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Introduction

Decarbonization is on the agenda of most countries of the world (Lau, 2022; Luo et al.,
20225 Mathur et al., 2022; Obrist et al., 2022; Zhao et al., 2022). The global GHG emission
reduction agenda was launched in November 2021 at the UN (2022) Climate Change
Conference in Glasgow (COP26). At this conference, environmental degradation and the
importance of decarbonization were recognized by 120 world leaders (Adebayo, 2022a;
Adebayo et al., 2022; Adebayo, 2022b).

The problem is that, despite the significant progress made in decarbonizing the
economy by individual countries, their results are contradictory (Dogan et al., 2022; Li
et al., 2022; Nasir et al,, 2022). On the one hand, the benefits of reducing the carbon
footprint of the economy for the environment and quality of life are obvious (the tip of the
iceberg) (Murshed et al., 2021; Hamid et al., 2022a; Alam et al., 2022; Hamid et al., 2022b;
Murshed et al., 2022; Popkova, 2022).

On the other hand, deep contradictions of decarbonization remain undisclosed, but
gradually are coming to the surface (Ratner et al., 2022), since the existing technological
structure does not allow for completely replacing natural energy resources with “green”
analogues (Sisodia et al., 2020; Teichmann et al,, 2020). A vivid manifestation of these
contradictions is that the countries that are leaders in the field of decarbonization of the
economy—the United States, Japan, the European Union and the United Kingdom—are
experiencing energy crises (Gallo et al., 2020; Ratner et al., 20215 Streimikiené et al., 2022).

This contradiction is becoming more acute in the era of artificial intelligence. In the
works of Kovacova and Lazaroiu (2021), Popkova et al. (2021), Sergi and Popkova (2022),
the Al era is defined as a modern period of world history, the distinctive feature of which is
the gap between people and automation tools. For the first time in the history of industrial
revolutions, automation does not improve the human use of means of production but
completely isolates and excludes him from economic processes.

As noted in the works of Chen et al. (2021), Faheem and Butt (2022), Matsunaga et al.
(2022), Oks et al. (2022), the systematic nature of cyber-physical systems achieved in the
Al era reflects the revolutionary communications of inanimate objects (digital
technology) with each other, with physical objects (for example, buildings,
equipment) and even with wildlife (for example, natural resources in various
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industries or plants and animals in agriculture). But this
integration does not apply to a man who is outside of
Industry 4.0 systems.

This article uses a broad interpretation of the Al era, which is
not limited to AI alone and covers the whole set of disruptive
(subversive) technological innovations of Industry 4.0, in
particular, robots, Big Data and data analytics, as well as the
Internet of Things (IoT). All technologies of the AI era are
characterized by high energy intensity, which was the criterion
for their generalization in the works of Hao et al. (2022),
Miskiewicz et al. (2021), Reshetnikova and Pugacheva (2022),
Wang et al. (2022).

Full automation, taking place in the Al era, brings the energy
intensity of the economy to a critical level even with the use of
energy-saving technologies (Berner et al., 2022; Chen et al., 20225
Muhammad et al,, 2022). And “clean” energy today is not able to
cover the growing demands of the economy in energy, which
does not allow reduction and may even lead to a forced growth in
carbon emissions. In this regard, in the works of Doroshuk
(2021), Maggiore et al. (2021), Parmar et al. (2022), Qi et al.
(2022), the Al era is considered an unfavourable time and an
unfriendly technological landscape for decarbonization.

Thus, the relevance of the study is explained by the fact that
the era of artificial intelligence associated with total automation
creates increased risks of climate change and, at the same time,
opens up high-tech opportunities for energy saving. The main
reason for conducting this study is the need to form a systematic
understanding of the special context of decarbonization, which
consists in the era of artificial intelligence, taking into account its
advantages and disadvantages, as well as the formation of a
balanced (providing both deficit-free and environmentally
friendly energy) approach to the development of an ecological
Al-economy in support of decarbonisation.

The research question of this article is as follows: “How to
achieve a reduction in carbon emissions and decarbonization of
the economy and at the same time avoid an energy crisis (energy
shortage)?” To answer the research question posed in this article,
the hypothesis Hy is put forward that artificial intelligence allows
achieving a reduction in carbon emissions and decarbonization
of the economy and at the same time avoid an energy crisis
(energy shortage).

The purpose of the article is to reveal the features of the
decarbonization of the economy in the era of artificial
intelligence, taking into account the challenges of developing
“clean” energy and the prospects for reducing carbon emissions
using robots, Big Data, [oT and Al After the above introduction,
this article reveals the challenges of the Al era for “clean” energy
and decarbonization of the economy. Using the regression
analysis method, the impact of robot density on CO:
emissions and the share of renewable energy in the leading
in 2021
according to the International Federation of Robotics (2022b).

countries in industrial robotization is modelled,

Then describes the prospects and recommendations for
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decarbonization of the AI economy. Further, the results
obtained are discussed in comparison with the existing
literature, and a conclusion is made at the end of the article.
The contribution of the study to the literature consists of a
systematic analysis and rethinking of the consequences of the
spread and use of disruptive innovations of Industry 4.0 for
“clean” energy in the era of artificial intelligence. The author’s
systematization and classification of these innovations made it
possible to identify and clearly distinguish between the
innovations of the era of artificial intelligence that contribute
to the reduction of carbon emissions (Al IoT and Big Data), as
the of this
decarbonization (robots). In this way, the article opens up

well as innovations era that slow down

opportunities  for more environmentally  responsible
dissemination and application of the disruptive innovations of
Industry 4.0, as well as their flexible combination in support of

decarbonization.

Theoretical mechanism and hypothesis
built-up

The fundamental research framework in this article is the
Theory of decarbonization of the economy. Comparison and
contrast of different studies within the limits of this theory has
revealed the controversial aspects of decarbonization as a
scientific and economic category. Camarasa et al. (2022), Lau
(2022), Luo et al. (2022) in their writings point out that
decarbonization is essential since it is one of the most
important vectors of development of ecological economics.

As opposed to them, Fulzele et al. (2022), Pilloni et al. (2022),
Vatsa and Miljkovic (2022) in their writings point out the
increasingly growing need for energy resources and, in
particular, fossil fuel energy, to accelerate the recovery of the
global economy from the COVID-19 crisis. Gargallo et al. (2022),
Ram and Webler (2022), Tan et al. (2021), Zhang et al. (2022) in
their publications maintain that the world community is not
ready to completely abandon fossil fuel energy and that clean
energy involves certain constraints that are associated with its
incomplete coverage of economic entities (constraints of
infrastructure), high cost (financial constraints), as well as low
and unpredictable performance (natural and climatic constraints
of renewable energy sources).

The literature review has identified its main gaps that need to
be worked upon. The first gap is the contradiction of
decarbonization as a catalyst for sustainable development
while also an obstacle to economic growth. The second gap is
that while the existing literature by Favi et al. (2022),
Mastrocinque et al. (2022), Matsunaga et al. (2022), Morelli
et al. (2022), Vitiello et al. (2022), Wachnik et al. (2022)
points out the special context of energy development that has
formed at present in the context of the Al economy, this context
has been left out of consideration in decarbonization planning.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.952821

Vorozheykina

This allows defining the study’s problem statement as the
uncertainty of the prospects for achieving decarbonization of the
economy in the AI era. The significance of this research is
attributable the fact that decarbonization is declared as an
official priority of the countries across the world, most of
which have already approved their national decarbonization
strategies by now. However, given acute energy deficiency and
unprecedentedly high global energy prices, these strategies have
been jeopardized. In this respect, the potential of various factors
to support decarbonization strategies should be identified.
Among these factors, the AI economy is of paramount
of the

mode

allows
the

importance, since it taking advantage
opportunities
(Industry 4.0).

The research question of the article consists in methods of

created by new technological

achieving carbon reduction and decarbonization of the economy
while also avoiding an energy crisis (energy shortage). Based on
the writings by Ahmed et al. (2022), Dimou and Vakalis (2022),
Ragulina et al. (2022), Xuan and Ocone (2022) which point out
the benefits of Al-based energy automation, this article puts
forward the HO hypothesis that carbon reduction and
decarbonization of the economy while avoiding an energy
crisis (energy shortage) can be achieved through the use of
Artificial Intelligence.

The contribution of the article to the systematic research
literature in this area of investigation consists in precise
definition of the features—challenges and prospects—of the
decarbonization of the economy in the new context of
modernity, that has formed in the era of Artificial Intelligence.
The theoretical mechanism for testing the hypothesis advanced
in this article is involved with a qualitative-quantitative analysis
analysis of the cause-and-effect relationships of the development
of clean energy and carbon reduction using robots, Big Data, IoT
and AI based on the systematic approach.

Challenges of the Al era for “clean” energy
and decarbonization of the economy

To test the proposed hypothesis Ho, the Systematic Approach
methodology is used, based on which a quantitative and
qualitative analysis of the impact of disruptive technological
innovations of the era of artificial intelligence on reducing
carbon emissions and decarbonizing the economy is carried
out. The quantitative analysis includes econometric modelling
of the impact of the spread of robots as the advanced technology
of the AT era on climate change. The qualitative analysis is related
to expert analytics on the contribution of the Internet of Things
(IoT) and Big Data as disruptive technological innovations in the
era of artificial intelligence to the decarbonization of the
economy.

The quantitative analysis has used such variables as Robot
Density according to the International Federation of Robotics
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(2022a) as a factor in the AI economy, as well as CO2 emissions
and the share of renewable energy according to the UNDP (2022)
as results in the field of decarbonization (development of clean
energy and carbon reduction).

The choice of indicators is explained by the fact that
industrial robots are the technology of the Al era, which is
the most widespread and used in practice today. Also, thanks
to the global efforts of the UN, serious progress has been made
today in the development of “clean” energy and the
decarbonization of the economy (Figure 1).

A simple linear regression allowed us to obtain models
093 + 0.0001*rb and renew = 27.01-0.03rb),
according to which, with an increase in robot density by

(carb =

1 robot per 10,000 employees, COz emissions from fuel
combustion for electricity and heating per total electricity
output increase by 0.0001 MtCO2/TWh (correlation 11.43%),
and the share of renewable energy in total primary energy supply
is reduced by 0.03% (correlation 44.42%).

According to the International Federation of Robotics
(2022b), the global average in 2021
435 robots per 10,000 employees, and by 2024 it will increase
to 518 robots per 10,000 employees, that is, by 19.08%. Based on
the regression models obtained above, it can be expected that this

robot density is

will increase CO2 emissions from fuel combustion for electricity
and heating per total electricity output by 1% and reduce the
share of renewable energy in the total primary energy supply
by 9.68%.

Consequently, robotization represents a serious challenge in
the AI era for “clean” energy and decarbonization of the
economy. At the same time, other disruptive technological
innovations are also actively developing. Thus, according to
(2022),
increase from 2.65 million units in 2022 to 3.09 million units

Mordor Intelligence IoT active connections will
by 2025—and this is only in retail. According to IDC Corporate
USA (2022), global spending on Big Data in 2021-2025 will
increase by 12.8% annually. This opens up favourable
opportunities for “smart” analytics of “clean” energy with the
help of artificial intelligence.

Thus, the obtained results revealed the challenges of the era
of artificial the
decarbonization of the economy. The first one is related to

intelligence for “clean” energy and
the fact that as robotization increases, CO2 emissions increase
and the share of renewable energy decreases. The second
challenge is that as the Internet of Things (IoT) advances and
Big Data spreads, new opportunities for decarbonization are
opening up that need to be exploited to mitigate and offset
the negative impact of robots on energy and the environment.

A systematic look at the identified challenges showed that the
era of artificial intelligence opens up new opportunities for
decarbonization to a greater extent than increases its risks.
This is explained by the fact that robotization is a factor of
energy and environmental risks developing at a slower pace

(6.36% per year) than two factors for the development of
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FIGURE 1

Robot density (rb), CO, emissions (carb) and the share of renewable energy sources (renew) in the leading countries in the robotics industry in
2021. Source: Compiled by the authors based on materials from the International Federation of Robotics (2022a), UNDP (2022).

“clean” energy and reducing greenhouse gas emissions: IoT
(5.53% per year) and Big Data (12.8% per year).
per y 8 per yt

Prospects and recommendations for the
decarbonization of the Al economy

Recommendations for standard business regulation policies
include stimulating entrepreneurial innovation and supporting
high-tech economic growth. In the field of innovation policy, it is
recommended to stimulate the balanced development of
disruptive technological innovations - robots, the Internet of
Things (IoT), Big Data and artificial intelligence (AI). In the field
of energy policy, it is proposed to tighten the requirements for
energy efficiency of disruptive technological innovations in
support of energy saving. In the field of environmental policy,
it is recommended to expand the use of high technology
the of
decarbonization strategies.

opportunities  in implementation economic

Big Data and IoT form the information base for “smart” AI-
enabled analytics. The promising role that artificial intelligence
can play in the transition to “clean” and alternative energy, as
well as in improving the energy efficiency of the economy, is

associated with the identification of the potential of disruptive
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innovations of the AT economy to support decarbonization. That
is, artificial intelligence is designed to become an intermediary, a
mediator between the Fourth Industrial Revolution and the
decarbonization of the economy.

Many advanced solutions in the field of decarbonization of
low-tech economic processes have already been found and are
successfully practised, but in the field of high technology, there is
a shortage of environmentally friendly solutions. Artificial
intelligence is able (unlike humans) to take into account the
subtleties of Industry 4.0 technologies and therefore offer non-
standard and revolutionary solutions for their use in order to
the The applied
recommendations proposed the
decarbonization of the Al-based economy to perform the role

decarbonize economy. following

are for managing

described above in practice:

— Automated statistical monitoring of the contribution of
high technologies of Industry 4.0 (for example, robots) to
the decarbonization of the economy. The “smart” Al-
enabled
contributions to the decarbonization of each technology

analytics  allows identifying individual
and technical device. This will demonstrate the strengths
and weaknesses of decarbonization in the context of

enterprises and markets;
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— Highly detailed decarbonization planning in Industry 4.0.
Artificial intelligence will be able to select unique
decarbonization solutions for each enterprise and
market, as well as offer highly detailed plans for their
transition to clean energy and reduction of carbon
emissions;

— Search for solutions to complex optimization problems to
correspond to the specified decarburization criteria using
high technologies of Industry 4.0 (for example, robots).
Artificial intelligence, thanks to its high-performance and
record-fast analytics, can find optimal solutions for
decarbonization, for example, when saving the required
number of jobs or a given amount of required profit in case
of a limited budget.

The advantages of reducing carbon emissions and

decarbonizing the Al-based economy include, firstly, support

for decarbonization by high-tech sectors of the economy, which,
without the use of artificial intelligence, make a small or zero
contribution to decarbonization and may even hinder it.

Secondly, they involve system solutions for decarbonization,

covering the entire set of processes for the production of

“clean” energy, its distribution and optimal consumption, if

necessary in combination with fossil energy.

Discussion

The contribution of the article to the literature consists in
rethinking the prospects of decarbonization, taking into account
the peculiarities of the Al era. Following the research results, it
has been revealed that new challenges arise for “clean” energy
and decarbonization of the economy in the era of Artificial
Intelligence. On the one hand, there is an increasing energy
intensity of housekeeping and a growing need for fossil fuels for
the maintenance of robots. This gives rise to a challenge
associated with the need to increase the energy intensity of
robotic production works.

On the hand,
innovations of the era of Artificial Intelligence, including

other other disruptive technological
Artificial Intelligence as such, as well as the Internet of Things
(IoT) and Big Data,

decarbonization, supporting the development of “clean”

open up new opportunities for
energy and carbon reduction.

The prospects for decarbonization of the AI economy are
involved with the use of a systematic approach to the national
economic policy. This systematic approach should comprise and
ensure the integrated management of the development of
disruptive  technological ~ innovations,  energy  and
environmental economics. The advantage of the proposed
systematic approach will consist in the support of the
balanced and sustainable development, as well as consistent

progress in the implementation of SDG7 and SDG13.
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The contribution of the paper to the improvement of
scientific knowledge in the field of decarbonization and
combating climate change is as follows. Unlike Hao et al.
(2022), Miskiewicz et al. (2021), Reshetnikova and Pugacheva
(2022), Wang et al. (2022), it has been proved that disruptive
technological innovations are not homogeneous, but are
characterized by serious differences in terms of energy
efficiency. A new classification of these innovations according
to the criterion of consequences for decarbonization has been
proposed; technologies with high energy intensity (for example,
robots) and technologies that support decarbonization (for
example, IoT, Big Data and AI) have been identified. The
advantage of the author’s classification is that it allows flexible
use of technologies of the AI era, achieving the best practical
results in decarbonization.

Unlike Doroshuk (2021), Maggiore et al. (2021), Parmar et al.
(2022), Qi et al. (2022), it has been proven that in the era of
artificial intelligence there are no obstacles to decarbonization,
but on the contrary, new opportunities have been created for this.
Using only disruptive innovations of industry 4.0 (for example,
only robots) can hinder the reduction or even increase the
number of carbon emissions, as well as slow down the
transition to “clean” energy. But with the complex use of
technologies in the AI era, the disadvantages of some
technologies are compensated by the advantages of others.
And artificial intelligence can play a system-forming role in
this process, providing intellectual support for maximizing the
cumulative contribution of disruptive innovations of Industry
4.0 to the decarbonization of the AI economy.

The contribution of the findings to the growth of scientific
knowledge lies in the fact that they allow us to take a fresh look at
the process and prospects for the decarbonization of the
economy in the era of artificial intelligence, taking into
account both the advantages and disadvantages of the
disruptive innovations of Industry 4.0. This allows robots, Big
Data and Al to spread more consciously, with clear control and
high-precision prediction of their impact on carbon emissions
and clean energy. Due to this, the article more deeply revealed the
cause-and-effect relationships of the development of ecological
economics and management in the Al era, showing the place of
the disruptive innovations of Industry 4.0 in this process.

Conclusion

The results of the study revealed the challenges of the Al era
for “clean” energy and decarbonization of the economy,
associated, on the one hand, with an increase in carbon
emissions and a reduction in the share of “clean” energy as
robotics develops, and, on the other hand, with support for the
decarbonization of the AI economy based on Big Data, IoT and
AL The author’s conclusions that the disruptive innovations of
Industry 4.0 can both accelerate and slow down the processes of

frontiersin.org
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reducing carbon emissions and the transition to “clean” energy
allow a more objective and systematic look at the Al era as a
decarbonization context and take into account the peculiarities of
this context in the state and corporate managing the development
of ecological economics and management.

The theoretical significance of the study consists in revealing
the consequences of the spread of disruptive innovations of
Industry 4.0 Al
management through the author’s classification based on the

for environmental economics  and
criteria of contribution to decarbonization. The article develops
and complements the scientific strategies of decarbonization,
presented in the writing by Hamid et al. (2022). The practical
significance of the author’s conclusions and proposed
recommendations on the use of artificial intelligence for the
decarbonization of the economy makes it possible to accelerate
the transition to “clean” energy and increase the scale of carbon
emissions reduction through the involvement of high-tech
sectors of the AI economy, which were previously considered
inaccessible for decarbonization.

The social significance of the research results is that they
support the systematic practical implementation of SDG 7 and
SDG 13 in environmental AI economics and management.
Suggestions for policy makers include flexible use of the
disruptive innovations of Industry 4.0: increased use of IoT,
Big Data and Al as catalysts for carbon reduction and clean
energy transition, and more thoughtful, careful and responsible
distribution of robots as potential inhibitors of these processes.

A limitation of the results obtained is that this study focuses
on decarbonization, while there are many other promising areas
the

management.

for development of environmental economics and

the
production and consumption waste, recycling, reducing the

Among these areas is reduction of
consumption of natural resources and increasing the resource
efficiency of the economy, etc. Each of these areas needs an
in-depth study of the
implementation in the AT era. In this regard, Future directions

independent prospects  for its

of research are related to the disclosure of the consequences (both
challenges and prospects) of the spread of disruptive innovations
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