TexHiuHI HayKu ISSN 2307-5732

https://doi.org/10.31891/2307-5732-2026-361-37
VK 504: 661
MYKHAILOVA EVGENIIA

Simon Kuznets Kharkiv National University of Economics
https://orcid.org/0000-0002-0182-0823
e-mail: mykhailova.e@ukr.net

METHODS OF UTILIZING CARBON DIOXIDE AS A MAIN GREENHOUSE GAS
BY PRODUCING MARKETABLE PRODUCTS

The problem of anthropogenic greenhouse gas emissions is one of the key environmental challenges of our time. The growth
of their concentration in the atmosphere causes global warming, the appearance of anomalous natural phenomena around the world
and hurts the development of local and global economies. In this regard, the development of effective methods for neutralizing
anthropogenic greenhouse gas emissions becomes relevant. The purpose of the research is to conduct a comprehensive analysis of
the problem of anthropogenic carbon dioxide (CO3) emissions, as the main greenhouse gas, and to identify promising approaches to
its utilization by converting it into marketable products. The article analysed the current state of anthropogenic CO: emissions on a
global scale and identified the main sources of their formation. It is concluded that in the context of intensification of industrial
production and growth in energy consumption, namely carbon dioxide, is a multi-ton greenhouse gas that determines the pace of
global warming. The author studied and systematized methods for the utilization of anthropogenic CO: emissions. It was established
that the introduction of chemical and technological methods is one of the key tools for implementing the policy of decarbonisation of
the economy and achieving the climate goals set by the Paris Agreement. It is possible to utilize carbon dioxide by converting it into
useful commercial products: methanol, polymers, and urea. Methanol is a universal raw material for the chemical industry and an
alternative fuel, the technology is being actively researched and implemented as a way to store "green" hydrogen and, at the same
time, utilize CO:z. Polycarbonates are compounds that can be produced from CO2 to reduce dependence on oil resources and create
materials with a low carbon footprint. Urea is a chemical substance widely used as a fertilizer, this is one example of successful
industrial utilization of carbon dioxide on a large scale. It is emphasized that the implementation of CO: utilization technologies has
not only environmental but also economic significance, as it contributes to the creation of new product markets, reducing dependence
on fossil fuels and forming a sustainable low-carbon economy.
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MUXANJTOBA €BTEHIS

XapkiBchKHil HalllOHATBHIN eKOHOMIUHHH yHiBepcuTeT iMeHi Cemena Kysuerst

METO/IA YTUIIZAIIL KAPBOH (IV) OKCHLY SIK OCHOBHOI'O TAPHUKOBOI'O T'A3Y
MJIAXOM BUPOBHULITBA TOBAPHUX NPOAYKTIB

IIpobrema anmponozennux 6uxudié napHukosux 2asie, sokpema xapoou (IV) oxcudy (CO;), € 00Hum i3 HAUEANCAUBTUUX €KOIOSTUHUX
suknuxie cyuacrnocmi. ITiosuwenns xonyenmpayii CO, 6 ammocgepi cnpuuunse 2nobanvie nOMenninia ma He2amusHo GNAUBAE HA NPUPOOHI U
exoHoMIuHI cucmemu. Memor 0ocniOHceHHs € aHANi3 CYyYACH020 CMAaHy 6ukudie kapoow (IV) oxcudy i 6usHaueHHs NepcneKmusHUX Memooie to2o
ymunizayii wiaxom nepemeopents Ha KOPUcHi moeaphi npodykmu. Y cmammi posensnymo ochosui Ooicepena ymeopenns CO, i menoenyii
3pocmanns tio2o Konyenmpayii 6 ammocgepi. Ilposedeno cucmemamusayito cyyacnux memooie ymunizayii CO,. Hagedeno xapaxmepucmuxy
XIMIKO-MeEXHONO2IYHUX Memodis nepepodaents kapoor (IV) oxcudy y memanon, nonimepu ma xkapoamio. Memanon modice BUKOPUCMOBYBAMUCS K
CUPOBUHA MA AbMEPHAMUEHE NAUGO, NONIKAPOOHAMU CHPUAIOMb 3MEHUWEHHIO BUKOPUCANHA HADMOBUX pecypcis, a Kapbamio € npukiaoom
npomucnogoi ymunizayii CO,. 3asnaueno, wo enposadoicennss mexnonoziu ymunizayii xkapoou (IV) oxcudy mac sasiciuge exonoziyne i ekoHoMiuHe
3HAYEHHS, CNPUSIOYU PO3BUMKY HU3LKOBY2IIeYeB0i eKOHOMIKU MA SHUNCCHHIO 3aNeHCHOCMI 8i0 6UKONHOT CUPOBUHU.

Knwouosi cnosa: kapoon (IV) okcuo, smina Knimamy, ymunisayis, Memauoi, Kapoamio, niacmux.
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General statement of the problem and its connection with important scientific or practical tasks

The most significant problem of the 21st century is global climate change due to the increase in the Earth's
global average temperature. This problem affects many aspects of environmental and societal existence. Humanity is
already experiencing the consequences of this process, including deterioration of human health, the appearance of
anomalous natural phenomena around the world, and a negative impact on the development of local and global economies.

According to the Sixth Assessment Report on Climate Change, published by the Intergovernmental Panel on
Climate Change in March 2023, it is anthropogenic greenhouse gas emissions that have undoubtedly caused the increase
in global temperatures. In 2011-2020, global temperatures increased by 1.1 °C compared to 1850—1900 as a result of
unsustainable energy consumption, fossil fuel use, land use, consumption and production patterns [1].

The main measures designed to reduce anthropogenic greenhouse gas emissions and mitigate the effects of
global climate change include the decarbonization processes of economic activity in global society.

Analysis of research and publications

The climate change problem due to global warming of the Earth has been on the agenda for more than 40 years.
During this time, realizing the seriousness of the problem, the world community has taken a course towards decarbonization
of the economy. This process is the development and implementation of a set of measures, methods and technologies aimed
at limiting the rate of global warming, while meeting the energy and industrial needs of humanity.
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Decarbonization is based on two main principles: reducing greenhouse gas emissions into the atmosphere,
primarily carbon dioxide (COy), as the largest in tonnage among all greenhouse gases, and limiting the extraction and
use of carbon-containing raw materials.

A significant step towards decarbonization at the global level was the adoption of the Paris Agreement in 2015,
which replaced the Kyoto Protocol. This took place during the 21st Conference of the Parties to the United Nations
Framework Convention on Climate Change. The Paris Agreement entered into force in 2020. The main goal of this
document was to limit the increase in global temperature to less than 2 °C and achieve net-zero CO, emissions in the
second half of the century. In the context of globalization, each individual country cannot plan its economic
development, especially the industrial sector, without taking into account the development of the world economy. This
provision is agreed upon between different countries at the UN level [2].

One of the requirements of the Paris Agreement for signatory countries is to develop a Low-Carbon
Development Strategy by 2050. In this regard, at the COP26 climate summit held in Glasgow in 2021, more than 40
countries around the world agreed to gradually abandon the use of coal for electricity generation. The world's largest
economies must abandon coal generation by 2030, smaller ones by 2040.

The governments of the world's leading countries have agreed that achieving the goals of the Paris Agreement
is possible by phasing out the use of coal for electricity generation. However, the use of solar power plants and wind
turbines does not make it possible to achieve complete decarbonization in many carbon-intensive sectors of the
economy, such as transport (aviation), cement production or agriculture. According to the International Energy Agency,
the Paris Agreement goals can be achieved by scaling up existing strategies to their maximum practical limits. This
means that we do not need to rely on unforeseen technological breakthroughs — we need to leverage existing
technologies globally to make progress [3].

Currently, there are several options for solving the problem of global climate change, which are being
considered by scientists and leading global companies, namely:

— reducing carbon dioxide emissions in the process of production activities [4];

— increasing the number of carbon dioxide absorbers: projects to plant forests or other vegetation [5];

— storing CO, in geological layers [6];

— utilizing CO; by producing valuable industrial goods (fuel, urea, methanol, carbonate fibre (carbon plastic),
etc.) [7].

From the author's point of view, namely oobtaining marketable products from carbon dioxide not only helps
reduce greenhouse gas emissions, but also creates opportunities for the formation of a closed carbon cycle in industry.
Formulation of the article's objectives

The purpose of the research work is to conduct a comprehensive analysis of the problem of anthropogenic
carbon dioxide emissions and to determine promising chemical and technological approaches for its utilization to
convert into marketable products.

Presentation of the main material

Carbon dioxide is a direct-acting greenhouse gas that forms a natural greenhouse effect on our planet.
Greenhouse gases do not transmit infrared radiation released by the Earth's surface well, so heat is retained above the
planet without leaving the atmosphere. The level of CO, in the atmosphere began to grow steadily in the 19th century,
at the beginning of the Industrial Revolution. According to scientists, then it did not exceed 280 ppm.

Today, the concentration of carbon dioxide in the atmosphere is the highest and is growing faster than ever in
human history due to active anthropogenic emissions. The record level of CO; has been updated regularly for the past
few years. According to the Mauna Loa Weather Observatory (Hawaii), which has been monitoring various indicators
of the Earth's atmosphere since the late 1950s, the concentration of CO; in the atmosphere in April 2024 was 4.7 ppm
higher than a year earlier. This is the highest jump in the entire time of tracking such indicators. According to the latest
readings, the concentration of carbon dioxide in the atmosphere has approached 427 ppm, which is more than 50%
higher than the pre-industrial level (Fig. 1) [8].
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Fig. 1. Concentration of carbon dioxide over the years at the observations of the Mauna Loa Observatory [8]

Scientists believe that the increase in carbon dioxide levels in the atmosphere is mainly due to the use of fossil
fuels such as coal, oil, and natural gas. Fossil fuels provide more than 98% of the world's energy needs.
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The International Energy Agency (IEA) [9] estimates that the electricity sector has accounted for nearly two-
thirds of the record increase in CO» emissions since 2013. Global carbon dioxide emissions from the energy sector rose
by 1.7% by mass in 2018, reaching a record high of 33.1 Gt CO». The increase in carbon dioxide emissions is driven by
high energy consumption as a result of a strong global economy, as well as weather conditions in some parts of the
world, which have led to increased demand for energy for heating and cooling.

Also, a significant share of the increase in the concentration of CO; in the air is accounted for by the production
of steel, aluminium, cement, inorganic synthesis products, etc. Thus, the rapid development of energy and industry will
further cause a more rapid growth in anthropogenic carbon dioxide emissions. It is expected that in 2050 the
concentration of CO; in the atmosphere will reach 550 ppm.

In this regard, the problem of not only reducing CO, emissions (gas purification, geological storage) but also
its utilization becomes relevant. It is possible to utilize carbon dioxide by converting it into useful, economically
valuable substances — marketable products.

The main marketable products that can be obtained by utilizing carbon dioxide include:

— methanol — a universal raw material for the chemical industry and an alternative fuel. The technology is being
actively researched and implemented as a way to store “green” hydrogen and at the same time utilize CO»;

— polycarbonates, the production of which allows for the reduction of dependence on oil resources and creates
materials with a low carbon footprint;

— urea — a chemical that is widely used as a fertilizer. This is an example of the successful industrial utilization
of carbon dioxide on a large scale.

Production of methanol from carbon dioxide

Methanol (CH30H) is the simplest monohydric alcohol. It is widely used as a raw material for the synthesis of
formaldehyde, acetic acid, methylamines; in the production of plastics, synthetic fibers; as a fuel or fuel additive
(methanol fuel); as an energy carrier in fuel cells.

Modern chemistry is looking for a sustainable alternative to the traditional method of producing methanol from
natural gas (CH4). Producing methanol from CO; is one such way.

The reduction of CO; to methanol occurs according to the following reaction:

CO; + 3H, = CH30H + H,0, AH =—-49.5 kJ/mol.

This is an exothermic reaction (AH < 0) that requires the use of catalysts, high temperatures (200-300 °C) and
pressures (5—10 MPa). The key component in the synthesis of methanol is hydrogen (H>). It can be obtained in several ways:

— by water electrolysis (“green” hydrogen — using renewable energy);

— from biomass or natural gas (“grey” hydrogen);

— by photocatalysis.

For environmental efficiency, it is preferable to use hydrogen derived from renewable sources.

Copper-based catalysts (Cu/ZnO/Al,0Os) are the most effective for the process of methanol synthesis from
carbon dioxide. They are similar to those used in methanol synthesis from syngas. New nanostructured and
photocatalysts are also being investigated to reduce energy costs and increase reaction selectivity.

There are several possible technologies for the production of methanol from carbon dioxide:

— heterogeneous catalysis, in which the target reaction is carried out in the gas phase on the surface of a solid
catalyst under high pressure. This is a traditional industrial technology [10];

— electrochemical reduction of CO», which is carried out using electrodes in an aqueous environment. This
technology requires the development of new efficient electrocatalysts [11];

— photocatalytic conversion of CO, — a process carried out using UV radiation on the surface of the catalyst.
This is a promising technology that is still at the stage of laboratory research [12].

The advantages of methanol synthesis technology through carbon dioxide utilization include:

— reduction of CO; emissions — combating global warming;

— reduction of dependence on fossil fuels and use of renewable energy sources — sustainable development;

— accumulation of energy in the form of methanol — integration with the system of including energy obtained
from renewable sources into the country's overall energy system.

In addition to the environmental benefits, there are certain challenges to the technology of methanol synthesis
from CO,. These include the high energy cost of hydrogen production, the need for new highly efficient catalysts, and
infrastructure constraints. But in the future, with the improvement of technologies and the reduction in the cost of renewable
energy, the production of methanol from carbon dioxide can become an important part of a carbon-neutral economy.

Thus, the production of methanol from carbon dioxide is a scientifically and technically sound approach to
converting CO; into valuable chemical raw materials. This direction combines the achievements of modern chemistry,
eco-technologies and energy. It has the potential for widespread implementation in the context of the transition to a
sustainable and carbon-free economy.

Production of plastic from carbon dioxide

Plastic is a synthetic or semi-synthetic polymeric material that consists of long chains of molecules called
polymers. These polymers are formed as a result of the chemical reaction of polymerization of monomers — small
molecules that can connect. Different types of plastic have specific structures and properties that can be modified by
adding various additives. Production of plastic from carbon dioxide promises not only to reduce greenhouse gases but
also to provide an environmentally friendly alternative to traditional methods of polymer production. The process of
using carbon dioxide as a raw material for producing plastic typically involves the following key stages: extraction of
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CO; from industrial emissions or atmospheric air; conversion of CO; into monomers through catalytic, electrochemical,
and biological technologies; and polymerization of monomers to obtain products with specified properties.

Catalytic conversion of carbon dioxide is based on its interaction, with other chemicals with the participation
of catalysts [13]. This process is possible due to the use of metal complex and acid-base catalysts or enzymes. These
substances activate CO» molecules and promote their incorporation into polymer chains.

Among the main methods of catalytic conversion of carbon dioxide, the following can be distinguished:

— polycarbonatization — obtaining polymers based on polycarbonates by interacting CO» with epoxides;

— polymerization of cyclic carbonates —using CO, for the synthesis of monomers (butylene carbonate, glycerol
carbonate), which are subsequently polymerized;

— copolymerization of CO, with olefins — obtaining complex polymer structures with the participation of
polyolefins.

One of the promising methods is the electrochemical conversion of carbon dioxide into polymeric materials
[13]. This process is carried out in special electrochemical cells, where catalytic reactions of CO> reduction to target
organic molecules occur under the influence of an electric current. Catalytic reduction of CO occurs when it interacts
with an electrode on the surface of which catalysts (metals, metal oxides or organic catalysts) are placed. During this
process, various monomers (ethylene, methanol, ethanol, propanol, glycols, oxalates) can be formed. The chemical
nature of monomers will depend on the conditions of the redox reactions. The resulting monomers are then used for the
synthesis of polymers.

Current research is also aimed at developing biotechnological methods for converting CO, into useful
materials, in particular, bioplastics [14]. Such methods are based on the use of microorganisms and biocatalysts that are
able to absorb carbon dioxide and synthesize polymers. Biotechnological methods for converting carbon dioxide involve
the use of microorganisms (bacteria, cyanobacteria, algae) that can fix CO» through photosynthetic or chemoautotrophic
processes. The resulting polymers, such as polyhydroxyalkanoates (PHA), are the basis for the production of bioplastics.
These materials are biodegradable and can completely replace traditional plastics.

The production of plastic from carbon dioxide has significant advantages, which include reducing greenhouse
gas emissions, reducing the use of oil and gas, producing biodegradable materials that do not harm the environment.
However, there are also certain problems associated with the technologies listed above. These include the high cost of
production processes compared to traditional methods, the need to develop effective catalysts and improve technologies,
and the lack of large-scale industrial implementation.

The growing interest of governments and environmental organizations in reducing carbon dioxide emissions
creates favorable conditions for investment in this area. In the future, plastic made from carbon dioxide may become
not only an ecological alternative to traditional polymers, but also a key element in the fight against climate change.
Despite the challenges, these technologies have significant potential and can be an important step towards creating
sustainable production of materials that minimize human impact on the environment.

Production of urea from carbon dioxide

Urea (CO(NH2),) — one of the most important chemical products, which is widely used in agriculture as a
nitrate fertilizer, as well as in the chemical, pharmaceutical and polymer industries.

Traditionally, urea is produced by reacting ammonia (NH3) with carbon dioxide under high pressure (13—
21 MPa) and temperature (160-200 °C) [15]:

2NHj; + CO, = (NH»).CO + H,O.

However, modern challenges of sustainable development and reduction of greenhouse gas emissions stimulate
the development of alternative technologies, in particular electrochemical synthesis of urea. This method is based on
the simultaneous electroreduction of CO; and nitrogen-containing compounds (NO3~, NO,, N») in the presence of an
appropriate catalyst. The process may include stages of reduction of nitrogen compounds to ammonia, as well as parallel
conversion of carbon dioxide to activated forms capable of forming urea, for example, carbon oxide (CO).

Electrochemical synthesis of urea can be carried out in an electrolyzer under ambient conditions [16]. This
makes it more energy-efficient compared to traditional methods. The efficiency of the process largely depends on the
choice of electrocatalyst. Current research indicates that molybdenum, copper or iron-containing compounds,
organometallic frameworks, transition metal heterostructures, and monatomic catalysts that demonstrate high selectivity
for urea formation are most effective. Catalysts should provide simultaneous binding and activation of CO, molecules
and nitrogen-containing compounds, promoting the formation of C—N bonds.

The advantages of electrochemical synthesis of urea include: environmental friendliness (using CO, as a raw
material helps reduce greenhouse gas emissions), energy efficiency (the process can be carried out at room temperature
and pressure), the possibility of using renewable energy sources — solar or wind plants, modularity and scalability (the
possibility of building local plants for urea synthesis near places of consumption).

Despite its potential, the electrochemical method faces a number of technical and scientific challenges, namely:
low yield and product selectivity due to competition with the hydrogen evolution reaction, the need for highly selective
and stable catalysts, the difficulty of detecting and quantifying urea in the presence of by-products. However, active
research in the field of electrocatalysis, nanotechnology and reactor optimization opens up broad prospects for the
commercialization of this process.

Conclusions from this study and prospects for further exploration in this direction

Carbon dioxide is the main anthropogenic greenhouse gas that significantly affects global climate change.

Reducing its concentration in the atmosphere is one of the key tasks of modern environmental policy and industrial ecology.
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Utilization of CO, with the production of marketable products is a promising direction that combines environmental
feasibility with economic benefit. The conversion of CO; into chemical compounds with added value contributes to the
implementation of the principles of a circular (closed) economy and the rational use of carbon resources.

Among the main methods of CO, processing, chemical, electrochemical, and catalytic approaches are
distinguished. Each of them has its own advantages and limitations, due to energy costs, the yield of the target product
and the scalability of the process. The most practically significant directions are the synthesis of methanol, synthetic
gas, polymers, mineral carbonates and fuels, which are already used in industry or are undergoing the stage of
experimental implementation.

Further development of CO, conversion technologies requires integration with renewable energy sources,
improvement of catalysts and an increase in the efficiency of fixation processes. This will create conditions for the
large-scale implementation of such technologies in industry and will contribute to reducing the carbon footprint of the
global economy. Thus, the utilization of carbon dioxide with the production of marketable products is not only
environmentally sound, but also a strategically important direction that combines the tasks of environmental protection
and the formation of sustainable production of the future.
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