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A B S T R A C T 
 

One of the problems of our time is environmental pollution by emissions of 
harmful substances formed as a result of the functioning of industry, 
agriculture, power generation facilities, transport and the household sector. 
The operation of all these facilities is ensured by using natural energy sources, 
the reserves of which are not endless. Another objectively present problem is 
superimposed on this problem - global warming. Regardless of the causes of 
global warming, humanity must adapt to this process. The question is: how can 
we ensure "climate neutrality" on the scale of the human environment? One of 
the solutions to the problems is the diversification of the energy generation 
methods used. In addition, the main source of atmospheric pollution in 
populated areas is transport, the number of which has currently reached almost 
1.5 billion units in the world. The transition from cars to electric vehicles, as 
well as to transport using hybrid motor units (which are a combination of a heat 
engine and an electric motor), will reduce environmental pollution in large 
populated areas. Much attention is being paid to technologies for generating 
electricity by burning hydrogen, but at present, more than 90% of hydrogen 
production is provided by processing natural gas, which is accompanied by the 
formation of harmful substances and "greenhouse gases" that enter the 
atmosphere and, due to transboundary air flows, spread over many hundreds 
and thousands of kilometers, polluting vast territories. At the same time, the use 
of hydrogen will increase the emission of water vapor (a product of hydrogen 
combustion), which is three times more greenhouse than carbon dioxide. This 
article does not consider the issue of the price of the energy sources used and 
the electricity received since the pricing process is absolutely subjective, and 
often, the political factor is superimposed on it.  
 

 
1. Introduction  

Sustainable development of any country, i.e., 
development without depletion of economic, environmental, 
and social resources and without transferring problems to 
future generations, is determined by a stable supply of energy 
[1]. At the same time, the development of the economy of all 
countries requires increased consumption of electricity; thus, 
in 2023, 1.27 times more electricity was generated worldwide 
than in 2013 and 1.77 times more than in 2003 (Table 1) [2]. 
Traditionally, the main energy sources used to generate 
electricity are coal, oil, and gas. Over the past 20 years, 
international trade in these products has grown by more than 
50%, with three regions (North America, Europe, and Asia-
Pacific) consuming more than 3/4 of all energy. As a result, 
North America has transformed from an energy importer into 
an exporter, but Western and Eastern Europe, as well as the 

Asia-Pacific region, have remained importers, with the latter 
consuming almost half of the world's demand [3]. It should be 
noted that thermal power plants (TPPs) consume billions of 
cubic meters of water for their cooling systems, which causes 
irreparable harm to the surrounding aquatic environment 
and the entire associated ecosystem. Thermal power plants 
running on fuel oil and oil, in addition to traditional harmful 
substances, emit a number of heavy metals into the 
atmosphere: vanadium and nickel (for example, 1 ton of oil 
contains up to 100 g of vanadium and nickel), cobalt and lead, 
copper, arsenic, mercury, molybdenum, uranium, and their 
compounds. These metals accumulate in plants that are used 
as food and penetrate groundwater. Large hydroelectric 
power plants (HPPs) also cause enormous environmental 
damage, leading to negative climatic, geological, landscape, 
biosphere, and social consequences [4].  
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Table 1. Total electricity production in the world and in the main 
producing countries 

Region 2023 г. 2013 г. 2003 г. 

Worldwide, TW 29924,76 23447,98 16932,83 

of which, in %    

- China 31,60 23,16 11,28 

- USA 15,02 18,47 24,44 

- India 6,54 4,89 3,77 

- Russia 3,94 4,52 5,41 

- Japan 3,39 4,64 6,45 

- Brazil 2,37 2,43 2,15 

- Canada 2,12 2,80 3,47 

- South Korea 2,06 2,29 2,05 

- France 1,74 2,45 3,35 

- Germany 1,72 2,72 3,60 

Note: The table shows data for the 10 main electricity-producing 
countries. 

In this regard, there is a need to reduce the harmful 
impact on the environment down to "zero", i.e. achieve 
"climate neutrality": compliance between anthropogenic 
emissions from sources and absorption of harmful substances 
by absorbers. This also applies, in particular, to “carbon 
neutrality”- the balance between emissions of carbon dioxide 
CO2 and its absorption. That is, “climate neutrality” is 
understood as a state in which human activity does not lead 
to any impact on the climate system [5]. The European Union 
has set a goal of achieving "climate neutrality" by 2050, and 
has also set an intermediate goal of reducing greenhouse gas 
(GHG) emissions by at least 55% by 2030 compared to 1990 
levels. This will require that electricity generation from 
renewable sources account for at least 32%, primarily 
through wind and solar energy development. At the same 
time, on 18 May 2022, the European Commission published 
the "REPowerEU" plan, which sets out several measures to 
accelerate the transition to clean energy [6]. One of the 
methods for achieving "climate neutrality" is the use of 
renewable energy sources (RES): sources that are naturally 
replenished (or renewed). In energy statistics, RES includes 
the following types: 
A) Non-combustible renewable energy sources for electricity 
generation: 
• Hydropower: potential and kinetic energy of water in 

hydroelectric power plants (electricity generated in 
pumped-storage installations is not taken into account); 

• Tidal and wave energy in the seas and oceans: kinetic 
energy obtained as a result of tidal and wave motion or 
currents; 

• Geothermal energy: energy of heat obtained from the 
earth's crust (in the form of hot water or steam); 

• Wind energy: kinetic energy of the wind, converted in wind 
turbines; 

• Solar energy: photovoltaic converters of solar radiation. 
B) Combustible renewable energy sources: 
• Biofuels: fuels from biomass (solid biofuels, biogas and 

liquid biofuels); 
• Renewable municipal waste (waste is any substance or 

object that its owner disposes of or must dispose of in 
accordance with applicable national legislation) [7]. 

In 2022, the share of electricity generation from 
renewable energy sources in the world as a whole was 
26.72%, including 32.12% in China, 23.0% in the EU, 15.53% 

in the USA, 5.50% in India, 3.86% in Russia, 3.53% in Japan 
(less than 3% in other countries) [8]. In 2023, 24.5% of 
electricity in the EU was already generated from renewable 
energy sources. At the same time, in Sweden (electricity 
generation from renewable energy sources 66%), solid 
biofuels, hydropower, and wind energy were mainly used; In 
Finland (50.8%) - solid biofuels, wind power, and 
hydropower; in Denmark (44.9%) - solid biofuels and wind 
power. In the transport sector, the share of energy from 
renewable energy sources was 10.8% (in 2004 - 1.6%, in 
2022 - 9.6%; by 2030, it is planned to be 29%); while 
consumption varies from 33.6% in Sweden and 20.6% in 
Finland to 3.9% in Greece, 1.4% in Latvia and 0.9% in Croatia. 
Norway, which is part of the European Economic Area, also 
ensured a high share of renewable energy sources in the 
transport sector - 27.7%. For the heating and cooling sector 
in the EU in 2023, the share of energy from renewable energy 
sources was almost 25%. (total consumption for heating and 
cooling purposes is the final consumption of all types of 
energy, except electricity for purposes not related to 
transport, as well as heat consumption for the own needs of 
power plants and thermal power plants and heat losses in 
networks) [9]. 

2. Global warming and anthropogenic factor 

2.1 Greenhouse effect and greenhouse gases 
The greenhouse effect is a phenomenon of secondary 

heating of the atmosphere by long-wave (infrared) radiation 
from the surface of the planet, returned back to the surface by 
some gases in the atmosphere. These gases were given the 
name: "greenhouse gases" - GHG. The GHG included six gases, 
of which carbon dioxide CO2 has the greatest greenhouse 
activity; methane CH4 is in second place. The sources of GHG 
are both natural processes (volcanoes, fires, decay) and 
anthropogenic activity. It was noted that if in the middle of the 
19th century, the concentration of CO2 in the atmosphere was 
280 ppmv, then by 1992 it was 370 ppmv, and by the end of 
the 21st century an increase to 490...1260 ppmv is expected 
(depending on the scenario). Constant monitoring of changes 
in atmospheric temperature across the planet has shown that 
in the last third of the 20th century, the rate of increase in 
atmospheric temperature has increased significantly. The 
international community came to the conclusion that 
anthropogenic factors (emissions from industrial and 
agricultural enterprises, vehicles, power generation facilities, 
and the household sector) are to blame for this, causing an 
increase in the concentration of GHG in the atmosphere 
(Table 2) [10, 11]. 

2.2 Quotas for greenhouse gas emissions 
In 1997, in Kyoto (Japan), at the third conference of the 

countries participating in the United Nations Framework 
Convention on Climate Change (UNFCCC), standards (quotas) 
for GHG emissions in terms of CO2 were adopted (Table 3) 
[12]. According to this decision, countries had to reduce their 
emissions by an average of 6% compared to the 1990 level 
between 2008 and 2012. If we take into account that this 
limitation was not in effect before 2008, the actual level of the 
required reduction in CO2 emissions could reach 20...25% for 
a number of countries. In order to prevent "global warming", 
the Kyoto Protocol proposed the following mechanisms for 
achieving the goal: "clean development", "joint cooperation" 
and "trading of quotas". The "clean development" mechanism 
encouraged countries to expand the areas of natural 
absorbers of harmful substances: 1 hectare of forest 
plantations provides, on average, the absorption of up to 10 
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tons of CO2 per year. The "joint cooperation" mechanism was 
formally aimed at helping highly developed countries to 
introduce modern technical solutions into production that 
ensure a reduction in GHG emissions. However, the amount of 
GHG emission reduction was credited to developed countries, 
which could thus solve the problems of fulfilling their quotas, 
but not the problem of air pollution in their own countries. 
The use of the “quota trading” mechanism allowed countries 
with a positive balance in GHG emissions to sell the right to 
additional GHG emissions in the same volume to any other 
state. Accordingly, no positive impact on reducing air 
pollution in the purchasing countries was achieved. Thus, the 
last two mechanisms were purely formal in nature and were 
not aimed at reducing environmental pollution in countries 
with increased emissions of harmful substances into the 
atmosphere.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to combat climate change and its negative 
consequences, an agreement was adopted at the next 
conference in Paris on December 12, 2015, aimed at 
significantly reducing global GHG emissions and limiting the 
increase in global temperature in the 21st century to 2.0-
1.5oC. In 2018, delegates to the next conference, which took 
place in Poland, adopted a set of rules specifying the 
procedure for implementing the Paris Agreement. And in 
2023, during the first round of the “global stocktake”, 
progress in achieving the goals of the Paris Agreement was 
assessed [13]. Nevertheless, in 2023, GHG emissions (in 
carbon dioxide equivalent) increased by 2.1%, exceeding the 
record level set in 2022. In particular, emissions of carbon 
dioxide from fuel combustion increased by 7%, and methane 
emissions - by more than 5% [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Characteristics of anthropogenic greenhouse gases 

Name Designation 
Greenhouse 

activity 
Source of origin 

Carbon dioxide СО2 1 Combustion of solid, liquid and gaseous substances. 

Methane СН4 21 
Gas production, leakage through seals in main pipelines 
and gas cylinder installations of motor vehicles, 
intestinal fermentation, manure disposal. 

Nitrous oxide N2O 310 Production of nitrogen fertilizers and nitric acid. 

Hydrofluorocarbons 
CxHyFz  
(HFC) 

140…11700 
Substitute for chlorofluorocarbons: packaging, 
refrigeration equipment, fire extinguishers, cleaning 
agents, aerosols. 

Perfluorocarbons 
CF4, С2F6  

(PFC) 
6500…9200 

Used in aluminum casting, substitute for 
chlorofluorocarbons. 

Sulfur hexafluoride SF6 23900 
Used in the manufacture of high-voltage switches and 
magnesium casting. 

 

Table 3. Emission and absorption of CO2 in the territory of the UNFCCC member countries (1997) 

Country* 

Emission 
Area, 

sq. km 

(thousand) 

Forest, % of 

territory 

Absorption by 

forests, thousand 

tons 

Balance,** 

thousand tons 

Quota, 

thousand 

tons 

Share, 

% 

Total Emissions 13728 100* - - - - 

USA 4956 36,1 9363 30 2808 -2147 

Russia 2389 17,4 17075 46 7854 5466 

Japan 1167 8,5 370 67 248 -919 

Germany 1016 7,4 356 31 110 -906 

UK 590 4,3 244 10 24 -566 

Canada 453 3,3 9976 54 5387 4934 

Italy 426 3,1 301 23 69 -356 

Poland 412 3,0 312 28 88 -324 

France 371 2,7 551 27 149 -222 

Australia 288 2,1 7687 19 1461 1172 

Netherlands 165 1,2 41 8 3 -161 

Belgium 110 0,8 30,5 21 6 -103 

Austria 55 0,4 84 32 26 -28 

Sweden 55 0,4 450 68 305 250 

Finland 55 0,4 338 76 257 202 

Legend: *   data are provided for 15 of the 34 countries participating in the Kyoto meeting in 1997, which accounted 

for more than 90% of the quota for greenhouse gas emissions in terms of CO2; 

 **  positive balance - in the event that GHG absorption exceeds the quota. 
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2.3 Factors affecting CO2 emission and absorption 
CO2 present in the atmosphere is absorbed by vegetation 

and microorganisms during photosynthesis, resulting in the 
formation of carbohydrates Cn(H2O)m and oxygen. Every 
year, as a result of photosynthesis on Earth, due to the 
absorption of about 300 billion tons of CO2, about 150 billion 
tons of organic matter are formed, and almost 200 billion tons 
of free oxygen O2 are released. At the same time, humanity's 
contribution to the formation of CO2 is no more than 10 billion 
tons annually. All this contributes to the effective restoration 
of vegetation, especially in areas where massive deforestation 
is taking place. According to data for 2023, increased GHG 
emissions (in terms of CO2 emissions) were noted in a number 
of the countries listed below (Table 4) [7]. 

Table 4. Countries with the highest CO2 emissions (2023) 

Country 

Total 

emission, 

Mt 

Emission, 

t/person 

Emission, 

Mt/1000 

sq.km 

Relative 

concentration* 

China 12603 8,86 1,32 22,0 

USA 5130 14,94 0,52 8,7 

India 3121 2,17 0,95 15,8 

Russia 2176 14,96 0,13 2,2 

Japan 1038 8,35 2,75 45,8 

Iran 936 10,34 0,54 9,0 

Indonesia 861 3,06 0,45 7,5 

Saudi 
Arabia 726 21,82 0,34 5,7 

Canada 599 15,25 0,06 1,0 
South 
Korea 594 11,48 5,92 98,7 

Germany 589 6,97 1,65 27,5 

Mexico 560 4,31 0,28 4,7 

Brazil 525 2,49 0,06 1,0 

South 
Africa 

478 7,56 0,39 
6,5 

Note: * relative concentration: minimum emission - for Brazil is taken 
as 1.0, and for other countries - relative to Brazil. 

 
Calculating the quota for carbon dioxide emissions per 

capita or $1 of gross domestic product (GDP) does not provide 
objective data on the degree of impact on the environment 
[13]. The harm caused to the environment by any harmful 
substances is proportional to their concentration in the air, 
which is determined by the ratio of the total emission and the 
area of the country. This criterion - the emission of a 
substance per unit area - objectively shows the degree of 
harm from GHGs in each country (see Table 4). When solving 
the problem of atmospheric pollution, it is necessary to take 
into account not only the characteristics of gases, but also the 
geographical location of the region (relative to which the 
calculations are made), the intensity of solar (primary) and 
Earth (secondary) radiation in the entire spectrum of 
radiation, as well as the spectral characteristics of the 
atmosphere: absorption, transmission and reflection of long-
wave radiation, the state of the atmosphere (the presence of 
aerosols, smoke, dust) and a number of others. For example, 
absorption of infrared radiation by CO2 is observed in the 
wavelength ranges of 1.35…1.58, 1.8…2.05, 2.4…3.4, 8.5…13.0 
µm, etc.; in other ranges, the transmission efficiency exceeds 
80% of all radiation [14]. This fact indicates that not all long-
wave radiation is absorbed by carbon dioxide. The presence 
of water vapor in the atmosphere has a significant impact on 

the spectral characteristics of the atmosphere, the 
transmission and absorption spectra of which are similar to 
the spectra of CO2. In our time, the greenhouse effect is up to 
78% (on average) due to water vapor and only 22% to carbon 
dioxide. However, water vapor was not included in the list of 
GHGs. At the same time, anthropogenic CO2 (taking into 
account the natural factor) makes up about 10% of its total 
amount, that is, the share of anthropogenic CO2 in the overall 
greenhouse effect was only 2%, and a reduction in its role by 
5% within the framework of the Kyoto Protocol would mean 
a reduction in the overall greenhouse effect by 0.1% [15]. 
Thus, the development of measures to reduce CO2 emissions 
into the atmosphere without taking into account the effect of 
water vapor on the degree of heating of the atmosphere is 
unproductive. In addition, it should be taken into account that 
about 90% of carbon dioxide is dissolved in the world's 
oceans: when water is heated, the solubility of gases 
decreases, and gases are released into the air; when water is 
cooled, on the contrary, CO2 is absorbed by water. 
Accordingly, this process has no significant relation to 
anthropogenic activity (industry development, agriculture, 
transport, etc.). Of interest are the data for 1934, according to 
which the CO2 content in the atmosphere fluctuated from 250 
to 350 ppmv [16]. These data were given long before the 
concept of "global warming" arose and at a time when there 
were far fewer cars and industry was much less developed. 
But the figures given more than 50 years later in the Kyoto 
Protocol, which should characterize the negative 
consequences of industrial development, strangely 
completely coincide with the values given in 1934, 
characteristic of normal natural conditions. It should be noted 
that the greenhouse effect is 78% due to water vapor and only 
22% due to carbon dioxide; the contribution of other gases is 
significantly less [17]. At the same time, the relative content 
of water vapor in the atmosphere is 0.2-2.5%, and carbon 
dioxide is 0.03-0.05%; the relative content of other 
greenhouse gases does not exceed 3∙10-4% [18, 19]. 
However, water vapor was not included in the number of 
GHGs. 

2.4 Geological facts 
According to data for the last 66 million years, the 

current global warming is only an exit from the Ice Age, which 
began about 5 million years ago. During most of the studied 
period (about 80%), temperatures much higher than the 
current ones by 8-15oC prevailed, and ice caps were 
completely absent at the poles. At the same time, the Little Ice 
Age ended only in the middle of the 19th century, and it is 
quite natural that a warming process is currently underway 
[20].  

In addition, there are data obtained from the results of 
drilling wells to a depth of several thousand meters in 
Antarctica and Greenland, during which cores were extracted 
containing air bubbles from the eras when snow was 
deposited and the bubbles contained air from those eras. As a 
result, it was revealed that the change in the concentration of 
carbon dioxide in the atmosphere does not precede warming 
but occurs after warming. And this is quite understandable 
(as noted in paragraph 3.1.3). However, these processes are 
weakly associated with human activity [21]. Of course, in 
recent years, climate changes have occurred on our planet. 
But they are expressed not in unidirectional warming of a 
man-made nature but in an increase in the contrast of 
synoptic processes and weather anomalies in the continental 
parts of the planet: an abnormally hot month is replaced by 
an abnormally cold one, an abnormally dry one by an 
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abnormally wet one, and the said contrast alternates in time 
and space. 

2.5 On modeling natural processes 
Modeling of these processes is used to assess the possible 

consequences of climate change on the planet. However, in 
order to obtain an adequate result, it is necessary to include 
various scenarios for the development of such processes 
among the initial data. Modeling climate change is an 
extremely complex task, and therefore, conclusions obtained 
on the basis of inadequate models, at best, will not give the 
expected result. For example, such a factor as air pollution by 
solid and liquid substances, on the one hand, is undesirable, 
but on the other hand, these substances, being in the 
atmosphere, scatter and reflect solar radiation. Therefore, a 
reduction in such pollution, as a result, leads to an increase in 
air temperature in a limited area, which has been confirmed 
on the basis of climate observations over the past decade in 
China: a decrease in air pollution has led to a more significant 
increase in temperature in some industrial cities than the 
warming associated with greenhouse gas emissions [22]. 
Thus, there is a clear need to develop climate change models 
that provide an analysis of the multifactorial influence on 
processes occurring on a planetary scale [23]. This point of 
view was expressed by several hundred scientists from 
dozens of countries: 109 from Australia, 49 from Canada, 79 
from France, 160 from Italy, 61 from the Netherlands, 112 
from the USA, etc. [24]. 

3. Diversification of electricity generation 

3.1 Types of electricity generation and types of energy 
sources 
Sources of electricity generated from renewable energy 

sources (RES) include hydroelectric power plants (except for 
hydroelectric power plants that generate electricity using 
pumped stations using water previously pumped under 
pressure), as well as power plants that generate electricity 
from solid biofuels (including waste), wind, solar and 
geothermal installations [7]. In 2023, coal retained its 
position as the dominant fuel for electricity generation with a 
stable share of about 35%, the share of natural gas also 
remained stable at about 23%, and power plants running on 
fuel oil contributed just over 2% of total electricity 
generation. The share of RES in total electricity generation 
was about 30%; At the regional level, South and Central 
America contributed the most, 72%; in Brazil, which accounts 
for over 40% of regional electricity consumption, wind and 
solar contributed 17% and 71%, respectively. Nuclear power 
remained at around 9%, due to new construction in China and 
the reactivation of power plants in France and Japan, offset by 
the closure of power plants in Germany. Table 5 shows the 
consumption of energy sources used for electricity generation 
by region in 2022/2023 [3].  

At the same time, the consumption of energy sources 
used to generate electricity per capita in the region in 2023 
was (Gcal/person): 
• North America - 230.0; 
• CIS countries - 163.7 (including Russia - 216.6); 
• Middle East - 142.9; 
• Western and Central Europe - 115.2; 
• Asia-Pacific - 67.3 (including China - 119.8); 
• South and Central America - 58.3; 
• Africa - 14.3; 
• World average - 77.0 [3]. 

To ensure the stability of electricity generation, many 
countries are diversifying their electricity generation means 
(Table 6) [7]. In terms of the prevalence of diversification, the 
greatest progress has been noted in China and the United 
States - these countries have implemented 8 types of 
electricity generation each, and together they provide the 
highest generation for all types.  

At the same time, China provided the largest generation 
of electricity by five types of energy sources: coal, 
hydropower (HPP), wind power (WPP), solar energy (SPP), 
geothermal, and bioenergy (GTEB), and USA – by three types 
of energy sources: natural gas, oil and nuclear energy (NPP). 
Nevertheless, despite the development of diversification, 
thermal power plants are leading in the structure of 
electricity production in all regions of the world. The 
exception is Latin America, where preference is given to 
hydroelectric power plants, which is due to the natural 
conditions of this region. The largest producers of electricity: 
China - 29.0% of the world's total output, the USA - 16.0%, 
India - 5.8%, Russia - 3.9%, Japan - 3.7% and the rest of the 
world together - 41.5%. At the same time, for different regions 
of the world, the source of electricity generation is stations of 
different operating modes, and these figures differ 
significantly (Table 7) [25, 26]. 

Taking into account the volume of electricity generation, 
the following conclusion can be drawn: 1) electricity is mainly 
generated at thermal power plants (TPPs), and 2) the main 
sources are coal (due to China) and natural gas (due to the 
USA). As for the focus on renewable energy sources, the 
utilization rate of installed capacities, for example, wind 
generators, is only 25%, which is due to the vulnerability of 
these types of electricity generation to natural disasters: 
sometimes there is wind, sometimes there is no wind, 
sometimes there is sun, sometimes there is snowfall that 
covers solar panels, sometimes there is icing of wind 
generator blades. 

Accordingly, sometimes electricity generation is quite 
high, and sometimes practically zero. In this regard, this type 
of electricity generation cannot yet be considered stable and 
guaranteeing independence from traditional types of energy 
generation [27]. When generating electricity at nuclear power 
plants, which is a significant share in the scale of such regions 
as the USA, Russia, and Europe, then in this case, there is a 
large emission of water vapor H2O at cooling towers during 
the cooling of water used to cool the reactors. It should be 
noted that each ton of steam emitted from the cooling tower 
into the ground layer of the atmosphere, where the 
"greenhouse effect" is formed, is equivalent to the 
"greenhouse effect" to 360 kg of carbon dioxide. Accordingly, 
for each "kWh" of electricity generated at nuclear power 
plants, 3.6 kg of water vapor is emitted into the ground layer 
of the atmosphere [28]. Thus, for now, electricity generation 
in the world is mainly provided by burning coal and natural 
gas.  
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Table 5. Consumption of energy carriers used for electricity generation by world regions (2022/2023), EJ 

Region Oil Gas Coal NPP HPP RES Total 

North America 
43,8/ 

44,0 

39,40/ 

39,8 

10,5/ 

8,8 

8,2/ 

8,23 

6,4/ 

5,8 

9,51/ 

10,0 

117,9/ 

116,7 

South and Central 
America 

12,5/ 

13,0 

5,8/ 

5,8 

1,2/ 

1,2 

0,2/ 

0,2 

7,0/ 

7,0 

3,6/ 

4,1 

30,4/ 

31,3 

Western and Eastern 
Europe 

28,6/ 

28,3 

17,9/ 

16,7 

10,0/ 

8,4 

6,7/ 

6,60 

5,2/ 

6,0 

11,1/ 

11,9 

79,6/ 

77,9 

CIS countries 
9,0/ 

9,2 

21,4/ 

21,5 

5,5/ 

5,5 

2,1/ 

2,1 

2,33/ 

2,4 

0,1/ 

0,2 

40,4/ 

40,7 

including 
Russia* 

7,1/ 

7,2  

16,1/ 

16,3  

3,8/ 

3,8  

2,0/ 

2,0 

1,9/ 

1,9 

0,1/ 

0,1 

31,1/ 

31,3 

Middle East 
17,8/ 

18,3 

20,4/ 

20,8 

0,4/ 

0,4 

0,2/ 

0,4 

0,2/ 

0,3 

0,3/ 

0,4 

39,3/ 

40,5 

Africa 
8,5/ 

8,5 

6,3/ 

6,2 

4,1/ 

4,1 

0,1/ 

0,1 

1,5/ 

1,5 

0,5/ 

0,5 

20,9/ 

20,9 

Asia-Pacific region 
71,2/ 

75,1 

33,3/ 

33,7 

129,8/ 

135,7 

6,6/ 

7,0 

17,9/ 

16,7 

20,1/ 

23,6 

278,8/ 

291,8 

TOTAL: 

191,6/ 

196,4 

144,3/ 

144,4 

161,5/ 

164,0 

24,1/ 

24,6 

40,6/ 

39,6 

45,2/ 

50,6 

607,3/ 

619,6 

 

Table 6. Top-16 Countries for power generation sources (2023) 

Country Coal Gas Oil HPP WPP SPP GTEB NPP 

Number of 

genera-tion 

types  

 

China 1 3 2 1 1 1 1 2 8  

USA 3 1 1 4 2 2 2 1 8  

Germany 10 9 10 - 3 5 4 - 6  

India 2 - 3 6 5 3 6 - 6  

Japan 4 8 6 - - 4 5 7 6  

Brazil - - 8 2 4 6 3 - 5  

Canada - 5 9 3 9 - - 6 5  

Russia 6 2 5 5 - - - 4 5  

South Korea 8 - - - - 10 9 5 4  

Spain - - - - 7 7 - 8 3  

Britain - - - - 6 - 8  2  

Vietnam 9 - - 10 - - - - 2  

Indonesia 5 - - - - - 7 - 2  

Italy - - - - - 9 10 - 2  

Saudi Arabia - 6 4 - - - - - 2  

Sweden - - - - 10 - - 10 2  

Note: this table shows data on countries that have at least two types of electricity generation in operation. The numbers next to each country 

indicate the place this country occupies among all countries (not only those listed in the table) for this type of generation in terms of generated 

electricity. Those countries that have implemented only one type of electricity generation (even if they were in the top 10 countries with the 

highest generation for this type of generation) are not included in the table. 
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Table 7. Structure of electricity generation (in %) 

Source 
Регион (2020 г.) World 

production 

(2023) RUSSIA USA EUROPE ASIA 

Coal 

14,0 17,1 14,8 57,2 35 

Natural gas 

44,7 38,0 19,6 11,3 23 

Renewable 
(excluding 
hydro) 0,3 12,2 23,8 10,2 16,2 

Hydroelectric 
power plants  

19,6 13,4 16,9 14,2 14 

Nuclear 
power 19,9 17,9 21,6 5,1 9,1 

Other 1,5 1,4 3,2 2,0 2,7 

 

As a result, both products of incomplete combustion 
(partially oxidized hydrocarbons and methane in their 
original form, as well as coal in the form of soot) and products 
of complete combustion (CO2 and H2O) are released into the 
atmosphere. Although methane decomposes in the 
atmosphere much faster than carbon dioxide, in the first 10 
years after the emission of CH4, its greenhouse activity is 
approximately 80 times stronger than that of CO2 [29]. 

3.2 Hydrogen production 
The most common type of energy carrier is 

hydrocarbons CnHm, which, when burned, form oxidation 
products such as carbon monoxide CO (carbon monoxide), 
carbon dioxide CO2 (also known as carbon dioxide), products 
of incomplete oxidation of hydrocarbons CaHb, carbon C. 
“Claims” to CO are due to the fact that this gas, when inhaled, 
displaces oxygen from the blood, leading to suffocation, and 
among CaHb there are carcinogenic ones (for example, 
benzopyrene C20H12), provoking the development of cancer 
[30]. Of all possible gaseous fuels, only hydrogen does not 
contain carbon, and therefore, hydrogen can be considered 
the most environmentally friendly gas, the immediate 
combustion product of which is water: 

Н2 + О2 + ТoC   →  H2O           (1) 

A by-product of hydrogen combustion (as with the 
combustion of any type of fuel) is nitrogen oxide NO (a 
product of the oxidation of nitrogen contained in the air by 
oxygen, which is also part of the air), provided that 2000оС is 
reached during combustion [31]. However, hydrogen in its 
pure form is practically never found in nature; it is part of 
numerous chemical compounds, the most famous of which is 
water H2O. Accordingly, obtaining hydrogen in its pure form 
requires energy expenditure. The cost factor is one of the 
main ones determining the demand for hydrogen as an energy 
source on an industrial scale. Therefore, the transition to 
hydrogen energy means large-scale production of hydrogen, 
its storage, distribution, and transportation. Therefore, at 
“low” prices for traditional motor fuel, hydrogen technologies 
will be economically unattractive. However, at “high” prices, 
the picture changes significantly: hydrogen, with centralized 
production based on natural gas, coal, and nuclear energy, 
requires lower costs compared to traditional technologies for 
producing fuels for internal combustion engines (ICE) [32]. 
To compare hydrogen production technologies, the degree of 
environmental friendliness of the corresponding technology 
was taken as a basis: the more CO2 is released during 
hydrogen production, the less environmentally friendly the 

corresponding technology is. And each such technology - for 
simplicity - was given a "color" definition [33]: 
• "White" hydrogen (natural, golden, geological)- is naturally 

produced or is present in the earth's crust; 
• "Green" hydrogen is the most environmentally friendly of 

those produced since it is obtained by electrolysis of water 
H2O and provided that electricity comes from renewable 
energy sources (RES); 

• "Yellow (orange)" hydrogen is also obtained by 
electrolysis, but the source of energy is nuclear power 
plants (NPP). There are no CO2 emissions, but large 
emissions of water vapor are noted due to the cooling of hot 
water coming from reactors using cooling towers; 

• "Grey" hydrogen is produced by steam reforming of 
methane CH4, i.e. the feedstock for this reaction is natural 
gas; 

•  "Turquoise" hydrogen is produced by decomposing CH4 
into hydrogen and solid carbon by pyrolysis (high-
temperature action with a lack of oxidizer). This 
production produces a relatively low level of carbon 
emissions, which can either be buried or used in industry, 
for example, in the production of steel or tires, and thus 
does not enter the atmosphere; 

• "Emerald" hydrogen is produced by decomposing 
biomethane and natural gas using thermal plasma 
electrolysis; 

• "Blue" hydrogen is produced by steam reforming of 
methane, but with the condition of carbon capture and 
storage, which reduces carbon emissions by about 2 times; 

• “Brown” hydrogen is obtained by gasifying brown coal to 
form synthesis gas (syngas): a mixture of carbon dioxide, 
carbon monoxide, hydrogen, methane, and ethylene, as 
well as a small number of other gases; 

• “Black” hydrogen, for which coal is the feedstock. 
Currently, about 96% of the world's annual hydrogen 
production is obtained from fossil fuels using technologies 
such as steam methane reforming (48%), oil reforming 
(30%), and coal gasification (18%) [25]. However, the most 
common process is the production of hydrogen from methane 
(reforming process), the product of which is also carbon 
dioxide. Accordingly, in a hydrogen plant with a capacity of 
one million cubic meters of H2 per day, about 0.3-0.4 million 
standard cubic meters of CO2 are emitted into the atmosphere 
daily. At the same time, capturing CO2 requires approximately 
25-30% of the additional costs of hydrogen production [34, 
35]. A method that allows one to do without using fossil fuels 
is water electrolysis, the process of splitting water into its 
constituent elements - hydrogen and oxygen - using electric 
current. However, to implement this process, in addition to 
electricity, water is also needed, and purified water is at that. 
Thus, to obtain 1 ton of hydrogen by electrolysis, an average 
of 9 tons of purified water is required, and to obtain 1 ton of 
purified water, 2 tons of the original (unpurified) water are 
needed. Thus, to obtain 1 ton of hydrogen, 18 tons of water 
are needed, and taking into account various losses, this will be 
20 tons [36]. 

About 95% of the hydrogen produced is produced by 
methods based on fossil fuels, and the production of hydrogen 
from water using electricity and biomass is only 4% and 1%, 
respectively. About half of all hydrogen produced is obtained 
as a result of gasification and thermocatalytic processes of 
CH4, followed by heavy oils, oil, and coal. The reaction 
between CH4 and steam in a catalytic converter splits off 
hydrogen atoms, and carbon dioxide is formed as a by-
product. The use of fossil fuels for hydrogen production 
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should be associated with carbon capture systems. Hydrogen 
can also be produced from methanol or gasoline, although CO2 
is again an unwanted byproduct. Thus, producing hydrogen 
from low- and zero-carbon energy sources, including 
renewable electricity, biomass, and nuclear energy, could be 
a long-term goal of a hydrogen utopia [26]. 

3.3 Electricity generation and transport 
The growth in the production of electric transport is 

mainly due to the desire to reduce environmental pollution in 
populated areas (and especially in large cities and 
metropolitan areas) due to the operation of motor vehicles. 
The latter is equipped with heat engines, the energy 
generation of which is provided by burning hydrocarbon fuels 
- mainly diesel fuel and gasoline. In 2021, electricity 
consumption in the world by all types of electric transport 
(the most detailed information is provided for this year) - 
electric cars, electric forklifts, trams, trolleybuses, electric 
trains, and metro trains - is small, mainly within 2% of the 
total electricity generation. The highest relative consumption 
is observed in the countries of the former USSR, which is due 
to the widespread use of electric rail transport (Table 8) [37, 
38]. Almost all electric transport consumes electricity 
generated at stationary stations. But the nature of electric 
transport operation has its own characteristics: during 
daylight hours, electricity consumption is insignificant, in the 
evening and at night, when the overwhelming majority of 
electric vehicles are put on charge, electricity consumption 
increases significantly. If charging is carried out from one 
local power grid, emergency power outages may occur. All 
this causes uneven loading of power generating capacities. 
Three methods are implemented in vehicles to drive an 
electric motor: 1) the use of hybrid motor units (HMU), when 
the internal combustion engine can work either 
independently or to assist the electric motor, while providing 
recharging of the traction battery (TB) with the help of a 
generator, 2) recharging of the TB from an external source 
powered by the power grid, 3) recharging of the TB from fuel 
cells. Electric vehicles generally provide smooth operation, 
good acceleration when starting from a standstill, and require 
less maintenance than cars with internal combustion engines. 
However, electric vehicles have three problems compared to 
cars: a short range on a single charge, poorly developed 
infrastructure, and a long charging time.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the case of using a gas-fueled mixture, combustion 
products are emitted into the atmosphere. To reduce 
atmospheric pollution in this case, it is possible to use 
hydrogen as an alternative fuel. The organization of the 
working process, in this case, is ensured by introducing 
hydrogen into the intake manifold, where it will mix with air 
and, already in the form of a hydrogen-air mixture, enter the 
engine cylinders. The further course of the ignition and 
combustion process will depend on the ignition method: 
either from a spark plug or as a result of mixture compression 
by a piston - in this case, the HCCI process (Homogeneous 
Charge Compression Ignition) is implemented, but in this 
case, the stability of the engine is low [39-41]. However, 
engine exhaust gases still contain harmful substances (carbon 
monoxide, dispersed particles, partially oxidized 
hydrocarbons) as a result of the combustion of lubricating oil 
entering the combustion chamber, as well as nitrogen oxides. 

Currently, the number of electric vehicles is relatively 
small: as of the end of 2023, the fleet of electric vehicles 
reached 40 million units (of which 22.0 million units were in 
China). Of this number, 69% of electric vehicles are equipped 
only with TAB, the rest are hybrids; fuel cell electric vehicles 
(FCEV) are not included in this number. The leaders in electric 
vehicle sales are three regions: China (60%), Western Europe 
(25%; mainly Germany, Norway, the Netherlands, Iceland, 
Denmark) and the USA (10%); the rest of the world accounts 
for 5%. Accordingly, the saturation of electric vehicles in 
countries varies: in Norway, there was one electric vehicle per 
7 people; in the Netherlands - per 33; in Germany - per 44; in 
China - per 100; in the USA - per 114; in Japan - per 306 [42, 
43]. The key factors, without the implementation of which it 
is impossible to spread electric transport, are, firstly, the 
sufficiency of the charging infrastructure and its compliance 
with the design of the charging ports on electric transport. 
Secondly, the charging time of traction batteries is 
significantly longer than the time of refueling cars with 
traditional fuel. Thirdly, an increase in the mileage on a single 
battery charge requires an increase in the capacity of the TB, 
which entails an increase in the weight and size of the 
batteries (and, accordingly, the weight and size of the electric 
car), as well as the time of their charging. Lithium-ion 
batteries are most widely used in electric transport due to 
their high energy density and the absence of the "memory 
effect", which allows them to be recharged at any degree of 
discharge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8. Electricity generation and consumption in the regions of the world (2021) 

Region 
 

Electricity generation, 

TWh 

Annual consumption 

of electricity 

Totak, 

TWh 

Electric transport 

TWh % of output 

Total in the world  
including: 

28323,0 23734,0 455,0 1,6 

North America 5397,3 4657,9 22 0,4 

Central and South America 1330,3 1090,9 5 0,4 

Western and Central Europe 3850,3 3279,8 74 1,9 

Middle East 1294,4 1035,1 1 0,1 

Africa 884,2 681,3 5 0,6 

Asia and Oceania 13895,5 11779,3 253 1,8 

Former USSR countries 1670,9 1209,8 95 5,7 

including Russia 1114,5 1090,4 n.a. n.a. 
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But their significant drawback is that they are effective 
up to an ambient temperature of "minus" 7°C, not lower, 
which predetermines the mileage on a single battery charge 
in winter by 20 ... 30% less than in summer. The range of an 
electric vehicle on a single charge is determined by two 
factors: the capacity of a fully charged battery pack and the 
efficiency of its electric transmission. For most electric 
vehicles, the following ratio is valid: 3.0-6.0 km / (kWh) due 
to the TB. At the same time, energy consumption depends on 
such factors as the TB temperature (it is desirable to maintain 
a constant temperature), maintaining the climate in the cabin 
(the consumption for heating or cooling the cabin depending 
on external conditions), driving style (each driver has his own 
style: some are calm, some are aggressive), operating 
conditions (electric vehicles have an advantage in city traffic 
with frequent braking and stops, when, thanks to 
regenerative braking, the TAB is recharged). Recharging. 
Most electric vehicles can be charged from an AC outlet (120 
V or 240 V), and some - from direct current. However, since 
batteries can only store direct current, the alternating current 
must be converted to direct current before it can be used to 
charge the electric vehicle using an onboard charger. At a grid 
voltage of 110-120 V, it is possible to charge the battery for a 
range of about 60 km in 8-13 hours. The charging speed, in 
this case, is limited by the amount of electricity available at 
the outlet, not by the capacity of the electric vehicle's onboard 
charger. However, higher levels of battery discharge require 
proportionally longer charging times. With a grid voltage of 
220-240 V and an increase in current to 80 A (depending on 
the vehicle), the charging time can be reduced by a factor of 
10. However, this maximum charging speed is rarely achieved 
since the ability to convert alternating current to direct 
current becomes the limiting factor [44]. Thus, recharging 
electric vehicles from external sources requires a developed 
infrastructure of charging stations and the electric vehicles 
themselves, capable of providing charging in a short time and 
having a high capacity. Otherwise, the use of electric vehicles 
will be limited to one locality and will require a lot of time. 
Recharging at night from a home electrical network is only 
possible in private homes; how to implement this in multi-
story buildings seems difficult. Given the size of large cities, 
the “greenest” motorized type of transport at present is public 
electric transport: trams, trolleybuses, metro, electric buses, 
and electric trains. The more people regularly use public 
rather than personal motorized transport, the lower the 
specific emission of pollutants per person in the city will be 
(helping to achieve “climate neutrality”), and as technology 
develops, various types of shared transport, that is, shared on-
demand, will also find wider application [45]. Fuel cells (FC) 
are devices for converting the chemical energy of fuel into 
electrical energy; they provide electricity generation due to 
oxidation-reduction transformations of reagents coming from 
outside, as a result of which the batteries are recharged. 
Hydrogen and air are used as reagents (the latter as a source 
of oxygen, which is cheaper than using pure oxygen). Unlike a 
battery, which is discharged while it is used to power 
electrical components, FCs act as constantly working energy 
sources as long as they are supplied with fuel. The main 
problems of cars with FCs are associated with high 
production and operating costs, as well as a lack of electrical 
capacity for hydrogen production and the safety of its use. 
Improvement of the FC itself and infrastructure elements are 
decisive factors for commercializing hydrogen as a motor fuel 
for motor vehicles. Hydrogen can be transported in a fuel tank 
by vehicle. However, the low volumetric energy density of 
hydrogen under ambient conditions requires storage in 

cylinders with an operating pressure of up to 20.0-70.0 MPa, 
but even at the highest pressure, the energy density of 
hydrogen is only 4.4 MJ/l versus 31.6 MJ/l for gasoline. When 
using liquefied hydrogen (cooled to minus 253°C), its energy 
density increases to 8.0 MJ/l. However, the compression and 
liquefaction processes themselves require energy 
expenditure: during liquefaction, energy consumption is from 
25 to 45% of the energy of the liquefied hydrogen [46], which 
causes additional consumption of hydrogen and, accordingly, 
natural resources for its production. 

4. Conclusion 

The documents adopted from 1992 to 2022 at 

international conferences on climate change on the planet 

noted that there is currently an increase in the average global 

temperature. At the same time, responsibility for this process 

is attributed to anthropogenic influence in connection with 

the development of industry and agriculture, which led, in 

particular, to an increase in the emission of so-called 

"greenhouse gases" (GHG). It was noted that carbon dioxide 

CO2 has the greatest impact on the "greenhouse effect", since 

its mass emission into the atmosphere is the largest of all 

GHG. However, water vapor H2O, which has three times 

greater greenhouse activity, was not included in the number 

of GHG. In addition, analysis of the composition of gases 

contained in ice cores obtained as a result of deep drilling in 

Antarctica and Greenland has shown that changes in the 

concentration of carbon dioxide in the Earth's atmosphere do 

not precede warming but occur after it. This process is due to 

the fact that 90% of CO2 is dissolved in the World Ocean, and 

with an increase in ocean temperature, the solubility of gases 

in water decreases, while in the case of cooling, it increases. 

Accordingly, the development of measures to reduce "climate 

neutrality" without taking into account the effect of water 

vapor on the degree of heating of the atmosphere is 

unproductive. The current state of modeling the causes of 

climate change shows that the climate models used are 

inadequate for atmospheric processes. This includes, in 

particular, the failure to take into account the influence of 

water vapor on the "greenhouse effect" and the relationship 

between the processes of changing the concentration of CO2 

in the atmosphere and the temperature of the World Ocean, 

the ambiguity of the influence of the factor of atmospheric 

pollution by solid and liquid substances that scatter and 

reflect solar radiation on the processes of heat and mass 

exchange. This also includes the failure to take into account 

such a planetary phenomenon as periodic cycles of cooling 

and warming: at present, a warming process is underway that 

began in the middle of the 19th century, when the Little Ice 

Age ended. Regardless of the causes of global warming, to 

ensure "climate neutrality" it is necessary to develop 

appropriate measures, one of which is the diversification of 

energy supplies to the population, industry, and agriculture. 

The basis of energy security in countries is the electric power 

industry, the generation facilities of which are classified by 

the type of energy source used. Each type of generation has its 

own advantages and disadvantages (not taking into account 

the cost of their construction, maintenance, and disposal). At 

present, electricity is mainly generated at thermal power 

plants (TPPs) by burning hydrocarbon fuels - natural gas and 

coal, which is accompanied by the formation of products of 

complete and incomplete combustion (among which are the 
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so-called "greenhouse gases") and their subsequent release 

into the atmosphere. The operation of nuclear power plants 

(NPPs) is accompanied by the release of a large volume of 

water vapor into the atmosphere (due to the operation of the 

cooling system); power plants using renewable energy 

sources (RES) have minor environmental damage, but their 

efficiency and stability are still low, since they depend on 

weather conditions. In 2023, 35% of electricity generation 

worldwide was provided by burning coal, 23% by burning 

natural gas, 2% by burning fuel oil. The share of renewable 

energy sources was about 30%. Using hydrogen as an energy 

carrier instead of hydrocarbon fuel to provide electricity 

generation at thermal power plants is environmentally 

cleaner. But there is practically no pure hydrogen in nature, 

and currently 96% of hydrogen is obtained by processing 

natural gas - an environmentally far from the most harmless 

method, which is accompanied by the formation and emission 

of harmful substances into the atmosphere and an increase in 

the "greenhouse effect". 6. Reducing air pollution in populated 

areas by replacing cars equipped with internal combustion 

engines (ICE) with electric vehicles equipped with electric 

motors helps to ensure "climate neutrality". But 

environmental pollution in the locations of power generation 

stations (necessary for charging traction batteries - TB), 

including those using hydrogen as fuel, is accompanied by the 

spread of harmful substances by air currents for many 

hundreds and thousands of kilometers. Some share of 

electricity generation is provided by the operation of heat 

engines installed in hybrid electric vehicles, which provides 

partial recharging of TB. The use of hybrid motor units (HMU) 

allows the use of hydrogen in heat engines, but its combustion 

products are not only water vapor but also nitrogen oxide (as 

a product of high-temperature oxidation of nitrogen by 

oxygen, which is part of the air). Thus, the use of HMU in 

transport is a palliative solution to the problem. 
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