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Environmental characteristics
of the current Generation III

nuclear power plants
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The environmental impact of electricity generation sources can be generically
characterized by their use of natural resources, the thermal pollution they cause,
and their emissions of chemical pollutants and radionuclides. Nuclear power
plants generate concern regarding their radioactive emissions, which are often
poorly understood. A presentation is made of the known data on the environmen-
tal impact of pre-Gen III nuclear power plants during normal operation and as a
consequence of severe accidents. The radiation doses received by the public and
exposed workers as a consequence of nuclear power are compared with the ones
because of natural radioactivity and medical applications. The characteristics of
the new Gen III reactors which will bring significant improvements to the envi-
ronmental impact of nuclear power generation are discussed in detail. © 2013 John
Wiley & Sons, Ltd.
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INTRODUCTION

N uclear power plants (NPPs) based on fission re-
actors are used to generate electricity since the
early 1950s. The experimental breeder reactor (EBR)
in Arco, United States, generated electricity for the
first time on December 1951, illuminating four light
bulbs.! Although the EBR was not connected to the
electrical grid, this path was quickly followed. More
than 500 power reactors were meanwhile connected
to the grid. Figure 1 shows the evolution of the total
number of power reactors connected to the electrical
grid until the end of 2011, as well as the total num-
ber of operating power reactors, with data from the
PRIS? database of the International Atomic Energy
Agency (IAEA). The accumulated operating experi-
ence currently exceeds 14,000 reactor-year.®> Figure
1 also indicates the years of occurrence of the Three
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Mile Island (TMI), Chernobyl, and Fukushima acci-
dents, the three major events of this type.*

Most NPPs in operation today were built in the
1970s and 1980s and are considered as Generation
II type, as they are based on the experience gained
with the Generation I plants built in the early days.
Generation III NPPs started being built in the early
1990s. They are based on advanced designs featuring
improved safety and economics, whereas Generation
I+ plants include further developments. We will re-
fer to Generation III and III+ plants simply as Gen III
plants in this review.

Gen III plants present a set of distinctive
characteristics:>~”

A simpler and more rugged design, making
the reactors easier to operate and less vulner-
able to operational disturbances.

e Significant use of passive safety features that
require no active controls and rely on natural
phenomena.

e Reduced probability of occurrence of acci-
dents involving core melting.

e New mitigation measures in case of core melt
accidents, to reduce significantly the impact
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FIGURE 1/ Evolution of the total number of power reactors
connected to the electrical grid and of the total number of operating
power reactors until the end of 2011.

of such accidents to the environment and to
the public.

e Resistance to the impact of a large aircraft.

e Standardized designs, able to reduce licensing
and construction time, as well as capital cost.

e Longer time interval between refueling, re-
sulting in a higher availability.

e Higher burn-up to increase fuel use and re-
duce the amount of waste produced.

e Longer operating lifetime, of 60 years, al-
ready from design.

The environmental impact of electricity gen-
eration sources can be generically characterized as
follows:® (1) use of natural resources, (2) thermal pol-
lution, (3) emission of chemical pollutants, and (4)
emission of radionuclides. The emission of radionu-
clides is probably the less understood and more feared
component of the environmental impact of NPPs,
even if the emissions from coal power plants are also
significant.”>1® We will address the environmental im-
pact of Gen III NPPs in two groups: nonradiological
aspects and radiological aspects.

ENVIRONMENTAL IMPACT:
NONRADIOLOGICAL ASPECTS

The vast majority of today’s fission reactors operate
in an open fuel cycle, in which uranium is mined,
enriched up to 3-4% in U-2335, partially fissioned
in the reactor and stored after that. In such a cycle,
a generic 1.0 GW. NPP working 8000 h per year
requires about 180 t of natural uranium, which is
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transformed into about 30 t of enriched uranium, out
of which approximately only 1 t will be fissioned.!!

Gen III reactors make a better use of natu-
ral resources than their predecessors. The average
discharge burn-up rate achieved in a pre-Gen III
pressurized water reactor (PWR) was approximately
30 MWd/kgU in the 1980s, whereas most Gen III
PWR will attain 50-60 MWd/kgU,” mostly because
of the progress made in manufacturing the fuel el-
ements. This burn-up increase also allows increasing
the time between refueling operations, thus improving
the availability of the NPPs. Recent studies show that
there is little economic gain in increasing the burn-up
above 60 MWd/kgU with the current fuel cycles.!> On
the other hand, the currently used UO;-based fuel
undergoes structural changes during the irradiation
in the reactor and these do not allow the burn-up
to increase significantly above 50-60 MWd/kgU.'3
Further improvements are only expected with Gener-
ation IV reactors, using different fuels and fuel cycles,
where burn-up values in excess of 100 MWd/kgU are
anticipated.'*

The increase in the attained fuel burn-up values
translates directly in the production of less high-level
radioactive waste. As most countries with NPPs use
an open fuel cycle, the fuel elements are considered as
waste once they are removed from the core of reactor.
Besides the approximately 30 t of irradiated fuel (high
level waste), a 1 GWe NPP generates yearly 150-
300 m? of other wastes, mostly low level waste.!

One must refer that NPPs require significantly
less natural resources than fossil plants. A 1 GW,
coal power plant working 8000 h per year requires
approximately 4 x 10° t per year.'® Even if the natural
uranium for the 1 GW. mentioned above would be
obtained from a 0.1% low grade ore, there would still
an advantage factor of 20 for nuclear; some uranium
deposits have ores with more than 20% U3Og,!” and
thus the average advantage factor is higher.

The thermal pollution issue is common to all
thermal plants, regardless of whether the heat source
is nuclear fission or combustion of fossil fuels. Steam—
electric power plants heat water in pressurized boilers
to produce steam that is used to spin turbines and gen-
erate electricity. The steam is condensed back to wa-
ter after passing through the turbines and this water is
returned to the boiler. The condenser uses large quan-
tities of additional water, pumped from a water body,
to condense the steam. The pumped water gains a sig-
nificant amount of heat in the process. For a power
plant with 33% thermal efficiency, about 67% of the
heat produced by the power plant has to be disposed
of, e.g., 2000 MW for a 3000 MW thermal plant
(1000 MW.). The heat in the coolant is reduced by
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releasing it into the atmosphere or by returning it to
a water body, usually the one from which it was orig-
inally extracted. The difference between the final and
initial temperatures of the water used in the condenser
is usually in the range of 5-25°C.® Such temperature
increases have the potential to alter the biological in-
tegrity of the water body ecosystem.!” Thermal pol-
lution tends to be somewhat more severe for NPPs, as
their power is normally higher than the one of con-
ventional thermal plants. When it is not possible to
return the coolant directly to the water body where
it was extracted, closed-cycle or recirculating cooling
systems can be used. These use vertical cooling towers
in which the effluent either falls from a height so that
evaporative cooling occurs in air or passes through a
radiator in which cooling occurs with no direct con-
tact of the effluent with air (thus reducing evaporative
loss of water) or incorporate ponds in which heated
discharges cool sufficiently before being reused.

Fossil plants pollute the environment with
sulfur-containing products, carbonaceous particu-
lates, fly ash, carbon dioxide, and some heavy metals.
NPPs do not emit these substances during production.
On a global perspective, considering the whole fuel
cycle, it is nevertheless possible to assign greenhouse
gas emissions for NPPs, considering that conven-
tional sources were used during uranium extraction
and processing, as well as during the construction and
dismantling of the NPP. The reported range of emis-
sions for nuclear energy over the lifetime of a plant is
from 1.4 g of carbon dioxide equivalent per kWh (g
CO; equiv./kWh) to 288 g CO, equiv./kWh, with a
mean value of 66 g CO, equiv./kWh.%’

ENVIRONMENTAL IMPACT:
RADIOLOGICAL ASPECTS

Naturally occurring radionuclides of terrestrial ori-
gin, also called primordial radionuclides, are present
in the environment and even in the human body. Only
those radionuclides with half-lives comparable with
the age of the Earth, and their decay products, are
found in significant quantities. The three most impor-
tant primordial radionuclides are K-40, Th-232, and
U-238.7 In addition, high-energy cosmic ray particles
incident on the earth’s atmosphere also contribute to
human exposure. The average worldwide exposure
to natural radiation sources is 2.4 mSv per year.?!
However, the range of individual doses is wide. It
is estimated that about 65% of the population have
exposures between 1 and 3 mSv, about 25% have
exposures less than 1 mSv, and 10% have exposures
greater than 3 mSv.?!
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The second largest contribution to radiation ex-
posure is from medical procedures. The use of ion-
izing radiation for medical diagnosis is widespread
throughout the world, albeit with significant varia-
tions from country to country. These exposures are
characterized by doses typically in the range 0.1-
10 mSv per examination. The average worldwide ex-
posure because of diagnostic medical examinations is
0.4 mSv per year, whereas in developed countries this
average value is 1.2 mSv per year.??

The third and less important source of expo-
sure derives from releases of radioactive materials
to the environment from several activities, practices
and events involving radiation. Hu et al.?? have re-
cently reviewed the sources of anthropogenic ra-
dionuclides in the environment from nuclear weapons
programs, nuclear weapons testing, NPPs, uranium
mining and milling, commercial fuel reprocessing, ge-
ological repository of high-level nuclear wastes that
include radionuclides which might be released in the
future, and nuclear accidents. Figure 2 shows radioac-
tivity evaluations in various areas throughout the
world made by Hu et al.?® Several events are consid-
ered: (1) atmospheric and underground weapon tests
in Polynesia and Nevada Test Station (NTS), (2) areas
contaminated by the weapons programs in the former
USSR (Mayak, Techa River, Lake Karachai, Kyshtym
accident) and in the United States (Hanford), (3) spent
fuel in an abandoned nuclear powered ship (Lepse),
(4) the radiological accident of Goinia, Brazil, (5)
the TMI and Chernobyl nuclear accidents, and (6)
the maximum activity in reactor spent fuel which was
planned for storage in the geological repository of the
Yucca Mountain Project (YMP). The U.S. Environ-
ment Protection Agency (EPA) drinking water stan-
dards for tritium and alpha particles are shown on
the same scale, at different times and only for relative
comparison.

The testing of nuclear weapons in the atmo-
sphere, from 1945 to 1980, was the most signifi-
cant cause of exposure to man-made environmental
sources of radiation.?* It has been calculated that the
world average annual effective dose reached a peak
of 150 uSv in 1963, which had decreased to about
5 uSv in 2000, from residual radionuclides in the
environment.??

During NPP normal operation, the intact
cladding of the fuel represents an almost perfect bar-
rier to the release of radionuclides from the fuel to
the coolant, with the exception of some tritium.>’
Nevertheless, small amounts of fission products are
still found in the coolant, mostly from small defects
in the cladding of fuel rods, which happen on aver-
age in 1 out of every 10° rods.?® Three categories of
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FIGURE 2| Radioactivity evaluations in various areas throughout the world. (Reproduced with permission from Ref 23. Copyright 2008,

Elsevier.)

radionuclides are found in the primary coolant be-
cause of small defects in rods: noble gases, iodine
isotopes, and cesium isotopes.>> The most important
noble gases are the fission products Xe-133 and Xe-
135 in a PWR, whereas the composition of the noble
gas releases is more varied in a boiling water reactor
(BWR), where most krypton and xenon radionuclides
are included. The main contributors to the total io-
dine activity are the I-131 and I-133 fission products.
The fission product Cs-137 is always the major ce-
sium isotope in the coolant (as in the fuel) and is
found together with Cs-134, which is produced from
the neutron activation of the stable fission product Cs-
133. The normalized release rates of noble gases and
of tritium are generally in the interval of 1-100 TBg/
GW/year, whereas the ones of I-131 and of particu-
late radionuclides are generally in the interval of 1-10
GBq/GW/year.?” The average annual dose because of
the operation of NPPs is 0.2 uSv per year.>> NPPs are
often designed to give a dose of no more than 0.05
mSv/year (about 2% of the natural background) to
the most exposed nonworker group.?$

Figure 3 shows the importance of the different
components of the average worldwide radiation expo-
sure from natural radiation, medical applications and
anthropogenic radionuclides, where it is clear that the
last component is the smallest one.

The doses to exposed workers in the nuclear in-
dustry are also relatively low. A recent study involving
nearly 600,000 workers employed in 154 facilities in
15 countries, with data going back to the 1940s, has
revealed an average yearly exposure of 1.5 mSv/year
per worker.?’

4 ©2013 John Wiley & Sons, Ltd.
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FIGURE 3| Average worldwide radiation exposure from natural
radiation, medical applications, and anthropogenic radionuclides.

When severe accidents occur in NPPs, the envi-
ronmental contamination and exposures may become
significant. The radiation exposure that the public
may receive is determined to a large extent by the
amount of fission products that escape or are re-
leased from the containment. This amount depends
in turn upon the quantity of fission products that are
released from the fuel and are transported into the
containment, the fractional deposition and removal
by engineered systems within the containment, and
the fractional leakage from the containment.3°

Even in cases where a significant meltdown oc-
curs, not the whole core inventory is released, as the
chemical behavior of the elements plays a determi-
nant role. The inventory of fission products, activa-
tion products, and transuranic elements in the core
includes more than 800 nuclides, but not all are ra-
dioactive. If the stable isotopes and the ones with
half-lives less than about 26 min (as they will not be
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TABLE 1] Elements in the Core Inventory Grouped by Chemical
Behavior

1 Noble gases Xe, Kr

2 Halogens I, Br

3 Alkali metals Cs, Rb

4 Tellurium group Te, Sh, Se

5 Barium, strontium  Ba, Sr

6 Noble metals Ru, Rh, Pd, Mo, Tc, Co

7 Lanthanides La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y,
Cm, Am

8 Cerium group Ce, Pu, Np

Reproduced with permission from Ref 32. Copyright 1995, Nuclear Regulatory Com-
mission.

TABLE 2| Relative Importance to Early Bone Marrow Dose of the
Radioactive Isotopes Found in the Core of a 3412 MW PWR after a
Significant Release

1 1.66 x 108 Krypton 12.8
2 7.75 x 108 lodine 30.8
3 2.31 x 107 Cesium 6.9
4 2.15 x 108 Tellurium 33.6
5 3.54 x 108 Strontium, Barium 6.2
6-8 323 x 10° - 7.4

Reproduced with permission from Ref 33. Copyright 1986, Nuclear Regulatory Com-
mission.

significant in terms of risk analysis) are removed, then
only 54 nuclides remain.3! These can be conveniently
divided in eight groups,®? on the basis of similarity of
chemical behavior, as shown in Table 1.

Table 2 shows the relative importance to early
bone marrow dose (4 h exposure) of the radioactive
isotopes found in the core of a 3412 MW PWR af-
ter a significant release,®> where iodine and tellurium
isotopes are responsible for approximately two-third
of the dose, even if they account only for 20% of the
total activity. In general, the iodine isotopes and the
tellurium isotopes which decay to iodine are respon-
sible for most of the short-term dose, whereas Cs-137
is responsible for most of the dose integrated over
periods of the order of several years.3!

The increase in fuel burn-up for Gen III reac-
tors, when compared with previous generations, leads
to some changes in the inventory of fission products,
activation products, and transuranic elements in the
core. A similar situation happens when considering
the use of MOX fuel (containing a mix of uranium
and plutonium oxides). Nevertheless, detailed simu-
lations of practical core configurations showed that
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these inventory differences have a small impact in ac-
cident scenarios.’*33

RADIOACTIVE RELEASES DURING
ACCIDENTS IN NPPS

Three accidents are recorded in the history of com-
mercial NPPs: TMI in 1979, Chernobyl in 1986, and
Fukushima in 2011. According to the International
Nuclear Event Scale (INES) of the IAEA, TMI was
a level 5 accident (or an accident with wider conse-
quences). The Chernobyl and Fukushima accidents
were level 7 events (major accidents), as the radioac-
tive releases to the atmosphere exceeded a quantity
equivalent to several tens of thousands of TBq of I-
131 (10,000 TBq corresponds to approximately 0.3
MCi).3¢ The characteristics of the accidents and their
radiological consequences were significantly different.

The radioactive releases from the TMI accident
were minimal. The noble gas release was estimated
at about 10 MCi, mostly as Xe-133, whereas the
iodine release was estimated at only 18 Ci, mostly
as 1-131.3! The resulting radiation doses to mem-
bers of the public were small. The average likely and
maximum whole-body gamma-doses for individuals
in a 5 mile area around TMI, during the 10 days
after the accident, were determined to be 0.09 and
0.25 mSv, respectively.3” Several public health stud-
ies were made since the accident.3”~#*! The most recent
study, on a cohort of 32,000 people, confirms previ-
ous conclusions that there is no consistent evidence
that the radioactivity released during the TMI acci-
dent had a significant impact on the mortality through
1998.41

The releases from the Chernobyl accident were
the largest occurring thus far. The total release from
the accident is estimated at approximately 320 MCi,
including 48 MCi of I-131 and 2 MCi of Cs-137.%?
The accident caused many severe radiation effects al-
most immediately. Of 600 workers present on the site
during the early morning of April 26, 1986, 134 re-
ceived high doses (0.7-13.4 Gy) and suffered from
radiation sickness. Of these, 30 died within a few
months of the accident. The average doses to those
persons most affected by the accident were about
100 mSv for 240,000 recovery operation workers,
30 mSv for 116,000 evacuated persons, and 10 mSv
during the first decade after the accident to those who
continued to reside in contaminated areas.?> Several
countries outside the ex-USSR were affected by the
accident. Doses in European countries were at most
1 mSv in the first year after the accident with pro-
gressively decreasing doses in subsequent years. The

© 2013 John Wiley & Sons, Ltd. 5



Advanced Review

dose over a lifetime was estimated to be 2-5 times
the first-year dose. These doses are comparable with
an annual dose from natural background radiation
and are, therefore, of little radiological significance.
The exposures were highest in the local areas sur-
rounding the reactor, but low-level exposures could
be estimated for the European region and for the en-
tire northern hemisphere. In the first year following
the accident, the highest regionally averaged annual
doses in Europe outside the former USSR were less
than 50% of the natural background dose and sub-
sequent exposures decreased rapidly. The worldwide
annual per caput effective dose due this accident was
2 uSv in the year 2000.22

Several studies on the health effects were made
following the accident.**=*” About 4000 cases of thy-
roid cancer in exposed children and adolescents were
diagnosed in the 1990-2002 period. However, the
rapid increase in detected thyroid cancers suggests
that some of it at least is an artifact of the screening
process.*3 Thyroid cancer is usually not fatal if diag-
nosed and treated early. So far no increased risk of
leukemia has been observed in children, liquidators,
and in the general population. Increases in a number
of nonspecific detrimental health effects other than
cancer have been observed in liquidators and resi-
dents, but these are difficult to interpret, because of a
lack of baseline for comparison.*3

The releases from the Fukushima accident were
significantly lower than the ones from the Chernobyl
accident. The Nuclear Safety Commission of Japan
estimated that 4 MCi of I-131 and 0.3 MCi of Cs-
137 were released.*® Details on this estimate were
later given by Chino et al.*’ During the initial re-
covery operations about 30 workers received doses
in excess of 100 mSv but below the 250 mSv limit
set by the Japanese authorities for emergency work-
ers. The exposure to the public was relatively small
in part because the prevailing winds blew much of
the radioactive releases toward the ocean, and be-
cause of the protection actions—evacuation within
a 20 km radius and sheltering within 30 km—that
were promptly taken.’® The estimated committed
equivalent dose for an adult in the first year af-
ter the accident in the most affected areas of the
Fukushima prefecture in the interval of 1-50 mSv,
whereas in the rest of Japan it is in the interval of
1-10 mSv.’!

The consequences outside Japan were limited.
Airborne radioactivity was transported through the
Pacific to North America and afterwards to Eu-
rope. Figure 4 shows the result of a model of
plume transport from Japan to U.S. territories, ob-
tained by the National Atmospheric Release Advisory

6 © 2013 John Wiley & Sons, Ltd.
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Center (NARAC) at Lawrence Livermore National
Laboratory.’? Colored particles represent airborne
radioactivity, with different colors indicating differ-
ent days of potential releases from Japan. The highest
concentrations measured in aerosols were those of
particulate 1-131, at levels below 5 mBg/m? in the
United States.’? and in Europe,’* which have no ra-
diological impact. The World Health Organization
estimated the committed equivalent dose for an adult
in the first year outside Japan to be below 0.01 mSv.>!

PREVENTION AND MITIGATION OF
SEVERE ACCIDENTS

The potential hazards of NPPs were recognized very
early and features to prevent, contain, and otherwise
protect the environment and the public were applied
from the outset.” As in other industries, the design
and operation of NPPs aims to minimize the likeli-
hood of accidents and to mitigate their environmental
consequences when they occur.

The concept of defence-in-depth (DID) is funda-
mental to the safety of nuclear installations. The first
priority for DID is to prevent accidents and the sec-
ond priority is to limit the potential consequences of
accidents and prevent any evolution to more serious
conditions. The rationale for the priority is that pro-
visions to prevent deviations of the plant state from
well-known operating conditions are generally more
effective and more predictable than measures aimed
at mitigation of the consequences of such a depar-
ture, because the plant’s performance generally dete-
riorates when the status of the plant or a component
departs from normal conditions.*® DID relies on hav-
ing multiple independent protections against the oc-
currence of accidents and their progression, in such a
way that, should one of these protections fail, at least
another is present whose failure is independent from
the operation of the previous one. This is achieved
in practice by means of four successive barriers that
prevent the release of the radioactive fission products:
(1) the fuel matrix, (2) the cladding of the fuel, (3) the
primary coolant boundary, and (4) the containment
building. The application of DID helps to ensure that
the three basic safety functions—control of the reac-
tivity, removal of heat from the fuel in the core, and
confinement of the radioactive fission products—are
preserved.’ Figure 5 illustrates the typical arrange-
ment of the four barriers.

The importance of the barriers is more obvious
during severe accidents. In most such cases, the first
two barriers are progressively breached and part of
the core inventory is released to the containment. The
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FIGURE 4 | Model of plume transport from Japan to U.S. territories as a result of the Fukushima accident. Colored particles represent airborne
radioactivity, with different colors indicating different days of potential releases from Japan. Graphic provided courtesy of the U.S. Department of
Energy's National Atmospheric Release Advisory Center (NARAC) at Lawrence Livermore National Laboratory (LLNL). Inclusion of this graphic does
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containment building represents the final barrier and
avoiding the release of radioactivity to the environ-
ment relies upon maintain its integrity.
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FIGURE 5 | Typical barriers confining radioactive materials in
nuclear power plants. (Reproduced with permission from OECD/
Nuclear Energy Agency (2003), Nuclear Energy Today, Nuclear
Development, OECD Publishing. http://dx.doi.org/10.1787/
9789264103306-en.)
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The safety features implemented in NPPs
evolved significantly with successive generations. Gen
IT designs were conservatively designed against design
basis accidents. The TMI accident was the driving
force to further prevent severe accidents and to mit-
igate their consequences by understanding and im-
proving the barriers to major releases. A key rec-
ommendation in the early 1990s was that severe
accidents beyond the existing design basis should be
systematically considered and addressed during the
design phase of new reactors.’’

Gen III designs have an increased reliance in
passive systems, when compared with designs of pre-
vious generations. The use of passive systems circum-
vents the eventual disruption of external sources of
electricity, cooling water, and other essential supplies
following an extreme event. Several Gen III designs
provide for the physical presence of large thermal ca-
pacity heat sinks available to cool the reactor core
without depending on the availability of externally
powered pumps, relying rather on cooling by nat-
ural convection, radiation, and conduction. When
valves are required for the activation of passive safety
systems, they are generally ‘fail safe’, as they require

© 2013 John Wiley & Sons, Ltd. 7
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power to stay in their normal, closed position, and
loss of power causes them to open; their movement is
made using stored energy from compressed gas, bat-
teries, or springs.

The TAEA issued its ‘Basic Safety Principles
for Nuclear Power Plants’ in 1988 and revised it in
1999.%8 The IAEA recommends that the core damage
frequency (CDF) value for advanced designs should
not exceed 1x1073 events per reactor-year, which is
a factor of ten lower than the U.S. Nuclear Regula-
tory Commission (NRC) requirement for the CDF of
current plants. This recommendation has been widely
adopted both by utilities and manufacturers for new
NPPs.’” The CDF value taken as representative for
current plants is 5§ x 10~ events per reactor-year, even
if this is subjected to large variations by design and
country.®?

To guarantee that a core melt does not neces-
sarily lead to a large radioactive release from the re-
actor, the JAEA recommended that severe accident
management and mitigation measures are used to re-
duce by a factor of at least ten the probability of
large off-site releases requiring short term off-site
response.’® The definition of large release is not uni-
versal. It can be defined either as absolute magnitude
of activity and isotope released, e.g., 100 TBq of Cs-
137 or as relative magnitude, e.g., 1% of the core in-
ventory of Cs-137 from an 1800 MWt BWR.®! Most
vendors specify for their designs a large release fre-
quency (LRF) or, sometimes, a large early release fre-
quency (LERF). In contrast to the relatively moderate
differences in the criteria used to specify the values
of CDF, there is both a considerably larger varia-
tion in the L(E)RF limits, and very different answers
to the question of what constitutes an unacceptable
release.

Gen III NPPs include provisions to cool and con-
tain the corium, i.e., the molten fuel-structure mixture
resulting from a core melt, to prevent large (early) ra-
dioactive releases from the reactor, following a severe
accident. Cooling the corium is essential, because the
release of fission products and the generation of non-
condensable gas stop as the melt/debris temperature
drops below approximately 1000°C.%>

The cooling and contention of the corium are
achieved using ex-vessel or in-vessel structures. An
ex-vessel structure, also designated core catcher, adds
an additional barrier that aims at limiting and re-
stricting the consequences of an accident with core
melting to the immediate vicinity of the plant. As
this requires an intact confinement, it is necessary to
avoid an attack of the molten core on the containment
base material. An ex-vessel core catcher increases the
surface-to-volume ratio of the melt after its release

8 © 2013 John Wiley & Sons, Ltd.
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from the reactor pressure vessel and allows for the ef-
fective quenching and stabilization of the melt before
it can attack the structural concrete. The corium in
the core catcher can be cooled passively or actively.
The deliberate interaction with sacrificial materials,
usually concrete or oxide materials, on a first layer
helps to cool the corium and to keep it liquid over
a wider temperature range, so that it spreads effi-
ciently. The use of nonlimestone aggregate concrete
(so called basaltic concrete) minimizes further produc-
tion of carbon-based noncondensable gases, such as
CO and CO,, which could contribute to an eventual
failure of the containment.

The main objective of in-vessel retention of the
corium is to maintain the reactor pressure vessel as a
barrier against the release of fission products, by pre-
venting a melt-through of the vessel. This is achieved
by flooding the reactor cavity and transferring the de-
cay heat from the corium on the lower head of the
pressure vessel to the water surrounding the vessel.®3
This heat transfer must be efficient so that the ves-
sel wall maintains its structural properties and is able
to support the mechanical load that results from the
weight of the corium and the lower head, and from a
possible pressure increase inside the vessel. The main
advantage of this type of corium retention scheme
is the fact that all ex-vessel phenomena are avoided,
such as direct containment heating, corium-concrete
interactions, and eventual steam explosions.®>

OVERVIEW OF CURRENT GEN III
NUCLEAR REACTORS

Table 3 shows the main Gen III designs con-
structed, under construction, or undergoing licensing
procedures,®®* in the categories of BWR, PWR, and
pressurized heavy-water reactors (PHWR), by alpha-
betical order of their abbreviation.

The first Gen III reactor that went into com-
mercial operation was an advanced boiling water re-
actor (ABWR) as unit 6 of the Kashiwazaki-Kariwa
NPP (Japan) in 1996. Compared with its predecessor
BWR designs, the ABWR featured reactor internal re-
circulation pumps, fine-motion control rod drives, an
improved emergency core cooling system (ECCS), as
well as an advanced control room, using digital and
fiber optic technologies.®

The use of internal pumps instead of external ex-
cludes large pipe ruptures at or below the elevation of
the core and is a key factor to keep the core completely
and continuously flooded for the entire spectrum of
design basis loss of coolant accident (LOCA). The
CDF (internal events) for the ABWR is 1.6 x 1077
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TABLE 3| Generation Il Fission Reactors in Operation, Construction, or Licensing

ABWR General Electric, Toshiba, Hitachi 1315

ESBWR General Electric Hitachi 1333
AES-92 Gidropress 1000
AP1000 Westinghouse 1117
APR-1400  Korea Hydro & Nuclear Power 1350
APWR Mitsubishi 1600
EPR Areva 1600
ACR-1000  Atomic Energy of Canada 1082
EC6 Atomic Energy of Canada 690

BWR Start of operation in Japan, 1996

BWR  Design certification on-going in the United States

PWR Start of operation in India, 20133

PWR In construction. Start of operation in China, 20133

PWR In construction. Start of operation in South Korea, 20133

PWR In construction. Start of operation in Japan, 2016°

PWR In construction. Start of operation in China, 20133

PHWR  Design certification on-going in Canada. Start of operation
in 20163

PHWR  Design certification on-going in Canada

TAP1000 is a trademark of Westinghouse Electric Company, LLC; APR1400 is a trademark of Korea Hydro & Nuclear Power Company; EPR is a trademark of the Areva Group;

ACR-1000 and EC6 are registered trademarks of Atomic Energy of Canada Limited.

2BWR, boiling water reactor; PWR, pressurized water reactor; PHWR, pressurized heavy water reactor.

3Expected.

events per reactor-year,’® nearly an order of mag-

nitude lower than General Electric’s BWR/6 older
design.®” The ABWR also features a basaltic floor
with passive cooling features that will terminate the
flow of corium in the event of a core melt.®® The LRF
for the ABWR is 2x 1078 events per reactor-year.®®

The ABWR is certified or licensed in three coun-
tries: the United States, Japan, and Taiwan. The NRC
issued a final rule certifying the ABWR design in May
1997.%° The current certification in the United States
expires in 2012 and Toshiba submitted a renewal ap-
plication in late 2010. The compliance assessment
with the European utility requirements (EUR) was
successfully completed in December 2001.7° Four
ABWR units are in operation in Japan (Kashiwazaki-
Kariwa-6 and 7, Hamaoka-5, and Shika-2), two are
under construction in Taiwan (Lungmen-1 and 2),
and one unit is under construction in Japan (Shimane-
3).

The economic simplified boiling water reactor
(ESBWR) is a Gen III design, with a thermal power of
4500 MW and net electric power of 1535 MW, (gross
1600 MW.,),”" which took several technological fea-
tures from the ABWR. The core is made shorter than
conventional BWR plants to reduce the pressure drop
over the fuel and improve natural circulation.”?”3
The ESBWR has no recirculation pumps, external or
internal, thereby greatly increasing design integrity
and reducing overall costs.

Figure 6 shows the general arrangement of the
passive safety system of the ESBWR.”* It incorpo-
rates four redundant and independent divisions of a
passive gravity driven core cooling system (GDCS),
an automatic depressurization system (ADS), and a
passive containment cooling system (PCCS). In case
of a LOCA, the ADS depressurizes the reactor ves-

sel and the GDCS injects sufficient water to maintain
the fuel cooled. Heat removal and inventory addition
are also provided by an isolation condenser system
(ICS) and the standby liquid control system (SLCS).
The reactor pressure vessel has no external recircu-
lation loops or large pipe nozzles below the top of
the core region. This, together with a high capacity
ADS allowed the incorporation of an ECCS driven
solely by gravity, not needing any pumps. The water
source needed for the ECCS function is stored in the
containment upper drywell, with sufficient water to
insure core coverage to 1 meter above the top of active
fuel as well as flooding the lower drywell. The PCCS
heat exchangers are located above and immediately
outside of containment. There is sufficient water in
the external pools to remove decay heat for at least
72 h following a postulated design basis accident, and
provisions exist for external makeup beyond that, if
necessary. The ESBWR is also equipped with an ex-
vessel core catcher, which uses thick concrete and a
passive cooling system to prevent escape of the corium
from the containment.”

As a result of these safety systems, there is an
increase in the calculated safety performance mar-
gin of the ESBWR over earlier BWRs. The CDF of
the ESBWR is currently the lowest of all Gen IIT de-
signs, at 2.8 x 1078 events per reactor-year for initiat-
ing events occurring during power operation, and at
3.36 x 1078 events per reactor-year when the plant
is shutdown (in both cases the CDF values include
internal events, plus fire and flood).”® The design
certification review of the ESBWR by the NRC was
started in 2005, with revision 6 of the design control
documents having been submitted in August 2009.
Step 2 of the ‘Generic Design Assessment’ in the
United Kingdom was completed during 2008.”° The

Volume 0, xxxx 2013 © 2013 John Wiley & Sons, Ltd. 9
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FIGURE 6 | Passive safety features of the economic simplified boiling water reactor (ESBWR). (Reproduced with permission from Ref 74.

Copyright 2009, Elsevier.)

NRC received Combined License (COL) requests for
the construction of five ESBWR units in the United
States, as of March 2012.77

The AES-92 is an advanced PWR designed by
Gidropress (Russia) with 1000 MW. net electric out-
put (1068 MW. gross electric output), also designated
NPP-92 or V-392.5%78 It is based on the well-known
VVER-1000 (from ‘Vodo-Vodyanoi Energetichesky
Reactor’, literally translatable as water—water ener-
getic reactor). The AES-92 uses a combination of ac-
tive and passive safety systems. Its coolant system
includes an accumulator in each loop as a passive
part of the emergency core cooling system.”” Each
accumulator stores S0 m? of borated water which is
automatically injected if the primary circuit pressure
falls during a LOCA. An ex-vessel core catcher is pro-
vided as mitigation measure, similar to the one of the
previous AES-91 design installed in China.®" The sac-
rificial material contains gadolinium oxide, a neutron
absorber, in its composition so that the molten mass
will remain sub-critical.®!

The compliance assessment of the AES-92 with
the EUR was successfully completed in June 2006.73
Two AES-92 units, in its variant V-412 are expected
to start operating in India (Kudankulam-1 and 2)
in 2012-2013.8% The AES-92 design, in its variant
V-466B was planned for installation in the Belene

10 ©2013 John Wiley & Sons, Ltd.

power plant in Bulgaria (two units) and will now be
installed in the Kozloduy power plant.®3 The V-466B
design has a planned lifetime of 60 years, whereas the
earlier AES-92 variants were planned for 40 years.
The calculated CDF for the AES-92 in Bulgaria is
<6.1 x 1077 events per reactor-year, whereas the
LERF is <1.77 x 1078 events per reactor-year.5*

Gidropress also developed the AES-2006 (also
designated VVER-1200), with a thermal output of
3200-3300 MW and net electric output of approxi-
mately 1200 MW,. The inner vessel diameter of the
AES-2006 will be 10 cm larger than the one of the
AES-92, to decrease the neutron fluence in the RPV.#°
The AES-2006 (V-392M) will have a lifetime of 60
years, as the AES-92 in its variant V-466B.%8¢ The
first two units of the AES-2006 are planned for the
Novovoronezh II plant in Russia in 2014.%” Russia
signed an agreement with India in early 2010 which
includes eight new VVER reactors, of the AES-92 or
AES-2006 designs.®?

The AP1000 is an advanced passive PWR de-
veloped by Westinghouse (United States). It is based
on the AP600, a Gen III design approved by the NRC
in 1998, for which no units were built. It has 1117
MW. net electric output (1200 MW, gross).’® The
reactor vessel is the same as that for a standard West-
inghouse three-loop plant, with nozzles adjusted to
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accommodate the two loops of the new design. The
safety systems include passive safety injection, passive
residual heat removal, and passive containment cool-
ing. The passive safety systems have typically three
times less remote valves than active systems and con-
tain no pumps. This type of design is less expensive to
build than a conventional PWR because of a signifi-
cant reduction in the number of pipes, wires, valves,
and associated components. In the event of a core
melt, the operator can flood the reactor cavity space
immediately surrounding the reactor vessel with wa-
ter to submerge the reactor vessel; this cooling is suf-
ficient to prevent molten core debris in the lower head
from melting the steel vessel wall and spilling into the
containment. The CDF of the AP1000 is 3.0 x 1077
events per reactor-year for initiating events occurring
during power operation, and 2.1 x 1077 events per
reactor-year while shutdown; in both cases the CDF
values include internal events, plus fire and flood.®’
The LRF of the AP1000 for internal events at power
is 1.86 x 1078 events per reactor-year and for internal
events during low power and shutdown is 2.05x 1073
events per reactor-year.

The AP1000 was certified by the NRC in De-
cember 2005.7° Westinghouse applied for an amend-
ment in May 2007, addressing inter alia the effects of
the impact of a large commercial aircraft, which was
ruled favorably by the NRC in December 2011.°!
Outside the United States, the AP1000 successfully
passed all steps of the analysis of compliance with the
EUR in June 2006,7° as well as Step 4 of the generic
design assessment in the United Kingdom in Decem-
ber 2011,”2 and Phase 1 of the pre-project design
review by the Canadian Nuclear Safety Commission
(CNSC) in January 2010.”% The construction of four
AP1000 units in China started in 2009 (Sanmen-1 and
2, Haiyang-1, and 2).”* The NRC received COL re-
quests for the construction of fourteen AP1000 units
in the United States, as of March 2012.77

The APR1400 is a two-loop PWR with 4000
MW thermal power and 1390 MW. net electric out-
put (1450 MW, gross),’’ developed in South Ko-
rea from the optimized power reactor OPR1000,
which is based on the System 80+ design of Com-
bustion Engineering (United States). The APR1400
is equipped with a combination of active and pas-
sive safety measures,” including an in-vessel corium
retention system.’® The CDF for internal initiat-
ing events was estimated at 2.3 x 107° events per
reactor-year, and for external events it is 4.4 x 10~/
events per reactor-year, including fire and flood in-
duced events.”” The LERF for internal initiating
events was estimated at 7.0 x 107% events per
reactor-year, and for external events it is 1.2 x 1078
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events per reactor-year, including fire and flood in-
duced events.”” The APR1400 was certified by the
Korean Institute of Nuclear Energy in 2003. The con-
struction permit for Shin-Kori-3 and 4, which are the
first APR1400 plants in Korea, was issued in April
of 2008; commercial exploitation of these units is
expected in 2013-2014.”8 A Korea Electric Power
Corporation (KEPCO)-led consortium won a tender
in early 2010 to build four APR-1400 units in the
United Arab Emirates. The first of the four units is
scheduled to begin providing electricity to the grid in
2017, with the three later units being completed by
2020.%°

The advanced pressurized water reactor
(APWR) was developed by Mitsubishi (Japan). It is
a PWR with 4451 MW thermal output and 1538
MW, gross electric output.’® The APWR features
several design enhancements including a neutron re-
flector, improved efficiency, and improved safety sys-
tems. It uses a combination of passive and active
safety systems.!®® The CDF from at power inter-
nal events, fire and flood events is 4.4 x 107° per
reactor-year and from low power and shutdown
events is 2.0 x 1077 per reactor-year. The LRF from
at power internal events, fire and flood events is
6.1 x 1077 per reactor-year and from low power
and shutdown events is 2.0 x 1077 per reactor-year.
The total CDF and LRF are therefore 4.6 x 107°
per reactor-year and 8.1 x 1077 per reactor-year,
respectively.10

The European pressurized reactor or evolution-
ary pressurized reactor (EPR) is a PWR from Areva.
It is an evolution of the French N4 and German Kon-
voi reactors. It is one of the largest reactors available,
with a thermal power of 4300 MW and net electric
output of 1600 MW, (gross 1720 MW,).102

The expected gain in overall fuel efficiency in
the EPR compared with its N4 predecessor is 22%
(in natural uranium) for an equivalent electricity
generation.'® A reduction of 15% in the quantity
of plutonium present in the fuel assemblies at the end
of the fuel cycle is also expected.!®® Thus, the EPR
will have a more efficient use of natural uranium re-
sources, a better use of irradiated fuel in the reactor,
and a significant reduction in the long lived radioac-
tive waste.

The EPR features four independent cooling sys-
tems, an extra cooling and containment area in the
bottom to catch the molten core if a core meltdown
should occur, and a containment building that can
withstand a direct crash by a large airplane.!%*

The basic concept of the EPR for corium stabil-
isation is its spreading into a large lateral compart-
ment, followed by flooding, quenching and cooling

©2013 John Wiley & Sons, Ltd. 11
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FIGURE 7 | Three-dimensional view of the pressure vessel of the
European pressurized reactor (EPR), its corium spreading area, and the
nearby in-containment refuelling water storage tank (IRWST).
(Reproduced with permission of Teollisuuden Voima Oyj.)

with water from the top, drained passively from an
internal reservoir, the in-containment refueling wa-
ter storage tank (IRWST). Figure 7 shows a three-
dimensional view of the RPV of the EPR, its corium
spreading area, and the nearby IRWST. Figure 8
shows the main components of the EPR melt stabi-
lization concept, in a simplified design.'*

In the EPR, the corium is initially retained in the
reactor pit and is only discharged into the spreading
compartment after most of the core inventory is ac-
cumulated. This strategy has the advantage of achiev-
ing a spatial separation of the functions to withstand
the thermo-mechanical loads during reactor pressure

wires.wiley.com/wene

vessel failure and to transfer the melt into a coolable
configuration. The spatial separation leads to a sim-
plification of the design of the retention device and
preserves the freedom to replace it by an alternative
solution if necessary.!%

The CDF for initiating events occurring during
all power states of the EPR is 6.1 x 10~ events per
reactor-year, whereas the LRF is 3.9 x 10~% events per
reactor-year.'% The EPR successfully passed all steps
of the analysis of compliance with the EUR in Decem-
ber 1999, and June 2009 (revision B).”® The construc-
tion license of the first EPR, in Finland (Olkiluoto-3),
was granted in February 2005, whereas the construc-
tion of the second EPR, in France (Flamanville-3), was
authorized in 2007.1%” The EPR passed Step 4 of the
‘Generic Design Assessment’ in the United Kingdom
in December 2011.1% The application for design cer-
tification by the NRC was submitted in late 2007.10°
Besides the two EPR units under construction in Eu-
rope, there are also two more under construction in
China (Taishan-1 and 2). The NRC received COL re-
quests for the construction of four EPR in the United
States, as of March 2012.77

The Advanced CANDU Reactor (ACR-1000)
with thermal output of 3200 MW and gross elec-
tric output of 1165 MW, was developed by Atomic
Energy of Canada Limited (AECL). In contrast with
previous CANDU models, the ACR-1000 uses low
enriched uranium instead of natural uranium and the
coolant is light water instead of heavy water, which
is retained only as moderator. The new design sim-
plifies the complex system of cooling pipes running
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FIGURE 8| Main components of the European pressurized reactor (EPR) core catcher. (Reproduced with permission from Ref 104. Copyright

2004, Elsevier.)
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TABLE 4| Summary of Safety-Related Parameters of Selected Generation Il Power Plants

ABWR BWR 1.6 x 1077
ESBWR BWR 6.2 x 1078
AES-92 PWR <6.1 x 1077
AP1000 PWR 5.1 x 1077
APR-1400 PWR 2.7 x 107¢
APWR PWR 46 x 10°°
EPR PWR 6.1 x 1077
ACR-1000 PHWR 1.8 x 1077
ECo PHWR <1 x10°°

25 %1078 Core catcher
2x107° Core catcher
<1.8x 1078 Core catcher
39x 1078 In-vessel retention
8.2 x 1078 In-vessel retention
8.1 x 1077 Core catcher
3.9x 1078 Core catcher
8 x 107°-8 x 108 In-vessel retention
<1 x 107 In-vessel retention

TAP1000 is a trademark of Westinghouse Electric Company, LLC; APR-1400 is a trademark of Korea Hydro & Nuclear Power Company; EPR is a trademark of the Areva Group;

ACR-1000 and EC6 are registered trademarks of Atomic Energy of Canada Limited.

2BWR, boiling water reactor; PWR, pressurized water reactor; PHWR, pressurized heavy water reactor.

119 and uses new alloys

111

through a more compact core
for the piping to guarantee a lifetime of 60 years.
The use of enriched uranium is expected to result
in operational savings. The ACR-1000 will have a
small negative coolant void coefficient,''? in contrast
with earlier designs, which feature a small positive
void coefficient,''? although they include both inher-
ent and engineered systems that compensate for this
undesirable characteristic.

In general, the progression of severe core dam-
age accidents in CANDU reactors is slow because the
fuel is surrounded by a large quantity of water, which
acts as a heat sink to remove the decay heat, and the
mechanical deformation mechanism leading to disas-
sembly of the core is creep, which is a slow process.!!3
In the unlikely event that the moderator cooling also
fails, the fuel channels would sag and collapse as the
moderator boils off, but the core debris would still
be contained within the calandria vessel as long as
it remains cooled on the outside by the reactor vault
water. !

The target CDF value for the ACR-1000 for
at-power internal events and shutdown events, is
1.8 x 1077 events per reactor-year, whereas the target
LRF value is in the range 8x 10778 x10~% events per
reactor-year.'' The CNSC has completed Phase 2 of
the ‘Pre-Project Design Review’ of the ACR-1000 in
2009 and found no barriers to license the reactor.!1?
The ACR-1000 design also successfully completed
step 2 of the Generic Design Assessment in the United
Kingdom in 2008.1% The first ACR-1000 is expected
to be operational in Canada around 2016.

AECL also developed the Enhanced CANDU 6
(EC6), closer to the CANDU-6 (Generation II) plants
built by AECL in China (Qinshan III-1 and III-2).
The EC6 is a heavy-water moderated and heavy-water
cooled pressure tube reactor, with 2084 MW thermal
output and 740 MW, gross electric output.''® The
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FIGURE 9| Core damage frequency (CDF) of Gen IIl nuclear power
plants. The NRC limit for the CDF of current plants, the typical CDF
value of pre-Gen Ill plants, and the INSAG limit for the CDF of new
reactor designs are also shown for comparison.

target operating life for the EC6 is 60 years (whereas
the one of CANDU6 is 30-40 years), with some
critical components being replaced around mid-life.
The CNSC has completed Phase 2 of the Pre-Project
Design Review of the EC-6 in 2012 and found no
barriers to license the reactor.!!”

Table 4 presents a summary of the safety-related
parameters of the Gen III power plants considered
above. Figure 9 shows a plot of the CDF of these
Gen III power plants, together with the NRC limit
for the CDF of current plants, the typical CDF value
of pre-Gen III plants, and the INSAG limit for the
CDF of new designs. When compared with pre-Gen
III plants, it is clear that Gen III plants present a sig-
nificant reduction in the probability for severe acci-
dents by a factor of 10-100. This reduction is further

© 2013 John Wiley & Sons, Ltd. 13
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magnified when one takes into account that typically
only 1 out of 10 accidents will result in a significant
off-site release.

CONCLUSIONS

Gen IIT NPPs started being built in the early 1990s
and will dominate the market in the coming decades.
The environmental impact of nuclear power is largely
determined by the radioactive releases in case of
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severe accidents. Following the accidents at TMI
and Chernobyl, the nuclear power industry de-
veloped a broad range of advanced designs with
improved safety and more stringent safety objec-
tives and requirements, including a significant re-
duction of the probability for core melt accidents
and consequent releases into the environment. At
same time, Gen III NPPs make a better use of nat-
ural resources and generate less waste than their
predecessors.
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