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A B S T R A C T

Most of the scientific research is focused on KOH-based alkaline electrolysers, while NaOH-based ones are
unexplored although they present interesting features. This paper presents a semi-empirical model developed in
the Python environment to predict a NaOH-based alkaline electrolyser’s performance to cover such a research
gap and perform an optimisation procedure of electrochemical parameters. A sensitivity analysis has been
carried out to study how its performance changes while varying the: i) NaOH content, ii) pressure, and iii)
both. Separately, the best result has been obtained with a NaOH content and an operating pressure of 8%
and 6.5 bar, respectively. Furthermore, the same values have been recorded even by varying both the NaOH
content and the operating pressure. Specifically, a maximum average efficiency increase of 3.57% at 35 ◦C,
0.17% at 40 ◦C, and 3.74% at 35 ◦C in the case of NaOH content, pressure, and both, respectively.
1. Introduction

The ever-increasing global energy demand and population growth in
the past decades led to an over-exploitation of fossil fuels and thus cli-
mate change issues that are currently undergoing and affecting human
beings that live on Earth. The United Nations Environment Programme
(UNEP) stated that the coal, oil & gas production from government
plans & projections will increase up to 2030 and 2050, respectively,
being still far away from both the 0.5 and 2◦C-consistent pathlines [1].
That said, a fast and progressive transition to clean and reliable energy
sources is mandatory and urgently required for addressing these issues.

In such a context, water electrolysis is considered one of the pos-
sible solutions to speed up the decarbonisation process as reported
by [2], where the authors provided a recent review and evaluation of
this electro-chemical process from different environmental and techno-
economic aspects such as hydrogen cost production, electrode materials
development, etc. In particular, if coupled with Renewable Energy
Sources (RESs) water electrolysers produce the so-called green hydro-
gen to be used either as energy vector, or storage means in medium-
long term periods to provide grid stability as other energy storage
systems like batteries [3].

Several electrolysis technologies are currently available in the global
market. In particular, Alkaline, Proton Exchange Membrane (PEM),
Solid Oxide (SO), and Molten Carbonate (MC) electrolysers are the
most widespread at both the industrial and residential levels as well
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as at laboratory scales, while the Anion Exchange Membrane (AEM)
technology is still under development [4].

Among the above-mentioned technologies, the Alkaline one is the
most mature and widespread technology that is being currently used
in different applications of the renewable energy sector [5]; indeed,
Alkaline electrolysers have several advantages [6]:

• low cost due to the use of cheaper catalyst materials such as
Nickel (Ni);

• high lifetime and gas purity;
• high operating pressure (up to 200 bar);
• high hydrogen production capacity (up to 3880 Nm3∕h); and
• low specific energy consumption (around 3.8 kWh∕Nm3).

However, if compared with other technologies, Alkaline electroly-
sers present:

• corrosion issues due to the alkaline solution, while PEM, AEM,
and SO technologies use a solid/non-corrosive electrolyte which
prevent them from a more frequent maintenance;

• low current density (e.g., 0.2−0.7 A∕cm2), while PEM and SO tech-
nologies can reach values up to 2 and 1 A∕cm2, respectively [6,
7];

• non-compact design due to the low operating current density; and
• low efficiency (< 77%), while PEM and SO can reach values up

to 83 and 90%, respectively [6,8].
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Nomenclature

Acronyms

𝐴𝐸𝑀 Anion Exchange Membrane
𝐶𝐹𝐷 Computational Fluid Dynamics
𝐻𝐸𝑅 Hydrogen Evolution Reaction
𝐾𝑂𝐻 Potassium Hydroxide
𝑀𝐶 Molten Carbonate
𝑀𝑊 Molecular Weight
NaOH Sodium Hydroxide
𝑂𝐶𝑉 Open Circuit Voltage
𝑂𝐸𝑅 Oxygen Evolution Reaction
𝑃𝐸𝑀 Proton Exchange Membrane
𝑃𝑃𝑆 Polyphenylene Sulphide
𝑅𝐸𝑆 Renewable Energy Source
𝑅𝑀𝑆𝐸 Root Mean Square Error
𝑆𝑂 Solid Oxide
𝑈𝑁𝐸𝑃 United Nations Environment Programme
𝑤𝑡𝑝 weight title percent

Physics constants

𝐹 Faraday’s constant (96,485 C/mol)
𝐿𝐻𝑉 Lower Heating Value of hydrogen (120

MJ/kg)

Electrochemical variables

𝛼 Charge transfer coefficient
𝛿 Membrane thickness (cm)
𝑚̇H2

Mass rate of hydrogen (kg/s)
𝑛̇H2th

Theoretical molar rate of hydrogen (mol/s)
𝑛̇H2

Molar rate of hydrogen (mol/s)
𝜂 Electrolyser energy efficiency
𝜂f Faraday efficiency
𝜎el Electrolyte solution conductivity (S/cm)
𝐴an Anode area (cm2)
𝐴cat Cathode area (cm2)
𝐴cell Cell area (cm2)
𝑑as Distance anode - separator (cm)
𝑑cs Distance cathode - separator (cm)
𝐸OCV Open Circuit Voltage (V)
𝐸rev Reversible potential (V)
𝑖 Current density (A/cm2)
𝑖0 Exchange current density (A/cm2)
𝐾1 Empirical constant (S/m)
𝐾2 Empirical constant (S/m*◦C)
𝐾3 Empirical constant (S/m)
𝐾4 Empirical constant (S/m)
𝐾5 Empirical constant (S/m)
𝑛 Number of electrons exchanged (2)
𝑁c Number of cells
𝑃el Electric power consumption (W)
𝑃el Partial pressure of electrolyte solution (Pa)
𝑃H2O Partial pressure of water vapour (Pa)
𝑃H2

Partial pressure of hydrogen (Pa)
𝑃NaOH Partial pressure of electrolyte (Pa)
𝑃O2

Partial pressure of oxygen (Pa)
𝑅 Universal gas constant (J/mol K)
𝑅el Electrolyte solution resistance
a
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𝑅sep Separator resistance
𝑇 Cell temperature (K)
𝑉 Cell potential (V)
𝑉act,a Anode activation overpotential (V)
𝑉act,c Cathode activation overpotential (V)
𝑉ohm Ohmic overpotential (V)
𝑥H2O Molar fraction of water
𝑥NaOH Molar fraction of electrolyte

Alkaline electrolysers consist of multiple electrochemical cells, com-
monly arranged in series, where two electrodes are partially submerged
in either Potassium Hydroxide (KOH)- or Sodium Hydroxide (NaOH)-
based electrolyte. Water and electricity are supplied to the cell to
initiate the electrolytic reaction, which splits the water molecules and
produces hydrogen and oxygen according to Eqs. (1) (cathode reaction)
and (2) (anode reaction), respectively:

2H2O + 2e− ⟶ 2OH− + H2 (1)

2OH− ⟶ (1∕2)O2 + H2O + 2e− (2)

Most of the commercial alkaline electrolysers are KOH-based since
they use non-noble catalysts (e.g., Nickel, Cobalt, Iron, etc.) to lower
the activation energies and accelerate the reactions; as a consequence,
they have been deeply studied by several scientists [9], particularly by
means of numerical models to predict their performance at different
operating conditions. Gilliam et al. [10] focused on specific conductiv-
ity data of aqueous KOH-based solutions. They proposed an empirical
model, which is based on the density concentration, to compare experi-
mental conductivity data obtained at fixed KOH weight percentage and
molarity. The best correlation coefficient of 0.998 was obtained over
a molarity range of 0–12 M at temperatures of 0 − 100 ◦C, showing
its good accuracy capability over a broader concentration range with
a maximum deviation of ± 6% and an average value of 1.5%. Artuso
et al. [11] proposed an electrolyser’s model that has been validated
with real data of a 36 kW-alkaline technology. The electrolyser op-
erated at rated conditions as well at different part-loads, namely at
60 and 20% of its rated power. Results showed that the model was
able to correctly evaluate the overall hydrogen production, showing
a maximum percentage error of 0.89%. Abdin et al. [12] developed
a one-dimensional model of a KOH-based alkaline electrolyser, which
is based on 7 free model parameters, to assess the influence of its
components on the cell potential. They used parameters related to
the materials and components configuration, obtaining a good match
between numerical and real data.

However, the authors of the research works previously mentioned
did not perform any optimisation procedures for tuning their model to
better fit the experimental points, which is nowadays crucial for prop-
erly assessing the performance of this technology at different operating
conditions. In this regard, Hammoudi et al. [13] presented a multi-
physics model for designing alkaline electrolysers. The model allows
to choose precisely the design parameters of an alkaline electrolyser to
obtain targeted energy consumption, efficiency, and hydrogen produc-
tion rate. The model has been validated with experimental tests on two
different electrolysers having a power input of 5 and 26 kW, showing
a deviation of 1.2 and 3% with an operating pressure of 10 and 30 bar
t a temperature of 80 ◦C, respectively. Amores et al. [14] developed a
athematical model from the Ulleberg’s equation to resemble the opti-
al operation of an alkaline water electrolyser for hydrogen production

e.g., polarisation curves). Results were validated with experimental
ata showing a very good accuracy; indeed, the maximum error was

round 1% in all the analysed polarisation curves. DaCruz et al. [15]
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proposed an optimisation model for a KOH-based alkaline electrolyser
operating in transient conditions using orthogonal collocation on finite
elements. The main goal was to minimise the operating costs of the
electricity consumption while keeping the hydrogen yield constant.
Results showed that it is possible to save up to 17% of the electricity
costs compared to a constant plant capacity.

Nevertheless, the models described so far use 7, 11, and 17 variable
arameters, respectively, related to the geometry of the electrolysers,
perating pressure and temperature, materials, concentration, electrical
onductivity, bubbling, the influence of both electrolyte concentra-
ion, distance between electrodes, hydrogen/electrolyte separator, and
xygen/electrolyte that are difficult to calculate since they require
etailed characteristics either from alkaline electrolyser’s manufac-
urers, or expensive lab equipment which is not always affordable.
ne option to perform a deep analysis on the electrolyser’s behaviour

s the use of Computational Fluid Dynamics (CFD)-based software.
ndeed, Zarghami et al. [16] performed a CFD analysis of a water-
ased electrolyser to analyse the multiphase flow and compare the
esults, at different current densities, with experimental data. They
dded the turbulence dispersion force to the model and achieved a
etter agreement between numerical and real data, thus showing its im-
ortant role in properly resembling the different operating conditions.
uhsen et al. [17] developed a CFD model and performed a parametric

tudy with COMSOL© Multiphysics along with a sensitivity testing
ithin specified parameter ranges. Results showed that the diaphragm
orosity has a pivotal role in the electrolyser’s efficiency, especially
t 15 and 60%. In addition, the electrode–diaphragm gap trend has a
onlinear increase in the cell current density as the gap decreases from
ts average; consequently, a 75% decrease of the hydrogen yield over
he rated current density is obtained. Liu et al. [18] proposed a 2D, non-
sothermal multi-physical model with a two-phase flow, mass, heat,
nd charge transfer processes based on COMSOL© Multiphysics which
as been validated with experimental data. Results showed a good
lignment with the KOH-based alkaline electrolyser operating voltages
etween 323–343 K, and the relative percentage error was below 2.2%
ven at high current densities up to 1.5 A cm2. The corresponding
ydrogen Evolution Reaction (HER) and Oxygen Evolution Reaction

OER) overpotentials of the porous electrodes showed a good accuracy
s well; indeed, the temperature distribution and ionic species inside
he porous electrodes at various volumetric flow rates and current
ensities has been correctly obtained. However, it should be high-
ighted that the use of commercial CFD software requires a greater
omputational effort than 0D or 1D models which are good enough for
roviding reliable results on the technology’s performance.

After highlighting both the pros and cons of the research works
iscussed so far, it is worth noting that all of them are focused on the
haracterisation of KOH-based alkaline electrolysers, while there are a
ew research works on NaOH-based ones. In particular, NaOH-based
lectrolysers are worth to be investigated considering the following
spects:

• the use of a liquid solution based on a NaOH electrolyte offers
a cheaper option than the KOH one due to lower production
costs [6,19];

• a given concentration of the NaOH electrolyte that is about 35%
more conductive than the same mass of the KOH. To increase the
conductivity, a higher amount of the KOH electrolyte is needed
with a further higher cost of the electrolyte as well [20];

• NaOH-based electrolytes tend to be less corrosive than the KOH-
based ones, thus allowing to adopt cheaper materials (e.g., carbon
steel, Nickel without cathodic protection) [21]; and

• reaction products such as iron dissolution, if it is present, from
the KOH electrolyte is more soluble than those obtained with
the NaOH one, which makes more difficult its removal after-
wards [22].
onversely, it must be also highlighted that:
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able 1
nvestigated alkaline electrolyser’s characteristics.
Feature Value

Rated power (kW) 23
Number of cells 160
Cell area (cm2) 450
Weight title of electrolyte (NaOH) 0.18
Cell operating pressure (bar) 4.5
Cell operating temperature (◦C) 25–55
Electrode materials Carbon steel (no catalysts)
Distance electrode–diaphragm (cm) 0.3
Electrodes thickness (cm) 0.1
Electrodes area (cm2) 580
Diaphragm material PPS
Diaphragm thickness (cm) 0.1
Diaphragm area (cm2) 580

• although the NaOH-based electrolyte is less corrosive than the
KOH-based one, regular maintenance is always required to guar-
antee safe operations and good performance of the system [6];

• alkaline electrolysers manufacturers prefer to use a KOH elec-
trolyte instead of a NaOH one since, for the same concentration of
electrolyte, KOH has a higher specific conductivity at the standard
operating temperature of the system (e.g., 50–80 ◦C) [6].

That said, to the authors’ knowledge, optimisation procedures re-
garding the main electrochemical characteristics of the alkaline elec-
trolysers along with a sensitivity analysis by investigating different
operating conditions have not been deeply analysed so far. As a con-
sequence, this technology is still not fully explored in terms of per-
formance. The main contribution of the present work is to cover this
research gap by developing a numerical model in the Python program-
ming environment [23] to analyse and optimise the performance of
a NaOH-based alkaline electrolyser installed at the Department of In-
dustrial Engineering and Mathematical Sciences (DIISM) of the Marche
Polytechnic University, Italy.

The paper is structured as follows: Section 2 provides characteristics
and performance of the NaOH-base electrolyser under investigation.
Section 3 provides a complete overview of the numerical model devel-
oped with a detailed description of the analysed case studies. Section 4
describes the fitting process performed to obtain some of the parame-
ters required by the model to perform the simulations. Section 5 shows
and discusses the results, highlighting the operating conditions that
optimise the overall system. Finally, Section 6 reports the conclusions
of the work and its possible future developments.

2. Alkaline electrolyser’s performance

This section presents both the alkaline electrolyser’s characteristics
and performance obtained in the experimental campaign. Precisely,
the technical characteristics of the analysed electrolyser are listed in
Table 1, while the system’s performance is shown in Figs. 1 and 2 in
terms of polarisation curves, which is the main curve to analyse the
behaviour of this technology.

As reported by Fig. 1, only data up to a cell temperature of 40 ◦C
were available since the electrolyser has not been explored under full
load conditions yet. Fig. 2 displays experimental points obtained at a
hydrogen pressure of 4.5 bar with a lower cell potential than the points
at lower pressures; this is particularly evident from data collected at
gas pressures ranging from 0 (system start-up) to 3 bar. This behaviour
is due to the operating conditions and materials used in the analysed
technology (see Table 1). More details are reported in Section 5.

Furthermore, most of the experimental data are collected at a
hydrogen pressure of 4.5 bar because the analysed electrolyser reaches
this operating pressure within 10 minutes of the start-up phase, while
the temperature takes a longer time to rise up and then stabilise. This
means that (i) there are few experimental data at gas pressures lower
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Fig. 1. Experimental points at different cell operating temperatures.

Fig. 2. Experimental points at different hydrogen pressures.

than 4.5 bar, and (ii) there is no correspondence between the increase
of both the operating pressure and temperature of the electrolyser.

It is worth noting that no experimental data have been collected
in the activation region of the polarisation curves; indeed, when the
electrolyser starts operating, there is a sudden increase in the absorbed
electric current that directly leads the cells to operate in the ohmic
region. As a consequence, it is not possible to record the system’s
behaviour in the activation zone.

3. Materials and methods

In this section, a detailed description of the Python semi-empirical
model and case studies are reported.

3.1. Electrolyser’s semi-empirical model

A semi-empirical model has been developed in the Python pro-
gramming environment which uses mathematical relations reported
in the scientific literature. The model has been validated with the
experimental data of a NaOH-based alkaline electrolyser (see Section 2)
installed at the Department of Industrial Engineering and Mathematical
Sciences (DIISM) of the Marche Polytechnic University, Italy. The main
performance curve of an electrolyser is the polarisation one that repre-
sents the relationship between the current density and the cell potential
as expressed by Eq. (3):
𝑉 = 𝑁𝑐 ⋅ (𝐸𝑂𝐶𝑉 + 𝑉𝑎𝑐𝑡,𝑎 + 𝑉𝑎𝑐𝑡,𝑐 + 𝑉𝑜ℎ𝑚 + 𝑉𝑐𝑜𝑛𝑐 ) (3)
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where Nc is the number of electrolyser cells, 𝐸OCV (𝑉 ) is the Open
Circuit Voltage, Vact,a (𝑉 ) and Vact,c (𝑉 ) are the anode and cathode
activation overpotentials, respectively, Vohm (𝑉 ) is the Ohmic overpo-
tential, and Vconc is the concentration overpotential. The latter occurs
at high current densities when the reaction rate is slowed down by
the overpopulation of reacting molecules. In this case, the concentra-
tion losses have been neglected as the experimental tests have been
performed without entering this region of the polarisation curve, thus
keeping the current density low. The OCV is obtained through the
Nernst’s equation according to [24]:

𝐸𝑂𝐶𝑉 = 𝐸𝑟𝑒𝑣 +
𝑅 ⋅ 𝑇
𝑛 ⋅ 𝐹

𝑙𝑛
𝑃H2

⋅ 𝑃 0.5
O2

𝑃𝑒𝑙
(4)

where 𝑃 (Pa) is the partial pressure of reactants/products, 𝑇 (K) is the
cell temperature, 𝐹 (C∕mol) is the Faraday’s constant, 𝑅 (J∕molK) is the
universal gas constant, and 𝐸rev (V) is the reversible cell potential that
is calculated using Eq. (5) from [24]:

𝐸𝑟𝑒𝑣 = 1.229 − 0.910−3 ⋅ (𝑇 − 298) (5)

The partial pressure of the electrolyte solution 𝑃el has been calcu-
lated assuming an ideal behaviour of the solution according to Raoult’s
law [25] as reported in Eq. (6):

𝑃𝑒𝑙 = 𝑃H2O ⋅ 𝑥H2O + 𝑃NaOH ⋅ 𝑥NaOH (6)

In this case, the contribution of the electrolyte has been neglected being
less volatile and contained in a low volume percentage concentration
in the water. As a consequence, the Raoult’s law for a solution with low
volatile solute is written as reported in Eq. (7):

𝑃𝑒𝑙 = 𝑃H2O ⋅ (1 − 𝑥NaOH) (7)

Regarding the activation overpotential calculation, a simplified ex-
pression based on the Butler–Volmer’s equation, which is the so-called
Tafel’s one, is used for both the anode and cathode like in [26]:

𝑉𝑎𝑐𝑡,𝑥 = 𝑅 ⋅ 𝑇
𝑛 ⋅ 𝐹 ⋅ 𝛼𝑥

⋅ 𝑙𝑛 𝑖
𝑖0,𝑥

(8)

where 𝛼x (dimensionless) is the charge transfer coefficient of the anode
or cathode, 𝑖 (A∕cm2) is the current density, and 𝑖0,x (A∕cm2) is the
exchange current density of the anode or cathode.

It is worth noting that the charge transfer coefficient has been
assumed equal to 0.5 for both electrodes, while the exchange current
density is calculated as a function of the Arrhenius’ law and the
composition of reacting gases [27] by knowing the reference exchange
current density of both the anode and cathode 𝑖0x,ref (A∕cm2) along with
their activation energy 𝐸act,x (J∕mol) as shown in Eqs. (9) and (10),
respectively:

𝑖0,𝑐𝑎𝑡 = 𝑖0𝑐𝑎𝑡,𝑟𝑒𝑓 ⋅
( 𝑃H2

𝑃𝑟𝑒𝑓

)

⋅
(

𝑃𝑒𝑙
𝑃𝑟𝑒𝑓

)

⋅ 𝑒𝑥𝑝
(−𝐸𝑎𝑐𝑡,𝑐𝑎𝑡

𝑅 ⋅ 𝑇

)

(9)

𝑖0,𝑎𝑛 = 𝑖0𝑎𝑛,𝑟𝑒𝑓 ⋅
( 𝑃O2

𝑃𝑟𝑒𝑓

)0.25

𝑒𝑥𝑝 ⋅
(−𝐸𝑎𝑐𝑡,𝑎𝑛

𝑅 ⋅ 𝑇

)

(10)

where Pref is the reference pressure of the system (e.g., atmospheric),
i0cat,ref and i0an,ref are the cathode and anode reference exchange cur-
rent densities, respectively, and 𝐸act,cat and 𝐸act,an are the cathode
and anode’s reaction activation energies, respectively. In this study,
activation energies and reference exchange current densities have been
calculated with a fitting process (see Section 4).

The Ohmic losses are evaluated with the Ohm’s law considering only
the diaphragm and the electrolyte solution resistances since they are
the predominant ones:

𝑉𝑜ℎ𝑚 = (𝑅𝑠𝑒𝑝 + 𝑅𝑒𝑙) ⋅ 𝑖 (11)

where 𝑅sep (Ω ∗ cm2) and 𝑅el (Ω ∗ cm2) are the separator and
electrolyte solution resistances, respectively. The separator resistance
is evaluated as in Eq. (12):

𝑅𝑠𝑒𝑝 =
𝛿 (12)

𝜎𝑒𝑙



F. Mennilli et al.

s
f

𝜎

w
f
p

o

𝑅

w
t
𝐴
r
w

𝑛

w
E

𝜂

w
E

𝑚

w

3

t
d
p
e

w
s
e
e
s

4

s
P
a
e
o
d

v
s
s
b

w
p
i
t
s

b
t
d
n
i
p

w
e
f
k
f
p
g
c
a
c
i
c
l
t
t

f
t
f
r
t

𝐾

𝐾

𝐾

𝐾

𝐾

r
c
i
s
a

International Journal of Hydrogen Energy 85 (2024) 625–634 
where 𝛿 (cm) is the separator thickness and 𝜎el (S∕cm) is the electrolyte
olution conductivity. The latter is calculated using the Le Bideau
ormula [20] as reported in Eq. (13):

𝑒𝑙 = 𝐾1 +𝐾2 ⋅ 𝑇 +𝐾3 ⋅𝑤𝑡𝑝3 +𝐾4 ⋅𝑤𝑡𝑝2 +𝐾5 ⋅𝑤𝑡𝑝 (13)

here coefficients from 𝐾1 to 𝐾5 are empirical coefficients obtained
rom the fitting process (see Section 4), while 𝑤𝑡𝑝 is the weight title
ercent of NaOH (see Table 1).

The electrolyte solution resistance is calculated considering the
ccupied space by the solution within the cell as reported in Eq. (14):

𝑒𝑙 =
[(

1
𝜎𝑒𝑙

)

⋅
((

𝑑𝑎𝑠
𝐴𝑎𝑛

)

+
(

𝑑𝑐𝑠
𝐴𝑐𝑎𝑡

))]

⋅ 𝐴𝑐𝑒𝑙𝑙 (14)

here 𝐴cell (cm2) is the cell active area, 𝑑as (cm) and 𝑑cs (cm) are
he anode and cathode distance from the separator, respectively, and
an (cm2) and 𝐴cat (cm2) are the anode and cathode geometric areas,

espectively (see Table 1). The hydrogen production rate is evaluated
ith the Faraday’s law [28] as reported by Eq. (15):

̇H2
=

𝜂𝑓 ⋅ 𝑖 ⋅ 𝐴𝑐𝑒𝑙𝑙 ⋅𝑁𝑐

𝑛 ⋅ 𝐹
(15)

here 𝜂f is the Faraday’s efficiency that is calculated according to
q. (16):

𝑓 =
𝑛̇H2

𝑛̇H2𝑡ℎ
(16)

where ṅH2 (mol∕s) is the effective hydrogen production and ṅH2th
(mol∕s) is the theoretical hydrogen production without parasitic losses.
In this case, the calculated average Faraday’s efficiency of the electrol-
yser is equal to 0.95. The electric power consumption is evaluated with
Eq. (17):

𝑃𝑒𝑙 = 𝑉 ⋅ 𝑖 ⋅ 𝐴𝑐𝑒𝑙𝑙 ⋅𝑁𝑐 (17)

and, finally, the energy efficiency (e.g., input electricity to feed the
electrolyser for hydrogen production) is given by Eq. (18):

𝜂 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

=
𝑚̇H2

⋅ 𝐿𝐻𝑉
𝑃𝑒𝑙

(18)

here ṁH2 (kg/s) is the mass rate of hydrogen calculated according to
q. (19):

̇ H2
= 𝑛̇H2

⋅𝑀𝑊 (19)

here 𝑀𝑊 is the molecular weight of hydrogen (kg∕mol).

.2. Case studies

The developed semi-empirical model has been used to implement
hree case studies. Numerical simulations at different operating con-
itions in terms of pressure and electrolyte weight title have been
erformed to determine which of them allows to reach the maximum
fficiency concerning the base operating conditions reported in Table 1.

The first case study involves the variation of the electrolyte content,
hile the second one involves the variation of the operating pres-

ure. Finally, the third case study involves the variation of both the
lectrolyte weight title and cell pressure. In this way, benefits from
ach operating mode are assessed, choosing the one that better fits the
ystem under investigation from a techno-economic point of view.

. Fitting process of model parameters

As mentioned in Section 3, the reference exchange current den-
ities are obtained through a curve-fitting process performed in the
ython programming environment per each set of operating conditions
long with the activation energies and electrolyte solution conductivity
mpirical coefficients. The curve fitting process is performed using
ptimisation algorithms to find the parameters that best fit the real

ata. t
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In particular, the optimisation algorithm looks at the numerical
alues related to model parameters that minimise the sum of the
quared differences between the observed data points and the corre-
ponding ones predicted by the model [29]. The objective function to
e minimised is the following:
𝑘
∑

𝑖=1
(𝑦𝑖 − 𝑓 (𝑥𝑖, 𝑝))2 (20)

here 𝑝 is the parameter vector to be optimised, 𝑘 the number of data
oints, 𝑥i and 𝑦i are the coordinates of the 𝑖th data points, and 𝑓 (𝑥i, 𝑝)
s the model prediction given the parameter vector 𝑝. It is worth noting
hat a proper range of variation of the resulting coefficients has to be
et to avoid unrealistic values.

In this case, the electrolyte solution empirical coefficients range has
een chosen considering the values reported in the scientific litera-
ure [20], while a wide range of variation for the exchange current
ensities and activation energies has been chosen to contain a large
umber of optimal values [30]. The ranges of variations are reported
n Table 2 per each condition of cell temperature along with the fitted
arameters.

An initial fitting process is performed at 25 ◦C and 4.5 bar from
hich reference exchange current densities, activation energies, and
lectrolyte empirical coefficients reported in Table 2 are obtained. The
itting algorithm is successfully applied to the other temperatures by
eeping the first four parameters constant for as long as possible while
itting only those related to the electrolyte. This is because kinetic
arameters, such as exchange current densities and activation ener-
ies, are calculated as reference coefficients at a reference operating
ondition, which is the one at 25 ◦C and 4.5 bar. Once these values
re obtained, they have been used as input to the other operating
onditions by fitting only the coefficients related to the electrolyte. It
s worth noting that the semi-empirical model calculates the exchange
urrent density values per each operating condition through Arrhenius’
aw starting from the reference ones [27]. The developed model adapts
he kinetic parameters at any temperature and pressure conditions by
aking as input a single combination of reference values.

Regarding the coefficients related to the electrolyte, they have been
itted at each operating cell temperature to adapt the NaOH conduc-
ivity equation to the system under investigation. As a consequence,
ive mathematical relations have been derived through a non-linear
egression technique to describe the behaviour of each parameter with
he cell operating temperature:

1 = −0.22 ⋅ 𝑇 3 + 22.057 ⋅ 𝑇 2 − 716.52 ⋅ 𝑇

+ 7, 593.44
(21)

2 = −0.00448 ⋅ 𝑇 3 + 0.445 ⋅ 𝑇 2 − 14.46 ⋅ 𝑇

+ 154.647
(22)

3 = −1.92 ⋅ 10−7 ⋅ 𝑇 3 + 1.88 ⋅ 10−5 ⋅ 𝑇 2

− 0.00061 ⋅ 𝑇 + 0.00657
(23)

4 = 3.43 ⋅ 𝑇 3 − 318.057 ⋅ 𝑇 2 + 9, 455.77 ⋅ 𝑇

− 92, 156.29
(24)

5 = 1.38 ⋅ 𝑇 3 − 141.15 ⋅ 𝑇 2 + 4, 736.37 ⋅ 𝑇

− 51, 643.29
(25)

With the above mathematical relations, along with the fitted pa-
ameters reported in Table 2, the electrolyser’s behaviour at operating
onditions that have not been tested is obtained, thus allowing for sav-
ng time and economic expenses. As previously mentioned, three case
tudies have been considered by simulating the system’s performance
t different conditions of the NaOH content and cell pressure to target

he optimal ones from an efficiency point of view.
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Table 2
Coefficients obtained from the fitting process.

Range of
variation

Fitted values at
25 ◦C

Fitted values at
30 ◦C

Fitted values at
35 ◦C

Fitted values at
40 ◦C

Unit of measure

𝑖0an,ref (0.000001–0) 0.000564 – – – A/cm2

𝑖0cat,ref (0.000001–0) 0.0000162 – – – A/cm2

𝐸act,an (0–100,000) 22,409 – – – J/mol
𝐸act,cat (0–150,000) 66,494 – – – J/mol
𝐾1 (-60-0) −8.89 −55.66 −0.425 −9.9966 S/m
𝐾2 (0–2) 1.22 0.34 1.55 1.4878 S/m ◦ C
𝐾3 (0.000001–0) 0.000082 0.000027 0.0000502 0.000007548 S/m
𝐾4 (4000-0) −882.21 −2000.56 −3566.089 −3002.85 S/m
𝐾5 (0–800) 130.06 709.03 447.14 380.55 S/m
Fig. 3. Model validation at different cell temperatures while the pressure is fixed at
4.5 bar. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

5. Results and comments

The semi-empirical model described in Section 3 has been validated
with experimental data obtained from the alkaline electrolyser installed
at the Marche Polytechnic University, Italy, whose characteristics are
reported in Table 1. Data were recorded at cell temperatures ranging
from 25 ◦C (green points) to 40 ◦C (orange points) and at a fixed
operating pressure of 4.5 bar.

Fig. 3 shows the validation of the numerical model; as it can be
noticed, polarisation curves are coherent with the scientific theory and
the recorded maximum value of the Root Mean Square Error (RMSE) is
0.13 𝑉 at 25 ◦C and 30 ◦C. The model is then considered reliable and
used for subsequent analysis.

5.1. First case study: variation of weight title percent of NaOH

In this case, the weight title percent (wtp) of electrolyte has been
varied between 8 and 25%, being coherent with a range of validity of Le
Bideau relation for the electrolyte conductivity [20]. Fig. 4 shows the
polarisation curves simulated at different conditions of the electrolyte
wtp, at a cell operating temperature and pressure of 40 ◦C and 4.5 bar,
respectively. It is worth noting that simulation results at NaOH contents
higher than 18% have not been considered in this case since an increase
of the electrolyte wtp beyond this value leads to a negative ionic
conductivity of the latter. From a physical point of view, this can be
related to an excess of free ions that globally worsens the performance
of the electrolyte itself; indeed, although the conductivity of a solution
increases with the ion concentration, some exceptions arise for highly
concentrated solutions (e.g., NaOH or Sulphuric Acid solutions) where
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Fig. 4. Simulated polarisation curves at different electrolyte weight title percent. The
cell operating temperature and pressure are 40 ◦C and 4.5 bar, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. Electrodes activation overpotentials at different electrolyte weight title percent.
The cell operating temperature and pressure are 40 ◦C and 4.5 bar, respectively.

there is a maximum ion concentration beyond which the conductivity
worsens. This might be due to an overpopulation of free ions within
the solution hinders their movement, thus worsening the quality of the
electrolyte in terms of ionic conductivity.

As it can be noticed, a wtp of 8% represents the best operating
condition for this case; indeed, the corresponding polarisation curve
(green curve) highlights, for the same current density, a lower cell
potential compared to the others.

This means that, for the same amount of produced hydrogen, the
electrolyser consumes less electric energy. As a consequence, its ef-
ficiency improves. Fig. 5 shows the anode and cathode activation
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Fig. 6. Ohmic overpotentials at different electrolyte weight title percent. The cell
operating temperature and pressure are 40 ◦C and 4.5 bar, respectively.

Fig. 7. Potassium Hydroxide conductivity. The cell operating temperature and pressure
are 40 ◦C and 4.5 bar, respectively.

Fig. 8. Separator and electrolyte ionic resistances. The cell operating temperature and
pressure are 40 ◦C and 4.5 bar, respectively.

overpotentials variation within the simulated electrolyte conductivity
range. As can be noticed, only the cathode electrode is affected by
the variation of the NaOH wtp since the electrolyte solution circu-
lates towards the cathode side. Furthermore, the cathode activation
631 
Fig. 9. Efficiency curves at different electrolyte weight title percent. The cell operating
temperature and pressure are 40 ◦C and 4.5 bar, respectively.

overpotential is higher than the anode one, and it increases with the
increase of the NaOH content. This is because, on the cathode side,
water molecules must be split to generate gaseous hydrogen and OH-

ions, while on the anode side, simple recombination of ions and elec-
trons occurs to generate gaseous oxygen. This means that the cathodic
reaction is more expensive from an energy point of view than the
anodic one and involves higher losses.

Fig. 6 shows the ohmic overpotentials at different conditions of
electrolyte weight title percent. As it can be noticed, the curve corre-
sponding to a NaOH content of 8% is the one with lower ohmic losses.
This is because the electrolyte has a maximum ionic conductivity of 0.6
S∕cm in this condition as shown in Fig. 7. Fig. 8 shows the separator
and electrolyte ionic resistances at different NaOH contents. As it can
be noticed, the separator becomes an ionic transport medium when
its pores are filled with the electrolytic solution, thus the minimum
resistance is reached with a wtp of 8%. Fig. 9 shows the efficiency
curves of the electrolyser at different NaOH contents. As expected, the
higher efficiency corresponds to a wtp of 8%, highlighting that this is
the optimal operating condition for the electrolyser. Table 3 shows the
optimal NaOH content, along with the percentage increase of average
efficiency, concerning the efficiency obtained at the standard operating
conditions reported in Table 1.

As it can be noticed, the optimal NaOH content is fixed at a
value of 8% for all the temperatures except for 30 ◦C at which the
resulting average efficiency is the lowest compared to the others. As
a result, the electrolyte content variation improves the performance of
the electrolyser with a maximum average efficiency increase of 3.57%
at 35 ◦C.

5.2. Second case study: variation of operating pressure

As mentioned in Section 3, the alkaline electrolyser under inves-
tigation shows a performance improvement as the operating pressure
increases. In this case, the maximum pressure was equal to 6.5 bar
where issues related to the mechanical resistance and tightness of
cell components at pressures much higher than the design one are
considered (see Table 1). Fig. 10 shows the electrolyser polarisation
curves at different operating pressures. As it can be noticed, the cell
losses decrease from 2.5 to 6.5 bar, confirming that the system improves
its performance while operating at higher pressures.

This is due to the decrease of the activation overpotential which
has, in this case, a predominant effect on the increase of the open
circuit voltage; indeed, there is an average reduction/increment of 4
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Table 3
Optimal values of NaOH contents at each operating cell temperature.

Cell temperature (◦C) Optimal NaOH content
(%)

Efficiency with NaOH
wtp = 18% (%)

Efficiency with optimal
NaOH content (%)

Average efficiency
increase (%)

25 8 59.27 61.26 1.99
30 18 60.17 60.17 0
35 8 61.2 64.77 3.57
40 8 62.31 65.4 3.09
Fig. 10. Polarisation curves at different operating pressures. The cell operating
temperature and NaOH content are 40 ◦C and 18%, respectively.

Fig. 11. Activation overpotentials at different operating pressures. The cell operating
temperature and NaOH content are 40 ◦C and 18%, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

and 2% of the overall activation overpotential and open circuit voltage,
respectively. Trend details are shown in Figs. 11 and 12. It is worth
noting that, in Fig. 11, curves from dark green to light green are related
to the cathode activation overpotential simulated between 2.5 and 6.5
bar with a step of 1 bar. The same has been done for curves going from
brown to orange, which are associated with the anode overpotential
instead. The ohmic overpotential is not affected by the variation of
operating pressure; indeed, there is a single trend throughout the
pressure range simulated as shown in Fig. 13.

Finally, the electrolyser’s efficiency curves at different pressures are
displayed in Fig. 14. As it can be noticed, different pressure values have
632 
Fig. 12. Open circuit voltage variation with operating pressure. The cell operating
temperature and NaOH content are 40 ◦C and 18%, respectively.

Fig. 13. Ohmic overpotential trend. The cell operating temperature and NaOH content
are 40 ◦C and 18%, respectively.

been considered, thus providing a wide overview of the electrolyser’s
performance. In particular, the following efficiencies recorded at the
rated current density of 0.1 A∕cm2 have been obtained: namely, 56.3%
at 2.5 bar, 56.4% at 3.5 bar, 56.5% at 4.5 bar, 56.6% at 5.5 bar, and
56.65% at 6.5 bar.

As a result, the higher efficiency is reached at a cell pressure of 6.5
bar, highlighting that this condition is beneficial for the system under
investigation. Table 4 shows the optimal operating pressure, along with
the percentage increase of average efficiency, concerning the efficiency
obtained at standard operating conditions reported in Table 1.

As it can be noticed, the optimal pressure per each cell operating
temperature is 6.5 bar, allowing to have a maximum average efficiency
increase of 0.17% at 40 ◦C.
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Table 4
Optimal values of pressure per each operating cell temperature.

Cell temperature (◦C) Optimal pressure
(bar)

Efficiency at 4.5 bar Efficiency with
optimal pressure
(%)

Average efficiency
increase (%)

25 6.5 59.27 59.42 0.15
30 6.5 60.17 60.32 0.15
35 6.5 61.2 61.36 0.16
40 6.5 62.31 62.48 0.17
Table 5
Optimal pressure and NaOH content for each operating cell temperature.

Cell temperature (◦C) Optimal wtp (%) Optimal pressure
(bar)

Efficiency at
standard operating
conditions (%)

Efficiency at
optimal operating
conditions (%)

Average efficiency
increase (%)

25 8 6.5 59.27 61.41 2.14
30 18 6.5 60.17 60.32 0.15
35 8 6.5 61.2 64.94 3.74
40 8 6.5 62.31 65.24 2.93
Fig. 14. Efficiency curves at different operating pressures. The cell operating
temperature and NaOH content are 40 ◦C and 18%, respectively.

5.3. Third case study: variation of pressure and NaOH content

In this case, both the pressure and NaOH content have been varied
to obtain the optimal combination of operating conditions that allow
reaching the maximum efficiency of the electrolyser under investiga-
tion. Eq. (26) shows the mathematical condition to be satisfied:

𝑚𝑎𝑥(𝜂(𝑤𝑡𝑝𝑜𝑝𝑡 ,𝑝𝑜𝑝𝑡) − 𝜂(𝑤𝑡𝑝𝑠𝑡𝑑 ,𝑝𝑠𝑡𝑑 )) (26)

where 𝑤𝑡𝑝opt and 𝑝opt are the optimal values of NaOH content and
pressure that maximise the efficiency, while 𝑤𝑡𝑝std and 𝑝std are referred
to the current operating conditions of the electrolyser. Table 5 shows
the optimal operating conditions that, per each cell operating temper-
ature, allow to reach the maximum efficiency along with the average
efficiency increase.

As expected, the optimal combination is obtained per each temper-
ature by coupling the values identified in the previous case studies.
Surely, if a control system for varying the operating conditions is
installed, it will be possible to choose whether to manage only the
NaOH content, the pressure level, or both based on techno-economic
considerations.

Finally, the variation of both pressure and NaOH content improves
the performance of the electrolyser under investigation, thus allowing
to obtain a maximum average efficiency increase of 3.74% at 35 ◦C.
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6. Conclusions

This work aims to provide insights into a NaOH-based electrolyte al-
kaline electrolyser technology. A semi-empirical model was developed
in the Python programming environment to resemble and predict the
behaviour of a 23 kW NaOH-based alkaline electrolyser installed at the
Marche Polytechnic University, Italy.

Three case studies have been analysed, aiming to evaluate the
optimal operating conditions that allow maximising the electrolyser’s
efficiency; in particular, the variation of NaOH content, pressure, and
both have been considered.

Results showed that, in the case of weight title percent of electrolyte
variation, the system’s performance improves per each cell operat-
ing temperature, obtaining a maximum average efficiency increase of
3.57% at 35 ◦C.

In the second case study, which involves the operating pressure
variation, it has been found that a pressure of 6.5 bar represents the
optimal condition, obtaining a maximum average efficiency increase of
0.17% at 40 ◦C; indeed, considering a current density equal to the rated
one, the efficiency curve at 6.5 bar is the highest, highlighting that this
condition is beneficial for the system under investigation.

Variation of both pressure and NaOH content allowed to improve
the electrolyser’s performance at each cell operating temperature, ob-
taining a maximum average efficiency increase of 3.74% at 35 ◦C.

In all three case studies, it is possible to optimise the electrolyser’s
performance by improving its operation if a NaOH content or/and
a pressure system control is implemented. The choice of the latter
depends on techno-economic factors.

Further development of this work will involve a proper experimen-
tal campaign to evaluate the system’s limits from an electrochemical
point of view along with the implementation of a control system of the
electrolyser’s operating conditions.
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