CHAPTER 4. Electric power engineering on the basis of renewable power sources

4.1. Necessity of searching for new power sources

Among numerous factors determining the necessity of further gain in the power potential, despite a considerable increase in the efficiency of utilization of energy resources in a number of developed countries including Japan, Western and Northern European countries, and the USA, the following should be emphasized:

·  increasing population (from 1.97 bln people in 1950 to ~6.0 bln people in 2000),

·  increasing electric energy consumption per capita (caused by the development and modernization of transport in connection with the increasing mobility of population and growth of good traffics, a greater comfort of everyday life, further growth of urban population, relative increase in the share of country cottages, etc.), 

· further extension of inhabitant regions (1/3 of the Earth is not populated because of the absence of water, whereas half of the Earth’s population endure a lack of space on the 1/10 of land); to this end, a cheap energy is required.

Due to the rapid growth of energy consumption (see Table 4.1) and impossibility of its artificial limitation on the global scale, even in the face of the global threat of greenhouse effect and depletion of nonrenewable energy resources, we are forced to solve without delay the following problems:

·  to develop power engineering based on utilization of unconventional renewable power sources (URPS),

· to search for and to master new methods of producing electric energy,

- to increase the efficiency of utilization of energy resources with the use of energy- and resource-saving equipment, technology, and behavior of population.

Table 4.1. Energy Consumption Indexes

	Aggregate capacity and energy consumption 
	Year

	
	1950
	1970
	1980
	2000

	
	Population, bln people

	
	1.97
	2.87
	3.6
	6.0

	Aggregate capacity, mln kW 

Power generation per capita, kW

Total energy consumption, kW(h/yr

Energy consumption per capita, kW(h/yr 
	223

0.1

950

500
	1070

0.4

4760

1700
	2200

0.6

10000

2900
	7200

2

33000

6200


The term unconventional renewable power sources is used for solar, geothermal, wind, and tidal sources as well as for small river (the installed capability of units of hydroelectric power stations (HPS) varies from 0.1 to 10 MW), biomass, sea wave, and natural temperature gradient sources. As already indicated above, all these power sources are non-adding.

It is expedient to introduce one more term, namely, «unconventional energy generation methods» (UEGM). Controllable thermonuclear fusion (CTF),  thermoelectric, thermal emission, and electrochemical generators together with radioisotope power sources belong to them. They all are adding power sources.

They are unconventional not only because of the methods of electric power generation unconventional for large-scale power electrical engineering but also because of the fact that the process of introducing the ideas underlying them into practice is only in the initial stage, and the realm of their application is specific (characterized by low energy consumption).

At present, 2 kW of electric power is generated per capita (see Table 4.1), whereas the life standard is 10 kW (in the developed countries). With allowance for the thermal barrier, the Earth’s population must not exceed 10 bln people given that early or late the norm of  power  energy generation per capita will reach 10 kW. Thus, the development of power engineering on the basis of nonrenewable energy resources rigidly limits the population growth in our planet. However, the Earth’s population can reach 20 bln people in 75 years. From here it follows that already now we must think about the reduction of the rate of population growth approximately twice; however, our civilization is not ready to do this. An approaching energetic-demographic crisis is obvious. This is one more formidable argument for the development of unconventional power engineering.

Many experts in power engineering consider that the only way out from this crisis is wide utilization of renewable power sources including solar, wind, oceanic, etc.  

There is one more aspect of mastering URPS, especially important for Russia and some other countries having vast territories and low population densities, namely, power supply to customers. The population of the most part of the vast territory of Russia (in the European North, Siberia, and Far East), about 10 mln people, has no access to power supply from centralized power networks. They are supplied by electric energy mainly from autonomous diesel engines – low-power generators; fuel for them is delivered from distant regions using motor and water transport and even helicopters, which makes this fuel very expensive. Furthermore, these deliveries are unreliable, because they depend on weather conditions, availability of transport means, and prepayment.

Under these conditions, an alternative to organic fuel resources is the use of URPS in economically justified amounts. The mankind has made a great progress in the utilization of URPS in the last 10-20 years. As a result, due to large capital investments in this branch and legislative and political acts adopted by many countries and on the intergovernmental level, the stage of development of systems based on URPS has progressed from research and development to industrial and commercial application. There are examples of elaboration and implementation of long-term programs. Thus, according to the Report of the European Commission, the EC activity in the field of URPS is aimed at coordination of efforts and large-scale utilization of URPS to ensure 12% of energy generation in 2010 by utilization of RPS (including large-scale hydropower engineering). The global energy strategy of the USA is to develop technologies that will allow the share of water renewable power sources to be increased to 25 GW by 2010. The Federal Government of Germany plans to increase the share of RPS in the aggregate capacity to 50% by 2050. And this plan is realistic, because only over the period of 1998–2002, it was increased from 4.6% to 7.1% and will be no less than 12% by 2010. These results can be reached only by increasing the competitiveness of units based on URPS compared to the conventional units. At present, as demonstrated below, conventional units surpass units based on URPS in the majority of technical specifications and commercial efficiency.

The specific capacity of URPS is compared with conventional power sources in Table 4.2.

Table 4.2. Specific power of unconventional renewable power sources [3].

	Source
	Spec. Power W/m2
	Comments

	The sun 
	100–250
	

	Wind 
	1500–5000
	 At a velocity of 8–12 m/s 

	Geothermal heat 
	0.06
	

	Wind-driven ocean waves 
	3000 W/m
	 Can reach 10,000 W/m 

	For comparison: an internal-combustion engine 
	About 100 kW/L
	

	 Turbojet engine 
	Up to 1 MW/L
	

	 Nuclear reactor 
	Up to 1 MW/L
	


While on the subject of URPS, it should also be noted that many of them consume large amount of natural power resources per unit generated electric energy (Table 4.3).

Table 4.3. Renewable source energy consumed for electric energy generation [3].

	Type of the power system
	Energy of a natural source consumed per unit generated electric energy, rel. units

	Unit utilizing biomass
	0.82–1.13

	Heat-and-power station
	0.08–0.37

	Hydroelectric power stations: 

–low-power

–high-power 
	0.03–0.12 

0.09-0.39

	Solar photovoltaic units:

–ground-based

–orbital 
	0.47

0.11–0.48

	Solar thermal unit (mirrors) 
	0.15–0.24

	Tidal power station 
	0.07

	Wind-turbine unit
	0.06–1.92

	Wave power unit 
	0.3–0.58


Table 4.4 presents the data on the installed capability of the world power stations utilizing URPS.

Table 4.4. Installed capability of the world power stations utilizing unconventional renewable power sources (as of 1994) [8].

	Type of power stations 
	Installed capability, MW

	Solar

Geothermal 

Wind 

Tidal 

Small hydroelectric 
	400

6000

3730

253

25910

	Total
	36293


Progress in the creation of reliable, technically perfect, and economically efficient electric power units simpl, in operation and based on utilization of unconventional renewable power sources will allow the main problem of decreasing the cost of a unit of generated power to be solved. From this viewpoint, of interest are the data  presented in Table 4.5.

Table 4.5. Cost of power generated with utilization of different fuels and URPS abroad, US dollars/kW(h [3].

	Power sources
	1980
	1989
	2000
	2020

	Unconventional renewable power sources

	Solar energy 
	0.25
	0.07
	0.04
	0.01

	Thermal solar energy 
	0.24
	0.12
	0.05
	0.03

	Photovoltaic solar energy 
	1.15
	0.35
	0.06
	0.02-0.03

	Atomic power stations and stations on organic fuel

	Atomic energy 
	0.04-0.13

	Energy produced by combustion of oil products 
	0.06

	Energy produced by combustion of coal 
	0.04


Comparing conventional and unconventional power units and analyzing perspectives of their further development, we cannot but note their economic and ecological aspects presented in Tables 4.6 and 4.7.

Table 4.6. Material and labor consumption for building and operation of electric power units of the indicated types [3].

	Primary energy resource, power source
	Material consumption of the power unit, rel. units
	Total labor consumption for building and operation of the power unit, rel. units

	Natural gas 
	1.0
	1.0

	Oil 
	2.2
	1.6

	Coal 
	3.2
	2.0

	Nuclear power engineering 
	5.6
	2.8

	Solar energy: 

heating 

photoconversion 
	62.5 

109.4
	40.0 

140.0

	Hydraulic power 
	62.5
	–

	Wind energy
	250.0
	72.0


Table 4.7. Average floor area, in m2, required for annual production of 1-MW electric energy on power stations of the indicated type [3].

	Atomic power stations
	630

	Heat-and-power stations based on: 

liquid fuel

natural gas 

coal 
	870 

1500 

2400

	Solar power stations 
	100 000

	Hydroelectric power stations
	265 000

	Wind power stations 
	1 700 000


As already indicated above, there are severe geographical, technical, and economic limitations on the application of URPS.

The URPS resources have fixed geographical location. Obviously, tidal energy can be found at sea coasts, whereas the geothermal energy is generated by natural springs of hot vapor and water and thermal anomalies. Small HPS, naturally, can be built on rivers and storage reservoirs. Solar and wind energies are widespread everywhere, but their utilization is most expedient in regions with maximum solar irradiation and maximum wind velocities, respectively.

Technical limitations are caused by the problem of stability of power networks and individual power units with uncontrollable power generation charts.

The economic efficiency of power stations is also very important now. The majority of power stations utilizing URPS are not competitive with traditional ones. This is due to low flux density (specific  power) of utilized primary energy (Table 4.2) that leads to material and capital expenditures for systems utilizing URPS higher than those for systems utilizing conventional energy resources (Tables 4.6 and 4.7). If expenditures on a power station utilizing URPS are covered in acceptable time, its initial cost is almost without exception higher than that of a conventional station, which creates a barrier for URPS utilization; therefore, the technical policy of many countries in the given field provides economic incentives to the URPS development consisting in tax and credit privileges or granting subsidies to the manufacturers and customers of equipment. In these countries, the appropriate legislative and normative base has been adopted according to which, in particular, energy companies are obliged to purchase the electric energy produced by utilizing URPS. These measures are necessary for the URPS development in the initial stage in which power generating units and stations based on URPS can and must become competitive with the conventional ones.

4.2. Utilization of water power resources

4.2.1. Large-scale hydraulic power engineering

Nowadays power stations converting the energy of river water into the electric energy provide the basis for the part of power engineering based on renewable power sources. For almost centenarian history of the development of hydraulic power engineering, huge experience on the HPS construction on mountain streams and flat rivers, on rivers with giant water discharge and on small rivers has been accumulated together with the experience on building of fluvial and dam HPS, and hydraulic power engineering itself is among the most significant achievements of the 20th century [9]. 

It is commonly accepted to identify four types of hydraulic power systems:

–
large HPS that form hydroengineering complexes,

–
water-storage power stations,

–
small HPS operating outside of interconnected power systems,

–
hydroelectric power generating units being integral parts of national-economic complexes. 

At present, about 30% of the world economic hydraulic potential is utilized.

The relative contribution of hydroelectric power to the total power generation is rather high in many countries: in Norway and Brazil it exceeds 90%, in Canada and Venezuela it is between 50–80%, in India, Egypt, Italy, and China it is about 20%.

The hydraulic potential of Russia is 2900 bln kW(h/yr. The estimated potential of large and intermediate rivers is 2400 bln kW(h/yr. The technically accessible potential is 1670 bln kW(h/yr. Russia takes the second place after China by the economic hydraulic potential equal to 850 bln kW(h/yr (or by the fuel equivalent equal to 300 bln ton of standart fuel per year). Russia is on the fifth place after the USA, China, Canada, and Brazil by the installed capability and output of HPS hydraulic units (see Table 4.8) ; it is on the fourth place after China, Brazil, and India by the designed capacity of HPS under construction.

Table 4.8. Specifications of the world HPS

	Country
	Installed capacity, MW
	HPS output, GW(h/yr
	Economically justified hydroelectric potential, GW(h/yr
	The number of HPS
	Percentage of hydroelectric capacity in total output, %
	Capacity of HPS under construction, MW

	USA 
	75 525
	308 800
	3 760 000
	6389
	8.8
	No data

	China 
	72 900
	212 900
	1 260 000
	24 119
	17.3
	35 000

	Canada 
	65 726
	350 000
	536 000
	820
	62.0
	882

	Brazil 
	56 481
	301 198
	736 500
	470
	93.5
	12 050

	Russia 
	43 940
	157 500
	852 000
	62
	19.4
	8400

	Norway 
	27 410
	116 259
	176 600
	300
	99.4
	140

	France 
	23 100
	69 800
	71 500
	554
	15.0
	0

	India 
	21 963
	74 338
	No data
	2601
	25.0
	9818

	Japan 
	21 389
	102 587
	114 267
	2467
	10.0
	1113

	Spain 
	17 000
	39 000
	41 600
	871
	20.0
	70

	Sweden 
	16 204
	69 300
	90 000
	144
	47.7
	No data

	Italy 
	15 267
	51 636
	54 000
	502
	19.4
	450

	Venezuela 
	13 224
	57 923
	100 000
	69
	73.0
	73

	Turkey 
	10 215
	42 229
	123 040
	427
	38.0
	4190

	Mexico 
	9702
	24 616
	32 232
	540
	14.4
	900


Now about 20% of the economic hydraulic potential of Russia has already been utilized, with about 50% of total hydroelectric potential of the country in the European part, 19% in Siberia, and 4% in Far East. In 2000, Russian electric power stations generated 857 bln kW(h, including 549 bln kW(h generated by thermal power stations (TPS), 157.5 bln kW(h by HPS, and 103.5 bln kW(h by atomic power stations [9].

The indisputable advantages of hydraulic power engineering are renewable water-power resources, low production cost of electric energy, mobility of reserve capacity covering peaking load charts, inflation stability, and ecologically clear production. The average cost of the electric power produced by Russian HPS in 2000 was almost 6 times less than that of the electric power produced by state district power station. 

The accumulated knowledge allows us to pay more attention to the ecological factors now, in particular, to positive effects that can be obtained by constructing objects of hydropower engineering. A comprehensive analysis enables us to evaluate the effect of HPS on the environment.

More detailed data on the history and state of the art of large-size hydropower engineering can be found in the special literature.

4.2.2. Hydroelectric power mini- and microstations

Except the above-mentioned division of HPS by their functionality, the following classification of HPS by their capacity is used: stations with capacities smaller than or equal to 100 kW are called hydroelectric microstations, from 100 to 1000 kW are called hydroelectric ministations, from 1000 to 10000 kW are called small HPS, and with capacities greater than 10000 kW are called large HPS. Their design and principles of their construction can differ essentially [22].

Historically, the first HPS belonged to the class of hydroelectric power microstations, and the time of their appearance coincided with successes in industrial mastering of electric generators. These simplest often half-handicraft systems were widespread, especially in rural regions. In particular, the share of hydropower engineering in energy supply in agriculture reached 11% in the USSR in 1937.

The small-sized hydropower engineering was developed in the USSR mainly by individual construction of power stations from special equipment produced at that time and from proper units and parts of automobiles, agricultural machines, etc. Self-made wooden and wooden-metal hydraulic turbines were often used. Rear axles of automobiles were used as reduction gears, and commercially available dc and ac generators were used as hydroelectric generators.

Until 1957, 5615 small HPS with an aggregate capacity of 443.1 MW generating 0.8 bln kW(h of electric power operated in the USSR. However, small HPS became inefficient due to intense electrification of rural regions by their connection to interconnected power systems. In subsequent years, hydropower was produced by large hydroelectric power stations, which alongside with the well-known advantages, have a number of severe disadvantages, especially from the ecological viewpoint. Only over the past few years, interest in the construction of hydroelectric power microstations has been increased.

In Russia, in contrast with the majority of foreign countries where hydraulic power engineering was developed simultaneously with other power resources, it began virtually from the very beginning. When small power engineering was ignored in general and hydroelectric power microstations were ignored in particular, even the experience of utilization of small rivers was lost, many operating hydroelectric systems were closed, and the production of equipment for them was cut down.

Due to modern achievements in the field of electric machine building and semiconductor and transformer engineering, a new class of valve-type electric machines, which possess new properties and allow one to solve problems previously unsolvable, has been developed.

For example, the valve-type electric machines provide the basis for the construction of autonomous electric power supply units that generate high-quality electric power with minimum requirements imposed on an actuating motor. This enables one to construct automated hydraulic unit with uncontrollable turbines for hydraulic power microstations. As demonstrated the pre-war experience, exactly this direction in the development of hydroelectric power microstations meets best the production-technological and operating requirements. Hydroelectric power microstations with valve-type electric machines are most widespread now all over the world.

The tendency to a simplification of hydraulic engineering equipment of stations increases strongly the requirements to devices for electric power generation and stabilization of its parameters.

According to the available data, 55 hydroelectric power microstations with an aggregate capacity of 545 MW operated in Russia in 1990. They generated 1940 mln kW(h. Most of these hydroelectric power microstations were in the European part of Russia. Their greatest number was located in the north-west regions and Northern Caucasus, and they generated more than 2/3 of electric power.

The main directions in the development of small-scale hydraulic power engineering in Russia for the nearest future are the following: construction of small HPS on complex water engineering systems under construction; modernization and reconstruction of out-dated small HPS; construction of small HPS on small rivers; construction of small HPS on existing water basins, water falls of channels, penstocks for water supply to and removal from various economic objects.

4.2.3. Storage power stations (SPS)

Electric power generation by electric power stations and its consumption by different users are interrelated so that according to physical laws, the electric power consumption at any time must be exactly equal to the electric power generated at that time.

For ideal regular electric power consumption, power stations would be operated under regular loads. Actually, the majority of individual users have irregular electric load schedules, and the total electric power consumption is also irregular. Many examples of irregular operation of setups and devices consuming electric power can be given. A plant working in one or two shifts consumes electric power irregularly during 24 hours. The electric power consumed by it during non-working time is close to zero. Streets and flats are illuminated only at definite hours. Household appliances, ventilators, vacuum cleaners, electrical stoves, heating devices, TV sets, radio sets, and shavers consume electric power also irregularly. The load of municipal services is maximum one in the morning and evening hours.

The electric load schedule of a region or city is a time history of total power consumed by all customers. It has minima and maxima. This means that at certain hours, a larger aggregate capacity is required, whereas at other hours, a part of generators or electric power stations must be switched off or must operate with a reduced load. The number of electric power stations and their aggregate capacity are determined by a relatively short maximum of electric load of customers. This leads to under-loading of the equipment and increases the cost of power systems. Thus, a decrease in the operation period of large TPS from 6000 h to 4000 h annually causes the cost of generated electric power to increase by 30-35%.

An analysis of mechanisms of electric power consumption demonstrates that its irregularity will further increase with improving well-being of people and an increase in the load from community enterprises in the process of increase in the power supply per production unit and decrease of dog shifts. Reduction of working time also increases the irregularity of power consumption. In the majority of countries of Western Europe, the irregularity of power consumption is such that the load can change by 30% of the peaking capacity within one hour, and further increase of the irregularity is expected. It is very difficult to change radically the character of power consumption, because it depends strongly on the human biorhythms and on a number of objective circumstances independent from people.

The power engineers try to balance the schedule of the total load of customers whenever possible. Thus, the cost of electric power depends on the time of day. If the electric power is consumed during periods of maximum loading of an electric power system, its cost increases. This makes customers to be interested in reorganization of their job to reduce the electrical load during periods of maximum power consumption in the electric power system. As a whole, the capabilities of balancing the power consumption are rather low. Therefore, electrical power systems must be sufficiently maneuverable and capable of fast changing the output of electric power stations.

In most countries, considerable portion of electric power (up to 80%) is generated by TPS very sensitive to a regular load schedule. TPS units are badly adapted to power control. Boilers and penstocks of these stations admit load changing only within 10–15%.

Periodic TPS switching on and off does not allow the problem of power control to be solved. In the best case, several hours are required to put a thermal power station into operation. In addition, the operation mode of large TPS with a sharply varying load is undesirable because of increased fuel consumption and higher rates of wear of the equipment and hence reduction of its reliability. We must also take into account that TPS with high vapor parameters have the minimum technically allowable power equal to 50–70% of the rated power of the equipment. The foregoing is true not only of the conventional TPS but also of nuclear power stations. Therefore, the deficit of maneuverable power (peaking load) is covered now and will be covered in the near future by HPS for which the aggregate capacity can be increased from zero to the maximum value in 1–2 min.
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Fig. 4.1. Storage power station. 
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The output of a HPS is controlled as follows. When the load in the system is minimum, the HPS has low output, and water fills a storage reservoir. In this case, the energy is accumulated. When the load maximizes, the units of the HPS are put into operation, and their output increases by a desired amount.

The energy accumulation in storage reservoirs on flat rivers leads to flooding of vast territories, which in many cases is very undesirable. Small rivers are unsuitable for output power control in the system, since they have no time to fill the storage reservoir with water.

The above-mentioned problem (removal of peaking loads) can be solved by storage power stations (SPS) operating as follows (Fig. 4.1). When the electrical load in interconnected power systems is minimum, SPS pump water from the lower storage reservoir to the upper one and thus consumes electric power from the system (Fig. 4.1a). In the mode of short peak loading, SPS generate electric power and spend water stored in the upper reservoir.

200 SPS can be constructed in the European part of Russia. In power systems of central, northwest and southern parts of Russia, where the deficit of maneuverable capacity is at maximum, natural slope of the relief allows stations with a small head (80–110 m) to be constructed.

Regions with slope of the relief favorable for the construction of SPS with a head of (1000 m are far from the centers of consumption of maneuverable power. The cost of transmission lines in these cases can significantly exceed the cost of SPS construction. 

The head of the experimental Kiev SPS first in the Soviet Union rated at 225 MW was 70 m. 

Now a 1200-MW storage power station having reversible units is being built near Pavlov Posad. The SPS for the Leningrad Region and for a number of other territories are designed.

The importance of SPS increases once high-duty (rated at >1000 MW) atomic power stations (APS) have been put in operation, since APS operate most efficiently with a constant load, and load changes must be balanced by SPS.

The Lorch-on-Rhein (Germany, 2400 MW), Cornwall (USA, 2000 MW), and Loch Lomond (England, 1200 MW) SPS are among the largest ones.

The SPS capacity depends on the water discharge and head. For a limited volume of the upper reservoir, the capacity can be increased at the expense of a higher head. Therefore, mountainous regions are more convenient for the construction of SPS. For example, a huge head (about 1800 m) has the Reusseck SPS in Austria. Natural water reservoirs are used as upper storage reservoirs whenever possible. For example, a high-mountainous pond is used for the Loch Lomond SPS in England. In Japan, a crater lake is used as the upper storage reservoir of the Numatsavanuma SPS.

The construction of artificial reservoirs is laborious and expensive. In addition, water can leak from the upper reservoir, and a leak of even several percent reduces significantly the efficiency of HPS. Therefore, careful waterproofing is required.

Water in the upper reservoir can be heated using warm water of condensers of a thermal power station. Closely arranged SPS and TPS are well combined with each other. SPS generate electric power at peak hours, the TPS cooling reservoir is used as a lower SPS reservoir, and warm water from it is pumped to the upper reservoir.

SPS penstocks through which water from the upper reservoir runs to turbines must not introduce large power losses. The ducted penstocks of large diameters covered from inside with concrete or metal are most convenient. The number of penstocks should be no less than two because in the case of repair of one of them, another penstock can be used. Metal penstocks are less desirable because of large wall friction losses, since these penstocks have relatively small diameters and hence a lot of them must be used.

Penstocks (PS) and generators (G) were used in first SPS generating electric power, and electric motor (M) and pumps (P) were used to pump water to the upper reservoir (Fig. 4.1b). These stations were called four-machine stations according to the number of machines. By virtue of the independent operation of the generator and pump, the four-machine configuration is sometimes most efficient economically.

For example, generators of the Grimsel SPS in Switzerland are arranged on one river, whereas pumps are placed on another river flowing above. In this case, the energy spent to pump water to the upper reservoir is less than the energy generated by water running through turbines.

A decrease in the number of machines reduces significantly the SPS cost and opens perspectives for their wide application. Functions of a generator and motor combined in one machine gave rise to three-machine configuration of stations (Fig. 4.1c). A few tens of such stations have been built worldwide. For example, the Hesse Stadt station rated at 130 MW was built in Germany in 1958, and the Festiniong station rated at 300 MW was built in England in 1961.

The SPS became especially efficient after the appearance of reversible hydraulic turbines operating as turbines and pumps (Fig. 4.1b). The number of machines in this case is reduced to two. However, stations with two-machine configuration have lower efficiency because of the necessity to increase the head by a factor of 1.3–1.4 in the pump mode to overcome friction in penstocks. In the generator mode, the head is lower because of friction in penstocks. In order that the unit operated with equal efficiencies in the generator and pump modes, its rotation velocity in the pump mode must be increased. Different rotation velocities in reversible generators complicate their design and make them more expensive.

The perspectives of SPS application depend in many respects on their efficiency, which for these stations is defined as a ratio of the energy produced by the station in the generation mode to the energy spent in the pump mode.

In the early 20th century, the efficiency of the first SPS was (40%; the efficiency of modern SPS is 70–75%. Among the SPS advantages, low construction cost should also be mentioned. Unlike conventional HPS, it is not required to dam a river, to construct a high dam with long tunnels, etc. HPS on large rivers need 10 m3 of concrete to be spent to generate 1 kW of installed capacity, whereas large SPS need only a few tenth of cubic meter of concrete.

SPS and wind power stations distinguished by unstable operation are well combined with each other. However, it is difficult to rely on the output of wind stations during peak loading power systems. Given that the electric power generated by wind power stations is accumulated in water pumped to the upper reservoir of SPS, in the required periods it can be utilized in the electric power system. The lack of reliable methods of electric energy accumulation will promote the SPS spread.

4.2.4. Tidal and wave power stations

The energy of marine tides sometimes called the «lunar energy» has been known since antiquity. Already in past historical epochs, this energy was used to actuate various mechanisms, in particular, mills. In Germany fields were irrigated using the tidal wave energy, and in Canada it was used to saw wood. A tidal lifting machine supplied London with water in England in the 19th century.

There are a huge number of witty projects of tidal equipment. Only in France more than 200 inventions had been patented by 1918. In the early 20th century, some attempts were undertaken to construct large tidal power stations. The construction of the Quoddy tidal power station rated at 200 thou kW was started in the USA in 1935. Soon the construction, on which 7 mln dollars had already been spent, was stopped, because it was found that the cost of electric power would be too high (it would exceed by 33% the cost of electric power generated by heat power stations). According to the project developed in the USSR in 1940, the Kislogubsk tidal power station would produce energy whose cost would be twice as great as that of river power stations.

The advantage of tidal power stations over river power stations is that their operation is governed by space phenomena and is independent, unlike the river power stations, on numerous random weather conditions.

However, tidal power stations have two significant disadvantages, namely, irregular operation and large volume of investments.

The irregularity of tidal energy within the lunar day and lunar month that differ from solar ones does not allow tidal power stations to be used systematically during periods of maximum loading in power systems. The irregularity of tidal power station operation can be compensated by their combination with SPS. When there is an excess output power of tidal power stations, SPS operate in the pump mode consuming this excess power and pumping water to the upper reservoir. During periods of minimum output power of tidal power stations, SPS operate in the generation mode supplying the electric power to the system. This project is technically acceptable but expensive, because large installed capability of electric machines is required.

The tidal power stations can also be combined with river HPS having a storage reservoir. When these stations operate together, the HPS increase their output power when the output power of tidal power stations decreases or when they are stopped; when the tidal power stations generate sufficiently high power, HPS pump water to the storage reservoir. Thus, both daily and seasonal irregularity of operation of the tidal power stations can be compensated.

The tidal power stations operate under conditions of fast head change; therefore, their turbines must have high efficiency at variable heads. A rather good compact horizontal double-flow turbine is now in the market. An electric generator and some parts of the turbine are enclosed in a watertight capsule, and the hydraulic unit is immersed in water. Rotating vanes of the turbine provide high efficiency at different heads starting from 0.5 m. 

The hydraulic unit can operate both in generation and pump modes. When the generator is switched off, the hydraulic unit can pump water directly from the sea to the reservoir and back; in the pump mode, it can pump water from the sea to the reservoir and by that to increase the head.

The nature of Russia allows tidal power stations with an aggregate installed capability of about 150 thou MW to be built. Long-term scientific investigations and projects have led to a conclusion that of interest is the construction of a few tidal power stations, including the Lumbovsk tidal power station rated at 320 MW (672 MW in another variant) in the Barents Sea, the Mezensk tidal power station rated at 15200 MW with an output of 42000 GW(h in the Beloye Sea, the Togur tidal power station rated at 6800 MW with an output of 16200 GW(h, and the Penzhinsk tidal power station rated at 21400 MW (87400 MW in another variant) in the Okhotskoye Sea [8].

Over a few decades, scientific and design investigations on tidal power engineering had been carried out in the former USSR. The feasibility of building of the Lumbovsk, Penzhinsk, and Tugursk tidal power stations was studied.

The 400-kW experimental Kislogubskaya tidal power station has been operating since 1968. The feasibility of building of the 40-MW Kola tidal power station intended for field testing of the design of the encapsulated unit for large Tugursk and Mezensk tidal power stations was also studied.

 Several tidal power stations operate abroad, involving the Rance tidal power station rated at 240 MW in France (having 24 units put into operation in 1967), the Tsansyan tidal power station rated at 3.2 MW in China (its six units were launched in 1980–1985), and the Annapolis tidal power station rated at 19.6 MW in Canada (having 1 unit built in 1984). In addition, tens of tidal power micro- and ministations being integral parts of complexes used for irrigation, drainage, navigation, etc were built in China.

The Mezensk and Togur tidal power stations whose construction is planned for 2015-2020 will incorporate 800 and 420 units, respectively.

The specific capacity of the Mezensk tidal power station unit is 19 MW. The diameter of the turbine of its encapsulated units is 10 m; the tidal power station operates in the double-flow mode.

The specific capacity of the Tugursk tidal power station unit is 16.2 MW. The diameter of the turbine of its encapsulated units is also 10 m; it operates in the double-flow mode without pump mode.

The foreign corporations have been designed analogous units. A large number of tidal power station units are severe obstacle for their construction, because to build such a number of units, it is necessary to involve all power industry of the country.

According to the optimistic variant of the development of tidal power engineering, the construction of the first Mezensk tidal power station on the Beloye Sea or the Tugursk tidal power station on the Okhotskoe Sea will have been started by 2015.

Taking into account difficulties with fuel supply to power stations in regions of future location of these tidal power stations, they seem to be economically efficient both in the European part of the country and in the Khabarovsk and Primorsk regions.

A number of proposals on the construction of wave power stations have been made recently. In Sweden, a patent was taken on the invention permitting the utilization of sea and large lake wave energy. The idea the invention is based is simple. If we attach a propeller to a stick and will move it up and down in water, the propeller will rotate. If we attach the upper end of the stick to a float and substitute the motion by hand with the wave motion, the result will be the same (see Fig. 4.2).
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Fig. 4.2. Wave power station.

A huge floating tank with an electric generator inside plays the role of the float. Generator 1 is set in motion by water pumped with a pump actuated with a rotating propeller 2. Tests of a prototype have demonstrated that such system can operate not only in the coast where waves are permanent, but even in large lakes. The inventors believe that it is expedient to connect such units in series to form a battery thereby creating a reliable and cheap source of high electric power. Of course, these reasoning must be confirmed under operating conditions.

4.3. Geothermal power stations

Geothermal power stations (GPS) use heat of the Earth’s bowels as a power source. It is well known that the temperature increases by about 1(C as the Earth’s depth increases by 30–40 m. Therefore, water boils at depths of 3–4 km, and the Earth’s temperature reaches 1000–1200(C at depths of 10–15 km. In some regions of our planet, the temperature of hot natural springs is sufficiently high even near the Earth’s surface. These regions are most favorable for the construction of geothermal power stations. Thus, geothermal stations generate 40% of electric power in New Zealand; 6% of electric power is generated by geothermal stations in Italy. These stations in other countries generate a significant part of electric power.

Italy was the first country that started industrial utilization of heat of the Earth’s bowels. This was promoted by the lack of conventional energy resources there.

The scheme of underground heat utilization is simple,Fig.4.3. and Fig.4.4. Hot underground water produces vapor utilized in geothermal power stations and other technical facilities,Fig.4.4. Vapor of the Earth’s bowels (1), unlike steam produced by steam generators of TPS, contains impurities of different aggressive gases that destroy the equipment of stations. Therefore, vapor of bowels is either preliminary directed to heat exchangers (2) to obtain pure vapor or special corrosion-resistant equipment is used. In the first method, about 25% of heat is lost. The second method is considered most expedient now.

As to Russia, GPS cannot play a considerable role in electric power industry of the country, but they are capable to solve radically the problem of energy supply to Kamchatka and Kuril Islands having large potential reserves of geothermal energy in the form of natural springs of hot vapor and water of volcanic origin.

Now two commercial GPS are under construction in Russia: the Mutnovsk GPS with an aggregate capacity (of the first and second stages) of 200 MW in Kamchatka and the Okeanskaya GPS with an aggregate capacity (of the first and second stages) of 30 MW in the Sakhalin Province. These GPS will be equipped with modular units rated at 4–20 MW produced by the Kaluga turbine plant.

The base mode of operation is preferable for such GPS, since wells allow no sharp changes in pressure and discharge.

The examined GPS are geographically affixed to natural springs of hot vapor and water; therefore, regions of their utilization in Russia are limited. GPS on thermal water with temperature in the range 100–2000(C can become more widespread; these GPS should have two contours with a working agent of the secondary contour boiling at low temperatures.

The potential reserves of thermal waters with the above-indicated temperatures are concentrated in Northern Caucasus in  water stratums  at depths of 2.5–5 km and provide the basis for the construction of GPS with an aggregate capacity of a few million kilowatts. However, whereas GPS on natural springs of hot vapor and water are commercial facilities, GPS on thermal water with the above-indicated potential require testing. Similar GPS can also be combined with vapor hydrothermal GPS to utilize the heat of separated water. This can increase electric power generation by (20%. The wells in fields of thermal water admit the discharge control; therefore, the output power of double-contour GPS can be controlled without losses of the heat carrier.

The development of geothermal electric power industry  in Russia for the years immediately ahead has already been determined. From GPS on natural springs of hot vapor and water, the Mutnovsk and Okeanskaya GPS, which are being built, should be mentioned. There are grounds to believe that these stations will reach a full design capacity by 2005 or a little bit later. Further development of GPS on natural springs of hot vapor and water in Kamchatka and Kuril will depend on the rate of growth of the load in these regions.

As to double-contour GPS that utilize thermal water, it is expedient to construct two-three pilot GPS of this type rated each at 1.5–3.0 MW in Northern Caucasus by 2005, and on the basis of operating experience, to construct two-three commercial GPS rated at 20–30 MW in this region by 2015.

Figure 4.3 shows the block diagram of a geothermal power station for volcanic regions. (Regions which have resources of thermal water with temperature about 100 C near the Earth  surface. 
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1- well (hole), 2- vapour converter, 3-turbine, 4-condenser, 5-pump, 6-water heat exchanger.   

Fig. 4.3. Block diagram of a geothermal power station for volcanic regions.

Figure 4.4 shows the block diagram of a power station for volcanic regions with resources of thermal water having a temperature of 100(C at depths accessible to modern drilling engineering.
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Fig. 4.4. Block diagram of a geothermal power station for volcanic regions.

1- well (hole), 2-tank-accumulator, 3-extuder, 4- turbine, 5-generator, 6-water-drip cooler, 7-pump, 8-nuxing, condenser, 9,10 – pumps.

30.4 kPa

To district heating systems

In the distant future, high-temperature (up to 1000(C) mantle layers will produce vapor from water pumped to an artificially created volcanic mouth. Of course, the energy so produced will be pure and will not influence the biosphere (the huge mantle mass eliminates the effect of heat taken away on the mantle state).

4.4. Solar power stations

The Sun is the source of life on our planet and the source of all types of energy produced on it. The person has long paid and pays again and again attention to the utilization of solar energy to produce commercially electric energy, hot water, and vapor. At present, solar power stations (SPS) of two different types, distinguished by methods  (thermodynamic and photoelectric) of solar energy conversion into electric energy, are built and are in service. In the first case, solar radiation is converted into heat with rather high potential, then into mechanical energy (in a turbine or other heat machine), and finally into electric energy (in a generator). The photoelectric method is based on direct conversion of photon energy into energy of current carriers in irradiated semiconducting photoelectric pickoffs called the photoeffect.(Sometimes it is called "photovoltecs".

The photoeffect was discovered by Hertz in 1887 and was studied in detail by A. G. Stoletov in 1888. Practical application of the photoeffect for producing the electric power has become possible only  some decades ago due to progress in physics of semiconductors.

When semiconductors with the electron (n-type) and hole (p-type) conductivities are in contact, a contact potential difference arises at the interface owing to electron diffusion. When the semiconductor with the p-type conductivity is illuminated, electrons in it absorb light quanta and go over to the semiconductor with the n-type conductivity. In this case, an electric current will flow through a closed circuit.

Now silicon photocells illuminated by both direct solar rays and scattered light have the best characteristics. The efficiency of silicon photocells increases as temperature decreases, that is, they can equally successfully operate both in winter and summer. In winter the decrease of the light flux is compensated by the increase in their efficiency at the expense of intensification of the photoeffect.

Because of complicated production process of semiconductors and their high cost, silicon photocells are used only for unique equipment, for example, of the Earth’s satellites and space stations.

Despite of  the radical difference in the methods of energy conversion, solar thermal (STPS) and photoelectric power stations (SPPS) have a number of properties and limitations in common caused by the nature of the employed power source. Solar radiation as a power source, in addition to such positive properties as practically unlimited resources, complete ecological cleanness, and presence everywhere has also negative properties including low density (specific power) of solar radiation (about 250 W/m2 on the Earth’s surface) and objective ( daily and seasonal) and random (caused by weather conditions) time variations.

The irregular arrival of solar radiation to the Earth’s surface leads to uncontrollable energy generation on the SPS. Only the probable output power of the SPS in the given time of light day can be estimated based on the long-term meteorological observations. Other stations of interconnected power systems can compensate for this disadvantage, because a relative contribution of SPS to the output capacity of these systems is sufficiently low (intensive development of SPS till 2015 is improbable). In future, if the share of SPS in the electric power generation significantly increases, this disadvantage can become important. To overcome it, the research and development are performed in three main directions.

         The first direction is space-based solar power engineering (up to 10 TW of aggregate capacity) with energy transfer to the Earth surface.

The available scientific and technological potential of astronautics creates premises for solving the problem of utilization of solar energy by several methods [10, 11]. They are:

· Illumination of near-polar regions of the Earth with the help of orbital solar reflectors based on thin-film mirrors

· Increase of biomass production on the Earth by increasing the duration of light time of day

· Increase of the electric power generated by solar ground-based stations at the expense of additional illumination

· Heat supply to ground-based energy-technology complexes with the help of laser radiation generated on Earth’s orbits by conversion of solar radiation

· Power supply of the Earth’s regions with the help of orbital power stations converting the solar energy into microwave or laser radiation and transmitting it on the Earth. In future with increase in the number and capacity of these power stations, it will be economically expedient to construct them from lunar materials and to locate them on the Moon (see Fig. 4.5).
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Fig.4.5.
The ideas of power supply of the Earth from orbital solar power stations were conceived in the 60s (P. A. Varvarov conceived these ideas in the USSR in 1960, and P. E. Gleizer conceived them in the USA in 1968). In the 70–80s, research and development aimed at design and estimation of technological characteristics and perspectives for application of these power systems in future were conducted both in the USA and in the USSR. The problems in the development of solar space-based power stations (SSPS) have long been discussed at international conferences.

The specific mass of full-scale SSPS rated at a few GW having classical configuration with silicon photoelectric converters and a microwave system based on electronic vacuum devices (magnetrons and amplitrons) with unit power in the range 100–1000 kW and moving in a geostationary orbit (at an altitude of 36000 km) will be about 10 kg/W. It is expected that the efficiency of the entire process will be sufficiently high. Now the efficiency of solar energy conversion by single crystal cells is 11–12%.

A 16% maximum efficiency was reported in the literature. It is assumed that 20% efficiency can be realized by improving semiconductor cells. Gallium arsenide single crystals provide an efficiency of 14%, and individual cells have an efficiency of 18%.

The calculated efficiency of energy conversion on space-based stations is presented in Table 4.9.

Table 4.9.

	Efficiency of different stages of power generation and transmission 
	Present-day efficiency, %
	Efficiency expected with the available technology, %
	Efficiency expected with further modernization*, %

	Generation of energy flow of ultra-short waves 
	76.7*
	85.0
	90.0

	Power transmission from the generator exit to the antenna input
	94.0
	94.0
	95.0

	Reception and detection 
	64.0
	75.0
	90.0

	Total 
	26.5 **
	60.0
	77.0


* This value was obtained at a frequency of 3000 MHz in CW mode with 300-kW output power level.

** At a frequency of 2450 MHz (a wavelength of 12.2 cm).

Space-based solar stations can be rated at 3–20 GW and even more. The size of the solar cell of the station with an output power of 5 GW can be evaluated proceeding from an efficiency of 15%. The surface area of the solar cell of this station will be (20 km2. In this case, the transmitting antenna should have a diameter of 1 km, and the receiving antenna should have a diameter of 7–10 km. The energy density of the beam of ultra-short waves propagating from the space-based station to the Earth will be only 1/5 of the solar energy density; therefore, it will represent no hazard to flying vehicles or birds. The problem of radio interference will not be serious.

The technical problems are connected only with technological modernization and need no new solutions. Two questions arise:

1. Will solar cells be decomposed under the effect of radiation or damaged by micrometeorites?

2. Will the energy spent on manufacturing of the station and its launch into orbit of an artificial satellite exceed the energy the solar station will generate during its operating lifetime?

The authors of such projects speculate that the 30-year operating lifetime is quite accessible, and the consumed energy will be paid for itself already in the first year of station operation.

The main component of the project cost is the cost of shuttles of space rockets to launch the station into orbit of an artificial satellite. The evaluated specific cost of launching of the solar station prototype rated at a few hundred MW is 1920–1940 dollars/kW. For the next generation of industrial stations, the cost will decrease to 800 dollars/kW.

At least three concepts of power transmission from space to the Earth at a level of 10 TW in the middle 21st century are considered now invoking the Moon as a source of raw resources.

1. Launching of hundreds of 10-GW SSPS on geostationary orbits. Only mining equipment and complex for processing of lunar soil intended for manufacturing the basic SSPS parts subsequently launched into working orbits are delivered to the Moon. The total freight traffic from the Earth will be reduced at the expense of long-term multiple use of the lunar complex and utilization in the transportation system of engines operating on propellants and working bodies extracted from the lunar soil (O2, Al, Na, CH4, etc.). In addition, the energy consumption for the transportation of materials from the Moon to a geostationary orbit decreases (3 times compared to that from the Earth’s surface (due to smaller gravity).

2. Location of large microwave stations with phased antenna arrays supplied from photoelectric transducers with apertures of (100 km and 1-GW output power of a single complex on the Moon surface. In this variant, continuous energy supply of any customer at any time of day under different conditions of illumination of lunar complexes calls for a large number of solar reflectors moving in orbits around the Moon and microwave reflectors moving in orbits around the Earth; their total mass is ~200 thou ton.

The advantage of this version is the absence of the stage of return space transportation. Due to large apertures of transmitting antennas, the beam has much smaller divergence compared to that for the version of orbital SSPS (~2(10–6 rad). This allows the diameter of receiving antennas placed on the Earth’s surface to be decreased approximately by an order of magnitude (down to 1 km) and hence their cost to be reduced. According to this variant, to construct a power system rated at 10 TW within 30 years, 300 mln ton of soil must be processed, including soil required for production of a propellant necessary to deliver passive reflectors to the Earth.

3. Creation of an industrial complex on the Moon to extract helium-3 with its subsequent delivery to the Earth’s thermonuclear power stations based on ecologically pure fuel cycle D + 3He having an annual 3He yield of 1000 ton sufficient for stations with a capacity of 10 TW. 3He has a large number of by-products. For example, in the process of production of 1 kg of 3He from the lunar soil, 6100 kg of hydrogen, 3300 kg of water, 1600 kg of methane, 500 kg of nitrogen, etc. can be obtained

All “lunar” concepts require extremely large volumes of soil and paces of its processing.

The second direction in the development of solar power engineering permitting to overcome its main disadvantage – time instability – is the construction of the so-called «solar-fuel power stations». The essence of this concept is a combination of a solar thermal power station with a manoeuvrable fuel unit compensating for the disadvantage of thermal energy supplied to a steam generator when the solar energy is lacking or insufficient. Such combined solar-fuel stations have sufficiently stable characteristics and can balance electric power.

At present, there are no power limitations for SPS. In principle, SPS rated at any preset capacity, depending on the receiving antenna aperture, can be constructed. Therefore, such characteristics as, for example, the output electric power, is convenient to express per 1 m2 of the receiving antenna aperture.

The third direction in the development of solar power engineering is the use of photosynthesis for energy reception and accumulation. Some projects can be considered only as hypothetical, but some projects are ready for practical implementation. The common feature of all these projects is the attempt to reduce the long period from time of sunlight incidence on the Earth surface to the formation of fossil fuel from different plants (vegetation) (for more detail, see Section 4.6). 

Thinking about future energy consumption, the engineers address again to old ideas. One of them is creation of an artificial wind by heating of a large surface. The flow of air will rotate turbines.

The solar energy can be used directly for heating water, buildings, and air conditioning under living conditions. The advantage of solar energy consumption for these purposes is its absolute ecological cleanness. Energy consumption for household needs calls for solving the problem of its most rational use and reduction of power losses by improving building design and thermal insulation [12].

Considerable attention is given to the perspective of solar energy consumption in the intermediate process of fuel production. Thus, problems of constructing large solar stations the energy of which can be used for synthesis of hydrocarbon-based fuel, for example, from methanol, limestone, and water were discussed at different scientific conferences. This liquid fuel will allow one to avoid the problem of storage and transmission of electric power at long distances. The liquid fuel can then be distributed and used as a conventional one.

To overcome the energy crisis, considerable attention is also given to an analysis of the role of solar energy in future power engineering. Already today solar power engineering is developed at an accelerated pace. Since the early 90s, the annual increase of the share of solar power engineering is 16%, while the annual oil consumption in the world increases only by 15%.

Of interest are some examples of solar energy consumption in different countries [3].

In Great Britain, the population of agricultural territories covers 40–50% of the required thermal energy at the expense of solar energy.

In Germany (near Düsseldorf), a solar water-heating system with a collector aperture of 65 m2 was tested. The system operation demonstrated that the average saving of heat consumed for heating was 60%, and in summer it reached even 80–90%. In Germany, a family of 4 persons will be supplied with heat if the area of the roof generating solar energy is 6–9 m2.

The modern solar collectors can cover the need in warm water for agricultural needs by 90% in summer, 55–65% in  autum or spring, and 30% in winter.

In Australia, it was established that to provide 80% of warm water per capita in country houses, solar collectors with a surface area of 2–3 m2 and a tank for water with a volume of 100–150 L are required. A system with a surface area of 25 m2 and a tank for warm water with a volume of 1000–1500 L are sufficient to supply 12 persons (a small agricultural yard) with warm water.

Solar power-generating units are most widespread in the EC countries including Greece, Portugal, Spain, and France: the annual generation of solar power units makes 870000, 290000, 255200, and 174000 MW(h, respectively.

The European Union generated 185600 MW(h in 1992.

The greatest total area of established solar collectors have the USA (10 mln m2), Japan (8 mln m2), Israel (1.7 mln m2), and Australia (1.2 mln m2). Nowadays, 1 m2 of a solar collector generates:

4.86–6.48 kW(h a day,

1070–1426 kW(h a year.

It heats:

420–360 L of water to a temperature of 30(C,

210–280 L to 40(C,

130–175 L to 50(C,

90–120 L to 60(C.

It saves annually:

1070–1426 kW(h of electric energy,

0.14–0.19 ton of standard fuel,

110–145 m3 of natural gas,

0.18–0.24 ton of coal,

0.95–1.26 ton of firewood.

Solar collectors with an area of 2–6 mln m2 provide generation of 3.2–8.6 bln kW(h of energy and save 0.42–1.14 mln ton of standard fuel annually.

The capacity of photovoltaic units directly converting the solar energy doubled for 2002 and reached 1 mln kW. The Program “One Million Roofs” is being implemented in the USA, and the Program “A Hundred Thousand Roofs” is being implemented in Germany. Moreover, the owners of domestic solar cells have a discount for electricity. 

Interesting examples of solar energy consumption in everyday life are given in [12]. The favorable conditions in many developing countries (plenty of solar days per year) allow one to use solar energy for industrial and everyday needs.

Undoubtedly, interest in utilization of solar energy – the main energy source – will further increase, and a realm of its application will expand.

4.5. Wind power stations

The wind energy has long been used in navigation and also for turning round mill wheels. In recent years it has been utilized for electric power generation. The majority of wind power units have a capacity of a few kW, and they are located in distant regions, for example, on sea beacons. During the Second World War, a wind power station rated at 1.25 MW was constructed on the Granpa Hill, Vermont, USA, which had been operated successfully for several weeks and generated 61.78 MW(h of electric power. Then one of the rotor blades was broken, and the station was not restored most likely because of a deficit of materials and the need for saving money during the time of war.

Since the energy crisis in 1973–1974, considerable means have been invested in the development of wind power engineering. Several experimental stations of different designs were constructed. The cost of the electric energy generated by wind power stations is still higher than that generated by power stations on organic fuel (see Table 4.5). In addition, some more disadvantages peculiar to this source of primary energy were found. Nevertheless, the wind energy should be considered as an important energy resource.

It can be easily shown that the unit output power is proportional to the area of wind rotor blades and to the cube of wind velocity (usually low). In this regard and due to the fact that the density of air is 846 times less than the density of water, the  dimensions of the wind rotors high-power stations (in megawatt range) should be very large compared to hydraulic turbines. 

One of the most complex problems hindering widespread use of wind power stations is the permanently varying wind velocity. Even in high mountains the wind velocity undergoes fast variations. In addition, these stations generate electric power only when the wind blows rather that when required. As pointed out in Section 4.2, unfortunately, there is no convenient, efficient, and economic method of electric power accumulation in large amounts. In addition to the principle implemented in SPS, proposals on utilization of electric power generated during periods of minimum electrical loads for electrolysis of water and production of hydrogen and oxygen were put forward. These gases can subsequently take part in the association reaction in a fuel cell to generate electric power. The development of this technology has only been started. However, it seems likely that in future it can become economically acceptable.

In the early 2002, the beginning of implementation of an almost fantastic project was reported in press. According to this project, the synthesis of solar and wind power engineering is envisaged, independent from weather conditions, time of day, and season.

A 1-km tower (twice as high as the CN Tower in Canada and the Ostankino Teletower) will be built soon in Australia. It has already been called the eighth miracle of the world. This huge project of the EnviroVision Company is aimed at supplying two hundred multiflat houses with electric power. The project envisages the construction of a concrete tube with a turbine inside connected to an electric generator. The turbine will be turned out by hot air flow blowing from a huge hotbed seven kilometers in diameter surrounding the tower. By the time the flow will reach the basis of the tower, its velocity will be as great as 60–65 km/h and its temperature will be as high as 65(C.

Unlike typical wind motors idle in calm air, the Solar Tower will operate round the clock: at night heat from solar accumulators stored in the daytime will be liberated, and the energy of hot air will keep the turbine to turn out. The construction of the Tower with an estimated cost of 700 mln dollars began in 2002.

Brain Roberts, Australian engineer, is going to produce electric power using high airflows blowing permanently with a high velocity. To this end, he is going to launch  serpent with a rotor, and the energy will be transmitted to the ground through three wires tethering the serpent. Local aviation authorities have already permitted him to launch serpent at altitudes up to 1600 m; at present, he is testing a scaled-down model at an altitude of (120 m.

In Russia, coastal zones 50–100 km wide along seas of the Arctic Ocean, separate coastal zones of the Baltic, Black, and Caspian Seas, and Far Eastern coastal zones are most perspective for utilization of wind power. The average-annual wind velocity in these zones is 5–6 m/s and even more.

The greatest share (up to 3%) of the WPS generation was recorded in 1993 in Denmark with wind turbines distributed all over the country. The construction of modern WPS was started here in the late 70s. In the early 80s, especially rapid growth of WPS was observed in California, USA. The law on tax discounts for investments to renewable power sources, adopted in addition to federal tax discount law, has created a favorable situation here. As a result, California is now the world leader in production of wind electric power. The USA can loose its leadership, because EC countries plan to generate 8 thou MW on wind power stations in 2005. Wind power stations will cover 1% of EC needs in electric power. By that time, Denmark, Germany, and the Netherlands will increase generation of wind electric power at least to 5000 MW.

The cost of wind energy decreases annually by 15% and even now can compete in the market; what really matters, it has perspectives of further cost decrease in contrast with the cost of electric energy generated by atomic power stations (which increases annually by 5%); moreover, at present the annual rate of growth of wind power exceeds 25%. The process of wind power consumption intensifies in different states, which is confirmed by the data presented in Table 4.10.

Table 4.10. Development of wind power engineering in different countries [3].

	State 
	Capacity of wind power stations put in operation in 1995, MW
	Aggregate capacity of wind power stations as of 1996, MW

	Germany 
	500
	1132

	India 
	375
	576

	Denmark 
	98
	637

	The Netherlands 
	95
	219

	Spain 
	58
	133

	The USA 
	53
	1654

	Sweden 
	29
	69

	China 
	14
	44

	Italy 
	11
	33

	Other 
	57
	370

	Total 
	1289
	4897


The average unit capacity of WPS operating all over the world makes ~140 kW. Till the middle of the 80s, WPS were based on wind-turbine units (WTU) rated at 100 kW. Since the middle of the 80s, WTU rated at 100–300 kW have been constructed, and since the late 80s, WTU rated at 600–700 kW have been built. At present, new models of WTU rated at 500–1500 kW are constructed based on the accumulated experience. The maximum capacity of modern commercial WTU with horizontal axis is 2.5 MW. A prototype of wind power generator rated at 4.5 MW with a wind wheel 112 m in diameter has been constructed. Almost all world stock of WTU consists of impeller units. The work is underway on WTU of other types and on impeller WTU with higher capacity. However, they are not widely used, and the perspectives of their application are not clear.

Thus, by the present time, the world wind power engineering has turned into the branch of electric power engineering making significant contribution to electric power generation in some countries.

The development of wind power engineering in Russia is in the initial stage. Several models of impeller WTU rated at 250–300 kW are being designed and constructed together with a model of the impeller WTU rated at 1000 kW and a 1250-kW WTU model with vertical rotation axis. In 1991–1992, two AVÉ-250 WTU were built in experimental sites of Dubki settlement (Chirkeiskaya HPS in Dagestan) and in Ivan-Gorod (the Leningrad Province) and one WTU was constructed in the experimental site of the Vetroén Scientific-Production Company in Gelenzhik. In 1993, the Komiénergo Joint-Stock Company and the Vetroén Scientific-Production Company constructed AVÉ-250 WTU in Vorkuta.

The pilot GP-250 WTU was built in Novorossiisk in 1993. However, after the first tests of the WTU, it was returned to the plant for modernization and additional shop tests.

In 1994, the first unit rated at 1000 kW was mounted at the pilot Kalmyk WPS.

In the Unit Power Grid of Russia, three WPS are being constructed:

1. Experimental base of the unconventional power engineering with a capacity of 5 MW (Dubki settlement, Chireiskaya HPS, Dagénergo),

2. Zapolyarnaya WPS with a capacity of 8 MW (Vorkuta, Komiénergo),

3. Kalmyk WPS with a capacity of 22 MW (Kalménergo).

Seven WPS are being designed including Magadanskaya (50 MW, Magadanénergo), Dagestanskaya (6 MW, Dagénergo), Leningradskaya (25 MW, Lenénergo), Primorskaya (30 MW,Dal’énergo), Morskaya (30 MW, Karelénergo), Novorossiskaya (2 MW, Krasnodarénergo), and Zapadno-Primorskaya WPS (30 MW, Yantar’énergo).

One of the projects developed in the USA envisages the construction of 150 260-m towers with three-blade rotors turning round generators with a  single capacity of (1.5 MW [3]. The density of location of these WTU will be one per square mile. As a result, their aggregate capacity will be about 225 GW, which is an essential share of the aggregate installed capacity of all electric power stations of the USA. The use of these electric power units is hindered by the following factors:

· The problem of accumulation of electric power generated during minimum load periods has not yet been solved satisfactorily.

· The design of high-velocity and high-power wind generators with variable rotation velocity, shafts, control units, etc. is still imperfect.

· There are aesthetic and ecological objections against the implementation of this project.

The widespread use of WTU in any limited region can cause deep climatic changes in this region. For example, it seems likely that consumption of a significant part of wind energy of a gale ((4(1012 J) in the central western region of the USA will decrease the recurrence and wind velocities of gales at these latitudes. Of course, there is something positive in this effect. On the other hand, the remaining existing features of the climate in central western regions can also depend on gales. A decrease in the gale wind velocities can change the precipitation regime to such an extend that some territories in eastern regions of the USA will become unsuitable for agriculture, and irrigation will be necessary for the remaining regions, as in the Far West of the country. The interaction of different atmospheric phenomena is a very complex process that has not yet completely understood. Any large-scale changes of natural phenomena on the Earth must be made carefully with allowance of their possible environmental effect.

Summarizing, we conclude that the wind energy is useful as an additional source of electric power, but in the nearest future it will find only limited application. Scientific and technical progress, especially in the field of electric energy accumulation, can change the situation; however, in this case it will be necessary to evaluate the influence of large-scale wind energy consumption on the climate.

4.6 Bioenergetics

Bioenergetics can be considered as a variant of solar power engineering (see Section 4.4) based on photosynthesis and subsequent liberation of solar energy accumulated in biomass in the form of thermal or electric energy. The biomass is the cheapest and largest-scale form of renewable energy accumulation. The term biomass involves any material of biological origin, including products of vital activity and organic wastes.

One of the most complicated problems on the paths to implementation of a tempting idea of plant utilization as a main energy source is a low efficiency of photosynthesis as a method of converting solar energy into chemical one. It is speculated that (155 bln ton of dry residual of organic mass, mainly cellulose, which can be used either directly as a fuel or as a material for producing fuel, is formed annually in the process of photosynthesis. Because of a low efficiency of energy conversion, areas under crop must be increased significantly to produce the required amount of energy. Therefore, investigations aimed at an increase in the efficiency of energy conversion, a search for plants most suitable for this purpose, and creation of an optimal artificial gas composition are of great importance. For example, if corn is grown to produce energy rather than to feed cattle, the cost of energy will be comparable with the cost of fossil fuel in the USA. If coniferous forest is grown with 6 thou trees per 1 acre (1 acre = 0.4 ha), and a “harvest” is gathered every 12 years, the cost of energy produced from it will increase approximately twice and will be (3 dollars per 1 mln British Thermal Units (1 Btu = 1.05506(103 J ( 1.055 kJ) due to slow rate of growth of trees and some other factors. Perennial plants have one inestimable advantage over annual ones: the “harvest” can be gathered all the year round when required; in this case, we need not construct huge granaries for “energy harvest” collected only in definite season. Therefore, fast growing deciduous trees, whose roots produce new sprouts after cutting thereby obviating the necessity of new annual planting, were chosen to produce energy.

Hybrid poplars are grown in experimental sites of unused arable lands in Central Pennsylvania. Each of 3700 trees of a hybrid planted on an acre produces energy that costs from 1.25 to 11.45 dollars per 1 mln Btu (compared to a cost of 1.97 dollars per 1 mln Btu for oil and 1.31 dollars per 1 mln Btu for coal). This plantation can produce annually (120 mln Btu per acre with a power conversion efficiency of (0.6%. To supply with fuel an average electric power station rated at 400 MW, the plantation with an area of 30 thou acres is required. To fuel all electric power stations of the USA, a plantation with an area of no more than 160 mln acres is required even if the coefficient of solar energy conversion into fuel (0.4%.

In the present stage, the annual increment of organic matter on the Earth is equivalent to the production of energy exceeding ten times the annual energy consumption of all mankind (Table 4.11).

Table 4.11. Biomass sources and examples of biomass utilization [3].

	Biomass source
	Biofuel
	Technology
	Estimated conversion efficiency, % 
	Need for energy (“n” stands for necessary, and “o” stands for optimal)
	Estimated output power of biofuel, MJ/kg 

	Logging areas
	Heat
	Combustion
	70
	Drying (o)
	16-20

	Waste products of wood working

a)
	Heat
	–
	70
	Drying (o)
	16-20

	b)
	Gas

Oil

Coal
	Pyrolysis
	85
	Drying (o)
	40*

 40

 20

	Grain
	Straw
	Combustion
	70
	Drying (o)
	14–16***

	Sugar cane, juice
	Ethanol
	Fermentation
	80
	Heat (n) 

Electric power (o)
	3–6

	The same, waste products
	Oilcake
	Combustion
	65
	Drying (o)
	5–8

	Manure (the tropics)
	Methane
	Anaerobic decomposition
	50
	–
	4–8***

	The same (temperate zone)
	Methane
	The same
	50
	Heat (n)
	2–4**

	Domestic sewage
	Methane
	The same
	50
	Heat
	2–4***

	Garbage
	Heat
	Combustion
	50
	–
	15–16***


*Total value; biogas is consumed for heating of the unit.

** Disregarding nitrogen.

*** Dry residue.

Biomass sources can be subdivided into the following main groups:

1. Products of natural vegetation (wood, waste products of wood working, peat, leaves, etc.).

2. By-products of people activity including industrial activity (solid domestic wastes, wastes of industrial production, etc.).

3. By-products of agriculture (manure, chicken dung, stems, tops, etc.).

4. Specially grown high-yield agricultural crops and plants.

However, the biomass itself even in large amounts does not imply a solution of the problem of obtaining different products and substances from it, including fuel. The unutilized biomass does irreparable harm to the environment. 

By-products of wood working have already been utilized: facilities have been created and technologies of production of a generator gas and of its combustion are mastered. The experts believe that 15% of need in fuel can be covered by rational utilization of wood, by-products of wood working, and fast growing forest plantations. With the modern level of consumption, this will make about 6 mln ton of standard fuel.

At present more than 6% of all thermal energy consumed in China, nearly 6% in the USA, 5.7% in the EC countries, and 32.9% in Brazil are produced from biomass.

Biomass is converted into fuel by three main methods.

First, bioconversion is used, that is, decomposition of organic substances of vegetative and animal origin under anaerobic (without access of air) conditions by special bacteria with the production of gaseous fuel (biogas) and/or liquid fuel (ethanol, butanol, etc.). Now in Brazil the urban motor transport and many personal automobiles work on fuel produced by decomposition of biomass from sugar cane. In the USA, ethanol is produced from wastes of corn. Ethanol is a good substitute for gasoline; moreover, biomass is a fast renewable resource unlike oil. The production of thermal energy through aerobic microbiologic oxidation of organic substances also belongs to bioconversion. This is the scientific term for composting and bioheating known to each truck-gardener. 

Second, thermochemical conversion is used (pyrolysis, gasification, fast pyrolysis, and synthesis) of solid organic substances (tree, peat, and coal) into a synthetic gas, methanol, artificial gasoline, and charcoal.

Third, combustion of wastes in special boilers and furnaces is used. Hundred tons of such wastes are burnt with regeneration of energy all over the world. The calorific values of pressed fuel bricks from paper, cardboard, wood, polymers, sawdust, and garbage are comparable with the calorific value of brown coal. 

Combustion of firewood in stoves can also be referred to this method. However, firewood for some reason is excluded from biomass, though one sixth of annual fuel consumption in the world is provided by wood and about one third of all cut-down trees are used for cooking and heating. The actual consumption of firewood exceeds three times its statistical level. About half the world population uses firewood for cooking and heating (and this is 4/5 of energy consumption in housekeeping).

