of 8.5 mV/kh, which translates to a 
relatively low degradation rate of 0.15 % per 1000 h, indicating prom
ising long-term durability. These studies underscore the importance of 
extending research to larger stack configurations and longer-term tests 
to validate the scalability and industrial viability of AEMWE electrolysis. 

Table 1 
AEMWE electrolysis configurations.

Configuration Description Advantages Challenges

Wet Electrodes 
(Both Cathode 
and Anode) 
[4,6]

Continuous liquid 
electrolyte supply 
to both 
electrodes, 
ensuring full 
hydration during 
operation.

Better hydration 
control, improved 
reaction kinetics, 
particularly for the 
oxygen evolution 
reaction.

Complex water 
management and 
potential risk of 
electrode flooding 
if not properly 
controlled.

Dry Cathode 
with Liquid- 
Fed Anode [4,
7,8]

Water is supplied 
to the anode side 
only, while the 
cathode relies on 
water diffusion 
through the 
membrane.

Simpler design 
with easier water 
management at the 
cathode.

Difficulty in water 
transport at high 
current densities, 
leading to risk of 
cathode dry-out.

Pressurized 
AEM 
Electrolysis 
[9]

The cell operates 
at elevated 
pressure, 
enhancing 
reaction rates and 
gas purity.

Higher gas purity 
and faster reaction 
rates; reduces 
overall system size.

Requires more 
durable materials 
and adds 
complexity in 
managing pressure 
differentials.

Power to 
Hydrogen 
hybrid 
configuration

Hybrid liquid 
alkaline/AEM 
cell

Simple system 
design for pressure 
balancing, and 
improved 
durability versus 
AEMWE

Non-conventional 
cell design
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Recently, Marta Moreno-Gonzalez et al. [14], Chuan Hu et al. [15], and 
Jun Wang et al. [16] have demonstrated the impressive stability of 
various AEM membranes, although these studies were performed in a 
single-cell configuration. However, this configuration may underesti
mate the impact of mechanical compression, swelling, and current 
distribution.

The objective of this work is to evaluate key performance indicators 
(KPIs) and durability at the stack level in a hybrid AEMWE configura
tion, utilizing a robust design of experiments approach. The ultimate 
goal is to evaluate reversible and irreversible degradation phenomena, 
providing insights to guide future operational modes strategies for 
AEMWE applications.

The work has been carried out in the framework of a collaboration 
program between industry and research, supported by Enel Green Power 
S.p.A., involving Politecnico di Torino as technological research orga
nization, and aimed at facilitating the scale-up of promising technolo
gies (Power to Hydrogen Inc. in the present case).

2. Material and methods

Section 2 describes the main characteristics of the cells and stacks 
developed by P2H2. Moreover, the test protocols adopted to assess the 
performance, and the durability of the stack are reported. Finally, the 
test procedure followed for EIS analysis is presented.

2.1. Materials

Active cell components had a circular 100-cm2 design. The compo
nents were manufactured by proprietary methods at Power to Hydrogen 
Inc, but briefly, the anode was prepared using commercial nickel felt 
with an ionomer-free nickel oxyhydroxide (NiOOH) layer deposited on 
the surface. For the cathode, an ink consisting of a low-PGM/carbon 
catalyst dispersed in water, alcohol, and an ionomer was applied onto 
a commercial gas diffusion layer (GDL) using an automated spray 
deposition system. The anode and cathode were then positioned on 
opposite sides of a commercial anion exchange membrane (AEM), with 
an additional polymer-based separator layer located on the anode side of 
the AEM for added mechanical support and separation between the AEM 
and anode.

2.2. Single cell setup

The cell components were assembled within plastic frames, and 
compressed using gaskets and bolted endplates, achieving a compres
sion of 30 bar on the cell layers. The endplates included compression gas 
fittings to feed nitrogen and/or electrolyte to the cells via internal 
manifolds in the frames, and remove the hydrogen and oxygen product 
from the cell. Nickel current collectors were used on each end of the cells 
to apply current, with voltage sensors connected to the current collec
tors. An electrolyte pump fed electrolyte to the cell. Within this study, 
two generations of cell designs were evaluated. The only differences 
between generations were suppliers for the AEM and separator layers, 
and improvements in electrode quality control.

2.3. Stack setup and test bench facilities

Multiple repeat units of the single cell components were assembled 
into a hybrid AEMWE stack with an active area of 100 cm2 for each cell. 
The stack was constructed using single-serpentine bipolar plates made of 
stainless steel used on both electrode sides. The complete stack here 
analyzed consisted of 36 cells connected in series. After assembly the 
stack, the membrane was activated by circulating KOH, following 
chloride ion (Cl− ) exchange.

The AEMWE electrolysis test bench was designed for in-depth eval
uation of stack and system performance, featuring essential control and 
monitoring systems. Key components include a heated electrolyte vessel, 

pressure and temperature controls, a load box, voltage monitoring, mass 
flow controllers, and separate H2 and O2 vents. Key subsystems are: 

• Measurement and Control: Centralized by a C-Rio (National In
struments, USA) controller, this subsystem acquires and manages 
data, displayed through an HMI.

• Gas Management: Balances pressure between gases and dries the 
hydrogen

• Thermal and Water/Electrolyte Management: Regulates system 
temperatures and electrolyte supply.

Instruments include a DC power supply, dew point sensor, flow 
meter, and oxygen transmitter. The system gathers 48 time-stamped 
signals, covering thermal, power, electrolyte, gas, and actuator param
eters for detailed analysis.

2.4. Stack performance assessment

Performance tests on the stacks have been performed to evaluate a 
set of Key Performance Indicators (defined by Politecnico di Torino and 
Enel Green Power S.p.A. for the assessment), as listed in Table 2. The test 
protocol applied to measure the KPIs is described in the Appendix.

The KPI #5 – stack efficiency – has been calculated as: 

ηLHV
stack =

LHV
VI

⋅ṅH2 (1) 

where LHV is the lower heating value of hydrogen, VI is the stack power 
measured at the DC power supply, and nH2 is the hydrogen flow rate 

Table 2 
Key performance indicators.

KPI# Parameter Unit Type Note

1 Current A Measured Measured at power 
supply

2 Voltage V Measured Measured at power 
supply

3 Power W Measured Measured at power 
supply

4 Hydrogen production 
rate

kg/h or 
SLPMa

Measured Measured by 
hydrogen flow meter 
at dry H2 outlet

5 Stack Efficiency (DC) % Calculated Calculated (Equation 
(1)) 
Measured: hydrogen 
flow rate and stack 
power (DC)

6 Stack Specific Energy 
Consumption (DC)

kWh/kg Calculated Calculated (Equation 
(2)) 
Measured: hydrogen 
flow rate and stack 
power (DC)

7 System Efficiency % Calculated Calculated (Equation 
(3)) 
Measured: hydrogen 
flow rate and stack 
power (DC)

8 System Specific 
Energy consumption

kWh/kg Calculated Calculated (Equation 
(4)) 
Measured: hydrogen 
flow rate and stack 
power (DC)

9 H2 purity (O2 

concentration in the 
H2 stream)

ppm Measured Measured by oxygen 
sensor

10 H2 purity (H2O 
concentration in the 
H2 stream)

ppm Measured Dew point 
measurement

11 O2 purity (H2 in the 
O2 stream)

ppm Measured Measured by 
hydrogen catalytic 
recombiner

a SLPM (Standard Conditions: 0 ◦C and 1 atm).
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measured by a hydrogen flow meter.
The KPI #6 – stack Specific Energy Consumption – has been evalu

ated from hydrogen production rate and cell/stack efficiency as: 

ϵLHV
stack =

VI
(LHV)⋅ṅH2

(2) 

The KPI#7 – system efficiency – and KPI#8 – System Specific Energy 
consumption – have been calculated as: 

ηLHV
system =

LHV
VI + AUX

⋅ṅH2 (3) 

ϵLHV
system =

VI + AUX
(LHV)⋅ṅH2

(4) 

where AUX is the total power consumption of the auxiliary systems of 
Balance of Plant (BoP) of the stack test bench, calculated as the sum of a 
fixed contribution (312 W) and a variable contribution (92 % of stack DC 
power).

It is important to note that the BoP power consumption has not been 
measured, but it has been calculated using nameplate values of the 
auxiliary components and assuming the operation profile of each 
component. Hence, the AUX is representative of a test bench, but does 
not reflect an optimized system. Consequently, the stack efficiency re
sults are more relevant and comparable to technological targets. Details 
on the auxiliary components of the test bench and on the assumptions 
adopted for AUX calculation are provided in the Supplementary 
Materials.

To design the experiments is necessary to identify the process factors 
(i.e., stressors) that have a relevant impact on the studied response – the 
KPIs in the case under investigation. By a preliminary analysis of the 
technology under investigation and knowing the characteristics of the 
experimental setup available, two stressors were identified: the stack 
temperature and the pressure. The preliminary analysis allowed to 
identify the range of values for the stressors that can be imposed: from 
room temperature to 80 ◦C, and from 1 to 30 bar. The higher limits 
represent the maximum level of the stressor that can be imposed without 
damaging the stack and compatibly with the testing equipment limits. 
The primary objective of the experimental campaign was to demonstrate 
the performance and durability of the stack. To achieve this, perfor
mance measurements were conducted prior to the durability testing. To 
prevent potential damage to the stack before starting the durability 
assessment, the range of applied stressors was deliberately narrowed. It 
is important to note that the tests were carried out using a non- 
commercial prototype test bench. Consequently, to minimize the risk 
of control-related issues that could compromise the stack, the stressor 
range was confined to a region of operation that could be reliably 
managed. In agreement with the stack manufacturer, this precautionary 
approach was adopted, limiting the stressor values to the following set: 

• Stack temperature: 57 ◦C–62 ◦C - 67 ◦C
• Stack pressure (cathodic): 1–10 bar

In the case of the temperature, the values indicated above are the set 
points, while the real temperature achieved has been measured at the 
stack outlet as time average during the experiments. The temperature 
was controlled and monitored at both the inlet and outlet of the anode 
side the stack. The temperature control system used feedback control to 
regulate the heating/cooling of the inlet fluid to reach the setpoint 
temperature, and the system was designed to maintain a ΔT < 5 ◦C 
across the stack, minimizing thermal gradients and hot spots. The 
measured values at the anodic stack outlet – reported in the results – 
were used for the analysis of the stack performance. In some cases, slight 
discrepancies between temperature setpoint and time-averaged 
measured stack outlet temperature occurred, as commented in the 
results.

Concerning the pressure, the above reported value is the cathodic 
pressure. The stack operates with a pressure difference of 1 bar between 
cathode and anode. This ΔP = 1 bar configuration ensures cathode 
overpressure to suppress oxygen crossover, without inducing excessive 
stress on the membrane. The higher pressure value selected of 10 bar 
cathode (i.e. 9 bar anode) was based on safety and performance trade- 
offs. Pressure values were monitored with calibrated transducers and 
remained within ±0.1 bar of setpoints. Similar pressurization strategies 
have been reported in pressurized AEMWE studies [17].

The experiments have been designed following a Design of Experi
ment (DoE) approach applying a response surface design (Box–Behnken 
type design), that allows to identify the relation between experimental 
response (directly measured or calculated from experimental results) 
and input parameters of the test. The DoE approach selected is a Central 
Composite Design of the Central Composite Inscribed design (CCI) type. 
However, not all the planned points were tested due to time restrictions. 
The plan of the stack tests for the evaluation of the KPIs is summarized in 
Table 3, in which Plow = 1 bar and Phigh = 10 bar is the stack pressure 
(cathode pressure). The temperatures indicated in the table are setpoint 
temperatures imposed to the stack. Each test included 3 repetitions 
measurements at 0.4 A/cm2 (2.5 kW), 0.8 A/cm2 (5 kW) and 1 A/cm2 

(~6.5 kW). The tests were performed both on the stack assembled with 
the first generation of cells and on the one employing the second 
generation.

Statistical methods have been applied to the analysis of the experi
mental results obtained. In general, the relation between each KPI (i.e., 
the studied response of the experiment) and the two stressors can be 
determined with the adoption of a second-degree model to take into 
account non-linear and cross-variables effects. The model is of the type: 

Y = a0 +
∑

aiXi +
∑

aijXiXj +
∑

aijkXiXjXk +
∑

aijX2
i (5) 

where Y is the studied response that is the sum of the contribution of the 
constant effect, the linear effect, the second order interactions effect, the 
order k interactions effect and the possible quadratic effect. Due to the 
limited range of the stressors in the performed experiments, a multi
linear regression has been selected after the correlation between the 
parameters has been verified and the multicollinearity excluded (see 
section 3.1.3). The regression model for the stack and system specific 
consumption is reported in the results.

2.5. Durability protocol

The durability test aimed at assessing the performance degradation 
over 1000 h of continuous operation in the following conditions: 

• Current density: 1 A/cm2

• Operating temperature: 62 ◦C
• Operating pressure: pH2 = 10 bar and Δp = 1 bar (i.e., pO2 = 9 bar)

We have operated the durability for approximately 500 h, and then 
we have developed an extrapolation to 1000 h to be consistent with the 
indications of the test protocol proposed by the Joint Research Center 
(JRC) [18].

The operating current, the stack power and the stack temperature 
were continuously monitored during the long-term operation. The 

Table 3 
Plan of stack tests.

Stack Temperature 
[◦C]

Current Density [A/ 
cm2]

Pressure 
[bar]

First Generation 67 0.4-0.8-1 10
Second 

Generation
57-62-67 0.4-0.8-1 1
62a 1a 10a

67 0.4-0.8-1 10

a Point measured at the beginning of durability test at 1 A/cm2, no repetitions.
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experimental data were recorded with a time resolution of 5 s and the 
hourly average values were then calculated.

The experimental data were fitted and extrapolated to estimate the 
increase in the stack voltage after running the system for 1000 h, which 
represents the reference number of hours recommended for long-term 
testing by well-established and harmonized test protocols [18,19].

In the existing literature, different fitting curves are adopted to 
investigate the long-term operation of electrochemical devices (i.e., fuel 
cells and electrolyzer) and the consequent degradation phenomena. 
Specifically, Xing et al. in Ref. [20] proposed a linear fitting approach to 
investigate the long-term durability of membrane electrode assemblies 
for AEM electrolyzer. In this case, the voltage evolution over time is 
expressed as in Equation (6): 

V(t)= a⋅t + b (6) 

Conversely, Gazdzick et al. in Ref. [21] presented a 
linear-exponential function with the aim of considering both reversible 
and irreversible degradations. The reversible degradation is described 
by the linear term, while the irreversible degradation is expressed by the 
exponential part. The fitting function was initially formulated for PEM 
fuel cells, but in the present study it was properly adapted to the elec
trolyzer operating mode while preserving the same rationale. The 
voltage increase over time is thus expressed as in Equation (7): 

V(t)= a⋅t + b + c⋅(1 − exp (− t / d)) (7) 

The fitting analysis was performed by using the Curve Fitter app, 
which is included in the Curve Fitting Toolbox 3.8 in MATLAB 2022b. 
The fitter tool adopts the method of the least square minimization and 
provides as output the values of the fitting coefficients and R2, which 
indicates the goodness of the fit.

The extrapolation procedure consisted in estimating the stack 
voltage (V1000,fit) that would be reached after 1000 h of continuous 
operation. Based on the outcome of these procedures, the percentage 
increase in the stack voltage after 1000 h of operation was calculated as: 

ΔV1000 =
V1000,fit − VBoI,real

VBoI,real
⋅100 (8) 

In which V1000,fit represents the extrapolated voltage value after 1000 
h of operation and VBoI,real corresponds to the voltage value measured at 
the beginning of the test/test interval.

2.6. EIS

Electrochemical impedance spectroscopy has been done during the 
durability test in order to evaluate the stack at specific points of oper
ation. Tests have been performed using Gamry instrument’s Interface 
1010 E (Gamry Instruments, USA) which has the following key 
characteristics: 

• Max Applied Current ±1 A
• Maximum Applied Potential ±12 V
• EIS 10 μHz - 2 MHz

Fluke 2638A hydra instrument (Fluke, USA) is used on each of the 33 
cells of the stack separately through tabs connected to the monopolar or 
bipolar plates at the following time steps: beginning of tests (BoT), after 
320 h of durability test, after 530 h.

A specific testing protocol was followed for all the tests. The protocol 
was partially adopted from ANIONE EU project [19]. For each of the 
mentioned four stages of the experiment, every one of the 36 cells of the 
stack has been tested for galvanostatic impedance spectroscopy using 
the potentiostat instrument. During EIS, the cells were kept in nominal 
point of operation at atmospheric pressure and the electrolyte flow was 
kept constant in the nominal range while the temperature was kept in 
the range of 55–60 ◦C. The experiments were done with an initial 

frequency of 104 Hz and final frequency of 1 Hz keeping 7 points per 
decade and with a 1.5V DC potential.

3. Results and discussion

3.1. KPIs

3.1.1. Stack tests
The KPIs evaluated from the stack tests performed on the first- 

generation stack are reported in Table B1 (see Appendix B). Each one 
of the KPIs reported in the Table is the average data of 3 repetitions, 
excluding the values of the column P1, which are the average data of 2 
repetitions. The results refer to a stack performance at 10 bar and a 
temperature close to 70 ◦C. The stack temperature - measured at the 
anodic outlet of the stack - shows values increasing with the stack cur
rent, as expected from the increase of stack losses at higher current. The 
stack efficiency ranges from 72.8 % (P1) to 69.5 % (P3), with a stack 
electricity consumption increasing almost linearly with the stack outlet 
temperature in the range 45–48 kWh/kg.

At system level, the efficiency ranges between 59.5 % and 61.4 %, 
while the system electricity consumption is in the range 54–56 kWh/kg. 
As previously commented, the system efficiency is representative of a 
non-optimized system, and it is affected by the assumptions adopted for 
the estimation of the BoP power consumption. In particular, the BoP 
consumption is more affecting the system consumption when the stack is 
at low power, due to the higher weight of the fixed contribution, and for 
this reason the system specific consumption exhibits a different trend 
compared to the stack consumption.

The KPIs evaluated from the stack tests performed on the second- 
generation stack are reported in Table B.2 and Table B.3. Each of the 
KPIs reported in the previous tables is the average of 3 repetitions, 
excluding the values reported for the 10 bar test @62 ◦C, which are the 
average data of the first 20 min of the durability test, and the P2 and P3 
values of the 1 bar test @67 ◦C (see table notes). The stack tests have 
been equally distributed on the 3 levels of current (excluding the 
beginning of durability point that is available only at 1 A/cm2) and were 
performed at 2 levels of pressure and at measured outlet stack temper
atures that are distributed between 59 ◦C and 67 ◦C.

The results of stack tests are summarized in Fig. 1 (upper panel) in 
terms of stack specific energy consumption vs. temperature measured at 
the outlet of the stack. In the figure, the values of stack specific con
sumption calculated at 0.4, 0.8 and 1 A/cm2 – excluding the point from 
durability test, for which only the 1 A/cm2 point is available – are re
ported. The three tests at 1 bar reported in the figure have been per
formed with different stack temperature setpoints (Tlow, Tmid and Thigh, 
see Table 3). It is worth noting that the tests at 1 bar with Tlow and Tmid 
(orange and grey points on the figure) setpoints achieved very similar 
measured stack outlet temperatures, highlighting some limitations of 
the testing setup of controlling the stack temperature in a narrow range 
of temperature setpoints.

In the figure, it is clearly visible the dependency of the stack effi
ciency on the pressure, with the tests at 10 bar (symbols outlined with a 
thicker black edge) having a lower efficiency. Energy consumption in
creases with operating pressure for all the three levels of current density. 
In particular, tests at 1 bar show a stack efficiency in the range 72 %–81 
%, and a specific consumption in the range 41.2–46.1 kWh/kg, while the 
10 bar tests are in the ranges 66 %–72 % and 46.4–50.3 kWh/kg.

It is also evident from tests conducted with a power of 2.5 kW (square 
points on the Fig. 1 – upper panel) that the electrolyzer has low electrical 
consumption compared to the operating points at higher power of the 
same tests, that is typical of electrochemical systems operating at a non- 
nominal point, thus warranting consideration of an oversizing factor. In 
particular, tests at 2.5 kW and 1 bar have an average stack specific 
consumption of 42.2 kWh/kg compared to 44.4 kWh/kg and 44.9 kWh/ 
kg for the 5 kW and >6 kW test, respectively. It is important to 
emphasize that international electricity consumption targets for 
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electrolysis usually refer to specific consumption under nominal condi
tions; therefore, data at a partial load of 2.5 kW are of little relevance for 
comparison.

The stack efficiency shows a limited relation with the temperature. It 
is worth highlighting that the stack outlet temperature shown in the 
graph is not only affected by stack losses, but also by the inlet stack 
temperature, which was varied during the tests to maintain a stack set- 
point temperature. Moreover, the points analyzed are in a narrow range 
of temperatures. When considering the tests performed at 1 bar, the data 
have comparable trends with the temperature. Observing the graph, for 
each group of tests at 1 bar at a certain fixed setpoint temperature, the 
point at 2.5 kW shows lower outlet stack temperature and efficiency 

compared to the 5 kW and >6 kW points, which show similar efficiencies 
at temperatures around 2 ◦C higher in all the cases analyzed. When 
comparing all the different tests, in general a slight decrease of the stack 
consumption with the temperature can be found comparing all the 
points at 1 A/cm2 (also for the 10 bar tests). The observed trends are 
suggesting a rising thermal profile indicative of efficiency decrease with 
the increase of the current density and, conversely, an increase in kinetic 
activity due to temperature rise (Arrhenius trend). When considering the 
tests at 10 bar, the energy consumption trend is less consistent with the 
observed variability in temperature.

The results of system tests are summarized in Fig. 1 (lower panel) in 
terms of system specific energy consumption vs stack outlet 

Fig. 1. Upper panel: stack specific consumption of 1st and 2nd generation compared with SoA and 2050 target (IRENA 2020); lower panel: system specific con
sumption of 1st and 2nd generation stack tested on test bench (BoP not optimized) compared with SRIA system targets and adjusted at 10 bar (labelled with *) SRIA 
system targets.
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temperature. All the tests summarized in Table 3 are reported in the 
figure. The system consumption is due to BoP auxiliaries and it is 
assumed as composed by a fixed contribution and a variable part that is 
proportional to the stack power (see Section 2.4). For this reason, the 
BoP consumption is more affecting the system consumption when the 
stack is at low power, due to the higher weight of the fixed contribution. 
In particular, 1 bar tests show a system efficiency in the range 63 %–66 
% (50.3–53.2 kWh/kg) for both 2.5 kW and 5 kW test and 64 %–67 % 
(50.0–52.2 kWh/kg) for the >6 kW. As expected, the nominal operating 
points at 1 A/cm2 have on average a better system performance, even if 
the one point (1 bar test at 62 ◦C setpoint temperature) shows a higher 
efficiency at 5 kW, but this is due to the better stack performance, as 
shown by stack results.

It is worth highlighting that the 10 bar durability point shows a 
higher energy consumption (and a lower efficiency) that the other points 
both at stack and – consequently – at system level.

Concerning other measured system parameters, the hydrogen purity 
at the outlet in terms of oxygen concentration is in the range of 30–170 
ppm for the 1 bar tests and in the range of 8–45 ppm for the 10 bar tests. 
In the case of 1 bar tests, the oxygen concentration shows a decreasing 
trend with the increasing stack current. In particular, at 2.5 kW the O2 
concentration is in the range 113–168 ppm, at 5 kW is in the range 
66–100 ppm and at >6 kW is in the range 38–96 ppm. At 10 bar the 
trend is comparable for the 3 tests performed at 67 ◦C of nominal tem
perature, with the oxygen concentration decreasing from 27.9 ppm to 
8.7 and 8.2 ppm with the increasing current. The 10 bar durability test 
shows an higher concentration (44 ppm), which is closer to the one of 
the first-generation stack tests (10 bar and 70 ◦C) that is around 32 ppm 
and it is not affected by the stack power.

Concerning the humidity content of the hydrogen, it is in the order of 
104 ppm and its value is not clearly related to stack temperature, pres
sure and current.

3.1.2. Regression model
A regression model for the second-generation stack performance has 

been derived, using the DoE approach, from the measured data. The 
second-generation stack has been selected for the development of a 
regression model due to the larger number of available measured points.

The regression analysis has been focused on the stack performance 
because it is directly affected by the pressure, temperature and power 
(or current) parameters, while the system performance is also affected 
by BoP auxiliaries consumption that cannot be clearly put in relation 

with the abovementioned parameters. In addition to this, the BoP of the 
P2H2 system is not optimized, but it is only a system suitable for the 
stack testing.

Due to the limited range of the parameters, a multilinear regression 
has been selected.

As a first step, the correlation between the parameters has been 
verified (details are reported in Supplementary Materials). A relevant 
correlation between the stack specific consumption, the temperature, 
the power and the pressure is found. There is also a correlation between 
the stack temperature and pressure; however, this is not due to the 
physics of the system, but because the 10 bar tests were performed 
mostly in the higher temperature range, while the 1 bar tests at all the 
temperatures. Thus, multicollinearity can be excluded. The multi
collinearity analysis between Temperature, Power and Pressure in
dicates a negligible correlation between the parameters (see details in 
Supplementary Materials). Thus, Temperature, Power and Pressure can 
be considered independent parameters for the regression.

The multilinear regression has been performed, identifying the 
following function to put in relation the stack specific consumption (Y) 
and the temperature (T), the stack power (P) and the pressure (p): 

Y = 54.42 − 0.24 T + 0.00080 P + 0.57 p 

The function has an R2 = 0.94 (close to 1) proving the goodness of 
the fitting function. The results are shown in Fig. 2.

3.1.3. Analysis of system specific consumption KPIs vs. international targets
The specific consumption of the stacks is reported in Fig. 1 (upper 

panel) compared with the State-of-the-Art (SoA) range – red area in the 
figure – and the 2050 target indicated by IRENA for the AEMWE tech
nology [22]. The figure includes all the tests at 1 A/cm2 summarized in 
Table 3. The figure shows three points for the 1 bar test on the 
second-generation stack, each representing a test conducted at different 
temperature.

The SoA (2020) efficiency of AEMWE stacks estimated in the report 
of IRENA is the range 51.5–66 kWh/kg and a value < 42 kWh/kg is 
reported as 2050 target. The SoA range refers to stacks operating in the 
current density range of 0.2–2 A/cm2 and at pressure <35 bar, while the 
2050 target is for stacks operating at > 2 A/cm2 and a pressure >70 bar. 
The measured electrical efficiency of the stacks tested (both 1st and 2nd 
generation) falls already below range of the SoA values, with the tests at 
lower pressure and higher temperature showing a better performance. In 
particular, the stack specific consumption of the test performed at 1 bar 

Fig. 2. Regression surface @10 bar (left panel) and @1 bar (right panel).
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and around 67 ◦C is around 44 kWh/kg, already close to the 2050 target, 
even if this target refers to stacks operating at higher current density and 
pressure.

The system specific consumption that has been evaluated for the 1st 
and 2nd generation stacks is reported in Fig. 1 (lower panel) compared 
with the electricity consumption Key Performance Indicator for AEMWE 
of the Strategic Research and Innovation Agenda (SRIA) of Clean 
Hydrogen JU [23]. As in the case of stack specific consumption, the 
figure shows three points for the 1 bar test, each representing a test 
conducted at different temperature.

The SRIA values reported for the AEMWE technology are: 55 kWh/kg 
as SoA (2020), 53 kWh/kg as 2024 target, and 48 kWh/kg as 2030 
target. These KPI values are defined for a system that produces hydrogen 
at atmospheric pressure and are referring to a SoA (2020) current den
sity of 0.5 A/cm2, and target current densities of 0.6 A/cm2 and 1.5 A/ 
cm2 in 2024 and 2030, respectively. In particular, standard boundary 
conditions of SRIA that apply to all system KPIs assume as input AC 
power and tap water and the output of hydrogen meeting ISO 14687-2 at 
atmospheric pressure and hydrogen purity 5 [23]. As the SRIA targets 
are defined for hydrogen produced at atmospheric pressure, the elec
tricity consumption of a system operating at 10 bar should be compared 
with adjusted SRIA targets to take-into-account the hydrogen 
compression from ambient pressure to 10 bar. If we consider an ideal 
compression of the produced hydrogen flow (isentropic and adiabatic 
compression at 20 ◦C from 1 bar to 10 bar), a value of ~1 kWh/kg for the 
hydrogen compression can be estimated. Thus, the SRIA targets can be 
adjusted considering 56 kWh/kg as SoA (2020) for the system (i.e., 55 
kWh/kg + 1 kWh/kg for the compression) and 54 kWh/kg (i.e., 53 + 1) 
as 2024 target and 49 kWh/kg (i.e. 48 + 1) as 2030 target. All the SRIA 
targets and the corresponding adjusted values are reported in Fig. 1
(lower panel) as horizontal lines.

Concerning the 1st generation stack, it has a specific consumption of 
54.65 kWh/kg. This is a better performance than the State-of-the-Art 
(2020) SRIA target for the AEMWE electricity consumption, which is 
55 kWh/kg.

It is worth highlighting that the results here measured are better 
because: 

• the SRIA value refers to atmospheric pressure hydrogen, while the 
stack is producing hydrogen at 10 bar;

• the data of the system here measured are obtained at a current 
density of 1.0 A/cm2.

When compared to the adjusted SRIA targets, the system efficiency of 
the 1st generation stack (54.65 kWh/kg) is also very close to the 2024 
target (54 kWh/kg).

It must be outlined again that the system results reported in the 
figure for both 1st and 2nd generation stacks include experimental data 
of the stacks and the estimated BoP consumption of the test-bench used 
to test the stacks (same test-bench for both stacks). The BoP is designed 
for testing, but not optimized, and the estimation of the BoP components 
consumption has been made using the nameplate data of the compo
nents and a realistic profile of their use (steps with fixed fraction of 
nominal power and duration) during the stack test (see Supplementary 
Materials).

Taking-into-account all these considerations, it can be stated that the 
performance of the first-generation stack is well in line (or even already 
better) with the 2024 SRIA targets for AEMWE.

When considering the 2nd generation stack, at 10 bar it achieved a 
specific consumption of 56.2 kWh/kg and 57.4 kWh/kg (beginning of 
durability test). These values are higher than both the adjusted SRIA SoA 
(2020) value and the consumption of the 1st generation stack.

Concerning the 2nd generation stack tested at 1 bar, the 3 values 
reported are already lower than the SRIA target for 2024 (53 kWh/kg), 
but still far from the 2030 SRIA target of 48 kWh/kg. Among them, test 
performed at the higher stack temperature has a specific energy 

consumption very close to 50 kWh/kg.
Also for the 2nd generation stack are valid the same considerations 

on current density and not optimized BoP done for the 1st generation 
stack.

3.2. Durability

Fig. 3a depicts the stack voltage evolution during the durability test, 
which was performed at a constant current density of 1 A/cm2.

The stack was successfully operated for an accumulated period of 
482 h. However, some unplanned test interruptions occurred during the 
long-term operation, resulting in five distinct test intervals. The duration 
of each test interval is reported in Table 4.

The durability test thus experienced multiple stops and restarts. 
However, it is worth noting that these interruptions were not due to 
stack damage, but they were instead caused by procedural error, power 
outage and computer failures. Despite these issues, the stack thus proved 
to be reliable and capable of operating continuously for hundreds of 
hours, as confirmed by the duration of test interval #3 and #4 (230 and 
119 h, respectively). The analysis of the durability data thus focused on 
test interval #3 as it represents the longest test period without in
terruptions. The experimental data were fitted and extrapolated ac
cording to the methodology described in Section 2.5.

The coefficients of the linear-exponential fitting and the results of 
fitting and extrapolating procedures are summarized in Table 5.

Fig. 3b shows the fitting of the experimental dataset recorded during 
the 230 h of operation. The graph highlights that the fitting curve 
accurately matches with the measurements, as confirmed by the high R2 

value. Fig. 3b illustrates the extrapolated trend of the stack voltage, 
which reaches 68.09 V after 1000 h of continuous operation. According 
to this extrapolation trend, the percentage degradation rate would result 
in 8.7 %/1000 h.

Fig. 3. a) Stack voltage evolution over long-term operation; b) Linear- 
exponential fitting; c) Linear-exponential extrapolation.
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The estimated degradation rate is thus compared with the target and 
the existing literature. The current European target for degradation of 
SoA AEMWE electrolyzer is >1 % over 1000 h of operation, while the 
target for 2024 and 2030 is set to be lower or equal to 0.9 and 0.5 % over 
1000 h, respectively [24]. The degradation rate estimated based on the 
230 operating hours results in line with SoA electrolyzers, but it exceeds 
the 2024 target. Nevertheless, it is worth highlighting that the test 
conditions applied in the long-term operation (i.e., 1 A/cm2, operating 
pressure of 10 bar, operating temperature of 62 ◦C) have been very 
rigorous. In fact, according to Li et al. [25], most of the durability as
sessments of AEM cells are performed with less severe test conditions (e. 
g., low current density, low operating temperature and ambient pres
sure). Furthermore, Titheridge and Marshall in Ref. [26] emphasized 
that in absence of standardized testing procedures, the results of elec
trolyzer testing can vary significantly and they cannot be directly 
compared. In addition, Du et al. in Ref. [4] stated that different cell 
design (e.g., catalyst type and loading, membrane and electrolyte) and 
distinct test conditions make the comparison of durability performances 
not straightforward. Indeed, they listed the relevant durability studies 
available in literature as of 2022 reporting degradation rate in a wide 
range of 5–2571 μV/h, which correspond respectively to 0.26 % and 
139 % increase over 1000 h.

In Fig. 4a the stack voltage at beginning of interval (BoI) and end of 
interval (EoI) for the different test intervals are reported. As is evident, a 
performance degradation occurs while operating the system in long- 
term mode (in each interval, there is a difference between voltage 
value at BoI and EoI). According to Du et al. [27], the formation of 
bubbles may represent one of the main phenomena affecting the stack 
performance. However, at each system restart (BoI of every single in
terval) a significant fraction of the overvoltage is recovered (i.e., a sort of 
reversible overpotential, probably due to the bubbles formed during 
operation as analyzed by Du) and the performances are restored [27]. 
The largest overvoltage recovery is recorded after the test interval #3, 
which has the longest duration (i.e., 230 h). Specifically, at the begin
ning of the test interval #4, the stack voltage stands at 62.44 V, which is 
comparable to the voltage values measured at BoI #2 and #3. At the 
beginning of test interval #5 (i.e., after 349 h of operation in test interval 
#3 + #4), a permanent degradation (not recovered anymore) can be 
pinpointed: the stack voltage thus results around 63 V, which results 
higher compared to the previous BoI values (that are in the range 
62.3–62.6 V). When considering the whole test phase, the stack voltage 

rises from 62.3 V (green value) to 64.9 V (yellow value), but only to 63 V 
(green value), over 482 h of testing.

With the aim of considering the positive effect of the voltage re
covery caused by a system stop and restart and thus assessing only the 
irreversible degradation, the fitting of the BoI stack voltage values was 
performed adopting the linear-exponential trend. The results of the 
fitting procedure are shown in Fig. 4b.

The voltage evolution over time was thus extrapolated and the stack 
voltage after 1000 h was estimated in 63.13 V, as shown in Fig. 4c. Thus, 
when considering only the permanent degradation, the percentage in
crease of the voltage results in 1.35 %. In this case, the degradation rate 
estimated based on the BoI stack values is close to the 2024 target. It is 
worth noting that this value is calculated compared to the stack voltage 
value measured at the beginning of the test interval #1. In addition, it is 
necessary to emphasize that the interruptions which occurred during the 
500 h of operations were neither planned nor periodic. Consequently, 
this estimated degradation does not refer to a specific operating strategy. 
Further, in single-cell tests (data not shown) most degradation occurs in 
the first 500 h of operation (i.e. the break-in period) before stabilizing. 
Future work is planned to test beyond 500 h.

The analysis of the different test intervals revealed that a notable 
portion of the degradation was reversed after pausing and restarting the 
system. However, a direct correlation between pause duration and 
voltage recovery was not observed, possibly due to other factors (e.g., 
pump leakage and electrolyte refresh) affecting the performance re
covery. Thus, it appears clear that running the electrolyzer at a variable 
current and with intermittent operation (e.g., when driven by a photo
voltaic field with fluctuating current levels during the test) results in a 
lower degradation rate compared to the operation at a constant and 
relatively high current (i.e., 1 A/cm2). Specifically, constant operation 
leads to a degradation rate 6.44 times larger than intermittent operating 
mode (i.e., 8.7 % versus 1.35 %).

Table 4 
Durations of test intervals and interruptions.

Test interval Duration [h]

1 43
2 25
3 230
4 119
5 65

Table 5 
Coefficients for the linear-exponential fitting.

Parameter Value

a 0.004285
b 62.74
c 1.066
d 82.96
R2 0.9992
VBoI,real 62.64
VBoI,fit 62.74
VEoI,real 64.73
VEoI,fit 64.73
V1000,fit 68.09
ΔV1000 8.7 %

Fig. 4. a) Stack voltage at BoI and EoI for the different test intervals; b) BoI 
stack voltage fitting; BoI stack voltage extrapolation.
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3.3. EIS test on the stack cells

In order to evaluate the results of EIS four steps have been performed 
in this section. Firstly, the data quality has been studied. As the second 
step the data presentation and analysis has been done using the Nyquist 
plots. Subsequently electrical equivalent circuit was derived for the 
spectra and finally distribution of relaxation times was analyzed.

3.3.1. Data quality and validation analysis (Kramers-Kronig)
The validity of all analysis using the EIS data relies on the measured 

spectrum representing a linear, time-invariant and causal system. To 
assess data validity, Kramers-Kronig (KK) numerical analysis is 
employed, which consists of a set of transformations that predict one 
component of impedance from the other over the theoretical frequency 
range from zero to infinity. To reduce complexity and efficiently verify 
causality, linearity, and stability, the linear KK method introduced by M. 
Schönleber et al., based on the work of B. A. Boukamp [28,29], was 
utilized. The analysis has been performed using linear Kramers-Kronig 
with a complex fitting. Residuals of fitting the real and imaginary data 
is brought in Fig. 5a. According to Schönleber et al., a residual within 
±0.5 % indicates high-quality data. In this study, approximately 94 % of 
the measured data exhibited residuals below 0.5 %, while only 0.6 % of 
the data—equivalent to 2 out of 310 samples—had residuals exceeding 
2 %, as detailed in the supplementary materials. The small subset of data 
with higher noise has been recorded mainly at the start of the durability 
test -0h-while the rest of the data show very good quality with residuals 
well below 0.5 %.

3.3.2. Nyquist plot
Considering the three stages of the tests namely, the beginning of test 

(BoT), 320 h, and 530 h the results of test on each cell within the stack at 
these time steps can be presented in three separate Nyquist plots. Fig. 5b 
refers to the Nyquist plot of the EIS results at 320 h of test for cell 1 to 36 
excluding the positive portion of the imaginary impedance values which 
is typically attributed to the inductive behaviour of the cables. As 
observed in the graph, apart from cells 1 and 36- which utilise thicker 
plugs for cable connection -the remaining cells exhibit similar curve 
shapes, indicating the homogeneity of the cells. Given the large number 
of acquired data points, the stack cells have been grouped into three 
clusters to facilitate comparison and ensure clearer data presentation. 
Due to the variations in electrical plug connections for the first and last 
cells, and in order to maintain consistency within the clusters, cells 1, 2, 
and 36 have been excluded from the main graphical analysis, resulting 
in three groups of 11 cells each. However, for completeness and accu
racy, the spectra of cells 1, 2, and 36 at 320 h of testing are provided in 
Fig. 5 as a reference. Thus, the stack is divided into three cluster cells: 
Cluster 1 including cells 3 to 13, cluster 2 having cells 14 to 24, and 
cluster 3 containing cells 25 to 35.

For the mentioned clusters, the Nyquist graphs are reported in Fig. 6. 
As seen in the graphs, there is an overall increasing trend in the real-axis 
intercept (ZReal) as well as an overall change in the size of the semi- 
circles in the graphs from the BoT to the end of test (EoT). Based on 
the physical characteristics of the cells and the experimental results, an 
equivalent circuit with an inductor, an ohmic resistance and two blocks 
of constant phase elements (CPE) and resistances – each of two depicting 
the double layer capacitance and charge transfer resistance of an 

Fig. 5. a)KK residuals of Imaginary and real fittings of EIS spectra (Top); b)Nyquist plot of the EIS at 320h for the stack. Each series refers to the relative cell number 
of the stack. Each data series refers to the same cell number in the stack (Bottom).
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electrode-were used to electrically simulate the system’s behaviour. This 
circuit can be seen in Fig. 7a.

3.3.3. Electrical equivalent circuit (EEC): ohmic resistance (R0), total 
resistance (Rtot) and charge transfer resistance (Rct)

To improve the data quality, it is possible to exclude the inductive- 
resistive section of the Nyquist plot when analyzing the spectra in 
equivalent circuit model. Consequently, the positive imaginary part of 
the Nyquist graph has not been considered in this analysis. The results of 
electrical equivalent circuit models are presented in Fig. 6 alongside 
their corresponding Nyquist graphs. In these graphs the absolute values 
of resistances are reported. Rct is the sum of Ra and Rc contributions 
while the total resistance is the sum of ohmic and polarization 
resistances.

For the ohmic resistance, an overall increase can be observed 
throughout the tests. In comparison with the results of previous initial 
single cell tests that have been performed on similar cells of the stack, 
the ohmic resistance value shows same order of magnitude (mainly in 

the range of 0.006–0.007 [Ω]) confirming the repeatability and reli
ability of the test results for the stack cells. In the third stack sector, a 
slight improvement is observed during the first 320 h of the experiment; 
however, the overall trend remains degradative. The percentage in
crease in ohmic resistance is reported in Fig. 7b.

Using the chosen electrical equivalent circuit model, the charge 
transfer resistance Rct, and total resistance Rtot for the three sections of 
the stack can be determined. These resistances are shown in Fig. 6 and as 
it can be seen the overall trend of resistances are similar across all the 
sections.

Rct represents the sum of the anodic and cathodic charge transfer 
resistances (Rct,a and Rct,c). Although the absolute values of resistances 
show variations between the three sections, the overall trend exhibits a 
steeper increase compared to ohmic resistance as testing progresses. The 
Impedance data show that Rct remains statistically invariant during the 
first 320 h of operation followed by an increase. This suggests a delayed 
onset of interface restructuring, possibly linked to redeposition dy
namics or electrolyte changes as the mechanisms involved. DRT analysis 

Fig. 6. Nyquist plot of the average results of the three cell sectors and their relative fitted resistances from EEC of the three cell sectors. a) cells 3–13, b) cells 14–24, 
c) cells 25-35.
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supports this trend and reveals increasing low-frequency polarization at 
later stages.

The change in total resistance results from a combined effect of both 
ohmic and charge transfer contributions. The total resistance does not 
change significantly in the test up to the 530 h, although a slight 
degradation can be observed up to this point of test. On the other hand, a 
small improvement can also be seen specially from BoT to 320 h. This 
timeframe (0–320 h) corresponds to the longest continuous durability 
test conducted. However, since EIS tests during these initial 320 h were 
performed only at the beginning and end of the period, it would be 
challenging to speculate the precise trend of different degradative 
phenomena and directly compare results from the durability test and EIS 
data. Nonetheless, what can be inevitably pointed out is the increasing 
trend of ohmic resistance that shows a continuous increment. This 
behaviour is also evident in the durability tests, suggesting that at least a 
portion of the degradation can be attributed to the rise in ohmic resis
tance. Besides, the increment in total resistance could suggest a trend of 
slowing down in the kinetics of reactions. Furthermore, electrochemical- 
impedance measurements corroborate the durability results. During the 
first 320 h of operation—which bracket the start and end of the longest 
uninterrupted 230 h block—the stack-averaged high-frequency resis
tance R0 and total resistance Rtot changed by no more than 3 % and 21 
%, respectively, across all three monitored sections. In the subsequent 
190 h period (320–530 h) the same metrics remained equally stable, 
staying within 7 % (R0) and 22 % (Rtot). The close agreement between 
these two time windows demonstrates homogeneous stack behaviour 
and shows that the scheduled shutdowns did not introduce measurable 
performance scatter. Consistently, the Nyquist spectra exhibited no new 
semicircle or low-frequency tail, ruling out mass-transport limitations 
throughout the test.

3.3.4. DRT
Distribution of Relaxation Time (DRT) analysis has been conducted 

on the EIS results presented in the previous section, following the 
methodology of T. H. Wan et al. [30]. Similar to the approach used for 
the equivalent circuit analysis, data reduction was applied by averaging 
the EIS data for each section of the stack. Specifically, for cells 3–13, the 
EIS data was averaged to produce a single Nyquist curve, which was 
then designated as the Distribution of Relaxation Time for section one. 
The same approach was applied to sections two and three, correspond
ing to cells 14–24 and 25–35, respectively. The analysis for these three 

sections has been done at 0h (BoT), 320h, and 530h (EoT).
Distribution of relaxation times for all the three sections of the stack 

at the beginning, middle (320h) and end of tests are brought in Fig. 8. 
The complete graphs as a function of time can also be seen in the sup
plementary materials. Although small variations may be seen in the 
graphs, based on the characteristic times (or frequencies) of electro
chemical processes clear hypotheses can still be formulated regarding 
the assignment of peaks to the electrochemical phenomena occurring 
within the cells.

Taking into account the trend of the peaks, based on the literature 
and the stack condition, each peak has been assigned to a phenomenon 
according to the characteristic time of the corresponding peak region.

Peak three at ca. 10− 2- 10− 3[s] has been attributed to both anodic 
and cathodic ionic transport in the catalyst layer (Oxygen Evolution 
Reaction, OER and Hydrogen Evolution Reaction, HER). Peak two at ca. 
10− 1-10− 2[s] corresponds to cathodic charge transfer of the Hydrogen 
Evolution Reaction (HER CT), while peak one at ca. 10◦ s has been 
attributed to anodic charge transfer of the Oxygen Evolution Reaction 
(OER CT). The peaks related to the first section of the stack are in some 
cases shifted towards lower frequencies. Nonetheless, they show the 
same pattern of the other sections. Two other singular behaviours have 
also been recognized with their probable relative phenomena. Peak x 
(first peak at 0h in the section one and at 530h in the section three of the 
stack) could be related to the transport processes (water, gas or mass). It 
could be due to problems related to transport phenomena considering 
that this section is the drier side of the stack where the liquid exit. On the 
other hand, at 530 h the tendency of peak separation between different 
ionic transport phenomena is seen which could be the separation of the 
faster cathodic HER ionic transport from the slower anodic OER ionic 
transport. The complete frequency range of detected peaks have been 
reported in Table 6.

The peaks’ characteristic frequency has been compared to the work 
of Matthias Ranz et al. on the dynamics of anion exchange membrane 
electrolysis [31]. Considering this assigning hypothesis, the following 
behaviour is observed for each phenomenon: 

• Ionic transport losses within catalyst layers exhibits an incremental 
increasing trend during the 530 h of the experiment.

• Cathodic charge transfer resistance increases from 0 to 320 h, after 
which the results remain approximately constant up to 530 h.

• Anodic charge transfer resistance shows a continuous decrease from 
0 to 530 h.

This analysis is consistent with the findings of the electrical equiv
alent circuit analysis. It also highlights that, while the impact of ohmic 
resistance should never be underestimated, in the case of this AEM stack, 
the contribution of charge transfer resistance to the overall degradation 
of the cells is greater than expected. This has been confirmed by both 
DRT and EEC analyses.

3.4. Performance evaluation

The performance evaluation of the hybrid alkaline/membrane elec
trolysis cell designs was conducted to identify key performance metrics 
and operational characteristics. The study encompassed both single cells 
(not here reported) and stack configurations, focusing on efficiency, 
energy consumption, and hydrogen production rates under varying 
operating conditions.

3.4.1. The evaluation highlighted several important KPIs

• Stack efficiency: measured at various pressures and temperatures, 
the stack efficiency ranged between 72 % and 81 % at 1 bar, with 
higher pressures resulting in lower efficiencies due to increased en
ergy demands.

Fig. 7. a) Electrical equivalent circuit used to fit the test results. b) Percentage 
of increment of R0 (high frequency resistance) in durability tests 320 h with 
respect to the BoT and at 530 h with respect to the BoT.
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• Specific energy consumption: the specific energy consumption var
ied between 41 and 50 kWh/kg, depending on the operating pressure 
and current density. Tests at 1 bar demonstrated the most energy- 
efficient operation, with values nearing the 2050 target for green 
hydrogen production.

• Hydrogen purity: oxygen contamination in the hydrogen stream 
decreased significantly at higher pressures, with levels ranging from 

30 ppm at 1 bar to below 10 ppm at 10 bar, indicating enhanced gas 
separation efficiency in pressurized operations.

• Degradation trends: over the course of approximately 500 h of 
operation, the system exhibited both reversible and irreversible 
degradation phenomena. Analysis showed that reversible degrada
tion was recoverable during rest periods, while irreversible 

Fig. 8. DRT for the three sections of the stack from BoT to EoT.
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degradation was primarily attributed to membrane and catalyst layer 
deterioration.

3.4.2. EIS analysis
EIS measurements conducted during durability tests provided in

sights into the resistance components and degradation mechanisms. Key 
findings included: 

• an increase in ohmic resistance over time, corresponding to mem
brane and electrode wear.

• a rise in charge transfer resistance, particularly on the anode side, 
indicating potential degradation of the oxygen evolution reaction 
catalyst.

3.5. Implications for scale-up

Scaling up the hybrid electrolysis technology from lab-scale to 
industrial-scale applications involves addressing challenges in system 
design, operational stability, and economic viability. The following 
considerations highlight critical factors for successful scale-up:

3.5.1. Technical considerations

• Stack design optimization: the use of mechanically supported 
membranes ensures robustness under high-pressure conditions, 
reducing the risk of hydrogen crossover. However, achieving uni
form current distribution and effective water management in larger 
stacks will be crucial.

• Material selection: the adoption of cost-effective, durable catalysts 
and membranes is critical. The development of non-precious metal 
catalysts and reinforced membranes for long-term durability will 
help meet industrial demands.

• Modular Design: a modular approach to stack construction will 
facilitate scalability while maintaining performance consistency. 
Modular systems also simplify maintenance and reduce downtime.

3.5.2. Economic considerations

• Cost efficiency: the hybrid design significantly reduces costs by 
enabling the use of non-precious or low PGM catalysts and simplified 
balance-of-plant (BoP) components. Scale-up efforts must prioritize 
minimizing capital and operational costs to ensure economic 
competitiveness.

• Energy efficiency: achieving specific energy consumption levels 
below 45 kWh/kg is essential for aligning with future industrial 
benchmarks. Optimized operating conditions and advanced control 
systems will be necessary to achieve these targets.

• Market integration: the hybrid technology’s compatibility with 
intermittent renewable energy sources (e.g., solar and wind) posi
tions it as an ideal solution for green hydrogen production.

3.5.3. Operational considerations

• Durability and maintenance: long-term durability tests indicate the 
need for operation and maintenance strategies to manage reversible 
degradation and prevent irreversible damage. Adaptive operational 
strategies, such as intermittent operation and regular system checks, 
can enhance system longevity.

• Safety protocols: high-pressure operation necessitates stringent 
safety measures, including robust monitoring and control systems, to 
mitigate risks associated with hydrogen leakage or system failure.

4. Conclusions

This work evaluated the KPIs and durability at the stack level in a 
hybrid AEMWE configuration, utilizing a robust design of experiments 
approach. The main conclusions can be summarized as follows: 

• The 1st generation stack showed a stack specific consumption 
already below the SoA (2020) values reported by IRENA and a sys
tem specific consumption in nominal conditions better than the SoA 
(2020) of the SRIA and close to the 2024 adjusted SRIA target, with a 
higher current density level than the SRIA target (1 A/cm2 vs 0.6 A/ 
cm2) even with a non-optimized BoP.

• The 2nd generation stack tested at 10 bar showed a performance also 
better than the SoA (2020) reported by IRENA, but worse than the 1st 
generation stack and the SRIA SoA (2020) adjusted value at system 
level.

• When tested at 1 bar, the 2nd generation demonstrated a specific 
consumption at system level already better than the SRIA target for 
2024, at three different temperatures and for a current density higher 
than the 2024 SRIA target (1 A/cm2 vs 0.6 A/cm2), even with a not 
optimized BoP. The 2nd generation shows also a stack specific con
sumption already lower than the SoA (2020) level reported by IRENA 
for the AEMWE technology. In the case of the 1 bar test at the higher 
temperature (around 67 ◦C stack outlet), the stack achieved a specific 
consumption already close to the 2050 target reported by IRENA, 
even if the target refers to a higher current density (>2 A/cm2) and a 
higher pressure (>70 bar).

• The stack proved to be reliable and capable of operating continu
ously for hundreds of hours. Unfortunately, multiple interruptions 
occurred during the long-term operation but none of these was 
caused by a failure in the stack. When comparing the results of the 
durability test with the existing literature clearly emerges that the 
experimental campaign was conducted adopting very rigorous 
testing conditions (i.e., current density and operating pressure).

• The analysis of the different test intervals highlighted that a signif
icant share of the degradation is recovered after interrupting and 
restarting the system. When considering only the permanent degra
dation, the percentage voltage increase after 1000 h results in 1.35 
%, which is close to the SRIA target for 2024 (i.e., 0.9 %/1000 h).

• EIS tests were conducted on each cell of the stack at the start, middle 
and end of the durability test. Equivalent circuit model and distri
bution of relaxation times were studied. Analysis of EIS indicated a 
progressive increase in ohmic resistance over time that could be 
associated with membrane and electrode degradation, although a 
slight improvement has been observed initially. Moreover, EIS 
revealed an increase in charge transfer resistance, especially on the 
anode side, suggesting potential deterioration of the oxygen evolu
tion reaction catalyst. This observation has been confirmed by DRT. 
To the best of the authors’ knowledge, analysis on the EEC and DRT 
of AEM stacks is absent in the literature.
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Acronyms

AWE Alkaline electrolyzer
AEMWE Anion exchange membrane electrolyzer
BoI Beginning of interval
BoP Balance of plant
BoT Beginning of test
CPE Constant phase elements
DoE Design of experiment
DRT Distribution of relaxation time
EEC Electrical equivalent circuit
EIS Electrochemical impedance spectroscopy
EoI End of interval
EoT End of test
GDE Gas diffusion electrodes
GDL Gas diffusion layer
HER Hydrogen evolution reaction
IRENA International Renewable Energy Agency
KK Kramers-Kronig
KPI Key performance indicators
LHV Lower heating value
NNM Non-noble metal
OER Oxygen evolution reaction
P2H2 Power to hydrogen
PEMWE Proton exchange membrane electrolyzer
PGM Platinum-group metals
SLPM Standard liter per minute
SoA State of the art
SRIA Strategic Research and Innovation Agenda

Appendix A. Test protocols

The test protocol of stack performance tests is reported in Table A.1.

Table A.1 
Description of test protocol of stack performance test

Step # Step description

1 Start the system (standard starting procedure defined by Producer) and impose the nominal stack power as final setpoint
2 Wait for end of start-up protocol to reach nominal power
3 Wait for system power to stabilize by ± 5 % in a 15 min interval
4 Set the power level to the set-point value Psp
5 Wait the stack power to stabilize. The system is considered stable if the average power of two consecutive intervals of 60 s does not differ by more than ±2 % Pstack, average
6 Keep the state for at least 15 min with power variation below ±5 % Pstack, average
7 Repeat steps 4–6 for other Power set-points if the system must be tested in more than one Power level
8 End of test

Appendix B. Stack performance results

The results of stack performance tests are reported in Table B.1, Table B.2 and Table B.3.
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Table B.1 
Stack test KPIs – first generation stack (10 bar, Thigh)

P1 P2 P3

Power 2500 5000 6319 W
Current 42.67 81.51 101.00 A
Voltage 58.58 61.34 62.57 V
Average Cell Voltage 1.63 1.70 1.74 V/cell

Hydrogen production rate 10.20 19.89 24.64 SLPM
Hydrogen production rate 0.05 0.11 0.13 kg/h

Stack Efficiency 72.8 % 70.9 % 69.5 % ​
Stack Specific Energy Consumption 45.76 46.95 47.91 kWh/kg
System Efficiency 59.5 % 61.4 % 60.9 % ​
System Specific Energy consumption 55.94 54.22 54.65 kWh/kg

H2 purity (O2 content) 31.83 32.56 32.60 ppm
H2 purity (H2O content) 684.12 604.02 457.54 ppm
O2 purity (H2 content) 2.85 2.94 3.55 ppm

Average Outlet Temperature 66.4 68.1 69.2 ◦C

Table B.2 
Stack tests KPIs – second generation stack (1 bar)

KPI Test @ 57 ◦C Test @ 62 ◦C Test @ 67 ◦C Unit

P1 P2 P3 P1 P2 P3 P1 P2* P3*

Power 2500 5000 6381 2500 5000 6500 2500 5000 6458 W
Current 42.30 80.06 100.00 41.79 78.40 98.71 42.31 79.70 100.00 A
Voltage 59.11 62.46 63.81 59.82 63.78 65.85 59.08 62.73 64.59 V
Average Cell Voltage 1.64 1.73 1.77 1.66 1.77 1.83 1.64 1.74 1.79 V/cell

Hydrogen production rate 10.75 20.28 26.06 10.49 21.40 26.96 11.35 21.45 27.49 SLPM
Hydrogen production rate 0.06 0.11 0.14 0.06 0.11 0.14 0.06 0.11 0.15 kg/h

Stack Efficiency 77 % 72 % 73 % 80 % 76 % 74 % 81 % 76 % 76 % ​
Stack Specific Energy Consumption 43.44 46.06 45.79 41.89 43.65 45.04 41.21 43.60 43.91 kWh/kg
System Efficiency 63 % 63 % 64 % 65 % 66 % 65 % 66 % 66 % 67 % ​
System Specific Energy Consumption 53.1 53.2 52.2 51.2 50.4 51.3 50.4 50.3 50.0 kWh/kg

H2 purity (O2 content) 155.92 78.04 74.63 112.80 100.27 96.58 168.05 66.24 38.54 ppm
H2 purity (H2O content) 18568 16389 18006 19355 20950 20519 21262 20215 20522 ppm
O2 purity (H2 content) 5.30 8.19 12.24 4.32 4.76 5.51 1.86 1.66 2.73 ppm

Average Outlet Temperature 59.4 61.0 60.9 59.3 61.2 61.3 65.4 66.8 66.7 ◦C

*P2 and P3 test are the average of 2 repetitions, because the 3rd repetition was excluded due to an anomalous hydrogen flow recording.

Table B.3 
Stack tests KPIs – second generation stack (10 bar)

KPI Test @ 62 ◦C Test @ 67 ◦C Unit

P3 P1 P2 P3

Power 6223 2500 5000 6487 W
Current 99.41 41.83 79.00 99.41 A
Voltage 65.26 59.76 63.29 65.26 V
Average Cell Voltage 1.81 1.66 1.76 1.81 V/cell

Hydrogen production rate 23.74 10.07 19.40 24.57 SLPM
Hydrogen production rate 0.13 0.05 0.10 0.13 kg/h

Stack Efficiency 68 % 72 % 69 % 68 % ​
Stack Specific Energy Consumption 48.96 46.38 48.13 49.32 kWh/kg
System Efficiency 58 % 59 % 60 % 59 % ​
System Specific Energy Consumption 57.4 56.7 55.6 56.2 kWh/kg

H2 purity (O2 content) 8.18 27.88 8.69 8.18 ppm
H2 purity (H2O content) 12319 12485 11648 12319 ppm
O2 purity (H2 content) 8.01 4.78 3.65 8.01 ppm

Average Outlet Temperature 62.7 66.5 67.0 66.7 ◦C

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jpowsour.2025.238239.
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