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GEOINFORMATION MODELLING FOR THE SITING
OF INDUSTRIAL SOLAR POWER PLANTS CONSIDERING
LANDSLIDE PROCESSES IN MOUNTAINOUS AREAS

The article presents an integrated approach to assessing the suitability of territories for the placement of industrial
solar power plants (SPPs) in mountainous conditions, taking into account the spread of landslide processes, which are
a key natural constraint for infrastructure development in the Carpathian region. The object of the study is the Kosiv
district of the Ivano-Frankivsk region, an area characterised by complex geological structure, increased susceptibility
to landslides, and growing investment interest in alternative energy projects. The relevance of the work is determined
by the need to account for geodynamic risks in the spatial planning of energy facilities and the insufficient integration
of geostatistical methods into project practice. The methodological basis of the study is a combination of
geoinformation modelling and geostatistical interpolation tools. Vector analysis of spatial constraints was performed
based on buffer modelling around infrastructure facilities, water networks, buildings, and forest areas, making it
possible to identify conflict-free zones. Next, morphometric criteria, such as slope angle and exposure, were applied,
considering orographic requirements for efficient electricity generation. All criteria were integrated into ModelBuilder,
which ensured the reproducibility and automation of the spatial analysis process. A geostatistical risk assessment of
landslide processes was implemented by constructing a semivariogram and a spatial autocorrelation model (Moran's 1),
which revealed a high degree of clustering of hazardous points. Ordinary Kriging and Co-Kriging methods were
applied to construct the risk surface, taking into account topographical factors. The results obtained enabled the
determination of spatial differentiation of risk within the study area with high interpolation accuracy. The residual
validation error (RMSE = 4.47) confirms the model's high quality, and Co-Kriging using relief derivatives (slope and
aspect) showed better adaptability to mountainous conditions. At the final stage, a spatial ranking of plots was
conducted for areas exceeding 1.5 ha and a geometric shape index of less than 1.8. This ensures the effectiveness of
their potential use for the placement of SPPs. The analysis results show that only about 13 % of the suitable areas meet
the configuration requirements and have an acceptable level of landslide risk (less than 46 %). Based on integrating the
risk map with the array of prepared sites, a summary map of optimal areas for SPPs placement was created,
considering technical and natural constraints. The scientific novelty of the study lies in its first-ever full-scale
geostatistical assessment of landslide risk in the context of solar energy facility planning in the Ukrainian Carpathians.
The practical significance is determined by the possibility of directly applying the results to form-spatial development
plans and environmentally safe development of territories. The presented approach can be adapted for other regions,
including the Carpathian region as a whole, which is characterised by active geodynamic processes, and can be applied
in environmental impact assessments for alternative energy facilities.

Keywords: geoinformation modelling; landslide hazard; solar power plants; geostatistics; spatial analysis;
planning and management; the Carpathians.

Introduction atmospheric precipitation and water balance patterns,
characteristic of the current stage of climate
transformation, significantly increase the need to assess
the spatial stability of slopes within potential sites for
renewable energy infrastructure.

Existing approaches to landslide hazard mapping

The intensification of renewable energy sources,
particularly solar power plants (SPPs), in mountainous
regions is accompanied by increased requirements for
assessing the territory's engineering-geological and
geodynamic conditions. In areas with active gravitational
dynamics, such as the Ukrainian Carpathians, landslides
are a key component of natural hazards, capable of
causing infrastructure damage, affecting hydrological dels consider individual morphometric and engineering-
regimes, and land use conditions. Changes in  geological factors, they only partially reflect the spatial

typically rely on heuristic assessments, multifactorial
rating analysis, or logistic regression. While these mo-
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continuity of natural processes and are limited in their
ability to interpolate risks outside the observation zone.
In this context, geostatistical methods, particularly
spatial autocorrelation testing, variogram-based model-
ling, as well as Ordinary and Co-Kriging interpolation,
are gaining significance. These methods have the advent-
age of formally describing the spatial structure of risk,
identifying distribution patterns, and creating high-reso-
lution predictive surfaces.

Over the past decade, spatial modelling of landslide
risk has increasingly relied on geostatistical analysis
methods. Among the most commonly used approaches
are variograms and spatial interpolation techniques, such
as Kriging, along with their covariance modifications.
These methods have proven effective in identifying
patterns of spatial dynamics and in developing predictive
models. Several studies have demonstrated the feasibility
of employing multidimensional geostatistical methods in
hydrogeological and orographically complex regions
[Paradeshi et al., 2013; Corominas et al., 2014; Vessia et
al., 2020]. These techniques are particularly valuable for
mapping landslide-prone areas, where input data is
unevenly distributed [Roslee et al., 2012; Nicula et.al,
2017]. Interpolation algorithms based on the functional
analysis of dependencies between topographic and
geological  variables enable the high-precision
reproduction of risk structures in previously unexplored
areas [Bednarik et al., 2024].

In particular, the works [Chen et al, 2020,
Tordesillas et al., 2021] present the results of landslide
hazard modelling using Co-Kriging, which incorporates
factors such as the topographic index of moisture, slope,
and surface orientation. Other studies highlight the
benefits of combining spatial interpolation with hotspot
analysis, enabling the identification of local risk
accumulation centers, even in scenarios with uneven
input data coverage [Nava et al., 2022].

At the same time, there is increasing concern
regarding the environmental safety of renewable energy
projects in areas with complex terrain. It is known that at
least 89 %
mountainous regions are related to geodynamic risks,
particularly landslides and related hydrogeomor-
phological phenomena [Hao et al., 2021; Li et al., 2023].
Despite the availability of thorough regional studies
demonstrating the possibilities of integrating GIS and
geostatistics within individual projects [Nistor et al.,
2018, 2019, Ilovan etal, 2019, Kumar et al., 2021,
Sestras et al., 2021, Bednarik et al., 2024], a systematic
methodology covering the entire cycle — from risk
mapping to decision-making on the location of SPPs —
remains underdeveloped. The application of such

of malfunctions at solar farms in
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approaches is particularly relevant to the Ukrainian
Carpathians. This region is geologically unstable,
characterized by a significant diversity of landforms,
high hydrographic density, and intensified landslide
processes [Ivanik et al., 2019; Deputat et al., 2025,
Shtohryn et al., 2024]. Using the example of the Kosiv
district, which is one of the most vulnerable areas on the
left bank of the Prut slope, it is advisable to develop an
adapted model for spatial risk assessment and territorial
suitability assessment of solar energy facilities.

The Kosiv district, situated in the southeastern part of
the Ivano-Frankivsk region, is part of the northeastern
fragment of the Outer Eastern Carpathians. The district's
territory is characterized by its geological diversity and
high morphodynamic activity, resulting from both
natural (tectonics, relief, precipitation) and anthro-
pogenic factors. The geological foundation of the district
is represented by Palacogene flysch strata, in particular
an alternation of sandstones, siltstones, and claystones,
which form an environment with increased structural
anisotropy and vulnerability to shear deformations
[Kuzmenko et al., 2016].

Active orogenic uplift, which reaches 1-4 mm/year in
the Carpathians, maintains steep slopes and deep erosion
dissection, intensifying gravitational processes. The re-
gion's territory exhibits a pronounced tectonic segmen-
tation, characterized by zones of transverse and lon-
gitudinal faults, where landslides are most frequently
recorded. Climatic factors further complicate the situa-
tion: annual precipitation of 1,000-1,200 mm, with
distinct seasons of heavy rain and snowmelt, contributes
to the saturation of slopes with moisture and the
formation of conditions for landslides and debris flows.

The studied area is affected by seismic vibrations
from the Vrancea focus, making geodynamic conditions
and endogenous processes significant contributors to
landslide occurrences [Sirenko et al., 2020; Hablovska et
al., 2023; Hablovskyi et al., 2023; Micu et al., 2023;
loane et al., 2025; Kendzera et al., 2025; Pronyshyn et
al., 2025]. Their analysis is necessary to assess the
engineering and geological stability of the territory and
plan the safe location of SPPs.

Over the past decade, there has been an active
implementation of alternative energy facilities, primarily
solar power plants, in the Kosiv district [Kasiyanchuk et
al., 2018]. These projects are mainly located on the
slopes that were previously used for agriculture, terraced
slopes, or inter-river areas with disturbed natural
drainage structures. However, in many cases, project
decisions are made without a complete assessment of the
geomorphological stability of the sites, which is a critical
factor in areas prone to landslides.
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Main factors affecting geomorphological stability
when placing SPPs

The expansion of renewable energy in the Ukrai-
nian Carpathians, particularly through the construc-
tion of industrial solar power plants, is taking place in
conditions of limited geomorphological stability of
the territories. The geological structure, with a
predominance of flysch formations, steep slopes, and
excessive moisture in the slope systems, creates
increased vulnerability to artificial interventions. This
section summarises the key mechanisms of desta-
bilisation caused by the placement of RES infra-
structure.

Engineering destabilisation of slopes

One of the primary sources of morphological impact
is the modification of the natural relief due to the
terracing of slopes, the construction of mounting
platforms, and the formation of service infrastructure
(technical roads, cable trenches, drainage systems). Such
interventions cause a disturbance in the gravitational
balance, a shift in the direction of runoff, and changes in
the distribution of masses on the slope. When using 'cut-
and-fill' levelling methods, the risks of instability
increase due to the emergence of overloaded embank-
ments or cuts without sufficient engineering reinfor-
cement.

These processes become critical on slopes composed
of sandstones and clays with high water saturation,
where mechanical disturbances in the structure cause
plastic deformations and landslides. Field studies have
recorded an increase in local instability, even with slight
disturbances to slope equilibrium, under conditions of
increased precipitation [Information Report..., 2010].

Changes in the hydrological regime
and waterlogging

The presence of infrastructure elements that disrupt
natural infiltration (concrete foundations, compacted
surfaces, closed drainage systems) forms a new surface
runoff structure. The local concentration of water flows,
redistribution of deep drainage, and accumulation of
moisture in colluvial zones below SPP facilities contribute
to increased pore pressure in the soil mass.

Numerous studies, particularly in Central Europe,
show that even a 10-20 % increase in soil moisture in the
upper horizons can reduce the limit shear strength by 30—
50 %, especially in flysch strata [Bednarik et al., 2024].
This effect becomes cascading in mountainous terrain.

Disturbance of soil and vegetation cover

Using heavy equipment to clear land for SPPs causes
soil compaction, destruction of the turf layer, and
damage to the root systems of stabilising plants.

As aresult:

- the ability of soils to retain moisture decreases;

- the proportion of surface runoff increases;

- erosion furrows, gullies, and ravines develop.

These processes are particularly active on unse-
cured terraced slopes that were previously used for
agriculture or have already been disturbed by
secondary vegetation [Ivanyshyn et al., 2024].

Systemic effects in cluster placement of SPPs

In cases where several renewable energy facilities
form spatial clusters, the cumulative impact exceeds the
sum of individual effects. This is primarily due to the
gradual destruction of vegetation cover, which plays a
crucial role in regulating the hydrological balance of the
territory. The loss of root structure and reduction in
transpiration lead to a decrease in the ability of
ecosystems to retain moisture, contributing to the
accumulation of excessive surface runoff. At the same
time, a significant part of the catchment area is being
compacted due to the movement of machinery,
construction work, and the replacement of natural
substrate with artificial surfaces. Such interventions not
only alter the infiltration properties of soils but also
create a new hydromorphological structure at the site.
Ultimately, the increase in the overall anthropogenic
load on slope systems leads to a loss of their stability, the
activation of gravitational processes, and the potential
formation of new landslide-prone areas.

The gradual decrease in morphological stability
within the local basin creates favourable conditions for
activating latent landslide foci. Despite this, current
environmental impact assessment standards in Ukraine
do not require consideration of geodynamic risks in
strategic or detailed planning procedures. This situation
creates a critical gap in infrastructure siting in regions of
heightened natural vulnerability.

Taking into account the spatial structure of risk at
the preliminary analysis stage

An integrated landslide hazard map for the Kosiv
district was used in this study to integrate geodynamic
information into spatial planning [Kasiyanchuk,
2016]. It summarises morphometric characteristics
(slope, exposure, curvature), structural-geological
boundaries, the hydrographic network, and existing
landslide processes.

This map allows the formation of an array of sites
suitable for the placement of SPP facilities, taking
into account the landslide factor in advance. It can be
used as a fundamental element in the formation of a
risk-oriented planning model in mountainous regions

(Fig. 1).
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Fig. 1. Map of the probability of ecological and geological risk of landslides in the Kosiv district.

Purpose

The work aims to assess the spatial suitability of
territories for the placement of industrial SPPs, con-
sidering the landslide hazard, based on geoinformation
and geostatistical analysis. The relevance of the study
lies in the fact that the placement of renewable energy
facilities in landslide-prone mountainous regions, in
particular in the Ukrainian Carpathians, is carried out
without a proper assessment of the geodynamic vulne-
rability of the territories, which creates risks of a natural
and technogenic nature and requires the integration of
spatial analysis methods into planning practice.

Research methodology

The methodology implemented in this study is
based on the logic of spatial screening of territories
that do not meet the technical, morphological, or
environmental criteria for the location of industrial
solar power plants within the Kosiv district of the
Ivano-Frankivsk region. The primary focus is on
developing a suitability model that considers the
landslide hazard, a characteristic geodynamic threat to
the studied territory.
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All operations were performed in ArcGIS Pro, using
ModelBuilder tools to ensure process reproducibility.
Initially, thematic layers were created to reflect the
physical geography of the territory, including a digital
elevation model (SRTM, 30m), a hydrographic network,
forest boundaries, power lines, and transportation
infrastructure. The data were converted to a single
coordinate system (UTM Zone 35N). The landslide
inventory was compiled for the period 1980-2022, while
the SRTM DEM (30 m) reflects the topography around
the year 2000. The forest cover data correspond to 2020,
and the infrastructure layers were derived from
OpenStreetMap in 2021. While there are minor temporal
discrepancies between these datasets, these are not
expected to significantly impact the modelling outcomes
given the relative stability of topographic and
infrastructural features during this period.

At the first modelling stage, spatial restrictions were
imposed on territories based on buffering objects that were
incompatible with the safe or legally permissible location
of SPP. A 50 m buffer was applied to buildings in
accordance with current regulations on sanitary protection
zones [State sanitary rules..., 1996]. Water bodies (rivers
and lakes) were restricted by a 50 m buffer following the
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Water Code of Ukraine [State sanitary rules..., 1995]. To
improve energy efficiency, only those sites located within
30 m of overhead power lines [Rules for the Protection of
Electrical Networks, 1997] and 50 m of major roads
[DBN V.2.5-56:2014, 2014] were deemed acceptable.
Forest areas (50 m) [Zanaga et al., 2021] were completely
excluded from further analysis as objects of ecological
value. Buffering, polygon merging, and stepwise
exclusion were implemented as a block sequence in
ModelBuilder.

The second stage was a morphometric assessment of
the territory. Based on the digital terrain model, layers of
slope, exposure, and surface curvature were constructed.
Standard spatial analysis algorithms were used for this
purpose. A slope of up to 15° was considered technically
acceptable for SPPs design, while areas with greater
steepness were considered unstable or economically
unfeasible. The exposure data were transformed into a
binary mask, selecting areas oriented to the south (315-
45°), as well as southeast and southwest, to maximize
insolation. Both variables were used for spatial filtering
without creating a rating assessment or multifactorial
weighting.

Next, using the suitability mask that was created, the
remaining areas were converted into polygons. The area of
each polygon was calculated to select only those that
could accommodate SPP facilities with a capacity of more
than 1 MW (from 1.5 hectares). Thus, the model formed a
list of geospatially justified sites, excluding insignificant
parameters. A separate area of research was the
geostatistical assessment of landslide hazard, which is
considered a significant constraint in mountainous
conditions. A used point database of landslides for the
Kosiv district was compiled based on open geological
reports and our data. Using spatial statistics tools in
ArcGIS Pro, an assessment of global autocorrelation
(Moran's I [Moran, 1950]) and local spatial clustering
(Getis-Ord Gi*) was performed, which allowed the
identification of areas with abnormally high density of
landslide events.

In the next stage, an experimental semivariogram
was constructed to identify patterns of spatial variability
in risk, after which risk interpolation was performed
using the Ordinary Kriging method. To increase the
density of the spatial sample, a regular grid of points
(100x100 m step) was created, using slope and exposure
values as secondary variables in the Co-Kriging model.

Research results

Geospatial analysis of areas suitable for the
placement of SPPs

One of the key objectives of the study was to
develop a spatial model for identifying areas
potentially suitable for the deployment of industrial

SPPs. To this end, a logical sequence of
geoprocessing was implemented in ArcGIS Pro using
the ModelBuilder module, which enabled automated
implementation of a spatial clipping scenario based on
several limiting factors.

ModelBuilder allows you to create a graphical
algorithmic data processing scheme that ensures the
reproducibility and transparency of the analysis. This
study used the tool to sequentially build a spatial
incompatibility model (conflict zones) based on
current regulatory and environmental constraints.

During the modelling process, buffer zones were
formed around objects whose presence is critical for
the selection of locations (Fig. 2):

forests — 50 m (ecological alienation);

water bodies (rivers, lakes) — 50 m (hydro-
logical protection strip);

power lines — 30 m (technical regulation zone);

motorways — 50 m (sanitary protection zone);

existing buildings — 50 m (buffer zone taking
into account safety standards).

After creating the buffers, each layer was merged
to form a generalised conflict zone — a combined layer
with all spatial restrictions. The next step was to
spatially subtract (Erase) this conflict zone from the
layer of potentially accessible territories (res_ter),
which made it possible to identify areas without direct
spatial conflict with critical objects.

The resulting layer was divided into separate

polygons using the Multipart to Singlepart tool,

which enabled further analysis of each polygon by
area, morphometric characteristics, and level of
infrastructure accessibility, among other factors.

As a result of implementing the scheme, an array
of 4,070 polygons was obtained that met the spatial
suitability criteria for the placement of solar power
plants (Fig. 2). To analyse their suitability in terms of
the scale of implementation of alternative energy
projects, a statistical assessment of the polygon areas
was carried out. More than 95 % of the polygons have
an area of less than 1.5 hectares, which is the lower
limit of feasibility for the placement of industrial solar
power plants. The average area is only 1.33 hectares,
which indicates the fragmentation of the spatial
structure of potentially suitable territories.

However, the analysis showed that 660 landfills
exceed the 1.5-hectare threshold and can potentially
be considered as sites for industrial solar power plants
(with a capacity of 1 MW and above).

87



Geodynamics 2(39)/2025

45=20'

Legend

forest
— poaver line

48°20'

— river
B ke
road
B Guilding
research area
B sPP zone

Graphical-algorithmic data
processing diagram

Fig. 2. Geospatial analysis and ModelBuilder data processing scheme for the study area.

Geostatistical modelling
of landslide hazard risks

To integrate the risks associated with landslide
processes into the suitability model of territories for
SPPs, a comprehensive geostatistical analysis of the
spatial distribution of landslide hazards was con-
ducted. The spatial database of point data was formed
based on the existing map of integral landslide risk.
This database enabled the assessment of the
autocorrelation structure and allowed for interpolation
of risk levels in areas without direct observations.

Spatial autocorrelation (Moran’s index)

At the first stage of geostatistical analysis, spatial
autocorrelation of landslide risk values within the
Kosiv district of the Ukrainian Carpathians was
assessed. For this purpose, the Spatial Autocorrelation
(Global Moran’s I) tool from the Spatial Statistics
Tools package in ArcGIS Pro was utilized. A point
layer containing the integral landslide risk index
values was used as input data.

The inverse distance method with Euclidean metric
was chosen to formalise the spatial relationships between
objects. The spatial analysis results are presented in the
form of a standard graphical report (Fig. 3). The value of
Moran’s index (Moran’s I = 0.439) indicates the
presence of moderate positive spatial autocorrelation,
which shows a tendency towards risk clustering. The
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extremely high Z-index (13.34) and the p-value of zero
demonstrate the high statistical significance of the result.
The probability that the observed spatial grouping could
have occurred by chance is less than 1 %.

The distribution graph (Fig. 3) shows that the
obtained value is on the right side of the normal
distribution, corresponding to a significance level of
p < 0.01. Thus, the detected spatial grouping is not
random and is caused by the structural features of the
environment being studied.

The results confirmed the hypothesis of stable
spatial patterns in the distribution of landslide risks.
This provides grounds for using geostatistical inter-
polation methods, particularly Ordinary Kriging,
which allows spatial extrapolation of risks in areas
with missing values.For an in-depth analysis of the
spatial structure of landslide risks, the Getis-Ord Gi*
spatial statistics method was used, which allows
identifying so-called “hot spots” and “cold spots” —
areas with abnormally high or low risk values that
demonstrate spatial cohesion.

The analysis was performed in ArcGIS Pro using the
Hot Spot Analysis (Getis-Ord Gi*) tool. The input layer
was a set of points with risk attributes obtained at the
previous stage. Spatial dependence was determined
using the Inverse Distance principle, and the distance for
analysis was selected automatically according to the
criterion of optimal spatial correlation.
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Given the z-score of 13.343671, there is a less than 1% likelihood that this clustered pattern

could be the result of random chance.

Fig. 3. Autocorrelation graph of landslide risk

Identification of spatial anomalies
in landslide risk distribution

Fig. 4 shows a thematic map that displays local
statistically significant clusters of risk values:

@® “Hot spots” are areas with a high risk of
landslides, statistically confirmed by cohesion. Identified
with confidence levels of 90 %, 95 %, and 99 %, they
are mainly concentrated in the southwestern part of the
Kosiv district.
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Fig. 4. Map of spatial risk cluster.
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Semivariogram and covariance

This analysis enabled the identification of areas
requiring increased attention for further geostatistical
risk modelling, as well as safer areas potentially
suitable for the placement of infrastructure facilities,
particularly solar power plants.

The Getis-Ord Gi* method complements the global
autocorrelation analysis (Moran's I) by allowing for
localised risk zoning. The data obtained is further used to
calibrate the interpolation model and can also be
incorporated directly into a spatial suitability model for
the placement of alternative energy facilities, while
considering the risks of landslidesTo examine how
landslide risk varies across the mountainous regions of
the Kosiv district, we analyzed spatial autocorrelation.
This involved using a semivariogram and a covariance
model, which helps to evaluate how a spatial
phenomenon changes with distance.

An empirical semivariogram based on a set of
points with a risk attribute showed a steady increase
in dispersion y(h) with increasing interpoint distance
(Fig. 5). The Stable function was used for modelling
with the following key parameters:

Nugget: 11.874 — non-random local variations or
measurement errors;

Partial Sill: 18.522 — dispersion described by the
model;

Range: 7156.8 m — the limit of spatial
autocorrelation, beyond which the values are no
longer related.

The semivariogram indicates the presence of
moderate spatial autocorrelation within a radius of
7 km. This means that landslide risks in certain areas
tend to cluster spatially, justifying the use of
geostatistical forecasting methods (Fig. 5).

Additionally, covariance modeling was performed
to describe the degree of spatial similarity between
risk values. The following parameters were obtained
in the Spherical model:

Nugget: 20.728 — level of random variation;

Partial Sill: 15.069 — spatially determined part of
the variation,;

Range: 9661.6 m — limit of spatial dependence
preservation.

The covariance graph (Fig. 5) shows a decline in
values to zero at a distance of about 9.7 km, which
confirms the results of the semivariogram but
indicates a slightly wider area of spatial influence.
This may be due to the impact of tectonic structures
or morphological features of the slopes.

The covariance map (Fig. 5) shows the most
outstanding spatial connectivity in the central part of the
study area, indicating a zone of high risk probability.
Areas with low or negative covariance values are
recorded on the periphery, which may result from a
decrease in the influence of active landslide processes
and heterogeneity of the input data.
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Fig. 5. Spatial autocorrelation using a
semivariogram and a covariance model.

Construction of landslide risk forecast maps

Among the theoretical models tested (Stable and
Spherical), the Stable model was selected because it
most accurately represented the experimental semi-
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variogram, which exhibited a significant 'nugget' effect
and a prolonged correlation 'tail'. Additionally, it yielded a
smaller prediction error, as indicated by the cross-validation
results. The main parameters of the Stable model are as
follows: type = 1.0402, number of lags = 12,
lag size = 2,398 m, nugget = 11.7-34.5,
partial sill = 19.5-50. The search radius was set to
21,475 m, and the standard neighbourhood included

5 maximum and 2 minimum neighbours. The sectori-
sation was divided into 4 sectors at 45° each.

The correlation and co-regionalisation coefficients
(Table 1.) confirm a high level of structural consistency
between the risk parameters and the morphometric
parameters of the slope. This justifies the use of
CoKTriging as an effective modelling tool for analyzing
the spatial distribution of hazardous processes.

Table 1

Correlation and co-regionalisation coefficients

. Correlation coefficient, Co-regionalisation coefficient, .
Variable Interpretation
T Yi2 h
Hazard — Slope 0.72 0.65 Strong positive correlation
Hazard — Aspect 0.58 0.47 Moderate dependence
Hazard — . S
Elevation 0.49 0.42 Average spatial-structural similarity

Both spatial dependence models confirm the validity
of further use of Ordinary Kriging for constructing a
predictive risk surface. The obtained parameters (nugget,
sill, range) were used to configure the interpolation
model and to implement Co-Kriging, where the
morphometric parameters of the relief are considered
secondary variables (slope, aspect).

Two predictive surfaces were constructed using
Ordinary Kriging (OK) and Co-Kriging (CK) methods
for spatially interpolating landslide risk. Both models
were implemented based on spatial dependence para-
meters obtained from the results of semivariogram
analysis (Fig. 6). For Co-Kriging, additional morpho-
metric variables were considered — slope and aspect.

Legend
Kriging

B 34,804812 - 41,264685
I 41,264685 - 44,473941
| 44,473941 - 46,068297
46,068297 - 46,86037
48,86037 - 47,253872
47,253872 - 48,045945
48,045945 - 49,6403
I 49,6403 - 52,849557
B 52,349557 - 59,30943
B 5030943 - 72,312424
NoData

1st map - Ordinary Kriging model
2nd map - Co-Kriging model

Fig. 6. Landslide risk maps.
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The Ordinary Kriging model was based exclu-
sively on risk values determined for point objects with
landslide
interpolation map displays a generalized spatial risk
field, with clearly defined areas of increased risk in
the central and southwestern parts of the study area.

However, the model does not consider the spatial
heterogeneity associated with the natural determinants
of landslide formation, which may limit the accuracy

known hazard characteristics. The

of the local forecast. To enhance the Co-Kriging
model, additional predictors — slope and exposure
values — were obtained from a digital terrain model at
regular grid points (100 x 100 m). This approach
allowed the model to reveal more detailed spatial
patterns and local anomalies.

In the Co-Kriging model, high-risk areas (red and
orange areas) exhibit clearer boundaries and align
more closely with the relief morphology than those
identified by the Ordinary Kriging (OK) model. In the
northern part of the region, the CK model identifies
high-risk areas ‘smoothed out’ in the OK model,
indicating sensitivity to micro-relief. Low-risk areas
in the Co-Kriging model are now more distinctly
defined, enhancing the accuracy of identifying
locations suitable for SPP placement.

As shown in the figure, integrating morphometric
indicators into the Co-Kriging model yielded a more
spatially refined and detailed forecast map. This map
more accurately reflects the potential threats of
landslides in mountainous conditions, confirming the
feasibility of using joint geostatistical modelling (Co-
Kriging) for geoinformation risk analysis in planning
infrastructure facilities, such as solar power plants.

Comparison of forecast values with actual data

To confirm the feasibility of using the CoKriging
method, we conducted a comparative analysis of the
relationships between the variables, as well as an
assessment of the improvement to the spatial model
relative to traditional Ordinary Kriging. The cross-
correlation between hazard values and slope mor-
phometric parameters was found to be r = 0.72 for
slope and r = 0.58 for exposure. These results indicate
that both parameters play a significant role as
secondary predictors. The co-regionalisation coeffi-
cient yi2(h) shows consistency in risk and slope
variations within distances of up to 350 metres,
corresponding to the local scale of hydrogeomorphol-
ogical activity.

Comparing the statistical accuracy indicators
showed that applying CoKriging decreased the mean
square error (ARMSE = —-0.48) and the standard

deviation of residuals (ARMS = —0.11) relative to
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Ordinary Kriging. This confirms the increased
stability of the interpolation surface and the more
accurate localisation of areas with increased landslide
hazard.

At the final stage of modelling, the reliability of
the results was verified using cross-validation. For the
Ordinary Kriging model, the key metrics were: the
mean value of the residuals (Mean) —0.056, indicating
no systematic bias, and the root mean square
deviation (RMS) at 4.48, indicating moderate varia-
bility in the results. The mean standardised residual
was —0.0077, and the standardised root mean square
deviation (RMS Standardised) was 1.059, consistent
with the expected theoretical distribution of residuals.
Cross-validation was performed using a leave-one-out
(LOO) strategy, embedded in the Kriging / Co-Kri-
ging workflow. Each observation was removed
sequentially while using the remaining data to make a
prediction. The resulting standardised RMS of
approximately 1.06 suggests that the model’s pre-
diction variance is well calibrated, and that the Kri-
ging standard errors provide a realistic estimate of
local uncertainty.

A residual error map was constructed for a
qualitative analysis of the discrepancies between the
measured and modelled values (Fig. 7). It shows that
significant deviations are concentrated mainly in the
peripheral areas of the study area, where the density
of the source points is lower. Visual analysis revealed
that the main centres of residual error correspond to
areas of complex micro-relief, as well as to fragments
where forest areas or anthropogenically transformed
territories prevail.

The Standard Error of Prediction raster highlights
spatial variability in model confidence; areas exh-
ibiting elevated standard errors indicate zones where
the interpolated hazard values are less certain and
therefore require caution. In siting decisions, such
high-uncertainty areas should be deprioritized for
immediate development or be subjected to targeted
field investigations and local geotechnical studies
before any installation is approved.

In addition, we developed a graph of the distri-
bution of measured and modelled landslide risk
values. The peak of the predicted distribution is
slightly shifted to the right, indicating a tendency for
the model to underestimate the risk in areas with
higher actual values. This confirms the usefulness of
additional predictors, such as exposure and slope
steepness, within the Co-Kriging model.

Thus, the results indicate that the model’s quality
is satisfactory, especially given the limited number of
input observations.
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Fig. 7. Map of residual errors.

Spatial-analytical ranking

After completing geostatistical modelling and
validation of the interpolation model, a spatial overlay
of the risk map was performed on an array of sites
that had passed a preliminary geoinformation filter,
i.e., that met the requirements for morphometric,
infrastructural, and landscape parameters. The
vectorized objects obtained from the model, based on
ArcGIS ModelBuilder, contained information about
the configuration, dimensions, accessibility, and
location relative to power lines, roads, water bodies,
and natural vegetation.

Geometric constraints were applied to the spatial
database to identify suitable sites for industrial solar
power plants. The first criterion was an area of at least
1.5 hectares, which corresponds to the typical
parameters of a single 1 MW modular solar power
plant. Industry technical recommendations suggest
that the minimum area for the effective operation of
an industrial photovoltaic complex should not only
accommodate the solar panels, but also include

service pathways, inverter installations, installation
and technological areas, as well as the necessary
distance to avoid self-shading on complex terrain. In
mountainous conditions, such requirements become
particularly critical compared to flat terrain.

The second important indicator was the geometric
compactness of the site, assessed using the Shape
Index. An index value exceeding two often indicates
that the site is elongated, fragmented, or non-
functional, making it difficult to optimize the
placement of modular structures. An upper limit of
1.8 was set as the acceptable value, which allows for
the elimination of overly elongated or isolated
elements, while still permitting naturally elongated
shapes on slopes with a slight elevation difference.

Each site in this sample was assigned an average
landslide hazard risk value obtained from the
integrated map. This approach enabled the
combination of information from two sources:
geometrically and functionally suitable areas, and a
modelled assessment of potential landslide activity
intensity (Fig. 8).
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Fig. 8. Integrated spatial suitability model for industrial SES,
taking into account the landslide hazard in the Kosiv district.

As a result of the spatial analysis, suitability and
landslide hazard maps were integrated, allowing for a
multi-factor ranking of territories for the further
placement of industrial solar power plants.

In total, 504 sites that meet the spatial, morpho-
metric, and geodynamic conditions for potential SPPs
placement were included in the final array. The area
of the selected sites ranges from 1.5 to 81.6 hectares,
with an average of 6.55 hectares. Considering that
industrial solar power plants with a capacity of 1 MW
typically require about 1.5 to 2 hectares, the majority
of the selected sites offer ample space for technical
reserves and buffer zones.

The Shape Index, which indicates geometric com-
pactness, has an average value of 1.40, confirming the
predominantly regular morphology of the areas, with no
excessive convexities or fragmentation. Particular
attention was paid to the distribution of landslide risk.
The areas were classified into five categories based on
the mean risk values. In the “Very Low” category (less
than 45 points), 39.1 % of areas were identified, while
another 47.4 % fell into the ‘Low’ class (45-50 points),
accounting for 86.5 % of potentially safe areas.
Moderate risk was recorded for only 10.3 % of sites, and
high or very high risk was observed in less than 3.2 % of
cases.

The risk threshold of 46 % was determined based
on an engineering expert assessment derived from
practical experience in slope stability analysis in

similar geomorphological settings to those of the
Carpathians. This criterion reflects the upper limit of
acceptable stability conditions for moderately sloping
terrain suitable for solar facility placement.

Areas suitable for SPPs with minimal risk and
satisfactory geometric parameters (area over 1.5 ha,
Shape Index < 1.8) are located mainly in the northern
and north-eastern parts of the Kosiv district. Areas
with increased risk are primarily confined to the
southern macro-slope, where unstable geomorpho-
logical conditions are widespread. The generalised
map justifies spatial solutions for infrastructure
planning in mountainous conditions, considering
natural constraints.

Practical significance

The study results provide an analytical basis for
the territorial planning of renewable energy facilities
in complex geodynamic conditions, contributing to
the reduction of risks associated with emergencies and
artificial damage. The methodology can be integrated
into strategic environmental assessment and land use
planning procedures in conditions of landslide hazard.

Scientific novelty

For the first time in the mountainous part of the
Ukrainian ~ Carpathians, the Kosiv district, a
combination of geoinformation modelling has been
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implemented to assess the suitability of territories for
industrial solar energy production. This assessment
incorporates geostatistical evaluation of landslide
risks, utilizing Kriging / Co-Kriging interpolation me-
thods. The proposed methodology considers not only
morphometric and infrastructural factors, but also the
spatial autocorrelation of risks, which allows for
greater accuracy in identifying stable areas.

Conclusions

The presented study demonstrated the effecti-
veness of an integrated approach to spatial suitability
analysis for the placement of industrial solar power
plants within geodynamically unstable regions. The
model integrates geoinformation and geostatistical
methods, ensuring both cartographic accuracy and
analytical depth when assessing natural risks. At the
same time, the results emphasise the need to take into
account the full range of geological processes — both
endogenous and exogenous — since an isolated ana-
lysis of landslide phenomena does not reflect the full
complexity of geodynamic threats characteristic of
areas with potential SPP locations.

1. A comprehensive multi-stage methodology has
been developed that integrates morphometric indi-
cators, spatial constraints, and geostatistical asses-
sment of landslide hazards. This approach enables
high-precision and spatially detailed assessments of
territories.

2. Vectorisation and buffering of key infra-
structure, hydrography features, and natural environ-
ment objects were conducted following regulatory
and geotechnical requirements. This process helped
to exclude areas with potential conflicts and created a
positive morphostructural base.

3. The application of ArcGIS ModelBuilder
enabled the implementation of an automated geo-
spatial model for site selection. This model considers
parameters such as slope, exposure, area, shape, and
accessibility, while maintaining a consistent analytical
logic throughout all stages.

4. Geostatistical modelling of landslide hazards,
based on Ordinary Kriging and Co-Kriging, allowed
us to reflect the spatial autocorrelation of risk. This
helped identify areas with the most significant poten-
tial hazard within the study area, with accuracy
confirmed by model validation.

5. The integration of relief derivatives as secon-
dary variables in Co-Kriging interpolation improved
the model's fit to complex orographic conditions.
This approach reduced residual errors and enhanced
the spatial informativeness of the assessment.

6. Spatial analysis of geometric and risk charac-
teristics showed that of the total number of sites that
meet technical and geomorphological requirements

(504 units), more than 86 % have a very low or low
level of landslide risk (Landslide hazard < 50), with
an average value of 46.4. In addition, it was found
that most sites have a regular shape (average Shape
Index = 1.40), which ensures the efficient use of space
for solar modules without the need for complex
landscape transformation.

7. The integrated suitability map reflects a
synthesis of natural-geographical, morphometric, and
risk-oriented factors, forming an analytical basis for
territorial decision-making within the Kosiv district.

8. Comparison of the plots with the landslide risk
map showed that a significant part of the potentially
suitable areas is located within moderate and high risk
levels. This requires additional engineering and geo-
logical justification before SPP facilities are placed.

9. The proposed model has been found to have high
application potential for the formation of local and
regional plans for the development of alternative energy,
especially within the framework of strategic land use
planning in conditions of natural vulnerability.

10. The scientific value of this work lies in the
interdisciplinary integration of geoinformation analysis
and geostatistical modelling, providing a qualitatively
new level of risk formalisation for selecting areas for
industrial development, especially
landscapes with increased landslide activity.

In mountainous
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TEOIH®OPMAILIHE MOJIEJIFOBAHHS 30H JIJIS1 PO3MILLEHHS [IPOMUCJIOBUX COHSAYHUX
EJIEKTPOCTAHIIIN 3 YPAXYBAHHSIM 3CYBHUX ITPOLECIB Y I'IPCbKMX YMOBAX

Y craTTi BHUCBITIGHO IHTETPOBAHUHA WiAXiN X0 MPOCTOPOBOI OIHKA NPHUAATHOCTI TEPUTOPIH I PO3MILICHHS
npomucioBux coHsynux enekrpocranuiii (CEC) y Tipcbkux yMOBax i3 BpaXyBaHHSAM IOIIMPEHHs 3CYBHHX IPOLECIB, SIKi €
OIHIMHU 3 KIIOYOBHX IPHUPOAHUX OOMEXKEHb IJsi iH(pacTpyKTypHOro po3BuTKy B Kapmarcekomy perioHi. OO6’exTom
nociipkerHs: KociBebkuil paiion IBaHo-®paHKiBCbKOT 00aCTi — TEPUTOPIs, IO XapaKTEPU3YETHCS CKIIAJHOIO T'€0JIOTIYHOI0
OyZIOBOIO, MIABUIIECHOIO CXWJIBHICTIO IO 3CYBIB 1 3POCTaHHSAM I1HBECTHIIIITHOTO I1HTEpeCy A0 MPOEKTIB albTepHATUBHOI

97



Geodynamics 2(39)/2025

SHEPreTHKH. AKTYaJbHICTh POOOTH 3yMOBJEHA MOTPeOOI0 y BpaxyBaHHI T€OAMHAMIUYHHMX PU3HUKIB MiJ Yac MPOCTOPOBOTO
IUIAaHYBaHHSI CHEPreTHYHHX OO’ €KTiB Ta HEJOCTATHBOI IHTErpaIli€l0 T€OCTATHCTUYHHX METOMAIB y NMPOEKTHY IPAKTHKY.
MertoposoriuHa 0CHOBa JOCIIIKCHHS — MOEAHAHHS 1HCTPYMEHTIB I'eOiH(POPMAIIfHOTO MOJCIIOBAHHS Ta T€OCTATUCTUIHOT
iHTepnomsnii. BekropHuit aHani3 npocTopoBUX 0OMEKEHB 3/iIICHEHO Ha OCHOBI Oy(epHOr0 MOJICIIIOBaHHS HABKOJIO 00’ €KTIB
IHQPACTPYKTypH, Timpomepexi, 3a0yJOBH Ta JICOBUX MACHBIB, IO JO3BOJIJIO BHAUIMTH 30HH Oe3 KoHmikTiB. [lami
3aCTOCOBaHO MOP(OMETPHUYHI KpUTEpii — KyT HaXWIy CXWIy Ta €KCIO3MLII0 — 3 ypaXyBaHHSAM OoporpadiyHuX BUMOT UIS
edexTHBHOI reHepalii erxektpoeHeprii. Yci kpurepii interpoBano B ModelBuilder, mo 3abesmne4nio BigTBOpIOBaHICTH i
aBTOMATHU3AIlI0 MPOIIECY MPOCTOPOBOTO aHami3y. ['€0CTATUCTHYHY OIIHKY PH3HMKY 3CYBHHX MpPOIICCIB peasi3oBaHO i3
mo0ymoBOIO ceMiBapiorpamu Ta MoAedi mpoctopoBoi aBTokopemsimii (Moran’s 1), mo BusiBUIAa BHCOKHI CTYyIMiHb
KiacTepusarii Hebe3neuHux Toyok. [ moOyaoBu moBepxHi pu3uky 3acrocoBano meroau Ordinary Kriging ta Co-Kriging 3
ypaxyBaHHSIM Tororpadigaux dakropis. OTpUMaHi pe3yabTaTH Jali 3MOTY BH3HAYHTH MPOCTOPOBY AU(EpEHIIAIII0 PUIHKY
y MexXax TepUTOpil IOCIIKEHHS 3 BHCOKOI0 TOYHICTIO iHTepmoJjsil. 3amumkoBa mommika Bamimanii (RMSE = 4,47)
3acBifdye BUCOKY sKicTh Mojeni, a Co-Kriging 3 BukopucranHsM noxinaux penbedy (slope ta aspect) kpauie agantyersest
IO YMOB TipchKkoi MicieBocTi. Ha 3aBepmanbHOMY eTami 34iHCHEHO MPOCTOPOBE PaH)KyBaHHS AUISHOK IUIomieto moHan 1,5 ra
3 TEOMETPUYHUM iHIACKCOM (popMu HIKUe Hixk 1,8, 1m0 3a6e3neuye eeKTHBHICTh TXHBOTO MOTCHI[IHHOTO BUKOPUCTAHHS IS
po3mimennss CEC. Pe3ynpraT aHamizy cBigdarh, mo jume 0nu3bko 13 % mpuaaTHHX 3a IUIOMICI0 MUITHOK BiJIIOBialOTh
BHMOTaM /10 KOHGirypariii Ta MaroTh JOMYCTUMUIT PiBEHb 3CYBHOTO pH3HKY (MeHIe Hix 46 %). Ha ocHOBI iHTerpaii kapTu
PHU3UKIB 3 MacHBOM IMiATOTOBJICHUX [IUISHOK CTBOPEHO MiJCYMKOBY KapTy onTHManbHHX 30H po3mimeHHs CEC, ska
BpaxoBY€ SK TEXHIYHI, TaKk 1 HmpUponHi oOMexeHHs. HaykoBa HOBH3HA MOCIHI/KCHHS IOJISITaE y BIEPIIE peai30BaHii
MOBHOMACIITA0HI Te0CTaTHCTHUYHIM OLIHILI PHU3MKY 3CYBIB y KOHTEKCTi IUIaHYBaHHS OO0 €KTIB COHSYHOI €HEPreTUKH B
yMoBax VYkpaincbkux Kapmar. IlpakrtudHa 3HA4yIIiCTh BH3HAYAETHCS MOMIIMBICTIO O€3II0CEPEIHBOTO 3aCTOCYBAHHS
pe3ynbTaTiB it (HOPMYBaHHS IUIAHIB MPOCTOPOBOrO PO3BHTKY Ta CKOJOTIYHO OE3MEYHOro OCBOEHHS Teputopi. Iliaxin
MOxe OyTu ajmanToBaHuii [uist iHmuX perioHiB (KapmaTchkoro perioHy) 3 aKTUBHHMH T'eOJMHAMIYHMMH IIpOLECAaMH Ta
BUKOPUCTAHUIT iJT Yac OL[iHIOBaHH BIUIMBY Ha JOBKIUJLIS [UIsl 00’ €KTIB QJIbTEPHATUBHOI CHEPTeTHKY.

Knrwouosi cnosa: reoindopmariiiiHe MOJENIOBaHHS, 3CyBHa HeOe3leKa, COHSYHI €JIEKTPOCTAHIIl, Fe0CTaTUCTHKA, IIPO-
CTOpOBHUIi aHaIIi3, IUIAaHYBaHHs Ta ynpasiiHHs, Kapnaru.
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