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Purpose. The use of ground-mounted solar photovoltaic (PV) power plants to generate el ectricity has increased
substantially worldwide over the past decade. This growth has been driven by policy incentives such as feed-in tariff,
aswell as low cost and high performance of solar pands. As the use of solar PV farms grows, the need to find the
best locations for them will also increase. Optimally siting PV farms is important for maximizing beneficial
characteristics of projects while minimizing negative ones. Specifically, optimal siting can maximize projects power
generation while minimizing costs, and environmental, and socia impacts. Therefore, the purpose is to design a
technology which will realize an integrated framework to evaluate land suitability for the optimal locations of photo-
voltaic solar power plants. Methods. This study develops a method to utilize a technology for identifying optimal
locations for the construction of solar photo-voltaic power plants. It will realize an integrated framework to evaluate
land suitability, which is based on a combination of GIS and remote sensing techniques (satellite image
classification). The research work is realized by the exclusive use of FOSS (Free and Open Source Software).
Results. The reliability of the technology for support decision makers in planning renewable solar energy
development is testified and proven in the “pilot” Zastavna district in Chernivtsi region (Ukraine). Data Processing
stage is divided into two parts: evaluation and exclusion criteria processing. On the final Map of Land Suitability for
Solar PV power plants 58 potential most optimal sites for solar photovoltaic ground-mounted farms’™ construction
were determined with a total area of 7,44 sg.km (743,91 ha) which is 1,2 % of “pilot” district area. To highlight
commercial viability of chosen sitesit is proposed to estimate how much energy could be produced by establishing on
one experimental area a solar PV farm. As a tool for parameters’ processing and estimation of grid-connected PV
solar farm performance, “PVGIS’ web application (EC JRC) was used. Therefore, the Annual Performance of PV
utility on experimental areawas near 250 MWh with an optimal slope (tilt) of the panels— 36°. Total lossin this case
is 20,3 %. Scientific novelty and practical sgnificance. A comprehensive analysis of natural factors that influence
the choice of the solar farm location, as well asthe use of remote sensing and multi-criteria decision analysis methods
for obtaining the fina map are provided. According to literature reviews, expert opinions and internationa
experiences it is proposed to classify particular criteria into multiple ranges based on suitahility. For the first timein
Ukraine, in particular, in Zastavna digtrict (Chernivts region), reliable data on the optimal location of photovoltaic
solar power plant construction are obtained. It should be noted that it is proposed to use only data that is fregly
available on Internet, free open source software.

Key words: solar photovoltaic power plants; technology; optima site selection; criteria; GIS, Remote Sensing;
FOSS.

of cases are used irrationally and not according to
their intended use. The prablem of rational land use
requires solving a complex of practical tasks based
on modern technological and technical means.

One of the solutions is to develop the
technology of using these lands for the needs of
energy sector, namely, the objects of eectricity —
solar power plants (SPP), which produce e ectricity
through photovoltaic panels.

The use of ground-mounted solar photovoltaic

Introduction

Among the renewable power sources, solar
power is rapidly becoming popular because it is
inexhaustible, clean, and dependable [Georgiou A.,
Skarlatos D., 2016]. It has also become more
efficient since the power conversion efficiency of
photovoltaic solar cells has increased. Following
these trends, solar power will become more
affordable in years to come and considerable

investments are to be expected [Sanchez-L ozano et
al., 2013; Bahadori and Nwaoha, 2013].
Management and rational use of land resources
is currently a pressing issue in the world, in
particular in Ukraine. Many land plots in a number

(PV) power plants to generate electricity has been
increasing substantially worldwide over the past
decade. This growth has been driven by policy
incentives such as feed-in tariff, as well as low cost
and high performance of solar panels.
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As the use of ground-mounted PV solar power
plants grows the need to find the best locations for
solar farms will increase as well. The procedures of
choosing the site for solar farms location and
installation are crucial to their efficiency and
financial viability. Overall, optimally siting of PV
farms is important for maximizing beneficial
characteristics of projects while minimizing
negative ones-both of which will facilitate the
growth of solar utility.

Goa

The goal of this work is to design a technology
which will realize an integrated framework to
evaluate land suitability for the optimal locations of
photo-voltaic solar power plants, and is based on a
combination of GIS and remote sensing techniques,
and multi-criteria decision analysis (MCDA).

As part of this goal, this technology is presented
with the intent that others may apply it to their own
regions of interest.

M ethodology

According to the main goal of the project a
workflow of theresearch is created (Fig. 1).

The results respond to the needs for
intendancies in both, energy sources and GIS
technology. A geographic information system
(GIS) is a popular and effective decision-making
tool for the selection of optimal sites for different
types of activities and installations [Carrion & al.,
2008; Tegou €t al., 2010; Kontos e al.,2005].

Studies using GIS to analyze solar power plant
siting consider a number of requirement criteria.
These criteria include physical requirements of
land, environmental considerations, land-use
restrictions, social considerations, and electrical-
infrastructure requirements [J. Brewer et al., 2015].

According to literature reviews, expert opinions
and international experiences it is proposed to
classify particular criteria into multiple ranges
based on suitability. Criteria considered for solar
PV farm siting aregiven in Table 1.

The research is realized by the exclusive use of
FOSS (Free and Open Source Software) to allow all
interested investors, customers and entrepreneurs to
follow this technology and create their own Land
Availability Map for free. In such a way, analyzing
and processing the data is not commercial and
could become available for any user. This enables

creation of a GIS, which does not depend on money
or licenses that provides an opportunity for
reproduction, application, and improvement by any
interested user.

It is proposed to use PostgreSQL Open Source
Database with PostGIS extention, QGIS and
LEOWorks Softwares.

PostgreSQL Open Source Database (v.9.5.7)
with PostGIS extention is used for Data Modeling
and Storage.

QGIS 216.3 is used for the data input,
management, exchange, analysis and visualization.

LEOWorks 4.0.2339 is software which
provides processing of satellite imagery such as
satdlite image classification, multispectral analysis,
procedure pansharpening and calculation of remote
sensing-derived indexes.
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Fig. 1. Workflow of investigation
[authors' research]
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Table 1

Criteria considered for Solar PV power plant siting

# Criteria Requirements
Evaluation Criteria
1 Abundant Solar Irradiation minimum is 1100 kWh/m? per year
. dope< 5-15°%
A L
2 Certain Slope & Aspect aspect = 110-200° (Southeast, South, partly Southwest)
Transmission Lines Tailored to .
3 Capacity L ocated Nearby TL with equal and more than 35 kV around 600 m nearby
4 Proximity to populated area <2500m
5 Proximity to enterprises <3500 m
6 Proximity to road network <500 m
Average Air temperaturein July 100
! (North Hemisphere) 15-40°C
Proximity to multi-storey houses
8 (> 16 storeys) >100m
Proximity to Residential Areas > 500 m
Exclusion Criteria
Free of mountains, forests, water bodies, buildings,
wetlands, floodplains;
10 Land Cover Preferably low and medium grassy vegetation, shrublands,
barren lands, closed landfills, abandoned mine lands
National and regional parks, areas of cultural heritage,
1 Protected Areas paleontological and archeological sites
12 Shoreline >1000m
13 High atitude areas >1500m

Results

The reliability of the Technology for support
decision makers in planning renewabl e solar energy
development could be testified and proven in a
“pilot” area. As a “pilot” area Zastavna district
within Chernivtsi region (Ukraine) with total area
615 sg.km. was chosen (Fig. 2).

nnnnnn
4 Alger

Source; openstreetmap.com
Fig. 2. Location of Zagtavna Digrict on OpenSreetMap

After analyzing the “pilot” district, six criteria
were chosen for the analysis:

Certain Slope & Aspect;

Transmission Lines Tailored to Capacity
Located Nearby;

Proximity to populated areg;

Proximity to enterprises;
Proximity to road network;
Land Cover.

Database of the project consists of two sections:
first section — vector files within PostgreSQL
Database and second — raster files in file system on
PC.

Codllection of initial data for the project is
conducted according to certain requirements
(parameters) for the optimal location of solar power
plants.

According to the workflow of the research Data
Processing stage is divided into two parts
evaluation and exclusion criteria processing.

Evaluation criteria processing consists of
creation of such maps as slope, aspect, transmission
lines, road network, settlements, enterprises in
QGIS Software, as well as determining the weights
for every participating criteria using Analytical
Hierarchy Process (AHP) [Saaty T.A.,1992,1997]
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and peforming Ordered Weighted Averaging
procedure.

The main advantage of AHP method is a complex
multi-criteria and multiband modd [Sigka M., 2015]
where the structure of the problem could be built in a
hierarchical perspective, the dements of the structure
are marked by significant criteria (factors) that
influence the resolution of this problem. Another
advantage of this method [Sigka M., Mika M., 2017]
is the possibility to combine quantitative and
qualitative factors in the process of comparative
analyzes. As a result of the conducted analysis,
numerical notation of each factor is obtained, which
helps avoiding errorsin the evaluation.

The final step is to determine the priorities of
the results and to rank the alternatives to these
solutions.

Result of the procedure — Evaluation Map is
shownin Fig. 3.

North

.%

Fig. 3. Resulting Evaluation Map

Green colors indicate the most suitable
locations, colors close to orange — least suitable,
white — excluded territories with extreme non-
suitable for solar power plant siting slopes and
aspects. In Table 2 description of Suitability Scale
of Resulting Evaluation Map is shown.

The only exclusion criteria in Zastavna district
project is Land Cover. Favorable land cover for
solar power plant siting is low and medium grassy
vegetation and shrubs.

Landsat 8 OLI/TIRS High level processing
Surface Reflectance satellite image with L1TP
(Precision Terrain correction) is acquired.

A multispectral image created by a combination
of 7,5,2 spectral bands of this satellite system is the
best for determination of “pilot” district land cover.

Table 2
Description of Suitability Scale

Suitability

Class

Lowest

Very low

Low

Moderately
Moderate
Moderate high
High

Very High
Extremely High
Highest suitability
Not suitable at all

o|5|o|w|N|jo|u|n|wiN|E

After performing Supervised classification 11
classes of land cover are determined (Fig. 4).

Fig. 4. Results of Supervised Image Classification

As land cover of potential suitable area must be
free of mountains, forests, water bodies, buildings,
wetlands, floodplains and preferably must have low
or medium grassy vegetation or shrublands, it is
proposed to eliminate territories in all water bodies,
forests, agricultural lands, permanent crops and
leave only lands with low or medium grassy
vegetation, shrubs, and open soils. Therefore, Mask
of Excluded lands is created.

Derived data after previous steps were combi-
ned and, as a result, the final Map of Land Suitabi-
lity for Solar PV power plantsis obtained (Fig. 5).

On the basis of final map potential most
optimal areas (sites) for solar photovoltaic ground-
mounted farms' construction are determined
(Fig. 6). The total number of sites is 58, within a
total area of 7,44 sg.km (743,91 ha).

After this procedure in order to check the
reliability of obtained map, these potential good
areas are found on the Public Cadastral Map of
Ukraine where user could find al necessary
information about location, land use and ownership
of land plots within whole country.
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Fig. 5. Map of Land Suitability
for Solar PV power plants
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Fig. 6. Potential optimal sitesfor PV PP

Fig. 7. Public Cadastral Map

One expeimental area is chosen for this
reliability checking by visual maps matching. By
matching of Final Suitability Map and Aspect Map,
it is clear that weighted Overlay Analysis is
conducted in right way, as if on chosen Area 1
South, South West, East aspects prevail; according
to Public Cadastral Map (Fig. 7) Area 1 mostly
covers one land plot with total area 48,8378 ha, its
intended use: for haying, type of ownership — not

determined. Partly or whole, it could be used for
construction of solar PV power plant.

In order to highlight commercial viability of
chosen areas it is proposed to estimate how much
energy could be produced by establishing on
experimental area solar PV farms. By other words,
it is to see performance of potential solar grid-
connected photovoltaic power plant there.

As a tool for parameters’ processing and
estimation of grid-connected PV solar farms
performance is used “Peformance of Grid-
Connected PV Systems’ web application of
“PVGIS’ (EC Joint Research Centre) [Marcd Suri
et al., 2007). Operation there consists of two steps:
1 —to find certain location of a chosen area on the
OsM, 2 — to fill the cdls with parameters.
Therefore, the Annual Performance of a selected
area is near 250 MWh with the optimal slope (tilt)
of the panels — 36°. The total loss in this case is
20,3 %.

Scientific novelty and practical significance

A comprehensive analysis of natural factors
that influence the choice of the solar farm locations,
as well as the use of remote sensing and multi-
criteria decision analysis methods for obtaining the
final map are provided.

It is proposed to classify particular criteria of
solar PV farm siting into multiple ranges based on
suitability.

For the first time in Ukraine, in particular, in
Zastavna district (Chernivtsi region), reliable data
for the optimal location of photovoltaic solar power
plant construction are obtained. It should be noted
that it is proposed to use only data that is fredy
available on Internet, free open source software.

Conclusions

This work represents a model which can be
easily used to evaluate large areas for optimal site
selection for a solar park. Such a model can be very
helpful for potential investors to locate potential
sites for solar energy utilization, before carrying out
adetailed field survey.

The framework of this project consists of a
combination of already existing tools such as multi-
criteria  analysis, GIS and remote sensing
techniques for spatial analysis, modeling and vi-
sualization.
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Finally, it provides accuracy and precision with
less evaluation time, allowing for checking the
rediability and stability of the results obtained. For
these reasons, it may be helpful for potential
investors in solar park development and also in
other kinds of project siting, due to the generic
nature of the framework.
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TEXHOJIOI'TA BUBOPY OIITUMAJIBHOI'O MICLISA PO3TAIIIYBAHHA
COHSTYHMX EJIEKTPOCTAHIIIM 3 BUKOPUCTAHHSIM JUCTAHLIIMHOI'O 30HYBAHHS 3EMJII
TA TIC-TEXHOJIOI'TI

Meta. BukopucranHs HazeMHHX COHsSYHHX (oToenektpuunux enekrpocraniii (CEC) mis BupoGHHIITBA
€NIEKTPOEHEPril MPOTArOM OCTaHHIX JECATH POKIB CYTTEBO 30ULIBIIYEThCS IO BChbOMY cBiTy. lLle 3pocranHs
00yMOBJIEHO TONITHYHHMHU CTHMYJIaMH, TaKUMH SIK <3EJICHWI» Tapud, a TakoK HU3bKA BapTICTh Ta BUCOKA
MPOAYKTUBHICTh COHSYHUX maHeded. OCKINbKM BUKOPUCTAHHS COHSYHHMX EHEPrOHOCIiB 3pocrae, HeoOXiqHiCTh
MOIIYKY KpamuyX Miclpb I iX po3TanryBaHHs Oyzae Takox 30inbmryBatcs. OntumansHe posmimenHst CEC e
BaXXJTUBE JUISi MaKCHMi3allil KOPUCHUX XapaKTEPUCTHK IPOEKTIB, OJHOYACHO MIHIMI3yIOuM HeEraTHBHi. 30KpeMa,
ONITHUMaJbHE PO3MIIIEHHS MOXKE MaKCHMI3yBaTH BUPOOHHMITBO €JIEKTPOCHEPrii Ha TaKUX eJIeKTPOCTAHIIX,
MIHIMI3YIOYHM BUTPATH, BIUIMB HA HAaBKOJIMIIIHE CEPEIOBUIIE Ta COLialbHE cepeaoBHIIe. ToMy METOI0 € po3poOIeHHS
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KOHLIEMIi, SKa CTAHOBUTH IHTEIPOBAHHWN aJTOPUTM /IS OLIHIOBAHHS TNPHUAATHOCTI 3€MJII JJIsl ONTHMAJbHOTO
PO3MIIIICHHSI COHSYHHX ENEKTPOoCTaHIlii. MeToauka. 3anpornoHOBaHO 3arajibHy KOMIUICKCHY OCHOBY (aJroput™) st
OLIIHIOBAHHS TPUJIATHOCTI 3€MeNb Ul ONTUMAJIBHOTO MICIsSl PO3TAllyBaHHS COHSYHMX €JEKTPOCTaHIIN, sKa €
noeJHAHHAM Teorpadiunoi inpopmaniitaoi cucremu ([IC), mertomiB aucraniiiHoro 3oHayBanHs 3emmi (JI33),
aHaJi3y Ta NPUHHATTS YNPaBIIHCHKUX pillleHb. BHKOpHCTaHO BHUHATKOBO OE3KOIITOBHE Ta BiJKPHUTE IPOrpaMHe
3abe3neuenns (Free and Open Source Softwar€). Pesysabratn. J[oBeI€HO MOCTOBIPHICTH TEXHOJOTIi IS ONTH-
MaJBHOTO pO3TAlllyBaHHS COHSAYHHMX €JEKTPOCTaHIH Ha TepuTopii “minoTrHoro” 3acTaBHIBCHKOTO paioHy
Yepnieerpkoi obmacti (Ykpaina). OnpaioBaHHs JaHHX CKIAJAEThCS 3 TBOX YACTHH: OMPAIFOBAHHSI KPUTEPill OIIHKH
Ta KpUTEpii BUKIIOUEHHs. Ha pe3ynbTytounii KapTi IPUIaTHOCTI 3eMeNTb JUIs PO3MILIEHHS COHSIYHHX €JIeKTPOCTaHIIif
BH3HAa4YCHO 58 HaWOUIBII ONTUMANBHUX 3eMENbHUX AUITHOK it OyaiBauirBa CEC i3 3aranpHoro 1wiomero 7,44 KB.
kM a6o 743,91 ra — e 1,2 % mnomi “minorHoro” paiiony. it BUCBITICHHS KOMEPUIHHOI XKUTTE3MATHOCTI 00paHUX
3eMENIbHUX JIUISTHOK 3alpONIOHOBAHO BH3HAYEHHS KUIBKOCTI €Heprii, sKy MO)KHa OTpUMATh 3 OXHi€l COHSIYHOL
CNICKTPOCTAHIlIl, PO3TAIIOBAHI HA CKCIIEPUMCHTAJBHIM 3eMEJIbHIA JUIAHIN. SIK IHCTPYMEHT Ui OIIHKA
MPOAYKTUBHOCTI €HEPrOCHCTEMH, BHKOPHCTOBYEThCs BeO-momarok “PVGIS' (EU JRC). BusnaueHo, 110 miopiduHa
NpoayKTUBHICTh ekcriepuMenTanbHoi CEC craHoButh Onusbko 250 MBT 3 onTumansHuM HaxwioMm mnaHeneit 36°.
3aranpHa BTpaTta B 11boMy BuUnaaky cranoButh 20,3 %. HaykoBa HOBM3HA Ta MpakTH4YHA 3HAYyIIicTh. HaBeneno
KOMIUIEKCHHI aHaji3 MpUpogHuX (pakTopiB, M0 BIUTMBAIOTH Ha BHOIp Micls pO3TallyBaHHS COHSYHOI (epmu, a
TAKOXX BUKOPHCTaHHS METOMIB JHMCTAHI[IHHOTO 30HAYBAaHHS Ta METOAOJOTii OaraTOKpUTEpialbHOIO aHai3y Ui
OTPUMaHHSI OCTAaTOYHOI KapTW. BiNNOBIAHO 1O JiTEpaTypHUX OIJISNIB, €KCIIEPTHOTO BUCHOBKY Ta MIXXHAPOIHOTO
JIOCBITy 3aMPOIIOHOBAHO KJIACU(IKAIII0 OKPEMHUX KPUTEPil B IEKIIBKOX Jiala30HaX Ha MiJCTaBl MPUAATHOCTI 3eMelb
JUIL COHSYHOI eHepreTWkd. Brmepiie B VYkpaiHi, 30kpema, y 3acTtaBHiBcbkomy paiioni (UepHiBelbka 00NAcTh)
OTpUMaHi JOCTOBIPHI [aHi IIOAO ONTHMAJILHOTO PO3TAlIyBaHHS (OTOENEKTPUYHHUX COHSYHHX EJIEKTPOCTaHIIIM.
Bapro 3a3HaunTH, IO 3alpOIOHOBAHO BUKOPHCTAHHS BHKIIIOYHO NaHHX, SIKI € y BUIBHOMY JOCTYI Yy Mepexi
[HTEpHeT, a TaKOX BUIFHOTO IPOrPaMHOTr0 3a0e3MeUeHHs 3 BiIKPUTHM KOZIOM.
Kntouosi crosa: coHsIUHI €IEKTPOCTAHIIIT; TEXHOIOTIS; ONTUMaNbHE Miclie po3ramryBanHs; kpurepii; ['1C; J133.
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