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Abstract

The main intent of the study is to investigate the conceptual framework of sustainability associated with the social, economic,
and environmental context of the city of Ternopil, Ukraine. The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses have been used to better understand the conceptual threshold area of sustainability. Geospatial approaches are
used to measure the city’s sustainability. The results indicate that Ternopil city’s socio-economic context moderately supports
sustainability, while the environmental context is less supportive. The study found that the city’s economic growth and
development have caused environmental degradation, leading to the loss of biodiversity and natural resources. However,
the study revealed that the city is adopting sustainable practices. The city’s strengths, weaknesses, opportunities, and threats
(SWOT) have been analysed in light of sustainability. The study recommends that policymakers and stakeholders in Ternopil
City should prioritise sustainable development practices, such as implementing public transport and promoting sustainable
urban planning. Overall, the study provides insights into the relationship between socioeconomic and environmental factors
and sustainability in Ternopil City and highlights the need for sustainable development practices to ensure a sustainable future
for the city.
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1. Introduction

Sustainability is the ability to meet the needs of
the present generation without compromising
the ability of the future ones to meet their own
needs (World Commission on Environment and
Development, 1987). It encompasses economic,

social, and environmental dimensions and is often
called the «triple bottom line» (Strano et al., 2013).
The goal of sustainability is to create a world that
is equitable, resilient, and environmentally sound
(Corvalan et al.,, 2020).

While the concept of city sustainability has
gained significant popularity in recent years, it is
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not without criticism (Moreno et al.,, 2021). Some
of the criticisms of the concept of city sustainability
include the lack of a clear definition, overemphasis
on environmental sustainability, and difficulty in
implementation (Elder et al., 2016). The term is often
used in different contexts and can mean different
things to different people, making it difficult to
measure and monitor progress (Toli, Murtangh,
2020; Purvis et al., 2018). Another criticism of city
sustainability is overemphasising environmental
sustainability at the expense of social and economic
sustainability (Kuhlman, Farrington, 2010). While
environmental sustainability is essential, itisonly one
aspect of sustainability, and it is essential to balance
environmental, social, and economic sustainability
(Woo, Kang, 2020). City sustainability has also
been criticised for its difficulty in implementing
sustainable practices (Williams, 2009). Implementing
sustainable practices often requires significant
investment, political will, and changes in behaviour,
which can be challenging to achieve (Dearing, 2000).

City sustainability is a complex system that varies
from city to city due to spatial organisation, social
structure, economic space, institutional intervention,
and legal framework. In the contemporary
geopolitical scenario, Ukraine is the most promising
emerging market for sustainable urban development
due to its growing commitment to environmental

protection and its favourable geographiclocation for
renewable energy production. The main objective
of the study is to identify the socio-economic and
environmental sustainability of Ternopil city.

2. Material and methods
2.1.Methods ofidentification of city sustainability

By using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) criteria, this
study presents a systematic review of the literature
on urban sustainability evaluation (Moher, 2009;
Mulrow, 1987). In order to better understand how
sustainability evaluation is used in urban contexts,
content analysis has been conducted in this
research to uncover themes and arrange qualitative
data from the literature. Web of Science reliably
searches across publishers. Due to its size and use
of numerous databases, the Web of Science has
been used to generate bibliometric data (Roy, Mitra,
2021). To search the database four keywords were
used: “sustainable city’, “sustainable urban policy”,
“sustainable city management”’, and “Termopil”
Figure 1 shows the process of selection of literature
records for further analysis.
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Fig. 1. Flow diagram of literature selection for review through PRISMA.

Source: own study, based on Page et al., 2021
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Table 1 shows the dimensions used in the evaluation
of city sustainability models across the European
context literature.

Measuring city sustainability is crucial for
promoting sustainable development and addressing
environmental challenges. However, there are only
a limited number of studies that consider all three
dimensions of sustainability. M. Baran et al. (2023)
emphasise how important sustainable systems are
for cities and how attitudes toward environmental
awareness can influence environmental actions.

S. Caputo et al. (2023) discuss the benefits of
community gardens in post-earthquake recovery and
during economic downturns. M. Ciommi et al. (2023)
show how population dynamics affect policy measures
related to urban sustainability and metropolitan
resilience. A.C. Ferrari et al. (2023) analyse how
digitalization transforms agriculture and rural spaces
and reduces urban dependency. A. Gomez-Ortega

et al. (2023) highlight the importance of technology
and sustainable development for promoting public
transportation.

J.K. Huerta and D. Geneletti (2023) demonstrate
how Environmental Justice indicators can help
identify which communities can benefit from green
space implementation. P. Legutko-Kobus et al. (2023)
provide an overview of natural protected areas in
Poland and Romania and their planning and legal
constraints. A. Mayor et al. (2023) conduct a nitrogen
flow analysis to determine the feasibility of recovering
this element from its material flow cycle. E. Medeiros
and B. Valente (2023) evaluate the significance of
investments in environmental sustainability under
the EU Cohesion Policy. V. Miles et al. (2023) analyse
urban heat islands in the largest cities in the European
Arctic, identifying cities and seasons with statistically
significant trends and suggesting that the variability
of a city’s temperatures significantly impacts urban

Tab. 1. Literature for the systematic review (n = 15). Dimensions of city sustainability evaluation.

No Sources City and Country Context of Sustainability
Social | Economical | Environmental

1. |Baranetal, 2023 Greece, Poland, Portugal,

Sweden, and the United v v

Kingdom
2. | Caputoetal. 2023 London, UK v v v
3. | Carliccietal, 2023 Athens, Greece v v v
4. | Ciommietal, 2023 Athens, Greece v v
5. | Ferrarietal., 2023 Uppsala, Sweden and Calabria,

Italy v v
6. | Gomez-Ortega et al., 2023 | Madrid, Spain v v
7. | Huerta & Geneletti, 2023 | Canary Islands, Spain v v
8. | Legutko-Kobus et al.,, 2023 | Romania and Poland v
9. | Mayor etal,, 2023 Balearic and Canary Islands,

Spain v
10. | Medeiros & Valente, 2023 | Northern Portugal v v
11. | Miles et al., 2023 v
12. | Pignatelli et al., 2023 v v v
13. | Przezdziecki & Zawadzki,

2023 v

14, | Sandstrom et al., 2023 v v
15. | Tarasevych et al., 2023 v v v

v" dimension of sustainability taken into consideration; dimension of sustainability not taken into

consideration

Source: own study.
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sustainability. M. Pignatelli et al. (2023) propose a
multidisciplinary GIS-based framework for evaluating
KPIs to support local development planning. K.
Przezdziecki and J. Zawadzki (2023) discuss the impact
of urban heat on cities and their residents. C. Sandstrom
et al. (2023) assess the level of implementation and
prospective choices for mainstreaming biodiversity
and Nature Contributions to People (NCP) within seven
critical policy and economic sectors across Europe
and Central Asia. O. Tarasevych et al. (2023) emphasise
the importance of resilience and transparency in
promoting sustainable development and addressing
challenges faced by cities and countries. Overall, these
studies provide valuable insights into the importance
of sustainability in addressing a range of social,
economic, and environmental challenges facing cities
and regions in Europe.

2.2, Methodology used

This study attempts to measure the socio-economic
sustainability through the following selected
parameters: population density, road network,
road density, public transport stops, LULC, built
environments, settlement typologies, functional
urban area, and open public spaces, based on
literature.

Data on different socio-economic parameters
were collected from various geo databases (Tab. 2).
Population density has been calculated using the
Fishnet tool of ArcGIS with inverse distance weighted
interpolation (Roy, Mitra, 2023). The road network
has been extracted from the open street map. To
know the present nature of the road connectivity

Tab. 2. Assessment of socio-economic parameters through geospatial techniques.

No Socio-economic SDG Indicator Data Source Spatial Resolution
parameter

1. | Population Density SDG11.2.1 World Population Data 100 m x 100 m

2. | Road network SDG11.2.1 Open Street Map

3. | Public transport stops SDG11.2.1 SAS Planet

4. | LULC SDG11.3.1 Sentinel-2A images 10m

5. | Built environments SDG11.3.1 Sentinel-2A images 10m

6. | Settlement typologies SDG11.3.1 Sentinel-2A images 10m

7. | Functional urban area SDG11.3.1 Google Maps

8. | Open public spaces SDG11.3.1 SAS Planet

Source: own study.

in the study area, diverse connectivity indices like
Alpha (a), Beta () and Gamma (y) are calculated by
using the following formulas:

Alpha Index(a) = 82_ vl yerrrrrrrereaaeeeeaeanannnrraaraaes 1)

Gamma Index(y) = m, .................................. (3)

where,
e = number of edges or routes

v = number of vertices or nodes

Recent research has utilised a variety of
indicators to assess the sustainability of cities
(Mitra et al., 2021). These include geo-coded public
transport data and land use, and cover maps,
building footprints, settlement typologies, and data
on functional urban areas and open public space.
Environmental sustainability is assessed through
measures such as biological diversity, global surface
temperature, atmospheric CO,, and air quality (Mitra

et al, 2022). A SWOT matrix categorizes a city’s
strengths, weaknesses, opportunities, and threats in
the context of sustainability, providing policymakers
with a valuable tool to develop sustainable strategies
for the future.

The authors faced some limitations in the study.
The study is based on the available data, which may
be limited or outdated.

2.3.The study area

Ternopil is the third smallest (13834 km?) region of
Ukraine after Zakarpattia and Kiyv City. Ternopil city
(106 km?) is one of the major cities of Western Ukraine,
located on the bank of the river Seret surrounded
by forests and hills (Fig. 2). The geomorphology of
Ternopil is characterised by its hilly landscape, with
elevations ranging from 230 to 325 meters above
sea level.
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Fig. 2. Location map of the study area.
Source: Own study, 2023; data extracted from DIVA GIS

The city is situated on the eastern edge of
the Podolian Upland, which is known for its rich
black soils and agricultural productivity. The social
structure of Ternopil is diverse, with a population of
approximately 220,000 people. Ternopil, a city with
a mix of Ukrainian, Polish, and Jewish inhabitants,
relies on agriculture and light industry, specifically
grain production, textiles, and IT, to drive its
economy.

3. Results and discussion
3.1. Social and economic sustainability
Population density is an important indicator to

measure sustainable development (Tikodis et al.,
2022). There is no standard population density for

and SRTM DEM.

sustainable cities. However, many sustainability
experts recommend a range of 5,000 to 20,000
people per km? as an ideal population density for
urban areas that are designed to be sustainable
(Palevicius et al., 2019; Lehmann, 2016). The
population density of Ternopil city varies between
1131 persons/km? to 4525 persons/km? which is far
lesser than 5000 persons/km?. Therefore, it can be
asserted that in terms of population density Ternopil
is sustainable (Figure 3).

It has been observed that population density
is higher in the central part of the city. Population
density significantly decreases with the increasing
distance from the central business district of
Ternopil. The maximum area (34.57%) of the city has
an incredibly low population density. In terms of
micro-regional population density, the western and
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southern parts of the city are more sustainable

25°32'0"E 25°36'0"E
h !

than the central part (Figure 3).

Keeping population densities within this
range can encourage the development of road
networks and the use of public transportation
(Cooke, Behrens, 2017; Tiwari, Phillip, 2021). The
development of industries, trade, and commerce
is aided by the roads, which can lead to job
opportunities and boost the general economic
growth of the city (Kniivila,2007). There is no one-
size-fits-all approach to designing a perfect road
network for a sustainable city, as each city hasits
unique challenges and opportunities (Chaberek,
2021). However, some general principles can
guide the development of a sustainable road
network, including prioritising public transport
and creating a pedestrian and bicycle-friendly
environment (Montella, et al., 2022). In Ternopil
City there are about 1736.56 km of roads (Figure
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The M19 highway is the main highway that
passes through Ternopil. It connects the city
with Lviv to the west and Vinnytsia to the east.
Other major roads in Ternopil include Pochaivska
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Fig. 3. Population density of Ternopil city 2023.

Source: Own study, 2023; data extracted from the
Humanitarian Data Exchange.
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Fig. 4. Road network map of
Ternopil city 2023.

Source: Own study, 2023; data
extracted from the Open Street

Street, Mykulynetska Street, and Khmelnytskoho
Street. Within the city, the road network consists of
several main streets and numerous smaller streets
and alleys. The main streets in Ternopil include
Ruska Street, Zamkova Street, Kryvonosa Street, and
Tekstylnykiv Street. Ternopil has a well-connected
and developed road network that provides easy
accesstootherparts of Ukraineand allows for efficient
transportation within the city. Sustainable modes
of transportation, such as cycling and walking, are
provided via dedicated lanes and pedestrian-friendly
infrastructure. Cycleways and footways are 3.54 km

Map.

(0.20%) and 305.79 km (17.60%) long, respectively.
The length of the cycleway is insufficient for an
ideally sustainable city (Figure 4).

Road connectivity is crucial for sustainable
development, as it can improve access to
economic opportunities, education, healthcare,
and other essential services. According to research
road connectivity can contribute to sustainable
development (Kaiser, Barstow, 2022). Three widely
used connectivity indices, i.e, Alpha, Beta, and
Gamma, have been used to assess the road network
connectivity of Ternopil City (Rodrigue, Slack, 2017).
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About 40955 nodes and 36182 edges are found in
Ternopil. According to Alpha (0.058), Beta (0.88) and
Gamma (0.29) indices, road connectivity of Ternopil
is moderate to poor. There are about 288 bus stops
in Ternopil which provide services to city dwellers
(Figure 5).

Publictransport stops are essential for sustainable
transportation systems, as they promote sustainable
modes of transportation, reduce traffic congestion,
enhance urban mobility, encourage compact and
mixed-use development, and promote social equity
(Shishegaran et al., 2020; Lejda et al., 2017).

25°32'0°E 25°36'0°E
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Fig. 5. Public transport stops in

Ternopil city 2023.
Kilometers

Source: Own study, 2023; data ———
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extracted from the SAS Planet.

Ternopil has bus connections to over 29 cities
throughout Ukraine, and international connections
to 10 countries. There are 36 national and 77
international bus departures from Ternopil.

“Land use” is the term used to describe how
humans use land, including farming, forestry,
urbanisation, and mining (Nedd et al., 2021). The
term «land cover» describes the physical and
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biological covering of the land, including urban
areas, marshes, grasslands, and woods (Bielecka et
al.,, 2020).

In Figure 6, the red colour represents the built-up
area, blue represents water, deep green represents
trees, light green represents vegetative cover, yellow
represents cropland, and light brown represents the
bore ground (Figure 6).
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Fig. 6. Land use
and land cover of
Ternopil city 2023.

Source: Own study,
2023; data extracted
from the ESRI Living
Atlas.
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It has been reported that the city’s built-up area
increased from 47.57 percent in 2018 to around
49.48 percent in 2022 with a 0.99 percent annual
growth rate (Table 3).

The results indicate that Ternopil has
experienced sustained urban growth as a result of
the conversion of agricultural land to built-up areas
(Figure 7).

Tab. 3. Land Use and Land Cover Change Statistic of Ternopil City between 2018 and 2022.

Land Classes Area percentage | Area percentage Relative Compound annual
(2018) (2022) change growth rate
Water 3.32 33 -0.02 -0.15
Trees 9.25 9.07 -0.18 -0.49
Flooded Vegetation 0.13 0.11 -0.02 -3.58
Crop 39.66 38.01 -1.65 -1.06
Built-Up Area 47.57 49.48 1.92 0.99
Bore Ground 0.08 0.03 -0.05 -21.59
Source: Own study, 2023; data extracted from the ESRI Living Atlas.
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Fig. 7. Deducting trends of blue and green infrastructure in Ternopil.

Source: Own study, 2023.

But water body and vegetation cover of the city
gradually decreased, which indicates the threat of
sustainable development goal 6 (clean water and
sanitation) and 15 (life on land).

Blue and green infrastructure are Vvital
components of a city’s ecosystem and provide
numerous benefits, including improved air and
water quality, reduced urban heat island effects,
enhanced biodiversity, and increased recreational
opportunities (Shao, Kim, 2022; Brown, Mijic,
2019; Depietri, McPhearson, 2017). The city
has several blue and green infrastructures that
contribute to its ecological, social, and economic
sustainability, i.e., Ternopil pond (49°33'57.87»N and
25°34'37.28»E), the central park (49°32'54.77"N and
25°34'47.80"E), a botanical garden (49°33'22.61"N
and 25°34'3.17"E). Green roofs, which are examples
of green infrastructure and offer several advantages,
including insulation, stormwater management, and
improved air quality, are present on a number of
buildings in Ternopil City. For instance, the Ternopil
National Economic University’s Green Building has
a green roof of over 700 square meters in size. In
the city of Ternopil, there are a number of streets

that are lined with trees. These forms of green
infrastructure provide several benefits, including
shade, air filtering, and aesthetic value. But slowly
and gradually, the blue and green infrastructure of
Ternopil City has been decreases over a period of
time, which might exacerbate air pollution, reduce
biodiversity, increase urban heat island effects, and
increase flood risk. Overall, a decrease in blue and
green infrastructure can have a significant negative
impact on the environment, public health, and the
quality of life of Ternopil in the near future.
Settlement typologies of Ternopil play a critical
role in promoting sustainable development by
promoting efficient land use, accessibility, energy
efficiency, water conservation, social inclusion, and
disaster resilience. By considering the long-term
impacts of settlement design and development,
planners and policymakers can help to build
more sustainable and resilient communities. As
per data from 2019, the city has about 30,402
buildings including residential houses, business
complexes, warehouses, hospitals, hotels, churches,
and academic institutes, like schools, colleges,
universities, etc. (Figure 8). Ternopil is a diverse city
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with a variety of settlement typologies that reflect its
rich history and modern economy.

Urban sustainability can be greatly influenced by
functional areas of the city, such as the residential,
commercial, industrial, and recreational ones. The
functional areas might support urban sustainability
through efficient land use, access to essential
services, energy efficiency, water conservation,
social inclusion, and disaster resilience (Flores,
Peralta, 2020; Leigh, Lee, 2019).

The main functional areas of Ternopil City have
been divided into four classes including residential,
commercial, industrial, and educational ones.
Some of the notable residential areas include Novy
Ternopil, Velyka A, Zamkova, and Zhivova. The city
centre, which contains a large number of stores,
cafes, and restaurants, as well as the area around the

Stabak Roy, Lidia Nazarkiv, Tetiana Markulchak, Grazyna Chaberek

Ternopil Trade and Economic Institute are a few of
the key commercial areas in Ternopil.

The Ternopil Carriage Works and the Ternopil
Electrical Machine Building Factory are just two of the
city’sindustrial hubs. The Ternopil National Economic
University, Ternopil State Medical University, and
Ternopil Ivan Pul’uj National Technical University are
among the city’s 6 institutions, 8 colleges, 59 schools,
38 hotels, 31 hospitals, and 76 churches. The Ternopil
Regional Hospital, the Ternopil Children’s Hospital,
and the Ternopil City Hospital are only a few of the
medical facilities in Ternopil.

Ternopil Lake, Ternopil Park, and Fountains Park
are only a few of the city’s recreational spaces.
Ternopil, as a whole, is a varied city with numerous
useful districts that contribute to the city’s
sustainability (Figure 9).
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Fig. 8. Settlement typologies of
Ternopil City.

Source: Own study, 2023; data
extracted from the Open Street
Map.
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Ternopil City has several public places, including
a park and a lake for picnicking, biking, and strolling.
The Fountains Park has water features for cooling
down, while Zamkova Mountain offers hiking and
a breathtaking view. Shevchenko Park near the
university is ideal for families and students. The
central square is a hub for events and shops. These
green spaces in Ternopil promote sustainability in
the city.

3.2. Environmental Sustainability

The area in which Ternopil City is situated is rich
in natural resources, including woods, rivers, and
fertile soils. Environmental hazards like pollution,
deforestation, and climate change pose a threat
to the metropolis. Biological diversity (above-

ground biomass), carbon footprint (atmospheric
CO,), average global surface temperature, and the
air quality index have been calculated to measure
environmental sustainability (Hill et al., 2019).

It has been observed that in 2001, Ternopil had
6.00kha of tree cover, extending over 8.2 percent of
its land area. In 2021, it lost 2.77 ha of the tree cover
(Figure 10). Ternopil had 82.7t/ha of live woody
biomass density and 65.3 kt of total aboveground
biomass in 2000. To prevent the loss of trees, the city
has implemented initiatives such as organising tree
planting drives and providing care to existing trees.

Ternopil authorities have appointed tree experts
who regularly inspect and maintain the trees to
prevent damage and diseases. Strict regulations
have been implemented to prevent unauthorised
tree cutting, and the city aims to reduce tree loss to
0 ha by 2028 with continued efforts (Figure 11).

Fig. 10. Forest cover (A.
2001 and B. 2021) of

Ternopil city.
Source: Own study, 2023;
A B data  extracted from
Global Forest Watch.
40
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Fig. 11. Predictive model of tree loss in Ternopil city.

Source: Own study, 2023; data extracted from Global Forest Watch.
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The city aims to cut its average carbon emission
by 3055.86 mg per year by promoting public transit,
biking, and walking. It encourages renewable energy
sources, energy-efficient buildings, conservation
campaigns, sustainable business practices, tree
planting, and an efficient waste management
system.

The city experienced maximum carbon emissions
during 2007 and 2012. Due to the sustainable
initiative by the city authorities, the growth of
carbon emissions is almost static (r=0.0003), which is
a positive sign for the city’s sustainability (Figure 12).

Ternopil has a yearly average temperature of
9.78°C, slightly cooler than the national average.
Summers are mild with occasional clouds, while
winters bring snow and strong winds. Ukraine’s

Stabak Roy, Lidia Nazarkiv, Tetiana Markulchak, Grazyna Chaberek

temperatures fluctuate 7-9°C annually, with summer
temperatures below 22°C and colder winter months.

Ternopil’s air quality is evaluated using the Air
Quiality Index (AQI), which includes pollutants such
as PM2.5. The current AQI of Ternopil is moderate
to good, indicating satisfactory air quality for
most individuals (Figure 13). However, those with
respiratory issues may experience negative health
effects. It is recommended to monitor the AQI
regularly and take measures, such as limiting outdoor
activity during high pollution periods and using air
purifiers indoors. Ternopil has poor air quality due
to pollutants from cars, factories, and houses, but
the city is taking steps to reduce pollution, such as
promoting renewable energy and public transit and
enforcing environmental laws.
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4,The SWOT analysis and conclusion

The study found the importance of geospatial
approaches to measure the sustainability of cities,
as well as their complex dynamics, including socio-
economic, institutional, and legal frameworks.
The case study of Ternopil City in Ukraine reveals
its dependence on agriculture and light industry,
natural beauty, and varying population densities,
with certain areas being more sustainable than
others. The settlement typologies of Ternopil City,
including its residential, commercial, industrial, and
recreational spaces, play a crucial role in achieving
urban sustainability. Furthermore, the study
shows that blue and green infrastructures, such
as parks and lakes, are essential components of a
city’s ecosystem, reduce urban heat island effects,
enhance biodiversity, improve air and water quality,
and increase recreational opportunities (Table 4).

Tab. 4. SWOT analysis of Ternopil city.

To conclude, despite its natural beauty, Ternopil
struggles with environmental issues, including air
and water pollution, but has taken steps to improve
sustainability through recycling and public transport
initiatives. The city boasts several open public
spaces, such as Ternopil Lake, Zamkova Mountain,
and Central Square, contributing to its sustainable
development.

However, the city needs to do more to preserve
its environment, especially addressing urban
heat islands and carbon emissions. Sustainable
development is crucial to secure the city’s future,
with each city having to address its unique
challenges and opportunities. Ternopil City has a
well-educated workforce, diversified economy, and
cultural heritage to form a strong socio-economic
sustainability baseline. Nonetheless, urgent actions
are required to promote environmental sustainability
for the city’s future.

Internal Factors

si0)de4 buibuajjeyd

3. Scope of BUSINESS INVESTMENT

Strengths Weaknesses

1. Transport Infrastructure 1. Development of transport network
v | 2. Bicycle path 2. Water management
-'g 3.50% area with a non-built environment 3. Building policy
L 4. Educational infrastructure 4., Urban flooding
.g 5. Aging infrastructure
2 External Factors
e Opportunities Threats

1. Education 1.The Russian invasion

2. Tourism 2. Natural disasters

3. Unemployment

Source: Own study.
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