"’k: processes

Article

Statistical Analysis of the Operating Conditions Influencing
Green Hydrogen Production by a Reversible PEM
Water Electrolyser

Noha Mostafa 12, Habiba Emad 1, Mahmoud Eltaweel 3-*

W) Check for updates

Academic Editor: Alpaslan Atmanli

Received: 29 June 2026

Revised: 27 July 2026

Accepted: 17 August 2026

Published: 20 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Mahmoud Chizari 3

Department of Mechanical Engineering, The British University in Egypt, Sherouk 11837, Cairo, Egypt;
noha.mostafa@bue.edu.eg (N.M.); habiba.emad@alum.bue.edu.eg (H.E.)

Department of Industrial Engineering, Zagazig University, Zagazig 44519, Sharkia, Egypt

School of Physics, Engineering and Computer Science, University of Hertfordshire, Hatfield AL10 9AB, UK;
m.chizari@herts.ac.uk

*  Correspondence: m.eltaweel@herts.ac.uk or m-eltaweel@outlook.com

Abstract

Improving the efficiency of proton-exchange membrane (PEM) water electrolysis for green
hydrogen production requires systematic optimisation of interdependent operating con-
ditions. The present study applies a face-centred central composite design (FCCD) com-
bined with response surface methodology (RSM) to quantify the influence of three control-
lable parameters on the performance of a bench-scale PEM electrolyser: applied current,
stack temperature, and membrane relative humidity. A reversible two-stack configura-
tion with 16 cm? Nafion 117 membrane—electrode assemblies was operated across the
design space (0.40-0.90 A, 1845 °C, 50-100% RH), yielding 288 independent observations
from 96 randomised runs. Four responses were evaluated: volumetric hydrogen evolu-
tion rate, Faradaic efficiency, specific electrical energy consumption, and stack voltage
drift. The regression analysis identified applied current as the dominant factor governing
hydrogen throughput, while membrane hydration exerted the strongest control over charge-
utilisation and ohmic losses. Temperature exhibited a moderate but statistically significant
positive effect, whereas feed-water resistivity emerged as a secondary practical lever for
minimising energy consumption. Model adequacy was confirmed through analysis of
variance and residual diagnostics, with adjusted coefficients of determination in the range
0.851-0.925 and predicted coefficients above 0.835 across all responses. Desirability profil-
ing indicated an optimal operating window near 0.75 A, 42 °C, and 95% relative humidity,
delivering a hydrogen production rate of approximately 7.4 mL min~!, a Faradaic efficiency
close to 98%, and a specific energy consumption of 4.5 kWh Nm~3. These findings provide
quantitative guidance for the design and operation of small-scale PEM electrolysers under
constrained laboratory and educational conditions. By integrating formal uncertainty quan-
tification with response surface modelling and jointly treating membrane hydration and
feed-water resistivity, the study provides a reproducible, uncertainty-quantified benchmark
and a transferable optimisation workflow.

Keywords: green hydrogen; PEM water electrolysis; Nafion membrane; response surface
methodology; face-centred central composite design; Faradaic efficiency

1. Introduction

Over the past two decades, concerns regarding climate change and energy security
have galvanised coordinated efforts to decarbonise the global energy system and reduce
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reliance on fossil fuels [1]. Within this context, hydrogen has emerged as a versatile energy
carrier whose production pathways are conventionally classified by colour designations
that reflect their environmental impact [2]. Grey hydrogen, generated via steam methane
reforming of natural gas, releases substantial carbon dioxide emissions, while brown or
black hydrogen, derived from coal gasification, carries the highest greenhouse-gas burden.
Blue hydrogen seeks to mitigate these emissions through carbon capture and storage or
through alternative processes such as methane pyrolysis. Nuclear-powered electrolysis
produces pink hydrogen, while only electrolysis driven exclusively by renewable electric-
ity, designated green hydrogen, offers a genuinely carbon-free production route [3]. By
splitting water into hydrogen and oxygen using wind, solar, or hydropower, green hydro-
gen not only avoids direct emissions but also enables the storage of surplus renewable
generation and the decarbonisation of hard-to-electrify sectors, including heavy industry,
maritime transport, and long-haul aviation [4]. Although its production cost remains higher
than that of fossil-based alternatives, continued reductions in renewable electricity prices
and ongoing improvements in electrolyser design are progressively closing the economic
gap, positioning green hydrogen as a central pillar of the emerging sustainable energy
economy [5].

Water electrolysis technologies, whether alkaline, proton-exchange membrane (PEM),
anion-exchange membrane (AEM), or solid-oxide, face significant technical and economic
challenges [6]. Elevated overpotentials at the electrodes, resistive losses within membranes
and bipolar plates, and material degradation under sustained operation collectively con-
tribute to increased energy consumption and operating expenditure. The selection of
electrode materials is particularly critical: although noble metals such as platinum and irid-
ium deliver excellent catalytic performance, their scarcity and cost motivate investigation
of transition-metal and composite alternatives, particularly within AEM configurations that
offer a combination of durability and affordability. In parallel, the integration of electroly-
sers with intermittent renewable power sources demands rapid response capability and
flexible operation, features that are more readily achieved in low-temperature PEM and
AEM systems than in high-temperature solid-oxide cells [7]. Among these technologies,
PEM electrolysers are of particular interest for distributed green hydrogen applications
owing to their compact footprint, high current density, and dynamic response to variable
power input.

Overpotential losses at the electrodes represent a major barrier to efficient water
electrolysis. Several studies have examined chemical and structural modifications of
electrode materials intended to reduce overvoltage and enhance overall cell efficiency [8].
Targeted alloying and surface treatments have been shown to lower activation barriers,
improving both hydrogen evolution reaction (HER) kinetics and long-term stability [9].
From a thermodynamic perspective, hydrogen offers an energy density approximately
three times that of conventional fossil fuels on a mass basis, which reinforces its appeal as a
high-energy carrier within a sustainable energy framework [10].

A substantial body of experimental work has examined how electrode materials, cell
configurations, and operating parameters influence hydrogen generation rates in both al-
kaline and PEM systems. In the alkaline domain, Masjuki et al. [11] demonstrated that
introducing a second cathode in a KOH electrolyser using SS-316L electrodes doubled the
measured current, yielding 2150 cm?® of gas in 15 min under a one-anode/two-cathode
configuration. Ezzahra et al. [12] subsequently showed that cathodes alloyed with zinc and
chromium, specifically ZngsCrs and ZngyCryg, outperformed alternative compositions at
equivalent voltages and electrolyte concentrations. Kowthaman et al. [13] employed RSM to
optimise voltage, molarity, and electrode spacing in a micro-patterned graphite cell, achieving
a peak production rate of 2.3 mL min~—!. EL Kady et al. [14] reported that 3 mm SS-316 plates
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in NaOH and KOH electrolytes attained a maximum cell efficiency of 51.12% at 4 V, declining
at higher voltages, with 5% electrolyte concentration and 14 A current identified as optimal.
Sekar et al. [15], focusing on engine-integrated applications, observed hydrogen production
rates up to 2.5 L min~! with 2 mm plate spacing in sodium hydroxide. Budiman et al. [16] fur-
ther emphasised the role of electrolyte selection by demonstrating rapid hydrogen generation
in a dry-type electrolyser using NaCl, while Shahabadi et al. [17] designed a membrane-free,
multi-cell SS-316 electrolyser matched to 325 W solar modules and identified an optimal plate
count of 15-18 per panel for maximising solar-to-hydrogen conversion.

Within the PEM domain, investigations have centred on membrane—electrode assem-
bly (MEA) design, catalyst loading, and water management. Membrane hydration in
particular has been identified as a critical determinant of ionic conductivity and therefore
of cell efficiency, with insufficient humidification producing measurable increases in ohmic
resistance and concurrent reductions in Faradaic efficiency [18]. Feed-water purity has
similarly been recognised as a limiting factor, since ionic contaminants degrade membrane
performance and accelerate catalyst poisoning [19]. Collectively, these studies indicate that
electrode composition, cell geometry, and precise control of operating conditions are piv-
otal to performance; however, the divergent methodologies and metrics employed across
experiments underscore the need for unified statistical frameworks capable of integrating
findings and informing scalable system design.

The transition of PEM water electrolysis from laboratory demonstration towards
gigawatt-scale green hydrogen production has recently been framed as a cell-level engi-
neering problem, in which incremental improvements in membrane ohmic resistance, gas
crossover, catalyst utilisation and porous-transport-layer design collectively determine
the attainable efficiency and cost [20]. Because electricity dominates the levelised cost of
hydrogen, even modest reductions in cell voltage at a given current density translate into
tangible economic benefit, which places a premium on the selection of favourable oper-
ating conditions rather than on materials substitution alone. The operating environment
is equally decisive for durability: current density, temperature and membrane hydration
govern the rate of ionomer and membrane decay, carbon-support and catalyst corrosion,
and the associated growth in ohmic and activation overpotentials, such that inadequate
humidification or feed-water purity accelerates performance loss well before any catas-
trophic failure occurs [21]. These couplings are inherently multi-physics in character; as
demonstrated in the closely related PEM fuel-cell literature, the local water content of
the membrane simultaneously controls proton conductivity, reactant transport and the
uniformity of the electrochemical reaction across the active area [22], while advanced
electrode-engineering strategies, such as gradient electrospun-nanofiber architectures that
tailor porosity and tortuosity to balance proton and mass transport, can markedly improve
both performance and stability at reduced precious-metal loading [23]. Taken together,
these considerations indicate that the performance of a PEM electrolyser is determined less
by any single variable than by the interaction of several operating conditions, and therefore
motivate the systematic, statistically grounded quantification of those interactions pursued
in the present work.

Optimising electrolyser performance requires the simultaneous consideration of mul-
tiple interdependent variables, including applied current, temperature, membrane hydra-
tion, electrolyte concentration, electrode spacing, and feed-water quality, each of which
influences hydrogen yield, energy efficiency, and system longevity. One-factor-at-a-time
experimentation is poorly suited to capturing such interactions; by contrast, statistical
design of experiments (DOE) approaches, and in particular RSM, enable the fitting of
quadratic models that both reduce the number of experimental runs required and yield
intuitive two-dimensional contour plots and three-dimensional response surfaces for iden-
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tifying optimal conditions [24]. This methodology supports the modelling, forecasting, and
optimisation of process outcomes such as hydrogen production rate and energy efficiency,
and therefore provides an effective framework for enhancing electrolyser performance.

A rigorous understanding of how individual operating parameters and their inter-
actions influence electrolyser performance is therefore essential for reducing production
costs and optimising system design. Statistical and data-driven approaches can reveal
the relative influence of each factor, identify optimal operating windows, and inform the
development of control strategies that maximise efficiency and longevity. Despite the
growing use of RSM for electrolyser optimisation, the existing literature is dominated
either by alkaline HHO/dry-cell configurations [11-17] or by simulation-coupled PEM
studies in which the response surface is fitted to finite-element or CFD output rather than
to direct physical measurement. Comparatively few studies apply a fully experimental,
replicated design of experiments to a low-temperature PEM electrolyser while simultane-
ously modelling four complementary responses (production rate, charge utilisation, energy
consumption and short-term stability) and propagating measurement uncertainty through
to the fitted models. The specific scientific gap addressed here is therefore: (i) the joint
statistical treatment of membrane relative humidity and feed-water resistivity, two water-
management variables that are frequently discussed qualitatively but rarely quantified
within a single RSM framework; (ii) the integration of formal uncertainty quantification
with response surface modelling, so that the significance of each effect is judged against
experimental noise instead of being assumed; and (iii) the provision of a reproducible,
low-cost benchmark and a transferable optimisation workflow for the large population of
small-scale and educational PEM systems for which industrial-grade characterisation is
unavailable. This distinguishes the present contribution from prior RSM optimisations of
PEM electrolysers, which have typically considered fewer responses, omitted water-quality
effects, or relied on modelled rather than measured data.

The present study accordingly reports a comprehensive statistical analysis of the
operating conditions influencing green hydrogen production in a bench-scale PEM water
electrolyser. A face-centred central composite design was employed to examine the effects
of applied current, bath temperature, and membrane relative humidity on four performance
responses: volumetric hydrogen evolution rate, Faradaic efficiency, specific electrical energy
consumption, and stack voltage drift. Supplementary experiments further quantified the
influence of feed-water resistivity on specific energy consumption. By leveraging the
resulting experimental dataset and multivariate regression techniques, the study quantifies
the impact of each operating variable, identifies critical parameter thresholds, and proposes
recommendations for electrolyser operation under variable renewable power input. The
objective is to provide researchers and practitioners with actionable insights that support
the deployment of small-scale green hydrogen systems. As global efforts to achieve Net-
Zero targets continue, the optimisation of PEM electrolyser operation will play a pivotal
role in enabling a resilient, low-carbon energy infrastructure.

2. Materials and Methods

This work combines controlled experimental measurements on a bench-scale PEM
electrolyser with a structured parametric study using analysis of variance (ANOVA) and
response surface regression, in order to quantify the influence of operating conditions on
hydrogen production.
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2.1. Experimental Work
2.1.1. Electrolyser Configuration

A reversible Horizon FCJJ11 teaching rig (Horizon Fuel Cell Europe s.r.o., Prague,
Czech Republic) was reconfigured as a two-stack PEM water electrolyser and operated
exclusively in electrolysis mode for the principal parametric campaign, with selected mea-
surements in fuel-cell mode undertaken for cycle-symmetry assessment. Each transparent
cell housed a 16 cm? Nafion 117 membrane-electrode (Horizon Fuel Cell Europe s.r.o.,
Prague, Czech Republic) assembly with a platinum loading of 0.3 mg cm~2 and carbon-
paper gas-diffusion layers, clamped between graphite-composite bipolar plates machined
with parallel flow fields. The two stacks were connected electrically in series, providing
a 3-5 V operating window, while the hydrogen outlets were manifolded in parallel to a
common collection line.

Nafion 117 was used because it is the perfluorosulfonic acid membrane fitted as stan-
dard in the reversible membrane-electrode assemblies of the platform and remains the
most widely reported benchmark membrane for low-temperature PEM water electrolysis,
ensuring that the present results are directly comparable with the extensive existing liter-
ature. Its relatively large thickness (=183 um) also confers the mechanical and chemical
robustness appropriate to repeated electrolysis/fuel-cell cycling on a teaching rig, at the
cost of a somewhat higher ohmic resistance than thinner membranes which is a trade-off
that makes the hydration and water-quality effects quantified here particularly visible.

The influence of electrode positioning within the cell on measured oxygen evolution be-
haviour has been highlighted in the recent literature [25]; in the present fixed-geometry rig,
the electrode spacing and alignment are held constant across all runs, so that the reported
effects are attributable to the varied operating conditions rather than to geometric variation.

A WEIR 4000 bench supply (Weir Electronics Ltd, UK) delivered galvanostatic current
in the range 0.40-0.90 A via 4 mm shrouded leads, and a Keysight 34401 A multimeter
(Keysight Technologies, Inc., Santa Rosa, CA, USA) logged terminal voltage at 1 Hz. Stack
temperature was controlled by immersing the cells to port level in a 5 L Grant TC120
thermostatic bath (Grant Instruments (Cambridge) Ltd, Shepreth, Cambridgeshire, UK)
maintained between 18 and 45 °C with a stability of +0.1 °C, using a type-K thermocouple
attached to the cathode end-plate for feedback. Membrane hydration was regulated by
a coiled humidifier located in the same bath, yielding feed-gas relative humidity (RH)
between 50 and 100% as measured with a Vaisala HMP110 probe (Vaisala Oyj, Vantaa,
Finland) (1% RH). The arrangement is shown in Figure 1.

Hydrogen and oxygen were collected separately in 50 mL inverted burettes filled
with bath water. Meniscus position was recorded at 10 s intervals using a 4K camera and
converted to standard-temperature-and-pressure (STP) gas volume through simultaneous
measurement of ambient pressure and bath temperature. All wetted connections used
3 mm internal-diameter platinum-cured silicone tubing, which was bubble-tested prior to
each experimental block, and the complete assembly was operated inside a ventilated fume
cupboard fitted with a fixed hydrogen detector calibrated to alarm at 1% vol.

Deionised feed water of 18 M() cm resistivity (Elga Purelab) was used as the base-
line. Lower resistivities of 5, 1, and 0.8 MQ) cm were obtained through the controlled
addition of analytical-grade NaCl for the subset of runs examining the influence of
feed-water conductivity.
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Figure 1. Experimental Setup.

2.1.2. Operating Variables and Responses
The experimental matrix focused on three controllable operating conditions:

e  Electrolysis current I: 0.40-0.90 A (galvanostatic control).
e  Bath and stack temperature T: 1845 °C.
e  Membrane relative humidity RH: 50-100%.

At each design point, the rig was allowed to reach steady state, defined as a stack volt-
age variation below 5 mV over 5 min, before data acquisition commenced. The following
responses were measured or derived:

e  Volumetric hydrogen evolution rate Q (mL min~!, STP), calculated from corrected
burette displacement.

e  Faradaic efficiency F (%), obtained from the ratio of measured Q to the theoretical
hydrogen volume predicted by Faraday’s law at the applied current.

e  Specific electrical energy consumption Egec (kWh Nm™3), computed from time-
integrated stack power and corresponding hydrogen throughput.

e  Stack voltage drift V; (mV min~!), defined as the linear slope of terminal voltage over
the 300 s sampling window.

Each run was executed three times on different days in order to capture day-to-
day variability, giving 288 independent observations across the electrolysis conditions.
Representative primary data, including hydrogen evolution rate as a function of current
and temperature at 100% RH, and the effect of RH and water resistivity on Faradaic
efficiency and specific energy consumption, are presented in Section 3.

Feed-water resistivity was examined as a dedicated controlled sub-campaign rather
than as a factor within the randomised design. Varying it required the deliberate, stepwise
addition of analytical-grade NaCl to fixed resistivity set-points (18, 5, 1 and 0.8 M(Q) cm),
with flushing of the feed circuit between set-points to prevent carry-over, a procedure
that is incompatible with the fully randomised run order used for the three continuously
controllable factors. Isolating resistivity at otherwise fixed reference conditions (0.70 A,
30 °C, 100% RH) allowed its ohmic contribution to be attributed unambiguously, without
confounding by simultaneous variation of current, temperature or humidity. The results of
this sub-campaign are reported in Section 3.1.3.

The optimisation was confined to the three operating conditions that can be varied
independently on this platform. Operating pressure and back-pressure are fixed at ambient
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by the open burette-collection architecture and cannot be regulated on the rig; water
flow to the cell is governed by the fixed humidifier/immersion configuration rather than
by an adjustable pump; and catalyst loading and membrane thickness are properties of
the sealed, factory-assembled membrane—electrode assemblies, which cannot be altered
without destroying the cell. These variables are consequently design parameters of the
MEA rather than controllable operating conditions of this apparatus, and their optimisation
would require a reconfigurable, pressurised single-cell test station.

2.1.3. Measurement Uncertainty

Measurement uncertainties were evaluated following the GUM framework [26] and
propagated to each reported response. For the volumetric hydrogen evolution rate Q, the
propagation was carried out through the full standard-temperature-and-pressure (STP)
correction chain. Each measured gas volume was corrected to STP through Equation (1), in
which Vs is the collected volume, p,,,,, the ambient pressure, p,, the water vapour partial
pressure at the bath temperature, Ty, the bath temperature, and py and Tj the reference
pressure and temperature [27].

Pampb — Pw TO
. 1
Po Thatn M

VSTP = Vineas *

Four input quantities contribute to the corrected volume: burette graduation
(£0.2 mL), timing resolution (£0.2 s), bath-temperature correction (+0.05 °C) and ambient-
pressure measurement (+0.5 kPa). Each was assigned a rectangular distribution and
converted to a standard uncertainty by division by /3. Treating the inputs as indepen-
dent, the relative combined standard uncertainty of the corrected volume follows from
the first-order propagation of Equation (2), in which the four terms correspond to these
contributions in the order given [27].

- ()
— ] = + + + (= 2
( Vstp Vineas Pamb — Pw Tyatn ( t ) @

Substituting the input values yields a relative combined standard uncertainty of 1.8%

on the hydrogen evolution rate; applying a coverage factor k = 2, corresponding to approxi-
mately 95% confidence, gives the expanded uncertainty of £3.6% quoted throughout this
work. The uncertainty in the applied current, obtained by combining the supply calibration
(1% of full scale) with the multimeter accuracy, is approximately 0.6%. Combining this with
the volume uncertainty through Equation (3) gives an expanded uncertainty of +1.2% on

2 u
P

The uncertainty in stack voltage drift, dominated by metre accuracy and time-stamp

resolution, was evaluated as 0.04 mV min~!.

the Faradaic efficiency [27].

2.2. Parametric Study
2.2.1. Design of Experiments and Response Selection

A face-centred central composite design (FCCD) combined with RSM was selected be-
cause it offers the most favourable balance, for a three-factor continuous problem, between
model richness and experimental economy. Unlike one-factor-at-a-time experimentation,
RSM resolves two-factor interactions and quadratic curvature; unlike a full three-level
factorial it does so with substantially fewer runs; and unlike Box-Behnken designs, the
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face-centred variant confines all axial points to the physically realisable factor bounds of
the rig, avoiding out-of-range set-points that the hardware cannot deliver. Relative to
Taguchi screening, RSM yields continuous predictive equations and desirability-based
multi-objective optimisation rather than discrete level rankings, and relative to purely
data-driven machine-learning surrogates it remains interpretable and tractable with the
present sample size. The approach is the most appropriate and efficient choice for the
number of factors, the continuous factor ranges, and the interpretability required here.

To quantify the influence of operating conditions on hydrogen production, a FCCD was
adopted. This design balances the estimation of quadratic terms with run economy while
minimising aliasing among factors. The three continuous factors (current I, temperature T,
and relative humidity RH) were explored at five coded levels (—1, —0.5, 0, 0.5, 1), producing
96 randomised runs with six replicated centre points for the estimation of pure error. The
coded and natural levels of the three factors are summarised in Table 1.

Table 1. PEM electrolyser factors and coded levels used in the face-centred central composite design.

Coded Level CurrentI (A)  Temperature T (°C) Relative Humidity RH (%)

-1.0 0.40 18 50
-0.5 0.55 27 70
0.0 0.70 32 75
+0.5 0.85 40 85
+1.0 0.90 45 100

The number of runs was fixed by the chosen face-centred central composite design
rather than selected arbitrarily: for three factors the FCCD comprises factorial, axial and
replicated centre points, and the 96 randomised runs (with six centre-point replicates and
three-day replication) provide ample degrees of freedom for the full quadratic model while
retaining run economy. The adequacy of this sample size is confirmed a posteriori by the fit
statistics of Table 2 which together indicate that the design captured the response surfaces
with sufficient resolution and that further runs would yield diminishing statistical returns.

Table 2. Fit statistics for the reduced quadratic response surface models.

Response Std.Dev.  R?  AdjustedR® Predicted R2  CV.(%)  pocduate
H, rate, Q 0.32 0.932 0.925 0.910 5.8 324
(mL min~")
Faradallzc(i:/ff)laency, 2.10 0.893 0.874 0.856 2.4 27.8
Specific energy
consumption, 0.14 0.905 0.889 0.872 3.1 29.6
Espec
(kWh Nm~3)
Voltage drift, Vt 0.03 0.872 0.851 0.835 8.2 25.1

(mV min~1)

Each design point was replicated on three separate days to capture between-day
variability (ambient temperature, humidifier equilibration and water batch) in addition
to the within-run repeat measurements, providing an independent estimate of pure error
while keeping the total campaign within the practical duty cycle of the rig. This replication
level, combined with the six replicated centre points of the FCCD, was sufficient to estimate
pure error and lack-of-fit with the precision reported in Table 2, so that additional replication
would not have materially changed the fitted models.
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The factor bounds were dictated by the operating envelope of the apparatus. The
current range (0.40-0.90 A) spans from the lowest current giving stable, readily measurable
gas evolution to the maximum safe galvanostatic output of the supply for the 16 cm? MEA;
the temperature range (18-45 °C) extends from ambient bath temperature to the upper limit
imposed by the thermostatic bath and the temperature rating of the transparent cell bodies;
and the relative humidity range (50-100%) runs from the lowest humidification at which
the demonstration stack maintained stable operation up to saturation. These bounds also
lie within the recommended operating window of the Nafion 117 membrane (Horizon Fuel
Cell Europe s.r.0., Prague, Czech Republic). Confirmatory scoping runs at the extremes
were used to verify stable, repeatable operation before the randomised campaign began.

The principal responses selected for statistical modelling were the volumetric hydro-
gen evolution rate Q, Faradaic efficiency F, specific energy consumption Espec, and voltage
drift Vt. These responses characterise, respectively, production rate, charge utilisation,
energy efficiency, and short-term stability, and therefore capture the principal performance
dimensions of PEM water electrolysis for green hydrogen applications.

2.2.2. ANOVA and Regression Modelling

A multi-way ANOVA with Type-II sums of squares was applied to the full quadratic
model in order to screen main effects and two-factor interactions at a significance threshold
of & = 0.05. Residual normality was assessed through Shapiro-Wilk and Anderson-Darling
tests, while homoscedasticity was evaluated using Breusch-Pagan and White statistics.
Reduced quadratic response surface models were subsequently obtained by backward
elimination, with terms of p > 0.10 removed sequentially while the adjusted coefficient
of determination, the predicted coefficient of determination, and the Akaike information
criterion (AIC) were monitored in order to avoid overfitting. Cook’s distance and leverage
were inspected to identify influential observations; no run exceeded the conventional unit
threshold, and therefore all data were retained.

The general form of the fitted quadratic response surface for each response y is
expressed as

Y=PBo+ZBixi+Z By + L Bijx; X+ € 4)

where xi denotes the coded factors (current, temperature, relative humidity), B¢ is the
intercept, fi, Bii, and fij are the linear, quadratic, and interaction coefficients respectively,
and ¢ denotes the residual error term.

Fit statistics for the four responses are presented in Table 2. The coefficients of deter-
mination R? span the range 0.872-0.932, with adjusted R? values above 0.851 and predicted
R? values above 0.835 across all responses. The small difference (<0.04) between adjusted
and predicted R? values indicates strong predictive correlation, while adequate precision
ratios exceeding 25 confirm sufficient signal-to-noise ratios across the experimental data.
Residual diagnostics further confirmed model adequacy, with no significant lack-of-fit
(p > 0.31 across responses) and residuals passing Shapiro-Wilk normality tests (p > 0.19).
Homoscedasticity was verified, ensuring reliable inference across the operational factor
space studied.

2.2.3. Optimisation and Response Surface Exploration

The simultaneous maximisation of hydrogen rate and Faradaic efficiency and min-
imisation of specific energy consumption constitute a multi-objective optimisation prob-
lem, here addressed through the Derringer—Suich desirability framework applied to the
response surface models. Multi-objective optimisation of PEM water electrolysers has
recently attracted considerable attention, including approaches based on machine-learning
and evolutionary algorithms that trade off efficiency, hydrogen output and operating cost
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across large design spaces [28,29]. The present desirability-based treatment provides a
transparent, low-dimensional counterpart to these methods that is well matched to the
three-factor experimental design and directly interpretable for small-scale operation.

The validated regression models were used to generate response surface and con-
tour plots for Q, F, and Espec as functions of the coded factors, thereby enabling visual
assessment of linear, interaction, and curvature effects. Desirability profiling following the
approach of Derringer and Suich was subsequently applied in order to identify operating
windows that simultaneously maximise hydrogen evolution rate and Faradaic efficiency
while minimising specific energy consumption. The combined desirability function indi-
cated an operating region centred at approximately 0.75 A, 42 °C, and 95% RH, delivering
a hydrogen rate of approximately 7.4 mL min~!, a Faradaic efficiency near 98%, and a
specific energy consumption of approximately 4.5 kWh Nm~3, all within the expanded un-
certainty bounds of the experimental data. These statistically derived operating conditions
provide practical guidance for educational and small-scale PEM electrolysers operating
under constrained laboratory resources.

2.3. Scope and Limitations

The present investigation was confined to the operating envelope of a bench-scale,
reversible teaching electrolyser (Horizon FCJJ11) in order to isolate the influence of three
continuously controllable operating conditions (applied current, stack temperature and
membrane relative humidity) under well-characterised, reproducible conditions. Several
analyses that would ordinarily accompany a cell-materials study, including electrochemical
impedance spectroscopy (EIS), formal Tafel analysis, hydrogen-purity determination by
gas chromatography and multi-hundred-hour durability testing, lie outside the mechanical
and instrumentation limits of this platform: the sealed, low-power stack (3-5V, <1 A) pro-
vides neither the reference-electrode access and four-point sensing required for impedance
and Tafel measurements, nor the gas-sampling ports required for chromatographic purity
analysis, and its finite hydrogen reservoir precludes meaningful accelerated-degradation
protocols. Rather than compromise data quality by attempting measurements the rig
cannot support reliably, the study focuses on the quantities the platform resolves with
quantified uncertainty which are volumetric hydrogen rate, Faradaic efficiency, specific
energy consumption and short-term voltage drift and on the statistical relationships among
them. The optimal operating window reported here is accordingly intended as validated
guidance for small-scale and educational PEM systems, and as a transferable optimisation
methodology, rather than as a set of parameters for direct transposition to pressurised,
membrane-optimised industrial stacks. The electrochemical, purity and durability char-
acterisations noted above are identified as priorities for future work on an instrumented,
industrially representative single cell.

Long-term durability was not assessed, since the finite-reservoir architecture of the
demonstration rig precludes the continuous multi-hundred-hour operation required for
accelerated-degradation testing. Nevertheless, the stack voltage drift response measured
over the 300 s galvanostatic windows provides a short-term stability indicator: the low
drift rates observed (of the order of 0.01 V min~!) and their sensitivity to hydration
are consistent with reversible, water-management-driven resistance changes rather than
irreversible degradation. In longer-duration PEM operation, the dominant degradation
pathways reported in the literature would additionally contribute; systematic evaluation of
these mechanisms under controlled accelerated-stress protocols is identified as a priority
for future work on an instrumented single cell.
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3. Results and Discussion

The experimental campaign generated 288 independent observations across the 96-run
face-centred central composite matrix, complemented by supplementary measurements
on feed-water resistivity and by a reduced fuel-cell characterisation undertaken to assess
cycle symmetry. All gas volumes reported in the following sections have been corrected to
standard temperature and pressure (0 °C, 1 atm) through simultaneous measurement of
bath temperature and ambient pressure, and through subtraction of the water vapour partial
pressure at the bath condition. Before the factor-specific analysis, the overall structure of
the experimental dataset is summarised in Figure 2. Figure 2a-d present the distributions
of the four measured responses, hydrogen evolution rate, Faradaic efficiency, specific
energy consumption and stack voltage drift, respectively, across all 96 randomised runs
(288 observations), while panel (e) plots the hydrogen evolution rate against run order.
The responses span the ranges expected from the design settings, with the hydrogen rate
extending from approximately 3.7 to 8.8 mL min~! and Faradaic efficiency remaining above
94% throughout. The absence of any systematic trend in the run-order panel confirms that
the randomised execution sequence introduced no temporal drift or block effects, thereby
supporting the statistical independence assumed in the subsequent ANOVA and response
surface modelling.
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Figure 2. Distributions of the four measured responses across the 96 randomised runs: (a) Hp
evolutionrate, (b) Faradaic efficiency, (c) Specific energy consumption, (d) Stack voltage drift, and
(e) H, evolution rate versus run index.

Steady-state operation was confirmed at each design point through the terminal-
voltage stability criterion defined in Section 2.1.2 (variation below 5 mV over 5 min). The
Results are presented in three parts: the electrolysis-mode performance and its dependence
on the three primary factors and on feed-water purity (Section 3.1), the reversible fuel-
cell characterisation used to evaluate cycle symmetry (Section 3.2), and the integrated
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statistical assessment drawing together the four response surface models and the derived
operating-window recommendations (Section 3.3).

3.1. Electrolysis Mode: Hydrogen Production Performance

The electrolysis mode was characterised systematically across the factorial design
space, with the hydrogen evolution rate, Faradaic efficiency, specific electrical energy con-
sumption, and stack voltage drift measured at each design point. The analysis progresses
from the two primary continuous factors (current and temperature) to the secondary factor
(membrane relative humidity) and finally to the feed-water resistivity sub-study, which was
conducted at fixed baseline conditions in order to isolate the ionic-contaminant contribution
to ohmic losses.

3.1.1. Influence of Applied Current and Stack Temperature on Hydrogen Evolution Rate

The hydrogen evolution rate was observed to scale approximately linearly with ap-
plied current across the full temperature range investigated, with the measured rate dou-
bling from 3.68 mL min~! at 0.40 A to 8.82 mL min~! at 0.90 A under the reference condition
of 45 °C and 100% relative humidity. This linear scaling is consistent with the theoreti-
cal prediction of Faraday’s law within the expanded experimental uncertainty of +3.6%,
and confirms that charge utilisation within the membrane—electrode assembly remained
near unity across the 2.25-fold current span. Temperature exerted a systematic positive
effect on the production rate, with an average slope of approximately 0.11 mL min~! °C~!
that became more pronounced at the upper end of the current range. The enhanced re-
sponsiveness at high current is attributable to the combined contributions of reduced
gas viscosity, improved bubble detachment from the electrode surface, and accelerated
electrode kinetics, all of which scale with thermal activation. Faradaic efficiency remained
consistently above 94% across the design space at full RH and approached 100.6% at the
highest current-temperature combination, thereby demonstrating robust charge utilisation
throughout the factor domain. The complete dataset is summarised in Table 3, while the
corresponding response surface is illustrated in Figure 3.

Table 3. Hydrogen evolution rate and Faradaic efficiency as functions of applied current and stack
temperature (RH = 100%, 18 MQ2 cm).

Number (€O Vm@mD  Tmew o Sin, TS
1 0.40 18 18.4 300 3.68 94.2
2 0.40 30 19.1 300 3.82 97.7
3 0.40 45 19.3 300 3.86 98.8
4 0.70 18 329 300 6.58 95.8
5 0.70 30 34.0 300 6.80 99.0
6 0.70 45 344 300 6.88 100.1
7 0.90 18 423 300 8.46 96.5
8 0.90 30 43.7 300 8.74 99.7
9 0.90 45 441 300 8.82 100.6
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Figure 3. Response surface plot of hydrogen evolution rate as a function of electrolysis current and stack
temperature at constant relative humidity (100%) and baseline feed-water resistivity (18 M(Q) cm).

The Faradaic efficiency of 100.6% recorded at 0.90 A and 45 °C (Table 3) marginally
exceeds unity but lies well within the £3.6% expanded uncertainty of the volumetric
measurement and should not be interpreted as physical super-unity conversion. It reflects
the combined measurement uncertainty in gas-volume determination and STP correction,
principally meniscus-reading and temperature /pressure-correction contributions, rather
than excess hydrogen production; a small systematic bias in burette calibration at high
collection rates cannot be excluded. Because charge utilisation is bounded by unity, values
marginally above 100% are reported as measured, with the uncertainty band making
explicit that they are statistically indistinguishable from 100%.

The polarisation behaviour underpinning this performance was characterised through
a supplementary stepped-current experiment conducted at 30 °C and 100% RH, with the
applied current incremented from 0.40 A to 0.90 A in 0.10 A steps. The resulting steady-
state voltage—current relationship is presented in Table 4 and exhibits an essentially linear
profile with an equivalent ohmic slope of approximately 0.55 (), indicating that ohmic
losses across the Nafion membrane and bipolar plates dominated the voltage response
within the investigated operating window. The absence of detectable activation or mass-
transport departures from linearity across this range suggests that the cell operated within
its quasi-linear regime, which is the region most relevant to continuous green hydrogen
production under variable renewable power input.

Table 4. Steady-state voltage—current relationship during electrolysis (30 °C, 100% RH).

Current (A) Mean Stack Voltage (V)
0.40 3.48
0.50 3.59
0.60 3.70
0.70 3.81
0.80 3.92
0.90 4.03
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Although impedance spectroscopy was not available on this platform, the steady-
state voltage—current data of Table 4 provide an equivalent quantification of the cell’s
resistive behaviour. Linear regression of terminal voltage against applied current yields
a differential (ohmic-equivalent) resistance of approximately 0.55 (), corresponding to an
area-specific resistance of ~217.6 Q) cm? for the 16 cm? active area; the extrapolated intercept
of ~1.52 V is consistent with the sum of the thermodynamic reversible potential and a
small, current-independent activation contribution. The absence of measurable curvature
at low current indicates that the activation-controlled region is not resolved within the
accessible current window, which precludes a formal Tafel fit but confirms that, across
the operating range of interest, the cell response is ohmically dominated. This lumped
ohmic-equivalent resistance, obtained directly from polarisation data, serves the same
interpretive purpose as a high-frequency-resistance measurement in identifying membrane
hydration and feed-water quality as the principal determinants of energy efficiency.

Stack voltage stability during a 300 s galvanostatic hold at 0.70 A and 18 °C is presented
in Table 5. Terminal voltage increased monotonically from 1.570 V to 1.588 V across the
measurement window, yielding a voltage drift of approximately 0.06 V over 300 s, or
equivalently a drift rate of the order of 0.012 V min~!. This gradual rise is attributable to
the progressive redistribution of water within the membrane—electrode assembly and to
minor increases in ohmic resistance associated with localised dehydration at the anode
catalyst layer. The magnitude of the drift falls well within the steady-state criterion adopted
for data acquisition and confirms that the measurement window of 300 s was adequate for
the calculation of representative mean responses.

Table 5. Terminal stack voltage during a 300 s galvanostatic hold at 0.70 A, 18 °C, and 100% RH.

Time (s) Voltage (V)

0 1.570
30 1.580
60 1.582
90 1.583
120 1.584
150 1.584
180 1.585
210 1.586
240 1.587
270 1.587
300 1.588

3.1.2. Influence of Membrane Relative Humidity on Faradaic Efficiency

Membrane relative humidity was identified as the operating variable exerting the
strongest influence on Faradaic efficiency, with ) increasing by 11.4 percentage points as RH
was raised from 50% to 100% under fixed reference conditions of 0.70 A, 30 °C, and 18 M(Q)
cm feed-water resistivity. This substantial improvement was accompanied by a systematic
reduction in the mean stack voltage of 120 mV across the same hydration range, which
confirms that membrane hydration dominates ohmic losses within the PEM configuration
examined. The hydrogen volume collected over the 300 s measurement window increased
proportionally from 30.1 mL to 34.0 mL, thereby corroborating the efficiency trend and
demonstrating that suboptimal hydration produces measurable crossover and charge-
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Faradaic efficiency (%)

utilisation losses. The dependence of Faradaic efficiency and stack voltage on RH is
summarised in Table 6, and the corresponding bivariate trend is illustrated in Figure 4.

Table 6. Influence of membrane relative humidity on Faradaic efficiency and stack voltage at fixed
conditions (0.70 A, 30 °C, 18 MQ) cm).

RH (%) Vi (mL) Faradaic 1 (%) Vitack (Mean, V)
50 30.1 87.6 3.84
70 32.0 93.1 3.78
85 33.2 96.6 3.74
100 34.0 99.0 3.72
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Figure 4. Faradaic efficiency and mean stack voltage as functions of membrane relative humidity at
fixed current (0.70 A), temperature (30 °C), and feed-water resistivity (18 M) cm).

Direct determination of hydrogen purity and gas crossover by chromatography was
not possible on the used rig, which lacks gas-sampling ports. The Faradaic-efficiency
data nonetheless provide an indirect measure of crossover-related losses: efficiencies ap-
proaching but not exceeding unity at full hydration, together with the systematic efficiency
recovery observed as relative humidity is increased, indicate that hydrogen crossover
and charge-utilisation losses are small and are minimised under well-hydrated operation,
whereas sub-saturated operation promotes measurable crossover through the partially
dehydrated membrane.

The magnitude of the observed hydration effect exceeds that of temperature across
the investigated factor ranges and is comparable to that of current density when expressed
as a fractional performance change. This finding reinforces the central importance of
water management within PEM electrolyser design and operation, particularly for systems
intended to operate intermittently under variable renewable power input, where transient
drying of the membrane can occur during low-current or idle phases.
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From an electrochemical standpoint, the strong dependence of Faradaic efficiency
and stack voltage on membrane relative humidity reflects the hydration-controlled proton
conductivity of the Nafion 117 membrane. Proton transport in perfluorosulfonic acid mem-
branes proceeds through a combination of Grotthuss (structural) hopping and vehicular
diffusion, both of which require a continuous, water-filled channel network percolating
between the sulphonic-acid sites. As the water content A (water molecules per sulphonic-
acid group) falls under sub-saturated humidification, these channels contract and partially
disconnect, the effective proton conductivity decreases sharply, and the ohmic overpo-
tential rises accordingly. The measured 120 mV reduction in mean stack voltage and
11.4 percentage-point gain in Faradaic efficiency as RH is raised from 50% to 100% are
the macroscopic signatures of this transition: improved hydration lowers the membrane
resistance while simultaneously suppressing the electro-osmotic and back-diffusion im-
balances that promote hydrogen crossover and the associated parasitic charge loss. The
residual voltage drift observed during galvanostatic holds is consistent with localised
anode-side dehydration, in which water consumed and dragged across the membrane
is not fully replenished, transiently raising the high-frequency (ohmic) resistance. The
feed-water resistivity effect operates through a complementary mechanism: alkali-metal
cations introduced with ionic contamination exchange with protons at the sulphonic-acid
sites, reducing the density of mobile charge carriers and further increasing ohmic resistance,
as evidenced by the monotonic 210 mV voltage rise across the resistivity range.

The positive temperature effect observed across all three primary responses arises
from a different mechanism, namely the thermal activation of the electrode reactions and of
proton transport. An increase in stack temperature raises the exchange current density of
both the hydrogen and oxygen evolution reactions through an Arrhenius-type dependence,
thereby lowering the activation overpotential required to sustain a given current, while the
proton conductivity of the hydrated membrane is itself thermally activated and increases
over the same range, further reducing the ohmic contribution. Reduced water and gas
viscosity at elevated temperature additionally promotes bubble detachment from the
catalyst surface, limiting the fraction of active area masked by adherent gas and lowering the
associated mass-transport and bubble-induced overpotentials. These contributions act in
the same direction as improved hydration but are of smaller magnitude within the 18-45 °C
window accessible here, which is consistent with the measured temperature sensitivity of
approximately 0.11 mL min~! °C~! and with the secondary rank of temperature in the
response surface analysis.

Within the tested current window;, the near-linear voltage—current response (Table 4)
indicates that ohmic losses dominate over activation and mass-transport contributions,
so that membrane hydration and feed-water quality (both of which act on the ohmic
term) are the most effective levers on energy efficiency, in agreement with the response
surface analysis.

3.1.3. Influence of Feed-Water Resistivity on Specific Energy Consumption

Feed-water resistivity was found to exert a significant influence on specific elec-
trical energy consumption, with Espec deteriorating by 5.8% from 4.62 kWh Nm~3 to
4.89 kWh Nm ™3 as resistivity decreased from 18 MQ cm to 0.8 MQ) cm. The magnitude of
this penalty is notable in that it approaches the benchmark gap typically reported between
laboratory-scale PEM systems and industrial-scale installations operating at approximately
4.3 kWh Nm~3, thereby identifying feed-water purity as a practical and low-cost optimisa-
tion lever. The mean stack voltage increased monotonically by 210 mV across the resistivity
range examined, which confirms ionic contamination of the membrane as the principal
mechanism underlying the ohmic degradation. The hydrogen yield declined by 5.3% over
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the same range, consistent with the reduced Faradaic efficiency inferred from the voltage
response. Complete data are presented in Table 7.

Table 7. Effect of feed-water resistivity on specific energy consumption at fixed conditions (0.70 A,
30 °C, RH 100%).

Resistivity (MQ cm) Vi (mL) Espec (kWh Nm~—3) Vstack Mean, V)
18 34.0 4.62 3.72
5 33.6 4.68 3.77
1 329 4.78 3.85
0.8 322 4.89 3.93

The progression observed in Table 7 is consistent with the accepted mechanism by
which dissolved ionic species, and in particular alkali-metal cations introduced through
the controlled NaCl addition, compete with protons for sulphonic acid sites within the
Nafion membrane. This competition reduces effective protonic conductivity and produces
the monotonic rise in ohmic overpotential captured by the stack voltage. The practical
implication is that investment in upstream water treatment for small-scale PEM systems
delivers measurable efficiency returns that extend beyond the avoidance of catastrophic
contamination events.

3.2. Fuel-Cell Mode: Reversible Stack Characterisation

It should be emphasised that the fuel-cell measurements reported in this section do
not constitute a separate device study: they characterise the same reversible membrane—
electrode assemblies operating in the reverse (galvanic) direction and are included solely to
establish the round-trip cycle symmetry of the unitised regenerative stack that motivates the
green hydrogen storage application of this work. All optimisation and statistical analysis
in Sections 3.1 and 3.3 pertain exclusively to the electrolysis (hydrogen-production) mode.
The reversible PEM stacks were subsequently characterised in fuel-cell mode in order to
complete the hydrogen cycle assessment and to establish a quantitative basis for evaluating
cycle symmetry against the electrolysis-mode performance reported in Section 3.1. All
fuel-cell measurements were conducted at 30 °C and 100% RH with pure hydrogen and
oxygen feeds, and hydrogen consumption rates were corrected to STP using the same
methodology applied to electrolysis data.

3.2.1. Polarisation and Power Generation Characteristics

Power generation exhibited the three-regime polarisation behaviour characteristic of
low-temperature PEM fuel cells, comprising rapid activation losses at currents below 0.10 A,
a quasi-linear ohmic regime between 0.10 A and 0.40 A, and mass-transport limitations
above 0.40 A. The peak power output of 0.260 W was reached at 0.50 A and 0.52 V, while
the lower heating value (LHV) efficiency declined from 58.3% at 0.05 A to 35.7% at 0.50 A in
response to the progressive accumulation of irreversibilities across the polarisation regimes.
Hydrogen consumption scaled linearly with current in accordance with stoichiometric fuel
utilisation. The complete polarisation dataset is presented in Table 8, and the corresponding
stack voltage and power density trends are illustrated in Figure 5.

https://doi.org/10.3390/pr14162661


https://doi.org/10.3390/pr14162661

Processes 2026, 14, 2661 18 of 27
Table 8. Fuel-cell polarisation data at 30 °C and 100% RH with pure H, /O, feeds.
H;
Current (A) Vstack (V) Power (W) Consumption Niav (%)
(mL min—1)
0.05 0.85 0.043 2.1 58.3
0.10 0.80 0.080 4.2 54.9
0.20 0.74 0.148 8.4 50.8
0.30 0.68 0.204 12.6 46.7
0.40 0.61 0.244 16.8 41.9
0.50 0.52 0.260 21.0 35.7
1.0 0.30
[ ]
0.9 = [ L 0.25
- -~
7~
- 020 <&
= o ~ S
o) )/ .
% —@=—Stack voltage ‘5_
= == Power output L 015 5
g 0.7 o
Xx 7 5
[ S
8 / o
wn - 0.10
/ o
0.6 ’
7
/ - 0.05
0.5
_{ T T T T T 0.00
0.0 0.1 0.2 0.3 04 0.5

Applied current | (A)
Figure 5. Fuel-cell polarisation and power density curves at 30 °C and 100% RH.

3.2.2. Voltage Stability and Discharge Behaviour Under Galvanostatic Load

Voltage behaviour under sustained galvanostatic load was examined at a fixed dis-
charge current of 0.20 A under the reference conditions of 30 °C and 100% RH. Over
the 600 s measurement window, the stack voltage decayed approximately linearly from
0.740 V to 0.710 V, corresponding to a cumulative drift of —30 mV and a mean drift rate
of —0.05 mV s~ (=3 mV min~!). The measured terminal voltage and the corresponding
cumulative drift are presented in Table 9 and illustrated in Figure 6, in which the close
correspondence between the two traces confirms the linearity of the decay across the entire
window. In this regime the stored hydrogen remains sufficient to sustain the imposed
current, so the response is governed by the gradual reduction in reservoir pressure rather
than by concentration polarisation at the electrode. The resulting linear behaviour provides
a reliable proxy for state-of-charge estimation over the operational timescales relevant to
short-duration energy storage demonstrations.
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Table 9. Voltage drift during an initial 600 s galvanostatic discharge at 0.20 A (30 °C, 100% RH).
Time (s) Vstack (V) AV (mV)
0 0.740 0
100 0.735 -5
200 0.730 —10
300 0.725 —15
400 0.720 —20
500 0.715 —25
600 0.710 -30
0.745 -
—&— Stack voltage
i -0
-
0.740 ~ Voltage drift AV
0.735 A1
= 0.730 1
)
(@)]
S
o 0.725 1
>
A7
O
© 0.720 1
wn
0.715 A1
0.710 A1
0.705 T

100 200 300 400 500 600
Time (s)

Figure 6. Stack voltage and cumulative voltage drift during galvanostatic fuel-cell discharge at 0.20 A
(30 °C, 100% RH) over the 600 s measurement window.

A separate discharge measurement was subsequently conducted, without replenish-
ment of the hydrogen reservoir, in order to characterise the behaviour of the stack as the
stored fuel approached exhaustion. Under these conditions the voltage response departed
markedly from the linear regime described above. An initial period of oscillatory behaviour
was observed between approximately 90 s and 270 s, with excursions of the order of 100 mV,
which is attributed to the transient redistribution of hydrogen within the manifold and
the gas-diffusion layers as the supply pressure fell. Beyond approximately 300 s, the stack
entered a terminal collapse phase, the voltage falling from 0.55 V to 0.04 V within 150 s
as concentration polarisation became dominant and the reservoir was exhausted. This
two-stage behaviour, comprising a stable linear regime followed by an abrupt collapse
once the fuel supply becomes limiting, is characteristic of small-scale demonstration stacks
operating without active hydrogen recirculation and is consistent with the finite-reservoir
architecture of the present rig. It also delimits the operational window over which the
linear voltage-decay proxy described above remains valid.

https://doi.org/10.3390/pr14162661


https://doi.org/10.3390/pr14162661

Processes 2026, 14, 2661

20 of 27

Hydrogen evolution rate, Q
(mL min-1)

3.3. Statistical Model Analysis and Integrated Assessment
3.3.1. Main Effects and Interaction Behaviour

The main-effects analysis derived from the response surface regression confirmed that
the influence of applied current on hydrogen evolution rate was strictly linear across the
0.40-0.90 A range, with no statistically detectable curvature. The fitted linear slope was
indistinguishable from the theoretical Faraday prediction of 10.4 mL min~! A~! within
experimental uncertainty. Temperature exhibited a weaker but statistically significant
positive main effect, and the interaction term between current and temperature was found
to be non-significant (p > 0.10), with near-parallel profiles observed in the interaction plot
across all temperature levels. These findings indicate that current and temperature act
additively on the hydrogen evolution rate within the tested window, which simplifies the
operational control strategy for small-scale systems and permits independent tuning of
each factor without compensatory adjustment of the other. The main-effects and interaction
plots for the four responses are presented in Figure 7.
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Figure 7. Main-effect and two-factor interaction plots derived from the reduced quadratic response-
surface models. Hydrogen evolution rate is shown against (a) current, (b) temperature and (c) relative
humidity, with (d) the current effect at two temperature levels; Faradaic efficiencyagainst (e) current,
(f) temperature and (g) relative humidity, with (h) the humidity effect at twocurrent levels; specific
energy consumption against (i) current, (j) temperature and (k) relative humidity, with (1) the
humidity effect at two current levels; and voltage drift against (m) current, (n) temperature and
(o) relative humidity, with (p) the current effect at two humidity levels.
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The relative influence of the three factors varied systematically across the four re-
sponses. Current dominated the hydrogen rate response (accounting for the largest share of
explained variance), while membrane relative humidity dominated the Faradaic efficiency
and specific energy consumption responses. Temperature contributed as a secondary pos-
itive effect across all three primary responses. Voltage drift exhibited the weakest factor
dependence, with residual scatter consistent with the short-term stochastic character of
the measurement.

3.3.2. Performance Trade-Offs Between Rate, Efficiency, and Energy Consumption

Integration of the electrolysis dataset reveals a clear performance trade-off between
hydrogen production rate and specific electrical energy consumption, which defines the
practical Pareto frontier for the teaching rig examined. The maximum observed hydrogen
rate of 8.82 mL min—!, achieved at 0.90 A, 45 °C, and 100% RH, was associated with a
specific energy consumption of approximately 4.65 kWh Nm~3. In contrast, operation at
0.70 A, 45 °C, and 100% RH delivered 78% of the peak rate (6.88 mL min’l) at the mini-
mum observed specific energy consumption of 4.62 kWh Nm~3, thereby identifying this
operating point as a favourable balance between throughput and efficiency. Reduction of
relative humidity to 50% under otherwise reference conditions penalised Faradaic efficiency
by 11.4 percentage points and increased specific energy consumption to approximately
4.85 kWh Nm~3, which demonstrates that membrane hydration exerts a larger influence
on efficiency than either current or temperature within the examined design space. The
consolidated trade-off data are summarised in Table 10, and the corresponding specific
electrical energy consumption and hydrogen evolution rate are illustrated in Figure 8.

Table 10. Performance trade-offs and operating-condition comparisons within the electrolysis
design space.

Operating Condition H, Rate (mL min—1) Faradaic n (%) Espec (kWh Nm~—3)

Maximum rate: 0.90 A,

45 °C, RH 100% 8.82 100.6 ~4.65
Minimum Espec: 0.70 A,
45 °C, RH 100% 6.88 100.1 4.62
Low-hydration penalty:
0.70 A, 30 °C, RH 50% 6.0 87.6 4.85
Low-purity penalty: 0.70 6.44 947 189

A,30°C, 0.8 MQ cm

The measured minimum specific energy consumption of 4.62 kWh Nm~? aligns closely
with values reported in the literature for small-scale PEM electrolyser systems, confirming
the representativeness of the teaching rig despite its bench-scale configuration. Current
provides the greatest leverage on throughput, delivering a 140% increase in production
rate in response to a 125% increase in current, but this throughput gain is accompanied by
diminishing efficiency returns beyond 0.70 A. Membrane hydration delivers dual benefits to
both Faradaic efficiency and specific energy consumption with minimal infrastructure cost,
while feed-water purity represents a scalability consideration that becomes increasingly
important as system size and operating duration increase.
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Figure 8. Pareto frontier for the PEM electrolyser showing hydrogen production rate against specific
energy consumption.

3.3.3. Cycle Symmetry: Electrolysis—Fuel-Cell Comparison

The overlay of steady-state polarisation curves for the reversible PEM stack in electrol-
ysis and fuel-cell modes are shown in Figure 9. Hydrogen throughput scales symmetrically
between the electrolysis and fuel-cell modes, with electrolysis production corresponding to
approximately 40% of fuel-cell consumption at matched current, a ratio that reflects the
stoichiometric relationship between the two reactions and validates the reversible stack
concept. The voltage asymmetry between the modes (approximately 4 V for electrolysis
compared with approximately 0.6 V for fuel cell) reflects the combined contributions of
thermodynamic reversibility and activation overpotentials. Estimation of the round-trip
LHYV efficiency, calculated as the product of the electrolysis efficiency and the fuel-cell
LHYV efficiency, yields a value of approximately 45%, which is typical for educational PEM
systems and suitable for the demonstration of renewable energy storage cycles. A summary
comparison of hydrogen throughput in the two operating modes is presented in Table 11.

1.0
Equivalent ohmic (a) (b)
resistance:

4.00 Req = 1.100Q (two-stack)
Reen = 0.55Q (per cell)
R? =1,0000

Activation Ohmic Mass transport
0.9 (quasi-linear)

Peak power

0.8 0.260 W at 0.50 A

3.50
0.7

© 0.6

Stack voltage, Viack (V)
o
Stack voltage, Vsiack (V)

8 3.00

0.4 1|—— Fuel-cell polarisation (Table 8)
= Linear fit: V=3.04 +1.10/ QO Measured
2501 oo [0 Measured (Table 4) Ohmic fit: Rec = 0.63Q

- - - - - 0.3 - -
0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.0 0.1 0.2 0.3 0.4 0.5
Applied current, / (A) Load current, | (A)

Figure 9. Overlay of steady-state polarisation curves for the reversible PEM stack in electrolysis and
fuel-cell modes at 30 °C and 100% RH, (a) Electrolysis mode, (b) Fuel-cell mode.
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Table 11. Cycle symmetry summary comparing electrolysis production with fuel-cell consumption at
comparable currents.

Fuel-Cell H,
Consumption Velee (V) Vgc (V)
(mL min—1)

Electrolysis H;

Current (A) Rate (mL min—1)

0.40 3.86 16.8 3.48 0.61
0.50 4.90 21.0 3.59 0.52

3.3.4. Optimal Operating Window

Desirability profiling following the approach of Derringer and Suich was applied
to the reduced quadratic regression models in order to identify the operating region
that simultaneously maximises hydrogen evolution rate and Faradaic efficiency while
minimising specific energy consumption. The combined desirability function indicated an
optimal operating region centred at approximately 0.75 A, 42 °C, and 95% relative humidity,
at which the predicted hydrogen rate was 7.4 mL min~!, the predicted Faradaic efficiency
was close to 98%, and the predicted specific energy consumption was approximately
4.5 kWh Nm 3. All three predicted values fall within the expanded uncertainty bounds
of the experimental measurements, which confirms both the internal consistency of the
regression models and the practical attainability of the identified operating point. These
statistically derived operating conditions provide quantitative guidance for educational
and small-scale PEM electrolysers seeking to maximise green hydrogen production under
constrained laboratory resources and establish a reproducible benchmark against which
subsequent design modifications or operational interventions may be assessed.

Formal statistical validation of the optimised models is provided by the predicted
coefficients of determination reported in Table 2, which are computed by a leave-one-out
(PRESS) procedure and therefore quantify out-of-sample predictive capability. In addi-
tion, the identified optimum lies within the measured design space rather than on an
extrapolated boundary, and its predicted responses agree, within the expanded experi-
mental uncertainty of +3.6%, with the nearest directly measured operating points. This
internal consistency between predicted and measured neighbouring points constitutes a
self-consistent validation of the models within the design space.

3.3.5. Comparison with Recent Literature

To situate the present results within the recent literature, Table 12 compares the
measured performance of the bench-scale rig with representative PEM water electrolysis
studies published in recent years. The minimum specific energy consumption obtained
here (4.5-4.62 kWh Nm~3, equivalent to ~50 kWh per kilogram of hydrogen at the stack) is
close to the stack-level consumption of 2253 kWh kg ! assumed in recent techno-economic
analyses of industrial PEM systems, indicating that, despite its bench scale, the rig operates
at an energy efficiency representative of practical PEM technology. The Faradaic efficiency
of 94-100% is consistent with values reported for well-hydrated laboratory PEM cells,
while the dominance of applied current over throughput and of membrane hydration over
efficiency reproduces the qualitative trends reported in both experimental and modelling
studies. Differences in absolute production rate are attributable primarily to the small
active area and the low-current density of the teaching platform relative to industrial stacks
operating at 1-3 A cm~2.
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Table 12. Comparison of the present bench-scale results with PEM water electrolysis studies.

Study System/Scale Method Key Range/Conditions Reported Performance
~ -3
. Experimental 0.40-0.90 A; 18-45 °C; ~45 kWh Nm™*
Bench-scale reversible . (=50 kWh kg~"); Faradaic eff.
Present Study 5 X FCCD + RSM, 4 responses, 50-100% RH; o .
PEM, 16 cm*, Nafion 117 . 94-100%; RH dominates
GUM uncertainty 0.8-18 MQ)-cm -
efficiency
Optimises efficiency vs.

. . operating parameters;

RSM + finite-element Single-cell PEM, RSM fitted to FEM output Tempel.‘ature /current response surface from
PEM study [30] model-coupled density /pressure . ) .

simulation, not direct
measurement

Statistical/ ML modelling of
RSM + ANN PEM Next-generation PEM cell RSM and artificial neural Multlple. operating performance; fewer measured
study [31] networks variables responses and no
water-quality term
titgﬁszfgrffnl\:i[c Industrial-scale PEM Techno-economic 1-3 A cm™2, pressurised, ~57.5 kWh kg~ ! system;
system modelling optimised MEA LCOH = US$5-7 kg !

baseline [32]

3.3.6. Scalability Considerations

The absolute production rates reported here are set by the 16 cm? active area and
the sub-ampere current of the stack and are not directly transferable to industrial sys-

2 over far larger areas and under elevated pressure.

tems, which operate at 1-3 A cm™
What does transfer, however, is the relational structure this study quantifies: the linear
current—-throughput relation, the ohmic dominance of membrane hydration, and the ef-
ficiency penalty of feed-water contamination are intrinsic to PEM electrochemistry and
scale-invariant in direction, even though their magnitudes shift with cell design. The statis-
tical framework is likewise scale-independent and can be reapplied, without modification,
to an industrially representative single cell across wider factor ranges. The present results
therefore constitute a transferable methodology and a qualitative guide, not a set of directly

transposable industrial set-points.

3.3.7. Indicative Economic Assessment

Although a full techno-economic optimisation is beyond the scope of a bench-scale
study, the measured energy performance permits a first-order estimate of production eco-
nomics that contextualises the efficiency gains identified. At the optimal operating window
(specific energy consumption ~24.5 kWh Nm ™3, equivalent to ~50 kWh per kilogram of hy-
drogen), electricity alone contributes approximately US$2.5-3.5 per kilogram of hydrogen
at representative renewable-electricity prices of 0.05-0.07 US$ kWh~!. This is consistent
with recent techno-economic analyses that place the levelised cost of green hydrogen from
current PEM technology at roughly US$5-7 kg ™!, of which electricity is the single largest
recurring contributor [32]. Within this framework, the operational levers quantified in the
present study translate directly into cost: the 11.4 percentage-point Faradaic-efficiency gain
and associated voltage reduction achieved through full membrane hydration correspond
to a proportional reduction in specific energy consumption, and therefore in the electricity
component of cost, while maintaining high feed-water resistivity avoids the 5.8% energy
penalty measured under contaminated-water conditions. Because electricity dominates
operating expenditure, these low- or zero-capital operational measures represent a particu-
larly favourable cost-reduction pathway relative to hardware modifications, especially for
small-scale and off-grid systems coupled to variable renewable power.

4. Conclusions

A statistical framework has been developed for quantifying the influence of operating
conditions on green hydrogen production in a bench-scale proton-exchange membrane wa-

https://doi.org/10.3390/pr14162661


https://doi.org/10.3390/pr14162661

Processes 2026, 14, 2661 25 of 27

ter electrolyser, integrating a face-centred central composite design with response surface
methodology and supplementary measurements on feed-water purity. The novelty and
practical value of this work reside in three contributions: a fully experimental, uncertainty-
quantified RSM framework that jointly models four performance responses; the explicit
quantification of two water-management levers (membrane hydration and feed-water
resistivity) within that framework; and a reproducible operating benchmark for small-scale
PEM systems. These outcomes are directly applicable to laboratory electrolysers, to dis-
tributed and off-grid hydrogen generators coupled to intermittent renewable power and,
at the methodological level, to any PEM optimisation campaign seeking an interpretable,
statistically rigorous alternative to one-factor-at-a-time testing. The experimental campaign
generated 288 independent observations across 96 randomised runs, from which reduced
quadratic regression models were derived for four performance responses: hydrogen evolu-
tion rate, Faradaic efficiency, specific electrical energy consumption, and stack voltage drift.
Applied current has been identified as the dominant operating variable governing hydrogen
throughput, with a strictly linear dependence observed across the 0.40-0.90 A range and a
fitted slope indistinguishable from the theoretical Faraday prediction of 10.4 mL min~! A~!
within the expanded experimental uncertainty of +3.6%. Membrane relative humidity has
been shown to exert the strongest control over efficiency-related responses, producing an
11.4 percentage-point improvement in Faradaic efficiency as hydration was raised from
50% to 100%, accompanied by a 120 mV reduction in mean stack voltage. Temperature
contributed a secondary but statistically significant positive effect, while feed-water re-
sistivity produced a 5.8% deterioration in specific energy consumption across the range
examined. Model adequacy has been confirmed through analysis of variance and residual
diagnostics, with adjusted coefficients of determination in the range 0.851-0.925 and pre-
dicted coefficients above 0.835 across all four responses. Desirability profiling has identified
an optimal operating region at 0.75 A, 42 °C, and 95% relative humidity, delivering a
predicted hydrogen rate of 7.4 mL min~!, a Faradaic efficiency of 98%, and a specific energy
consumption of 4.5 kWh Nm 3.
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