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ABSTRACT

This study presents a MATLAB-based computational
model for the thermochemical and electrochemical
analysis of low-temperature technologies. The model
accurately predicts thermodynamic limits and key
performance indicators, including reversible cell voltage
and hydrogen production, as a function of operating
temperature. Findings consistently demonstrate that
increasing temperature reduces the reversible cell potential
and Gibbs free energy change (AG), As a result, it lowers
the electrical energy consumption for water splitting and
improves the rate of hydrogen production. This analysis
has validated that operating the Electrolyser at higher
temperatures results in consistently higher performing
AEM (50-80C), AWE (60-90C), and PEM (50-100C)
systems by lowering cell voltage, boosting the amount of
hydrogen produced per minute and enhancing
thermodynamic efficiency. It’s worth noting that PEMs
provided the greatest yield at 9.52 L/min and AWEs gained
the highest efficiency of 61.74%.

“Corresponding author.

pol: https://doi.org/10.51646/jsesd.v15i1.863

o
Eps

O 2
This is an open access article under the CC BY-NC license (http://Attribution-NonCommercial 4.0 (CC BY-NC 4.0)). 1



https://doi.org/10.51646/jsesd.v15i1.863
http://attribution-noncommercial/
mailto:%20ibrahim.h.tawil@csers.ly,%202Zahra.gebrel@sabu.edu.ly,%203salemmatouq@loey.org.ly,%204a.salehamer@zu.edu.ly,%205abdulhamidalajmi77@gmail.com
mailto:%20ibrahim.h.tawil@csers.ly,%202Zahra.gebrel@sabu.edu.ly,%203salemmatouq@loey.org.ly,%204a.salehamer@zu.edu.ly,%205abdulhamidalajmi77@gmail.com
https://orcid.org/0000-0002-0154-147X

Tbrahim. . Tawil et. al.
oM ] o) VG plbiianly nilonnin s syally inyfyell rsilasiadl - Jua
[lincaseid! 3l poudl a3 S clald (5l kel

ol dama @l dpasdl dee ule 7o jolll die (Bgian pllus (Jarte- 350) (Jglall @aaln

b S ileaSIg (6 ! Sbearst Sttt (MATLAB) dtite i e Lo Lo gaslon o330 fral yl o4 OGS : bt
et g I3 2 Ly i 3 ela W1 O 5309 vt o) ool AciSaalion B 3 guiomdly (38 735001 Lty il 3 5 ol Slon 53 LS
gl JUET I (a5 8,1 o) G ys ATyl OF ) petials gAl! glatg (JAAIN 3yl pom Gan yld (IS (i g gl L1 g (pugSalt
Opsaong Lacs U il m S iy »gS31 RS} Il padinicy el neisg (G) 30y Rl 2 51l g iuelnld gl
el ghal (3 plan ISl ($352 Aol 8,1y Dilax ja e (Al S Ml J1adid OF Sl s Sl a8 g (a9 gl L0 Jdno (10
agin i 33 90-60 (AWE) Loty (olatt 5 5gSH Sty agis 33 80-50 (AEM) st Jaliadt sliad fakadi 2.
Sl (g el o acliang dhalinll g aii S (po il g ragie iz s 100-50 (PEM) asig st Jalian sl
B/ 53 9.92 iy L) Juse Aol ceond uBPEM iakasi 0 (318 5La i1 oo g v 51 o) niScolinad) 3eLaSI 5 a9 adBat) 2

9061.74 juin e 3:LSHAWE jiataii s ns 2

)l 30 leain g 1 (g yoigll 70 nidainicn S 5 po o )3 islell (AL 31 il ALl Slsll

1. INTRODUCTION

Water electrolysis is a promising method for converting and storing sustainable energy,
especially for intermittent renewable sources. This process also produces high-purity hydrogen,
which is essential for various industrial applications and to drive fuel cells. The core of low-
temperature electrochemical water-splitting technologies such as alkaline, proton exchange
membrane, and anion exchange membrane Electrolysers is based on two linked half-reactions:
the hydrogen evolution reaction and the oxygen evolution reaction [1].

Hydrogen production through water electrolysis emerges as an environmentally friendly
and sustainable method for chemical energy conversion, particularly effective for generating
hydrogen when compared to alternative techniques. However, this widely recognized method
for hydrogen production is characterized by its high cost and significant energy demands, which
are typical for most industrial Electrolysers [2].

Electrolysis technologies are broadly categorized by their operating temperature and the
type of ion-transporting electrolyte used. Alkaline (AWE), Proton Exchange Membrane (PEM),
and Anion Exchange Membrane (AEM) electrolysis operate at temperatures between 50-80 °C.
Among these, the low electrolysis is mature, commercially available, and widely utilized for
hydrogen production [3].

Low-temperature electrolysis technologies play a vital role in facilitating clean hydrogen
synthesis and the effective integration of renewable energy sources. AE is mature and uses low-
cost catalysts but operates at lower current densities and pressures (~25-30 bar) [4].

This study clarifies the fundamental thermodynamic principles governing hydrogen
production through electrolysis and its utilization in Electrolysers. It defines essential
terminology (e.g., HHV, LHV, Gibbs Free Energy, Heat of Reaction/Formation) and outlines
standard methods for efficiency calculation. Additionally, it compiles and summarizes
information from various international case studies of wind-powered hydrogen production
projects. It highlights that for electrolysis, the thermoneutral voltage (corresponding to the
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enthalpy change, HHYV for water splitting, ~1.48V) represents 100% thermal efficiency, whereas
using the reversible voltage (~1.23V, corresponding to Gibbs Free Energy) leads to theoretical
efficiencies >100% if external heat input isn't accounted for [5].

Electrolysis, though chemically straightforward, presents complexity in its energy demands
for hydrogen production. The process, which involves splitting water, is non-spontaneous and
requires a positive Gibbs free energy change (AG). Which equivalent to the inputs of an electrical
energy, while the thermal energy component is given by T-AS, and the total energy input by AH.
The enthalpy changes for hydrogen combustion (the reverse reaction) corresponds to hydrogen's
lower heating value (LHV) of approximately 33.3 kwWh/kg H2. Under standard conditions, liquid
water electrolysis demands 32.7 kWh/kg H2 electrically, whereas steam electrolysis requires 31.5
kwWh/kg H2 [3].

The different wlectrolyser types (e.g., PEM vs. SOEC) exhibit significantly different
performance deviations under flexible operating modes compared to baseload, emphasizing the
need for integrated, scenario-specific modeling to determine optimal siting, sizing, and
operational strategies for minimizing hydrogen cost while maximizing asset value [6].

The classification of water electrolysis can be delineated based on the operational
temperature regime, distinguishing between low-temperature electrolysis, characterized by
functioning below 120°C, and high-temperature electrolysis [7].

Green hydrogen production is facilitated by coupling zero-emission electrochemical cycles
with renewable energy infrastructures, such as wind-driven turbines [8], these advancements are
essential for the technical evolution of water electrolysis and future power generation. By
utilizing thermodynamic parameters and heat capacities, researchers have demonstrated how
temperature-dependent variations influence the physical stability and transport efficiency of
hydrogen-based systems. These insights, as presented by Bouzaid et al. (2025) [9], refine the
interpretation of hole-based charge transfer and H+ transport by detailing the complex interplay
between electronic states and host lattice distortions [9][10]

The aim of this study is analyzing and comparing the thermochemical and electrochemical
performance of different Electrolyser types, specifically PEM and AWE according to varying of
their operating temperatures. The study also visualizes key performance indicators such as
voltages, gas production rates, power consumption, efficiencies, and changes in enthalpy and
Gibbs free energy. The primary objective of this study to evaluate how thermodynamic and
kinetic variations induced by temperature shifts affect the system-level energy efficiency of each
electrolyser type within their typical operational ranges (spanning from 50°C to 100°C).

1.1. The Low Temperature Electrochemical Water Splitting

1.1.1. Alkaline Water Electrolysis (AWE)

Electrolysers typically utilize an aqueous potassium hydroxide (KOH) solution as the
electrolyte. While other electrolyte options such as sulfuric acid (H,SO4), sodium chloride (NaCl),
and sodium hydroxide (NaOH) are also utilized, a typical concentration range of 20 to 30 weight
percent is maintained in the electrolyzing solution to optimize the equilibrium between the
resistance of material corrosion and ionic conductivity. These Electrolysers demonstrate effective
range of the operation temperature between 25 to 100 °C [11] [12].

Solar Energy and Sustainable Development, Votume (15)- N (1). June 2026
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The fundamental architecture of an alkaline electrolyser employs a unipolar
configuration, featuring two metallic electrodes immersed within an aqueous electrolyte.
Upon the application of an electrical current, the respective electrodes facilitate the generation
of hydrogen and oxygen gases. This process enables the generation of hydrogen and oxygen
gases. Figure 1 visually represents the operational principle of alkaline water electrolysis, while
the associated electrochemical reactions are detailed in Equations (1) -(3) [13] [14], [15].

— |+ Electricty

91A]04109|3

Figure 1. Alkaline electrolyser Cell.

The chemical equilibrium for an AWE system is outlined as follows:

_ 1 —
The anode reaction involves: 20H™ - H0 +20;, + 2e 1)
The cathode reaction is: 2H20 +2e” - H, + 20H™ (2)
1
The overall reaction is: H,0 - H; +30, ®3)

1.1.2. The PEM Electrolysers (PEM)

Proton Exchange Membrane electrolyser (PEMEC) technology has drawn substantial
academic interest due to its capability for efficient, high-purity hydrogen production, alongside
its advantages in simplifying operational management and maintenance complexities [12].
PEMECs, operating at low temperatures (50-100°C). The water is supplied to the anode in
PEMECs as shown in Figure (2), where it undergoes oxidation to produce oxygen and protons
(H+). These protons then migrate across the proton-conducting membrane to the cathode,
where they are reduced to form hydrogen gas [11].

The overall chemical balance can be deconstructed into two distinct half-reactions, each
occurring at one of the electrodes [14], [15],[16]:
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Figure 2. PEM Polymer Electrolyte Membrane.

1 -
The anode reaction proceeds as: Hy0 = 2H™ + ;02 1 2e 4)
The cathode reaction is: 2H" +2e” > H, ®)
H,0 > Hy + 20, (6)

The overall reaction:

1.1.3. The Anion Exchange Membrane Electrolyser (AEM)

The Anion Exchange Membrane Water Electrolyser (AEM) is a hybrid technology that
combines the cost-effectiveness of traditional alkaline electrolysis with the high performance
and compact design of proton-exchange membrane (PEM) Type.

i+ Electricty

H,

outlet

Cathode

H,O
q: inlet

Figure 3. Anion Exchange Membrane electrolyser Cell.

In an AEM electrolyser, water is reduced at the cathode to produce hydrogen gas (H,) and
hydroxide ions (OH™). The OH™ ions migrate through the anion exchange membrane to the
anode, where they are oxidized to form oxygen gas (O:) and release electrons. The electrons
flow through the external circuit back to the cathode, while the membrane prevents gas mixing
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and selectively transports OH™ ions, enabling efficient water splitting into hydrogen and
oxygen [17], [18], [19].
The electrochemical reactions for water splitting in an alkaline AEM water Electrolyser
cell [17], [18], [19]:

Anode Reaction: 20H~ —» H,0 + %02 + 2e” (7
Cathode Reaction: 2H,0 + 2e~ - H, + 20H~ (8)
Overall Reaction: H,0 — H, + %02 )

2. THE METHODOLOGY

This study employs a computational modeling approach using MATLAB to analyze and
compare the thermochemical and electrochemical performance of low-temperature Polymer
Electrolyte Membrane (PEM) and Alkaline Water Electrolysers (AWE). The methodology
focuses on predicting thermodynamic limits, comparing Electrolyser technologies, and
optimizing operating conditions for improved efficiency and hydrogen production.

2.1. Thermochemical and Electrochemical Analysis

2.2.1. Thermodynamics of Water Splitting

As an endergonic process, water electrolysis requires an external energy input due to its
positive Gibbs free energy change (AG>0), necessitates an external energy input to proceed.
The thermodynamic feasibility and energy requirements of this reaction are quantitatively
linked to electrical potential through the concepts of reversible voltage (Erev) and
thermoneutral voltage (Ew). These voltages provide a crucial connection between the
thermodynamic properties of the electrochemical reaction and the electrical work required or
produced by the system [12][16].

In an electrochemical cell, the cathode is denoted by a positive sign because electrons are
consumed there, where a reduction reaction takes place, and electrons move into it.
Conversely, the anode is denoted by a negative sign as electrons are liberated here, where an
oxidation reaction occurs, and electrons move out of it.

2.2.2. Calculating Heat of Electrolyser Cell

The heat change associated with a reaction can be determined using the heats of formation
of the compounds involved. The heat of formation is the energy change either released or
absorbed, that occurs when a compound is formed from its basic elements:

For the overall reaction, Heat = Z heat; — Z heat; (10)
P R

Thermal energy is a fundamental consideration, from the pre-operational heating of
Electrolysers and their continuous operational heat requirements, to the thermal transfer
properties of components and the ultimate dissipation or utilization of waste heat [3].
From a thermodynamic perspective, applying the first law to the overall reactions results in:
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);-W = (nh)  — (nh) 11
Q] P R ( )

Where: Qj is the generic rate of heat transfer ki/kg, W is work, Ny,0=1, y,=1and ny,=%
from half chemical reactions (3),(6), (9).
The electrical work per molar flow rate (Welec) is expressed as:

Welec= ElEC - [ZP(nﬁ) - ZR(nFL)] (12)
Where, q,. Heat per mole reacted (ki/kmol)

A. The Entropy Balance
The equation below describes both the entropy balance of the chemical reaction and the
overall heat transfer rate Q j at the system boundary's temperature Tj:

ds

= $ 4 () — Zp(1i5) + Sgen (13)

For steady-state conditions (ds/dt=0), the equation is reduced to:
Qj = 7} * [ZP(nS_) - ZR(TIS') - Sgen] (14)

An ideal Electrolyser operates as an internally reversible reaction. The generated heat, denoted as
qrc., is expelled from the system at a temperature Ty and can be determined by:

Qec=TEc-Srp (15)

B. Change in Gibbs energy (AG)

The AG of the Electrolysers chemical process is a critical parameter for evaluating chemical
energy transformations, particularly when pressure and volume variations are negligible. The
initial step in quantifying the energy released from the reaction involves establishing a zero-
reference point of energy for the constituent chemical elements, wherein the Gf of formation that
defined as zero for the input state. Subsequently, the energy change AGf is determined by the
change the products and the initial reactants [20], [21].

Where 4G of a thermodynamic system is a function of both its enthalpy and entropy
G=H-TS a7

The preceding equation, relating the enthalpy (H), system's temperature (T), and entropy
(S), can be normalized on a per-mole basis for a given chemical species. This transformation
yields the molar Gibbs free energy of formation as a function of the molar enthalpy of formation
and the molar entropy [22], [23].

Ag=[Ahg — (T.AS)] (18)
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A. The Enthalpy of Overall Reaction

The standard change of enthalpy of formation Aﬁf is calculated by subtracting the sum of the
standard enthalpies of formation for the reactants (fzf) r from the sum for the products (fzf) p-
Similarly, the change of entropy 4s is the difference between the summed standard entropies of
the products and the reactants. The enthalpy (h) and entropy (s) vary with temperature and
pressure, requiring integration of molar heat capacity (c,) from the standard temperature (298.15
K) to determine values at non-standard conditions (hT). While standard values apply to stable
forms B(TO, PO):AB};%:O and compounds E(TO,PO):ABEZ%, adjusting for non-standard conditions is
crucial for accurate thermodynamic calculations, as previously discussed [24], [25].

_ o _
hicr.p) = (Ahf)298,0.1MPa + (Ah)298,0.1MPa (T.P) (19)

hz98,0.1mpa (Tp) = (N(1p) — h305) (20)

In Table 1, h,o50 1nipa (r,py Signifies the difference between the enthalpy at a specific state and the
reference enthalpy for an ideal gas at 0.1 MPa and 298.15 K [21][26].

Table (1) Properties of Ideal Gases at 25 °C and 100 kPa

c g; 5% iz;

0O, 0 205.04 0

H, 0 130.68 0
H.0(g) -228590 188.72 -241820
H,0(I) -237180 96.95 -285830

The molar enthalpy and molar entropy are dependent on temperature, described by the two
equations below:

Rpp=he+ [, & dT (21)
T -
o C
S = Ny + | GET 22)
298

Additionally, the "molar heat capacity at constant pressure” (ép kJ/kmol.K) is a function of
temperature (T in K) and can be expressed as:

Cp = a+bT+cT2+dT3 (23)

The constants (a, b, ¢, and d) are experimentally determined relevant to its properties are compiled
in Table 2 [27] [26].

Table 2. Specific Heat at Constant Pressure for Ideal Gases

Gases a b c d
02 25.48 1.520x102 -0.7155%x10° 1.312x10°°
H> 29.11 -0.1916x1072 0.4003x105 -0.8704x10°°
H-.0 32.24 0.1923x102 1.055%x10° -3.595%x10°°
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The changes in molar enthalpy h;, and molar entropy 5y are directly determined from the
molar enthalpy and molar entropy of the entire chemical reaction. The resulting values are then

applied to equation (13) to find the change in molar Gibbs energy of formation Ag¢ [23].

Ag. = (&r)p — (BDr (24)

B. Electric Work of the Electrolyser

The theoretical maximum electrical work achievable by an Electrolyser is quantitatively
defined as the product of the negative of the number of moles of electrons transferred per mole
of reactant (n), Faraday's constant (F), and the reversible cell potential (E), yielding a result in
Joules.

Electrical work done Wyjectrical = NFE  (J) (25)

Where the Faraday's constant is (96485.3 C/mol) [28].

This relationship, represents the thermodynamic upper bound of electrical energy that can be
derived from the electrochemical reaction occurring within the Electrolyser under reversible
operating conditions. For an Electrolyser operating under conditions of thermodynamic
reversibility, the AG associated with the electrochemical reactions is equivalent to the electrical
work input required by the system. Furthermore, this Gibbs free energy change is directly
proportional to the thermodynamic decomposition voltage, which represents the theoretical
minimum voltage necessary for the electrolysis reaction to occur under open-circuit conditions.
[24]. Then:

Wiey = Wyiax = NFE = Agf (26)

The electromotive force (EMF) of an Electrolyser is its reversible open circuit voltage [20].

C. The Thermal Efficiency

The reversible efficiency of an Electrolyser (nyey) is the quotient of the molar standard (Ag,) of
formation, and the molar standard enthalpy of reaction (Ahf). This theoretical maximum
efficiency is predicated on the assumption that all chemical species involved in the electrochemical
reaction are maintained at their standard state conditions [22].

Agf .
Neev = _AB x100% (27)
f

2.2.3. Electrochemical of Water Splitting

A. The Reversible Potential
The reversible potential (E) is a direct measure of the change in Gibbs free energy (AG) during an
electrochemical redox reaction. This relationship, which defines the thermodynamic force driving
a reaction under specific conditions, is demonstrated by the Nernst equation, particularly when
applied to the hydrogen reaction [29], [30]:

Solar Energy and Sustainable Development, Votume (15)- N (1). June 2026
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RT [Py .Py. 2
E=F° + —In| 229 (28)
nF PHZO

R represents the universal gas constant (8.314 J/mol K) [25], and E° is the reversible standard
potential of an electrochemical reaction [31], [32].

_ A8
"~ nF
B. Cell Voltage Model

E° (29)

The actual operating voltage of an electrochemical cell V. is determined by the reversible
thermodynamic potential and the different irreversible voltage losses (overpotentials) occurring
during operation. Accordingly, the cell voltage can be expressed as [33] [34] [35] [36]:

Vcell = ENernst + Nact + Mohm + Nconc (30)

where Exens Fepresents the reversible equilibrium potential of the electrochemical reaction, while
Nactr Nohm» @Nd 7o denote the activation, ohmic, and concentration overpotential, respectively
[34].

C. Activation Overpotential

The activation overpotential n,, arises from the electrochemical reaction kinetics at the electrode-
electrolyte interface. In many electrochemical models, particularly under moderate current density
conditions, the activation loss is approximated using a simplified Tafel expression [34]:

Nact = Atafe1l0810 (1) + Biager (31)
where i is the current density. The Tafel coefficients are defined as [37]:

2.303RT 2.303RT

Atafel = anF ' Btafel = aF

Where:
- R isthe universal gas constant.
- T isthe operating temperature,
- nisthe number of electrons transferred in the electrochemical reaction.
- F is Faraday’s constant,
- a is the charge transfer coefficient (typically in the range 0.3-0.7, commonly assumed
to be around 0.5 in many studies) [38].

D. Ohmic Overpotential

The ohmic overpotential n,;,,, accounts for resistive losses associated with ionic conduction
through the electrolyte and electronic conduction through the electrodes and interconnects. It
follows Ohm’s law [33] [38]:

Mohm = ir (32)
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where r is the total area-specific resistance (ASR) of the cell, which includes contributions from
the electrolyte, electrodes, and contact resistances.

E. Concentration Overpotential (Mass Transport)

The concentration overpotential n.,,., also known as the mass transport overpotential, arises
due to limitations in the transport of reactants to the reaction sites and removal of products from
the electrodes. As the current density approaches the limiting current density i;,, the
concentration loss becomes significant and can be expressed as:

RT i
Neone = — ﬁln (1 - _) (33)

Uim

where iy, represents the limiting current density determined by diffusion processes within the
porous electrode structure and gas transport pathways.

F. Hydrogen Production Rate

The theoretical calculation of hydrogen production rates is based on the formulation presented
below [41].

IS ac.
Ny, (m()l/ S) = Zt_Fk * Meells (34)

ny, (mol/s)-R-T

Flowy, (L/min) = ( >

) .60 - 1000 (35)

T denotes the Electrolysers operating temperature, F is the Faraday constant, p signifies the
Electrolysers operating pressure, and n refers to the number of electron moles participating in the
reaction [39].

G. Oxygen Production Rate:

ny, (mol/s)

(36)

no,(mol/s) =

Flowg, (L/min) = Flozﬂ (37)

H. Power Consumption:

The polarization curve in the stack can be expressed similarly like the product of the stack voltage
Viaak With the stack current I, [42]:

P electrical = Vcell ’ Icell (38)

I. Thermoneutral Voltage (Etn):

The thermoneutral voltage represents the potential at which the electrical energy input precisely
equals the enthalpy (AH) of the water-splitting reaction, facilitating an adiabatic operation.

E, =22 (39)

nr

Solar Energy and Sustainable Development, Votume (15)- N (1). June 2026
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This corresponds to the thermoneutral voltage, at which hydrogen and oxygen production reaches
a thermal efficiency of 100% [43], [1].
Where F = 96,485 coulombs mole™, and n= 2 for hydrogen [42] [44].

J. Energy Efficiency

Energy efficiency functions as a primary metric for evaluating the performance of water
Electrolyser cells and systems. When calculating this efficiency at the cell level, the evaluation
focuses exclusively on the electrical energy input utilized for the electrolysis process, while
disregarding other energy contributions, such as heat sources or auxiliary power consumption [1].

Energy efficiency is defined as the ratio of hydrogen energy outflow per unit time to the
electrical power supplied. In the water electrolysis process, this efficiency is based on the electrical
power provided for electrolysis, as expressed by the following equation [45]:

AH-ng., (mol/s)
M = ™ P (40)

Pelectrical

K. Voltage Efficiency:
Voltage Efficiency: In high-temperature scenarios, the calculation of the cell's voltage
efficiency can be performed directly using the thermodynamic voltage [44].
EI‘EV

= (41)

nvoltage Veel

L. Faraday Efficiency:

The faradaic efficiency, denoted as n, quantifies the efficacy of electron transfer within an
electrochemical cell. This efficiency can be independently determined for each interface within the
system. In the context of water electrolysis, a direct correlation exists between the applied current
and the resulting gaseous chemical products [44].

n, = 0.98 (42)
M. Overall Efficiency:

Efficiency . = Efficiency, day Efficiency (43)

oltage

This relationship delineates the overall efficiency of Electrolysers. As the input current
increases, the voltage efficiency (r) decreases while the Faraday efficiency (nf) increases. At very
low current densities and high differential pressure, the increase in n is greater than the decrease
in n,, leading to an improvement in electrical efficiency. While at ambient pressure, the decrease
innv is more significant, and as a result, the overall efficiency is inversely proportional to the input
current [44].

2.2.4. MATLAB Model Inputs
Table 3. contains the mechanical and electrical variables and constants used as inputs for the
MATLAB model.
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Table 3. inputs for the MATLAB model

Parameter Value Unit
Operating Pressure 1.01325%10° Pa
Current Density range 100 to 2000 Alcm?
Active Area of the Cell 1 m?
Number of Cells 1 -
Faraday's constant 96485 C/mol
Ideal Gas constant (R) 8.314 J/(mol - K)
Faradaic Efficiency 0.98
Hydrogen's Higher Heating Value 286 (k/kmol H2)
Operating Temperature range AEM (50-80C), AWE (60- oC

90C), and PEM (50-100C)

The flowchart of a MATLAB program developed to simulate the thermodynamic and
electrochemical performance of the low Electrolysers type as shown in Appendix Al. Workspace
preparation, calculation of initial physical, thermodynamic and electrolyser-based constants are
carried out before the execution loop in which each type of electrolyser is assessed. The ranges for
temperature and the values of the overpotential parameters for the selected electrolyser type are
loaded, the values of total thermodynamic parameters (Molar Enthalpy, Entropy and Gibbs Free
Energy) are calculated, as well as the Nernst and Thermoneutral voltages corresponding to this
value of the overpotential parameter.

3. RESULTS AND DISCUSSION
Performance characteristic data Electrolysers were analyzed on temperature effect with
thermodynamically and operation temperature is listed in Table A2 in Appendix A2.

%10°

2.87

P P

o] [o:]

[e2] ~
‘ :

Enthalpy Change (kJ/kmol)
&
[=))

- —g— PEM AHop
w7 — o AWEAH
2.86 : AEMAH | |
op
286
286 . ‘ . .
50 60 70 80 90 100

Temperature (C)

Figure 4. Enthalpy changes with operating temperature
Figure 4, represents the enthalpy change (AH) of the water-splitting reaction across a
temperature range of 50°C to 100°C. The thermodynamic data shows an identical, linear increase
for PEM, AWE, and AEM technologies, moving from approximately 2.86 x 10° kJ/kmol to

2.87 x 10° kJ/kmol. This uniform rise reflects the temperature dependence of the specific heat
Solar Energy and Sustainable Development, Votume (15)- N (1). June 2026
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capacities of liquid water, hydrogen, and oxygen gases. Because enthalpy represents the total
thermal and electrical energy input required to break the molecular bonds of water, this upward
trend confirms that a higher total energy input is required at elevated temperatures, an intrinsic
thermodynamic characteristic independent of the electrolyser design.

Figure 5, displays the entropy change (AS) of the water electrolysis reaction across an
operating temperature range of 50°C to 100°C. The entropy change exhibits an identical, linear
upward trend for the PEM, AWE, and AEM Types, increasing from approximately 163.93
kJ/kmol-K to 165.34 kJ/kmol-K. This positive slope reflects the increasing molecular disorder and
thermal energy storage capacity of the generated gases compared to the liquid water reactant as
temperature rises. Because entropy is an intrinsic thermodynamic property of the chemical species
involved, the results remain entirely uniform across all configurations, highlighting the
fundamental thermodynamic baseline that dictates the thermal behavior of water-splitting
systems.

Figure 6, depicts the Gibbs free energy change (AG,,) during water electrolysis as a function
of operating temperature. All three electrolysers' configurations show an identical, linear reduction
from 2.33 x 10° kJ/kmol at 50°C down to 2.25 x 10° kJ/kmol at 100°C. This steady decline is
governed by the standard thermodynamic relationship AG = AH — T - AS, where the positive
entropy change of the reaction causes the T - AS term to grow larger at higher temperatures,
thereby diminishing the Gibbs free energy requirement. This trend highlights the thermodynamic
advantage of high-temperature operations, as it reduces the minimum electrical work required to
drive the electrochemical decomposition of water.
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Figure 7: Nernst Potential vs. Operating Temperature

The Electrolysers shown in Figure. 7 characterize the Nernst potential with respect to
temperature in Proton Exchange Membrane (PEM), Alkaline Water Electrolysis (AWE), and
Anion Exchange Membrane (AEM) technologies. The linear, thermally induced, uniform decline
in the reversible potential as a function of temperature in the three technologies occurs between
1.318 V (50°C) and 1.258 V (100°C). The decline is attributed to a reduction in the Gibbs free
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energy for the water-splitting reaction. Since all three technologies employ liquid water as a
reactant in the specified temperature range, the ideal, thermodynamic, reversible limits are the

same. Thus, the open circuit voltage for electrolysis is lower in Electrolysers where the temperature
is higher.
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Figure 8. Cell VVoltage vs. Operating Temperature

The AEM, PEM, and AWE Electrolysers show cell voltage behavior that is fundamentally
different in the 50-100 °C range at constant current density, as shown in Figure. 8. Cell voltage
decreases with temperature in all Electrolysers due to the reduction of activation and ohmic
overpotential as charge transfer and ionic conductivity of the system’s membranes and electrolytes
are improved. The AWE system's operating cell voltage is the lowest of the three compared to the
AEM and PEM Electrolysers, which reinforces a lower overpotential for the AWE system
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Figure 9: Thermoneutral VVoltage vs. Operating Temperature

The AEM, PEM, and AWE Electrolysers show cell voltage behavior that is fundamentally

different in the 50-100 °C range at constant current density, as shown in Figure. 8. Cell voltage
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decreases with temperature in all Electrolysers due to the reduction of activation and ohmic
overpotential as charge transfer and ionic conductivity of the system’s membranes and electrolytes
are improved. The AWE system's operating cell voltage is the lowest of the three compared to the
AEM and PEM Electrolysers, which reinforces a lower overpotential for the AWE system.

Figure 9, illustrates thermoneutral voltages for PEM, AWE, and AEM Electrolysers as
functions of operating temperature. These technologies display practically the same behavior, with
all three technologies showing a minor linear increase from approximately 1.4825 V at 50°C to
around 1.485 V at 100°C. This identical behavior occurs because the thermoneutral voltage is
defined by the total enthalpy change of a water-splitting reaction; this is a state function of the
chemical reactants and products, and not of the of the specific materials and transport phenomena
of the various electrolyser cell types. The total energy requirement (the sum of the electrical work
and the thermal energy) increases, to a small extent, as the temperature increases, when the system
is allowed to operate in a perfectly insulated (i.e., adiabatic) state.
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Figure 10, compares the polarization curves (cell voltage vs. current density) for a PEM
electrolyser at 70°C, an AWE electrolyser at 75°C, and an AEM electrolyser at 60°C. All three
profiles display a highly congruent, linear growth in cell voltage from around 1.4 V at 100 A/m? up
to approximately 3.38 V at 2000 A/m2. The slight divergence visible at higher current densities
shows the AEM cell exhibiting marginally higher voltages, followed by the AWE cell, while the PEM
cell maintains the lowest voltage profile at the upper current limit. This demonstrates that the
superior proton conductivity of the PEM membrane at 70°C effectively counters ohmic losses at
high current densities compared to its alkaline and anion-exchange counterparts.

Figure 11, traces the electrical work demand across a temperature span from 50°C to 100°C
for PEM, AWE, and AEM Electrolysers. The curves for all three Electrolysers are completely
congruent, decreasing linearly from 2.33 x 10° kJ/kmol to 2.25 x 10° kJ/kmol as temperature
increases. This behavior directly parallels the Gibbs free energy trend, as the electrical work
represents the non-expansion work required to drive a non-spontaneous electrochemical reaction
under constant pressure and temperature conditions. The results signify that operating any of
these liquid-water-fed Electrolysers at elevated temperatures systematically lowers the ideal
electrical input threshold, which can significantly optimize overall system efficiency.
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Figure 12. Generated Heat vs. Operating Temperature

Figure 12 illustrates the generated heat during operation across a temperature range of 50°C
to 100°C for PEM, AWE, and AEM technologies. The figures show a uniform, identical linear
increase for all three configurations, climbing from 5.3 x 10* kJ/kmol at 50°C to approximately
6.17 x 10* kJ/kmol at 100°C. This upward trend represents the entropic heat demand (T - AS) of
the water-splitting process, which expands as the operating temperature rises. The perfectly
overlapping profiles reinforce that the baseline thermal energy absorption required by the core
chemical reaction depends solely on temperature variations rather than the distinct internal
structural components of the membrane or alkaline Electrolysers.
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Figure 13, shows the effect of temperature on the volumetric flow rate of hydrogen produced
for a given current density. The results show a perfect, linear increase for each of the three
electrolyser types, from approximately 8.24 L/min at 50°C to 9.52 L/min at 100°C. This uniform
behavior is a consequence of Faraday's law of electrolysis, whereby the volumetric flow rate of the
product is directly proportional to the current passing through the cell. The increase in the
volumetric flow rate of the product gas is a result of a thermal increase in the gas, and shows that
there is an effect of temperature of the volume of the output gas, with no effect on the various
electrolyser cell architectures.
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v

Figure 14, presents the rate of oxygen generation as a function of temperature for the PEM,
AWE, and AEM Electrolysers at a fixed current density. Similar to the hydrogen output, the rate of
oxygen generation for all three Electrolysers rises in a linear fashion and identically from 4.12 L/min
at 50 °C to 4.76 L/min at 100 °C. This identically linear behavior for all three Electrolysers is a result
of the stoichiometry of the water-splitting reaction and Faraday’s law, which states that the volume
of oxygen generated will always be half of the volume of hydrogen produced. The line drawn by the
point data shows an increase in volume from the gas, which indicates that the cell type and
construction play no role in influencing faradaic conversion trends.
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Figure 15 plots the relationship between the electrical consumption and current density for
the PEM, AWE, and AEM Electrolysers. The cost increases identically and non-linearly in a
parabolic shape for all three Electrolysers as the current density increases from 100 A/m2 to 2000
A/m2, and reaches an estimated value of 6.8 kW for all three Types. This identical behavior for all
three Types is due to the combined effects of the activation and ohmic overpotentials at increased
current density which leads to substantial voltage drop due to internal resistance. The curves for all
three Types overlap completely at the current density values in question. Therefore, at the current
density values in question, the main cost driver for all three Types is the same.

Figure 16, illustrates the variation of overall energy efficiency with operating temperature for
three water electrolysis technologies: Anion Exchange Membrane (AEM), Alkaline Water
Electrolyser (AWE), and Proton Exchange Membrane (PEM) Electrolysers. The results indicate that
all three systems exhibit relatively stable energy efficiencies within the investigated temperature
range of 50-100 °C, with efficiency values remaining close to 59-61%. This behavior suggests that
temperature has only a minor influence on the overall energy conversion performance of the
Electrolysers under the selected operating conditions.

4. CONCLUSIONS

This study of a thermochemical and electrochemical system illustrates how operating
temperature and current density, as well as system performance are coupled at low operating
temperature water electrolysis. As per the model results, high operating temperature reduces
electric energy because of reduced reversible voltage and Gibbs free energy change and results in
increased hydrogen and oxygen production rates. Although the high temperature requires a higher
amount of thermal input to ensure the system thermoneutrality the electric energy consumed is
lower so that the performance is improved and Alkaline water Electrolysers are affected
significantly by high temperature in efficiency improvement due to improvement of ionic
conductivity and lower overpotentials, compared to Anion Exchange Membrane Electrolysers that
are less affected by high temperatures. The PEM Electrolyser presents higher hydrogen generation
rate at high temperature (9.52 L/min) whereas the AWE shows better efficiency (61.74 %).
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APPENDIXIES

Appendix Al: The flowchart of a MATLAB code

C
|

Initialize Environment: Clear workspace (cl¢,
close all) and create the output directory

|

Define Constants: Set physical constants (F, R, n),
thermodynamic properties (enthalpy, entropy),
and electralyzer specifications.

1 ]

Loop Start:
Begin a loop to iterate through
each electrolyzer type
(PEM, AWE, AEM).

Load Parameters: Assign temperature ranges and
overpotential parameters (eta) specific to the
current electrolyzer type.

4

Thermodynamic Calc: Calculate Molar Enthal py

(AH), Entropy (AS), and Gibbs Free Energy (AG)
across the temperature range.

Voltage Calc: Calculate Nernst Potential (Exern)
and Thermoneutral Voltage (E,,) using the
thermodynamic results.

Loop End:
Check if all electrolyzer types
(PEM, AWE, AEM) have been

processed.

A 4

V-I Curve Calculation

Generate Plots
Y

Calculate production rates (Hs, O4), efficiencies,
and heat generation {Qg.) at a fixed current
density. <

Export to Word: Open/Create a Word
b document and insert the saved .png figures
Save Data: Write the calculated with their respective captions.
matrix of results into a .txt file for
the specific electralyzer type.

I A

End

Figure Al. the flowchart of a MATLAB code
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Appendix A2: Table A2: Comparison of AEM, AWE, and PEM Electrolyser Parameters

Table A2: Comparison of AEM, AWE, and PEM Electrolyser Parameters

AEM AWE PEM
Operating Temperature (C) Min Max Min Max Min Max
50 80 60 90 50 100

Reversible Voltage (V) 1.3175 1.2815 1.3055 1.2695 1.3175 1.2575
Cell VVoltage (V) 2.4705 2.4345 2.4405 2.4045 2.4875 24275
Thermoneutral Voltage (V) 1.4825 1.484 1.483 1.4845 1.4825 1.485
Nernst Voltage (V) 1.3175 1.2815 1.3055 1.2695 1.3175 1.2575
H: Production (L/min) 8.24 9.01 8.50 9.26 8.24 9.52
O2 Production (L/min) 4.12 4.50 4.25 4.63 4.12 4.76
Petec (KW) 2470.49 2434.45 2440.46 2404.48 2487.49 2427.52
N (%) 60.01 60.96 60.77 61.74 59.60 61.17
AH (kJ/kmol) 286076.5 286370.6 286174.8 286468.2 286076.5 286565.4
Weie (kJ/kmol) 476.73 469.78 470.94 463.99 480.01 468.44
Qgen (ki/kmol) -285599.8 -285900.9 -285703.9 -286004.2 -285596.5 -286097.0
AG (kJ/kmol) 233101.2 228169.9 231460.3 226520.5 233101.2 224868.4
AS (kJ/kmol.K) 163.93 164.80 164.23 165.08 163.93 165.34

Appendix A3: Thermodynamic and Electrochemical Symbols

Symbol Definition
a Charge transfer coefficient
Atafels Bragel Tafel coefficients used to calculate activation overpotential
0 bed Experimentally determined constants for calculating specific heat at
S constant pressure
cp /¢y Specific / molar heat capacity at constant pressure
ElE,., Reversible cell potential / Reversible voltage
E° Reversible standard potential of an electrochemical reaction
Enernst Reversible equilibrium potential (Nernst potential)
Ein Thermoneutral voltage
Nact Activation overpotential
Neone ! Concentration overpotential
Nmass transport Mass transport overpotential
Nr Faradaic efficiency
Nohm ! Normic Ohmic overpotential
Nrev Reversible efficiency of an Electrolyser
Nen Thermal efficiency / Energy efficiency
Nvoitage | My Voltage efficiency
F Faraday's constant
AG/ G Change in Gibbs free energy / Gibbs free energy
AGr I Mgy Total/molar change in Gibbs free energy of formation
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