Chapter 3. The Earth’s energy resources and the development of electric power engineering

3.1. Power - generating  resources

From a large variety of energy resources occurring in nature and mentioned in Chapter 1, we recognize the main resources used in large amounts for human needs.

Shares of energy resources of different types in the global generation of primary energy late in the 20th century are shown in Fig. 3.1. Table 3.1 presents global energy resources for the same period.
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Fig. 3.1. Shares of energy resources of different types in the global generation of primary energy in 1998 [3].
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Table 3.1. World energy resources, bln ton of standard fuel [3]

	Energy sources

	Energy resources

	
	Theoretical
	Technical

	I. Non-renewable
	
	

	1. Energy of combustible minerals: 

Coal 

Oil 

Gas

Peat
	17900

1290

398

500
	637

179

89.6

100

	2. Atomic energy
	67200
	1340

	II. Renewable

1. Solar energy at:

Upper atmospheric boundary

Earth’s surface 

Dry land surface

Surface of the World Ocean
	197000

81700

28400

53300
	6140

2460

3690

	2. Energy of wind 
	21300
	22

	3. Heat of bowels (to depths as great as 10 km): 

Geothermal heat flux that reaches the Earth’s surface

Hydrothermal resources

Underground geothermal resources
	3.69 

1350

36900
	0.35 

147

3070

	4. Energy of the World Ocean: 

Salinity gradient 

Thermal (temperature) gradient

Currents

Tides

Surf 

Wind-driven sea waves
	43000 

12.3 

8.6 

3.2 

1 

2.7
	430 

0.61 

0.12 

0.86 

0.02 

0.1

	5. Combustible power resources (biomass) of:

Dry land 

World Ocean 

Organic wastes
	44.2 

23.3 

2.5
	4.9 

1.84 

1.23

	6. Water power
	4.1
	1.84


The energy of the required type is produced and delivered to customers in the process of energy generation that involves five stages:

1. Production and concentration of energy resources including extraction and enrichment of a fuel, creation of a hydrostatic head with hydraulic facilities, etc.

2. Delivery of energy resources to power engineering systems.

3. Transformation of primary energy into secondary energy most convenient for distribution and consumption; electric power and heat are most typical.

4. Transmission and distribution of the transformed energy.

5. Primary and transformed energy consumption.

Figure 3.2 shows the energy utilization scheme.
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Fig. 3.2. Energy utilization: a) distribution of mechanical energy and heat delivered to customers and b) total distribution of energy resources.

a) Energy consumption 100%

Heat 79% Industry 51% Everyday life 28%

Mechanical energy 21% Agriculture 3% Transport 7% Everyday life 5% Industry 6%

b) Extracted energy resources

Extraction, storage, and delivery losses 130–140% 100%

Gas 25% Coal 30% Oil 30% Water power 5% Others 10%

Gas Water power

Coal Power stations 40% Oil

Oil Coal Gas Gas Coal Oil

Boilers 10% Direct fuel consumption 50%

Steam Electric power

Industrial furnaces

Different engines

Electric power

Steam, heating, everyday life, hot water

Figure 3.2b shows the approximate (average) global consumption of energy resources. In this case, setting the total energy of extracted primary energy resources at 130-140%, the consumed PGR is 100%, but the useful utilized energy is only 35-40%. The remaining part is lost; moreover, the largest part is lost as heat. To generate electric power, the mechanical energy of wind (“light-blue coal”), tidal energy (“dark-blue coal”), thermal energy of bowels of the Earth (geothermal energy), and solar energy (“yellow coal”) (see below) are used in addition to the main energy resources.

The distribution of energy resources over the Earth, countries, and territories inside countries is highly nonuniform. Regions with maximum concentration of energy resources do not coincide with regions of their consumption, as exemplified by oil. More than half the global oil reserves are concentrated in the Middle East, while the level of energy consumption there is less than one fourth of the average global level.

Due to the concentration of energy consumption in the most developed countries, we are in the situation in which 30% of population consume 90% of generated energy, and 70% of population consume only 10% of generated energy. The tendency toward an increase in the nonuniformity of energy consumption per capita is retained during many decades. Expediency of energy transfer at a certain distance is determined by the energy content of the energy carrier defined as the amount of energy per unit mass of the physical body (see Table 3.2).

Table 3.2. Characteristics of energy resources [4]

	Energy resources: type and sort
	Calorific value
	Explored reserves
	Annual output, generation
	Commodity price, rubles/ton of standard fuel

	1
	2
	3
	4
	5

	Gas: Natural

Liquefied 

Casing-head (oil) 

Casing-head (coal) 
	8400 kcal/1000 m3 7600 kcal/1000 m3 8000 kcal/1000 m3 6700 kcal/1000 m3
	50 tln m3
	570 bln m
	310 

300–350

600–900

	Oil: Crude 

Fuel 

Diesel fuel 
	9600 kcal/kg 

10000 kcal/kg 

11000 kcal/kg
	
	306 mln ton 

60 mln ton
	1300 

2000 

4000

	Coal: 

Brown 

Black

Anthracitic 
	3400 kcal/kg

5600 kcal/kg 

6000 kcal/kg
	200 bln ton
	200 bln ton 

120 bln ton 

60 bln ton 

20 bln ton
	260 

200–300 

300–400 

500–550

	Others: Wood 

Peat 

Wood by-products 
	4000 kcal/kg 

2900 kcal/kg 

2000 kcal/kg
	80 bln m3 

200 bln ton

16 bln m3
	5.2 mln ton
0.6 mln ton

0.3 mln ton
	300–500 

200–400 

150–250

	Electric power: 

CPS

DHS

HPS

APS

DPS

Unconventional
	320 g st. fuel/kWh
	
	850 bln kWh

1228 bln kWh 

242 bln kWh

391 bln kWh 

24 bln kWh

13 bln kWh
	1700–2000 

1000–1500 

80–120 

1300–1500 

4000–5000 

800–1000

	Thermal energy from centralized sources:

Electric power stations 

Boilers 

Utilization facilities Others 
	7000 kcal/kg st. fuel
	
	1520 thou Gkal 596.4 thou Gkal 526.4 thou Gkal 

60.2 thou Gkal

319.2 thou Gkal
	204 

200–250 

300–400 

150–200 

400–600

	Energy saving:

Organizational Technological investment 
	Amount of the substituted energy resource
	400 mln ton
	50–60 mln ton

6–8 mln ton

10–18 mln ton 

25–35 mln ton
	Price of the substituted energy resource


Among the energy carriers used at present the highest energy content have uranium and thorium radioactive isotopes. Their energy content reaches 2.22 GWh/kg (8(1012 J/kg). Due to a very high energy content of nuclear fuel, it can be easily transmitted at long distances, since comparatively small amounts of this fuel are required to provide the operation of high-power electrical equipment systems. The power content of fuel averaged over all fuel types is 0.834 kWh/kg (3(106 J/kg).

Organic heat by virtue of its specific properties and historical conditions still remains the main source of energy consumed by mankind.

Reserves of all fuels that can be extracted from the bowels are limited and according to the data of the World Energy Conference (WEC) are 28.3 mln TWh or 3480 bln ton of standard fuel.

As is well known, the standard fuel unit is taken to mean the amount of fuel the combustion of 1 kg of which yields 29.3 MJ (8.12 kWh) of heat. This unit is used to compare different fuel types. 

Coal. The estimated global geological reserves of coal are 61–114 mln TWh (7,500–14,000 bln ton of standard fuel), from which 24.4 mln TWh (3,000 bln ton of standard fuel) are proven reserves. Russia and the USA have the greatest amount of proven reserves. Germany, the People’s Republic of China, and some other countries have considerable amounts of proven reserves. Modern technology makes economically attractive the extraction of only 50% of the total amount of proven coal reserves.  

Oil. Estimation of the global oil reserves is of special interest now. This is caused by a rapid growth of oil consumption and by the fact that in many countries (Japan, Sweden, etc.) oil has substituted for coal in the electric power generation, though this process slows down.

The estimated global geological reserves of oil are 200 bln ton from which ~140 bln ton are proven reserves.  About half the proven reserves of oil are concentrated in the Middle East countries. Relatively small reserves of oil are concentrated in Western European countries with highly developed productive forces. The global oil and gas reserves explored late in the 20th century, according to the international “Oil and Gas Journal,” are given in Table 3.3.

Table 3.3. Global explored oil and gas reserves

	Country, region
	Oil reserves, bln ton
	Gas reserves, tln m3

	Russia 
	6.653
	48.0

	USA 
	2.888
	4.6

	Canada 
	0.675
	1.8

	Mexico 
	3.4
	08

	Western Europe 
	2.5
	4.3

	Africa 
	7.0
	7.3

	Countries of Middle East 
	56.0
	42.0

	Asian-Pacific region 
	5.9
	9.5

	Eastern Europe and countries of the former USSR (without Russia) 
	1.3
	6.0

	South and Central America 
	12
	6.3

	Total 
	139.183
	144.0


The estimated proved reserves of oil are dynamic in character. Their value changes after exploration of new deposits. Extensive geological exploration, as a rule, increases proved reserves of oil. All estimated reserves available from the literature are preliminary and characterize only the order of the parameters. Russian scientists consider that the reserves of oil in Russia are much greater than those published in the literature.

A very rapid growth of oil consumption is determined primarily by four factors:

1. Development of the transport of all kinds and first of all, cars and aircrafts for which liquid fuel is irreplaceable in the meanwhile.. 

2. Higher efficiency of extraction, transmission, and utilization compared to solid fuel.

3. The tendency toward utilization of natural energy resources in the shortest possible time and with minimum expenditures.

4. The tendency toward earning maximum profit through exploitation of oil deposits.

The fact that oil resources are far removed from places of their consumption or centers of location of productive forces resulted in a rapid growth of oil transport means, in particular, in the creation of pipe lines of large diameters (exceeding 1 m) and large oil ships.

Natural gas. The estimated global geological reserves of natural gas are 140–160 tln m3, from which (50 tln m3 is a share of Russia and 42 tln m3 is a share of Middle East countries. The distribution of gas reserves over countries and regions is presented in Table 3.3. These numerical estimates, as in the case of oil, are approximate. They are changing in the process of exploration of new deposits.

Waterpower resources. In contrast with non-renewable chemical energy accumulated in an organic fuel, the kinetic energy of river water is renewable. It is transformed into electric energy at hydroelectric power stations. The estimated annual waterpower resources on the Earth are 32,900 TWh, from which only about 25% can be utilized for technical and economic reasons. This value is nearly twice as large as the current level of annual electric power generation by electric power stations all over the world, that is, definite reserves of waterpower are still available. Table 3.4 presents the data on waterpower resources in different countries.

Table 3.4. Waterpower resources in the indicated countries

	State
	Power, GW
	State
	Power, GW

	
	 For average annual water discharges (50% coverage) 
	 For minimum water discharges (95% coverage) 
	
	 For average annual water discharges (50% coverage) 
	 For minimum water discharges (95% coverage) 

	Russia and CIS USA 

Canada 

Japan 

Norway 

Sweden 
	249.4

53.9 

25.1 

13.2 

20.0 

8.9
	79.5 

25.0 

15.85 

5.6 

12.0 

2.9
	 France

Italy 

Switzerland Spain 

Germany

England 
	5.8 

5.2 

3.8 

5.0 

3.7 

1.2
	3.4 

2.8 

2.4 

2.9 

1.5 

0.6


Nuclear energy. The estimated heat content of geological uranium reserves all over the world exceeds 320 times the heat content of the global reserves of mineral oil. However, the geological estimate is of limited practical usefulness, because the efficiency of uranium extraction depends primarily on its concentration in reserves. According to the International Atomic Energy Agency (IAEA), the total amount of uranium that can be produced at a sufficiently low cost (less than 22 dollars per 1 kg) is 1500 thou ton. It will be possible to produce approximately 10 times larger amount of uranium at 2–3 times greater cost. It is believed that the global power resources will be doubled in the case of complete utilization of nuclear energy.

However, it is well to bear in mind that in addition to the apparent advantages, atomic power engineering has three severe disadvantages: a) a small fraction of fuel “burning away,” b) a small but, as demonstrated by the history, finite probability of emergency, and c) problems of burial of radioactive wastes.

Since the chain reaction in modern nuclear reactors proceeds in uranium rods or in graphite and uranium mixture only with the participation of the 235U isotope rather than in the entire uranium mass and the relative content of this isotope in the basic element 238U is only 0.7%, methods of more efficient utilization of uranium have been searched already from the very beginning of the nuclear era. Already in 1949–1950 the capability arose of creating breeder fast-neutron reactors. New types of breeder fast-neutron reactors permitting to utilize much greater (up to 20 times greater) portion of fissionable material than in ordinary thermal-neutron boilers have already been built in Russia, USA, England, and France. There are several breeder reactors with output powers in the range 250–350 MW all over the world. One of them has been operating in the Mangyshlak Peninsula (Kazakhstan) since 1972.

The emergency at the Chernobyl APS on April 26, 1986 took lives of tens and health of tens of thousand people. It dispelled the myth that APS are absolutely safe. Reactions of simple people were identical: they all were in fear of this source of electricity and heat. Experts have made the only possible rightful conclusion to modify the design of the reactor and all its systems to ensure actual rather than mythical safety of its operation. Antinuclear motion in many countries has forced governments of some of them to refuse completely from atomic power engineering (for example, in Germany) and even to close operating APS. Vice versa, other countries (for example, France) continue the development of atomic power engineering and increase the share of electric power generated by APS. The largest shares of atomic power engineering in the total power engineering have Lithuania  (91.5%), France (78.2%), Belgium (60.1%), Ukraine (46.8%), Sweden (46.2%), Bulgaria (45.4%), Slovakia (44%), Switzerland (40.6%), Slovenia (40%), and Hungary (40%). APS generate approximately 17% of the global electric power [4].

According to the IAEA, 437 reactors operated in late 1997 all over the world, that is, their number decreased by 5 compared to late 1996. However, the total generated electric power increased, because old and small APS had been taken out of service and new and large reactor units were put into service.

Over the past few years, a severe problem of atomic power engineering has become the protection of nuclear objects against acts of terrorism (in particular, after acts of terrorism in the USA on September 11, 2001 and in Russia in October 2002). 

The burial and utilization of radioactive wastes from nuclear objects (APS, nuclear ships and submarines, etc.) are also severe problems. Members of Green Peace adduce arguments confirming a threat to the biosphere from such wastes. Nuclear physicists adduce opposite arguments and simultaneously improve systems of utilization and burial of radioactive waste.

The modern concept of APS safety is based on three principles: control, multi-level protection, and technical engineering means of safety. More than 20 projects of APS of new generation that differ radically not only in the power and reactor type but also in the technological, schematic, and design solutions are being developed by leading energy corporations and firms of industrially developed countries.

Based on terms of commercial realization and degree of self-safety, APS are conditionally subdivided into three generations. The projects of APS of a new generation are based on technology and design that have already been mastered and checked under operating conditions. They are equipped with active and passive safety systems, which allow the probability of serious emergencies to be decreased and the investment and price of generated electric power to be reduced by 20%.

Nowadays the scientists and engineers are intensively working at one more nuclear energy source. The case in point is controlled thermonuclear fusion, which can become actually inexhaustible source of electric power and heat for future generations (for more detail, see Chapter 5).

The reserves of one more energy source – peat – are also significant. For a 25% moisture content, they amount to 225–261 bln ton. Because of low calorific value, peat has not yet found wide application in electric power engineering.

Other renewable and non-renewable energy resources and methods of their transformation into electric power are examined in Chapter 4.

It is well to bear in mind that the human utilizes primary natural energy resources to generate energy only when they have already been transformed into the form convenient for operational use. As already pointed out in Chapter 1, approximately 30–40% of the extracted useful resources are lost during extraction, transmission, and storage. The fuel resources are distributed among customers for electric power generation, hot water and steam production using boilers, and direct utilization in industry and transport based on a rather complex scheme with possible interchangeability. This distribution causes additional energy losses.

3.2. Trends in electric energy consumption and electric and thermal energy generation

3.2.1. Trends in electric energy consumption by the human

Consumption of power resources grows rapidly due to a continuous increase in the world production. According to the data of the International Institute for Applied Systems Analysis (IIASA), the consumption of primary energy will have been increased to (24 bln ton of standard fuel annually by 2030, that is, it will have been doubled compared to 1988. The annual increment of the primary energy consumption is (1.5–2%. The remaining reserves of non-renewable power resources, disregarding nuclear and thermonuclear power engineering, are sufficient for the coming 100–250 years. Of course, these data are approximate; nevertheless, they give us an insight into the future. Table 3.5 summarizes the data on the global consumption of the most important energy carriers in 1990 and the corresponding data predicted for 2020, and Fig. 3.2 shows an expert estimate of the fuel balance.

Table 3.5. Optimistic and pessimistic variants of the development of global power engineering published by IIASA in 1993 [3]

	Item
	Data for 1990
	Prediction for 2020

	
	
	Optimistic variant
	Pessimistic (ecological) variant

	1
	2
	3
	4

	Population, mln people 
	5292
	8092
	8092

	Economic growth:

Gross domestic product (tln US dollars) 

Gross domestic product per capita (US dollars) 
	21.0

3972
	64.7

8001
	55.7 

6884

	Needs for primary energy resources: 

Net (mln ton of standard fuel) 

Specific (ton of standard fuel per capita) 
	12593 

2374
	24610 

3060
	16120 

1988

	Needs for electric power (bln kWh) 
	11608
	23000*
	23000*

	Energy content of economy, kg of standard fuel/dollar 
	0.55
	0.41*
	0.41*

	Structure of the global energy balance (in % to total): 

Coal

Oil

Natural gas

Atomic energy

Water power 

Renewable power sources 
	26.3 

31.0 

19.5 

5.0 

5.3 

12.9
	28.2 

26.7 

21.2 

5.7 

5.8 

12.4
	18.9 

25.7 

22.1 

6.1 

5.9 

21.3

	Regional needs for primary energy resources (mln ton of standard fuel): 

North America

Latin America

Western Europe

Central and Eastern Europe

Commonwealth of Independent States 

Middle East and North Africa 

Africa to the south of the Sahara desert

Pacific**

South Asia 
	3095

825 

2091 

418 

2069 

453 

380 

2635 (1358) 

637
	3494 

3190 

2594 

515 

2394 

1853 

1829 

6989 (3328) 

2648
	2615 

1869 

1886 

379 

1830 

1131 

869 

4273 (2528) 

1287

	Emissions into the atmosphere:

Sulfur (mln ton)

Nitrogen (mln ton)

Carbon (mln ton)
	64.6

24.0

5.9
	98.1

37.9

11.5
	42.8

20.9

6.3


* Intermediate variant.

** Including Asian countries with planned economy (the data for this group of countries are given in the parentheses).

Under conditions of a rapid growth of electric power engineering and many other engineering branches when problems of pollution of the biosphere are of great importance, renewable power sources such as tidal energy, geothermal energy, and especially solar energy attract much attention (see Chapter 4). Of interest is to trace the consumption of different energy types since prehistoric times. The muscular energy of the human and animals, sometimes called biological energy, was the sole energy source in former times. Today its share is less than 1% of the total energy consumption. The share of muscular energy will further decrease. This demonstrates that the high level in the development of productive forces has allowed the human to throw almost completely efforts on manufacturing essential products on to machines. In order that machines do this work, the human, on the basis of laws of nature that he perceived and implemented in practice, should set to work huge powers applying them to instruments of production. These powers of modern instruments invariably exceed the maximum power of biological sources.

The first heat sources were various organic remains and wood. For a long time, wood was the main energy carrier. Later on, as other energy sources with higher energy content (coal and oil) were mastered, the consumption of wood decreased. Utilization of wood can be stopped almost completely in the near future.

Among all accessible energy resources, the greatest share (75–85%) falls on coal; the reserves of oil (10–15%) and gas (5–10%) are also significant. Less than 2% falls on the remaining energy resources. Early in the 20th century the greatest share (of the order of 70%) of all utilized energy resources fell on coal. As the consumption of oil, gas, and electric power increased, the share of coal decreased, though the total amount of extracted coal significantly increased.

One of the attempts to look into the future of the global power engineering and to foresee contradictions in its development was undertaken in [5]. A model of the global power engineering constructed in [5] allowed needs for six different energy resources to be predicted for six secondary energy carriers as applied to six sectors of economy. The starting point of an analysis was a scenario based on the common sense. Then the capability of accelerated addition of oil, coal, gas, nuclear energy, and renewable energy sources to the global energy balance was estimated together with the feasibility of resolving contradictions arising in global power engineering. One more modification was added to six modifications of the basic scenario, namely, a scenario with accelerated energy saving. Table 3.6 illustrates the global energy balance in 1990, and Table 3.7 gives the global energy balance predicted for 2020 on the basis of this energy balance.

Table 3.6. Global energy balance. The basic scenario for 1990 (mln ton of standard fuel)

	Sector of economy 
	Energy resources

	
	Coal
	Other solid fuels
	Oil
	Gas
	Renewable sources
	Nuclear
	Electric power
	Heat
	Total

	Primary energy consumption
	3080
	889
	2811
	2289
	748
	65
	
	
	12049

	Electric power generation
	1546
	55
	433
	616
	748
	665
	1410
	345
	2308

	Energy sector 
	146
	15
	287
	300
	0
	0
	250
	38
	1034

	Supplied energy consumption 
	1389
	959
	3531
	1373
	0
	0
	1157
	298
	8707

	Industry 
	912
	174
	673
	678
	0
	0
	589
	210
	3236

	Transport 
	35
	7
	1835
	3
	0
	0
	25
	3
	1908

	Public utility sector 
	435
	773
	527
	569
	0
	0
	543
	85
	2933

	Non-energy needs 
	7
	4
	496
	123
	0
	0
	0
	0
	630


Table 3.7. Global energy balance. The basic scenario up to 2020 (mln ton of standard fuel)

	Sector of economy 
	Power resources

	
	Coal
	Other solid fuels
	Oil
	Gas
	Renewable sources
	Nuclear
	Electric power
	Heat
	Total

	Primary energy consumption
	4951
	1344
	4054
	3823
	1461
	1376
	
	
	18763

	Electric power generation
	3079
	117
	406
	1102
	1461
	1376
	2728
	713
	4099

	Power sector 
	140
	17
	328
	403
	0
	0
	429
	73
	1390

	Supplied energy consumption 
	1732
	1478
	4788
	2318
	0
	0
	2300
	657
	13274

	Industry 
	1175
	327
	557
	1103
	0
	0
	1223
	401
	4787

	Transport 
	50
	13
	2888
	41
	0
	0
	85
	4
	3082

	Public utility sector 
	501
	1128
	618
	979
	0
	0
	992
	251
	4469

	Non-energy needs 
	7
	9
	724
	195
	0
	0
	0
	0
	935


The evolution of the debit side of the global energy balance is determined by two opposite tendencies: a) gradual approach of the structure of power resources production to the structure of available reserves and b) improvement in the quality of consumed energy resources and energy carriers.

The first tendency determines an increasing share of coal in the global energy balance. The second tendency determines increasing shares of oil, gas, and nuclear fuel in the global energy balance.

The increased consumption of primary power resources will decrease shares of three main organic fuel types, but they will dominate in the structure of the global energy balance until the middle 21st century and even later.

Undoubtedly, a rational combination of different energy resources and a smooth development of power engineering would allow difficulties, sometimes disastrous in character analogous to those observed in 1973–1975 in a number of countries, to be avoided. These difficulties called the power crisis were due to many-year predatory utilization of national raw resources by international monopolies.

Thus, the International Oil Cartel consisting of seven monopolies (five of which are American) controlled almost completely the oil production in Arabian East countries and occupied the leading position in the market of states purchasing oil. To earn maximum profit, the Cartel hampered works aimed at utilization of energy of other types. In Western European countries, extraction of black coal was reduced, mines were closed, and the development of atomic power engineering was held back often unwarranted.

Monopolies and cartels used any means to hold their leading positions. For example, they gave huge bribes in a number of countries to reject laws on nationalization of power engineering (USA), to discredit and to slow down the program of construction of nuclear power stations (Italy), etc.

The oil orientation of power engineering giving huge profit to monopolies demands its output to be increased significantly. At the same time, since 1973 countries producing oil have demanded an increasingly higher share of profit: they have increased purchase prices and have declared their intention to hold the oil production in predetermined limits thereby forcing other countries to revise their energy policy. The above considerations and the data on the global reserves of energy resources should be considered as preliminary, because bowels have still received only insufficient study (only a small part of continental deposits has been studied and fuel resources at the bottom of the World Ocean have yet to be analyzed). In addition, the quality of statistical data on occurrence of energy resources is unsatisfactory, methods of calculating the energy reserves differ in different countries, and different approaches to estimation of energy reserves are used in different countries. In some cases, net geological reserves are considered, in other cases, reserves proved by geological exploration, and sometimes reserves that can be extracted proceeding from economic, geographical, technological, and other conditions are considered. For example, according to the data of the World Energy Conference, the estimated net geological reserves of fuel were (200 mln TWh, and further it was demonstrated that more than 28,000 mln TWh could be produced at justified costs using modern technological methods. This exceeds 380,000 times the current annual output of all fuels. It should be noted that despite rapid consumption of energy resources, their potential reserves increase rather than decrease.

3.2.2. Ways of the development of world electric power engineering

The reserves of power resources and their output are determined by the efficiency of their consumption. Modernization of technical equipment permitting to utilize more completely (that is, with a higher efficiency) the primary energy resources implies that a smaller amount of primary resources is required to generate the same energy amount. If we estimate the efficiency of utilization of primary resources in terms of energy output, we are forced to point out that they are transformed into electric power with a very low efficiency at stations of different types (Table 3.8). Moreover, the efficiency of atomic power stations is maximum, and the efficiency of hydroelectric power stations is minimum. The energy carrier consumption and the efficiency presented in Table 3.8 were reduced to identical powers (1 GW) of power stations generating 24 GWh a day (86.4(1012 J).

The efficiency can be calculated as follows. To generate an energy of 120(1012 J, 700(106 ton of water must flow through turbines of a 1-GW hydroelectric power station. This water mass has an internal energy of 630(1026 J. Therefore, the efficiency of water is  = (120(1012/630(1026)(100% = 0.19(10–12. Analogously, the efficiency of TPS and APS can be estimated. The efficiencies of fuel consumption at these stations are 25–40 and 15–30%, respectively.

Table 3.8 The energy carrier consumption and the efficiency at different stations.

	Amount of energy carrier required to generate electric power of 33.4 GWh (120(1012 J) 
	Type of the station (output power of each station is 1 GW)
	Efficiency of energy carrier consumption, %

	700(106 ton of water 
	HPS
	0.19(10–12

	6400 ton of coal

4,600 m3 of oil 

536,000 m3 of gas 
	TPS
	0.2(10–5

	1.5–2 kg of uranium 
	APS
	10–2


An increase in the efficiency of energy generation is a very urgent problem. As a whole, it increases continuously. Thus, the electric power generation all over the world has increased by a factor of 1.97 for 10 years (1955–1965) and by a factor of 3.5 for 15 years (1950–1965). During this period, the production of primary power resources has been only doubled. This is due to the increased efficiency of electric power systems and the increased amount of primary resources used to generate electric power (for more detail, see Chapter 4).

The global electric power generation increased from 11.5 tln kWh in 1990 to 19.4–24.4 bln kWh in 2020, that is, by a factor of 1.7–2.1. During this period, an advanced growth of the electric power generation compared to the consumption of primary power resources was observed for all variants. The tendency toward an increase in the electric power consumption per capita was also typical. This parameter increased from 2.17 thou kWh per capita in 1990 to 2.4–3.03 thou kWh per capita in 2020. However, a new tendency was manifested, namely, a decrease in the electric capacitance of the gross domestic product (GDP) (by 8–27% to 2020 relative to the level of 1990).

Among specific features of the future global electric power engineering will be centralization of energy distribution and a great diversity of generating sources. Its characteristic features are combination of large-sized powerful centralized and relatively small enterprises operating in a common grid, application of hybrid schemes of electric power and heat generation, compatibility of energy and production technologies with complete utilization of wastes and secondary resources, and formation of interconnected power systems.

The tendency observed in the last decade, namely, formation of large national and international interconnected power systems is of particular importance. Positive experience on the creation and operation of large interconnected power systems in Western Europe, North America, the former USSR, and Eastern European countries has been accumulated. 

An important role in the formation of united power system in the Euroasian continent is played by Russia having large fuel and energy resources and the largest in the world centralized interconnected power system called Joint-Stock Company United Power Grid of Russia (JSC UPGR).

Before the formation of independent states from the USSR, there were three large interconnected power systems on the European continent: the UCPTE including 12 countries of Western Europe (Belgium, Germany, Spain, France, Greece, Italy, Yugoslavia, Luxembourg, Netherlands, Austria, Switzerland, and Portugal), the Nordel System including four countries of Northern Europe (Norway, Denmark, Finland, and Sweden), and the Mir Power System including countries-members of the former Council for Mutual Economic Assistance. Asynchronously with the UCPTE, the Great Britain Power System operated through a dc cable.

The installed capability of electric power stations included in the UCPTE amounted to more than 390 mln kW; it amounted to 85 mln kW for the Nordel System and to more than 400 mln kW for the Mir Power System. The Mir Power System was connected to the UCPTE through three dc inserts having nat capability of 1750 MW and with the Nordel System by a dc insert having a capability of 1100 MW. Power systems of Eastern European countries and the UPG of the former USSR were connected by three 750-kV overhead transmission lines (OTL), four 400-kV OTL, and four 220-kV OTL to deliver electric power from the USSR to Eastern European countries. The energy supply amounted to (40 bln kWh in separate years.

Nowadays the integration processes in the UCPTE and Nordel System are intensified. In 1994, a dc cable line between Switzerland and Germany having a length of about 250 km and capability of 600 MW was put into service. Two projects of connecting the Norway Power Grid to the continental Europe are being considered. The first project is aimed at interconnection of Norway and Germany power systems, and the second project is aimed at interconnection of Norway and Holland power systems. The feasibility of building an interconnecting dc transmission line between Sweden and Poland was justified. The feasibility of connecting Latvia, Lithuania, and Estonia power systems to the Nordel System and UCPTE will be examined further.

In 1994, the electric power exchange in the UPCTE, including the third countries, amounted to 155.9 bln kWh or 10% of the net electric power generated by UCPTE countries, and the corresponding exchange in the Nordel System amounted to 39.3 bln kWh or 11.2%.

In the Mir System, disintegration processes started just after formation of the independent states from the USSR, and the mutually advantageous electric power exchange inside the system significantly reduced. In 1994, only 1.7 bln kWh of electric power was exported from the CIS countries to Eastern European countries, that is, the export decreased more than 20 times compared to the late 80s. 

In October 1995, the CENTREL interconnected power system including Hungary, Czech, Slovakia, and Poland interconnected power systems and the interconnected power system of the eastern part of Germany joined the UCPTE. The installed capability of the extended UCPTE amounted to more than 470 mln kW. The integration of Bulgaria and Romania power systems to the UCPTE is also planned. At the end of September – beginning of October 1995, the Bulgaria power system was disconnected from the Ukraine UPG and was switched to synchronous operation with Romania, Greece, Albania, and the former Soviet Federal Republic Yugoslavia power systems. This experiment was considered as a step toward connection of power systems of Southern European countries to the UCPTE. Turkey is the next candidate for connection to the UCPTE. The feasibility of interconnection of the Turkey power system with power systems of countries of the Mashreq economic zone (from Syria to Egypt) is studied. After commissioning a deep-sea ac cable connecting Spain and Morocco in 1996, power systems of Morocco, Algeria, Tunis, and Libya (countries of the Maghreb zone) joined the UCPTE. The feasibility of interconnection of power systems of Mashreq and Maghreb countries is studied. Thus, a large interconnected power system of countries of the Mediterranean Sea basin is being built. This interconnected power system will operate in parallel with the UCPTE. It is also planned to study the feasibility of joint operation of the Turkey power system with power systems of Trans-Caucasian republics including Armenia, Georgia, and Azerbaijan.

At the same time, the UPGR continues to operate synchronously with power systems of Baltic countries, Byelorussia, Ukraine, Moldova, and Kazakhstan. Power systems of Azerbaijan, Armenia and Georgia have retained the feasibility of synchronous operation with the UPGR.

Under these conditions, a central problem in cooperation of countries of the European continent in the field of electric power engineering has become the use of already existing 11 OTL connecting the CIS and Eastern European countries in the building of which large sums of money were invested. Different ways of further development of this cooperation are suggested. One of the variants envisages the transfer of dc inserts to the boundaries of CIS and Eastern European countries.

The best way of cooperation on the Euroasian continent is the creation of a common electric power market as a basis for an interconnected power system. A number of international projects are aimed at solving this problem. 

Baltic Electric Power Generating Ring. This project is aimed at creating a high-power grid connecting power systems of 11 Baltic countries including Denmark, Sweden, Norway, Finland, Russia, Estonia, Latvia, Lithuania, Byelorussia, Poland, and Germany. Another project of the East–West Power Bridge envisages the building of a 4000-MW dc transmission line connecting power systems of Russia, Byelorussia, Poland, and Germany and is conceptually a part of the first project.

It is assumed that the Baltic Ring will allow the operation of power systems of participating countries to be improved and as a whole, will foster the economic development of Baltic countries.

A meeting of 17 electric power-generating companies from 11 countries of this region devoted to the creation of the Baltic Electric Power Generating Ring was held in Copenhagen in 1996. According to the agreement worked out at this meeting, the JSC UPGR prepared a draft memorandum about cooperation in realization of the International Baltic Electric Power Generating Ring Project and the Baltic Power Generating Assembly Regulations.

The above-indicated documents are based on the following principles:

· integration of power systems of 11 Baltic states aimed at satisfaction of national interests

· principle of retention of the existing structures of the interconnected power systems

· non-discriminatory forms of participation of regional power systems in the research.

This memorandum on cooperation has initialed by chiefs of a number of power companies. The Coordinating Committee of the Consortium, which will study the feasibility of establishing the Baltic Electric Power Generating Ring, has undertaken obligations to address the Baltic electric power generating companies to sign the memorandum on cooperation in the Project implementation.

It should be noted that positive experience on cooperation of the UPGR with the Nordel System has already been accumulated. Work is underway on an increase in the capability of the dc insert with Finland up to 1400 and then to 2000 MW. The feasibility of connection of the Karelian and Kola power systems with power systems of countries included in the Nordel System is being studied.

Black Sea Interconnected Power System. The majority of countries involved in the Black Sea Economic Community (BSEC) including Ukraine, Romania, and Bulgaria supported the proposal of the JSC UPGR to create the BSEC United Power Grid. The formation of this United Power Grid is aimed at interconnection of regional power systems into the high-power grids; some of them already exist. Such an interconnected power system will allow BSEC countries to develop electric power engineering in the entire region in the best way, to use rationally the available power resources, to increase reliability of electric power supply to customers, to exchange electric power to mutual advantage, and to affect positively the economic development of all countries in the region. High-voltage grids built by countries-members of the Council for Mutual Economic Assistance will provide the basis for the interconnected power system, including 400- and 750-kV power grids connecting Russia, Ukraine, Moldova, Bulgaria, and Romania in the southwest, 330- and 500-kV power grids connecting Russia, Georgia, Armenia, and Azerbaijan in the southeast, and 220-kV OTL connecting Trans-Caucasian countries and Turkey. The first variant of the concept of creating the Black Sea Interconnected Power System worked out under the financial support of Russia was discussed on a meeting of experts of the Working Group in April 1996.

Other projects of interconnected power systems. Variants of the connection of power systems of Central Asia and Iran and Turkey are being considered, and problems of integration of interconnected power systems of Russia and China, Japan, and Korea as well as Russia and USA are being studied.

Electric power engineering of the People’s Republic of China develops rapidly; the annual increment of electric power generation amounts to 7–9%. The net annual electric power generation in China exceeds 900 bln kWh. China is interested in the electric power transfer from Russia. Potential sources of electric power for export are located in Siberia (Boguchansk, Bratsk, and Ustj-Ilim HPS and Berezovskii State District Power Station (SDPS)) and Far East (an APS in Khabarovsk Krai, HPS and TPS in the Amur Region and Yakutia, and a tidal power station in the south of the Okhotsk Sea). 500-kV ac OTL with dc inserts having a dc carrying capacity of 1.5–2 mln kW can be used to transfer electric power. In the East interconnected power systems, Amur, Khabarovsk, and Far East power systems are considered as transmitting one. OTL at voltages up to 500 kV inclusively can be used to export electric power.

The main premises for electric power import by Japan consist in the absence of its own fuel and energy resources and extremely high population density. Sakhalin TPS burning a shelf gas or South-Sakhalin coal, HPS and APS of the Far Eastern Interconnected Power System, and a tidal power station in the south of the Okhotsk Sea can be considered as potential sources to export electric power from Russia to Japan. To export electric energy from Russia to Japan, transmission lines can be built through Sakhalin Island and two shallow and narrow channels (Tatarskii and Laperuza) or through the territories of China and Korea and the Korean Channel 200 km wide.

With allowance for long transmission lines, the electric power transfer to the USA is planned in small amount provided that the main expenses on building of the OTL through the Bering channel and mastering the hard-to-reach coastal zone of this channel will be covered by the headquarters of building of transcontinental railway through the Bering channel.

The implementation of the above-considered international projects as well as of the suggested variants of interconnected power systems will allow the Japan–China–Siberia–Kazakhstan–European part of Russia–Western Europe powerful extended electric power system to be formed and will be an important stage in the creation of the Interconnected Power System on the Euroasian continent with the net electric power of the order of 60% of the electric power of all power stations in the world in which the UPGR, by virtue of its geopolitical position, can become a central link.

The required transfer capability of intersystem connections can be estimated based on the practical recommendations of the UPG of the former USSR according to which the net transfer capability of intersystem connection in cross sections dividing the powerful interconnected power system into two parts should be of the order of 2–3% of the maximum load of the smaller part of the examined interconnected power system. With allowance for this condition, the required transfer capability of intersystem connections for the Euroasian Interconnected Power System in the territory of Russia and Kazakhstan should exceed 10 GW. Such transfer capability can be obtained only with the use of the super-high voltage (1150 kV of ac and 1500 kV of dc) transmission lines.

