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ABSTRACT

The collective monograph "Ecological systems modeling" presents an interdis-
ciplinary inquiry that integrates the methodology of ecological and socio-economic
modeling with digital instruments for governing sustainable development and ter-
ritorial recovery. The central concern is the balance between the economy and the
natural environment through the lens of the Sustainable Development Goals (SDGs)
and the Paris Agreement.

The concept of transition to a balanced sustainable development model

This chapter elaborates a methodology for reconciling economic and environ-
mental constraints within the logic of the SDGs and the Paris Agreement, grounded
in inter-industry eco-economic input-output models and the Method of Basis Ma-
trices (MBM). The authors set out an approach to solving both forward and inverse
problems to identify a preferred development pathway and to iteratively retune the
model under alternative sustainability scenarios. The resulting trajectories are rec-
ommended for long-term planning and for improving policy at national and interna-
tional levels.

Cost assessment of climate change impacts on a railway company

This chapter proposes a practice-oriented framework for accounting for and at-
tributing climate-related costs (incidents, maintenance, passenger behavior) in the
railway sector. Emphasis is placed on separating climate-attributable expenditures
from ordinary costs, avoiding double counting, and building a structured repository
of baseline and climate-linked data. The chapter underscores the need for further
research on passenger behavioral responses to extreme weather.

Ecological state of modern soil cover in agrocenoses of the Greater Caucasus
Sheki region

This chapter offers an in-depth analysis of climatic and soil-microbiological
data (2023-2024) for agrocenoses in the Sheki district, including moisture, humus
content, actinomycete abundance, and dominant micromycete taxa. The effects of
reforestation are documented, as is the role of long-lived stand fractions in accumu-
lating organic matter (21.5-32.7 kg - m™2). The study demonstrates the significance
of microbiological indicators - such as colony-forming units (CFU) and microbial bio-
mass C - for monitoring and rational use of gray forest soils.

Information technologies in scenario-based modeling of post-conflict territory
remediation: from express sanitation to sustainable recovery

The author proposes a hybrid architectural model (ML + GIS + IoT) and op-
timization algorithms for scenario-driven remediation management across the
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Abstract

I-S-R phases (Invasion-Stabilization-Recovery) in Ukrainian territories affected by
military activity. Case studies from Kherson, Zaporizhzhia, and Kharkiv substantiate
prioritized measures (hydro-ecological monitoring, radiation control, pollution map-
ping, and soil/water remediation). Validation matrices and heat maps are employed
to select digital components, thereby accelerating the transition from rapid clean-up
to sustainable recovery.

Sustainable development policy for post-conflict recovery in Ukraine: the role
of environmental indicators in decision-making

By the collective of authors of the monographic study, on the basis of a survey
of > 16,000 residents of 42 de-occupied communities of southern Ukraine, five indi-
cators (TPMA, DNES, IHWI, ANR, BPHP) are presented. The authors propose to use
heat maps and a structural model of managerial decisions for the purposes of ranking
"hot spots" and forming local strategies (monitoring, reclamation, waste manage-
ment, education). A structural model of management of decisions has been formed
and sources of financing are indicated (donors, national funds, PPP); directions of
future research have been outlined, including a national index of environmental sus-
tainability of post-conflict territories.

Development of models and methods for assessing green skills in the labor
market ecologization environment

This chapter presents an intelligent approach to aligning supply and demand
for "green" occupations using fuzzy multi-criteria methods and pattern recognition.
Scenarios are provided for matching competencies to vacancy-specific require-
ments, and the method's invariance is demonstrated across diverse segments of the
green economy.

Shared use of transport as a component of the circular economy in relation to
achieving sustainable development goals

The chapter examines the applicability of shared-mobility models (car-shar-
ing) in rural communities as a tool of the circular economy and the SDGs. Using
the Adzhamka territorial community as a case, it substantiates the viability of lo-
cal car-sharing (-13.68 t CO, per year and savings of 27,000-43,000 UAH per user
annually), conditional on sufficient digital readiness and a cooperative model. Scal-
ing barriers (digital divide, limited engagement) are identified, directions for inte-
grating "smart mobility" are outlined, and vectors for future research are proposed.

Organizational and structural modeling of the integration of marine robotics
into multilevel environmental and ecological monitoring systems

Here the authors advance an organizational model for integrating marine ro-
botics into multilevel eco- and hydromonitoring, grounded in systems thinking, cy-
bernetics, and ecosystemology. Ten principles (goal-orientation, adaptability, crisis
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resilience, interoperability, etc.) are formalized mathematically; the model oper-
ates through three contours - physical, informational, and managerial. Simulation
experiments highlight the decisive role of adaptability and resource efficiency in
ensuring system sustainability.

Social entrepreneurship as a driver of green remediation and revitalization of
affected territories: digital modeling and decision support systems

The team develops an integrated DSS architecture in which social entrepre-
neurship acts as a change agent; the TBL — ESG linkage ensures measurability of
effects, while LegalTech codifies compliance and auditing of smart contracts. For
the Kharkiv region, six scenarios are modeled using cluster dendrograms, PCP, and
a "butterfly chart", demonstrating feasible trajectories for employment, soil/wa-
ter clean-up, and risk reduction under transparent pay-for-performance arrange-
ments. A seamless pipeline - data — analytics — decision — contract — KPI-based
payments — verified impact - is proposed for scalable project finance. A pilot for
Kharkiv (H2-2026 — 2030) shows gains in employment and training, progress in
soil/water remediation, and improved governability; the visualization tools support
priority-setting by cluster.

Keywords

Sustainable Development Goals (SDGs), Paris Agreement, Ecological-economic
input-output models, Method of Basis Matrices (MBM), Climate-related costs in
the railway sector, Passenger behavioral changes, Gray forest soils, Actinomycetes,
Microbial biomass (CFU, Cmic), Post-conflict territory remediation, Revitalization,
Scenario-based modeling (I-S-R), Geographic Information Systems (GIS), Machine
Learning (ML), Internet of Things (loT), Multi-criteria Decision Analysis (MCDA),
Validity matrices and heat maps, Environmental indicators TPMA, DNES, IHWI,
ANR, BPHP, Structural decision-making model, Green skills and occupations, Shared
mobility (car sharing), Circular economy, Marine robotics, Decision Support Sys-
tem (DSS), ESG and smart contracts, LegalTech, Resource efficiency and adaptability.
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CIRCLE OF READERS AND SCOPE OF APPLICATION

The collective monograph "Ecological systems modeling" is addressed to a broad
community of researchers and practitioners in ecological modeling, economic ge-
ography and environmental management, public administration, transport and in-
frastructure management, agronomy and soil science, environmental security,
automation and robotic systems, data science (GIS/ML/IoT), as well as social entre-
preneurship and impact finance. It will be of value to policymakers, municipal and
regional authorities, NGOs, international donors, and private stakeholders engaged
in addressing pressing, real-world challenges.

The scope of application of the research findings presented in the monograph
includes:

- Macro-modeling and policy design within the SDG framework. Application of in-
tersectoral ecological-economic models and the Method of Basic Matrices (MBM)
to derive feasible development trajectories ("mainlines"), test scenarios, and sub-
stantiate long-term planning and legislation in alignment with the Paris Agreement;

- Cost assessment of climate adaptation in the railway sector. A practical taxonomy
and methodology for separating climate-attributable costs from routine operating
expenditures, building structured baseline datasets, and supporting investment de-
cisions aimed at enhancing the resilience of railway operators;

- Monitoring of agroecosystems and soil health. Field protocols and microbiologi-
cal/biochemical indicators (e.g., CFU, microbial biomass carbon, dominant micro-
mycete species) to inform land-use decisions, forest restoration, and the prudent
management of grey forest soils;

- Digital, scenario-based remediation management. A hybrid ML + GIS + loT archi-
tecture using validity matrices and heat maps to select digital components and to
govern the transition from express sanitation to sustainable recovery across the
I-S-R phases;

- Environmental indicators for decision-making in post-conflict territories. A settle-
ment/community-level framework (TPMA, DNES, IHWI, ANR, BPHP) with heat-map
visualization to identify "hot spots", prioritize interventions, and structure local re-
covery strategies;

- Human capital for the green economy. Fuzzy multi-criteria models for assessing
green skills, matching supply and demand for green jobs, and supporting recruit-
ment/HR planning amid the greening of the labor market;

- Shared mobility in the circular-economy paradigm. An evidence base and deploy-
ment methodologies for cooperative car-sharing in rural communities (estimating
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CO; reductions and user savings), together with guidance on digital readiness, gov-
ernance, and scaling barriers;

- Marine robotics in multi-level eco-monitoring. An organizational and structural
model (physical, information, and managerial circuits) and formalized principles for
integrating marine robotic operations (MRO) into national monitoring systems and
water-resource remediation;

- Project governance for social entrepreneurship oriented toward verified impact in
lean recovery through green remediation and the revitalization of war-damaged territories.
Anintegrated DSS linking TBL — ESG, LegalTech (smart-contract compliance/audit),
and analytics (GIS/MCDA/portfolio optimization) to finance and scale green remedi-
ation via transparent pay-for-results mechanisms.

Accordingly, the monograph functions both as a methodological compendium
and a practical guide for the design, piloting, and scaling of sustainable develop-
ment - grounded in quantitative models, modern digital infrastructures, and veri-
fiable impact.
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INTRODUCTION

Current issues in ecological systems modeling:
from stability theory to the digital practice of recovery

It is now widely recognized that ecological modeling is rapidly evolving from
an academic field into an applied instrument of global security and sustainable
development. Accelerating climate change, the depletion of natural capital, and
the rising frequency of extreme events of diverse nature and scale make the de-
velopment of precise and reproducible models a shared priority for all states. The
theory of ecosystem stability and resilience provides the conceptual framework
for assessing permissible ranges of variation and the risks of shifts to undesirable
states. In the twenty-first century, this framework is complemented by a digital
practice of recovery, in which decisions are informed by data from satellites, sen-
sor networks, unmanned systems, and geoinformation platforms.

The monograph advances an interdisciplinary integration of ecological-eco-
nomic models, optimization methods, and contemporary ICTs, deliberately mar-
rying academic rigor with managerial applicability. For countries at different
income levels, comparability of indicators and transparency of methods are es-
sential; these are ensured through standardized metrics and verification proce-
dures. In the domain of climate adaptation for transport systems, cost and vul-
nerability models enable accurate attribution of climate-related expenditures
and guide investment planning toward sustainable development objectives.
At the agroecosystem level, the integration of field protocols, microbiological
markers, and remote sensing makes evidence-based land-use and soil restoration
decisions possible.

For aquatic ecosystems and broader environmental security, digital twins and
robotic platforms are gaining prominence by ensuring continuity of observations
and rapid response. Post-conflict and post-disaster territories require scenar-
io-based remediation management, wherein models guide the transition from
emergency sanitation to long-term recovery and revitalization. In such contexts,
multi-criteria assessment, probabilistic modeling, and sensitivity analysis sub-
stantially enhance decision quality under high uncertainty. Environmental indica-
tors aggregated at community and regional scales enable the construction of hot-
spot maps to prioritize the allocation of scarce resources. A critical direction,
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moreover, is coupling models with policy, translating quantitative analyses into
regulatory norms, adaptation strategies, and investment plans.

Contemporary approaches call for end-to-end digital pipelines - "data — analy-
tics — decision — contract — pay-for-results" - that ensure controllability and ac-
countability. The synergy of ESG frameworks, legal technologies, and decision-sup-
port systems makes it possible to measure the effects of environmental projects
while reducing investor risk. The circular-economy paradigm and shared mobility
illustrate how models of demand, emissions, and resource savings can steer local ini-
tiatives with scalable impact. In parallel, models for the development of "green" skills
are being designed to align education policy, business needs, and regional employ-
ment trajectories. A key challenge lies in bridging spatial and temporal scales, where
local processes directly shape national and global outcomes.

In budget-constrained settings, methods that rapidly identify high-return lever-
age points and optimize portfolios of conservation projects are especially valuable.
In this context, digital models for integrated governance of green remediation and
the revitalization of post-war territories - drawing on social-entrepreneurship in-
struments, modern DSS, and LegalTech platforms are of particular importance. The
growing availability of open data and computational power makes replication of the
models proposed in this monograph, and their adaptation to local conditions, prac-
tically feasible for most countries. Taken together, these developments provide the
foundation for evidence-informed policy and help to balance ecological limits with
socio-economic objectives.

Accordingly, the studies presented in this monograph on ecological systems mod-
eling transcend disciplinary boundaries, becoming the core of strategic risk gover-
nance and sustainable development. Collectively, they set the agenda for a scholarly
and practical dialogue in which sustainability is treated as a computable property,
and recovery - as a reproducible digital practice.
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Sustainable development policy for post-conflict
recovery in Ukraine: the role of environmental
indicators in decision-making
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Abstract

This study explores the role of environmental indicators in guiding managerial deci-
sion-making for the sustainable recovery of de-occupied territories in Ukraine. The re-
searchis grounded in a large-scale survey conducted across 42 territorial communities
in southern Ukraine that experienced severe destruction due to the full-scale invasion.
The methodological frameworkis based on sociological datafromover 16,000 residents,
used to calculate five key environmental indicators: Technogenic Pollution from Mili-
tary Activity (TPMA), Degradation of Natural Ecosystems and Soil (DNES), Infrastruc-
ture and Household War Impacts (IHWI), Access to Natural Resources (ANR), Biose-
curity and Public Health Protection (BPHP). The results were visualized using a heat
map to identify ecological "hotspots" and prioritize zones requiring urgent intervention.

Particular attention is given to the development of a structural decision-mak-
ing model that illustrates the progression from problem identification to the imple-
mentation of recovery strategies at the local level. The paper proposes actionable
directions for response, including environmental monitoring, land reclamation, waste
management, and ecological awareness initiatives. It also discusses potential funding
sources for environmental initiatives, ranging from international donor programs and
national funds to public-private partnerships and innovative financial instruments.

The findings offer practical value for evidence-based environmental policymak-
ing in post-conflict settings, the formulation of localized sustainable development
strategies, and the strengthening of institutional capacity at the community level.

Keywords

Sustainable development, environmental indicators, de-occupied territories,
post-conflict recovery, decision-making, survey research, environmental policy, pro-
ject financing, circular economy.
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5.1 Introduction

The issue of sustainable development becomes particularly relevant in the context
of post-conflict recovery in territories severely affected by war. Armed conflicts not
only result in human casualties and economic losses but also inflict significant envi-
ronmental damage, exacerbate the vulnerability of social systems, and undermine in-
stitutional governance structures. Under such conditions, the achievement of the Sus-
tainable Development Goals (SDGs) - including environmental security, social equity,
and economic resilience - requires a rethinking of traditional recovery approaches.

Post-war reconstruction efforts cannot be limited to rebuilding infrastructure
or restoring economic functionality. Recovery policies must address interdisciplin-
ary challenges that integrate environmental, social, and governance dimensions. Key
priorities include ecosystem restoration, access to clean water, waste management,
soil rehabilitation, and the prevention of further environmental degradation. These
challenges are not merely humanitarian; they are strategic in terms of national secu-
rity, stability, and long-term development.

In the Ukrainian context, particularly in de-occupied territories of the south-
ern regions, there is a critical need for an environmentally oriented recovery poli-
cy grounded in evidence - namely, environmental indicators, risk assessment, and
public engagement. The role of local communities, municipal authorities, and inter-
national partners is decisive in this process. Therefore, investigating how environ-
mental factors are incorporated into sustainable development decision-making pro-
cesses is essential for both scholarly inquiry and practical application.

Integrating environmental considerations into territorial development gover-
nance is a prerequisite for achieving long-term sustainability in post-conflict re-
covery. Policy development and implementation at both the local and national levels
must account not only for economic and social factors but also for an objective eval-
uation of environmental conditions. Environmental quality directly affects public
health, agricultural productivity, access to natural resources, and the overall invest-
ment attractiveness of a region.

Environmental concerns must be an integral component of local socio-economic
development programs. Neglecting them risks creating new sources of social ten-
sion and increasing ecological vulnerabilities. In the aftermath of war, ecosystems
are profoundly altered - from water contamination to soil degradation and defor-
estation. These changes disrupt natural balances and complicate reintegration and
development processes.

Environmental indicators - such as air and water quality, soil contamination lev-
els, and waste accumulation - serve as critical reference points for decision-making
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ininfrastructure planning, public health, agriculture, and land management. System-
atic monitoring and incorporation of these indicators into planning processes help
prevent environmentally unsound decisions, increase governance transparency, and
lay the groundwork for effective environmental policy.

In post-conflict settings, environmental data becomes even more crucial as a tool
for building trust between citizens and authorities, and as a foundation for attracting
international aid and investment. Therefore, the environmental dimension must be
viewed not as a secondary consideration, but as a foundational element of strategic
governance for community recovery in the post-war period.

Despite widespread recognition of the importance of environmental components
in local sustainable development strategies, research focusing specifically on the role
of environmental indicators in post-conflict recovery remains fragmented and insuf-
ficiently systematized. The academic discourse is predominantly oriented toward in-
frastructure and economic reconstruction [1-5], while environmental concerns are
often treated as secondary or disconnected from the broader governance framework.

This gapis particularly pronounced in the Ukrainian context [6-12], where armed
aggression has resulted not only in a humanitarian crisis but also in unprecedented
environmental degradation. However, existing studies rarely examine how environ-
mental indicators are utilized to inform decision-making at the local level - from re-
source allocation to regional development priorities. Most recovery programs lack
a unified methodology for environmental monitoring or sustainability-oriented im-
pact assessments [13, 14].

Moreover, there is no comprehensive database enabling the analysis of ecological
dynamics in de-occupied areas. The potential for engaging citizens in the collection
and interpretation of environmental data through civic science approaches remains
underexplored, despite its critical importance for transparent decision-making and
enhancing trust in local governance.

These shortcomings underscore the need for interdisciplinary research that
combines environmental analytics, public administration tools, and sociological data
collection methods. Only through such an integrated approach can effective, envi-
ronmentally sound recovery policies be developed - policies that address real com-
munity needs while contributing to the revitalization of local ecosystems.

Given the current challenges posed by military aggression and the urgent need
for territorial recovery, this study aims to identify the potential and actual use of en-
vironmental indicators in the formulation and implementation of sustainable devel-
opment policies in Ukraine's de-occupied regions. Considering the scale of ecologi-
cal loss, objective assessment of environmental conditions must form the basis for
decisions that combine short-term stabilization with long-term development goals.
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The research focuses on the extent to which environmental indicators - such as
air and water quality, soil conditions, access to natural resources, pollution levels,
and the availability of waste processing infrastructure - are integrated into local and
regional strategic planning. Special attention is given to empirical data from a popu-
lation survey conducted in de-occupied communities in southern Ukraine, particu-
larly in Kherson and Mykolaiv regions. This allows for the evaluation of public per-
ceptions of the environmental situation and levels of trust in environmental policies
implemented by public authorities.

Given the strategic importance of sustainable development for post-conflict
recovery, the study seeks not only to assess the current state of affairs but also to
outline pathways for improving institutional mechanisms for evidence-based deci-
sion-making. The search for a balanced approach - one that integrates environmen-
tal, social, and economic dimensions to ensure effective resource management, eco-
system restoration, and risk mitigation - is at the core of this research.

5.2 Research methodology

This study was conducted as part of the project "Stimulating the Development
of De-Occupied Territories through Investment and Innovation Tools within the
European Union Framework", supported by the EURIZON - Grants for Remote
Research program. The project aims to develop evidence-based strategic recom-
mendations for local authorities, investors, and international partners regarding
the sustainable and environmentally oriented recovery of Ukraine's de-occupied
territories.

Data collection was carried out through an online survey administered via a cus-
tom-designed questionnaire in Google Forms between June and September 2024.
The target respondents included residents and internally displaced persons (IDPs)
who either currently reside or have lived in the de-occupied areas of Mykolaiv and
Kherson regions. Participation was voluntary, anonymous, and open-access, ensur-
ing compliance with ethical standards in research. Invitations were disseminated via
social media, partner NGOs, community chats, educational institutions, and email
distribution lists.

The sampling frame encompassed 42 territorial communities that were liber-
ated in the Mykolaiv and Kherson regions. A total of 16,000 respondents partici-
pated in the survey, averaging approximately 380 participants per community. The
sample included adult residents who lived in the liberated territories at the time of
the survey. The socio-demographic composition was diverse, including individuals
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of different genders, age groups, and professional backgrounds. Initial analysis con-
firms that both residents who remained during the occupation and those who re-
turned post-liberation were represented, allowing for a wide spectrum of perspec-
tives on environmental issues. The selection of 42 communities was driven by the
project's geographic scope, which focused on the areas most severely affected by
the armed conflict in southern Ukraine. Consequently, the sample is reflective of
public perceptions regarding the environmental situation and challenges within
these communities.

The main research instrument was a structured questionnaire developed by the
authors, consisting of eight thematic sections. Section 4, titled "Environmental Situ-
ation", was of particular relevance to the study. It included questions aimed at assess-
ing the post-liberation environmental conditions and quality of life in the respective
communities. The survey instrument focused on five core thematic areas aligned
with key environmental indicators:

1) technogenic pollution resulting from military operations;

2) degradation of natural ecosystems and soil;

3) infrastructural and domestic consequences of war;

4) access to natural resources;

5) biosecurity and public health protection. Each thematic area was represented
by one or more questions.

Respondents were asked to assess the presence and severity of issues in these
domains (e.g., chemical contamination of soil or water, scale of forest damage, condi-
tion of transport and housing infrastructure, access to clean water, health risks, etc.).

Most questions employed a numerical scale ranging from 1 to 10 to capture the
subjective assessment of environmental conditions. While similar to a Likert-type
scale, the expanded 10-point range increases the sensitivity and granularity of re-
sponses. Respondents independently selected a score reflecting their evaluation of
each specificissue in their community.

To standardize interpretation, guidance was provided: a score of 1 indicated the
absence of a problem or optimal condition (minimal negative impact), while a score
of 10 denoted a critical state or severe issue. For example, in evaluating technogenic
pollution, a score of 1 indicated no visible signs of contamination, whereas a 10 re-
flected extreme environmental burden involving multiple instances of air, water, or
soil pollution. Similarly, for ecosystem condition, a score of 1 implied negligible dam-
age, while 10 denoted complete destruction or irreversible loss of ecosystems and
soil fertility. This approach enabled the generation of quantitative data on respon-
dents' environmental perceptions, allowing for the calculation of relative indicators
and comparison across communities.
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In addition to the numerical scale, several dichotomous (yes/no) questions were
included to establish the factual presence of certain conditions. For instance, ques-
tions on access to critical resources or exposure to specific threats (e.g., availability of
drinking water or presence of landmine hazards) were binary in nature. These items
were used to confirm the existence of issues, while subsequent scaled questions cap-
tured their severity. Accordingly, the survey combined metric scales (to measure
intensity) with nominal variables (to register the occurrence of specific phenomena).
All scales were pre-tested for clarity: several respondents completed a trial version
of the questionnaire to ensure correct understanding of the 1-10 scale and other
question formats.

Several limitations should be taken into account when interpreting the results
and formulating recommendations. First, the representativeness of the sample is
relative. Although 16,000 participants from 42 communities were surveyed, the
sample was based on voluntary online participation. This introduces the potential for
selection bias - those more active, with internet access and interest in the topic, may
have been more likely to respond. Conversely, groups with limited internet access,
such as elderly individuals or residents in remote villages, may be underrepresented.
This limitation is common to online surveys and suggests that the results should not
be directly generalized to the entire population without adjustments.

Second, all indicators are based on self-reported perceptions rather than objec-
tive instrumental measurements of environmental conditions. Thus, findings reflect
respondents' subjective experiences, which may be influenced by their awareness,
personal encounters, or emotional states following traumatic events. For instance,
technogenic pollution may be underestimated in communities where the damage is
not visually apparent, or overestimated in areas where anxiety levels are high. To mit-
igate this limitation, the questionnaire included specific follow-up items (e.g., whether
respondents observed smoke, chemical odors, mass fish mortality, etc.). Neverthe-
less, subjective bias cannot be fully eliminated; therefore, the indicators should be
interpreted as indices of public perception rather than precise physical metrics.

Third, due to security constraints, data collection was conducted remotely. This
precluded controlled fieldwork, such as randomized household interviews in areas
facing landmine threats or infrastructure destruction. Technical disruptions (e.g.,
power outages or unstable internet connections) may have further limited participa-
tion in some communities.

Moreover, the indicators derived from the survey do not account for temporal
dynamics. The study employed a one-time data collection effort, capturing con-
ditions at a single point in time. Given the dynamic nature of de-occupied areas -
where demining, reconstruction, and seasonal environmental changes (e.g., floods
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or wildfires) are ongoing - longitudinal measurements are desirable. Repeated as-
sessments would help identify trends, such as improvements resulting from inter-
ventions or the emergence of new challenges.

Despite these limitations, the findings provide a valuable data foundation. They
address a critical gap in environmental data for de-occupied communities and can
inform managerial decisions related to ecological restoration and infrastructure re-
building. The combination of a large-scale sample and a clear methodology for calcu-
lating indicators ensures a sufficient level of reliability for community-level analysis.

Based on the collected data, five core environmental indicators were computed
to reflect the environmental damage incurred by each community due to the full-
scale invasion of Ukraine. These indicators were calculated by aggregating individual
responses within each community and determining the proportion of respondents
who reported significant problems in each thematic area. Each community-level in-
dicator is expressed as a fractional value (ranging from O to 1.0), representing the
perceived intensity of the issue. The formal formula used to calculate the indicator
is provided below

n .
o=t
ki N

i

where N, - denotes the total number of respondents in community i, and n,; - rep-
resents the number of respondents in the same community who reported a signifi-
cant issue k. Depending on the question type, was defined as follows:

a) for items measured on a 1-10 scale: the number of respondents who selected
values in the 8-10 range, which were interpreted as indicating a high intensity of the
respective problem;

b) for dichotomous (yes/no) items: the number of respondents who answered
"Yes", thereby confirming the presence of the problem.

Accordingly, the indicator reflects the proportion of surveyed residents in a given
community who perceive a particular issue as severe.

Table 5.1 presents the computational logic underlying each of the five environ-
mental sustainability indicators, capturing residents' perceptions of the environ-
mental situation in their respective communities following de-occupation.

All indicators are measured on a scale from O to 1, where values closer to 1 in-
dicate that the issue is more widely acknowledged and perceived as severe by res-
idents of the respective community. These metrics allow for comparative analysis
across communities and help identify territories that require priority interventions
in specific environmental domains. They also serve as an empirical foundation for
managerial decisions informed by adverse indicator outcomes.
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Table 5.1 System of environmental sustainability indicators in de-occupied communities

Indicator Name Definition Formula
Techno- TPMA Proportion of community resi- Nipma i
genic Pol- dents who reported significant loma i :Tv
lution from environmental contamination i
Military due to military operations (e.g., where Nipua ; — the number of respon-
Activity chemical pollution, toxic rem- dents in community i who rated the
nants of munitions). A higher pollution level as high (8-10 out of 10)
value (closer to 1) indicates that or confirmed the presence of such in-
most respondents observed cidents
substantial pollution
Degra- DNES Reflects the extent of ecosys- Nones. i
dation of tem degradation (forests, mead- lones.i = N =
Natural ows, protected areas) and loss i
Ecosys- of soil fertility as perceived by where np, ; - the number of respon-
tems and residents. A higher score indi- dentswho reported severe damage to
Soil cates greater ecological damage ecosystems and soil, including signs
as perceived by respondents such as burned or deforested areas,
polluted land, or craters in agricultural
fields
Infrastruc-  IHWI Share of respondents who re- M i
ture and ported serious infrastructure-re- b, i = N =
House- lated problems (housing, roads, i
hold War water or electricity supply), or where Ny ; — the number of respon-
Impacts rated at least one key facility as dents in community i who reported
critically damaged (8-10 on the severe infrastructure or household is-
scale) sues (e.g., rated infrastructure condi-
tion as 8-10 or selected critical issues
from listed options)
Accessto  ANR Indicates the prevalence of Nang. i
Natural problems related to access and Lanw,i = N =
Resources safety of natural resources (e.g., i
drinking water, forests, farm- where Nane i — the number of respon-
land, water bodies). Higher val- dents who reported significant issues
ues reflect widespread concerns with resource access. This includes
about safety or shortages of re- those who answered "Yes" to ques-
sources tions about safety concerns (e.g., mined
forests or contaminated water bodies)
or rated water availability/quality at
a critical level
Biosecurity BPHP Proportion of respondents who Ngprip i
and Public expressed serious concerns lgprp,i = N =
Health about sanitation, epidemic risks, i
Protection or access to healthcare. A higher where n - the number of respon-

value signals population-level
concern about health-related
threats

dents WF\P(;‘PEéted biosecurity or health

threats as severe (8-10), or reported
serious concerns about related risks

Source: compiled by the authors based on [5, 10, 15, 16]
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For instance, a community with a technogenic pollution index of 0.80 (80%) has
a significantly higher proportion of residents reporting contamination compared to
a community with an index of 0.20 (20%). This disparity underscores the need for
urgent environmental remediation efforts in the former.

5.3 Theoretical foundations of sustainable development and
environmental security in post-conflict recovery

The concept of sustainable development is based on the integration of three
fundamental dimensions - environmental, social, and economic - with the goal of
achieving balanced progress across all three spheres [6, 17]. In its classical formu-
lation by the Brundtland Commission, sustainable development is defined as "de-
velopment that meets the needs of the present without compromising the ability
of future generations to meet their own needs" [18]. In this sense, society must pur-
sue economic growth and social progress without depleting natural resources or
causing irreversible environmental harm. The emergence of this paradigm in the
late 20 century was a response to the realization of the limitations inherent in
the traditional, economically focused development model, which often neglected
environmental and social consequences. By the early 1990s, the global community
officially recognized sustainable development as the guiding ideology for human
progress in the 21° century, which was reflected in numerous international agree-
ments and initiatives.

Each of the three pillars of sustainable development has its own objectives and
metrics. The environmental dimension focuses on preserving ecosystems and en-
suring the rational use of natural resources. The social dimension addresses poverty
reduction, access to quality education and healthcare, gender equality, and broader
social justice [7, 8, 17]. The economic dimension emphasizes stable growth, innova-
tion, sustainable industry, and infrastructure, while promoting efficient use of finan-
cial and material resources. Crucially, these three elements are treated holistically:
sustainable development is conceived as a complex process of harmonizing social,
economic, and environmental objectives to ensure effective use, protection, and re-
generation of natural systems, alongside quality of life for both current and future
generations [7, 8, 17]. The integrated approach assumes that progress in one area
must not come at the expense of another. Consequently, sustainable development
has become a global strategic policy direction, as evidenced by the adoption of the
United Nations Sustainable Development Goals (SDGs) in 2015 - a global frame-
work encompassing all three dimensions of sustainability.
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Indicator-based governance is a central tool in international practice for imple-
menting the SDGs and guiding environmental policy. In 2015, the United Nations
adopted 17 Sustainable Development Goals and 169 associated targets, which prog-
ress is tracked using a comprehensive system of quantitative indicators[1, 3,17, 19].
To monitor implementation of the 2030 Agenda, an official global indicator frame-
work was introduced, originally comprising 232 indicators covering a broad range
of issues - from poverty, hunger, health, and education to environmental quality, cli-
mate change, and institutional capacity. Countries regularly collect and report data
on these indicators within the UN framework, enabling both national performance
assessment and international comparisons. Each SDG is linked to specific indicators
with target thresholds to be achieved by 2030. For example, Goal 6 "Clean Water
and Sanitation" includes indicators on access to safe drinking water and wastewater
treatment, while Goal 13 "Climate Action" includes indicators on greenhouse gas
emissions, climate adaptation policies, and climate finance. The entire SDG frame-
work is based on the principle that "what gets measured gets managed", directing
government efforts toward indicators falling short of targets.

The application of indicators is also well established at the national level. Many
countries have adapted the global SDGs to their local contexts by setting national
targets and indicators. Ukraine, for instance, has developed its own monitoring sys-
tem, which includes 86 national targets and corresponding indicators, with defined
benchmarks to be achieved by 2030[12, 14, 17]. These indicators are integrated into
national planning and statistical reporting systems, and their monitoring supports
assessment of strategic implementation (e.g., the national report "Sustainable Devel-
opment Goals: Ukraine" presents progress across key indicators) [17]. The Ukrainian
government annually publishes updates on SDG performance and, in 2020, present-
ed its first Voluntary National Review (VNR), which identified areas of strength and
weakness and outlined priorities for future action [17, 20]. This international expe-
rience illustrates the utility of quantitative indicators in guiding development: they
serve as the foundation for decision-making, policy adjustments, and resource allo-
cation in underperforming areas.

Another example of anindicator-based approachis the European Green Deal - an
ambitious political initiative launched by the European Union in late 2019, aimed
at transforming the EU economy to achieve climate neutrality by 2050 [19]. The
Green Deal encompasses a wide array of interconnected policy areas, including cli-
mate and energy, biodiversity, agriculture, transport, industry, and finance [10, 14, 19].
Progress in implementing this strategy is monitored using numerous indica-
tors and benchmarks. The European Commission established a system to track
key parameters (e.g.,, GHG emissions and their reduction relative to 1990 levels,
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share of renewables in the energy mix, energy efficiency, air and water quality indi-
ces, circular economy indicators, waste recycling rates, forest health, and ecosystem
condition) [6, 19]. These data are used to assess progress toward both the intermedi-
ate targets for 2030 and the long-term goal for 2050.

In addition to official EU monitoring, independent research institutions and
academics have also developed methodologies to assess the performance of the
Green Deal. One such study proposed a rating system using a set of 26 key indicators
from Eurostat, grouped into three thematic clusters [6, 19]. These indicators rep-
resent the core dimensions of the Green Deal: climate-energy (e.g., CO, emissions,
share of renewables, energy efficiency); environmental (e.g., air and water quality,
waste management, pollution, resource efficiency); and socio-economic (e.g., invest-
ment in green technologies, employment in the green sector, environmental inno-
vation index). Based on the indicator values, composite scores were calculated to
evaluate the degree of progress achieved by each EU member state. This approach
allows for identification of strengths and weaknesses: some countries may lead in
reducing emissions but lag in biodiversity conservation or waste management, while
others exhibit the opposite pattern. By analyzing these gaps, the EU and national
governments can recalibrate policies and intensify efforts in areas where targets are
not being met. Overall, international experience underscores the central role of in-
dicator systems in managing sustainable development. They ensure transparency,
accountability, and evidence-based decision-making, promote best practices, and
help coordinate the actions of different countries toward shared development goals.

Armed conflicts have devastating consequences not only for human lives and
economic stability but also for the environment, creating unique challenges for
post-conflict recovery from the perspective of environmental security. The war in
Ukraine, launched by the Russian Federation in 2022, is a telling example: environ-
mental damage has been estimated at over 56 billion USD, with widespread chemi-
cal pollution of air, water, and soil, and approximately 30% of the country's territory
contaminated by mines and unexploded ordnance [20]. Around 30% of protected
natural areas have suffered from military activities, including fires, explosions, and
ecosystem destruction [20]. Certain war-related technogenic incidents have created
long-term threats - for instance, the seizure of the Zaporizhzhia Nuclear Power
Plant and the destruction of the Kakhovka Dam pose risks of regional-scale environ-
mental catastrophe [20, 21]. Many of these impacts directly or indirectly endanger
human health and safety, exacerbating the humanitarian crisis [14, 20]. Therefore,
environmental considerations must be integrated into recovery planning. A just and
lasting peace is impossible without restoring the natural environment alongside re-
building damaged infrastructure.
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One of the most complex issues in the post-conflict period is the management
of vast amounts of debris and waste generated by destruction. In Ukraine, large-
scale hostilities have produced unprecedented quantities of construction and mixed
rubble - so-called "conflict-related waste". As of 2023, the destruction of thou-
sands of buildings has resulted in millions of tons of debris (concrete, brick, metal,
wood, glass, plastic, electronics), often including hazardous materials such as unex-
ploded ordnance, explosives, toxic chemicals, asbestos, and e-waste [20, 22]. These
wartime residues pose significant risks to both the environment and public health.
Poorly managed waste threatens secondary contamination (e.g., soil poisoning by
heavy metals, groundwater pollution), increases health hazards due to exposure to
toxic substances, and can hinder reconstruction due to inaccessible or obstructed
land [8, 22]. Unfortunately, Ukraine lacked a formal system for managing such waste
at the onset of recovery; only in September 2022 was the first regulatory document
on construction debris adopted [7, 22], and local communities still lack financial and
technical capacity for safe collection, sorting, and processing [22]. This situation
highlights the urgent need for specialized policy solutions and investment in envi-
ronmentally sound waste management systems.

International post-conflict recovery experiences emphasize the critical im-
portance of integrating environmental priorities into rebuilding efforts. Reports
by the United Nations Environment Programme (UNEP) and joint studies by the
World Bank, EU, and UNDP highlight the enormous volumes of debris in war-af-
fected cities and stress the need to remove toxic and explosive residues to prevent
long-term contamination [22]. Countries in the Middle East that have experienced
major conflicts (e.g., Syria, Irag, Lebanon, Gaza) have developed practices such as
establishing temporary sites for rubble storage and sorting, deploying mobile recy-
cling units, and coordinating between military and civil institutions to clear debris
efficiently [7, 8, 22]. One of the core strategies has been the application of circular
economy principles - maximizing reuse of materials, recycling concrete and metal
as aggregate for construction, and repurposing suitable debris in road building.
For Ukraine, these approaches are highly relevant: recycling construction waste
and reusing materials can reduce pressure on landfills, conserve resources, and
lower reconstruction costs. Moreover, international experts recommend involving
local communities in waste management planning as early as possible, improving
transparency and public access to environmental data on war-related damage [22].
Legal frameworks must also be updated: Ukrainian scholars advocate for defining
"war waste" in legislation, streamlining environmental impact assessment pro-
cedures for demolition activities, and developing standards for safe dismantling
and disposal [22].
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In conclusion, post-conflict recovery requires an ecosystem-based approach
with a strong emphasis on environmental security. Reconstruction must include:
clearance of explosive remnants (demining of agricultural land and residential
areas is critical for recovery and resettlement); remediation of technogenic disas-
ters (monitoring water systems after dam explosions, restoring water supply, mit-
igating radiological risks); sustainable management of natural resources (avoiding
overexploitation of forests and minerals); and modern waste management prac-
tices. Integrating environmental indicators into recovery planning can serve as
a practical tool - for example, tracking water quality, soil conditions, and air pol-
lution levels in de-occupied areas can help identify high-risk zones and prioritize
intervention. All these measures align with the "build back better" principle - re-
building infrastructure in ways that enhance sustainability and resilience. Accord-
ing to international law and expert consensus, lasting peace is impossible without
ecological restoration. Ensuring environmental safety - through clean ecosystems,
healthy landscapes, and minimized technogenic risks is essential for long-term re-
covery and population well-being.

5.4 Results of environmental indicator calculations and managerial
implications for the sustainable recovery of post-conflict territories

Based on the responses collected through the survey, five environmental indica-
tors were calculated, allowing for a quantitative assessment of the scale and nature
of the war's environmental consequences in de-occupied communities in southern
Ukraine. To ensure clarity and enable deeper analysis, the values of these indicators
were visualized using a heat map.

The heat map provides a spatial overview of environmental stress across the
studied communities, highlighting areas with critical values and indicating where the
environmental impact of military actions is most extensive and multifaceted. This
approach not only illustrates the current ecological condition of each community
but also serves as a foundation for evidence-based decision-making in the context of
recovery and sustainable development in post-conflict areas (Fig. 5.1).

In Fig. 5.1, the computed values for the five indicators - TPMA, DNES, IHWI,
ANR, and BPHP - are displayed across 42 de-occupied communities in southern
Ukraine. The indicator values vary widely. Most communities demonstrate mod-
erate levels of environmental burden, with indicator scores falling within the mid-
range (0.3to 0.7 on a normalized 0-1 scale), represented in the map by orange tones.
At the same time, a distinct group of communities exhibits elevated values across all
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five indicators (rows shaded in red tones on the heat map), signaling a high cumula-
tive level of environmental stress at the community level.
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Fig. 5.1 Heat map of environmental indicators
in de-occupied territorial communities of Southern Ukraine
Source: visualized by the authors

The highest aggregate scores across all environmental indicators were recorded
in specific communities, particularly in Bilozerka Settlement Territorial Communi-
ty and Kherson Urban Territorial Community. These communities are represented
by the darkest red tones on the heat map, indicating values approaching the upper
threshold (0.9-1.0). Such high scores reflect the extreme negative environmental
impact of military operations in all evaluated domains - from technogenic pollution
and ecosystem degradation to biosecurity challenges.
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Also included in the group of most heavily burdened communities are Beryslav
Urban and Dariivka Rural Territorial Communities, where the cumulative scores
across the five indicators exceed 4.5 out of a possible 5. This highlights the presence
of complex environmental challenges and identifies these locations as "hotspots" of
ecological risk in de-occupied territories.

Conversely, several territorial communities are characterized by low levels of
cumulative environmental stress, as indicated by consistently low values across all
indicators (light yellow segments on the heat map). The lowest aggregate scores
were observed in Yelanets Settlement, Buzke Rural, and Doroshivka Rural Territorial
Communities, where the total indicator values are close to 0.8. In these areas, the in-
dicators of technogenic pollution, ecosystem degradation, infrastructure condition,
resource access, and biosecurity are among the lowest recorded across the entire
sample. These results suggest a relatively limited environmental impact of hostilities
and a faster ecological recovery in these communities compared to high-risk areas
such as Bilozerka or Kherson.

To illustrate the relationship between the environmental conditions of de-oc-
cupied areas and corresponding managerial responses, a structural model of deci-
sion-making was developed. This model is based on the five environmental indicators
and outlines the logical progression from problem identification to the implementa-
tion of sustainable recovery measures (Fig. 5.2).

Fig. 5.2 presents a stepwise structure encompassing:

- environmental indicators (TPMA, DNES, IHWI, BPHP, ANR);

- the typical problems identified through these indicators;

- strategic response proposals;

- specific actions for implementing these strategies;

- the anticipated outcomes of these interventions.

The model enables the integration of empirical analysis results into a framework
for informed environmental governance, with a focus on local community needs and
sustainable development principles. It not only synthesizes the findings of the study
but also serves as a practice-oriented tool for local policy planning. Its application
can help improve the effectiveness of decision-making, mitigate environmental
risks, and strengthen community resilience for sustainable post-war development.

The implementation of managerial decisions aimed at addressing the environ-
mental consequences of armed conflict requires more than just data and strategic
vision - it also depends on well-defined funding sources. In the context of significant
budget constraints, especially at the level of de-occupied communities, the mobi-
lization of external resources, cross-sector partnerships, and innovative financing
mechanisms becomes a pressing need.
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Source: visualized by the authors
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International donors play a pivotal role in financing environmental recovery ef-
forts. The European Union, World Bank, UNDP, USAID, NEFCO, and other devel-
opment partners are already supporting projects in Ukraine focused on demining,
waste management, water infrastructure rehabilitation, and the deployment of
energy-efficient technologies [23-26]. Several grant and investment programs are
specifically tailored to assist war-affected communities, making the integration of
environmental components into funding proposals a key factor in increasing their
competitiveness and likelihood of approval.

Within Ukraine, both national and regional funds support environmental initia-
tives, including the State Fund for the Elimination of Consequences of Armed Ag-
gression, the Environmental Protection Fund, and the Regional Development Fund.
Through effective inter-municipal coordination, communities may submit joint pro-
jects - such as the construction of waste management facilities or the restoration of
water resources - that address cross-cutting environmental challenges.

Equally important is the potential of public-private partnerships, particularly the
engagement of the private sector in implementing eco-technologies and innovative
solutions. Financial instruments such as green bonds, crowdfunding, and commu-
nity-based investment in infrastructure and environmental protection projects of-
fer additional avenues for mobilizing resources. In this context, it is essential that
communities possess not only strategic planning documents, but also clear financial
models that enable them to present their initiatives effectively to potential donors
and investors.

Given the scale of environmental challenges and the limited availability of re-
sources, the development of a coherent financing roadmap is a critical component
of environmentally oriented recovery policy. Systematic planning, transparency, and
openness to international cooperation significantly enhance the capacity of local
governments and communities not only to address the consequences of war, but also
to build long-term ecological resilience.

5.5 Conclusion

The findings of this study demonstrate that the sustainable recovery of Ukraine's
de-occupied territories is not feasible without the systematic integration of environ-
mental considerations into decision-making processes. The war has placed a sub-
stantial burden on the natural environment, manifested in increased technogenic
pollution, ecosystem degradation, limited access to natural resources, compromised
biosecurity, and the destruction of critical infrastructure.
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Analysis of the sociological survey conducted across 42 de-occupied communities
in southern Ukraine enabled the calculation of five core environmental indicators.
These indicators not only reveal which territories are facing the most acute ecological
challenges but also help identify priority areas for intervention. Visualization through
a heat map and a structural decision-making model further underscores the practi-
cal value of the indicator-based approach in planning sustainable recovery efforts.

The proposed structural model for managerial decision-making provides a clear
framework for transitioning from problem identification to the implementation of
targeted strategic and operational actions. Its application at the community level can
enhance transparency, legitimacy, and the overall effectiveness of environmental
policy within the context of post-conflict reconstruction.

Moreover, the findings highlight the need to institutionalize environmental
monitoring systems, foster civic science initiatives, establish open-access ecological
data platforms, and promote inclusive decision-making involving local communities.

This study has several limitations, including reliance on self-reported assess-
ments, a voluntary sampling methodology, and the absence of longitudinal data.
Future research should aim to triangulate subjective perceptions with objective
environmental measurements, conduct follow-up assessments to track dynamic
changes, and expand the geographic scope to include other regions of Ukraine.
A promising direction for future inquiry is the development of a national index of
environmental resilience for post-conflict territories, integrating local-level data,
SDG-aligned indicators, and policy performance evaluations. Additionally, regula-
tory improvements are urgently needed, particularly regarding the management of
war-related waste and the environmental assessment of reconstruction projects.
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