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This study presents a comprehensive computational framework that integrates physics-based modeling and data-driven
approaches for analyzing and optimizing photoelectrochemical (PEC) water splitting systems. Utilizing COMSOL
Multiphysics 6.1 and MATLAB, we simulate key electrochemical behaviors such as linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS). COMSOL’s multiphysics environment allows for the direct
incorporation of electrolyte parameters, semiconductor photophysics, and current distribution, while MATLAB enables
custom modeling of impedance behavior and predictive LSV analysis using artificial neural networks (ANNs). By
coupling computational fluid dynamics (CFD), machine learning, and experimental validation, the proposed methodology
provides an in-depth understanding of light-driven hydrogen generation on semiconductor electrodes such as ZnO/BiVOs.
Comparative analysis of simulation results shows that COMSOL and MATLAB produce consistent outputs, yet
COMSOL demonstrates superior flexibility, accuracy, and ease of use, especially for systems influenced by variable
physical and chemical conditions. The study further explores two-phase flow modeling, mesh independence testing, and
the influence of gas bubbles on electrolyte conductivity. The findings contribute to the development of efficient, scalable
PEC systems for clean hydrogen production and offer a foundation for future integration of hybrid simulation and Al
techniques in renewable energy research.

Keywords: photoelectrochemical water splitting, COMSOL Multiphysics, MATLAB, electrochemical impedance spectro-

scopy, artificial neural networks, hydrogen production, electrochemical modeling.

INTRODUCTION

The excessive use of fossil fuels has made it urgent to
develop renewable and sustainable energy sources to ad-
dress the challenges associated with the energy crisis. In
terms of direct solar energy conversion and storage, hy-
drogen has garnered significant attention due to its high
energy density (120-142 MJ/kg) and the potential to ob-
tain it from water. When used as an energy carrier, hy-
drogen is highly efficient. It can be employed for trans-
portation, storage, and power generation in areas where
other energy sources are difficult or costly to access. Ad-
ditionally, the fact that its combustion produces only wa-
ter vapor makes hydrogen particularly appealing as a
clean energy solution [1].

Photoelectrochemical (PEC) water splitting systems
are a promising and sustainable method for producing
green hydrogen by harnessing solar energy. PEC systems
utilize semiconductor photoelectrodes to convert solar
light into chemical energy, leading to the decomposition
of water into hydrogen and oxygen. This approach offers
a carbon-free and environmentally friendly pathway to
meet future energy demands.

The photoelectrochemical (PEC) system operates
based on several key principles. First, a semiconductor
photoelectrode absorbs sunlight, where photons with en-
ergy equal to or greater than the bandgap excite electrons
from the valence band to the conduction band, forming

electron-hole pairs. These charge carriers must then be
efficiently separated and transported: electrons typically
migrate to the external circuit or the counter electrode,
while holes remain in the photoelectrode. At the elec-
trode—electrolyte interface, redox reactions occur — holes
in the photoanode oxidize water molecules to produce
oxygen gas, protons, and electrons. Meanwhile, the elec-
trons travel to the cathode, where they reduce protons to
form hydrogen gas. From an energetic perspective, the
water-splitting reaction requires a minimum energy input
of 1.23 eV; however, additional voltage, known as over-
potential, is necessary to overcome kinetic barriers. For
effective PEC operation, the band edges of the semicon-
ductor must be appropriately aligned: the conduction
band edge should lie at a more negative potential than the
H*/H, reduction level, while the valence band edge
should be more positive than the O»/H,O oxidation po-
tential (Figure 1).

An essential consideration in the operation of a pho-
toelectrochemical (PEC) cell is the necessity of employ-
ing a potentiostat-galvanostat system. Indeed, its use is
required to optimize PEC water splitting performance. Il-
lumination by sunlight or artificial light sources is used
to excite the semiconductor photoanode, generating elec-
tron-hole pairs that facilitate the water-splitting reactions.
In contrast, electrolysis performed solely with a potenti-
ostat in the absence of illumination constitutes conven-
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tional electrolysis, which generally demands higher elec-
trical energy input. The integration of solar illumination
with an applied external bias significantly lowers the total
electrical energy required, thus improving the overall en-
ergy efficiency and sustainability of the process. Unlike
traditional electrolysis, which depends entirely on elec-
trical power, PEC systems leverage both photonic and
electrical inputs, enabling lower operational voltages.
While solar energy or lamp-based illumination primarily
drives the photoelectrode activity, the application of an
external potential — commonly controlled via a potenti-
ostat — remains essential in both experimental and practi-
cal PEC water splitting to enhance charge separation, re-
action kinetics, and hydrogen evolution efficiency [3, 4].

W

Figure 1. Schematic of a PEC system [2]

In recent years, various semiconductors such as TiO»,
Zn0, SiC, a-Fe,03, WO3, and BiVO,4 have been proposed
and extensively studied as photoanodes. Their wide ap-
plication is attributed to a combination of availability,
high stability, and environmental safety. Among these
materials, BiVOjy has attracted particular attention due to
its relatively narrow band gap (~2.4 e¢V), which enables
efficient light absorption and photogeneration of charge
carriers [S]. BiVOy is an n-type semiconductor with a
band gap of 2.4 eV and can serve as a non-toxic pho-
toanode active in the visible range. The favorable align-
ment of its band edges with the redox potentials of water
makes BiVO4 a promising candidate not only for PEC
water splitting (Figure 2) but also for CO; reduction sys-
tems. The theoretical solar-to-hydrogen (STH) efficiency
of BiVOj4 reaches 9.1%, creating strong expectations for
its future commercialization [6]. However, the perfor-
mance of BiVOs-based photoanodes remains limited by
the sluggish kinetics of the oxygen evolution reaction
(OER). This limitation is caused by the high kinetic bar-
rier of water oxidation and severe surface recombination
of charge carriers due to their poor mobility [7]. As a re-
sult, the photocurrent density of BiVOs-based systems
rarely approaches the theoretical maximum of
7.5 mA-cm2 at 1.23 V vs RHE.

To enhance activity, various strategies have been ex-
plored, including controlled growth of specific crystallo-
graphic facets, defect engineering, formation of oxygen

vacancies, and doping with metals or non-metals to tune
the electronic properties of BiVO4. Considerable atten-
tion has been given to the development of highly active
OER catalysts and interface engineering between the cat-
alyst and BiVOys [8]. For example, the introduction of a
hole transport layer can suppress interfacial recombina-
tion and improve system efficiency. Notably, the incor-
poration of Co304 nanoparticles between NiOOH and
BiVOy results in the NiOOH/Co0304/BiVO4 photoanode,
which delivers a photocurrent density of 6.4 mA-cm 2 at
1.23 V vs RHE with stability up to 90 h. The formation
of p—n junctions with Co304 promotes efficient hole ex-
traction and accelerates water oxidation, enabling charge
separation efficiencies of 95.6% and charge transfer effi-
ciencies 0f 97.7% [9]. Similarly, Fang et al. demonstrated
that the deposition of NiFeOOH and Co-Pi cocatalysts
increases the photocurrent to 2.03 mA-cm 2 at 1.23 V vs
RHE, which is 5.8 times higher than that of pristine
BiVO4[10].

Another promising approach to improving the photo-
electrochemical activity of BiVOy is the construction of
heterostructures. In Ag—Pi/BiVO;4 systems, the built-in
electric field greatly accelerates hole transport and charge
separation, while WO3/BiVO4 core—shell heterostruc-
tures compensate for the low carrier mobility of BiVO4
and significantly enhance PEC performance.
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Figure 2. Band edge positions of typical semiconductors
used for water splitting. Reproduced from [11]
with permission from MDPI

Thus, the integration of semiconductors into hetero-
structures can mitigate the limitations of individual com-
ponents and improve overall efficiency [12]. For in-
stance, in the multilayer WO3/BiVO4/TiO, photo-
electrode, BiVOy acts as the light absorber, TiO; serves
as a protective layer against photocorrosion, and WO3
functions as the conductive layer [13]. Since charge sep-
aration and transport directly determine the concentration
of holes participating in oxidation reactions, the introduc-
tion of semiconductor layers onto BiVO4 not only en-
hances light absorption but also forms heterojunctions
that facilitate charge separation [14].

Beyond heterostructures, increasing attention has also
been directed toward BiVO4 homostructures formed by
combining different crystalline forms of the same mate-
rial. In particular, the combination of monocrystalline
and polycrystalline BiVO4 allows one to merge the
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advantages of high carrier mobility in the single crystal
with the large active surface area and facile synthesis of
the polycrystal. Monocrystalline BiVO4 exhibits much
higher electron conductivity (12 em?-V'-s™!) and fewer
grain boundaries, thereby reducing carrier recombina-
tion. However, single crystals suffer from limited active
surface area and complex synthesis, which restricts their
practical use. Thus, homostructures that combine mono-
crystalline and polycrystalline phases can minimize car-
rier losses while simultaneously increasing the number of
active reaction centers. This approach offers new oppor-
tunities for improving both the stability and efficiency of
PEC processes, making BiVOs-based homostructures a
highly promising direction for further optimization [15].
Overall, among the various semiconductor pho-
toanodes investigated, BiVO, stands out as one of the
most promising due to its narrow band gap, favorable
band edge positions, and high theoretical STH efficiency.
At the same time, its intrinsic drawbacks-low electron
mobility, surface recombination, and slow water oxida-
tion kinetics-make BiVO4 a model system for the devel-
opment and testing of advanced PEC enhancement strat-
egies. In particular, the design of hetero- and homo-
structures, the application of cocatalysts, passivation lay-
ers, and interface engineering allow for a deeper under-
standing of charge transfer mechanisms and reveal uni-
versal principles for optimizing photoanode perfor-
mance. These factors explain the choice of BiVOy as the
central focus of the present study, aimed at identifying
and systematizing approaches to improve its activity and
stability, while building a foundation for the future com-
mercialization of PEC technologies. These findings are
in good agreement with recent reports on rhodium-mod-
ified perovskite oxides for enhanced OER activity [16].

MODELING AND SIMULATION PEC SYSTEM

Electroanalysis is a scientific study focused on the
quantitative measurement of the composition or proper-
ties of chemical systems using electrochemical tech-
niques. Common electroanalytical methods include cy-
clic voltammetry, linear sweep voltammetry, chrono-
potentiometry, and electrochemical impedance spectros-
copy. These experiments can be performed in either static
electrolyte solutions or in solutions that are subjected to
forced fluid flow.

The primary objectives of electroanalytical modeling
in COMSOL Multiphysics include the determination of
both kinetic and thermodynamic parameters associated
with electrochemical reactions occurring at electrode sur-
faces. These simulations provide insights into the funda-
mental behavior of the electrochemical interface under
various conditions. Additionally, electroanalysis allows
for the characterization of mass transport properties, fa-
cilitating the study of how electroactive species diffuse,
migrate, or convect within the electrolyte. Furthermore,
COMSOL enables the exploration of reaction mecha-
nisms, offering a detailed understanding of the electro-
chemical pathways and the subsequent chemical reactiv-
ity of the species formed during these processes [17].

Using CFD offers enhanced accessibility and the op-
portunity to explore complex systems that may be chal-
lenging to assess experimentally. Recognizing these ben-
efits, it is crucial to focus on developing CFD simulation
approaches for PEC cells. Machine learning methodolo-
gies, including artificial neural networks (ANN), have
the potential to enhance predictive accuracy and optimize
the operational efficacy of alkaline water spitting by uti-
lizing data-driven insights.

COMSOL Multiphysics offers distinct advantages
over MATLAB in the field of electrochemical modeling,
primarily due to its native support for coupled multiphys-
ics simulations. Unlike MATLAB, where individual gov-
erning equations such as Nernst—Planck (ion transport),
Navier—Stokes (fluid dynamics), Poisson (electrical po-
tential), and Butler—Volmer (electrode kinetics) must be
implemented separately and manually coupled,
COMSOL provides an integrated environment that
solves these equations simultaneously within a unified
framework [18, 19]. The graphical user interface in
COMSOL further facilitates the construction of complex
geometries — such as porous electrodes or microfluidic
channels — and automatically generates high-quality fi-
nite element meshes, eliminating the need for manual
scripting or external meshing tools often required in
MATLAB. Additionally, COMSOL includes a built-in,
robust finite element solver with automatic mesh refine-
ment and convergence control, wherecas MATLAB users
must assemble system matrices, impose boundary condi-
tions, and ensure numerical stability manually unless em-
ploying specialized toolboxes. Widely recognized in both
academia and industry, COMSOL has become the stand-
ard platform for solving coupled multiphysics problems,
supported by extensive validation studies. While
MATLAB remains a powerful tool for algorithm devel-
opment, data analysis, and simplified one-dimensional
models, it lacks out-of-the-box capabilities for full-scale,
three-dimensional multiphysics simulations.

In modeling the LSV curve using MATLAB coding,
we define the Tafel or Butler-Volmer equation. However,
in COMSOL, in addition to that information, we also
need the concentration of the electrolyte and its conduc-
tivity, which are influential parameters in electrochemis-
try, especially in LSV curves. The COMSOL software is
more comprehensive and includes all relevant details,
whereas, in MATLAB, this is not the case. Another con-
sideration is that when using ANN in the electrochemis-
try field, especially when training a LSV curve, a sub-
stantial amount of data is required. The more databases
are applied in ANN modeling, the more accurate the net-
work will be, and consequently, it will be able to predict
other circumstances. In contrast, with the limited experi-
mental data available, we will be able to train it and use
it for predictions in COMSOL.

Experimental Studies on ZnO/BiVO4 -based PEC
Water Splitting Systems are summarized in Table 1.

Simulation and modeling studies in PEC water split-
ting are further summarized in Table 2.
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Table 1. Experimental Studies on ZnO/BiVOq4 -based PEC Water Splitting Systems

Ne Electrodes Used PEC Performance Ref.
Photoanode: ZnO/BiVO4 on ITO
1 | Counter: Pt J=1.72mAlcm2 @ 1.2 V vs Ag/AgCl [20]
Ref: Ag/AgClI
Photoan.ode: a thin film of BiFe0; nanosheets on FTO 0.56 pA cm-2 under continuous light illumination, and 0.07 uA cm-2 In the absence of
2 | Counter: Pt light [21]
Ref: Ag/AgCl ght.
3 | Photoanode: ZnO/BIVO/Co-Pi Onset = 0.09V_RHE: J = 3.4 mAlem? @ 0.6 V_RHE 2]
Counter: Pt
Photoanode: ZnO/BiVO4/NiFePB _
4 Counter: Pt J=1.66 mAlcm2 @ 1.23 V_RHE [23]
Photoanode: WO3/BiVO4/Co-Pi; _
5 Counter: Pt J=6.7mAlcm? @ 1.23 V_RHE [24]
6 Photoanode: BiVOy; solar-to-hydrogen (STH) efficiency is around 5% for single BiVO4 photoanodes and >8% [25]
Counter: Pt for tandem systems.
Photoanode: BiVO4/FeOOH _
7 Counter: Pt J=1mAlcm? @ 0.6 V_RHE [26]
8 Photoanode: ZnO/BiVOq4 The Co-Pi/BiVO4/ZnO nano dendrite array photoanode achieved 3.5 mAcm-2at 1.23 V 27]
Counter: Pt vs. RHE, demonstrating improved performance compared to bare BiVOa.
Photoanode: BiVO4/Mo .
9 | Counter: Pt 4 STH up to ~3% in prototype 28]
1" Photoanode: BiVO4/ NiFeOx The hydrogenated BiVO4 photoanodes, when coupled with a NiFeOx cocatalyst, achieve [29]
Counter: Pt a high efficiency of 1.91% at 0.58 VV vs RHE.
13 | Photoanode: BiVOs; Counter; Pt [30]
Table 2. Simulation and modeling studies on PEC water splitting system
Ne Modeling/simulation Method Software Key results Ref.
1 | ANN prediction MATLAB + ANN | Photocurrent prediction and system tuning [31]
2 | Carrier transport modeling COMSOL Charge separation efficiency [32]
3 | Nemst-Planck & Butler-Volmer equation COMSOL Design validation- Improved solar-to-hydrogen conversion efficiency |  [33]
4 | FEM ion transport - Potential and current distribution [34]
5 | Modeling of charge transfer MATLAB Photo absorber J-V, mass + charge transport [35]
6 |light absorption and charge separation COMSOL photocatalytic performance [36]
7 Falsgtrochemlcal kinetics at electrode/electrolyte inter- COMSOL Overpotentials and catalytic activity [37]

The present study aims to establish a comprehensive
modeling and simulation framework for photoelectro-
chemical (PEC) water splitting systems, with a focus on
analyzing and optimizing their electrochemical perfor-
mance. Two primary simulation platforms are employed
in this work: COMSOL Multiphysics 6.1 and MATLAB.
COMSOL is utilized to perform linear sweep voltamme-
try (LSV) simulations under varying operational condi-
tions to evaluate the photoelectrode activity, as well as
electrochemical impedance spectroscopy (EIS) analyses
to investigate charge-transfer mechanisms and interfacial
properties. In parallel, MATLAB is used to implement
artificial neural networks (ANNSs) for predicting LSV be-
havior, allowing a comparative evaluation of ANN pre-
dictions against COMSOL-based results. Additionally,
MATLAB-based custom code is developed for modeling
impedance spectra, providing an alternative route to val-
idate and interpret electrochemical data. By integrating
physics-based simulations with data-driven approaches,
the study seeks to gain deeper insight into PEC system

behavior, assess the accuracy and reliability of different
modeling techniques, and support future experimental
validation.

Ultimately, this integrated approach enhances the un-
derstanding of PEC hydrogen production systems and
contributes to the development of efficient and scalable
clean energy technologies.

As mentioned earlier, at the beginning of the project,
we also modeled impedance in both software to compare
their accuracy. After that, we used the Tafel equation to
model the kinetics of electrochemical reactions in both
software to highlight the software of COMSOL and its
superiority in application. In the following, the process of
coupling the neural network and COMSOL with the elec-
trolysis of water with graphite electrodes was also carried
out.
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METHODOLOGY

Methodology for Simulating Impedance

of Randles Circuit:

In MATLAB:

1) Define circuit parameters: R (solution resistance),
R (charge transfer resistance), Cy (double-layer capaci-
tance), o (angular frequency 27f), j (imaginary unit J-1
).

2) Generate logarithmic frequency vector

3) Calculate total impedance using the modeled
Randles model formula (1).

4) Plot Nyquist diagram (real vs. imaginary imped-
ance)

(0)=R 4 (1)

S 1 )
[Rd—i_]o‘)cdlj

In COMSOL Multiphysics:

EIS was simulated using the Electroanalysis physics
interface in COMSOL Multiphysics. A small sinusoidal
perturbation was applied to the working electrode poten-
tial, and the resulting current response was recorded. The
impedance was calculated over a logarithmic frequency
range. Material properties, electrode kinetics (via the
Butler—Volmer equation), and double-layer capacitance
were defined based on literature values. The Nyquist plot
was then generated using the simulation results.

Methodology of modeling Tafel equation

in MATLAB and COMSOL.:

In the MATLAB section, we will define the Tafel
equation using code. For comparison with COMSOL
software, we will select the secondary current distribu-
tion physics and choose the electrode reaction equation
known as the Tafel equation.

Methodology for Coupling COMSOL and ANN:

Figure 3 depicts the modeling procedures suggested
in this study. The initial phase involved CFD simulation,
encompassing the precise design of the system's geome-
try, the modeling of the electrochemical and momentum
sections, and the meshing process. Following validation
of the outcomes to confirm their accuracy, the subsequent
step involved creating a dataset derived from the simula-
tion results that reflected the influence of operational pa-
rameters, such as temperature and electrolyte concentra-
tion. This dataset was then imported into the neural
network toolbox within MATLAB.

An ANN was employed to model and predict the cur-
rent density (J) based on three input parameters: potential
(V), temperature (T), and concentration (C). MATLAB
was used as the computational platform to implement,
train, and validate the ANN. ANN generally consists of
three main layers: input, hidden, and output. In Figure 4,
the ANN developed in this study is illustrated, showcas-
ing layers of interconnected neurons. The outputs are de-
rived from computations executed by the neurons from
the preceding layer. The ANN modeling process consists

of testing, training, and validation. Unlike other training
algorithms, the Levenberg—Marquardt training algorithm
demonstrated superior performance, leading to its selec-
tion for training this ANN model. The 2008 datasets gen-
erated by CFD modeling in COMSOL Multiphysics were
classified into three distinct categories, namely, 70% for
training (1406 datasets), 15% for testing (301 datasets),
and 15% reserved for validation (301 datasets). They
were exported to MATLAB for the development of the
ANN model.

Import datasets
from COMSOL
results in ANN

Select physics in COMSOL _——toolbox
Multiphysics 4 N

Design 3D geometry

: i ¢ [ Training/Testing
Assign conditions and ching o ©
parameters RO Meshing | Validation
Datasets__
R, |
Study definition | Compute &
> L A
Train ANN |
= >
Post Processing & generate X
datasets Plot

regressions

Figure 3. The sequence of executing the steps of the suggested
modeling in methodology

Hidden layer Output layer

Input Output

Figure 4. Schematic representation of the proposed
artificial neural network

The accuracy of the COMSOL simulation against ex-
perimental data was evaluated by calculating the coeffi-
cient of determination (R?), as illustrated in equation (2)
[38]:

Z:lzl(yl}exp — Yicrp )2
> -
ZL](yi,exp _yf.exp)

Ion conductivity in electrolytes adheres to Ohm’s law
(3) and (4), which states that the electric current flowing
through a conductor is directly related to the voltage dif-
ference between its terminals [39]. The electrolyte’s con-
ductivity is ascertained through equation (5). Equation
(6) modifies the electrical conductivity of the electrolyte
by accounting for the bubbles generated at the electrodes.
These bubbles act like resistance and reduce the conduc-
tivity of the electrolyte [40, 41]. The Tafel equation (a
simplified version of the Butler-Volmer equation due to
overpotentials exceeding 100 mV of electrodes [42])
models the current density at the electrode surfaces, as
outlined in equation (7) [43]. The energy efficiency of the

R =1- )
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cell was calculated using the higher heating value (HHV)
of hydrogen, referencing the thermoneutral voltage of
1.48 V, as presented in equation (8) [44—46]. Ultimately,
the standard potential, Uy, of the two-electrode cell is
calculated through (9) as an operating temperature-de-
pendent variable.

V-J=0—>J=-cVJ, 3)
V-i=0,, 4

G, =—204.1M —0.28M* +0.5332MT +
5
+20720%+0.1043M3 —0.00003M>*T?, )
c;real = GO (1 _8)1‘5 > (6)

J
=b-log| — |, 7
n g[ Jo] @)
1.48
:_’ 8
=" (®)
U. =15184-1.5421-10"-T +

stn (9)

+9.523-10°-T-InT +9.84-10° - 2.

In this system, it was observed that the bubbles gen-
erated on the electrode surface do not detach from it.
Therefore, the effect of gas generation was effectively ac-
counted for as a decrease in electrolyte conductivity.
These adherent gas bubbles preserve the electrolyte’s sin-
gle-phase status. Nevertheless, we employed the Euler-
Euler Model and Laminar Flow physics to investigate the
dispersed phase of the produced bubbles within a two-
phase system. The results showed that the volume frac-
tion of the bubbles is zero (data will be provided in the
next part). Given the certainty of the system’s single-
phase nature, as confirmed by experimental observations
and computational results, we model the system under
this condition.

The electrolyte phase is considered a Creeping Flow
due to its complete immobility. The modified Navier-
Stokes and continuity equations characterize the dynam-
ics of velocity and pressure within the electrolyte phase
[47]. The inertial term (Stokes flow) was neglected as a
modification of the Navier-Stokes equation (10) and (11).
Table 1 lists the parameters used to model the 3D two-
electrode AWE setup.

0=-VP+pg+VK, (10)
pV-V=0. (11)

The physics of secondary current distribution and
creeping flow were selected in the COMSOL Multiphys-
ics® software along with a steady-state study, for model-
ing.

Figure 5 illustrates the geometrical configuration de-
veloped for the system using COMSOL Multiphysics
6.1® software. This geometric design was derived from
the experimental setup employed to assess the GR

performance and confirm the accuracy of the simulation
findings.

o =
" D
< & ofl
i=4
[5) (8) H, et &
O ki O0; 2y O
iR —Ng
% 105 ;
\
Electrolyte

Figure 5. The system geometry in COMSOL Multiphysics®
software.

Two phase flow modeling

The Euler-Euler model was used to model two-phase
flow. Firstly, the model calculates the volume fraction of
the continuous and the dispersed phases using the conti-
nuity equation, as shown in equations (12) and (13) [39]:

£ (p0.)+ V- (pbn) = (12)
g(pd¢d)+v'(pd(l)dud):_mdy’ (13)

where ¢ shows the volume fraction of each phase (dimen-
sionless), u is the velocity (m/s), p is the density (kg/m?),
and myg, is the mass transfer rate from the dispersed to the
continuous phase (kg/(s'm?)). The subscripts ¢ and d rep-
resent the continuous and dispersed phases, respectively.

Equation (14) describes the relationship between the
volume components of two phases. The continuity equa-
tion for the mixture is given by (15) [39].

¢L»=1_¢d’ (14)

c d

V- (dguy +u, (1-9,))=m,, [L—LJ. (15)

The momentum balance equation for the continuous
phase and dispersed phase is expressed as follows [39]:

PP, [%(uc )+uV-(u, )} =—¢,VP+¢, V-1, +

+¢cpcg+Fm,c +¢LF: +mdc (uim _uv)’ (16)

Py [g(ud )+u,V-(u, )} =—¢,VP+¢,V-1,+

+0,p,8 + Fm,d +o,F, —m,, (”im —Uy )’
7)
in which, P — represents the pressure of the mixture (Pa),
g — denotes gravitational acceleration (m/s?), u;, — signi-
fies interphase velocity (m/s), T — is the viscous stress ten-
sor (Pa), — F}, indicates interphase momentum transfer
(N/m3), and F refers to any other volume force (N/m?).
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In multiphase flow systems, the drag force is consid-
ered the most important interphase force [48], and the fol-
lowing equation is used to calculate it [39]:

3
E?Z,(J = _F;n,d = _(I)cd)dCDpc uslip uslip . (18)
4d,
In (18), dq represents the diameter of the dispersed
particles (m), and Cp is the drag coefficient. Slip velocity
is defined as:

u u; —u,. (19)

slip = c

Cp is calculated using the Schiller-Naumann relation
(20). The particle Reynolds number, Re,, is determined
using (21) [39]:

£(1+0.15Re;m) Re, <1000
Cp= Rep (20)
0.44 Re, 21000
d d usi
Re, = M ) 1)
K.

Bubble dispersion is included in the momentum equa-
tion using a volume force according to [49]:

K
FBD = _(I)dpu —= uslip ng s (22)
dd
where K,/dp is the gas-phase dispersion factor, which is 5
m/s for oxygen and 2.5 m/s for hydrogen.
The viscous stress tensors are calculated according to

the following relations [50]:

_— (vuc +(Vu)' —%(wc)lj, (23)

T, =y, [Vud+(Vud)T—§(V~ud)1j. 24)

Lastly, the Faradaic equation calculates the amount of
hydrogen and oxygen gas produced (g/(m>s)) by the re-
action on the electrode surface, as a function of the elec-
trode's current density (25) and (26). To calculate the to-
tal amount of gas in each of the cathode and anode
chambers, the amount of water vapor was taken into ac-
count (27-30) [39-51]:

My, = Mo 1
2F (25)
MO, .

my, = =1
ar (26)

T—0[degC]
P, =0.61121-exp||18.678 - —L =4 |.
" 234.5[K]

@7

( T —0[deg C] H
257.14+T -0[degC] |

x — Rupor (28)
H20 s
M by
mvap cathode — S ‘i i s (29)
: 2F 1-x,,
M X
mvap anode — 20 i — 00 5 (30)
' 4F 1=x,0

where M, , M, ,,and M, arethe molecular weights

of hydrogen, water, and oxygen. Pyqp0- is the water vapor
pressure, P is the operating pressure, which is standard
pressure (1 atm), 7 is the operating temperature in °C,
and x, , is the mole fraction of water vapor in the gas

phase.

PEC water splitting simulation

PEC water splitting systems rely on the interplay be-
tween photogenerated charge carriers and electrochemi-
cal redox reactions at the semiconductor—electrolyte in-
terface. In contrast to conventional water electrolysis,
which requires a minimum thermodynamic potential of
1.23 V under standard conditions, PEC systems can
achieve water splitting at significantly lower applied
voltages. This is because incident photons excite elec-
trons from the valence band to the conduction band of a
semiconductor, generating electron-hole pairs that con-
tribute part of the Gibbs free energy required for water
splitting. As a result, the external bias needed to drive the
redox reactions is reduced, effectively lowering the onset
potential of the system. This photovoltage, generated in-
ternally by the light-absorbing semiconductor, plays a
crucial role in enabling spontaneous or low-bias-driven
water splitting reactions. Therefore, light not only acti-
vates the semiconductor but also alters the electrochemi-
cal potential landscape at the interface, tightly coupling
photo- and electrochemical processes.

In this simulation, we employ a hybrid modeling ap-
proach to capture both the photophysical behavior of the
semiconductor photoelectrode and the electrochemical
reactions at the semiconductor—electrolyte interface. The
model combines two physics interfaces in COMSOL
Multiphysics: Semiconductor (under illumination) and
Secondary Current Distribution.

First, semiconductor physics is used to simulate light
absorption and carrier transport within the photoelec-
trode. Generation of electron—hole pairs due to incident
light is defined through an optical generation term, and
the internal electric potential is computed by solving the
coupled Poisson and drift—diffusion equations. The re-
sulting electrostatic potential at the interface between the
semiconductor and electrolyte represents the photo-
voltage developed due to illumination.

Next, this photovoltage is used as an input into the
Secondary Current Distribution interface to model the
electrochemical kinetics. The potential difference be-
tween the semiconductor surface and the reversible wa-
ter-splitting potential (1.23 V vs. RHE) is used to define
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the local overpotential driving the reaction. The Butler—
Volmer equation is applied at the interface to describe the
charge transfer between the photoelectrode and the elec-
trolyte.

This approach allows for the analysis of how illumi-
nation affects the onset potential and current density in
PEC water splitting, effectively linking the semiconduc-
tor’s photogenerated potential to the electrochemical per-
formance of the system.

RESULTS

Comparison of EIS outcomes acquired from two

mathematical approaches

At the beginning of the results section, we attempted
to model the Nyquist plot using both COMSOL and
MATLAB. In MATLAB, we wrote code to obtain the re-
sults, while in COMSOL, we used the Electroanalysis
physics module. Figure 6 presents the EIS results for a
pre-prepared sample from the experimental setup,
COMSOL simulation, and MATLAB modeling. As
shown, MATLAB and COMSOL demonstrate similar
capabilities in predicting the Nyquist plot of the sample.
Compared to the experimental data, both simulations ex-
hibit some deviation and are not entirely accurate. Nev-
ertheless, our primary focus is on the similarity in their
prediction abilities. COMSOL, with its user-friendly in-
terface and predefined equations, provides a comparable
level of accuracy to MATLAB, which requires more ex-

tensive coding efforts.
500
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Figure 6. Nyquist plot obtained from experimental test,
COSMOL simulation, and MATLAB modeling

This code was developed to simulate the impedance
behavior of a water electrolysis system. experimental im-
pedance curve presented in Figure 6 was obtained from
one of our synthesized perovskite oxides (LaFeO3) under
dark water electrolysis conditions. This data was utilized
exclusively for extracting the electrochemical parameters
listed in Table 3 and for validating the numerical imple-
mentation of the COMSOL-MATLAB model ensuring
accurate representation of the electrochemical behavior
in the simulations. Under illumination, the charge trans-
fer resistance (R.;) decreases due to increased generation
of charge carriers and enhanced electrochemical reaction
rates. Therefore, for a PEC cell, we simply replace the R,
value with the new, illumination-dependent value to ac-
count for the effect of light on the system’s impedance.

In photoelectrochemical (PEC) water splitting, illu-
mination plays a critical role in determining the electro-
chemical behavior of the system. Two important param-
eters used to characterize this effect are the light
sensitivity coefficient (k) and the normalized light inten-
sity (/). The light sensitivity coefficient is a dimension-
less quantity that reflects the extent to which the electro-
chemical response of the PEC cell varies with changes in
illumination. Higher values of k indicate greater sensitiv-
ity to light intensity fluctuations. The normalized light in-
tensity / represents the ratio of the applied light intensity
to a standard reference, typically taken as the AM 1.5G
solar spectrum at 1000 W/m?. This normalization allows
for consistent comparison of PEC performance under dif-
ferent experimental or simulated lighting conditions, us-
ing a scale ranging from 0 (complete darkness) to 1
(standard full illumination). Despite the utility of these
parameters, a universally applicable equation describing
the precise dependence of electrochemical behavior on k&
and 7 has yet to be established, due to the complexity and
variability of PEC systems.

However, in practice, especially for systems with a
fixed and well-defined light source (such as ours), these
settings are unnecessary. Because the light intensity re-
mains constant throughout testing, there is no need to
model variations in lighting. The impedance modeling in-
cluding the equivalent circuit and governing equations, in
PEC water splitting compared to water electrolysis, is in-
tact. The sole modification being the illumination-ad-
justed values of electrochemical parameters, The only
thing that changes is the charge transfer resistance R,
which is determined by the system under certain lighting
circumstances. Thus, there is no need to include or
change £, I, or the corresponding equations during simu-
lations. This method simplifies modeling while properly
describing the system's behavior under constant light.

Table 3 provides the details of the parameters inserted
into MATLAB and COMSOL software to obtain the
Nyquist plot.

Table 3. The details of the parameters inserted into MATLAB

and COMSOL sofiware
Parameter Symbol Unit Value
Solution Resistance Rs Q 21.77
Charge Transfer Resistance Ret Q 501.1
Double-Layer Capacitance Cal F 6.3-10
High frequency fnax Hz 100000
Low frequency fmin Hz 0.01

Comparing LSV curves obtained from coding in

MATLAB and simulation through COMSOL

It is evident from the results in Figure 7 that both
mathematical approaches — COMSOL simulation and
MATLAB coding — yield nearly identical results. None-
theless, a significant differentiation emerges when scru-
tinizing the influence of electrolyte concentration on
electrocatalytic efficacy. While MATLAB coding, which
is based on the classical Tafel equation, does not
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incorporate an explicit parameter for electrolyte concen-
tration, COMSOL facilitates the direct integration of
electrolyte concentration as an input variable that signif-
icantly affects the LSV characteristics. The classical
Tafel equation does not explicitly account for electrolyte
concentration as a variable; hence, its impact can only be
integrated empirically through MATLAB by adjusting
the exchange current density Jo, which necessitates ex-
tensive and dependable experimental data. This con-
straint diminishes the model's precision and increases re-
liance on numerous experiments to calibrate the
parameters accurately.

350

MATLAB coding
300

——COMSOL
250

200

100

Currrent density (A/m2)

1 L5 2 25 3 35
Potential (V)

Figure 7. Comparing LSV curves obtained from coding in
MATLAB and simulation through COMSOL

Alternatively, the effect of electrolyte concentration
on mass transport can be modeled by introducing a limit-
ing current density that depends on the concentration.
However, the modeling of the limiting current density en-
tails a considerable simplification: it presumes a uniform
concentration field and disregards spatial variations, con-
vective transport, and the effects of electrode geometry.
This approximation may result in considerable inaccura-
cies in practical systems. It should also be noted whether
there is a limiting current density in the system. In the
perovskite materials we have investigated, no limiting
current density has been observed in the potential ranges
tested so far.

Table 4. The details of the parameters inserted into MATLAB
and COMSOL software to obtain the LSV curve

Parameter Symbol Unit Value
Tafel slope b Videc 0.282
Equilibrium potential Eeq v 1.23
Applied potential range E v 1-3.5
Exchange current density lo A/m? 0.1

In contrast, COMSOL Multiphysics offers a compre-
hensive simulation environment that enables the direct
input of physical and chemical properties, including elec-
trolyte concentration. Without modifying the fundamen-
tal governing equations, one can quickly and accurately
investigate the effect of electrolyte concentration on elec-
trocatalyst performance by simply adjusting this param-
eter. This flexibility significantly reduces the time and
cost of experimentation and analysis while enhancing
confidence in the simulation results. Table 4 provides the

details of the parameters inserted into MATLAB and
COMSOL software to obtain the LSV curve.

Coupling COMSOL and ANN

Initially, the electrocatalytic performance of GR to-
ward OER and HER was evaluated in a three-electrode
setup to determine its electrochemical parameters, Jy and
b. Polarization curves under operating conditions of
25 °C and 70 °C are illustrated in Figure 8a and 8b. Sub-
sequently, the Arrhenius diagram was plotted based on
the exchange current density and temperature, allowing
for the determination of Jy without requiring further la-
boratory testing. This diagram can be used to predict Jy
at any temperature, as shown in Figures 8c and 8d. The
slope of the Arrhenius plot exhibits values of —1556 and
—602.1 for the OER and the HER curves, respectively.

The current density measured at 0 V vs. RHE was ob-
served to be negative, with the cathodic current onset
shifted toward more negative potentials. This phenome-
non can be attributed to several well-established factors
[52-54]. Firstly, graphite electrodes are known to cata-
lyze oxygen reduction at low potentials due to the pres-
ence of dissolved O, leading to the emergence of ca-
thodic current even prior to the thermodynamic onset of
the hydrogen evolution reaction (HER). Secondly, poten-
tial cycling during electrode conditioning may result in
the activation of the graphite surface by introducing edge
sites, structural defects, or partial oxidation. These mod-
ifications enhance the electrode’s catalytic behavior and
can shift the HER onset to more positive potentials. Ad-
ditionally, graphite exhibits a relatively high double-
layer capacitance, and capacitive (non-Faradaic) currents
may contribute significantly to the background signal,
particularly at low scan rates. To mitigate these effects, it
is advisable to degas the electrolyte with N, or Ar prior
to measurements and to minimize potential cycling when
using freshly prepared electrodes.

Moreover, graphite demonstrates a markedly higher
exchange current density (Jo) for the oxygen evolution re-
action (OER) compared to HER, which can be explained
by several material-specific properties [55-59]. Under
anodic polarization, the graphite surface becomes en-
riched with oxygen-containing functional groups that in-
crease its activity toward OER. In contrast, HER requires
efficient hydrogen adsorption and fast electron transfer —
conditions for which graphite is inherently less favorable
due to its poor hydrogen binding characteristics. Further-
more, elevated temperatures and anodic potentials pro-
mote oxidative modifications on the graphite surface,
generating reactive sites conducive to OER, while offer-
ing limited benefit to HER kinetics.

In summary, the higher jo observed for OER on
graphite compared to HER reflects graphite’s relatively
better catalytic activity for OER due to the formation of
active oxygen species on its surface and its inherent lim-
itations in hydrogen adsorption. This is consistent with
experimental findings and supports the understanding
that graphite is a more efficient catalyst for OER than for
HER.
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s Checking mesh independence is one of the most es-
- sential steps in any simulation [60]. The non-dependence
‘ of the solution on the meshing should be checked in all
00 simulation software that divides the computational do-
main into smaller sub-domains. Examining mesh inde-
pendence involves selecting the optimal mesh to obtain
accurate results. In this work, an independence test was
conducted on the meshing results to determine the opti-
mal meshing of the system. The number of elements in
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d) We had previously observed during experimental
tests that bubbles produced on the electrode surface do
Figure 8. OER polarization curve (a), HER polarization not separate from them and therefore do not enter the

curve (b), Arrhenius plot as anode (c), and Arrhenius

electrolyte phase, but instead act as a resistor. However,
plot as cathode (d) of the GR electrode

we attempted to model the system as a two-phase system,
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so that after verifying whether the system is single-phase
or two-phase, we could proceed with modeling it.

The bottom image shows the volume fraction of bub-
bles in the system, which we observe to be zero (Figure
10a). Figure 10b also indicates the electrolyte velocity
distribution. The electrolyte in our experimental system
remains stationary due to the absence of inflow or out-
flow, as well as the lack of electrolyte injection in the
middle or RDE system, which would create movement
within the electrolyte. The modeling results show a min-
imal value for the electrolyte velocity, which is con-
firmed to be correct. The stationary nature of the electro-
lyte is one of the reasons it remains single-phase, as the
completely stationary phase prevents bubbles from mov-
ing.

E_cell(251)=3.5 V Volume: Volume fraction, dispersed phase (1)

AN 5 ) o

a)

E_cell(251)=3.5 V Volume: Mixture velocity magnitude (m/s)

2 x107®

b)

Figure 10. Volume fraction (a) and electrolyte phase
velocity (b)

CONCLUSION

In this work, we developed and validated a hybrid
modeling framework to simulate photoelectrochemical
water splitting using both COMSOL Multiphysics and
MATLAB environments. Through a series of simulations
and ANN-based predictions, we demonstrated that both
platforms can effectively model electrochemical pro-
cesses such as impedance behavior and current—voltage
characteristics. However, COMSOL proved to be more
comprehensive and efficient, particularly due to its built-

in multiphysics solvers, flexible geometry handling, and
direct parameter integration, such as electrolyte concen-
tration, which is otherwise challenging to account for in
MATLAB without extensive experimental data.

Moreover, we showed that coupling COMSOL simu-
lations with machine learning tools in MATLAB (ANN)
enables predictive modeling with high accuracy, thereby
reducing the experimental workload. The inclusion of
two-phase flow simulations confirmed the single-phase
behavior of the system under stationary electrolyte con-
ditions, with negligible bubble motion and volume frac-
tion. Mesh independence testing further ensured the reli-
ability and efficiency of the computational model.

This integrated approach not only enhances our un-
derstanding of PEC hydrogen production mechanisms
but also contributes to the advancement of simulation
techniques in electrochemical energy systems. Neverthe-
less, a limitation of this study is the absence of experi-
mental validation; while the simulations provide valuable
insights, their predictive reliability remains constrained
without corresponding experimental confirmation. Fu-
ture work will focus on extending the model to include
new photoelectrode materials, implementing real-time
data feedback into ANN models, and conducting in-depth
experimental validations under variable light and electro-
lyte conditions to further optimize system performance
for industrial application.
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Bbyn 3eprreyzne cynpl bIabIpaTaThiH (OTOAIEKTPOXUMISIBIK (DDX) kyienepal Tannay »oHE OHTAaWIaHABIPY YIUIH
(GU3MKAIBIK MOJETBACY MEH JepeKTepre Heri3leNireH Taciniepai OipiKTipeTiH KemeHAi ecenTey Iuardopmacs
yeoiabutFad. COMSOL Multiphysics 6.1 xone MATLAB kemeriMeH ChI3BIKTHIK BodbTaMmepomerpus (CBA) xoHe
ANEKTPOXUMHUSIIBIK UMIIENAHC CIIEKTPOCKOMUACH (OVIC) CHSAKTBI HETi3Ti 3MeKTPOXUMUSIIBIK IPOLIECTEP MOJEIbACHEI.
COMSOL MynpTH(U3AKATIBIK OPTAachl 3JCKTPOIHUT TapaMeTpiiepiH, XapThUlall OTKI3rimTepmiH (OTOPH3MKAIBIK
KAaCHETTEPiH JKOHE TOKTHIH TAapaTyblH TiKeNel ecemke aixyra MyMKiHmik Oepeni, a1 MATLAB »xacaHIpl HEHpOHIIBIK
xeninepni (PKHIXX) nmaiianana oTBIpHII, peTTENIETiH HMIIEAaHC o3repiciH Monenbaeyai xone CBA OomkaMIp! TanmaysiH
perreyre mMyM™mkiagik Oepemi. Ecenrey rumpoannamukaceiHbiH (EI'J]), MammmHANBIK OKBITYIBIH JKOHE SKCIEPUMEHTTIK
TEKCepYdiH YWieciMi apKbUTel YCHIHBUTFaH omicteme ZnO/BiVO4 CHAKTHI KapThUTalf OTKI3TIII AIIEKTPOATApIAFhI
KApBIKTBIH 9CEepIHEH CYTEKTIH Maijga 0oy mpoleciH TepeH TyciHyre MyMKiHAIK Oepeni. Mopenbaey HOTHXKENIEpiH
cansicTbipmabl Tannay COMSOL men MATLAB yiinecimai HoTvxenepai KaMmramachi3 eretiHin kepcerti, COMSOL,
acipece (HM3MKaNBIK KoHE XUMHUSUIBIK JKaFAaiiapbIH aifHRIMANbIIAPhl 9Ccep €TETIH )Kyienep yIiH Tamaria UKeMIUTIKTI,
JIOITIKTI JKOHE MaliAaiaHy/ IbIH KapanaibIMABUIBIFBIH KepceTelli. 3epTTey eki (aszaibl aFbIHAB MOJEIbICY A1, TOPIapAbIH
TOYEJICI3AIrIH TeKCepyi JKoHE ra3 KeMipLIIKTEePiHIH AJIEKTPOJHMT OTKI3TIMITIriHe JcepiH OJaH api KapacThIpajbl.
Hotmxkenep Ta3a cyTekTi eHAIpY YIIiH THIMI MacIITa0TaIaThIH IIEKTPOXUMISUIBIK cuHTe3 Kyhenepin (PEC) nambiTyra
BIKIIAJ €Te/1 )KOHEe THOPUITI MOJENBACY MEH KacaH bl HHTEIUICKT 9JiCTePiH XKaHAPTHUIATEIH SHEPTHs KO3JIEPIiH 3epTTeyre
Oomarrakra OipiKTipyTe Heri3 Kalaimpl.

Tyitin ce30dep: cyovt pomosnexmpoxumusnsiy 6emy, COMSOL Multiphysics, MATLAB, snekmpoxumusiel umMneoanc
CNEKMPOCKONUSACHI, HCACAHObL HEUPOHOBIK Jiceiinep, cymeei OHOIDICI, SNeKMPOXUMUATBIK MOOeTbOeY.

140



PHOTOELECTROCHEMICAL WATER SPLITTING SIMULATION:
TOWARD A COMPREHENSIVE MODELING FRAMEWORK

MOJEJTUPOBAHUE ®OTOJJEKTPOXUMHNYECKOI'O PACHIEIIVIEHUS BObI:
HA IIYTH K CO3JJAHAIO KOMIIJIEKCHOM CUCTEMbBI MOJIEJIMPOBAHUS

H. Bakpanos!, B. Ceiitos?, /I. Bakpanosa®, E. ®atraxu*’, A. Yopyx*, A. Huaen*

! Research Group altAir Nanolab TOO, Anmamut, Kazaxcman
2 Meswcoynapoonulit kazaxcko-mypeuxuil ynueepcumem umenu X.A. fAcasu, Typkecman, Kazaxcman
3 SDU University, @axynomem unsicenepuu u ecmecmeennvix nayk, Kacxenen, Kazaxcman
4 Kagpeopa puzuru, paxynvmem ecmecmeennvix nayk, Ynusepcumem Caxapws, Caxapos, Typuus
5 Kagpeopa xumuueckoii unscenepuu, Tebpusckuii ynueepcumem, Teopus, Hpan

* E-mail ons konmaxmos: dinabakranova@gmail.com

B naHHOM mccieoBaHMM Npe/ICTaBIeHa KOMIUIEKCHASI BEIYHCIUTENbHAS u1aTdopma, o0bequHsIomas Gpu3nIeckoe Mo-
JIeTUPOBaHKE ¥ ITOJX0/Ibl, OCHOBaHHbBIE Ha JIAHHBIX, IJIS aHAJIM3a U ONITUMU3aluu GoTosnekrpoxumudeckux (PIX) cu-
cteM pasnoxenust Boabl. Mcnonszyss COMSOL Multiphysics 6.1 1 MATLAB, MoaenupyroTcst KIIFOUeBbIE SIIEKTPOXUMH-
YecKHe MPOIECCHl, TAKUE KaK IMHeWHas BoabTamiiepoMetpus (JIBA) u anexTpoxuMmdeckass IMITEJaHCHAS CIIEKTPOCKO-
must (OUC). Mynerudusndeckas cpera COMSOL mo3BossieT HanpsIMyI0 YIUTBIBATh TAPAMETPHI JJIEKTPOInTa, GoTodu-
3U4YECKHE CBOMCTBA MOJYNPOBOIHUKOB U paclpeaesieHUe Toka, B To Bpemsi kak MATLAB no3BossieT HacTpauBaTh NOJb-
30BaTEIBCKOE MOJACTHPOBAHNE MTOBEICHHS UMIICAAHCA U MMPEIUKTUBHEIN aHamu3 JIBA ¢ HCHOIp30BaHHEM HCKYCCTBEH-
HBIX HelipoHHBIX cetelt (MHC). Bnaromaps couetanuro BRIYHCIUTENbHOM ruaponuHamuku (BI'/]), MammaAOTO 00yUYeHMs
1 9KCIIEPUMEHTAJIBHOH MPOBEPKH IpeaaraeMasi METOAOJIOTH 00ecIieunBaeT TiTy0oKoe IMOHNMaHUe Tpoliecca reHepa-
MU BOJOPOJa MOJ JCHCTBUEM CBETa Ha MOJIYIPOBOJHHUKOBBIX 3JIEKTpoaax, Takux kak ZnO/BiVOs. CpaBHHUTEIBHBIN
aHaIlu3 pe3yJIbTaTOB MOACIMpoBanus mokasbiBaet, 4t0 COMSOL u MATLAB o6ecne4nBaoT COTIACOBAHHBIC PE3YJlb-
TaThl, Ipu 3ToM COMSOL nemMoHCTpHpyeT NPEeBOCXOHYI0 THOKOCTh, TOUHOCTh M IIPOCTOTY MCIIOJIB30BaHMs, 0COOEHHO
JUISl CUCTEM, MOJBEPIKEHHBIX BIMSHUIO NIEPEMEHHBIX (PU3NUECKUX M XUMHYECKUX YCIOBHU. B nccnenoBaHnu qOMOIHU-
TEJILHO PacCcMaTpUBAIOTCS MOZEIMPOBaHUE JABYX(a3HOTO MOTOKA, TECTUPOBAHUE HE3aBUCHMOCTH CETOK M BIIMSHUE ITy-
3BIPBKOB ra3a Ha MPOBOJUMOCTB JIEKTponuTa. [lorydeHHbIe pe3yIbTaThl CIOCOOCTBYIOT pa3paboTke 3(h(HEeKTHBHBIX Mac-
mTadMpyeMBIX CHCTEM dJeKkTpoxummdeckoro cuaTesa (PEC) mis mpou3BoICTBa YUCTOTO BOAOPOIA U 3aKIAABIBAIOT OC-
HOBY /1 OyIyIiei HHTETpalliy THOPHIHOTO MOICIHPOBAHUS H METOJJOB HCKYCCTBEHHOTO HHTEIUICKTA B HICCIICIOBAHMUS
B0O300HOBIISICMOH SHEPTETHKH.

Knrueswie cnoea: ghomosnekmpoxumuuecxoe pacujenierue 600vt, COMSOL Multiphysics, MATLAB, snexmpoxumuue-
CKas UMNEOAHCHASL CNeKMPOCKONUS, UCKYCCMBEHHbIE HEUPOHHbIE Cemu, NPOU3800CME0 8000p0IA, INEKMPOXUMULECKOE
MoOenuposaHue.
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