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HeweBa AHacTacia AMmutpiBHa, CMOneHHiKoB JeHuc Onerosuy
CyMCbKUiA fiepXXaBHUiA yHiBepcuTeT

In the context of rapid urbanization and global environmental challenges, the issue of sustainable urban
development is critical. This article presents a comprehensive methodology to identify empirical determinants of
urban infrastructure sustainability. The research proposes a nine-stage algorithm based on a balanced panel data
set covering seven European cities (Stockholm, Helsinki, Zurich, Milan, Prague, Brussels, and Kyiv) from 2015
to 2020. The analysis integrates 56 infrastructure indicators grouped into 11 functional components. Statistical
methods include Pearson correlation analysis and significance verification using Student’s t-test. Findings identify
key sustainability drivers and establish 12 practical management levers for municipal policy. This framework enables
local governments to convert theoretical sustainability goals into measurable Key Performance Indicators (KPIs) and
evidence-based investment priorities.

Keywords: urban sustainability, urban infrastructure, panel data, correlation analysis, management levers, mu-
nicipal policy.

Y cTarTi NnpefcTaB/eHo Ta HAYKOBO OOI'PYHTOBAHO KOMMJIEKCHY METOAMKY eMNipUuyHOro aHanisy AeTepMiHaHT
CTas10CTi MiCbKOT IH(PPaCTPYKTYpPU B YMOBAX CyHaCHUX BUKVKIB rN06asbHOT ypbaHisauil Ta KnimaTuyHux 3MiH. ABTO-
pamu po3po6/sIeHO AeB’ATUETaNHW anropuTM AOCAIMKEHHS, WO 6a3yeTbCA HA NOELHAHHI METOAIB CUCTEMHOIO Mif-
XOAY, eKOHOMIKO-CTaTUCTUYHOTO aHanisy Ta eKOHOMETPUYHOIO MOAESNOBAHHS NaHeNbHUX daHux. [lo aHanisy sany-
YeHO CiM eBpONeECbKMX MICT, a came CTOKronbM, MenbciHki, Lilopux, MinaH, MNpara, bptoccens Ta Kuis. CdhopmoBaHo
YHiKa/IbHY NaHenb JaHuX, Lo OXOM/oE 56 NoKasHUKIB MICbKOT IHPPaCTPyKTypK, CTPYKTYPOBaHMX 3a OAvHaALATbMA
(pyHKLiOHa/TbHUMM KOMMOHEHTaMMW: TPaHCNOPTHA MepeXa, eKOOrYHNI CTaH, TepUTopiasIbHIA PO3BUTOK, XWUT/I0BA
iHpacTpykTypa, OXOpOoHa 3[0P0B’A, rpoMajchka 6e3neka, NOBOMKEHHS 3 BiAxodamu, Bogo3abe3neyeHHs, eHepro-
e(DeKTMBHICTb, OCBITa Ta DiHAHCOBWIA NOTEHLjan micta. EMnipnyHy 6a3y AOCNiMKEHHS CKNafalTb AaHi 3a nepios,
2015-2020 pokiB, Wwo dropMmye 36as1aHCOBaHy NaHesb i3 42 cnocTepexeHb. LieHTpanbHe MicLe B METOANML, 3aiiMae
npoueaypa CTaTUCTUYHOI QuinbTpaLii AeTepMiHaHT. Ha OCHOBI po3paxyHKy KoedilieHTiB NapHOT MiHIAHOT Kopensuii
lMipcoHa Ta nepeBipkM iX 3HaYYyLLOCTI 3a 4O0NOMOroto t-kpuTepito CTblogeHTa Ta p-value npoBeAeHo BiAbip dakTopis,
L0 MaKTb HanbiNbLL CYTTEBMIA BN/IVB HA iHTErpasibHWiA piBeHb ypbaHicTMYHOI cTasniocTi. Lie 403B0MA0 BUKHOUUTY
CTaTUCTNYHO He3HauyLLi napaMeTpy Ta 30CcepeauTy yBary Ha KIH4O0BKX ApaiiBepax po3BUTKY CTasol iHpacTpyk-
Typu ypbaHi3oBaHuXx TepuTopiil. HaykoBa HOBM3HA 3anpOMNOHOBAHOr0 NiAXO4Y Nonsrae y nepexogi Bif CTaTMYHOro
paHXyBaHHS MICT 0 AWHAMIYHOIO aHanizy NPUUYMHHO-HACMIAKOBUX 3B'A3KIB AEeTEPMIHAHT IXHbOro PO3BUTKY. 3aBep-
WasibHWIl eTan MeToaonorii nepeabayae po3pobky 12 ynpaBniHCbKMX BaKeniB MICbKOT MOAITUKM, paHX0BaHMX 3a
npiopuTeTHICTI0. CUCTEMaTM3aLis uux Baxesis 3abe3nevye nigrpyHTs ans GopMyBaHHs iIHBECTULLIHUX NPIOPUTETIB
4N MicbKoT BNagy. NpakTryHa LiHHICTb AOCNIMKEHHS NONArae y CTBOPEHHI A0KA30BOi 6a3u 15 06rpyHTYBaHHS
MPOEKTIB CTA/IOT0 PO3BUTKY Ta 3a1BOK Ha MiXXHapOoAHe thiHaHCYBaHHS.

KntouoBi cnoBa: ypbaHicTyHa cTaicTb, MiCbka iH(hpacTpyKTypa, NaHesbHi AaHi, KOpensuiliHWiA aHauTi3, ynpas-
NiHCBKI BaxXeni, MyHiLunasibHa noniTuka.
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Statement of the problem. In the modern
era of rapid urbanization and intensifying
global environmental challenges, the concept
of sustainable development has transitioned
from a theoretical ideal to an urgent necessity
for municipal governance. Cities today consume
over 75% of global primary energy and are
responsible for approximately 50-60% of global
greenhouse gas emissions [1]. Within this context,
urban infrastructure — comprising transport,
energy, water, waste management systems etc. —
acts as the primary determinant of a city’s ability
to balance economic growth with environmental
preservation and social well-being.

However, a significant gap remains between
the high-level goals of international sustainability
agendas and the practical tools available to city
managers. Most existing evaluation frameworks,
such as international city rankings, provide
a "static" snapshot of a city’'s performance.
These rankings often fail to account for the
dynamic, causal relationships between specific
infrastructure  investments and long-term
sustainability outcomes. Furthermore, for cities
like Kyiv, there is a lack of rigorous empirical
benchmarking against recognized global
sustainability leaders. This leads to a situation
where municipal authorities often prioritize
projects based on expert intuition or political
urgency rather than data-driven evidence.

The problem, therefore, lies in the absence of
a standardized empirical methodology that can
translate vast amounts of urban infrastructure
data into a clear hierarchy of sustainability
determinants. Without such a methodology, it
is impossible to identify which infrastructure
"levers" are most effective for improving a
city’s sustainability index, leading to inefficient
resource allocation and missed opportunities for
systemic urban transformation.

Analysis of recent research and
publications. Recent empirical studies on urban
infrastructure sustainability in European cities
demonstrate a highly diverse methodological
landscape. A review of contemporary literature
shows that researchers predominantly rely
on specific analytical frameworks, such as
integrated modeling, multi-criteria decision-
making (MCDM), and indicator-based
assessments, to evaluate various dimensions of
the urban environment.

Many researchers focus on the sustainability
of urban transport networks. Zito et al.
developed a normalized transport sustainability
index, successfully applying an indicator-
based approach to compare urban transport

sustainability across Europe [2]. Building on this,
Alonso et al. conducted a comparative analysis
of passenger transport sustainability using a
rigorous benchmarking approach to evaluate
efficiency and environmental impact [3]. More
recently, reflecting the shift towards green
mobility, Menendez Agudin et al. evaluated
electric vehicle charging infrastructure [4]. By
utilizing a KPI-based assessment combined with
k-means clustering, their research classified
cities' performance and identified critical
infrastructure gaps hindering the spread of
electric cars.

The evaluation of core environmental
utilities and ecological zones is another critical
research vector. Nijkamp et al. utilized meta-
analysis alongside probit and rough set analysis
to evaluate the impact of renewable energy
initiatives on sustainable city performance,
establishing early empirical links between
energy policies and urban sustainability [5].
Rodrigues et al. expanded on utility management
by focusing on environmental sustainability
rankings concerning energy, water, and waste
[6]. Through exploratory factor and principal
component analysis (PCA), they identified the
underlying statistical structures driving utility
efficiency.

Several scholars have attempted to capture
the holistic economic and social performance
of cities. Spiekermann et al. applied integrated
modeling (combining land use, transport, and
environmental models) alongside MCDM and
cost-benefit analysis to assess long-term urban
strategies and their sustainability effects [7].
Stankovi€ et al. evaluated smart city performance
across economic, social, and environmental
dimensions using classical MCDM techniques
[8]. Advancing the complexity of these financial
evaluations, Ozekenci recently assessed
economic performance and fiscal sustainability
through a highly advanced MCDM framework
aiming to eliminate subjective weighting biases [9].

Highlighting previously unresolved parts of
the overall problem. While the aforementioned
authors have made significant contributions to
understanding specific sustainability vectors
(e.g., transport clusters, ecological zones,
or smart city indices), a methodological gap
persists. Current international sustainability
frameworks often fail to provide a sufficiently
deep assessment of the technical and functional
state of municipal infrastructure. Also, there is
a pervasive lack of structured decision-making
frameworks within municipal authorities. This
methodological deficiency leads to fragmented
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policy-making and inefficient  resource
distribution. Consequently, cities often miss vital
opportunities to synchronize critical infrastructure
upgrades with broader urban development goals,
leaving systems disjointed and under-optimized.

Formation of the objectives of the article.
The purpose of this scientific article is to bridge
the gap between theoretical urban sustainability
concepts and practical municipal management.
The study aims to construct a nine-stage
empirical methodology based on multi-year
panel data from European cities, designed
to mathematically identify key infrastructure
determinants. The ultimate objective is to
provide city administrations with a scientifically
validated toolkit of management levers and KPls
for optimizing sustainable urban infrastructure
development.

Summary of the main research material.
To achieve the stated objective and bridge the
gap between theoretical concepts and practical
municipal management, a comprehensive nine-
stage empirical methodology was developed
and implemented (Fig. 1). This framework
systematically transitions from raw data
collection to the formulation of actionable
municipal policies.

Stage 1. Formation of the research
sample. The empirical analysis is based on
a targeted sample of seven European cities:
Stockholm, Helsinki, Zurich, Milan, Prague,
Brussels, and Kyiv. The selection was guided
by dual criteria: systematic representation in
prominent international sustainability rankings

(e.g., IESE Cities in Motion Index, European
Green City Index) and baseline demographic
comparability. Crucially, the inclusion of Kyiv
facilitates the benchmarking of an Eastern
European transitional urban economy against
recognized global sustainability leaders. To
neutralize Kyiv's territorial anomaly (835.6 km2
compared to the ~100-300 km?2 average of the
other sample cities), the methodology strictly
utilizes specific indicators (e.g., per capita or
per square kilometer) and panel data models
with fixed effects to control for unobserved
heterogeneity.

Stage 2. Operationalization of indicators.
To comprehensively capture the multidimensional
nature of urban sustainability, a highly granular
indicator framework was constructed. It
encompasses 56 specific infrastructure metrics
structured into 11 functional components:
transport  networks, environmental state,
territorial development, housing infrastructure,
healthcare, public safety, waste management,
water supply, energy efficiency, education, and
municipal financial potential.

The dependent variable utilized in this study —
the Integral Sustainability Score —was constructed
by aggregating nine authoritative international
urban indices: the IESE Cities in Motion Index,
Mercer Quality of Living City Ranking, The Global
Liveability Index, Global Power City Index, Smart
City Index, City Ranking — Infrastructure, The
World's Best Cities, Sustainable Cities Index,
and the European Green City Index. To ensure
a comprehensive and unbiased evaluation of

Formation of the ; -
Operationalizatio Panel Data
Research —> . —> :
Sample n of Indicators Formation
I
\4
Correlation Statistical Cumulative
Analysis of —> Significance  p—> Filtration of
Determinants Verification Indicators
I
\Z
Typological Synthesis of Systematization
Classification |—> Determinant |—>| of Management
and Ranking Groups Levers

Figure 1. Methodology of empirical analysis
of urban infrastructure sustainability determinants

Source: formed by the authors



EKOHOMIKA TA CYCIMNINbCTBO

Bunyck # 85 / 2026

each city's developmental level, the indicator
was derived by calculating the arithmetic mean
of these standardized indices.

Crucially, data reversal transformation was
applied to the raw ranking data. In the original
indices, a rank of 1 represents the superior
position; however, to facilitate a standardized and
intuitive interpretation of the statistical analysis,
these ranks were mathematically inverted. This
inversion ensures that a higher numerical Score
consistently represents a superior sustainability
position.

Stage 3. Panel data formation. Moving
beyond traditional static assessments, a
balanced panel data set was constructed
to capture dynamic developmental trends.
The empirical base spans a continuous six-
year period (2015-2020) across the 7 cities,
yielding a robust sample of n=42 observations
(N=17,T=6). This temporal depth is essential
for identifying sustained infrastructural impacts
rather than temporary fluctuations.

The selection of the six-year chronological
framework (2015-2020) for the panel data is
primarily dictated by the fundamental necessity
to ensure the high validity, reliability, and
comparability of the statistical observations. This
specific timeframe was deliberately chosen to
capture a period of standard, uninterrupted urban
development, thereby avoiding severe structural
breaks in the time series caused by recent global
and regional macroeconomic shocks.

Specifically, the restriction of the timeline to
the year 2020 is justified by three critical factors
regarding data integrity:

1. The COVID-19 pandemic anomaly. The
years immediately following 2020 (2021-2022)
were heavily distorted by global pandemic
lockdowns. These restrictions caused
unprecedented statistical anomalies in urban
infrastructure usage, including drastic artificial
reductions in public transport ridership, highly
skewed municipal energy consumption
patterns, and temporary, non-structural drops in
greenhouse gas emissions [10]. Including these
years would mathematically distort the long-
term causal relationships between infrastructure
investments and sustainability.

2. Thewar in Ukraine. The full-scale military
invasion of Ukraine in 2022 fundamentally
altered the infrastructural landscape of Kyiv. The
catastrophic physical damage to energy grids,
water supply networks, and transport systems
renders post-2021 data entirely incomparable to
the stable development trajectories of Western
European cities [11].

3. Closure of statistical data. Due to the
introduction of martial law, official state and
municipal statistical data regarding critical
infrastructure in Ukraine has been restricted
or completely classified for national security
reasons. Consequently, gathering a fully
balanced and transparent dataset for Kyiv post-
2021 is currently impossible.

Therefore, the 2015-2020 period is the most
recent and robust temporal window that allows
for the construction of a strictly balanced panel
(N=17,T=6), ensuring that the benchmarking
of Kyiv against European sustainability leaders
remains mathematically and methodologically
valid.

Stage 4. Correlation analysis of
determinants. Correlation analysis is a key
statistical method for investigating the stochastic
dependence between random variables,
allowing for the identification of the presence,
direction, and strength of relationships between
urban infrastructure indicators and the integral
level of sustainability. Computational procedures
were implemented in the MS Excel software
environment utilizing the Data Analysis tool.

To measure the strength and direction of
the linear statistical relationship between the
independent variables (infrastructure indicators)
and the dependent variable (Score — integral
sustainability indicator), the Pearson pairwise
linear correlation coefficient was calculated.

Stage 5. Statistical significance verification.
Following the preliminary identification of linear
relationships in Stage 4, a secondary, rigorous
statistical filter was applied to the dataset. The
primary objective of this stage was to eliminate
spurious correlations relationships that appear
mathematically strong but are actually the
result of random sample fluctuations, and to
scientifically validate the true determinants of
urban sustainability.

To achieve this, the statistical significance of
each calculated Pearson correlation coefficient
(r) was tested using Student’s t-test. Because
the coefficient r is calculated based on sample
data, it is necessary to verify whether the
identified relationship reflects a true pattern in
the general population or is merely the result of
random fluctuations [12].

For each calculated t-statistic, a two-tailed
probability (p-value) was determined based on
Student's t-distribution with df =40 degrees
of freedom. In this study, the critical level of
significance was strictly set at o=0.05. This
threshold enables the mathematically justified
elimination of statistically insignificant variables.
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Stage 6. Cumulative filtration of indicators.
Based on the synthesis of correlation strength
(r) and its statistical significance (p<0.05),
the entire array of 55 indicators underwent a
cumulative filtering procedure. Variables that
failed to demonstrate a statistically significant
impact (for instance, Cars_per_1000 with
p=0.9781) were excluded from further analytical
stages.

The selection algorithm for the final analytical
model dictates that an indicator receives a
"YES" designation and is subsequently included
in the multivariate modeling stage, only upon the
simultaneous fulfillment of TWO specific criteria:

1) Correlation strength. The absolute value
of the correlation coefficient must indicate at
least a "moderate” relationship (|r| > 0.30).

2) Statistical reliability. The calculated
p-value must be strictly less than the critical
significance level (p > 0,05).

This cumulative (rather than alternative)
filtration protocol ensures the high quality of the
variables selected. By combining requirements
for both explanatory power (strength of
association) and reliability (statistical evidence),
the model eliminates variables that might show
a high correlation purely by chance, or those that
are statistically significant but too weak to serve
as meaningful predictors.

Stage 7. Typological classification and
ranking. Following the filtration process, the
remaining 30 statistically significant indicators
were subjected to a hierarchical ranking based
on the absolute magnitude of their Pearson
correlation coefficient (|]) [13]. This classification
allows for the identification of the "weight" each
infrastructural element carries in determining the
city's global sustainability standing.

The determinants are stratified into three
priority levels:

— Level | - Strategic Determinants
(*** strong/very strong correlation, |[r|>0.70).
These variables represent the fundamental
drivers of wurban sustainability. Their high
correlation suggests that changes in these
indicators are almost always accompanied by
significant shifts in the city's international ranking.
(e.g., GDP per inhabitant, Total Land Area).

— Level Il — Tactical Determinants
(** moderate correlation, 0.50<|+{<0.70). These
are influential factors that provide a consistent
and predictable impact on the urban ecosystem.
They often represent the core functional outputs
of municipal infrastructure. (e.g., Volume of
Treated Wastewater per person, Household
Waste Generation).

Level lll — Operational Determinants (* weak
but significant correlation, 0.30<|r|<0.50). While
these indicators have a lower independent
mathematical weight, their statistical significance
( p<0.05) confirms they are valid components of
the sustainability framework and should not be
ignored in comprehensive policy planning.

Stage 8. Synthesis of determinant groups.
In Stage 8, the methodology moves beyond pure
mathematics to addressthe practicalities of public
administration. The verified determinants are
grouped based on their "managerial elasticity" -
the degree of control municipal authorities exert
over the indicator and the speed at which policy
interventions can produce measurable results.

—  Group A- Structural Levers (low elasticity).
Attribution criteria: strong or very strong correlation
and very high statistical significance (p <0.001).
These are foundational macroeconomic,
geographic, or demographic indicators. While
they often possess the highest correlation with
sustainability (Level 1), they are difficult to change
in the short term. Municipalities treat these as
strategic constraints or long-term baseline
conditions (e.qg., Life Expectancy, City Territory).

— Group B — Managerial Levers (high
elasticity).  Attribution  criteria:  moderate
correlation and statistical significance ( p <0.05).
This is the primary focus of the research. These
variables exhibit moderate-to-strong correlation
and are highly susceptible to direct municipal
regulation, investment, and administrative
reform. They represent the "active tools" of
urban governance (e.g., Water Loss Reduction,
Waste Recycling Rates, Energy Efficiency).

— Group C — Auxiliary Levers (supportive
elasticity). Attribution criteria: weak correlation
and statistical significance (p<0.05). These
variables serve as secondary tools that
complement the primary managerial levers. They
are often used for fine-tuning specific sectoral
policies, such as public transport optimization or
local environmental initiatives.

— Group D — Not significant. Attribution
criteria: p>0.05, which are completely excluded
from further empirical analysis due to the lack
of sufficient statistical evidence of a systematic
relationship in the general population.

Stage 9. Systematization of the
management levers. The final stage of the
methodology transforms the empirical findings
into a structured policy toolkit. By synthesizing
the Group B determinants, 12 specific municipal
management levers were formulated (tab. 1).
The systematization provides a mathematical
justification for:
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1. Investment Prioritization. Directing capital
toward infrastructure indicators with the highest
proven impact on the city’s global Score.

2. Budgetary Allocation. Providing a data-
driven basis for distributing resources between
competing departments (e.g., comparing the
sustainability "return” on water infrastructure vs.
waste management).

3. KPIDevelopment. Establishing evidence-
based Key Performance Indicators for municipal
departments based on the benchmark values of
sustainability leaders (e.g., Stockholm or Zurich).

4. International  Funding  Justification.
Using empirical evidence of "cause-and-effect"
to support grant applications for sustainable
development projects.

By moving from raw data collection
(Stage 1) through rigorous statistical verification
(Stages 4-6) to the formulation of actionable
levers (Stage 9), this methodology ensures that
urban development strategies are not based
on subjective assumptions, but on empirically
proven determinants of global competitiveness
and sustainability.

Conclusions. This study has developed
and implemented a rigorous 9-stage
empirical methodological approach to identify
the fundamental determinants of urban
sustainability across a panel of seven diverse
European cities. By integrating data from
nine authoritative international rankings into
a directionally aligned Integral Sustainability
Score, the research moved beyond subjective
benchmarking to establish a mathematically
proven "cause-and-effect" framework between
infrastructure performance  and  global
competitiveness.

The application of a cumulative filtration
protocol proved to be a critical diagnostic tool,
effectively distilling 55 initial indicators into a
concentrated set of 30 statistically significant
determinants. This process revealed that
nearly half of the commonly tracked urban
metrics, including variables such as Cars per
1000 inhabitants or Crimes Reported, did
not possess a statistically reliable link to the
integral level of sustainability within the studied
sample. Conversely, the identification of Level

Table 1
Systematization of the 12 management levers for investment prioritization
Priority .
Investment . Cumulative -
of the : : Indicators r p-value | ~ : Priority
investment directions filtration
1. Treated wa:/:,tewater
Water per capita, m¥person | 4 | — g 689 | <0.001 YES ok
1 ; 2. Water losses _
infrastructure i~ water supply 2.r=-0.669| <0.001 YES *
networks, %
3. Green energy of the
2 Energy city, GWh 3.r=0,643| <0.001 YES **
transformation |4. Green energy per |[4.r=0,629| <0.001 YES **
capita, GWh/person
: 5. GDP of the city,
3 Eec\?glgmrﬁem million USD 5.r= 0.651| <0.001 YES ok
ot et 6. GDP per capita, | 6.1=0,716 | <0.001 YES ok
USD/person
4 |andpibic |7 Travelbypublic |, _geee| o001 | ves o
transport transport per capita
Waste 8. Volume of _
5 Management |household waste, tons 8.r=-0,671| <0.001 YES **
I 91} Unekmployed people
Employment  |of working age, - ok
6 and Public persons ?brr: -0(555%8 :888% ¥E§ ok
Health 10. Hospitalizations, : ' '
persons
11. Road injuries per -
. ~afety of 10000 inhabitants Lr> | <0001 YES o
; 12. Crime per 1000 = <0.001 YES *x
environment inhabitants 12.r = 0,526

Source: formed by the authors
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| Strategic Determinants (|#=0.70) highlights
that foundational factors like GDP per capita and
land-use efficiency remain the primary anchors
of a city’s global standing.

A key contribution of this research is the
transition from abstract statistical correlation to
practical municipal application through the lens
of managerial elasticity. By categorizing verified
determinants into Structural, Managerial, and
Auxiliary levers, the study provides a roadmap
for urban administrators to optimize their
interventions.

The findings underscore that urban
sustainability is not the result of isolated
successes but of a synchronized optimization

of high-elasticity infrastructure, particularly in
the realms of water resource management,
waste circularity, and energy efficiency. For
municipal governments, these results provide
a mathematical justification for shifting from
broad, undifferentiated infrastructure spending
toward targeted investments in high-impact
"Managerial Levers" that yield the greatest return
on sustainability.

While this study successfully utilizes a
composite average of nine established global
rankings to ensure objectivity, a critical direction
for future research lies in the development
of a dedicated, primary-data-driven urban
infrastructure index.
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