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Nuclear Power as a Basis

for Future Electrical

Generation (Review)

It is well known that the electrical-power generation is the key factor for advances in
any other industries, agriculture and level of living. In general, electrical energy can be
generated by: 1) non-renewable-energy sources such as coal, natural gas, oil, and nuclear;
and 2) renewable-energy sources such as hydro, wind, solar, biomass, geothermal and

marine.

However, the main sources for electrical-energy generation are: 1) thermal —

primary coal and secondary — natural gas; 2) «large» hydro and 3) nuclear. The rest of
the energy sources might have visible impact just in some countries. The paper presents
the current status of nuclear-power industry in the world and a comparison of
nuclear-energy systems to other energy systems. Bibl. 16, Fig. 11, Table 11.

Key words: nuclear power, electrical-power generation, non-renewable-energy sources,

renewable-energy sources.

Introduction: Current Status
of Electricity Generation in the World

It is well known that the electrical-power
generation is the key factor for advances in any
other industries, agriculture and level of living
(see Table 1 and Fig. 1) [1, 2]. In general,
electrical energy (see Table 2) can be generated
by: 1) non-renewable-energy sources such as coal,
natural gas, oil, and nuclear; and 2) renewable-
energy sources such as hydro, wind, solar,
biomass, geothermal and marine. However, the
main sources for electrical-energy generation are:
1) thermal — primary coal (41 %) and secondary
natural gas (21 %); 2) «large» hydro (16 %) and
3) nuclear (14 %). The rest of the energy sources
might have visible impact just in some countries.
In addition, the renewable-energy sources, for
example, such as wind (see Fig. 2) and solar (see
Fig. 3) and some others, are not really reliable
energy sources for industrial-power generation,
because they depend on Mother nature and
relative costs of electrical energy generated by
these and some other renewable-energy sources
with exception of large hydro-electric power
plants can be large hydro-electric power plants
can be significantly higher than those generated
by the non-renewable sources.

Table 3 lists 11 top largest power plants of
the world, and Table 4 — largest power plants of
the world by energy source. Figures 4—8 show
photos of selected power plants of the world,
mainly, hydro and renewable-energy power
plants. Thermal and nuclear power plants are
discussed in Sections 2 and 3, 4, respectively. It
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should be noted that the following two parame-
ters are important characteristics of any power
plant: 1) Overall (gross) or net efficiency of a
plant. Gross efficiency of a unit during a given
period of time is the ratio of the gross electrical
energy generated by a unit to the energy con-
sumed during the same period by the same unit.
The difference between gross and net efficiencies
is internal needs for electrical energy of a power
plant, which might be not so small (5 % or even
more). 2) Capacity factor of a plant. The net ca-
pacity factor of a power plant is the ratio of the
actual out put of a power plant over a period of
time (usually, during a year) and itspotential
output if it had operated at full nameplate capac-
ity the entire time. To calculate the capacity fac-
tor, the total amount of energy a plant produced
during a period of time should be divided by the
amount of energy the plant would have produced
at the full capacity. Capacity factors vary signifi-
cantly depending on the type of a plant. Some
power-plant efficiencies are listed in captions to
figures, but also, will be discussed in Sections
1—3 for thermal and nuclear power plants.

Information provided in Table 3 is considered
to be correct within some timeframe. New units
can be added and /or some units can be out of
service; for example, currently, i.e., April of 2014,
the Kashiwazaki-Kariwa NPP is out of service
after the earthquake and tsunami disaster and as
the result — the severe accident at the Fukushima
NPP in Japan in March of 2011.

Fig. 4 presents the largest in the world by
installed capacity (21,100-MW,;; planned power
22,500 MWel) hydroelectric power plant (700-
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Table 1. Electrical-energy consumption per capita in selected countries (listed here just for refer-

ence purposes) [3, 4]

H *
No. Counry P(ﬁ)ﬁlﬁglosn' Energy Consumption ' Vear HDI* (2012)

TW h /year W /Capita Rank Value
1 Norway ) 116 2603 2013 1 0.955
2 Australia 23 225 1114 2013 2 0.938
3 USA 316 3,886 1402 2012 3 0.937
4 Germany 80 607 822 2009 5 0.920
B) Japan 127 860 774 2012 10 0.912
6 Canada 33 350 1871 2011 1 0.911
7 S. Korea 50 455 1038 2012 12 0.909
8 France 65 461 804 2012 20 0.893
9 UK 63 345 622 2011 26 0.875
10 Russia 143 1,017 808 2013 55 0.788
11 Ukraine 45 182 461 2012 78 0.740
12 Brazil 194 456 268 2012 85 0.730
13 China 1,354 4,693 395 2012 101 0.699
14 World 7,035 19,320 313 2005-2012 103 0.694
15 India 1,210 959 90 2011 136 0.554
16 Afghanistan 30 0.23 1 2012 175 0.374
17 Chad 10 0.93 1 2009 184 0.340
18 Niger 17 0.63 4 2012 187 0.304

*HDI — Human Development Index by United Nations; HDI is a comparative measure of life expectancy, literacy, education
and standards of living for countries worldwide. It is used to distinguish whether the country is a developed, a developing or
an under-developed country, and also to measure the impact of economic policies on quality of life. Countries fall into four
broad human-development categories, each of which comprises ~ 42 countries: 1) Very high — 42 countries; 2) high — 43; 3)

medium — 42; and 4) low — 42.

MW, x 30 + 2 x 50-MW,, Francis turbines)
(Yangtze River, China) (Courtesy of Chinese Na-
tional Committee on Large Dams). The project
costs 26 billion USD. Height of the gravity dam
is 181 m, length — 2.335 km, top width —
40 m, base width — 115 m, flowrate — 116,000
m3 /s, artificial lake capacity — 39.3 km3, surface
area — 1,045 km?2, length — 600 km, maximum
width — 1.1 km, normal elevation — 175 m,
hydraulic head — 80.6—113 m.

Table 2. Electricity generation by energy source
in the world and in selected countries

Attribute ‘ World ‘ USA ‘ Ukraine ‘ France

Coal 41.0 49.6 27.0 3.9
Gas 21.3 18.8 17.0 3.8
Hydro 15.9 6.5 6.0 111
Nuclear 13.3 19.3 50.0 78.1
Oil 5.5 3.0 - -
Renewable: 2.8 2.8 - -
Biomass 1.3 1.3 - -
Geothermal 0.3 0.4 - -
Wind 1.1 0.4 - 1.3
Solar 0.06 0.01 - -
Other 0.7 - 1.8

Data from 2010-2012 presented here just for reference purposes,
partially based on [4].

Fig. 5 shows second largest in the world
781-MW, onshore Roscoe wind-turbine power
plant (Texas, USA) (photo from Wikimedia Com-
mons, author/ username: Fredlyfish4). Plant
equipped with 627 turbines: 406 MHI 1-MW_; 55
Siemens 2.3-MW, and 166 GE 1.5-MW,. The
project cost more than one billion dollars, pro-
vides enough power for more than 250,000 average
Texan homes and covers area of nearly 400 km?2,
which is several times the size of Manhattan, New
York, NY, USA. In general, wind power is suit-
able for harvesting when an average air velocity is
at least 6 m /s (21.6 km /h).

Average capacity factors of power plants are
listed in Tables 3 and 5.

The aerial view showing portions of Solar
Energy Generating Systems (SEGS) (California,
USA) (photo from Wikimedia Commons, author
A. Radecki). SEGS is the largest solar-energy
power plant in the world is displayed on Fig. 7.

The arial view of the first of such kind
Gemasolar — a 19.9-MW, concentrated solar
power plant with a 140-m high tower and mol-
ten-salt heat-storage system (Seville, Spain)
(Wikipedia, 2012) (courtesy of SENER/
TORRESOL ENERGY). The plant consists of
2650 heliostats (each 120 m2 and total reflective
area 304,750 m2), covers 1.95 km2 (195 ha) and
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Figure 1. Effect of Energy Consumption on Human Develop-
ment Index (HDI) for all countries of the world (based on
data from [3, 4]).
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Figure 3. Power generated by photovoltaic system in NY State
(USA) (based on data from www.burningcutlery.com /solar):
Shown three mostly sunny days: February 19th; May 9th and
June 18th,

Figure 5. Second largest in the world 781-MW_, onshore Ros-
coe wind-turbine power plant (Texas, USA).
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Figure 2. Power generated by 650-MW, wind turbines in the
Western  Part  of Denmark (based on data from
www.wiki.windpower.org). Shown a summer week (6 days,
i.e., various color lines) of wind-power generation.

Figure 4. Largest in the world by installed capacity.

Figure 6. Aerial view showing portions of Solar Energy Gener-
ating Systems (SEGS) (California, USA).
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Table 3. Eleven top power plants of the world by installed capacity

No Plant Country Capacity, MW Ave. aI}F\'N%l‘ gen., fgg&?it% Plant type
1 Three Gorges Dam China 21,0001 84.5 46 Hydro
2 Itaipu Dam Brazil / Paraguay 14,0002 94.7 77 Hydro
3 Guri Dam Venezuela 10,235 53.4 60 Hydro
4 Il\%gsgliwazaki—l(ariwa Japan 8,2123 246 _ Nuclear
5 Tucurui Dam Brazil 8,125% 21.4 30 Hydro
6 Bruce NPP Canada 7,276 35.3 55 Nuclear
7 Grand Coulee Dam USA 6,809 21.0 35 Hydro
8 Longtan Dam China 6,426 18.7 33 Hydro
9 Uljin NPP S. Korea 6,157 48.0 89 Nuclear
10 Krasnoyarsk Dam Russia 6,000 20.4 39 Hydro
11 Zaporizhzhia NPP Ukraine 6,000 40.0 76 Nuclear

Footnotes related to inside table information: '

— another 1,500 MW, under construction; 2

— the maximum number of

generating units allowed to operate simultaneously cannot exceed 18 (12,600 MW); 3 4,912 MW¢| are operational, 3 units

(3,300 MW,|) have not been restarted since 2007 ChUetsu earthquake; 4

the largest fully operating NPP in the world.
produces 110 GW h annually, which equals to
30,000 t/year carbon-dioxide emission savings.
This energy is enough to supply 25,000 average
Spanish houses. The storage system allows the
power plant to produce electricity for 15 h with-
out sunlight (at night or on cloudy days). Capac-
ity factor is 75 %. Solar-receiver thermal power is
120 MWy, and plant thermal efficiency is about
19 %. Molten salt is heated in the solar receiver
from 260 to 565 °C by concentrated sun light re-
flected from all heliostats, which follow the sun,
and transfers heat in a steam generator to water
as a working fluid in a subcritical-pressure Ran-
kine-steam-power cgfcle is displayed on Figure 7.
Photo of 5th in the world 1.2-MW,
concentrated PhotoVoltaic (PV) solar-power
plant (Spain) (Fig. 8) (Wikimedia Commons,

— another 245 MW, under construction; > — currently,
author /username: afloresm). The plant has 154
two-axis tracking units, consisting of 36 PV
modules each, which cover area of 295,000 m?2
with a total PV-surface area of 5,913 m2. Plant
generates 2.1 GWh annually. Conversion
efficiency is 12 %.

An example of how various energy sources
generate electricity in a grid can be illustrated
based on the Province of Ontario (Canada). Fig-
ure 9 shows installed capacity (a) and electricity
generation (b) by energy source in Ontario (Can-
ada); and Fig. 10 shows power generated by vari-
ous energy sources and their capacities (June,
2012). Analysis of Fig. 9 a shows that in Ontario
major installed capacities are nuclear (34 %), gas
(26 %), hydro (22 %), coal (8 %), and renewables
(mainly wind) (8 %). However, electricity (see

Table 4. Largest power plants of the world (based on installed capacity) by energy source

Rank ‘ Plant ‘ Country Capacity, MW ‘ Plant type
1 Three Gorges Dam Power Plant (see Fig. 5) China 21,000 Hydro
2 Kashiwazaki-Kariwa NPP Japan 8,210 Nuclear
3 Taichung Power Plant Taiwan 5,780 Coal
4 Surgut-2 Power Plant Russia 5,600 Fuel oil*
5  Futtsu Power Plant Japan 5,040 Natural gas
6  Eesti Power Plant Estonia 1,615 Oil shale
7 Shatura Power Plant Russia 1,020 Peat*
8  Alta Wind Energy Center USA 1,020 Wind
9 Hellisheidi Power Plant Iceland 303 Geothermal
10 Alholmens Kraft Power Plant Finland 265 Biofuel*
11 Sihwa Lake Tidal Power Plant S. Korea 254 Tidal
12 Charanka Solar Park India 214 Solar
13 Vasavi Basin Bridge Diesel Power Plant India 200 Diesel
14 Agucadoura Wave Farm Portugal 2 Marine (wave)**

* It should be noted that actually, some thermal power plants use multi-fuel options, for example, Surgut-2 (15 % natural
gas), Shatura (peat — 11.5 %, natural gas — 78 %, fuel oil — 6.8 % and coal — 3.7 %), Alholmens Kraft (primary fuel —
biomass, secondary — peat and tertiary — coal) power plants. ** Currently, not in operation anymore.
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Table 5. Average (typical) capacity factors of
various power plants (listed here just for refer-
ence purposes) (partially based on [3])

. Capacit
No Power Plant type Location Year factor, %
1 Nuclear USA 2010 91
UK 2011 66
2 Combined-cycle USA 2009 42
UK 2011 48
3 Coal-fired USA 2009 64
UK 2011 42
4 Hydroelectrict3(see Fig. 4)* USA and UK 2011 40
World _
(average) 44
World _
(range) 10-99
5 Wind (see Fig. 5) UK 2011 30
World 2008 20-40
6 Wave Portugal - 20
7 Concentrated-solar ther- USA (Califor-  _ 21
mal (see Figs. 6 and 7) nia)
8  Photovoltaic (PV) solar  USA (Arizona) 2008 19
USA (Massa-
chusetts) 12-15
2011
5.5
UK 2007- 8.3
2011 :
g Concentrated-solar PV Spain _ 12

(Fig. 8)

* Capacity factors depend significantly on a design, size and
location (water availability) of a hydroelectric power plant.
Small plants built on large rivers will always have enough wa-
ter to operate at a full capacity.

Fig. 9 b) is mainly generated by nuclear (55 %),
hydro (22 %), natural gas (10 %), renewables
(mainly wind) (just 5 %) and coal (2 %).

Figure 10 shows power generated by various
energy sources in Ontario (Canada) on June 19,
2012 (hot summer day, when a lot of air-condi-
tioning was required) (this date is taken as an
example) and corresponding to that shows capac-
ity factors of various energy sources. Analysis of

Fig. 10 shows that electricity that day from mid-
night till 3 o’clock in the morning was mainly
generated by nuclear, hydro, gas, wind, <«other»
and coal. After 3 o’clock in the morning, wind
power started to be decreased by Mother nature,
but electricity consumption started to rise.

Therefore, «fast-response» gas-fired power
plants and later on, hydro and coal-fired power
plants plus <«other» power plants started to
increase electricity generation to compensate
both: decreasing in wind power and increasing
demand for electricity. After 6 o’clock in the
evening, energy consumption slightly dropped in
the province, and at the same time, wind power
started to be increased by Mother nature.
Therefore, gas-fired, hydro and <others power
plants decreased energy generation accordingly
(«other» plants dropped power quite abruptly, but
their role in the total energy generation is very
small). After 10 o’clock in the evening, energy
consumption started to drop even more, therefore,
coal-fired power plants as the most «dirty» plants
decreased abruptly electricity generation followed
by gas-fired and hydro plants.

This example shows that if a grid has
Nuclear Power Plants (NPPs) and/or
renewable-energy sources the grid must include
«fast-response» power plants such as gas- and
coal-fired and /or large hydro-power plants.

Thermal Power Plants

In general, all thermal power plants [2, 6]
are based on the following thermodynamic cycles:
1) Rankine steam-turbine cycle (the mostly used
in various power plants; usually, for solid and
gaseous fuels, however, other energy sources can
be also used, for example, solar, geothermal,
etc.); 2) Brayton gas-turbine cycle (the second
one after the Rankine cycle in terms of applica-
tion in power industry; only for clean gaseous fu-
els); 3) combined cycle, i.e., combination of

Table 6. Typical ranges of thermal efficiencies (gross*) of modern thermal power plants [2, 6]

Gross

No Power plant effici/ency,

1 Combined-cycle power plant (combination of Brayton gas-turbine cycle (fuel — natural or LNG; combus-
tion-products parameters at the gas-turbine inlet: Tj, = 1650 °C) and Rankine steam-turbine cycle (steam pa- Up to 62
rameters at the turbine inlet: Ti, = 620 °C (T = 374 °C))

2 Supercriticalfgressure coal-fired power plant (Rankine-cycle steam inlet turbine parameters: Py, ~ 25-38 Un to 55
MPa (P, = 22.064 MPa), Tiy ~ 540-625 °C (Te= 374 °C) and Treheat # 340—625 °C) P

3 Internal-combustion-engine generators (Diesel cycle & Otto cycle with natural gas as a fuel) Up to 50

4 Subcritical-pressure coal-fired power plant (older plants) (Rankine-cycle steam: Piy ~ 17 MPa, Tiy = 540 °C Up to 40
(Ter = 374 °C) and Treheat = 540 °C)

5 Concentrated-solar thermal power plants with heliostats, solar receiver (heat exchanger) on a tower and
molten-salt heat-storage system (for details, see Fig. 7): Molten salt maximum temperature is about 565 °C, Up to 20

Rankine steam-turbine power cycle used.

* Gross thermal efficiency of a unit during a given period of time is the ratio of the gross electrical energy generated by a unit
to the thermal energy of a fuel consumed during the same period by the same unit. The difference between gross and net ther-
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Table 7. Number of nuclear-power reactors in operation and forthcoming as per March 2014 [7]
and before the Japan earthquake and tsunami disaster (March 2011) [8]

No. of units Installed capacity, GW Forthcg;nnng
units
No Reactor type (Some details on reactors)
As of Before As of Before No. of | gw
March 2014 | March 2011 [March 2014| March 2011 | units el
1 Pressurized Water Reactors (PWRs (1arge§t 270 1 268 250 1 248 89 93
group of nuclear reactors in the world — 63 %)
2 g%i]lli%ng(y?tler Reactors (]?.WRS) or Ad\}/lancedld
s (2nd largest group of reactors in the wor
— 19 %; ABWRs — theponly ones Gen-I11+ oper- 811 92 761 85 6 8
ating reactors)
3 Pressurized Heavy Water Reactors (PHWRs)
(3rd largest group of reactors in the world — 11 48 1 50 24 4 25 9 5.8
%; mainly CANDU-reactor type)
4 Gas Cooled Reactors (GCRs) (UK, Magnox re-
actor) or Advanced Gas-cooled Reactors (AGRs)
(UK, 14 reactors); (all these CO3-cooled reactors 154 18 8l 9 1 0.2
will be shut down in the nearest future and will
not be built again)
5  Light-water, Graphite-moderated Reactors
(LGRs) (Russia, 11 RBMKs and 4 EGPs *; these
pressure-channel boiling-water-cooled reactors 15 15 10 10 0 0
will be shut down in the nearest future and will
not be built again)
6  Liquid-Metal Fast-Breeder Reactors (LMFBRs)
(Russia, SFR — BN-600; the only one Gen-1V op- 1 0.6 0.6 ) 1.6
erating reactor)
In total 430 4 444 369 4 378 110 109

Data in Table 7 include 48 reactors from Japan, which are currently not in operation. Arrows mean decrease or increase in a
number of reactors. Forthcoming GCR is a helium-cooled reactor.

* EGP — Power Heterogeneous Loop reactor (in Russian abbreviations), channel-type, graphite-moderated,
light-water coolant, boiling reactor with natural circulation.

Brayton and Rankine cycles in one plant (only
for clean gaseous fuels); 4) Diesel internal-com-
bustion-engine cycle (only for Diesel fuel) (used
in Diesel generators); and 5) Otto internal-com-
bustion-engine cycle (usually, for natural or lig-
uefied gas, but also, gasoline can be used for
power generation, however, it is more expensive
fuel compared to gaseous fuels) (also, used in in-
ternal-combustion-engine generators).

In general, the term «thermal power plants»
can include: 1) solid-fuel-fired power plants based
on Rankine steam-turbine cycle, fuels — coal, lig-
nite, peat, oil-shale, etc.; 2) gas-fired power plants
(a) Rankine steam-turbine cycle, (b) Brayton
gas-turbine cycle and (¢) combined cycle (combina-
tion of Brayton and Rankine cycles in one plant);
3) geothermal power plants (usually, Rankine
steam-turbine cycle used); 4) biofuel thermal power
plants (usually Rankine steam-turbine cycle used);
5) Diesel- and Otto-cycle-generators power plants;
5) concentrated-solar thermal power plants (Ran-
kine steam-turbine cycle used) and 6) recovered-en-
ergy generation thermal power plants (electricity at
these plants is generated from waste energy such as
high-temperature flue gases, etc.; Rankine steam-tur-
bine cycle used) (http://www.ormat.com /recov-
ered-energy).

The major driving force for all advances in
thermal power plants is thermal efficiency.
Ranges of thermal efficiencies of modern thermal

power plants are listed in Table 6 for reference
purposes.

In spite of advances in thermal power-plants
design and operation worldwide they are still
considered as not environmental friendly due to
producing a lot of carbon-dioxide emissions as a
result of combustion process. For example, the
largest in the world 5,780-MW, Taichung coal-fired
power plant (Taiwan) is the world’s largest emitter
of carbon dioxide with over 40 million tons per
year. In addition, coal-fired power-plants produce
also slag, ash, and even acid rains. Therefore,
nuclear power plants have to be considered.

Modern Nuclear Power Plants

In general, nuclear power is also a
non-renewable-energy source as the fossil fuels,
but nuclear resources can be wused for
significantly longer time than some fossil fuels,
especially, if thoria-fuel resources and fast
reactors will be used. Major advantages of
nuclear power are: 1) No emissions of carbon
dioxide into atmosphere; 2) Relatively small
amount of fuel required (for example, a
500-MW,; coal-fired supercritical-pressure power
plant requires 1.8 million ton of coal annually,
but a fuel load into 1300-MW, PWR is 115 t
(3.2 % enrichment) or 1330-MW, BWR — 170 t
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Table 8. Number of nuclear-power reactors by nation (11 nations with the largest number of reac-
tors ranked by installed capacity) as per March of 2014 [7] and before the Japan earthquake and

tsunami disaster (March of 2011) [8]

No. of units

Installed capacity, GW Changes in number

No|  Nation o March 2014]Before March 2011]As of March 2014 [Before March 2011 ©f reactors from March 2011
1 USA 100 104 101 103 I Decreased by 4 reactors
2 France 58 58 63 63 No changes
3 Japan* 48 54 42 47 { Decreased by 6 reactors
4 Russia 33 32 24 23 T Increased by 1 reactor
5  S. Korea 23 20 21 18 T Increased by 3 reactors
6  China 17 13 14 10 T Increased by 4 reactors
7 Canada 19 22 13 15 { Decreased by 3 reactors
8  Ukraine 15 15 13 13 No changes
9  Germany 9 17 12 20 I Decreased by 8 reactors
10 Sweden 10 10 9.3 9.3 No changes
11 UK 16 19 9.2 10 I Decreased by 3 reactors

Arrows mean decrease or increase in a number of reactors. * Currently, i.e., in February of 2014, no one reactor is in operation.

However, some reactors are planned to be put into operation.

Table 9. Selected Generation III + reactors (deployment in 5—10 years) (partially based on [7])

No Reactor type Nuclear vendor

1 ABWR Toshiba, Mitsubishi Heavy Industries (MHI) and Hitachi-GE (Japan-USA) (the
only one Generation ITT+ reactor design already implemented in power industry)

2 Advanced CANDU Reactor CANDU Energy (former AECL), Canada

3 Advanced Plant (AP-1000) Toshiba-Westinghouse (Japan-USA) (6 under construction in China and 6
planned to be built in China and 6 — in USA)

4 Advanced PWR (APR-1400)

Soutl; Korea (4 under construction in S. Korea and 4 planned to be built in
UAE

AREVA, France (1 should be put into operation in Finland, 1 under construction
in France and 2 — in China and 2 planned to be built in USA)

5 {Euro ;ean Pressurized-water Reactor
EP

6 ESB}\{\;R (Economic Simplified GE-Hitachi (USA-Japan)
AW

7 VVER * (design AES **-2006 or
VVER-1200 with ~ 1200 MW,)

GIDROPRESS, Russia (4 under construction in Russia and several more planned
to be built in various countries: Belarus’, Finland, Turkey, Vietnam, etc.;)

* VVER or WWER — Water Water Power Reactor (in Russian abbreviations). ** AES — Atomic Electrical Station (Nuclear

Power Plant) (in Russian abbreviations).

(1.9 % enrichment)). Therefore, this source of
energy is considered as the most viable one for
electrical generation for the next 50— 100 years.

In spite of all current advances into nuclear
power, NPPs have the following deficiencies: 1)
Generate radioactive wastes; 2) Have relatively
low thermal efficiencies, especially, water-cooled
NPPs (up to 1.6 times lower than that for mod-
ern advanced thermal power plants (see Table
6)); 3) Risk of radiation release during severe ac-
cidents; and 4) Production of nuclear fuel is not
an environment-friendly process. Therefore, all
these deficiencies should be addressed.

First success of using nuclear power for
electrical generation [2, 9] was achieved in several
countries within 50-s, and currently, Generations
IT and IIT nuclear-power reactors are operating
around the world (see Tables 7 and 8, and
Fig. 11). In general, definitions of nuclear-reactors
generations are as the following: 1) Generation I

(1950-1965) — early prototypes of nuclear
reactors; 2) Generation II (1965-1995) —
commercial power reactors; 3) Generation III
(1995-2010) — modern reactors (water-cooled
NPPs with thermal efficiencies within 30—36 %;
carbon-dioxide-cooled NPPs with thermal
efficiencies up to 42 % and liquid sodium-cooled
NPP with the thermal efficiency up to 40 %) and
Generation IIT+ (2010-2025) — reactors with
improved parameters (evolutionary design
improvements) (water-cooled NPPs with thermal
efficiencies up to 36-38 %) (see Table 9); and 4)
Generation IV (2025—...) (see Section 3) [2, 10]
— reactors in principle with new parameters
(NPPs with thermal efficiencies within 40-50 %
and even higher for some types of reactors).

Solar Energy Generating Systems (SEGS)
consist of 9 concentrated-solar-thermal plants
with 354 MW, installed capacity. The average
gross solar output of SEGS is about 75 MW
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Table 10. Casualties due to various accidents in power and chemical industries, transportation and
from firearms (listed here just for reference purposes)

No Causes of death ‘ Year Region No. of deaths
Sayano-Shushenskaya hydro-power plant accident 2009 Russia 75
2 Bangiao Dam1 [11] 1975 China 26,000
3 Chernobyl NPP accident 19862 Ukraine 40
1986-now? Ukraine >40
4 Fukushima NPP accident (deaths due to earthquake, not radiation) 2011 Japan Few workers
5 Bhopal Union Carbide India Ltd. accident [12] 1984 India
Immediate deaths (official data) 2,259
By Government of Madhya Pradesh 3,787
Other estimations (since the disaster) 8,000
No. of people exposed to methyl iso-cyanate gas and other chemicals 500,000
6 Car accidents4 [13] 2013 World 1,240,000
2013 USA 33,808
7 Shipwreck accidents 2011 World 3,335
8 Railway accidents 2009 EU 1,428
9 Air accidentss 11.09.2011  USA New York >4500
12.11.1996 India Delhi 349
12.08.1985  Japan Mt. Fuji 520
27.03.1977  Canary Islands 583
2009 EU 29
2008 EU 177
2007 EU 59
10 Firearms [14]:
Total 2011 USA 32,163
Suicides 19,766
Homicides 11,101

1 Based on other sources eleven million people were severely affected, and over 85 thousand died as a result of the dam failures.

2 Deaths due to the explosion and initial radiation release.

3 Deaths from cancer, heart disease, birth defects (in victims’ children) and other causes, which may result from exposure to ra-
diation; however, these deaths may also result from other causes not related to the accident, for example pollution from non-nu-
clear sources — industry, transportation; etc.), stress, etc. In general, accurate estimation of all deaths related to the Chernobyl

NPP accident is impossible.

4 In addition to fatalities in car accidents about 50 million people become invalid annually in the world. Therefore, driving a car

is a quite dangerous mode of travel!

5 In 2000, commercial air carriers transported about 1.1 billion people on 18 million flights, while suffering only 20 fatal
accidents. Therefore, air transportation remains among the safest modes of travel.

(capacity factor is ~ 21 %). At night, turbines
can be powered by combustion of natural gas.
NextEra claims that the SEGS power 232,500
homes and decrease pollution by 3,800 t/year (if
the electricity had been provided by combustion
of oil). The SEGS have 936,384 mirrors, which
cover more than 6.5 km?2. If the parabolic mirrors
would be lined up, they will extend over 370 km.
In 2002, one of the 30-MW, Kramer Junction
sites required 90 million dollars to construct, and
its O&M costs are about 3 million dollars per
year, which are 4.6 canadian cent/(kW-h).
However, with a considered lifetime of 20 years,
the O&M and investments interest and deprecia-
tion triples the price, to approximately 14
canadian cent /(kW-h).

Currently, 31 countries in the world have
operating nuclear power reactors [7]. Unfortu-

nately, 16 countries have no plans to build new
reactors at least for now. However, some
non-nuclear countries (Bangladesh, Belarus’, Tur-
key and United Arab Emirates (UAE)) work to-
wards introducing nuclear energy on their soils.

Important question for a wide-spread of nu-
clear-based electrical-energy generation is how reac-
tors are safe. Table 10 lists selected accidents with
casualties in various industries, transportation and
from firearms. Analysis of data in Table 10 clearly
shows that the major cause of huge number of
deaths in the world is car accidents. Nevertheless,
the international community has to do everything
possible and impossible to prevent any future se-
vere accidents at NPPs with radiation release and
other consequences.

Data in Table 6 include 48 reactors from
Japan, which are currently not in operation.
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Table 11. Estimated ranges of thermal efficiencies (gross) of Generation IV NPP concepts (shown
just for reference purposes)
i Gross Effi-
No Power Plant ciency
1 Very High Temperature Reactor (VHTR) NPP (reactor coolant — helium: P = 7 MPa and Tiy / Tout = 640,/1000 °C; >55%
primary power cycle — direct Brayton gas-turbine cycle; possible back-up — indirect Rankine steam cycle -
2 Gas-cooled Fast Reactor (GFR) or High Temperature Reactor (HTR) NPP (reactor coolant — helium:
P =9 MPa and Tin / Tout = 850 °C; primary power cycle — direct Brayton gas-turbine cycle; possible >50 %
back-up — indirect Rankine steam cycle)
3 SuperCritical Water-cooled Reactor (SCWR) NPP (one of Canadian concepts; reactor coolant — light water:
P = 25 MPa and Tiy/ Tout = 350,/625 °C (T, = 374 °C); direct cycle; high-temperature steam superheat: Toyut 45-50 %
= 625h°C; possible back-up — indirect supercritical-pressure Rankine steam cycle with high-temperature steam
superheat
4 Molten Salt Reactor (MSR) NPP (reactor coolant — sodium-fluoride salt with dissolved uranium fuel: Toyt =
700,800 °C; primary power cycle — indirect supercritical-pressure carbon-dioxide Brayton gas-turbine cycle; ~50 %
possible back-up — indirect Rankine steam cycle)
5 Lead-cooled Fast Reactor (LFR) NPP (Russian design Brest-300: reactor coolant — liquid lead: P » 0.1 MPa
and Ti, /Tout = 420 /540 °C; primary power cycle — indirect supercritical-pressure Rankine steam cycle:Pj, = .
24.5 MPa (P, = 22.064 MPa? and T /Tout = 340,/520 °C (T, = 374 °C); high-temperature steam superheat; — ~ 43 %
poslsi‘t))le back-up in some other countries — indirect supercritical-pressure carbon-dioxide Brayton gas-turbine
cycle
6 Sodium-cooled Fast Reactor (SFR) NPP (Russian design BN-600: reactor coolant — liquid sodium (primar
circuit): P = 0.1 MPa and Ti,/Tout = 380,/550 °C; liquid sodium (secondary circuit): Tin / Tout = 320 /520 °C;
rimary power cycle — indirect Rankine steam cycle: Pip, ~ 14.2 MPa (Tt = 337 °C) and Tip max = 505 °C ~ 40 %

Ter = 374 °C); steam superheat: P ~ 2.45 MPa and Ti,/ Tout = 246 /505 °C; possible back-up in some other
countries — indirect supercritical-pressure carbon-dioxide Brayton gas-turbine cycle)

Arrows mean decrease or increase in a number of
reactors.

Forthcoming GCR is a helium-cooled reactor.
EGP — Power Heterogeneous Loop reactor (in
Russian abbreviations), channel-type, graphite-
moderated, light-water coolant, boiling reactor
with natural circulation.

Next Generation NPPs

The demand for clean, non-fossil-based
electricity is growing; therefore, the world needs
to develop new nuclear reactors with inherent
safety and higher thermal efficiencies in order to
increase electricity generation per kg of fuel and
decrease detrimental effects on the environment.
The current fleet of NPPs is classified as
Generation II and IIT (just a limited number of
Generation IIT + reactors (mainly, Advanced
Boiling Water Reactors (ABWRs) operate in
some countries). However, all these designs (here
we are talking about only water-cooled power
reactors) are not as energy efficient as they
should be, because their operating temperatures
are relatively low, i.e., below 350 °C for a
reactor coolant and even lower for steam in the
power-conversion cycle.

Currently, a group of countries, including
Canada, EU, Japan, Russia, USA and others
have initiated an international collaboration to
develop the next generation nuclear reactors
(Generation IV reactors) [2, 10]. The ultimate
goal of developing such reactors is an increase in
thermal efficiencies of NPPs from 30-36 % to
45-50 % and even higher (see Table 11). This

increase in thermal efficiency would result in a
higher generation of electricity compared to
current Light Water Reactor (LWR) technologies
per 1 kg of uranium.

The Generation IV International Forum
(GIF) Program has narrowed design options of
nuclear reactors to six concepts [2, 10]. These
concepts are: 1) Gas-cooled Fast Reactor (GFR)
or just High Temperature Reactor (HTR);

Fig. 11. Number of nuclear power reactors in the world by in-
stalled capacity (based on data in [7]): for better understand-
ing of this graph — the largest number of reactors have in-
stalled capacities within the range of 900-999 MW .
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2) Very High Temperature Reactor (VHTR); 3)
Sodium-cooled Fast Reactor (SFR); 4)
Lead-cooled Fast Reactor (LFR); 5) Molten Salt
Reactor (MSR); 6) SuperCritical Water-cooled
Reactor (SCWR) [15, 16].

Currently, from all 6 concepts of Generation
IV reactors only an SFR is in operation in Russia
(BN-600). Next concept, which will be possibly
put into operation in Russia, is an LFR
(Brest-300) [2, 10]. In general, we need to have
bright future for the most «popular» reactors,
i.e., water-cooled ones (96 % of the total number
of operating power reactors in the world).
Therefore, an SCWR concept [15, 16] looks quite
attractive as the Generation IV water-cooled
reactor with high thermal efficiency. However,
more research is required, especially, in material
science to define candidate materials for
reactor-core elements, which will be subjected to
very aggressive medium such as supercritical
water, high pressures and temperatures, and high
neutron flux.

Conclusions

Major sources for electrical-energy pro-
duction in the world are: 1) thermal — primary
coal (41 %) and secondary natural gas (21 %); 2)
«large» hydro (16 %); 3) nuclear (14 %). The
rest of the energy sources might have visible
impact just in some countries.

The renewable energy sources such as wind,
solar, etc. are not really reliable sources for
industrial-power generation. Therefore, a grid
must include «fast-response» power plants such
as gas- and coal-fired and /or large hydro power
plants.

In general, the major driving force for all
advances in thermal and nuclear power plants is
thermal efficiency. Ranges of gross thermal
efficiencies of modern power plants are as the
following: 1) Combined-cycle thermal power
plants — up to 62 %; 2) Supercritical-pressure
coal-fired thermal power plants — up to 55 %; 3)
Carbon-dioxide-cooled reactor NPPs — up to 42 %;
4) Sodium-cooled fast reactor NPP — up to 40 %;
5) Subcritical-pressure coal-fired thermal power
plants — up to 40 %; and 6) Modern
water-cooled reactors — 30—-36 %.

In spite of advances in coal-fired thermal
power-plants design and operation worldwide
they are still considered as not environmental
friendly due to producing a lot of carbon-dioxide
emissions as a result of combustion process plus
slag, ash, and even acid rains.

Combined-cycle thermal power plants with
natural-gas fuel are considered as relatively clean

fossil-fuel-fired plants compared to coal and oil
power plants, but still emit a lot of carbon
dioxide due to combustion process.

Nuclear power is, in general, a non-renew-
able source as the fossil fuels, but nuclear re-
sources can be used significantly longer than
some fossil fuels plus nuclear power does not
emit carbon dioxide into atmosphere. Currently,
this source of energy is considered as the most vi-
able one for electrical generation for the next
50—100 years.

However, all current and oncoming
Generation III + NPPs are not very competitive
with modern thermal power plants in terms of
thermal efficiency, the difference in values of
thermal efficiencies between thermal and nuclear
power plants can be up to 20—25 %.

Therefore, new generation (Generation 1V)
NPPs with thermal efficiencies close to those of
modern thermal power plants, i.e., within a
range of at least 45-50 %, should be designed
and built in the nearest future.
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Nomenclature
P — pressure, MPa
T — temperature, °C
Abbreviations:
ABWR — Advanced Boiling Water Reactor
AECL — Atomic Energy of Canada Limited
AGR — Advanced Gas-cooled Reactor
ann. — annual
Ave. - Average
BN _  Fast Neutrons (reactor) (in Russian ab-
breviation)
BWR — Boiling Water Reactor
CANDU — CANada Deuterium Uranium
EGP R e proecons oop reactor (in
el. — electrical
EU — European Union
GCR — Gas-Cooled Reactor
GE —  General Electric
gen. — generation
HDI — Human Development Index
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LFR — Lead-cooled Fast Reactor

LGR — Light-water Graphite-moderated Reactor

LMFBR — Liquid-Metal Fast-Breeder Reactor

LNG — Liquefied Natural Gas

LWR — Light-Water Reactor

MHI — Mitsubishi Heavy Industries

NPP —  Nuclear Power Plant

PHWR —  Pressurized Heavy-Water Reactor

PV — Photo Voltaic

PWR —  Pressurized Water Reactor

REMK - Reactorof Lge Caparty Channl pe
Subscripts: cr — critical; el — electrical; in — inlet; th —
thermal
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AToMHag 3HepPreTHKa Kak OCHOBa /ISl TeHEPHUPOBaHMS
sJeKTpu4YecKoii sueprun B Oyaymem (O630p)

ITpOM3BOACTBO BJIEKTPOSHEPIUN SABJSETCS KJIOUEBBIM BOIPOCOM [T JIHOGOH OTPACIH IMPO-
MBIIIJIEHHOCTH, CEJbCKOT0 XO3SiCTBA ¥ IOBBINIEHUS JKM3HEHHOIO YPOBHS. DJIEKTPUYECKAs
DHEPrUs MOKET ObITh TEHEPUPOBAaHA C MHCIIOJb30BAaHHEM HEBO30GHOBJISEMbIX HCTOYHHKOB
sueprun (yroJib, IPUPOAHBIA ra3, HedTh U sAEPHOE TOIJIMBO) M C MOMOIIBIO UCTOUHUKOB
B0306HOBAsIEMOI sneprun (ruAposSHEPreTuKa, BETPOBasi, COJHeYHas SHeprus, 6uomacca, re-
orepMasibHasg U Mopckas). OCHOBHBIMM HCTOYHHKAMU BBIPAOOTKU 3JIEKTPUYECKON SHEPrUH
SIBJISIIOTCS  COOTBETCTBEHHO IIOATOTOBJIEHHDIM K HM3BJIEYEHHIO TEILJIOBOI 9HEPrum H00bITbIIL
yTOJb U NPUPOJHDII T'a3 BTOPUYHON OUMCTKU, KPYNHbIE I'MAPOCTAHIMH, SIePHOE TOILIUBO.
OcrasibHble UCTOYHUKM SHEPTUHM MOTYT OKa3bIBATh 3aMETHOE BJMSHUE HA SHEPTETUKY TOJIb-
KO B HEKOTOPBIX CTpaHaX. B craTbe OmMcaHo TEKyIlee COCTOSIHME aTOMHON 9HEPTeTHKH B
MUDPE U BBIMOJHEHO CPaBHEHUE SEPHO-IHEPreTUYECKUX CHUCTEM C JPYTUMU HHEPreTHUeCKH-
mu cucremamu. buba. 16, puc. 11, maba. 11.

KiroueBble cioBa: aroMHas SHEPreTHKA, IIPOU3BOJCTBO 3JEKTPOIHEPIUH, HEeBO30OHOB.IsIE-
Mbl€ UCTOYHUKU SHEPIUH, BO30OHOBIISIEMbIE NCTOUHIUKU SHEPIUHL.
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ATOMHA eHepreTuka K OCHOBA /[J TeHepyBaHHS
eJeKTpU4YHOi eHeprii y Maiioyrubomy (Orusia)

Bupo6HuiTBo enekTpoeneprii € KIIOYOBUM IHUTAHHAM [Jis Oy/[Ib-IKOi rajysi IPOMUCIO-
BOCTi, CiJTbCHKOTO TOCMOJAPCTBA Ta MiJBUIIEHHS KUTTEBOTO piBHA. EjdexTpuuna eHeprig
MOke OyTH TreHepoBaHA 3 BUKOPUCTAHHAM HEBiJHOBJIIOBAHMX JpKepea eHeprii (Byrimig,
npupojHuii Tas, HadTa Ta sAEpHE MAJIMBO) Ta 3a JIONOMOIOI0 JIKEPEs BiJHOBJIIOBAHOI
eneprii (Tizpoenepreruka, BiTpOBa, COHsUYHA eHeprisg, GiomMaca, reoTepMasbHa Ta MOPCHKA).
OCHOBHUMH JiKepesiaMi BUPOOJIEHHS eJIEKTPUYHOI eHeprii € BiMOBiHO TiAToTOBaHe /10 BU-
JIy4eHHS TEerIoBoi eHeprii BUg06yTe BYTIJIA Ta MPUPOJHUI Ta3 BTOPUHHOTO OUYUIIEHHS, T10-
TY;KHI TiZpoCcTaHIii, gaepHe maJanBo. [HII Kepesa eHeprii MOXKYTh TOMITHO BIIJIMBATH HA
€HEePreTHKy TiJTbKHU Y JedKNX KpaiHaxX. Y CcTaTTi ONWCcaHo MOTOYHWH CTaH aTOMHOI eHepreTH-
KU CBiTy Ta 3p00JIEHO MOPIBHSHHS S/I€PHO-CHEPTETUYHUX CUCTEM 3 1HITUMHU €HEePTeTHYHUMU
cucremamu. b5i6a. 16, puc. 11, maba. 11.

KuouoBi cioBa: aToMHa eHepreTHKa, BUPOOHUIITBO €JIEKTPOEHEpPTii, HeBiTHOBIIOBAHI Ke-
peJsia eHeprii, BiIHOBJIIOBaHI JKepesia eHeprii.



