
Abstract. A way to prevent adverse global climatic change is to
essentially alter the strategy of power generation, which is one
of the major sources of greenhouse gases. A task of paramount
economic importance is to ensure a balance among various
energy sources, depending on the social economical features of
a particular region. Major industrial regions cannot develop
without highly concentrated energy sources, among which
nuclear energy is actually the only `green' one. However, pro-
gress in the nuclear power generation industry and an increase
in its share in the total power generation both in Russia and
worldwide depend on solving challenging scientific and techno-
logical problems related to safe processing of spent nuclear fuel
and radioactive wastes. An urgent task is to develop a next-
generation nuclear power industry based on a combination of
thermal- and fast-neutron reactors, recycling of fissile nuclides,
deep fractioning of radioactive wastes with subsequent `after-
burning' of long-lived radionuclides, and minimizing deep dis-
posal in geological formations.

Keywords: nuclear power generation industry, recycling of éssile
nuclides, balanced nuclear fuel cycle, fractioning of radioactive
wastes

1. Introduction

A task of utmost importance in the development of science
and technology is to create new, economical, and environ-
mentally friendly energy sources, which, in combination with
conventional sources, will ensure the sustainable develop-
ment of individual regions and countries. The global
problems of humankind, the ever increasing demand for
material goods, and the limited resources, including energy
resources, have been discussed previously in Physics±Uspekhi
[1±3]. Conventional energy sources based on the combustion
of fossil fuels, primarily coal, which accounts for about 38%
[4] of the world's total energy production, fail to meet
increasingly stringent requirements for protection against
environmental pollution and greenhouse gas emissions
(primarily CO2 when burned). However, economic develop-
ment is not possible without using highly concentrated energy
sources. Nuclear energy is such a highly concentrated source
of energy production that neither results in significant
greenhouse gas emissions nor affects the climate. The
Organization for Economic Cooperation and Development
(OECD) [5] has declared a desired indicator of 50 g CO2 eq.
emissions per generated kWh of electricity. Figure 1 shows
the values of CO2 emission in g (eq.) per kWh from the main
sources of electric power (taking into account the full life cycle
of objects). It is of importance that the combustion of fossil
fuels leads, in addition to CO2 emission, to the emission of
other hazardous substances, including sulfur dioxide, nitro-
gen oxides, and carbon black particles [6].

The most important misconception is that nuclear power
plants negatively impact the dose loads of the population
residing near them. A number of studies [7, 8] have shown
that, under regular operation, the dose exposure of the
population residing near coal-fired power plants is signifi-
cantly higher than that of the population residing near
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nuclear power plants. For example, the equivalent dose from
external exposure, the effective dose to the skin and internal
organs from gaseous emissions from a nuclear power plant
were 2:93� 10ÿ4 mSv yrÿ1, 2:90� 10ÿ3 mSv yrÿ1, and
1:78� 10ÿ2 mSv yrÿ1, respectively, compared with the
values of 1:13� 10ÿ2 mSv yrÿ1, 5:33� 10ÿ2 mSv yrÿ1, and
1:17� 10ÿ1 mSv yrÿ1, respectively, for emissions from a coal-

fired power plant. These significant differences are due to the
emission of natural radionuclides into the air, including short-
lived decay products of radium-226, in the combusting fossil
fuels, which does not occur in the operation of nuclear power
plants. It was shown that natural radionuclides, such as
uranium, can be encapsulated in carbon fullerene-like
nanostructures in the form of oxide nanoparticles with the
composition of UO2�x upon incomplete combustion of coal
[9] (Fig. 2).

2. Modern nuclear power
and the problem of radioactive wastes

Nuclear energy apparently can in the future make up a
significant share of the global energy balance, but this can
occur only provided the scientific and technological problems
of the full closing of the nuclear fuel cycle (NFC), minimiza-
tion of the resulting radioactive wastes (RWs), and multiple
recycling of fissile isotopes are solved. This will make it
possible to achieve both ecological and economic goals:
abandoning or minimizing the deep disposal of long-lived
radionuclides and switching to their `afterburning' (trans-
mutation) with subsequent near-surface disposal of only
short-lived radionuclides.

The industrial use of nuclear energy began with the start-
up in 1954 in the USSR of the first nuclear power plant with a
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Figure 1. Emission of CO2 in g (eq.) in production of 1 kW of electric

power from various energy sources.
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Figure 2.UO2�x nanoparticles encapsulated into carbon onion-like structures discovered in smokestack exhaust gases of a coal-fueled power plant.
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capacity of 5 MW(e). International Atomic Energy Agency
(IAEA) reports that, by the end of 2021, 437 nuclear power
units were in operation worldwide, which generated about
10% of the world's electricity, corresponding to 28% of the
contribution to all low-carbon energy sources. According to
forecasts of the same agency, by 2030, the nuclear energy
sector will grow from 17% (under the pessimistic scenario) to
94% (under the optimistic scenario) [10].

There are two fundamentally different strategies for
handling spent nuclear fuel (SNF): open and closed nuclear
fuel cycles (NFCs). According to the former (accepted in the
USA, Sweden, Finland, Switzerland, and other countries),
SNF is not processed, but storedwith the option of processing
or final geological disposal in the future (postponed decision).
More than 300,000 tons of spent nuclear fuel have already
been accumulated in the world, and although at present there
is not a single licensed SNF deep geological disposal facility
on the planet, it is stored until a final decision is made on its
fate, while the volume of SNF increases annually by about
8,000±10,000 tons [11].

In a number of countries with developed nuclear power
(France, Great Britain, Russia, and others), SNF (in whole or
in part) is processed with the extraction of uranium and
plutonium in the Purex process and subsequent solidification
of liquid RW. Deep geological disposal of solidified RW is
carried out at the final stage of the closed nuclear fuel cycle.
Highly radioactive wastes (HRWs) in SNF processing, as a
rule, is solutions and slurries containing fission productsÐ
isotopes of Cs, Sr, Zr, Tc, Mo, Ru, I, rare earth elements, and
corrosion products (isotopes of Cr, Mn, Fe, Co, Ni, Zr),
minor actinides (Np, Am, Cm), and residual amounts of U
and Pu.

Similar to SNF, there is not a single licensed HRW deep
storage facility in the world. The reason is that the safety of
such repositories should be justified for a period of up to one
million years. Calculated data on the reduction of the
potential long-term environmental impact during disposal
of, on the one hand, SNF and, on the other hand, RW formed
during a closed nuclear fuel cycle with the release of fissile
actinides (239Pu and 235U) for reuse in nuclear power
generation and minor actinides (237Np, 241Am, 244Cm) for
the purpose of their transmutation in fast neutron reactors are

shown in Fig. 3 [12]. For example, the radiotoxicity of RW
after isolation of long-lived actinides from SNF decreases
with time by many orders of magnitude compared to that of
the initial SNF. Thus, the closure of the NFC with multi-
recycling of fissile components and fractionation of radio-
active waste to isolate the most environmentally hazardous
long-lived isotopes (such as americium) for their subsequent
transmutation and a significant reduction in the RW volume
is a strategic scientific and technological task for Russia's
nuclear industry.

3. Strategy for closing the nuclear fuel cycle

Closing the NFC in a two-component nuclear power system
with thermal and fast-neutron reactors involves recycling
fissile materials; minimization or complete abandonment of
the deep disposal of HRW by separating the actinide-
lanthanide fraction followed by separation of americium
and curium for americium transmutation and storage of
curium until its decay; RW fractionation to isolate the
short-lived fraction (Cs, Sr), platinum group metals, and
technetium and other elements; and minimization of RW
volumes. Thus, the implementation of this concept [13±16]
will make it possible to:
� solve pending problems of handling SNF and RW,

consistently reduce the amount of accumulated SNF, and
prevent its further accumulation;
� involve plutonium in NFC as a product of processing

SNF in thermal neutron reactors (VVER) for the production
of fuel for fast neutron reactors and the full use of the energy
potential of natural uranium �238U� through multiple
recycling of fuel materials;
� fractionate radioactive waste and extract long-lived

minor actinides for afterburning or transmutation in nuclear
reactors, which, along with multiple plutonium recycling, will
significantly reduce the environmental hazard of RW;
� technologically support non-proliferation of fissile

materials through stage-by-stage phasing out of the circula-
tion of enriched uranium and the separation of pure
plutonium.

One of the essential incentives for the transition to a
closed NFC using `fast' reactors is the successful opera-
tion of BN-600, an industrial `fast' reactor at the Beloyarsk
NPP, which has no foreign equivalent. In 2016, the 4th power
unit with a BN-800 was commissioned, initially focused on
testing NFC closure technologies [17, 18].

While extraction systems for the isolation and separation
of such elements as uranium, plutonium, and many others
that change their oxidation state have been developed and, in
general, successfully implemented, the task of separating
trivalent rare earth elements (REEs) and minor actinides
(Am and Cm) with close chemical properties remains very
urgent.

4. Methods for separating Am(III) and Cm(III)

The mass content of minor actinides does not exceed 0.1%
of HRW, but it is these elements (primarily americium)
which are the most hazardous during further geological
disposal, since they feature significant half-lives and high heat
release (T1=2

241Am � 432 years, T1=2
243Am � 7370 years).

Curium (primarily 244Cm with a half-life of 18 years)
spontaneously decays with a probability of 1:4� 10ÿ6%
and can emit 1:08� 107 neutrons (s g)ÿ1, a value which is
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Figure 3.Changes in radioactive toxicity of SNF, actinide fraction of SNF,

fission product fraction, and SNF after separation of 99.5%of plutonium,

americium, and curium.
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almost 9 orders of magnitude greater than that for 239Pu
(2:18� 10ÿ2 neutrons (s g)ÿ1) [19]. Among the main neutron
poisons, in addition to 135Xe, REE isotopes (including stable
ones) are of the greatest importance, primarily Sm, Gd, Pm,
and Eu. Radioactive 152Eu (T1=2 � 13:5 years) is formed in
fission with a high yield of about 5%. Thus, in the next-
generation NFC, long-lived isotopes of americium should be
`afterburned' in fast neutron reactors, 152Eu disposed in
geological formations, and 244Cm either stored for the
accumulation of 240Pu or also disposed. For such `after-
burning,' options are considered that involve both a hetero-
geneous solid-fuel reactor and a homogeneous molten-salt
reactor. Ya B Zeldovich and Yu B Khariton were the first to
propose, in 1939, a homogeneous reactor [20]. Consequently,
the efficient separation of Eu, Am, and Cm is the most
challenging scientific and engineering problem.

Various highly selective extraction systems have been
studied recently for the separation of both rare earth
elements and minor actinides and americium and curium.
Supercomputer modeling and subsequent studies enabled
identification of extractants (phenanthralenedicarboxylic
acid diamides (Fig. 4)), which, according to a theoretical
prediction, should exhibit high selectivity in the extractive
separation of trivalent f-elements.

A vast series of compounds of these types has been
developed and synthesized, and the selectivity factors for
the separation of the standard americium/europium pair
SFAm=Eu5 150 and separation of the americium/curium
pair SFAm=Cm5 7 have been obtained, which are record
high values achieved in the world to date. A new approach
to the creation of extraction systems for the separation of
actinides and lanthanides has been developed and success-
fully tested; based on the use of hydrophilic and hydro-
phobic ligands in aqueous and organic phases, respectively,
(strategy of a hydrophilic-hydrophobic pair), it enables a
significant enhancement of the selectivity of separation of
target metals.

It is of importance that the proposed ligands have high
radiation and hydrolytic stability, maintain their extraction
properties under a-irradiation up to doses of 500 kGy and
under a-irradiation up to doses of the order of 200±300 kGy,
while the extraction process be fast and completely reversible.
In addition, the developed extraction system must be fire and
explosion safe.

In testing in centrifugal extractors (V G Khlopin Radium
Institute), it was possible to isolate from nitric acid solutions
containing a mixture of americium and curium (total
concentration of 0.11 g lÿ1) at least 99% of the americium
into a separate portion with a purity of at least 99.9% (by
curium). Moreover, the initial solution contained interfering
components such as ammonium nitrate (570 g lÿ1), diethyle-

netriaminepentaacetic acid (10 g lÿ1), aminoacetic acid
(5 g lÿ1), and a plutonium impurity. These admixtures did
not hinder the separation of the target components.

5. Conclusion

Nuclear power is the only highly concentrated `green' source
of electric power, the share of which in world production will
most probably increase. According to the decarbonization
scenario (production of no more than 50 g of CO2 per kW of
generated electricity), by 2040 the share of nuclear power will
increase by 55%, to 4320 TWh of generated electric power.
However, the implementation of a next-generation nuclear
fuel cycle should include solving the problems of accumulat-
ing radioactive waste and minimizing the amount while
maximizing the potential of fissile materials through multi-
recycling. This strategy is based on two-component nuclear
power technology: thermal reactors with a low breeding
factor generate cheap electric power, while fast breeder
reactors with a breeding factor greater than 1 provide the
fuel base for the entire system and utilize the SNF of thermal
reactors.
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