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MONITORING OF GREENHOUSE GAS EMISSIONS AT MINING AND PROCESSING
PLANTS IN UKRAINE UNDER EUROPEAN INTEGRATION CONDITIONS

Purposes. To develop a scientifically substantiated approach to greenhouse gas emissions monitoring at
mining and processing enterprises in Ukraine in the context of European integration and industrial decarbonization,
ensuring compliance with European Union Emissions Trading System standards and Carbon Border Adjustment
Mechanism requirements.

Methods. The mass balance methodology and the risk matrix through probability and impact assessment
are employed.

Results. For calculating greenhouse gas emissions based on analysis of material flows at one of Ukraine's
leading mining and processing enterprises, sequential technological process analysis is conducted to identify emis-
sion sources, including pellet drying and firing zones, bentonite drying drums, mill circuits, and boiler installations.
Material flow mapping covered input flows (natural gas, coal, limestone, bentonite, iron ore concentrate, biomass)
and output flows (pellets, CO: emissions). A comprehensive risk matrix was developed for assessing monitoring
data quality threats based on probability and impact criteria. Analysis of greenhouse gas emission dynamics in
Ukraine over recent decades revealed significant reduction compared to baseline levels, primarily resulting from
economic crises and armed conflicts rather than purposeful climate policy. For the examined enterprise, total an-
nual CO: emissions were calculated, with natural gas accounting for the dominant share, followed by limestone
decarbonization, iron ore concentrate processing, and bentonite. International practice analysis demonstrates that
leading global producers achieve substantially lower emission levels per tonne of pellets through effective moni-
toring systems and decarbonization strategies.

Conclusions. The mass balance methodology proves optimal for mining and processing enterprises, ensur-
ing comprehensive accounting of all significant emission sources, including process emissions from carbonate
material decarbonization. The developed risk matrix enables systematic threat management through probability
and impact assessment. Implementation of certified monitoring systems is critically necessary for
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Ukrainian mining enterprises to maintain competitiveness in international markets and comply with European
climate requirements.

KEYWORDS: climate commitment, material flows, decarbonization, monitoring, greenhouse gases, in-
dustrial ecology
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Introduction

Global greenhouse gas emissions demon-
strate critical trends, having reached historical
peaks of 59+6.6 GtCO--eq in 2019, representing
a 54% increase over 1990 levels [1]. Analysis
of data from the Sixth Assessment Report Syn-
thesis Report (IPCC 2023) reveals significant
regional disparities in climate system impacts.
This results from the uneven nature of industri-
alization, and these disparities persist under cur-
rent global economic conditions. The growth of
greenhouse gas emissions over recent decades
demonstrates a rapid acceleration of anthropo-
genic influence on the climate system, particu-
larly after the 1950s, when the period of the so-
called "Great Acceleration” of industrial devel-
opment began.

The regional distribution of cumulative
CO: emissions from 1850 to 2023 demonstrates
significant inequality in historical responsibility
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for climate change. North America holds the
dominant position in historical cumulative
emissions, accounting for 23% of all anthropo-
genic CO: emissions since 1850. Europe
demonstrates the second-largest contribution
(16%), reflecting its role as the center of the In-
dustrial Revolution and early development of
the fossil fuel economy. East Asia, despite its
significant contemporary contribution, accounts
for 12% of historical cumulative emissions, in-
dicating the relatively late inclusion of this re-
gion in industrialization and urbanization pro-
cesses [2].

Figure 1 reveals a fundamental restruc-
turing of Ukraine's greenhouse gas emission
profile from 1990 to 2023. While total emis-
sions decreased 28.6% (964 to 688 Mt CO.-eq),
the composition shifted dramatically. Tradi-
tional gases declined substantially - CO. by
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m CO2 (excluding LULUCF) CH4

Years

mN20 m HFCs m PFCs m SF6

Fig. 1 — Dynamics of greenhouse gas emissions in Ukraine from 1990 to 2023
(developed by the authors based on [3])
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80.3% (706 to 139 Mt), CHa4 by 70.0% (209 to
63 Mt), and N2O by 41.2% (49 to 29 Mt)- pri-
marily due to economic transformation and in-
dustrial restructuring. Conversely, HFCs in-
creased exponentially from near-zero to 2,423
Mt CO2-eq (352% of traditional gas emissions),
reflecting Montreal Protocol implementation.
This structural transformation necessitates com-
prehensive monitoring at mining and processing
enterprises that accounts for both declining
combustion-related emissions and emerging
fluorinated gas sources [4].

Analysis of greenhouse gas emissions by
economic sectors in Ukraine reveals the domi-
nant contribution of energy production and
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heavy industry to the national carbon footprint.
According to the National Inventory of Anthro-
pogenic Emissions, the energy sector consist-
ently accounts for the largest share of total
greenhouse gas emissions, representing approx-
imately 64% of national emissions (excluding
the Land Use, Land-Use Change and Forestry -
LULUCEF sector) in recent years (Fig. 2) [3].
The industrial processes and product use sector
constitutes the second-largest emission source,
contributing approximately 18% of total emis-
sions, with a historical peak of over 200 Mt
CO2-eq in 1990 declining to approximately 60
Mt CO:-eq by 2023 following economic re-
structuring and industrial modernization.
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Fig. 2 — GHG emissions and removals by sector in Ukraine, Mt CO--eq. in Ukraine from 1990 to 2023 [3]

Within the industrial processes sector,
metallurgy traditionally dominates with approx-
imately two-thirds of sectoral emissions, fol-
lowed by chemical industry (approximately
17%) and mineral products manufacturing in-
cluding cement and lime production [3]. Mining
and processing enterprises constitute a critical
component of both the energy and industrial
processes emissions profile. Statistical data for
2020 demonstrates that metallurgical produc-
tion generated 729,854 tonnes of pollutants and
greenhouse gases from stationary sources,
while extractive industry and quarrying opera-
tions contributed 365,586 tonnes. These figures
underscore the substantial carbon intensity of
mining and processing operations, which gener-
ate emissions through multiple pathways: direct
combustion of fossil fuels in technological pro-
cesses,  process emissions  from  ore
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beneficiation and pelletization, and chemical
transformations during mineral processing.
Therefore, in Ukraine, emissions reduc-
tion occurred through the destruction of indus-
trial infrastructure as a result of Russia's full-
scale war, which takes on particular signifi-
cance in the context of European climate re-
quirements Ukraine's commitments under the
Paris Agreement on emission reductions, com-
bined with European integration requirements,
necessitate harmonization of national monitor-
ing systems with EU standards, specifically the
European Union Emissions Trading System
(EU ETS) and the Carbon Border Adjustment
Mechanism (CBAM) [5]. The implementation
of CBAM from 2026 creates direct economic
incentives for accurate emissions accounting, as
Ukrainian exporters of iron ore products will
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have to pay carbon charges when importing to
the EU [6].

Mining and processing enterprises
(MPEs) form the backbone of the Ukrainian
economy, providing approximately 85% of iron
ore raw material exports and a significant por-
tion of foreign currency earnings, while being
characterized by high specific CO2 emissions
resulting from energy-intensive pelletizing and
ore beneficiation processes. The complexity of
technological processes at MPEs creates meth-
odological challenges for accurate determina-
tion of greenhouse gas emission sources and
volumes, requiring consideration of both direct
emissions from fuel combustion and process
emissions from decarbonization of carbonate
materials [7]. Ukrainian MPEs need to invest 2-
3 billion euros by 2030 to achieve decarboniza-
tion goals, while the destruction of industrial in-
frastructure due to Russian aggression creates a
unique opportunity for implementing modern,
energy-efficient technologies instead of restor-
ing outdated energy-intensive industries [8].

Leading global iron ore producers
demonstrate significant progress in implement-
ing effective carbon monitoring systems, creat-
ing a methodological foundation for strategic
decarbonization planning in the industry. Swe-
dish company LKAB has set global efficiency
standards, achieving an emission level of 31 kg
CO: per tonne of pellets in 2013, representing
an 84% reduction compared to 1960 [9]. Arce-
lorMittal has developed a comprehensive mon-
itoring system as part of its strategy to achieve
net-zero emissions by 2050, setting an interim
target of 30% emission reduction by 2030 for
European operations [10]. Chinese metallurgi-
cal companies demonstrate experience in large-
scale monitoring with an average emission level
of 58.5 kg CO: per tonne of pellets and have
achieved emission reductions of over 60% for
automotive products [11]. Modern systems are
characterized by the implementation of digital
technologies and integration with international
reporting standards [12].

The main centers of mining and pro-
cessing industry are Kryvyi Rih, where the larg-
est iron ore mining and processing enterprises
are located, such as Pivdennyi (Southern),
Pivnichnyi (Northern), Tsentralnyi (Central),
Inguletskyi, Poltava - Poltavskyi Mining and
Processing Plant, and other mining and pro-
cessing enterprises of Ukraine - Bilanivskyi
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Mining and Processing Plant, Verkhnodniprov-
skyi Mining and Metallurgical Plant, Yer-
ystivskyi  Mining and Processing Plant,
Komysh-Burunskyi Iron Ore Plant, Marga-
netskyi Mining and Processing Plant, and oth-
ers. These enterprises ensure the extraction and
beneficiation of iron ore, producing concen-
trate, pellets, and agglomerate for the metallur-
gical industry [13].

Mining and processing enterprises are
subject to Ukrainian regulations governing the
monitoring, reporting and verification of green-
house gas emissions, with legal frameworks de-
fined by the Law of Ukraine "On the Principles
of Monitoring, Reporting and Verification of
Greenhouse Gas Emissions" and related subsid-
iary legislation that incorporates European cli-
mate policy standards. The classification of
mining and processing enterprises as subjects of
the monitoring, reporting and verification pro-
cedure is determined by the nature of their pro-
duction activities, which generate significant
volumes of greenhouse gases through fossil fuel
combustion in technological processes, electric-
ity consumption, blasting operations, operation
of quarry transport, and functioning of benefi-
ciation facilities. In terms of technical parame-
ters and capacity, most mining and processing
enterprises in Ukraine exceed the emission
threshold values established by legislation,
which automatically includes them in the list of
installations subject to mandatory monitoring
[14].

Analysis of international experience con-
firms the relevance of addressing greenhouse
gas emissions monitoring at mining and pro-
cessing enterprises in Ukraine, which is deter-
mined by the need for integration with Euro-
pean standards and achieving competitiveness
in international markets. However, analysis of
scientific research reveals significant gaps re-
garding the adaptation of international monitor-
ing methodologies to the specifics of Ukrainian
MPEs, comprehensive approaches to material
flow mapping, and practical aspects of imple-
menting monitoring, reporting and verification
systems in the context of environmental safety
and sustainable development. Ukrainian scien-
tists have explored various aspects of emissions
monitoring and the sustainable utilization of the
country's natural resources in their research
[15]. Performed an extensive examination of in-
novative strategies for sustainable natural
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resource management in Ukraine, evaluating
contemporary trends and obstacles within the
European integration framework [16]. How-
ever, these studies do not examine specific
methodological aspects of emissions monitor-
ing at mining and processing enterprises and
practical challenges of material flow mapping
in the context of CBAM requirements.

Purpose is to develop a scientifically sub-
stantiated approach to greenhouse gas emis-
sions monitoring at mining and processing en-
terprises in Ukraine in the context of European
integration and industrial decarbonization, en-
suring compliance with European Union Emis-
sions Trading System standards and Carbon
Border Adjustment Mechanism requirements.

Materials and Research Methods

The study was conducted at one of
Ukraine's leading mining and processing enter-
prises, which specializes in iron ore (magnetite)
extraction, primary processing, ore beneficiation,
and pellet production. The enterprise belongs to
the category of large iron ore producers, providing
a significant share of Ukraine's iron ore raw mate-
rial exports. The enterprise comprises 29 work-
shops and subdivisions, the main ones being the
mining workshop, railway workshop, crushing
and beneficiation plant, pellet production work-
shop, beneficiation plant tailings management
workshop, off-rail transport workshop, finished
product dispatch workshop, and internal logistics
service.

The selection of this enterprise was deter-
mined by its representativeness for the industry,
the availability of a complete technological cycle
for pellet production, and the possibility of obtain-
ing technical data necessary for conducting emis-
sion assessments.

The study was based on analysis of the en-
terprise's production reports, technical documen-
tation of technological processes, equipment spec-
ifications, and records of raw materials and fuel
consumption for 2023. Additionally, official
greenhouse gas emission factors published by the
Ministry of Environmental Protection and Natural
Resources of Ukraine and data from the National
Inventory of Anthropogenic Emissions by
Sources and Removals by Sinks of Greenhouse
Gases were used.

The regulatory framework for the study in-
cluded the Law of Ukraine "On the Principles of
Monitoring, Reporting and Verification of Green-
house Gas Emissions," Resolution of the Cabinet
of Ministers No. 960 "On Approval of the Proce-
dure for Monitoring and Reporting Greenhouse
Gas Emissions," as well as European regulations
EU ETS and CBAM requirements [17].

Identification of activity types was carried
out through sequential analysis of the enterprise's
technological processes following the metho-
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dology recommended by the Ministry of Environ-
ment in the Recommendations for Interpretation
of Installation Activity Types. At the first stage, a
technical audit of the installation was conducted
with determination of installation boundaries in
such a way as to maximally cover all equipment
related to activity types included in the List of Ac-
tivity Types or having technological connection
with such activity types. At the second stage, an
inventory of all fuel combustion equipment was
performed, establishing each unit's nominal ther-
mal capacity based on manufacturer technical
documentation.

Sources of greenhouse gas emissions were
determined via comprehensive examination of the
enterprise’s technological operations. Based on
pellet production technological schemes, key
stages accompanied by CO: emissions were deter-
mined: pellet drying and firing zones, bentonite
drying drums, mill circuits, steam and hot water
boilers.

Determination of material flows was con-
ducted in accordance with mass balance principles
with identification of input flows (natural gas,
limestone, bentonite, iron ore concentrate, sun-
flower husks) and output flows (pellets, CO2 emis-
sions). For each material flow, consumption/pro-
duction volumes and carbon content coefficients
were determined.

Effective monitoring at mining and pro-
cessing enterprises requires selecting an appropri-
ate calculation methodology. According to the
Cabinet of Ministers Resolution No. 960 "On Ap-
proval of the Procedure for Monitoring and Re-
porting Greenhouse Gas Emissions” and Euro-
pean regulations EU ETS, there are three main
methodologies: standard calculation-based meth-
odology, mass balance methodology, and contin-
uous measurement-based methodology [18].

Examining MPE technological processes
reveals challenges in identifying the most suitable
greenhouse gas emissions monitoring methodol-
ogy. Pellet production includes not only natural
gas combustion, but also process emissions from
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decarbonization of carbonate materials, oxidation
of organic components in iron ore concentrate,
and thermal treatment of biomass. Energy-inten-
sive iron ore processing processes are character-
ized by multiple CO: emission sources, requiring
a comprehensive approach to their guantitative
determination [19]. The standard methodology is
unable to adequately account for the full complex-
ity of these processes, as it is based only on fuel
combustion factors and does not consider process
emissions from chemical transformations of raw
materials.

The continuous measurement methodol-
ogy has significant limitations due to multiple
emission points, requiring substantial capital ex-
penditures, lack of qualified personnel, and com-
plex operating conditions. Implementation of con-
tinuous monitoring systems at mining and pro-
cessing enterprises faces technical challenges due
to aggressive environments and the need for sim-
ultaneous control of dozens of emission points
[20].

The mass balance methodology was
adopted for greenhouse gas emissions assessment
based on the analysis findings and Cabinet of
Ministers Resolution No. 960 as this methodology
is most appropriate for the following reasons: it
ensures comprehensive accounting of all signifi-
cant emission sources, including process emis-
sions from limestone decarbonization; demon-
strates optimal ratio of accuracy and economic ef-
ficiency; is based on existing production account-
ing data; ensures full compliance with European
EU ETS standards; allows for phased implemen-
tation without disrupting the production process.
In their studies of the carbon footprint of iron ore
extraction, [21] confirm that the mass balance
methodology provides the most accurate assess-
ment of CO2 emissions from technological pro-
cesses with minimal implementation costs.

CO: emissions were calculated using the
mass balance formula:

CO,emissions = (Cinput — Cproduct) X

3.664 (1)

where: Cippyt - Mass of carbon in all types

of fuel and carbon-containing materials consumed
in activities during the year, t;

Cproduct - Mass of carbon in all products
resulting from activities during the year, t;

3.664 - conversion factor for converting the
molar mass of carbon to COs..

The carbon content in input materials was
calculated using the formula:
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Cinput = Z(Vinput X Ccinput)a @)

where: Vippye- Volume of carbon-contain-
ing materials consumed in activities, t,

CCinput- Carbon content in carbon-con-

taining materials consumed in activities, t C/t.

The carbon content in products resulting
from activities during the year, measured in tonnes
of carbon, is calculated using formula (3):

Cproduct = Z(Voutput X CCoutput)v (3)

where: Vo tput - Volume of products result-
ing from activities, t,

CCoutput - carbon content in products re-
sulting from activities, t C/t.

For the identified material flows at the min-
ing and processing plant, carbon content coeffi-
cients are used according to the detailed reference
values of calculation coefficients published annu-
ally on the official website of the Ministry of En-
vironmental Protection and Natural Resources, or
in their absence, coefficients that were used for the
latest National Report (inventory) on anthropo-
genic emissions by sources and removals by sinks
of greenhouse gases submitted by Ukraine to the
Secretariat of the United Nations Framework
Convention on Climate Change and according to
the data from the IPCC Guidelines for National
Greenhouse Gas Inventories.

It is important to use current coefficients
that ensure the reliability of the national green-
house gas emissions inventory submitted to the
UNFCCC Secretariat. Inaccurate coefficients can
lead to significant distortion of total emissions
data. Ukraine, as a Party to the Paris Agreement
and the UNFCCC, is obligated to provide accurate
information on greenhouse gas emissions. Regu-
lar updating of coefficients in accordance with an-
nual publications by the Ministry of Environmen-
tal Protection and Natural Resources and national
inventory data ensures adherence to methodolog-
ical consistency and compliance with interna-
tional reporting standards. Annual updating of co-
efficients for main fuel types (natural gas, coke,
coal) and materials (limestone, steel, cast iron, fer-
roalloys) reflects changes in their composition and
production technologies, ensuring the relevance
of emissions calculations.

Emissions from fuel combustion are cal-
culated separately according to the formula:

CO,emissions = AD X NCV x EF x OF,
(4)
where: CO,emissions - emissions from

fuel combustion, t COz,
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AD - activity data: fuel consumption vol-
ume, t or thousand m?,

NCV - net calorific value of fuel, GJ/t or
GJ/thousand m?,

EF - CO: emission factor for fuel, t CO2/TJ,

OF - oxidation factor for fuel, dimension-
less.

Data Quality Risk Assessment Method-
ology. A 5x5 risk matrix has been developed for
managing monitoring data quality risks, based on

the assessment of the probability of risk events oc-
currence and their potential impact on the accu-
racy of reported data. Probability was assessed
from level 1 (0.5% per year) to level 5 (50% per
year), while impact ranged from 28.3 t CO: to
11,329.6 t CO..

The integral risk assessment was calculated
as the product of probability and impact, with sub-
sequent classification into low, medium, and high
risk levels.

Results and Discussion

Based on the conducted analysis of tech-
nological processes at the enterprise, two key
activities have been identified that generate
greenhouse gas emissions: roasting and sinter-
ing of metal ore (in the pellet production pro-
cess) and fuel combustion in high thermal ca-
pacity installations.

The study showed that the predominant
part of greenhouse gas generation processes is
concentrated in the pellet production work-
shops, which is associated with the processing
of carbon-containing materials: iron ore con-
centrate, limestone, and bentonite. Analysis of
the pellet production workshop structure re-
vealed the presence of a pelletizing and firing
building, transfer nodes, limestone grinding
building, bentonite receiving, crushing and dry-
ing building, limestone solution preparation
section, and filtration and pelletizing facilities.
Investigation of the technological cycle estab-
lished that the process begins with the supply of
iron ore concentrate in the form of pulp from the
crushing and beneficiation plant, followed by
thickening and dewatering on vacuum filters. In
parallel, preparation of charge materials — lime-
stone and bentonite — was identified, which ar-
rive by rail transport, are unloaded into receiv-
ing bunkers, and ground on mill circuits. Re-
search results confirmed that part of the carbon
present in the raw materials undergoes oxida-
tion during charge preparation and pellet firing,
leading to carbon oxide emissions into the at-
mosphere through identified emission points —
chimneys of firing machines, mill circuits, and
rotary dryers. Additionally, supplementary
emission sources were identified in the form of
numerous combustion installations and boiler
houses located in various structural divisions of
the combine for space heating and hot water

supply.
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Based on the results of the conducted
analysis of the main stages of the technological
process, it was established that the sources of
greenhouse gas emissions include: pellet drying
zones, bentonite drying drum, mills, steam and
hot water boilers, infrared heat radiators, gas
heating furnaces, and drying drums. The study
showed that each identified source has a corre-
sponding emission point — a chimney through
which greenhouse gas emissions are released
into the atmosphere.

During the study, after identifying emis-
sion sources and points, the necessity of estab-
lishing material flows was determined — physi-
cal flows of substances or materials containing
carbon that enter the enterprise, are used in tech-
nological processes, and leave the enterprise in
the form of products or emissions. The analysis
confirmed that material flow can be of input na-
ture (raw materials, fuel) or output nature (fin-
ished products, waste, emissions).

Based on the study results, the following
material flows were identified for greenhouse
gas emissions monitoring purposes:

Fuel gas;

Limestone (input material flow);

Coal (input material flow);

Bentonite (input material flow);

Iron concentrate (input material flow);
Iron ore pellets (Output material flow);
Coal;

Sunflower husk as biofuel.

Based on the obtained results of emission
sources and material flows identification, a
schematic diagram of material flows was devel-
oped (Fig. 3). The diagram visually demon-
strates the key system elements identified dur-
ing the study: input material flows include iron
ore concentrate, limestone, bentonite, fuel gas,
and coal, which enter the pelletizing plant.
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Fig. 3 — Material flows diagram (developed by the authors)

The scheme reflects the process of trans-
forming input raw materials into output material
flow — iron ore pellets, which are transported by
rail.

The identification of material flows allows
for accounting both direct emissions (from fuel
combustion) and process emissions (from chemi-
cal transformations in raw materials). At mining
and processing plants, carbon contained in lime-
stone and other carbonate materials is released
during thermal treatment in the form of CO.. This
approach ensures complete coverage of all signif-
icant emission sources. Subsequently, detailed
analysis of material flows provides the basis for
modeling technological processes and developing
innovative solutions for greenhouse gas emissions
reduction.

The mass balance method was used to cal-
culate greenhouse gas emissions, since the enter-
prise lacks a certified laboratory that could per-
form continuous measurements, and its establish-
ment would result in significant unjustified costs.
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CO: emissions calculations were per-
formed stepwise according to the selected meth-
odology. In the first stage, data were collected on
the consumption volumes of all identified material
flows for the reporting period: fuel gas (77 000
thousand m?), limestone (50 000 t), bentonite (85
3481), iron concentrate (4 546 49011), coal (130.15
t) and the volume of produced products - iron ore
pellets (5125 342 t). In the second stage, corre-
sponding emission factors were determined for
each material flow according to the official refer-
ence values of the Ministry of Environmental Pro-
tection and Natural Resources and the national
greenhouse gas emissions inventory of Ukraine.
For fuel gas, an emission factor of 55.7 t CO2/TJ
was used with a net calorific value of 34.5
GJ/1000 m? and an oxidation factor of 1, for coal,
an emission factor of 94.5 t CO»/TJ was used with
a net calorific value of 22.0 GJ/1000 m*® and an
oxidation factor of 1. For carbon-containing mate-
rials, carbon content coefficients were applied: for
limestone and bentonite - 0.121 t C/t, for iron con-
centrate - 0.00628393 t C/t, for iron ore pellets -
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0.00084918 t C/t. In the third stage, emissions
from natural gas combustion were calculated us-
ing formula (4), while emissions from process ma-
terials were calculated using mass balance formu-
las (1-3) taking into account the conversion factor
of carbon molar mass to CO: (3.664). Total CO:
emissions were determined as the sum of emis-
sions from all identified sources.

The results of the conducted calculations
are systematized in Table 1, which demonstrates
the contribution of each material flow to the total
greenhouse gas emissions of the enterprise.

Since the sunflower husk material flow is
a biomass material flow, according to Resolu-
tion 960, if the material flow consists exclu-
sively of biomass, the greenhouse gas emission
factor from biomass use equals zero.

Table 2 presents the quantitative indicators
of carbon dioxide emissions from various material
flows of the mining and processing plant.

Analysis of the tabulated data reveals that
coal constitutes the predominant contributor to to-
tal greenhouse gas emissions, with an emission

Table 1

Calculation of CO: emissions from material flows of the mining and processing plant
using the mass balance methodology

Material flow Consu\g&t:gg/Sales Emission factor NCV/EF OF
Fuel gas 77000 thousand m? 55.7 t CO2/TJ 34.5 GJ/1000 m? 1
Limestone 50000 t 0.121tC/t 3.664 -
Bentonite 85348 t 0.121tC/t 3.664 -
Iron concentrate 4546490 t 0.00628393 t C/t 3.664 -
Iron ore pellets 5125342 t 0.00084918 t C/t 3.664 -
Coal 130.15t 94.5t CO2/TJ 22 GJ/1000 m? 1
Table 2

CO: emissions from material flows

No 3/im Material flow CO:2 emissions, t

1 Fuel gas 147967.05

2 Limestone 22167.20

3 Bentonite 1965.08

4 Iron concentrate 14145.93

5 Iron ore pellets -6499.88

6 Coal 270 581.85

7 Sunflower husk 0

8 Total CO: emissions (excluding biomass) 450 327.23

volume of 270,581.85 t CO., representing ap-
proximately 60% of aggregate emissions. The el-
evated emission level is attributable to substan-
tial carbon content and intensive utilization of
solid fuel in metallurgical production energy cy-
cles. Natural gas represents the second-largest
emission source at 147,967.05 t CO-, accounting
for approximately 33% of total emissions. Not-
withstanding lower specific emissions relative to
coal, considerable natural gas consumption vol-
umes establish it as the secondary critical source
of greenhouse gases at the facility. Limestone
generates 22,167.20 t CO., associated with ther-
mal decarbonization processes of carbonate min-
erals during high-temperature processing. Iron
ore concentrate utilization results in emissions of
14,145.93 t CO-, reflecting the energy intensity
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of ore beneficiation processes and logistics oper-
ations. Bentonite, employed in molding opera-
tions, exhibits the minimal emission level among
principal material flows at 1,965.08 t CO-. Sun-
flower husks demonstrate zero emissions, con-
sistent with biomass carbon neutrality principles
and biogenic emission accounting methodology.
Structural analysis of the enterprise emission
profile demonstrates fossil fuel dominance in the
overall carbon footprint, with coal and natural
gas collectively accounting for over 93% of cu-
mulative CO: emissions. This necessitates a
comprehensive decarbonization approach to en-
ergy processes, encompassing equipment mod-
ernization for enhanced coal utilization energy
efficiency and natural gas consumption optimi-
zation.
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Effective functioning of the monitoring,
reporting and verification system for greenhouse
gas emissions at mining and processing plants re-
quires a comprehensive approach to risk man-
agement, which can significantly affect the accu-
racy and reliability of reported data. Risk analy-
sis is a critically important component of the in-
ternal quality control system, as it allows for the
identification of potential threats to data integrity
and the development of preventive measures for
their minimization. Table 3 presents a risk matrix
that shows impact levels (in t CO:) and probabil-
ity (in % probability that an incident will occur
within one year), as well as the risk assessment

result (probability multiplied by impact). Three
risk levels are distinguished: low (green color),
medium (yellow), and high (red).

The presented risk matrix represents a
structured tool for assessing threats to the mon-
itoring, reporting and verification system for
greenhouse gas emissions, built on a two-di-
mensional approach considering the probability
of risk events occurrence and their potential im-
pact on the accuracy of reported data. The ma-
trix has a classic 5x5 structure, which ensures
an optimal balance between assessment detail
and practical application in industrial enterprise
conditions.

Table 3
Risk matrix
Probability | Impact 1 3 4 5
28.3 283.22 566.5 28324 11329.6
1 0.005 14.2 56.6
2 0.01 5.7 28.3
3 0.1 28.3 56.6
4 0.2 5.7 56.6
5 0.5 14.2

The vertical axis of the matrix reflects the
gradation of risk event occurrence probability
from level 1 (0.5% probability per year) to level
5 (50% probability per year), which allows for
differentiating events from extremely rare to
those with high likelihood of realization during
the operational period. The horizontal axis char-
acterizes the potential impact of risk events on
monitoring data quality, expressed in CO:
equivalent tonnes, with a range from 28.3 t CO:
(minimal impact) to 11,329.6 t CO2 (critical im-
pact), corresponding to different scenarios of
monitoring system integrity violations.

The quantitative values in the matrix cells
represent an integral risk assessment calculated
as the product of probability and impact, which
allows for obtaining a weighted measure of crit-
icality for each threat category. This methodol-
ogy ensures objective risk ranking and rational
allocation of resources for preventive measures.
The lowest risk values (0.1-14.2) characterize
events with minimal impact on monitoring sys-
tem functioning, while the highest values
(1.133.0-5.664.8) correspond to critical threats
capable of causing systemic violations of re-
porting reliability.

The risk matrix, which distinguishes
three threat levels based on probability and im-
pact criteria, allows for establishing priorities
for resource allocation to control measures.
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Implementation of a systematic approach to risk
management not only ensures compliance with
regulatory requirements, but also creates a foun-
dation for increasing stakeholder confidence in
enterprise reporting, which is critically im-
portant in the context of participation in interna-
tional carbon markets and attracting green in-
vestments.

Unreliable monitoring data can lead to
serious legal and financial consequences for the
enterprise. According to Ukrainian legislation
on monitoring, reporting and verification of
greenhouse gas emissions, operators are obli-
gated to ensure accuracy and completeness of
reported data. Failure to meet these require-
ments may result in administrative sanctions,
fines and loss of operating licenses. In the con-
text of implementing the European Union's Car-
bon Border Adjustment Mechanism (CBAM)
from 2026, inaccurate emissions data may lead
to additional financial obligations when export-
ing products to the EU. Risk systematization by
technological processes allows for identifying
several key threat categories. Measurement
equipment risks include power supply failures,
accounting instrument malfunctions and data
transmission disruptions. Particularly critical
are natural gas meter failure risks, as this mate-
rial flow accounts for over 82% of the enter-
prise's total emissions. To minimize such risks,
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it is necessary to implement autonomous power
sources, backup accounting instruments and
data verification through supplier invoices. Au-
tomated data registration risks encompass tech-
nical failures of computer equipment, virus in-
fections and information system security
breaches. Effective control measures include
implementing enhanced information security
systems, regular database backups and archiv-
ing primary data sources. A significant category
comprises errors in data transmission processes
and emissions calculations, which are charac-
terized by high potential impact levels. To min-
imize these risks, implementation of the two-
person verification principle and conducting
cross-checks with previous years' results is crit-
ically important. Laboratory analysis risks in-
clude loss of research results, non-representa-
tive samples and analysis inaccuracies. Control
measures should include regular transfer of re-
sults to electronic files, assignment of multiple
responsible persons and annual laboratory certi-
fication by independent organizations.
Although the studied enterprise has not
experienced significant data quality incidents
since the implementation of the MRV system,
the probability levels in the matrix are substan-
tiated by analysis of documented cases at com-
parable mining and processing enterprises in
Ukraine and the international metallurgical in-
dustry. In particular, high probability levels (4-
5) are attributed to risks of measurement equip-
ment failure resulting from electrical supply in-
stability, which triggered over 500 emergency
shutdowns in Ukraine's energy system during
2022-2023, whereas medium levels (2-3) repre-
sent typical rates of manual data entry errors (5-
15% according to international research) and

industrial equipment failures (0.5-1.5% annu-
ally per reliability engineering standards).

The conducted study has a number of
methodological limitations that should be con-
sidered when interpreting the results and their
extrapolation to other industry enterprises.

First, the empirical analysis is based ex-
clusively on data from one mining and pro-
cessing plant, which may not fully reflect the
specifics of technological processes and emis-
sion structure of other Ukrainian mining and
processing plants due to differences in raw ma-
terial base, technological equipment, energy
characteristics and production scales.

Second, the study covers only one report-
ing period, which prevents analysis of emission
dynamics, identification of seasonal fluctua-
tions and long-term trends necessary for fore-
casting and planning decarbonization measures.

Third, although the developed methodol-
ogy for identifying material flows is universal
in nature, its practical application requires vali-
dation at enterprises with different technologi-
cal schemes (for example, mining and pro-
cessing plants with different types of firing ma-
chines, alternative types of fluxes, other energy
carriers) to confirm its general applicability and
calculation accuracy.

Furthermore, the study does not account
for indirect emissions from electricity consump-
tion (Scope 2), which may lead to underestima-
tion of the total carbon footprint of enterprises.
Further research should be directed toward ex-
panding the empirical base through involve-
ment of data from multiple mining and pro-
cessing plants, conducting multi-year monitor-
ing and including all emission categories in ac-
cordance with international reporting standards.

Conclusions

The conducted study enabled the develop-
ment of a comprehensive scientifically grounded
approach to greenhouse gas emissions monitoring
at Ukrainian mining and processing plants, which
considers the specifics of technological processes
and European integration requirements. Analysis
of greenhouse gas emission dynamics in Ukraine
for the period 1990-2023 revealed a paradoxical
situation where the 62.5% emission reduction
compared to the baseline 1990 occurred primarily
as a result of economic crises, structural changes
in the economy and military conflicts, rather than
through implementation of targeted environmen-
tal decarbonization policy. This creates a unique
challenge for the country's post-war reconstruc-
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tion, as it is necessary to ensure economic growth
without proportional increase in greenhouse gas
emissions and utilize opportunities for implement-
ing modern low-carbon technologies.

Based on the study results using the exam-
ple of one of Ukraine's leading mining and pro-
cessing plants, it was established that total annual
CO: emissions amount to 179 745.38 tonnes, with
the emission structure characterized by natural gas
dominance (82.3%), which emphasizes the indus-
try's critical dependence on fossil fuel and the ne-
cessity of priority energy efficiency measures.
The second most significant material flow - lime-
stone (12.3%) - reflects process emissions from
carbonate material decarbonization, while iron ore
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concentrate accounts for 7.9% of emissions
through carbon-containing components in raw
materials. It was established that finished product
export (pellets) ensures carbon removal from the
enterprise equivalent to 6 499.88 t CO., which
constitutes 3.6% of total emissions and demon-
strates the importance of accounting for output
material flows for accurate determination of the
enterprise's net emissions.

The feasibility of applying the mass bal-
ance methodology for calculating greenhouse gas
emissions at mining and processing plants has
been substantiated as an optimal approach that en-
sures comprehensive accounting of all significant
emission sources, including process emissions
from carbonate material decarbonization, demon-
strates optimal balance between accuracy and eco-
nomic efficiency, is based on existing production
accounting data and ensures full compliance with
European EU ETS standards. The developed 5x5
risk matrix allows for systematizing threats to
monitoring data quality by probability and impact
levels, providing a scientifically grounded ap-
proach to risk management through establishing
clear criteria for threat classification and defining
appropriate response strategies.

Practical recommendations of the study in-
clude phased implementation of a greenhouse gas
emissions monitoring system based on the mass
balance methodology with initial focus on the
most significant material flows (natural gas and
limestone), which account for over 94% of the en-
terprise’s total emissions. It is necessary to ensure
installation of certified measuring equipment for
natural gas consumption accounting with backup
control systems, implementation of automated

data collection and processing systems with regu-
lar backup copying, development of internal qual-
ity control procedures with two-person verifica-
tion principle and annual laboratory certification
by independent organizations. It is recommended
to establish a specialized greenhouse gas emis-
sions monitoring unit with qualified personnel and
implement a system of continuous professional
development in accordance with European legis-
lation updates. To prepare for CBAM implemen-
tation from 2026, it is necessary to ensure full
compliance of monitoring systems with European
standards, develop reporting verification proce-
dures by accredited organizations and create a
document management system that meets interna-
tional reporting requirements.

Directions for further research should be
focused on expanding the empirical base through
conducting comprehensive analysis of emissions
monitoring systems at all major mining and pro-
cessing plants in Ukraine to validate the devel-
oped methodology and identify industry-specific
features. Promising is the research on possibilities
of integrating indirect emissions from electricity
consumption (Scope 2) and emissions from logis-
tics operations (Scope 3) to ensure complete life
cycle assessment of enterprise carbon footprint. A
promising direction is research on possibilities of
applying digital technologies, including artificial
intelligence and machine learning, for automating
monitoring processes and forecasting greenhouse
gas emissions, as well as developing integrated
carbon footprint management systems that com-
bine emissions monitoring with production pro-
cess optimization and strategic enterprise decar-
bonization planning.
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MOHITOPHUHI" BUKUIB ITIAPHUKOBUX I'A3IB
HA I'TPHAYO-3BATAUYBAJIbHUX KOMBIHATAX YKPATHA
B YMOBAX €BPOIHTEI PAIIIT

Iini. Po3po6ury HaykoBO OOIPYHTOBAHMH MiJXiJ] 10 MOHITOPHHIY BUKH/IB IIADHUKOBHX ra3iB Ha TipHH-
40/100yBHUX Ta IIEPEPOOHUX IMiIPHEMCTBAX YKpaiHU B KOHTEKCTI €BpOIEiichKol iHTerpaii Ta mpoMuciioBoi Je-
kapOoHi3aii, 3a0e3neuyroun JOTpUMaHHs craHnapTiB Cuctemu Toprieiii BUKugaMu €Bporeiickkoro Coro3y Ta
BUMOT MexaHi3My KOPUT'YBaHHS ByIJIELIEBUX KOP/IOHIB.

MeTtoan. BUkopucTOBY€ETBCSI METO/I0JIOTIS OaNaHCy Macu Ta MaTpHI PU3KKIB IIUISIXOM OL[IHKH HMOBIpHO-
CTi Ta BILUTUBY.

PesyasTaTn. {115 po3paxyHKy BHKHJIIB TApHUKOBHX Tra3iB Ha OCHOBI aHAJi3y MaTepiaJbHHUX MOTOKIB Ha
OJTHOMY 3 TIPOBiTHHUX TipHUYOMOOYBHHX Ta MEPEpOOHUX MiAIMPUEMCTB YKpaiHH MPOBEACHO MOCTIIOBHAN aHAII3
TEXHOJIOTIYHOTO TPOLECy JUIS BUSBICHHS JPKEPEJ BUKHUIIB, BKJIIOYAIOYH 30HH CYLIIHHS TA BUITATIOBAHHS OKaTH-
IIiB, CYIIWIBbHI Oapabanu IyIsi OCHTOHITY, MIMHHI KOHTYPH Ta KOTEJbHI YCTaHOBKU. KapTyBaHHSA MaTepiadbHUX
MOTOKIB OXOILTIOBAJIO BXiJHI MOTOKH (MIPUPOJHHUN Ta3, BYTULIA, BAHAK, OCHTOHIT, 3ai30pyIHUN KOHIICHTPAT,
6iomaca) Ta BuxinHi noroku (oxarumi, BUkuau CO:2). Po3po0eHO KOMIUIEKCHY MAaTPHIIIO PU3HKIB ISl OLIIHKH
3arpo3 SIKOCTi IaHMX MOHITOPHHTY Ha OCHOBI KPUTEpiiB HMOBIPHOCTI Ta BILUIMBY. AHaJI3 IMHAMIKM BUKUIIB Map-
HUKOBHX Ta3iB B YKpaiHi 3a OCTaHHI JECATUIITTS BUABHB 3HAUYHE CKOPOUYEHHS MOPIBHIHO 3 6a30BUMH PiBHSAMH,
10 € HacaMIepe]] Pe3yJIbTaTOM €KOHOMIYHUX KpHU3 Ta 30pOHNX KOH(DITIKTIB, a HE IiJIeCPAMOBAHOI KIiMaTHIHOT
MOJITHKH. {1 TOCTiKyBaHOTO MIATIPUEMCTBA 3arajdbHUN pidHKi 06car Bukugie CO: OyB po3paxoBaHHH, IIPH
IbOMY JIOMiHYIOUY YacTKy CKIIaJa€ MPUPOIHHMA Ta3, 3a SKUM CIIiYIOTh JIeKapOOHi3allis BalHsAKy, epepoOka 3a-
J30py/HOTO KOHLIEHTPATy Ta OEHTOHIT. AHaNi3 MIKHApOJIHOI MPAKTHKH TOKa3ye, 10 NPOBIJHI CBITOBI BUPOO-
HHKH JIOCSITAIOTh CYTTE€BO HIDKYMX PiBHIB BUKUIB HA TOHHY OKaTHINIB 3aBASKH €()EeKTHUBHUM CHCTEMaM MOHITO-
PHHTY Ta CTpaTerisM aexapOoHizarii.

BucnoBku. Mertoosorist 6anaHcy Macu BUSIBISIETHCS ONITUMAJIBHOIO ISt TIPHUYO0I00YBHUX Ta Iepepoo-
HUX HIANPUEMCTB, 3a0€31e1y04n KOMIUIEKCHUN 00JIIK YCiX 3HAYHUX JUKEPEN BUKHIIB, BKIIOYAI0YH TEXHOJIOTIYHI
BUKHUIIM Bi nekapOoHizanii kapOoHaTHHX MaTepiaiiB. Po3poOiieHa MaTpHllsl PU3HKIB JJO3BOJISIE CUCTEMAaTHYHO
YOPaBIATH 3arp03aMH [IUIIXOM OI[IHKH HMOBIPHOCTI Ta BIUIMBY. BripoBa/keHHS cepTH(iKOBAaHUX CHCTEM MOHI-
TOPUHTY € KPUTHIHO HEOOXiTHUM JJIsl YKPATHCHKUX TiPHUYOZO00YBHHUX MIATIPHEMCTB JJIS MIATPHIMKH KOHKYpPEH-
TOCHPOMOIKHOCTI Ha MIDKHAPOJAHUX PUHKAX Ta JOTPUMAaHHS €BPOIEHCHKUX KIIIMATHYHUX BUMOT.

KJITOYOBI CJIOBA: xrnivmamuuni 30008'a3anus, mamepiaivii NOmoxu, 0exapoonizayis, MOHIMopume,
NAapHUKOBUL 243, NPOMUCTIO8A €KON02is
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Kondghnikm inmepecie
ABTOPH 3asBJISIIOTH, IO KOHMIIIKTY iHTEpECiB 00 MyOmiKaIlii Iboro pykonucy Hemae. Kpim Toro, aB-
TOPH MOBHICTIO TOTPUMYBAIHCHh ETUYHUX HOPM, BKJIFOUAIOUH TuTariaT, Gpambcudikaiiro 1aHuX Ta MOIBIHHY my0-
JIKAIIO.
Bnecok asmopis: Bci aBTopu 3p00WIH piBHUN BHECOK Y ITF0 poOOTYy
B po6oTi He BUKOPUCTAHO pecypc MTYIHOTO IHTEIEKTY.
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