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DESTROYED
KRYACHKY OIL
DEPOT. KYIV REGION,
20 OCTOBER 2022.

Introduction

The military aggression of the Russian Federation (RF) against Ukraine began in 2014
when regular military units, using conventional weaponry, occupied parts of Ukraine’s
Donetsk and Luhansk regions. After intense battles, the Ukrainian Armed Forces
managed to halt the enemy, though territories in Donetsk and Luhansk oblast were
under occupation, and there remained a frontline in these regions. At this time,
Ukraine’s Crimean Autonomous Republic had fallen under Russian control, having been
seized by force but without direct military clashes. Still, heavy combat engagements
ceased until February 24, 2022.

On February 24, 2022, Russia launched a full-scale invasion of Ukraine, swiftly
occupying one-third of the country's territory. However, the rapid advance of Russian
forces was eventually halted, and by November 2022, after fierce battles, the Armed
Forces of Ukraine managed to liberate parts of the occupied territories in Kyiv,
Chernihiv, Sumy, Kharkiv, Zaporizhzhia, and Kherson regions. As of late January 2025,
intense fighting continues along the frontline stretching through Kherson, Zaporizhzhia,
Donetsk, and Luhansk regions. The enemy is slowly advancing northward, suffering
heavy losses but still seizing new Ukrainian territories.

At the same time, almost the entire territory of Ukraine has become a target for artillery
shelling, missile strikes, and drone attacks. The actions of Russian ground forces and
aviation, along with missile and drone strikes, have caused massive destruction to
residential infrastructure, industrial facilities, and the agricultural sector. The war has
resulted in the deaths of hundreds of thousands of military personnel and civilians, the
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migration of millions abroad, and the displacement of millions more from combat zones
to remote regions of Ukraine. Russian military aggression has also inflicted immense
environmental destruction. Vast areas of natural and protected territories have been
devastated or affected by fires caused by military activity. Large regions remain mined
and contaminated with unexploded ordnance. Moreover, many areas are polluted with
hazardous chemical residues from used munitions and destroyed industrial facilities.
Water bodies in combat zones or those hit by missiles and drones have suffered similar
damage. Military actions have undeniably had a devastating impact on Ukraine’s natural
ecosystems and rich biodiversity.

Unfortunately, Russia's aggression continues, and the destruction of both the natural
and human-made environment persists. However, from the very beginning of the full-
scale war, relevant state authorities have been documenting environmental violations
and assessing ecological damages. Representatives of the academic sector, with
support from international partners, have focused their research efforts on evaluating
environmental damage, monitoring the military impact, studying recovery processes,
and identifying threats to natural systems and human well-being. These assessments
and research findings have been published in numerous scientific, popular science, and
analytical publications, which require further summarization and serious analysis.

The goal of this study is to review publicly available sources and identify the main
directions and trends in analytical, investigative, monitoring, scientific, and other
research conducted in Ukraine and abroad on the military impact on the environment. It
also aims to highlight possible gaps that require further attention from researchers and
policymakers. We have attempted to gather and analyse, or at least review, as many
accessible publications as possible, but we acknowledge that not all relevant sources
may have come to our attention.

Key Terminology and Concepts

In the context of this study, we use the following terms and concepts:

Military activity includes combat operations and their logistical support. Key forms
of combat operations include:

e Direct offensive and/or defensive military engagements

e Artillery, mortar, and missile strikes, air raids, and bombings of territories and
infrastructure

e The operation and maintenance of military equipment

e Construction of fortifications and defensive structures

e The passive impact of destroyed military equipment, exploded or unexploded
munitions, etc.

Military support activities include:

e Production of military equipment
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e Production of weapons and ammunition

e Logistical support: transportation of military equipment, weapons, ammunition,
and fuel, as well as their temporary storage

e Supply of military units with ammunition, food, and other consumables

Our observations and analyses of military conflicts’ consequences indicate at least
three categories of environmental and anthropogenic consequences of military activity:

e Pollution and contamination of air, soil, surface and groundwater, and living
organisms (primarily plants).

e Physical destruction (up to complete annihilation) of natural and human-made
ecosystems and objects, as well as loss of living organisms.

¢ Indirect (long-term) consequences, which are not always immediately evident (see
below for examples).

Environmental changes are driven by impact factors. Essentially, any of the military
activities mentioned above can have environmental consequences, either directly or
indirectly, with both short-term and long-term effects.

Direct consequences refer to the immediate environmental changes resulting from
military activity, such as:

e Surface destruction by explosive devices (shells, bombs, mines, etc.);
e Soil, water, and air contamination from combustion products;
e Wildfires caused by military actions.

Indirect or long-term consequences arise as secondary effects of military activity. For
example, after the destruction of the Kakhovka Dam, the Kakhovka Reservoir ceased to
exist, causing a drop in groundwater levels in nearby settlements. Another example is
the accelerated wind and water erosion of land due to craters formed by munitions
explosions.

The scale, significance, and duration of the environmental impact of military activity
depend on the type and intensity of the destructive factor, as well as the conditions
under which the incident occurred. In many cases, the consequences—including harm
to human, animal, and plant life, as well as their habitats—are severe, widespread, and
long-lasting, qualifying as ecocide.

Given these circumstances, this study provides a review of published articles, reports,
and data regarding the impact of Russian military aggression on air quality, land
resources, water bodies, ecosystems, and biodiversity. It also includes assessments of
economic and environmental damages, along with perspectives on Ukraine’s post-war
green recovery. Most of the reviewed papers were published before February 2025, but
we do not claim that this overview reflects all publications on this topic.

January, 2025
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SMOKE FROM THE FIRE
AFTER THE MISSILE ATTACK
ON KYIV, 07 SEPTEMBER
2025.

1. The Impact of Military Actions in
Ukraine on Climate and
Atmospheric Air

Atmospheric air, as an integral part of the natural environment, is significantly affected
by military activities, and this impact is inherent in almost all forms of such activities.
Even in the absence of active combat, the operation of military equipment results in
significant emissions of hazardous gaseous compounds and aerosols. Military vehicles
predominantly require diesel fuel, and the quality of such fuel in terms of combustion
emissions has never been a priority in military operations.

For example, the estimated fuel consumption of the most widespread tank in the
Russian army, the T-72, ranges from 240 litres per 100 km on a flat road to 260 litres per
100 km off-road. The tank has several fuel tanks—internal ones with a capacity of 705
litres and external ones with 500 litres. With this fuel supply, the tank can travel up to
500 km (NUQOU, 2024). The fuel consumption of the T-80 tank is even higher: 450-790
litres per 100 kilometers on dry ground roads and 430-500 litres on highways. The fuel
used can include diesel, gasoline, and kerosene. The number of tanks involved in
combat operations on both sides reaches several tens of thousands. As of February 9,
2025, the Armed Forces of Ukraine have destroyed over 10,000 Russian tanks (Glavkom,
2025). However, this is only a fraction of the military equipment running on carbon-
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based fuels. Mobile sources of greenhouse gas emissions and other hazardous
substances include armoured combat vehicles, self-propelled artillery systems,
multiple launch rocket systems, automotive equipment, aircraft, helicopters, and more.
These numbers are suggestive of the possible scale of air pollution that can result from
so many military vehicles, while the actual amount of air pollution resulting from such
vehicles is currently impossible to fully assess.

Additionally, the atmosphere is polluted by combusted rocket fuel and pollutants
released after explosions of shells, mines, bombs, and missiles. Fires caused by such
explosions form another powerful group of pollution sources. Particularly concerning
are fires resulting from attacks on oil depots and fuel storage facilities. While in the first
months of the war, Ukrainian oil depots were targeted, in late 2024 and early 2025,
Ukrainian armed forces' drones struck several dozen oil depots, refineries, and oil
terminals in Russia, which does not contribute to clean air (BBC, 2025).

Combat actions have also caused large-scale fires in natural ecosystems, primarily
forests. In March 2022 alone, over 3,200 hectares of protected forest in the Drevlyanskyi
Nature Reserve were burned due to military activities (UkrInform, 2025).

Let’s take a look into how the issues of the impact of military activities on atmospheric
air have been covered in scientific and other publications.

1.1. Greenhouse Gas Emissions and Climate Effects Amid
Increasing Militarization

In large part due to the war in Ukraine there has been a global increase in militarization,
driven both by military aid and the need to strengthen national defences, particularly in
NATO countries. This, in turn, results in higher production in the military-industrial
complex, leading to additional greenhouse gas emissions. Military equipment
production is resource- and energy-intensive, and its use on the battlefield, during
training, as well as its disposal, contributes significantly to the carbon footprint.

According to estimates (Parkinson, 2022), annual greenhouse gas emissions from the
military sector amount to approximately 500 MtCO.e, which corresponds to 1% of global
emissions. The global military carbon footprint over the first seven months of 2022
reached 2,750 MtCOze (5.5% of total emissions). The methodology used for these
estimates relies on limited data, highlighting the need for military institutions to report
their emissions using transparent and reliable data collection methods (CEOBS, 2022).
Emission assessments should cover both combat operations and complex supply
chains.

External oversight is a crucial tool for reducing military-sector emissions. In 2021, 225
organizations supported a joint call for governments to adopt concrete commitments to
address this issue (CEOBS, 2021). Given the escalation of military expenditures since

the full-scale war in Ukraine began, such measures have become particularly relevant.
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According to estimates from De Klerk (2023), after 12 months of the full-scale war in
Ukraine, greenhouse gas emissions reached 120 million tons of COze. Although these
emissions increased compared to the previous seven-month report, their growth rate
slowed down due to limitations in frontline movements and winter conditions.
Nevertheless, emissions related to combat operations remain significant and
uncontrolled. The continuous fuel consumption and the extensive use of ammunition
mean that countries, including Russia, Ukraine, and their allies, need to ramp up
production to replenish stocks. Additionally, Russia has built kilometres of fortifications
along the frontline using concrete, which has caused further carbon emissions. These
factors underscore the massive impact of war on climate and global warming.

A study by Shahiqi (2023) covers a wide range of issues, including the analysis of
greenhouse gas emissions, the consequences of bombings near nuclear reactors, the
assessment of potential meltdown risks, and their subsequent consequences. The study
also examines socio-economic aspects, the war’s impact on the global market, the
energy crisis, and inflation. It notes that the international community has shifted its
focus from combating climate change to addressing urgent problems caused by the war
in Ukraine. Part of the research is dedicated to analysing public sentiment on various
issues and comparing perspectives across different groups, revealing significant
discrepancies.

These factors exacerbate global climate change, complicating the implementation of the
Paris Agreement’s goals to limit planetary warming (IPCC, 2023). The consequences of
war have long-term effects on the climate and reduce countries’ ability to adapt due to
infrastructure destruction and resource depletion.

The war has also had significant indirect effects on factors exacerbating climate change.
A study by Oda et al. (2024) develops spatially precise assessments of greenhouse gas
emissions for Ukraine, using the best available data and expert knowledge, including
local expertise. Given data availability challenges, remote sensing (RS) allows for an
understanding and assessment of the war’s current environmental damage. The authors
propose approaches to evaluate the spatial and temporal scales of sectoral emissions
where possible.

Meteorological and climate consequences of military actions include changes in the
physical and chemical properties of the atmosphere, increased cloud cover, acidified
precipitation, occurrences of “black rain”, and rising greenhouse gas emissions, which
exacerbate global warming (Boychenko, 2024). Military activities cause massive
pollution due to forest, land, and oil storage fires, artillery and missile strikes, and
military vehicle movements.

10
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1.2. Challenges of Conducting Hydrometeorological Monitoring in
Ukraine During the War

By the end of 2023, many meteorological stations and hydrological posts in Ukraine
have ceased observations or report significant data gaps due to temporary occupation
and blackouts (Media Resource, 2018; Media Resource, 2022). Thus, using
environmental satellite monitoring as a reliable source of information for assessing
ecological conditions, especially in occupied territories, allows for remote data
collection, which is critically important during active military conflicts.

1.3. Monitoring Air Pollution During the War in Ukraine

Chemical pollution from shelling and missile attacks is a significant issue (EkoDiya,
2022). Explosions produce toxic compounds such as carbon monoxide, carbon dioxide,
nitrogen oxides, formaldehyde, hydrogen cyanide vapours, and others. The chemical
reactions triggered by these substances cause acid rain, altering soil pH, causing burns
to plants, and negatively affecting human and animal health. Metal fragments from
munitions, containing sulphur, copper, and other impurities, penetrate the soil and can
enter food chains. Other sources of pollution include burnt military equipment, crashed
aircraft, and other remnants of combat.

An analysis of formaldehyde, aerosol, carbon monoxide, nitrogen oxide, and sulphur
dioxide concentrations in the atmosphere in 2022, based on Sentinel-5P satellite data,
revealed significant changes over Ukraine (Boychenko et al., 2023). Satellite
observations from 2019 to 2022, processed on the Google Earth Engine platform and
averaged by month and year within second-level administrative units, allowed for
tracking air pollution dynamics during the war. The full-scale war in Ukraine has led to
the shutdown of many industrial enterprises, which had been primary sources of
emissions, especially in the eastern and southern regions. This resulted in pollutant
levels in these regions dropping to background values. However, active combat, heavy
shelling, military equipment usage, and fires caused significant local pollution. In some
of the areas experiencing intense fighting, pollutant concentrations exceeded the 2019-
2021 average levels by several times.

A study by Savenets et al., 2023, assessed air pollution changes after a year of full-scale
war and analysed the concentration dynamics of nitrogen dioxide (NO,) and carbon
monoxide (CO) using TROPOMI data. Missile strikes on industrial sites, wildfires along
the front line, military equipment use, and accidents significantly affected air quality. In
the early months of the war, NO, levels declined in major cities but increased near
border regions, particularly in the east and northeast. Increased CO levels were
recorded during forest fires near the front line.

Savenets et al. (2023) also examined baseline atmospheric air quality before the full-
scale invasion. Analysis of five pollutants (dust, sulphur dioxide (SO,), carbon monoxide
(CO), nitrogen dioxide (NO,), and formaldehyde (CH,0)) at 126 monitoring stations in 39

11
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cities found that exceedances were most common for dust, NO,, and CO. In the most
polluted cities, dust and NO, concentrations were significantly higher than in smaller
regional centers with lower industrial activity.

Research by Savenets et al. (2023) identified spatial distribution patterns of air pollution
across Ukraine. Polluted air from industrial regions can spread to clean areas, including
the Carpathian and Crimean Mountains, and Polissya, especially under high wind
speeds. Quantitative indicators of wind speed and direction affecting pollutant
concentrations in different regions were established.

An assessment of carbon monoxide (CO) content in the vertical column over the
Crimean Peninsula was conducted using TROPOMI data from Sentinel-5P for the period
from January 2019 to July 2023 (Maidanovych, Khlobystov, 2023). In 2022, CO levels
decreased, likely due to reduced industrial and agricultural activities, and the
withdrawal of some Russian troops to southern Ukraine. However, in the summer of
2023, CO concentrations increased, possibly due to natural processes, the redeploy-
ment of enemy heavy military equipment, and fires in Crimea. Agbehadji and Obagbuwa
(2024) highlighted the use of computational models combining statistical methods and
TROPOMI data to analyse the impact of local pollution on regional CO levels.

An air pollution index (API) analysis in Dnipro and Kamianske, based on five pollutants,
was presented by Boychenko and Korol, 2024. Ground-based observations from 2009 to
2022 showed a gradual decrease in annual emissions from stationary sources since
2015-2017. Satellite data from 2019-2022 indicated stable annual concentrations of
S0,, NO,, CO, and formaldehyde, with some monthly fluctuations. However, since
August 2021, the aerosol index in the region nearly tripled.

An environmental pollution overview in Ukraine based on hydrometeorological
monitoring network data is presented in UGMO (2024). In the first half of 2024, air
pollution assessments were conducted in 35 cities at 120 stationary monitoring stations
Monitoring in cities like Mariupol, Lysychansk, Rubizhne, and Sievierodonetsk has
ceased). Twenty-one pollutants, including eight heavy metals, were analysed. According
to monitoring data, average concentrations of formaldehyde, nitrogen dioxide, and
phenol exceeded daily permissible limits in most observed cities.

A study by Zalakeviciute et al., 2022, analysed the impact of war in Ukraine on air
quality for five pollutants (NO,, CO, Oz, SO,, and PM; s) using ground-based and satellite
observations. A 24.1% reduction in NO, levels on BAU levels was observed nationwide,
with a 40.42% reduction in Kyiv in 2022. The decline in pollution is attributed to reduced
anthropogenic activities due to intensified airstrikes and bombings. However, O; and
SO, levels increased.

The environmental consequences of hostilities on tropospheric NO, levels over Ukraine
from 2019 to 2022 were assessed in Malytska (2024). The study examined NO variability
before the war, including the impact of COVID-19 restrictions and military actions on
NO emissions. It also analysed wildfire emissions and injection heights using GFAS
inventory data and livemap.ua to assess the impact of combat-related fires on atmos-

12
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pheric pollution. Cross-border and regional air mass transport from fire sources was
analysed using the HYSPLIT model (version 5.2).

Studies by Zhang et al., 2023, and Wieczorek, 2023, explored NO variations in Poland,
Ukraine, and Russia in 2022, showing that fire spread and intensity significantly
influence NO levels in the troposphere. The impact of military actions on fire frequency
in Ukraine was also investigated.

Meng Xue (2023) used an extended detrending technique to quantify atmospheric NO,,
O3, and PM; 5 changes due to emissions fluctuations caused by the pandemic and war in
European cities. The study found that COVID-19 lockdowns reduced regional air
pollution in Europe, but military actions led to a 9.78% increase in fine particulate
matter (PM.;s) and a 10.07% increase in NO,, along with a 7.93% decrease in O3 near
combat zones. The study suggests that war-induced emissions complicated
atmospheric chemical reactions, exacerbating air pollution.

Special attention should be given to the issue of air pollution caused by the destruction
of oil and gas infrastructure facilities. In particular, from the first days of the full-scale
invasion of Ukraine by the armed forces of the Russian Federation, primary targets
included oil depots, fuel and lubricant storage facilities, and oil refineries. To assess the
emissions of pollutants into the atmosphere resulting from fires at oil depots, industrial
facilities, and within ecosystems due to military actions, and to calculate the extent of
the damage caused, the methodology approved by the Ministry of Environmental
Protection and Natural Resources of Ukraine (MingoBkisig (Ministry of Environment),
2022) is used. Risk assessments for public health related to air pollution based on this
methodology are presented in (MO3 Ykpainu, (Ministry of Health), 2022). Calculations of
pollutant emissions from oil depot fires based on specific case studies are presented in
the works of Boychenko et al. (2025a, 2025b) and Karamushka et al. (2024, 2025).

Yatsenko (2022) identified key sources of pollutant emissions during combat operations,
categorizing them into three groups: emissions from explosions and shelling of
industrial sites, emissions from natural system fires, caused by military factors, and
emissions from military fuel combustion. Emission estimates were based on EPA,
EMEP, and other standard coefficients.

Hanoshenko et al. (2022) analyzed potential military-technogenic impacts causing
severe pollution and environmental destruction. Toxic gases can form from chemical
interactions between explosion products and atmospheric air, leading to the possibility
of toxic carbon monoxide production. The gases produced by gunpowder explosions
contain 9% CO, trinitrotoluene explosions contain 57% CO, melinite explosions contain
61% CO, and picric acid explosions contain 64% CO.

The methodology for assessing the risks to public health and damages from atmos-
pheric air pollution is presented in (Karayeva, Varava, 2018; Mingosxkinasa, 2022;
Ministry of Health of Ukraine, 2022). At the same time, losses from atmospheric
pollution due to emissions of pollutants from the burning of petroleum products are
estimated at 138.7 billion UAH, forest fires on an area of 86.7 thousand hectares caused
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losses of 637.8 billion UAH (Bondar et al., 2025), but these figures are increasing as
hostilities continue.Chernysh (2022) analysed the impact of military actions on air
quality in Ukraine, providing evidence for damage compensation claims and
recommending improved air monitoring and post-war urban air quality restoration
strategies.

1.4. Impact of Fires in Natural Systems on Atmospheric Air

The analysis of the spatial and temporal spread of wild fires in the northern regions of
Ukraine during the war, particularly amid active combat, missile strikes, artillery
shelling, and other military actions, has been examined in the works of Boituenko 2024;
Boliuenko Ta iH. 2024; Boychenko et al., 2023, 2025a, 2025b, 2025c¢, 2025d; Karamushka
et al., 2022, 2023, 2024, 2025; Karamushka, Kuchma et al., 2023. Satellite data (FIMS)
were used for this purpose. In 2022, 2,360 fires were recorded in these regions, while in
2023, there were 495. The fires caused gas-aerosol pollution in the atmosphere of these
areas. The analysis of daily fluctuations in the aerosol absorption index (AAI) in the
vertical air column over the Kyiv region and the Chornobyl Exclusion Zone in 2022-2023
demonstrated that military actions increased the risk of fires and complicated their
suppression.

War increases the risks of forest fire outbreaks and spreads. It has had a negative
impact on the vegetation cover of affected regions. The study by Matsala et al., 2024,
examined the interaction between pre-war forest management and the consequences of
military actions in three of the most forested Ukrainian territories affected by the war:
forests between Kharkiv and Luhansk, forests along the Dnipro Delta, and the forests of
the Chornobyl Exclusion Zone. To create masks of damaged forest cover for 2022,
Sentinel satellite images were used. A map was created marking forests with increased
fire hazard, determined by the vulnerability of land use to fire support. These results
indicate the need for ecologically balanced forest management in post-war Ukraine.

An article by Tomchenko et al., 2023, assessed changes in Ukraine’s environment,
particularly due to fires caused by military actions. The study provided examples of
using remote sensing to detect changes in territories affected by military actions and
evaluated the total number of fires in 2022. The authors proposed a methodology for
obtaining daily data on fire localization in active combat zones, particularly in 15
Ukrainian regions closest to the front line. The results showed that the VIIRS
spectroradiometer and the FIRMS resource are effective tools for monitoring fires and
assessing environmental changes caused by them due to military actions in Ukraine.

In the study by Zibtsev et al., 2024, carbon emissions from landscape fires in Ukraine
during 2022 were assessed. OroraTech forest fire monitoring technology was used to
detect fires, while the perimeters of burned areas were determined using Sentinel-2
satellite imagery time series. The Copernicus Dynamic Land Cover map was used to
classify the burned areas by land cover type. Carbon emissions were calculated based
on fire intensity (ANBR) and the proportion of burned biomass in different land cover
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types. According to the calculations, the total area affected by landscape fires in 2022
reached 749.5 thousand hectares, including 419.1 thousand hectares of arable land,
273.8 thousand hectares of other natural vegetation types, 31.1 thousand hectares of
coniferous forests, and 25.5 thousand hectares of other forests. The impact of war on
landscape fires is confirmed by the high proportion of fires occurring within a 60-
kilometer buffer zone along the front line—68.9% of the total burned area. The study
results provide critical information for assessing ecosystem service losses and carbon
emissions and confirming the impact of military actions on landscape fires.

A study by Chernogor et al., 2024, calculated the energy parameters of forest and grass-
land fires caused by summer heat and military actions in Ukraine in 2024. Emissions of
smoke, soot, and nitrogen oxides significantly exceeded background levels of these
substances. The injection of polycyclic aromatic hydrocarbons exceeded background
values by 570 times, while PM, 5 exceeded them by 14 times, and the power of acoustic
radiation was 30 times higher. Emissions of CO and SOx did not exceed several dozen
percent of background values. In addition to military actions, the spread of fires in
natural systems was facilitated by high air temperatures, lack of rainfall, and wind.

Short conclusions

Military actions in Ukraine have caused large-scale atmospheric pollution due to fires,
shelling, the use of military equipment, and infrastructure destruction. Military
activities, particularly the production and deployment of equipment, significantly
increase global greenhouse gas emissions, negatively affecting climate change. Satellite
and ground-based methods for monitoring atmospheric pollution are actively used to
assess the war's environmental impact. However, access to data in active combat
regions remains limited. General air quality changes are often difficult to determine for
large areas due to meteorological influences, which create favourable conditions for
pollution accumulation or dispersion. One of the priority areas is the development of
monitoring systems that provide real-time assessments of natural resources in order to
respond promptly to military actions and minimize environmental losses.

The most active research groups in Ukraine focused on studying and assessing the
military impact on atmospheric pollution are affiliated with following academic
institutes:

e The National University of “Kyiv-Mohyla Academy” (Boychenko S., Karamushka
V., KuchmaT.)

e The Ukrainian Hydrometeorological Institute (Savenets M., Osadchyi V., Komisar
K., Zhemera N., Oreshchenko A., Dvoretska 1.V., Kozlenko T.V., Umanets A.P.,
Zhemera N.S., Nadtochii L.M.)

e A leading group researching fires in Ukraine’s natural systems is the Sergii
Zibtsev group from the National University of Life and Environmental Sciences of
Ukraine.
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CRATER AFTER THE ARRIVAL
OF A ROCKET IN THE FOREST
NEAR THE VILLAGE OF BUDA-
BABYNETSKA. KYIV REGION,
24 MAY 2024.

2. The Impact of Military Actions on
Land Resources and the Geological
Environment in Ukraine

2.1. Types of Impact on Land Resources and Consequences

One of the most dangerous and long-term environmental consequences of Russia's
aggression against Ukraine is land contamination. The war is severely damaging one of
Ukraine's main assets—its soil resources. Soil absorbs the primary impact of military
actions, suffering the most contamination. As an inert component of the ecosystem, it
can retain the consequences of war for a long time (Bonchkovskyi et al., 2023), leading
to the destruction of the country's agricultural potential (Strokal et al., 2023).
Explosions from rockets, aerial bombs, artillery shells, heavy military equipment
movement, fortification construction, landmines, and spills of fuel, lubricants, and
other hazardous substances create craters, destroy soil cover and underlying rocks,
pollute and compact soils, affect the aeration zone, and contaminate groundwater. Fires
destroy soil biota and vegetation.

Various types of soil degradation occur simultaneously, among which the authors
(Balyuk, Kucher, Soloha & Solovey, 2024) identify:

16



RETURN: RESTORING ENVIRONMENTS IN UKRAINE

Mechanical degradation: formation of craters, soil layer mixing, destruction of soil
morphology, severe compaction leading to erosion.

Physical degradation: changes in soil properties such as granulometric and aggregate
composition, thermal impact, and humus layer disturbance.

Chemical degradation: contamination with toxic elements, including heavy metals,
radionuclides, dioxins, and humus layer alteration due to fires and explosions.

Physico-chemical degradation: changes in soil pH and salinization.

Biological degradation: loss of soil biodiversity, sanitary condition deterioration,
reduced biological activity, and impaired self-purification and humus formation
processes.

2.2. Scale of Impact on Land Resources

According to maps developed by scientists at the “O.N. Sokolovsky Institute of Soil
Science and Agrochemistry” (bastok Ta iH., 2024) as of May 2022, the largest areas
affected by hostilities were:

e Ordinary chernozems — 50.1 thousand km?
e Sod-podzolic soils — 29.4 thousand km”
e Southern chernozems - 16.2 thousand km®
e Dark chestnut soils — 9.6 thousand km?.

Thus, the most affected areas are valuable chernozem soils located in combat zones,
particularly in Mykolaiv, Kherson, Zaporizhzhia, Donetsk, and Luhansk regions.

In March 2023, the Institute released an updated map (Balyuk, et al. 2024) showing that
around 15 million hectares of land, primarily agricultural, were affected by military
actions at different times. The total area of affected land in temporarily occupied, de-
occupied, and frontline areas accounts for up to 20% of Ukraine's territory. Summarized
maps of damaged land are available on the institute's online portal (UGC 2024, 2024a,
2024b, 2024c).

2.3. Assessment of Impact on Land Resources

Balyuk, Kucher, & Romashchenko (2024) developed and tested a comprehensive
methodology for assessing war-damaged soils, including geospatial, field, and
laboratory research stages. It evaluates physical, chemical, and physico-chemical
impacts of military actions on soils, tested in Kharkiv region.

Damage assessment follows the “Methodology for Determining the Damage to Soils and
Lands Due to Emergencies or Armed Aggression”, approved by the Ministry of
Environmental Protection and Natural Resources of Ukraine on April 4, 2022 (Order No.
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167). The development of methodological foundations for damage assessment and the
improvement of the approved national methodology have been addressed in various
studies (Baranenko & Rusin, 2023; Didukh, 2022; Demidenko & Stakhiv, 2022;
Tymchenko et al., 2024; Kucher and Kucher, 2024; Romanenko, Krysinska, &
Tymchenko, 2024; Churilova & Strelnyk, 2022; Shpylova, Bendasiuk, & Lahodienko,
2023; Khomyak, 2022).

In particular, Didukh (2022) examines the issue of damage assessment using an
ecosystem-based approach, where the evaluation is conducted on a point scale based
on three criteria: degree of damage, resilience, and vulnerability, using urban
ecosystems as an example. The study provides an example of a point-based assessment
of damage to urban ecosystems resulting from military actions. However, this research
does not include a mechanism for calculating the monetary cost of damages and focuses
only on general principles of damage assessment.

The works of Kucher (2022) and Romanenko, Krysinska, & Tymchenko (2024) analyse the
strengths and weaknesses of the national methodology and explore ways to improve it.

Kucher (2022) conducts a detailed analysis of the methodology for determining the
extent of damage to soil and land caused by emergencies or armed aggression. He
highlights several weaknesses, including the failure to account for lost benefits
(foregone income) due to reduced soil productivity as a result of mechanical, chemical,
physical, physicochemical, and biological degradation.

Other issues include insufficient justification of certain coefficients. For example, when
determining the amount of damage from soil contamination, the specific costs for
eliminating the consequences of soil contamination of the relevant land plot (A) are
taken at 1.5, i.e. they are actually equated to one and a half times the normative
monetary value of the land plot whose soils have been contaminated. However, some
experts propose to apply a value of 10 for the indicator A, taking into account the special
status of land as a major national asset, the danger of pollutants (heavy metals), the
duration and significant cost of soil restoration measures. It means that the
determination of the coefficients has weak justification base. The omission of costs
associated with assessing the extent of damage and losses (such as sample collection,
remote sensing, and calculations) is another issue. Therefore, Kucher (2022) provides
some proposals for improving the methodology.

The collective monograph edited by Balyuk and Kucher (2015) addresses the
organizational, economic, environmental, and regulatory aspects of the rational use of
soil resources and soil fertility restoration, including the methodological foundations for
calculating ecological and economic damages caused by soil degradation.

A study of soil contamination from missile attacks near Lviv (Petrushka et al., 2024)
proposes assessing soil pollution levels using various criteria, including the
contamination factor (Cf), ecological risk factor (Er), potential ecological risk index (Ri),
geoaccumulation index (Igeo), and the National Iron Plus Initiative (NIPI) ecological risk
coefficient.
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An important step in assessing damage to soil and land resulting from armed aggression
is determining the extent of contamination. This assessment is based on land plot
inspections, remote sensing data, and the analysis of collected soil samples.

2.4. Remote Methods for Studying Land Resource Impact

Remote land monitoring is increasingly effective for analysing war-induced soil damage,
such as craters, fires, humus layer loss, and mechanical or physical degradation
(Dovhyi, Babiychuk, & Tomchenko, 2023; Osadchyi, Oreshchenko, & Savenets, 2023;
Barabash, Parkhomchuk, & Shelestov, 2023; Tymchenko et al., 2024; Soloha et al.,
2024).

An automated method was developed for detecting war-damaged agricultural land using
free Sentinel-2 satellite data. Spectral bands with 10m resolution and vegetation
indices, along with statistical indicators over time, serve as inputs for random forest
classifiers. The algorithm effectively identifies damaged fields with 85% accuracy.
Further anomaly detection refines damage assessment by combining spectral bands and
indices (Kussul et al., 2023).

Banduryan, Kovalevskyi, Koloskov, & Lytvynenko (2023) propose infrared radiation
distribution measurements with spectrometric analysis to detect pollutants beneath
clean soil layers. This method delineates contamination zones without extensive
sampling and may assess war-induced erosion risks.

A study using high-resolution Maxar satellite images in Chernihiv region identified 4,914
craters, 2,912 of which were in arable land, with diameters ranging from 0.5 to 13.8
meters (Bonchkovskyi et al., 2023). The study suggests classifying craters into bombing
and contamination zones based on soil displacement, compaction, and pollution levels.
In the bombing zone, the soil was redeposited, ejected, displaced, compacted,
deformed, and heavily contaminated, whereas in the contamination zone, the soil
remained mostly physically undisturbed but was slightly contaminated with explosives,
shells, and bomb fragments.

Barabash, Parkhomchuk, & Shelestov (2023) propose a methodology for identifying war-
damaged agricultural fields (craters, shelling marks, burned fields) by calculating NDVI
index differences and spectral distribution using Sentinel-2 data.

Remote methods also help assess the war's impact on protective forest belts, crucial for
soil preservation. A study (Matsala et al., 2025) found that as of 2023, 18% of protective
plantings (forest shelter belts) in Ukraine's eastern agroforestry region were damaged.
While total loss of agricultural protection was moderate (2.7%), local hotspots saw up to
57% losses, correlating with proximity to intense combat zones in 2022-2023.

Challenges remain in validating remote data and using it as legal evidence for soil
damage assessments due to low resolution of available satellite images, subjective
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interpretation in image analysis, lack of clear GIS data requirements, vegetation
differences, and plant species identification difficulties via remote access.

2.5. Analysis of Soil Conditions: Sampling

Soil sampling and analysis for contaminants also present a number of challenges,
particularly in interpreting and extrapolating data due to the lack of comprehensive
prior soil studies, background pollutant levels in combat zones, insufficient number of
accredited laboratories, variability in soil composition, climatic conditions, and
anthropogenic factors having cumulative effects, among others.

Soil sampling requirements are regulated by the current standard (National Standard of
Ukraine, 2019). At the same time, scientifically grounded methodological
recommendations for soil sampling in combat zones have been developed (Splodytel et
al.,, 2023). These recommendations systematize strategies and approaches for sample
collection, propose a scientific-research algorithm for soil studies in combat zones,
focus on studying the environmental problems caused by military impacts on soils,
identify sources of pollution, and assess the impact of war on the ecological and
geochemical state of soils (Shebanina et al., 2023).

2.6. Physical and Mechanical Impacts on Land Resources

Under the weight pressure from heavy machinery, normal bonds between soil particles
are destroyed, disrupting their structure and altering aggregate shapes (Strokal et al.,
2023). As aresult, the soil becomes compacted, reducing pore volume, which directly
affects soil permeability. Consequently, the amount of productive moisture in the soil
decreases significantly, which limits and slows down plant growth and development,
metabolic exchange, and gas cycling, increasing the likelihood of aeration-related
problems.

Soil degradation due to military activities has also manifested in changes in granulo-
metric fractions at explosion sites, burn areas, and locations contaminated with heavy
metals. Studies conducted in different areas near Kharkiv, Ukarine, showed that the
burning of ammunition has led to an increase in sand fraction (2.0-0.05 mm) by 1.2-1.8
times and a decrease in clay fraction (<0.002 mm) by 1.1-1.2 times (Solokha et al., 2023).

2.7. Soil Contamination with Heavy Metals

Shelling, explosions, and fires introduce manganese, chromium, arsenic, copper,
nickel, zinc, cadmium, lead, and barium into the soil. Pollution from ammunition
remnants is particularly concerning, as toxic metals and their alloys enter the soil in
pure form or as oxides after exposure to high temperatures during explosions. These
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substances are chemically stable in the natural soil environment, requiring time and
abiotic and biotic processes to transition into more active forms (Agrilab, 2022).

The explosion of a single ballistic missile releases over 60 kg of toxic substances into
the soil. Greaves & Hunt (2022) reported that harmful emissions typically include
carbon monoxide, nitrogen dioxide, heavy metals, and solid rocket fuel residues.

Chemical soil contamination has been addressed in several studies (Splodytel et al.,
2023; Kravchenko, 2015; Balyuk, Kucher, & Romashchenko, 2024; Baran, Kravchenko,
Melen-Zabramna, & Shumylo-Tapiola, 2024; Zaitsev, Hryshchenko, Romanova, &
Zaitseva, 2022; Chernysh et al., 2024; Havryliuk et al. 2025). However, some studies
present differing results regarding contaminant distribution, composition of particularly
hazardous pollutants, and their concentration levels. These discrepancies may be due
to varying sampling conditions, differences in background concentrations of chemical
elements in soils, and the accuracy of laboratory analyses.

Soil contamination levels with heavy metals significantly exceed hygiene standards,
with the highest pollution levels recorded for Pb, Zn, and Cd (Solokha et al., 2023).
Experimental data confirm that in all soil samples collected around the impact sites of
X-101/X-555 cruise missiles near Lviv, concentrations of Ti, Zn, Cu, and Ni exceed
permissible limits several times over (Petrushka et al., 2023).

In Kharkiv Region, cadmium contamination has increased by 200% in areas
experiencing heavy shelling, in Kherson and Zaporizhzhia Regions—by 139% and 156%,
respectively, along with an increase in petroleum product spills (Shebanina et al., 2023).

Soil studies conducted in the area of hostilities showed that in Dnipropetrovsk region,
lead contamination exceeds the maximum permissible concentrations (MPC) by 3 times,
and fluoride—by 1.5 times. In Mykolaiv region, lead levels exceed MPC by 5 times, while
zinc, copper, fluoride, and petroleum product content has increased by a quarter. In
Zaporizhzhia region, lead concentrations exceed MPC by 11.17 times, with zinc and
fluoride increasing by half, petroleum products by 35%, and phosphates by 30% (Bulba
et al., 2024).

Additionally, military actions have been found to affect the physicochemical properties
of soils, including an increase in soil acidity (pH) and the density of the arable soil layer
(Biyashev et al., 2023).

Elevated iron content has been recorded at the military training ground in Cherkasy
region, likely linked to the use of explosives. The maximum lead content was close to
the MPC, and the pH level indicated a slightly acidic soil state in training areas,
potentially impacting fertility and plant growth (Shaforost et al., 2024).

In Sumy and Okhtyrka districts of Sumy region, agricultural lands in contaminated
areas exhibited lead levels 5.4 times higher than background values, manganese—4.8
times, copper—4.6 times, zinc—3.9 times, cadmium—1.4 times, nickel and iron—1.2
and 1.1 times, respectively (Zaitsev et al., 2022). The highest degree of soil cover
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disturbance due to military actions was observed at sites with burned military
equipment. A significantly higher variation coefficient of heavy metal content was noted
in combat zones compared to non-combat areas (background values), suggesting the
intensity of negative impacts on soil cover.

Correlation analysis results indicate an extremely strong dependence between the
content of studied heavy metal forms. However, research on the impact of bombings in
Chernihiv and Sumy regions did not show clear patterns of increasing concentrations of
barium, zirconium, rubidium, zinc, and vanadium compared to control plots (Datsko et
al., 2024).

At sites near Novyi Korotych and Mala Rohan in Kharkiv region, increased
concentrations of heavy metals (manganese, iron, cobalt, copper, cadmium, chromium,
lead, and nickel) were recorded in soils of shelled areas compared to unshelled ones
(Solokha et al., 2023).

A classification and assessment system for military soil degradation in terms of
chemical contamination with organic and inorganic compounds was proposed for
Chkalivska Territorial Community, Chuhuiv Raion, Kharkiv region (Smirnova et al.,
2024). It has been established that in recently demined areas of the de-occupied
territory, there is a slight increase in the content of lead (1.4 times), cobalt (1.3 times),
iron (1.6 times), and zinc (2.6 times) compared to the pre-war (background) levels. Over
time, a slight decrease in the content of mobile cadmium, lead, nickel, cobalt, and iron
has been observed. Very low concentrations of all polycyclic aromatic hydrocarbons,
explosive substances, and related nitroaromatic compounds have been detected in the
studied soils.

The above-mentioned works lack data on elevated arsenic concentrations and
information on the routes of contaminant entry into soils. Some information can be
found in the work of Xue (2023), which graphically represents arsenic pollution of the
atmosphere due to explosions, which likely reaches the soil through atmospheric
precipitation. A study by Yakymchuk et al. (2024) states that arsenic is used in
ammunition, paints, and electronic components of military equipment. Soil
contamination with arsenic may occur due to the disposal of ammunition or the
degradation of arsenic-containing materials. The author notes that arsenic content in
soils affected by military actions reaches 20-50 mg/kg. Arsenic accumulation in soil can
suppress plant growth, disrupt soil microbial communities, and contaminate food
crops. Chronic arsenic exposure can lead to cancer, developmental abnormalities, and
immune suppression in both wildlife and humans, impacting biodiversity. The challenge
lies in the fact that before the full-scale invasion, contaminants such as arsenic were
not given attention and were not included in the chemical analysis of Ukrainian soils.

The dynamics of metal behaviour in the soil, introduced as a result of combat actions,
depend on multiple factors, including transport by flow, diffusion, root uptake by
plants, adsorption/desorption, precipitation/dissolution, and soil parameters such as
soil type, porosity, electrical conductivity, organic carbon content, and pH. The time
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elapsed since the mechanical impact of an artillery strike also plays an important role.
Numerous modelling results have shown that different heavy metals exhibit varying
degrees of mobility in soil. Some metals, such as Fe, Pb, Sb, Zn, Co, and Cr, demonstrate
high mobility, whereas others, such as As, Mn, Cd, Hg, V, and Cu, show lower activity. It
has been found that the diffusion rate of certain heavy metals in different soil types
follows a two-phase dynamic: initially, metals are released intensively, followed by a
sharp decline in the release rate (Trokhymenko et al., 2023).

2.8. Impact of Unexploded Ordnance and Landmines on Land
Resources

Unexploded ordnance (UXO) and landmines pose long-term risks to soil quality and land
use. Their presence leads to soil contamination with explosive residues and heavy
metals. Studies from Cambodia and Bosnia indicate that soils contaminated with
explosive remnants exhibit altered microbial communities and impaired plant growth.
The impact of UXO on the environment can be significant. UXO also hinders post-war
recovery and agricultural development, leaving vast arable land areas underutilized.
Moreover, the detonation of munitions releases toxic chemicals into the soil,
exacerbating contamination (Didenko et al., 2024). Soil suitability for agriculture post-
demining remains a subject for further research (Drobitko & Alakbarov, 2023).

2.9. Contamination of Soil and Geological Environment with
Petroleum Products

Pollution from petroleum-based fuels and lubricants is one of the most widespread
forms of contamination caused by military activity. This occurs due to the operation of
heavy military equipment, attacks on oil industry infrastructure and industrial facilities,
accidents, and other incidents. Petroleum products alter the chemical and physical
properties of the soil, killing most soil flora and fauna organisms, except for the most
resilient ones (Biyashev et al., 2023).

In cases of significant oil spills, infiltration into deeper geological layers and
groundwater has been recorded. Detecting and studying such infiltration is a complex
task that requires specialized methodological approaches. This issue is highlighted by
Havryliuk et al., 2024, who propose specific methodological approaches for ecological
and geological assessments of petroleum contamination in geological environments,
developed based on their extensive experience. The authors of this study outline
general principles for organizing and conducting field surveys, propose the types and
scope of research at all assessment stages, and examine the specifics of drilling wells
and performing accompanying work in petroleum-contaminated areas. Clearly, such
studies will become increasingly important given the widespread occurrence of
petroleum contamination hotspots in soils and geological environments, particularly in
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cases of the destruction of oil depots, refineries, and terminals (Karamushka,
Boychenko, & Havryliuk, 2024; Karamushka V., Derevska K., Sova., 2024).

2.10. Military Impact on Soil Biota

Explosions and the combustion of armoured vehicles have a significant impact on soil
mesobiota and plants. Obtained results indicate the existence of complex interactions
between various factors in the soil environment after an explosion, which significantly
affect soil health. According to Solokha et al., (2023, 2024), contaminated areas have
undergone changes in microbiome structure (an increase in the proportion of mycelial
organisms by 20.5 times), suppression of microbiological processes (a decrease by 1.2
times), reduction of microbial biomass (decrease by 2.1 times), and high soil toxicity
(99.8%).

The accumulation of heavy metals in the soil affects its fertility and microbiological
activity (Zaitsev et al., 2022). In addition to heavy metals, explosives also enter the soil:
2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine, octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine, nitroglycerin, nitrocellulose, 2,4-dinitrotoluene, and
various perchlorate compounds used in rocket and gunpowder fuels. The use of
phosphorus bombs results in the formation of phosphoric acids, phosphine, and white
phosphorus particles wrapped in oxides, which can persist in the soil for years. These
toxic substances interact with soil organic matter and its absorption complex, which is
crucial for soil fertility (Biliavska et al., 2024).

In response to this, research has been initiated to justify diagnostic indicators for
characterizing the bioactivity of soils affected by toxic substances (Biliavska et al.,
2024). It has been established that the level of the repression of the microbiota in soil
affected by explosions was exceptionally high compared to undamaged soil. The most
sensitive were phosphate-mobilizing, nitrogen-fixing, and amylolytic (including
streptomycetes) microorganisms. Pilot application of bioremediation measures by
introducing microbial biomass and culture media into the soil showed promising results
in restoring the main groups of soil microorganisms, which is an important indication of
the potential of the bioremediation approach for further development of a
comprehensive plan for restoring affected soils.

Studies on the impact of military training grounds highlight a lack of information on the
impact on soil organism groups such as mites, ants, or gastropods, which play a crucial
role in soil functioning (Rodriguez-Seijo et al., 2024). Data on combined effects (e.g.,
PTEs [potentially toxic elements such as As, Cd, Cu, Hg, Mn, Pb, Sb, Zn) + TNT and PTEs
+ PAHs (polycyclic aromatic hydrocarbons) are insufficient, as some studies focused on
a single pollutant, usually Pb, whereas more realistic studies would investigate
combined pollutants. Ecotoxicological analyses should also cover other underexplored
ammunition elements such as Bi, Cu, or W. More studies are needed across different
biological levels, as the impact of the same pollutant can vary for soil microorganisms,
micro-, meso-, or macrofauna, and soil properties or absorption capacity affect
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RESCUERS CLEAR THE
RUBBLE OF A BUILDING
AFTER A ROCKET ATTACK.
KYIV, 24 APRIL 2025.

6. Green Recovery of War-Damaged
Natural and Anthropogenic Systems

Despite the fact that the Russian Federation continues to terrorize the population of
Ukraine and destroy residential and industrial infrastructure with ongoing missile and
drone attacks, artillery shelling, and aerial bombardment, we understand that this will
not last forever. We believe that we will persevere in this struggle, and sooner or later,
peace will come to Ukrainian soil. We will rebuild the devastated country, restore what
has been destroyed, and construct anew, cleansing our environment from the severe
consequences of war. Discussions about the principles and paths of such recovery are
already actively taking place among representatives of the academic sector,
policymakers, and businesspeople not only from Ukraine but also from supporting
countries. Conceptually, such recovery must be as environmentally friendly as possible,
using the best available technologies and practices. The term most frequently used in
this context is “green recovery”.

6.1. Vision for Post-War Recovery and Development of the Country

The concept of “green recovery” and its connection to related notions such as “green

economy”, “green development”, and “green growth” is analysed in the study by
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Kotkovskyi et al. (2023). The authors discuss the principles of green recovery and
present three models: ambitious, pragmatic, and inertial. The study also analyses the
direct economic losses Ukraine has suffered as a result of hostilities and presents a
regional breakdown of destroyed or damaged residential buildings as of February 2023.
Special attention is paid to financial instruments that support green recovery, including
green mortgage loans, loans for energy modernization of buildings, and green loans for
commercial construction, among others. The authors define three stages of green
reconstruction in Ukraine through 2032, with a specific action plan. The study also
offers practical recommendations for green recovery in various sectors, defines the
essence of the green economy, and its role in Ukraine’s future post-war recovery. It
argues that developing a green economy is a necessity of our time. It is noted that
Ukraine currently demonstrates a basic level of preparedness in the environmental and
climate domains and is only slowly implementing EU green directives, mainly due to the
ongoing war.

One critical component of green economic development is the annual increase in the
production and use of alternative energy sources to ensure the country's energy
independence. Recent events have shown the lack of energy security associated with
traditional energy and fuel sources (Bilokinna, 2023). The study provides an overview of
the legal and methodological frameworks of Ukrainian and EU environmental laws, as
well as national and international reports, expert assessments, monographs, and other
publications that highlight the relevance of green growth on both global and national
levels (Halushkina, et al., 2017). It also summarizes the principles of green post-war
recovery for sustainable economic and community development. The authors justify the
importance of European experience in energy transition, which relies on best available
technologies and practices. They analyse changes in electricity generation and the
structure of Ukraine’s renewable energy market (RES). The study outlines the necessary
and sufficient conditions for economic mechanisms to incentivize renewable energy
generation, as well as Ukraine’s forced transformation of its energy system in response
to Russian aggression.

The study also explores international support programs for the development of
Ukraine’s energy system and demonstrates the economic feasibility of investing in
renewable energy, highlighting key risks and barriers to such investments, particularly
in solar energy.It argues that Ukraine’s energy strategy requires ambitious reforms in
the post-war recovery period to ensure energy independence and security, and to
enhance the well-being of its citizens. The RES should not be viewed merely as one of
the options for diversification, but as the foundation of Ukraine’s energy recovery
(Metelenko N. et al., 2022).

More detailed information on Ukraine's post-war recovery—considering energy and
climate aspects, EU integration under the European Green Deal, and the role of local
self-government in development and community resilience—is provided by Kondratiuk
0. et al. (2023). A specific case study on the city of Zaporizhzhia analyses the key
challenges and priority actions for green post-war recovery of the local community.
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The guide presents structural-logical recovery frameworks in the form of roadmaps for
the most vulnerable sectors heavily damaged during the full-scale war and critical for
sustainable urban development. This guide is valuable for local governments, territorial
communities, international organizations and donors, civil society organizations, and all
interested in contributing to the recovery of the Zaporizhzhia region and Ukraine
(Zelena knyha (Green Book), 2024).

EU integration involves preparing for the implementation of a national emissions
trading system (ETS) in Ukraine, ensuring the recognition of renewable energy
guarantees of origin at the EU level, establishing financial support mechanisms and
investment guarantees for new generation capacities and grid restoration, improving
energy labelling requirements for goods sold in Ukraine, and developing a new
generation of climate strategies and documents—including a Long-Term Low-Emission
Development Strategy, a Climate Adaptation Strategy, and an updated Nationally
Determined Contribution (NDC).

6.2. “Green Economy” During Wartime and Directions for Its
Adaptation to Resource Limitations and Management Variability

In 2024-2025, publications began to emerge regarding the adaptation of “green”
economic solutions to wartime realities. In particular, Melnyk et al. (2025) propose to
consider the features of ecological and economic justification of green solutions under
wartime conditions. The study offers the first comprehensive analysis of the challenges
and prospects for the development of renewable energy in Ukraine during the war. It
examines not only the environmental and economic aspects of the transition but also
the impact of martial law on energy infrastructure, investment climate, and state policy.
Theoretical aspects of the transition to green energy in Ukraine reveal key ecological,
economic, and social advantages of renewable energy sources compared to traditional
fossil fuels. Key scenarios and strategies for post-war reconstruction of the energy
sector are defined, with an emphasis on green technologies. The current state of
“brown” energy in Ukraine is analysed, the potential of renewable energy sources is
assessed, and the impact of war on energy infrastructure is evaluated. The authors
explore the challenges and prospects of a green transition and develop
recommendations for optimizing the process of post-war transition from brown to green
energy in Ukraine.

The search for effective ecologically oriented solutions is linked to aligning the interests
of stakeholders under conditions of extreme economic activity. In particular, Morozov
et al. (2025) note that the green economy transition is impossible without active
participation from all market players, including government bodies, financial
institutions, and individual investors. Deeper integration of environmental and social
priorities into financial processes can ensure a balance that considers the interests of
society as a whole. This requires access to modern financial instruments such as green
bonds, ecological funds, and public-private partnership mechanisms, which can
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mobilize significant capital for environmentally oriented projects. This approach would
not only help achieve sustainable development goals but also enhance the
competitiveness of the national economy in the global arena.

Damaged territories and depleted community resources must be restored to meet basic
needs based on green economy principles. This would enable sustainable development
in the future, rather than using available material resources for short-sighted decisions.
This is discussed in the work of Akymenko et al. (2025), where the authors highlight key
approaches that should underlie the planning and implementation of recovery
measures. This would ensure not only effective restoration of what has been destroyed
but also the sustainable development of communities in line with current European
standards and global trends.

Issues of restoring damaged ecosystems, especially in agro-landscapes, are examined
separately. The largest losses of forested areas were recorded in Zhytomyr, Rivne, Kyiv,
and Volyn regions, which together accounted for 52% of total forest loss in Ukraine due
to the war. The occupation of 600,000 hectares of forest (out of approximately 10.5
million hectares of total forest area) caused direct losses to the forestry sector
amounting to UAH 13.2 million. However, this figure does not account for long-term
negative consequences such as ecosystem degradation, illegal logging, biodiversity loss,
environmental pollution, and destruction of forestry infrastructure. Systemic problems
in forest ecosystem management were identified: inadequate state policy on the use of
ecosystem services, insufficient funding to address climate change consequences,
outdated infrastructure, and management strategies. It is noted that ecologisation and
modernization of the forestry sector in 2021 enabled a 259-fold reduction in forest fire
areas through continuous remote and online monitoring. The necessity of clustering the
forestry sector is justified as an innovative approach to forest ecosystem restoration.
Clustering consists of uniting enterprises, scientific institutions, government agencies,
banking institutions, and public organizations that cooperate and are connected by a
single technological chain (lnbHunbka-I'ukaBayk 2010). This approach is aiming to
balance economic, social, and environmental components of regional development.

An interesting study by Seliuchenko and Panchenko (2025) examines the dynamics of
environmental protection expenditures during Russia's full-scale invasion of Ukraine.
The authors identified the impact of the full-scale war on regional environmental
spending policies. They calculated integral indicators characterizing the environmental
spending policies of Ukraine’s regions, and analysed the dynamics and specifics of
environmental policy funding.

A feature of comprehensive assessments of the environment affected by war is the
attempt to define the trajectory for future recovery of Ukraine’s economy and
territories, based on understanding the nature and specifics of actions being
implemented today. The vision of “green” recovery relies on an assessment of economic
prospects under conditions of energy shortages, unstable logistics, changes in labour
potential, and the need to account for ongoing threats from missile and drone attacks
across much of Ukraine. At the same time, Ukraine continues its path toward EU
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integration. Consequently, a large number of publications focus on incorporating Euro-
integration prospects into wartime and postwar economic policy. For example, the
article by Voitovych and Fedyk (2024) explores strategic directions for implementing
new economic goals based on industrial potential recovery, modernization of critical
infrastructure, and development of innovative economic sectors. To enhance analytical
support for decision-making, a systemic model of Ukraine’s post-war recovery is
proposed, which, according to Semenenko et al. (2025), includes an assessment of the
effectiveness of regional security measures by combining economic and security
management functions in war-affected territories.At the same time, scenarios are being
developed (Mykytenko et al., 2025) for seven macro-regional zones of Ukraine’s post-
war spatial recovery: Activation Zone, Transition Zone, Eastern and Southern
Decompression Lines, Western Stimulation Zone, Central Modernization Zone, and the
Southeastern Industrial Belt. For the first time, hybrid reconstruction scenarios for each
zone have been proposed through 2030. These synchronize social, environmental, and
economic aspects, accounting for modern challenges including climate change, post-
war reintegration, and infrastructure modernization.

In parallel, the legal aspects of these processes are defined by a number of Ukrainian
and international scholars, including Shkurov (2025), who argues that incorporating
socio-cultural, economic, and environmental factors into the legal framework
substantiates the practical and managerial significance of scientific and expert
research.

6.3.“Green Economy” in Ukraine’s Post-War Development

In addition to the significant impact of factors related to the full-scale Russian invasion,
Ukraine must also take into account the influence of other external factors that will
determine the prospects for green recovery, economic growth, and accession to the EU
(Ykpaina Ta EBponeticbkuit 3esenuit kypc (Ukraine and the European Green Deal, 2023,
2024). The interconnection between “green” energy and the circular economy is a
foundation that contributes to the formation of a green economy. The implementation of
a green economy is an important step toward sustainable societal development and
environmental protection. Realizing a green economy includes measures such as the
use of renewable energy sources, the implementation of energy-saving and energy-
efficient technologies, and the stimulation of product manufacturing with recyclability
in mind. The green economy contributes to improving quality of life, creates new jobs in
the renewable technology sector, and enhances the competitiveness of the entire
economy (Prokhorova et al., 2024).

If we divide the research by Ukrainian and foreign scholars into theory, methodology,
and practical implementation of results in this field, we can summarize the following:

Theoretical foundations for implementing the green economy model in Ukraine are
reflected in educational and scholarly works by Ukrainian and foreign scholars, such as
Halushkina, et al. (2017), Kondratiuk, et al. (2023), Bilokinna (2023), Savchenko, et al.
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(2023), among others. These works outline the theoretical and methodological basis of
integrated strategies for green recovery under conditions of limited financial support for
investment activities, as well as alignment with EU integration requirements for the
general development of productive forces.

Methodological foundations of green recovery are explored in works by Chuhunov et
al. (2023), Sahaidak et al. (2022), Bakry et al. (2023), Heijer et al. (2023), among others.
These works justify the transition to a green recovery model, describe national
characteristics of implementing the green economic policy, consider alternative
financial models, detail financial tools for implementing green growth among economic
actors, and propose technological and organizational solutions in the field of green
construction. They also cover compliance with regulatory and technological
requirements for deploying green energy in war-damaged territories, the
implementation of circular economy principles in Ukraine’s energy policy, renewable
energy sources, green energy solutions, and mechanisms for achieving sustainable
development goals during the reconstruction of war-affected areas.

Practical cases and guidelines are presented in works by Ustinova et al. (2023), Zaiets,
et al. (2023), Chichkalo-Kondratska, et al. (2018), Zinchenko and Apalkov (2024), The
Green Recovery Book (2024), among others. The authors examine emissions trading
systems and guarantees of emissions policy enforcement, climate strategies, municipal
budgets, key recovery benchmarks, energy security, waste recycling technologies, and
circular technologies in economic processes in the context of environmental safety. The
publications also analyse challenges and measures, explore green investment practices,
urban green recovery, the role of civil society in green reconstruction, financing of green
technologies, business capacity for green recovery, and best practices in green
financing. A special focus is placed on practical examples of implementing
methodological, regulatory, and management guidelines—particularly the recovery
roadmap for the city of Zaporizhzhia.

Short conclusions

Green recovery of war-damaged natural and anthropogenic systems is based on
integrating green policies into plans, projects, and programs, not only concerning
current initiatives but also strategic documents.

Green recovery of natural-anthropogenic systems includes resource management and
territorial development based on sustainable socio-economic interactions, combining
European and Euro-integration requirements with the Ukrainian reality during the war
and expected post-war recovery. This includes the designation of regional entities for
joint post-war recovery policies:

e Sustainable and harmonious governance of green post-war economic recovery
relies on a comprehensive assessment of inflicted damage, the identification of
the most effective territorial development strategies, particularly in the context of
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innovation potential and security needs, as well as a realistic evaluation of the
labour and natural resource potential of war-affected areas in Ukraine.
Practical examples of effective green recovery reflect a local perspective on the
issue and currently lack macro-regional scale or evaluation.

The development and substantiation of managerial decisions must consider not
only Ukraine’s Euro-integration prospects but also include varied
forecasts/scenarios regarding the level of territorial security and its provision
given current and potential resources.
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TREES WITH TRACES OF
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