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With the massive breakthrough recorded in the power conversion efficiency (PCE) of perovskite solar cells (PSCs) from 3.8 %
to > 25 %, PSCs have attracted considerable attention in both the academia and industries. However, some challengesremain as barrier
in realizing its deployment. To develop ahighly efficient PSCs as well as environmentally benign device, simulation and optimization
of such devicesis desirable. Itsimpractical as well as wastage of time and money to design a solar cell without simulation works. It
minimizes not only the risk, time and money rather analyzes layers properties and role to optimize the solar cell to best performance.
Numerical modeling to describe PV thin layer devicesis a convenient tool to better understand the basic factors limiting the electrical
parameters of the solar cells and to increase their performance. In this review article, we focused on the recent advances in modelling
and optimization of PSCs using SCAPS-1D with emphasis on absorber and electron transport medium (ETM) thickness.
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INTRODUCTION

Perovskite solar cells, as apromising class of device belonging to the third-generation solar cell, have gained global
interest due to their simple processing procedure and low cost [1]. Hybrid perovskite are defined on the basis of AMX3
crystal structure, where A is an organic cation, for example, methylammonium or formamidinium, M isametal and X is
a halogen atom. The combination of amazing advantages, such as excellent tolerance for perovskite crystal defects,
availability for superior light absorption efficiency, efficient carrier mobility and enough carrier diffusion lifetimes
promote this as a candidate for outstanding solar cell photovoltaic performance [1-7]. In general, the competitiveness of
solar cellsis evaluated by efficiency, cost and lifetime, where scalability is closely related to cost and lifetime has much
to do with stability [8]. Achieving a balance of efficiency, cost and lifetime is the key to promote the commercialization
of PSCs to grab a share of the energy market. Therefore, severa research efforts are addressing these issues that are
important for commercialization. A few unprecedented achievements have been made that are highly beneficia for the
large-scale commercial application of PSCsin the future [9-11].

In PSCs, the absorber layer, which is used for harvesting photon energy is crucidl. It is the centra part of PSCs
mostly determines the overall device performance. Many studies have demonstrated that the PCE of PSCs is generaly
dependent on thickness of the perovskite absorber [12-15]. Thickness of electron transport layersare also crucial for better
efficiencies [13-17].

In this article, the progress of PSC development is reviewed, concentrating on the perovskite and electron transport
functional layer, and valuable insights are provided. Other sections discussed the effect of thickness of absorber and ETM
on the photovoltaic properties of perovskite solar devices.

OPERATION PRINCIPLE OF A PEROVSKITE SOLAR CELL

The working principle of the PSC is described in Figure 1. Photons from the light source reach the perovskite layer
viaglass (TCO) and transparent electrodes. In the active perovskite layer, photons are absorbed and excitons are excited
when the incident energy of the photon is greater than that of the perovskite material. The exiton is split into electrons
and holes by an internal potential created by the difference in the work function between the transparent electrode and
metallic electrode. Electrons are transferred to Electron Transporting Layer (ETL) and holes are transferred to Hole
Transporting Layer (HTL). From there, the electrons move to the transparent electrode and the holes move to the metal
electrode. Next, the electrons travel through a network that connects the two electrodes, and the traveling electrons
produce an electric current. For the PSC to function properly, the energy levelsin each layer must be carefully configured
to prevent the recombination of excited charge carriers. However, since they are also energy conservers, they aways
follow the path of least resistance [18]. The correct structure of the layers prevents recombination within the cell as the
charge carriers pass through different paths. Thisis achieved by creating an ETL Lowest Unoccupied Molecular Orbital

* Cite as: E. Danladi, D.S. Dogo, S.U. Machadl, F.O. Uloko, and A.O. Salawu, East. Eur. J. Phys. 4, 5 (2021), https:/doi.org/10.26565/2312-4334-2021-4-01
© E. Danladi, D.S. Dogo, SM. Udeh, FO. Uloko, 2021


https://doi.org/10.26565/2312-4334-2021-4-01
https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp
https://orcid.org/0000-0001-5109-4690

6
EEJP. 4 (2021) Eli Danladi, Douglas Saviour Dogo, et al

(LUMO) lower than the perovskite LUMO layer. This creates a more attractive way for electrons to move. The same
appliesto HTL Highest Occupied Molecular Orbital (HOMO). HTL HOMO must be higher than the perovskite HOMO
layer. This creates a more attractive path for holesto go. Thisisthe samefor each layer in the cell. Each layer hasahigher
HOMO or lower LUMO for the normal operation of the charge carrier transport chain, as shown in Figure 1.

Figure 1. Schematic of the operational principle of perovskite solar cell [18]

Device Structure

The architecture of the device is a fundamental tool in evaluating the PCE of PSCs. Perovskite solar cells are
generaly classified into regular (n-i-p) and inverted (p-i-n) structures depending on which transport (electron/hole)
materia is present on the exterior portion of the cell/encountered by incident light first [19]. These two design are sub-
divided into two classes: mesoscopic and planar structures. The mesoscopic structure is made of a mesoporous layer
whereas the planar structure consists of all planar layers. Some design does not involve electron and hole-transporting
layers. Summarily, about six types of perovskite solar cell architectures have been designed and tested by several
researchers thusfar: the mesoscopic n-i-p configuration, the planar n-i-p configuration, the planar p-i-n configuration, the
mesoscopic p-i-n configuration, the ETL-free configuration, and the HTL-free configuration [19].

Regular n-i-p structure

The conventional n-i-p mesoscopic structure was the first structure devel oped and tested, it involves the replacement
light-harvesting dye with lead halide perovskite absorber in a traditional dye sensitized solar cell (DSSC)-type
architecture [20]. The interest was sold to many researchers when the initial structure (Fig. 2a) were built by replacing
the liquid electrolyte with a solid-state hole-conductor [21]. This breakthrough in the architecture has created a pathway
for photovoltaic scholars and consequently led to the devel opment of other PSC device structures (Fig. 2b—d). The planar
architecture is an evolution of the mesoscopic structure, where the perovskite light-harvesting layer is sandwiched
between the ETM and HTM. The absence of a mesoporous metal oxide layer leads to an overall simpler structure.

Figure 2. Schematic showing the layered structure four typica of perovskite solar cells (a) n-i-p mesoscopic, (b) n-i-p planar,
(c) p-i-n planar, and (d) p-i-n mesoscopic [19,22]

Inverted p-i-n structure
The p-i-n perovskite solar cells design wasfirst derived from the organic solar cell reported [23]. In the case of the p-i-n
planar perovskite structure, the hole transport layer (HTL) isfirst deposited followed by the electron transport layer (ETL).
It was discovered that perovskites absorbers can simultaneoudy absorbs photon energy and transport the holes
themselves [19,24], and this led to the development of planar hetero-junction PSC with an inverted structural design [25].
With thisrecord breakthrough, theinverted p-i-n structure has expanded the horizon of photovoltaics and permits mesoscopic
p-i-n device architecture [19]. The device structure of the inverted p-i-n planar and mesoscopic PSC is shown in Fig. 2c, d.
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Effect of thickness of absorber
The absorber layer of the perovskite solar cell plays an essentia role in device performance and outcome. Therefore,
the proper choice of thickness of the absorber can considerably affect the performance and results of a solar cells. Thickness
of absorber is an essential factor to be considered in a solar cell device as such a comprehensive understanding of itsrolein
solar cell isnecessary. Eli et a. [26] investigated the effect of thickness of absorber with TiO, and inorganic cuprous oxide
(Cux0) asETM and HTM ranging from 0.2t0 0.9 xm. The influence of thickness of absorber on the solar cell parameters

(Voc, Jsc, FF and PCE) were evaluated. PCE is lower when thickness of the absorber is0.2 #m which can be attributed

to the poor light absorption by the layer. However anincreased in PCE was observed as aresult of increase of the absorber
layer thicknessfrom 0.20 to 0.40 um, theregfter, it starts decreasing. For thickness beyond 0.4 zm, the collection of photo

generated carriers decreased because of charge recombination [26]. The best performing device was observed with
thickness of 0.40 ¢m which gave optimized parameters (PCE of 12.83%. Jsc of 21.43 mA/cm?, Voc of 0.86V, and FF

of 69.51%). The JV curve and variation of the thickness with parameters is as shown in Fig. 3 [26]. Their studies
demonstrate that careful selection of absorber thickness results to good performing PSCs. Similar studies with variation
in absorber thickness from 0.1 to 1.0 um was carried out [27]. Short circuit current (Jsc) increases from 12.33 to

22.36 mAcm2 with thickness increase from 0.1 to 0.6 zm which is attributed to the increase in carrier generation and
dissociation, then starts decreasing from 0.7 to 1.0 xm. It was also observed that the Fill Factor (FF) decreases with
thicknessincreasein the perovskite layer. The PCE increase with increasein layer thicknessfrom 0.1to 0.4 xm was due
to the production of new charge carriers. However, PCE decreases from thickness of 0.5 pm to 1.0 x#m (Table 1) due
to lesser electron and hole pairs extraction rate that leads to recombination process [28].

Table 1. J-V characteristic parameters with the variation of thickness of absorber

Parameters T ( 4/ m) Je(mAcem™®) Vo (V) FF  PCE (%)

0.1 12.34 0.77 79.12 7.48

0.2 17.85 0.82 77.16 11.30
0.3 20.42 0.84 74.32 12.78
0.4 21.63 0.86 71.39 13.21
0.5 22.17 0.86 68.54 13.13
0.6 22.36 0.87 65.36 12.85
0.7 22.36 0.88 63.59 12.46
0.8 22.24 0.88 61.35 12.02
0.8 22.06 0.88 59.50 11.60
1.0 21.85 0.89 57.73 11.18

Figure 3. (a) Variation in performance parameters of PSC with thickness of Absorber, (b) J-V curves of PSC
with different values of Absorber thickness[26].

Another study that show the beneficial role of absorber thickness on solar cell performance (Voc, Jsc, FF and PCE)
isdescribed in Figure 4 (a). The J}V and QE of the varied absorber thicknessis shown in Figure 4 (b) and ().
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Figure 4 (c) exhihits the spectral response of the PSCs as a function of wavelength with varied CHsNH3Pbl; layer
thickness within range of 300 nm to 900 nm. The QE first increases rapidly with the CH3NH3Pbl 3 thickness increasing
from0.1 xm to 0.4 um, and the QE increase dlightly after the thicknessis greater than 0.4 zzm, which showsthat 0.4 zm

thickness of CH3NH3Pbl s layer can absorb most of the incident photons and the part beyond 0.4 ¢zm can only contribute
little to the PSC performance. Therefore, the optimized perovskite absorber layer thicknessis around 0.4 zm which gives
Voc of 0.86 V, Jc of 21.63 mAcm?, FF of 71.31 % and PCE of 13.21 %.
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Figure 4 (8) J-V curves of PSC with different values of thickness of absorber layer, (b) QE with different values of thickness of
absorber layer, (c) Variation in performance parameters of PSC with thickness of absorber layer [27].

The effect of thickness on PV and Quantum efficiencies of PSCs with ZnSe as ETL and Cu,O as ETL was also
studied [29]. The simulation was carried out in the range of 0.03 to 1.5 um while other parameters are kept constant.
Table 2 [29] shows the effect with respect to varied absorber thickness.

Similarly, Muhammad et a. [30] systematically investigated the effect of absorber thickness in lead free PSC with
copper iodide as HTM and found out that the thickness of absorber affects the performance of perovskite solar cells as
shown in Fig. 5[30].

Hussain and co researchers[31] also studied the effect of absorber layer thickness on PCE of lead free hybrid double
PSCs with spiro-meOtad as HTM. In their study, absorber layer thickness was varied from 100 nm to 1000 nm, and the
effect was observed on the output parameterswhile all other parameters are set constant. The deviation in device outcomes
with the thickness of the active layer is depicted in Fig 6 and Table 3 [31]. The smulation results show that with the
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increase in thickness of the active layer, short-circuit current Jsc increases and approaches to the optimum value
of ~39 mAcm™.

The influence of thickness of absorber on the performance parameters was also studied by Haider et al. [32]. They
made used of lead based perovskite absorber with inorganic HTM and ETM as transport medium for holes and electrons.
The variation of the absorber thickness was from 100 to 1000 nm. PCE is lower when thickness of the layer istoo small
due to the poor light absorption, which means that small thicknesses are not favorable for good light harvesting in PSC.
PCE of PSCsincreases with the increase of the thickness of the absorber before reaching a constant value at 600 nm. For
absorber thicker than 600 nm, the collection of photo generated carriers decreased because of charge recombination,
which also shows that thicker absorber layer act as center for recombination of charge carriers. Fig. 7(b) indicates that
QE increases with the increase of absorber thickness up to 300 nm thickness. After 300 nm thickness, no significant
increasein QE isobserved. Carrier diffusion length isthe crucial factor in designing perovskite solar cell structure [32-34]
which depends on the absorber thickness (Fig. 7c).

Figure 5. Variation of Absorber thickness with photovoltaic performance [30]

Table 2. Dependence of solar cell performance on absorber layer [29].
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Figure 6. (a) Short-circuit current density as a function of absorber thickness. (b) Fill factor as a function of absorber thickness.
(c) Open circuit voltage as a function of absorber thickness. (d) PCE as a function of absorber thickness [31].

Table 3. Device Performance at a different absorber layer thickness [31]

Figure 7. Variation in (a) performance parameters and (b) quantum efficiency of PSC with different thickness of absorber layer (c)
variation in PCE with various diffusion lengths and thickness of absorber layer [32].
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Also, asimulation was done by changing the absorber thickness from 0.1 um to 2 um and maintaining al the other
device parameters constant [35]. As shown, Jsc increases with the increasing thickness (Fig. 8a), which is attributed to
the generation of more electron-hole pairs in the perovskite leading to an efficiency enhancement. The highest efficiency
of 21.42% is obtained at an optimum thickness of 0.5 um. However, adecrease in efficiency in the thicker absorber layer
isdueto areduced electric field, which affects the charge carriers' recombination behaviour within the absorber [36]. This
statement has been confirmed in the recombination profile with an increasing recombination at the
perovskite/Spiro-meOtad junction with athickness (Fig. 8c). FF isinversely proportional to the perovskite thickness due
to an increased series resistance and an interna power dissipation in a thicker absorber layer (Fig. 8b). The decrease in
Voc with the thickness (Fig. 8b) is attributed to the increment in the dark saturation current, which increases the
recombination of the charge carriers. That can be explained by the dependency of open-circuit voltage on the photo-
generated current and dark saturation current, which is written as [37]:

KT J
Vor =?In[%+l] D

0
where kT/q isthe thermal voltage, J is the photo-generated current density, and J is the saturation current density.

Figure 8. The variation of (a) Jsc, PCE, (b) FF, Voc aswell as (c) total recombination profile versus the thickness of MAPbI3 [35].

Soucase et al. [38], also studied the effect of thickness of absorber from 50 nm to 700 nm under 1 Sun (AM1.5G)
illumination without considering interface trap density of states but consideration of inputs value of band tail density of
states, and Gaussian acceptor/donor states of MAPbI3 to be 10x10 eV-1cm and 10x10%* cm® respectively. The short
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circuit current and PCE both are found to be increased sharply with increase in thickness up to 500 nm (Fig. 9a) [38].
After this, increment is very slow and reaches to almost optimal efficiency 25.22%, Voc 1.2 V, Jsc 25.49 mA/cm? and FF
82.56% at 700 nm[38]. The quantum efficiency curvesasafunction of wavelength of incident light for different thickness
of the absorber (Fig. 9b) aso verifies the above mentioned upshot.

Severa other authors have a so studied the effect of perovskite thickness [39-47] using SCAPS and their studies show
that, poor film quality can affect the coverage of perovskiteon ETL. If thequality of filmispoor, then defect density increases
and recombination rate of carriers becomes dominant in absorber layer which determine the Voc of the solar cell [32].
Therefore, substantive studies should be carried out to determine the best thickness for optimum PSC performance.

Figure 9. (8) Jsc and PCE vs Thickness, (b) Variation of quantum efficiency with thickness of absorber [38].

Effect of ETL thickness

Thethickness properties of the ETM affect the conduction of charge carrier between the front and back contacts [48].
Efficient collection of the charge carriers depends on work function of the front contact material and rear
metallization [60]. And most importantly, the selection of the appropriate ETM plays a significant role on the design and
implementation of high efficiency perovskite solar cell asthe energy band alignment between absorber and ETM layer is
acrucial factor for the efficiency improvement of PSCs[48,49].

Soucase et al. [38] studied the effect of thickness of two ETMs (TiO2 and ZnO) with spiro-meOtad as HTM. In both
cases Voc, Jsc and PCE gradually decreases due to fractional absorption of incident light by the ETMs layer, the bulk
recombination and surface recombination at the interface and change in series resistance [38, 49]. The thickness of ETMs
was varied from 50 nm to 450 nm to make the practical devices. Results from the studies showed that TiO. is more
sensitive than that of ZnO due to its high absorption coefficient and reflectance and less transmittance than ZnO [38].
This shows that, increase in thickness of ETM lessen the performance of solar cells due to increase in partial absorption
of photons and resistance of the device. Also, study was carried out by simulation by the same group of researchers with
practically viable thickness of TiO, —ETM (Fig. 10).

Figure 10. Variation of PV cells parameters with thickness of ETMs[38].
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InaHTM free PSCs, where the absorber is simultaneously absorbing light and transporting holes, the thickness
of ETM was varied from 0.02 to 0.10 u m. The results show that both the PCE, Jsc, Voc and FF decrease with the
thickness of ETM (Fig 11, Table 4) [27]. Fig. 11b, shows the QE of the PSCs as a function of wavelength in the range
of 300-900 nm with varied ETM layer thickness. The studies show that QE maximum value was obtained in the
wavelength range of 380—570 nm and gradually decreases at longer wavelengths until 800 nm, which corresponds to
its absorption spectrum.

Figure 11. (a) J-V curves of PSC with different values of thickness of ETM, (b) QE with different values of thickness of ETM [27].
Table 4. J}V characteristic parameters with the variation of thickness of ETM [27]

Effect of ETL layer thicknessin PSC with ZnSe and Cu,O as ETM and HTM was explored in the range of 0.005 to
0.080 um. The results after the simulation show that when there is an increase in the thickness of electron transporting
material it resultsin decreasein Jsc, FF and PCE of the device while Voc decreases but remain invariable from 0.89 V at
the thickness of 0.010um (Table 3).

Table 2. Dependence of solar cell performance of the thickness of ZnSe (ETL) [29].

Their study signifies that when the materia is thicker, it provides a longer diffusion path for the electron to reach
the electrode which limit (solar cell parameters) the charge collection efficiency and transmitting of incident photon
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decreases with increasing thickness. The optimized device performance was obtained, when the thickness of ETL was
0.005um with Jsc of 33.13mA/cm? Voc of 0.90 V, FF of 68.16% and high PCE of 20.44% [29]. Also, different ETMs
(TiO2, ZnO and SnO,) were simulated in PSCs with thickness variation from 90 nm to 200 nm. It was observed that with
the increase of thickness >90 nm, a decrease in Voc, Jsc and thus PCE in case of TiO, and ZnO, was observed
(Fig. 12) [50], while in the case of SnO,, there was no noticeable change in its value. It was found that TiO, was more
affected than ZnO and SnO; due to itslower transmittance in 300-400 nm range and possesses |ow el ectron mobility, thus
reduction in Jsc value occurs as afunction of increased ETM thickness, which can be ascribed to the partial absorption of

incident light by thicker TiO, and ZnO layer.

Figure 12. Effect of different ETM thickness on photovoltaic parameters of MAPbI3 based planar perovskite solar cells
using Spiro-OMeTAD asHTM [50].

Figure 13. Variation of efficiency, fillfactor, Jsc, and Voc with respect to
thickness of ETM layer [58].

Hence it decreases the rate of charge
generation and collection and consequently
short circuit current (Jsc) decreases [50-53].
However, in case of SnO,, due to its high
transparency, active layer absorption is less
affected and Jsc did not decrease significantly
up to a certain thickness of 150 nm thus rate of
charge generation rate increases as compared to
the recombination. Moreover, due to high
carrier mobility and high carrier concentration
of SnOy, the series resistance decreases with the
thickness due to increase in conductivity and
thus fill factor also increases up to certain
thickness of 150 nm and beyond this
insgignificant changes occurs. Some notable
achievements in PSCs using SCAPS has been
reported too [30,54-57]. Also, a studies with
variation of thickness of ZnO as ETM was
conducted by Aseena et d. [58]. The study
explains the effect of ETM layer thickness on
the PSC parameters. The results showed that the
efficiency decreases dightly from 15.84% to
15.24% asthicknessisincreased from 20 nm to
90 nm (Fig. 13). This confirmsthat the electron
transport layer does not have much effect on the
electrical parameters of the perovskite solar
cell [58]. An ETM free perovskite planar
structure  solar  cells was designed and
implemented [59]. Thisisexplained onthebasis
of the fact that perovskite material itself could
help the generation of charge carriers by photon
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excitation and ETM layer isjust a charge transport layer. Even in the absence of the ETM, the transparent conducting oxide
(Fluorine doped tin oxide) layer will act as charge transport layer without affecting the efficiency [58,59]. But however, fill
factor could beimproved by the application of an optimal layer of ETM [60]. But the gradual increasein ETM layer thickness
can also reduce the performance of PSC by increasing photon absorption and resistance of the cell [38].

Sultana et a. [49] also shows how the thickness of ETM affects photovoltaic parameters (Fig. 14). It was shown
that, the variation of thickness towards getting optimum performance influence the performance of PSCs. From the three
different ETMs (TiO,, ZnO and SnO,) used, 400 nm thicknesses are taken for both MAPbI3(absorber) and
spiro-OMeTAD (HTM) layer.

Figure 14. Photovoltaic performances of three models by varying thickness of ETM (a) Open circuit voltage;
(b) Short circuit current density; (c) Photovoltaic conversion efficiency [49].

Their ETM layer thickness was varied from 10 nm to 450 nm and a gradual decrease of Voc, Jsc and PCE was
observed. Theoverall performance of solar cell with SnO, asETM is higher than other two modelsfor the entire thickness
range. At lower thickness (10 nm to 180 nm), TiO.-based model gives better performance than ZnO based cell, but for
thickness higher than 250 nm ZnO-base model shows better efficiency than TiO2 [49]. The observation showed that TiO-
ismore responsive to sunlight than that of the other two electron collecting materials asit has higher absorption coefficient
and reflectance and less transmittance [48, 49]. It was shown from their work that the increase in thickness of ETM result
to poor performance of the solar cells. This can be ascribed to fractional absorption of incident light by ETMsand variation
in series resistance of the device with increasing thickness of ETM layer [26,49]. Efficiencies of 27.6 %, 27.5% and
28.02% are found for TiOz, ZnO and SnO,-base cell respectively at 90 nm thickness of electron collecting material [48].

CONCLUSION
We have summarized and discussed recent developments in simulation of perovskite solar cells using solar
capacitance simulator software with emphasis on thickness of absorber and ETM and its influence with variation on the
photovoltaic performance of perovskite solar cells. The review shows that the proper choice of thickness of the absorber
can considerably affect the performance and results of solar cells. Also, selection of the appropriate ETM and its
thicknesses plays a significant role on the design and implementation of high efficiency perovskite solar cells as the
energy band alignment between absorber and ETM layer isacrucia factor for the efficiency improvement of PSCs.
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OCHOBHI YCHIEXI B MOJEJIOBAHHSI IEPOBCKITOBUX COHAYHUX EJIEMEHTIB
BUKOPUCTAHHSI SCAPS-1D: BIIJIUB IIOI'JIMHAYA TA TOBIIUHU ETM
Eai Jlanaani®, Tyraac Ceiiiop Jloro®, Cemioen Yae Mixaeu®,
®eaike Omavoxo Yiaoko?, A6aya Asiz Omeiiza CanaBy®
aKagheopa @izuru, Dedepanvruii ynisepcumem meouxo-canimapnux Hayk, Omykno, wmam benye, Hizepis
bKagpeopa pizuxu, Dedepanvnuii oceimuiii (mexnivnuii) xonedsc Omoxy, wmam Pigepc, Hizepis
‘Kageopa ghizuxu, Hizepiticoka akademiss o6oponu, Kaoyna, Hicepis
4Kagpeopa izuxu, Dedepanvuuii ynisepcumem, Jloxodxca, wmam Kozi, Hizepis

€Kagheopa komn'tomepuux nayx Hieepiiicoxoeo ynisepcumemy Hiny
3 BEJMKUM MPOPHBOM, 3apikcoBaruM y epexkruBHocTi mepersopens eHeprii (PCE) nepoBckitaux consunnx exementis (PSC) 3 3,8 %
1o > 25 %, PSC npuBepHyIM 3Ha4HY yBary sIK y HayKOBHX KOJIaX, TaK 1 B IPOMHUCIOBOCTI. OfHAK JesKi MpoOiIeMH 3aHIIaloThCs
0a)kxaHO MOJICITIOBATH Ta ONTHUMI3yBaTH Taki npuUcTpoi. [IpoekTyBaTn consiuHy Oarapero 6e3 iMiTauifHUX poOiT HENPAKTHYHO, @ TAKOXK
€ BUTpavyaHHAM yac Ta KowTiB. [IpoekTyBaHHs MiHIMI3y€e He TUIBKU PU3MK, Yac 1 IO, a aHaJIi3y€e BIACTUBOCTI Ta POJIb LIAPIB JUIS
ONTUMi3alii COHAYHOIO €JNEeMEHTa Ul JOCATHEHHS HAMKpamol NpOXyKTUBHOCTI. UYMCenbHE MOJEIIOBAHHA [ OIHCY
(OTOEIEMEHTHUX TOHKOIIAPOBUX NPUCTPOIB € 3pYYHUM IHCTPYMEHTOM IS KPAIOTro PO3yMiHHS OCHOBHUX (haKTOPIB, 1110 0OMEKYIOTh
CJIEKTPUYHI MapaMeTpH COHSAYHHUX €JIEMEHTIB, 1 AJ MiABUIMICHHS iX MPOAYKTUBHOCTI. Y Wil OTJISIOBIN CTATTI MU 30CEpEAMINCS Ha
OCTaHHIX JOCSATHEHHSX y MozemoBaHHI Ta ontuMizanii PSC 3a momomororo SCAPS-1D 3 akneHTOM Ha TOBIIMHY NOTJIMHAYA Ta
€JIEKTPOHHO-TPaHCIOPTHOTO cepenouiia (ETM).
Koro4oBi c;10Ba: IepoBcKiTOBI cOHsUHI OaTapei, MOTrIMHAaY, eEeKTPOHHE TpaHCTIOpTHE cepenonumie, SCAPS





