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EXECUTIVE SUMMARY

The Soviet Union operates a vast and growing radicactive waste manage-
ment system. Detailed information on this system is rare and a general over-
all picture only emerges after a review of a great deal of literature. Poor
waste management practices and siow implementation of environmental restora-
tion activities have caused a great deal of national concern. The release of
information on the cause and extent of an accident involving high-level waste
at the Kyshtym production reactor site in 1957, as well as other contamination
at the site, serve to highlight past Soviet waste management practices. As a
result, the area of waste management is now receiving greater emphasis, and
more public disclosures.

Little is known about Soviet waste management practices related to
uranium mining, conversion, and fuel fabrication processes. However, releases
of radioactive material to the envireonment from uranium mining and milling
operations, such as from mill tailings piles, are causing public concern.

Official Soviet policy calls for a closed fuel cycle, with reprocessing
of power reactor fuel that has been cooled for five years. For power reac-
tors, only VVER-440 reactor fuel has been reprocessed in any significant
amount, and a decision on the disposition of RBMK reactor fuel has been post-
poned indefinitely. Soviet reprocessing efforts are falling behind schedule;
thus longer storage times for spent fuel will be required, primarily at multi-
ple reactor stations.

Information on reprocessing in the Soviet Union has been severely limited
until 1989, when two reprocessing sites were acknowledged by the Soviets. A
400-metric ton (MT) per year reprocessing facility, located at Kyshtym, has
been operational since 1949 for reprocessing production reactor fuel. This
facility is reported to have been reprocessing VVER-440 and naval reactor fuel
since 1978, with about 2000 MT of VVER-440 fuel being reprocessed by July
1989. A second facility, located near Krasnoyarsk and having a 1500 MT per
year capacity as the first of several modules, was about 30% completed by July
1989. The completion of this plant was subsequently "indefinitely postponed."
The initial reprocessing scheme at the Kyshtym site used sodium urany] acetate



precipitation from fuel dissolved in nitric acid solutions. The basic method-
ology now appears to be based on the conventional PUREX process. Dry reproc-
essing on a pilot or Taboratory scale has been under way in Dimitrovgrad since
1984, and a larger unit is now being built, according to the French CEA.
Perhaps significantly, much research is being done on partitioning high-level
waste into element fractions. The Soviets appear to have the technology to
remove radicactive noble gases released during reprocessing operations; how-
ever, there are no indications of its implementation.

Miltlions of curies of Tiquid Tow- and intermediate-level wastes have been
disposed of by well injection into underground areas where they were sup-
posedly contained by watertight rock strata. Some gaseous wastes were also
disposed of by well injection. This practice is not referred to in recent
Titerature and thus may not be widely used today. Rather, it appears that
these waste streams are now first treated to reduce volume, and then solid-
ified using bitumen or concrete. These solidified 1iquid wastes from Soviet
nuclear power reactor operations, along with solid wastes, are disposed of in
shallow-1and burial sites located at most large power reactor stations. In
addition, 35 shallow-Tand burial sites have been alluded to by the Soviets for
disposal of industrial, medical, and research low-level wastes as well as
ionization sources. Research on tritium-bearing and other gaseous wastes is
mentioned, as well as a waste minimization program aimed at reducing the vol-
ume of waste streams by 30%.

The Soviets have announced that their high-level waste management plan is
to 1) store liquid wastes for 3-5 years; 2) incorporate the waste into glass
{at a final glass volume of 100-150 Titers/MT of fuel reprocessed); 3) set it
aside in air-cooled storage for 30-50 years; and 4) provide for its final dis-
posal in a deep geologic repository.

High-level waste sclidification research started in the 1950s, and a
pilot vitrification facility has operated for 10 years at Kyshtym. A fully
radioactive unit also operated there for about two years until 1988 and
produced 160 MT of HLW phosphate glass, containing 3.9 x 106 curies of radio-
activity. {[This corresponds to radicactivity in about 10 MT of 10-year-old
power reactor fuel.] Problems with the glass melter electrodes have caused
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this latter plant to shut down, but a new design and plant are being devel-
oped. A site near Krasnoyarsk has also recently been referred to as a dis-
posal site for low- and intermediate-level waste streams and possibly for
vitrified wastes from Kyshtym.

Deep geologic disposal of vitrified high-level waste has been studied, at
a modest level of effort, over the last decade in the Soviet Union. Key dis-
posal concepts under consideration include mining shafts, deep drill holes,
and underground excavations. Although a varjety of host rock types have been
addressed, the emphasis appears to be on salt, clay, and granite. The Soviet
Union appears to require the use of man-made barriers and waste packages in
permanent disposal, but the geclogic formation will be relied upon as the pri-
mary protective barrier. The construction schedule for a Soviet repository
has not been stated. Meanwhile, a decision on the first repository site may
be made in 1990, with a candidate site being at Chelyabinsk.
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INTRODUCTION AND SCOPE

Fadioactive waste materials--and the methods being used to treat,
process, store, transport, and dispose of them--have come under greatly
increased scrutiny over the last decade in both national and international
fora. Nuclear power has reached the stage where further development will be
constrained until the public is satisfied that waste disposal issues are being
decisively addressed. As the operator of what is 1ikely to become the world’s
largest nuclear waste management system, nuclear waste practices in the Soviet
Union are of obvious interest. In particular, the Chernobyl accident demon-
strated that what happens in the Soviet nuclear program can have serious
implications for the U.S. nuclear program.

This report was prepared in an effort to gain a better understanding of
the Scviet radioactive waste management program. It may be useful in
assescing potential effects on the U.S. nuclear program, as well as providing
background material for bilateral discussions on nuclear waste management
practices.

The scope of this study covers all publicly known radioactive waste
management activities in the Soviet Union as of March 1990, and was based on a
review of unclassified literature including documents, meeting presentations,
and data base searches of worldwide press releases. The study focuses
primarily on waste management activities from spent fuel management through
disposal of all waste types; however, available waste management information
is given for activities in the front end of the fuel cycle such as mining and
power reactor waste management. Background information on fuel cycle
activities and power reactors is also provided in appendixes.

The assessment of the Soviet waste management program is not complete in
that there are many gaps in the open literature related to specific facilities
and practices. The reader shouid recognize that most information relates to
currert policy, while historically, practices may have been quite different.
In adcition, translation difficulties may have resulted in some
inconsistencies.



Information is given as presented in the references, with supporting
analyses or inferences by the authors given in brackets [], when sufficient
information was available to assure the analysesc are correct. In some cases,
the same information is given in more than one place in the report, where the
information is pertinent to the respective report sections.



1.0 RADIOACTIVE WASTE MANAGEMENT SUMMARY AND CLASSIFICATION

This section presents a summary of available information on the
Soviet strateqgy for nuclear waste management and the classification
of waste streams.

1.1 POLICY AND STRATEGY

Proper management of radioactive wastes produced by nuclear power plants
and fuel reprocessing facilities is an important subject of the Soviet program
of nuclear research and development {Semenov 1983). Figure 1.1 shows the gen-
eral nuclear fuel cycle scheme for the Soviet Union from which radioactive
waste management activities arise {CIA 1985). The fuel cycle is a conven-
tional closed one with the feed materials production serving both defense and
power activities and the flow of materials from power reactor fuel reprocess-
ing to defense activities. The product stream{s) involved in this transfer
are not known. A detailed description of waste management activities across
the Soviet nuclear fuel cycle is depicted in Appendix C, Figure C.1.

The Soviet Union has stated that its general plan for handling all levels
of Tiquid radioactive wastes is divided into six general stages, shown in
Table 1.1.

Long-term radioactive waste management plans in the Soviet Union include
solidification of high-level waste {(HLW) followed by dry storage until a
repository is ready, and conditioning of low-level waste (LLW) and intermedi-
ate-leve]l waste (ILW) followed by shailow-land disposal. Interim storage of
solidified intermediate-level wastes is planned prior to disposal {Semenov
1983); however, it has been acknowledged that low- and intermediate-level
wastes have been disposed of by injection into wells from the 1960s at least
through 1980 {(GKAE 1978 p. 9-10; Kondratyev 1976; Spitsyn 1978; BBC 8/1/80).
Placing solidified HLW [and possibly some ILW] in a deep geologic formation
has been considered as the likely disposal method (Kedrovskiy et al. 1987} and
a site for a HLW repository may be identified next year (Nucleonics Week
10/89a}.
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TABLE 1.1. General Stages of Soviet Plan for
Handling Liquid Radicactive Wastes

Stage I - collection and primary concentration
Stage I1 - temporary storage of concentrates in stainless steel tanks
Stage III - solidification of the concentrates formed during the processing

of LLW, ILW and HLW

Stage IV - temporary storage of sciidified waste in above-ground storage
facilities

Stage ¥ - transport of solidified waste to centralized or regicnal
storage sites in special containers

Stage VI - final disposal of solidified waste at centralized or regicnal
disposal sites (Sedov et al. 1983, 1988).

1.2 WASTE CLASSIFICATIONS

Liquid radicactive wastes are classified as LLW, ILW or HLW by the
Soviets, depending on the radionuclide content. Transuranic wastes are not
discussed and are presumed to be included in ILW. The classification scheme
is given in Table 1.2 (Sedov et al. 1983). [The classification of liquid
radicactive wastes is not comparable to a U.S. classificaticn, which is based
on sclid wastes.]

Solid radicactive wastes are classified into three categories: Group I
{LLW), Group II (approximately LLW to ILW), and Group III (approximately ILW
to HLW), depending on the radionuclide content and external radiation levels.

TABLE 1.2. Classification of Liquid Radicactive Wastes in the YSSR
{Sedov et al. 1983)

Waste Specific radioactivity,

Cateqory Ci/iiter
Low-Tevel Tess than 1 x 107°
Intermediate-level from 1 x 1072 to 1
High-level greater than 1

1.3



This classification scheme is given in Table 1.3 {Sedov et al. 1983).
[Although not directly comparable, Group I wastes are roughly comparable to
U.S. NRC LiW Class A, and Group Il wastes are roughly comparabie to NRC LLW

Class C.]

TABLE 1.3. Classification of Solid Radioactive Wastes in the USSR(a)

(Sedov et al. 1983)

Gamma Dose Rate
10 cm from Surface Specific Beta
Category of Waste, mrem/h Activity, Ci/kg

From 2 x 10-2 to
Group I Less than 30 1 x 107

From 1 x 10 ? to
Group 1 From 30 to 1000 1 x 10

Greater 1han1
Group III Greater than 1000 1 x 10

{a) Excludes solidified high-level wastes.

1.4

Specific Alpha
Activity, Ci/kg

From 2 x 10 -7 to

1 x 10°°
From 1 x 10 g
1 x 10

Greater than2
1 x 10



2.0 INSTITUTIONAL STRUCTURE

Information on Soviet institutions associated with nuclear
power and radioactive waste management is given in this section.
This fTncludes Ministries and State Committees as well as key
research and development organizations.

2.1 SUMMARY

Research and development in the USSR is carried out by the Academy of
Sciences and the federal branch ministries. The Academy of Sciences, founded
at the start of the 18th Century by Peter the Great, has some 300 lab-
oratories, observatories and museums under its control. The bulk of the
fundamental research is carried out in these institutions. As of 1987, the
Academy was under pressure to undertake more applied research. Most applied
R&D, including nuclear energy, is carried out in the branch ministries, which
receive about 80% of the available funding. About two-thirds of the personnel
working in a given field are located in Taboratories controlled by the branch
ministries (Sinclair 1987).

The entire nuclear industry is currently undergoing major reorganization
within the USSR as part of the reorganization of the Soviet government.
Although it appears that this reorganization is not complete, what has been
announced is included in this section. Information on the previous organiza-
tion is included in Appendix A. The following institutional information came
from Nucieonics Week 7/8%b, except where noted.

The relatively young Ministry of Nuclear Power (Minatomenergo) has been
subsumad into the previous defense-retated Ministry of Medium Machine Build-
ing, the product now being known as the Ministry of Nuclear Power, Engineering
& Industry.

The venerabie USSR State Committee for the Utilization of Atomic Energy
(GKAE) is in a state of change. A senior official of the GKAE told Nucleonics
Week that the government reorganization "is just getting started” and
predicted that the decision on the future of the atomic energy committee will
take "not Tess than a couple of months." GKAE previously was part of the
structure of the medium machine-building ministry, and it is now being debated

2.1



whether it should be preserved within the new nuclear industry ministry,
whether it should be abolished, or be recreated in some other form. In the
meantime, the senior official cited above said, "we have been instructed to
behave and act as if nothing had happened."

The Soviet Union’s nuclear regulatory body, the former State Committee
for the Supervision of Safe Working Practices ir the Nuclear Power Industry
{Gosatomenergonadzor, or GAEN), has become a "siuper-committee," as it also
has been given responsibility for the safety of industries other than
nuclear. The committee’s new name is the State Committee for the Supervision
of Safe Working Practices in Industry & the Nuclear Power Industry
(Gospromatomnadzor). Vadim Malyshev, named GAEN head in 1986, continues as
chairman of the new safety reguiatory committee. In his address to the Soviet
parliament, Malyshev said that a federal system for regulating industrial
safety must be created and that his committee needs new legal powers to
enforce preventive safety measures, "not fire brigades." The new committee’s
role covers safety of the general public, worker safety, and environmental
protection.

The integration of the Nuclear Power Ministry, which was created after
Chernobyl to operate the country’s nuclear power plants but not to build thenm,
into the former medium machine-building ministry (Minsredmach) appears
designed to bring the Soviet Union’s defense anc civilian nuclear engineering
organizations under one disciplined roof. Minsredmach has always been in
charge of nuclear component manufacturing and of the nuclear fuel cycle,
notably for the defense sector.

The new Nucliear Engineering Minister, Vitaly Fedorovich Konovalov,
approved July 4, 1989 by the USSR Supreme Soviet, stressed the importance of
design and construction of "reliable and modern" defense-related equipment as
a "leading theme" in his department’s mission. He further stressed the impor-
tance of safety in nuclear power plant design ard construction. The new
ministry will assume the operational responsibility for nuclear power piants
formerly held by the Nuclear Power Ministry under Nikolai Lukonin. Konovalov,
former Deputy Minister of Minsredmach and most recently in charge of milk
production, also told the Supreme Soviet that the nuclear ministry is reducing
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production of uranium at its Navoi mining and enrichment complex so as to
increase the complex’s production of gold by several metric tons. Lev D.
Ryabev, former head of Minsredmach, has also been promoted to Deputy Chairman
of the USSR Council of Ministers, responsible for energy matters.

The reorganization brought a number of new ministers to the USSR Cabinet,
among which is Yuri K. Semenov as Minister of Power & Electrification.
Semenov, age 57, is well-known internationally since he recently worked as
Deputy Chairman of the USSR Council of Ministers’ Bureau for the fuel and
energy sector. In his speech to the Supreme Soviet, Semenov said that a
priority of his ministry would be determining the optimum mix of nuclear,
hydro. and fossil-fired power stations. He said in response to a question
that Soviet electricity exports are to grow from 40-biliion kWh/yr to about
54-billion kWh by 2000, and that Soviet power stations are expected to gen-
erate a total of 1.79-trillion kWh of electricity in 1989 {Nucleonics Week
7/89b) .

It was pointed out recently that "new processes and equipment for waste
management," after discussion within the ministries and scientific technical
boards, are approved by the State Committee for Nature Protection (State San-
itary Inspection - Gossannador), as well as local governments. Responsibil-
ities for nuclear-related activities also must be in accord with the "Decree
of the Supreme Council of the USSR on March 3, 1988 ‘on the criminal respon-
sibil-ty for iilegal activity with radioactive materials’" {(Nikiforov et al.
1989}

Another new entity is the USSR Academy of Sciences’ Institute of Deveiop-
ment of Atomic Energetics (ISDAE) in Moscow. ISDAE was created to provide
techn:cal assistance to the newly established regulatory organization in the
Soviet Union {Nuclear News 11/89).
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2.2 KEY WASTE MANAGEMENT RESEARCH AND DEVELOPMENT INSTITUTIONS

2.2.1 High-Level Waste Management Facilities

Institute of Physical Chemistry

The Institute of Physical Chemistry in Moscow is a branch of the USSR
Academy of Sciences. The institute performs research and development an
geologic waste disposal and waste form properties {(Leigh 1989},

All-Unjon Scientific Research Institute for Inorganic Materials

The All-Union Scientific Research Institute for Inorganic Materials in
Moscow carries out R&D on high-level waste vitrification and properties of
solid waste forms (Leigh 1989; Polyakov et al. 1989},

Chemical Plant Research Institute

The Chemical Plant Research Institute, located at Sverdlovsk, carries out
R&D on high-level radiocactive waste solidification. It has operated a two-
stage vitrification pilot plant, using a fluidized-bed calciner and a melter,
that produced 20 kg/h of phosphate glass in batches of 160-180 kg {Leigh
1989).

2.2.2 Low- and Intermediate-leve]l Waste Management Facilities

Basic research in low- and intermediate-level waste management as of 1970
was being conducted by the following facilities:

¢ Institute of Atomic Energy (I.V. Kurchatov) and its Moscow decontam-
ination station, Moskovskaya Stantsiya Ochistki {MSO)

» Institute of Physical Chemistry USSR Academy of Sciences {IFKhAN}
e Central Radiation Safety Station {TsSRB)

e Scientific-Research Institute of Atomic Reactors (NIIAR) {Spitsyn
et al. 1970a).
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3.0 INTERNATIONAL EXCHANGES AND AGREEMENTS ON WASTE MANAGEMENT

The USSR carries out significant technical exchanges, mostly
with Eastern bloc countries but some with Western countries, on
nuclear power and related activities. Waste management related
information is summarized in this section, with additional
information on other nuclear fuel cycle exchanges and agreements
given in Appendix A.

3.1 SUMMARY

The USSR provides nuclear fuel cycle services, including fuel reproces-
sing and management of reprocessing wastes, for the Council for Mutual
Economic Assistance (CMEA) countries(a) and other purchasers of Soviet nuclear
power stations. The USSR has also provided uranium conversion and enrichment
services to a number of countries since 1973 (Semenov 1989). The primary
technical focus of USSR bilateral relations is in the fields of reactor
engineering safety and regulation, decommissioning and, more recently, waste
management. There have been no bilateral agreements between the USSR and the
United States in the field of radiocactive waste management, although, at the
recent [AEA International Waste Management Advisory Committee {INWAC) meeting,
the Soviet delegate expressed interest in opening discussions (Cooley 1989},

3.2 COOPERATION WITH OTHER COUNTRIES

Canada

A two-year agreement was recently signed in which Canada and the USSR
will exchange information on nuclear developments. This resumes a practice
which was halted after the Soviet invasion of Afghanistan. In addition to
reactor safety, the USSR is interested in waste disposal R&D being carried out
at the Canadians’ Underground Research Laboratory (URL) {(BBC 3/10/89). The
agreement allows for toll enrichment of Canadian uranium in the USSR, with

(a) Member countries: Bulgaria, Cuba, Czechoslovakia, German Democratic
Republic, Hungary, Mongolia, Poland, Rumania, USSR, Yugoslavia and
Vietnam.
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both the enriched stream and the depleted tails returned to Canada or to a
country acceptable to Canada.

A new expanded agreement was signed on November 20, 1989, between Canada
and the USSR which calls for "full-scale cooperation for peaceful applications
including ‘the supply of nuclear material,’ industrial cooperaticn, technical
training, exchange of experts and specialists, and ‘the exploration for and
development of uranium resources’" (Nuclear Fuel 12/89, p. 5).

European Community

The European Community (EC) and the Soviet Union signed an unprecedented
commercial and economic accord on December 18, 1989, that allows for cocpera-
tion in a wide range of activities including nuclear power development,
safety, and research, Among other things, the document calls for exchange of
personnel and nuclear research expertise. Nuclear cooperation with the Soviet
Union will be administered under the Eurcpean Azomic Community (Euratom)
Treaty, basically a framework for voluntary cooperation among the 12 member
states of the EC (Nucleonics Week 12/89).

France

An agreement on decommissioning was signed on June 28, 1988, between
France’s Framatome and Minatomenergo. The agreement covers engineering,
equipment design, and preparatory work for facility dismantling (Nuclear News

8/88). A new agreement was signed in January 1989 with an expanded scope
beyond decommissioning (EIA 1989a}.

Federal Republic of Germany

The West German firm, KWU, has had a bilateral agreement with the Soviet
Union for over a decade. Technical exchange seminars have been proposed on a
~ wide variety of issues such as reactor safety, waste treatment technology and
spent fuel transport.

Technabexport, the Soviet foreign trade marketing organization, concluded
a basic contract worth about $4.4 million with Nukem of West Germany in
September 1988 for delivery of waste treatment facilities for low-level
radioactive waste {ATW News 11/88).
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The Soviets have offered to provide LWR fuel assemblies to the FRG and to
take back the spent fuel assembiies for final disposition in the USSR
(DOS 1988).

In June 1989, officials from HTR GmbH and the USSR State Committee for
the Utilization of Atomic Energy (GKAE) signed a memorandum in Frankfurt which
agreec to "basic principles” of negotiation for the project to build an 80-MWe
(200-MWth) high-temperature gas-cooled reactor in Dimitrovgrad by 1996. An
HTR press statement said the memorandum marked an "important intermediate
step” in project negotiations, because certain "preconditions are now estab-
lishec" for cooperation between the USSR and Germany at Dimitrovgrad. Most
important of these, officials said, was German consent to be paid in counter-
trade--most 1ikely, sources said, in the form of enriched uranium or enrich-
ment services {Nucleonics Week 7/89a).

Hungary

The USSR has an agreement with Hungary to receive Hungarian uranium ore
or ore products and return new spent fuel elements for Hungarian reactors. It
was stated that if the Hungarians go elsewhere for fabrication of their
nuclear fuel, the USSR would not take the Hungarian spent fuel for disposal.
(B8C 2/23/89). On November 16, 1989, the Hungarian Council of Ministers,
presumably over economic difficulties, suspended their agreement with the USSR
to design and build the Paks 5 & & VVER-1000 reactors (EIA 1989a).

Nigeria

The USSR has been using equipment that contains radioactive isotopes at
Ajaockuta in Nigeria. The Nigerians claim that the Soviets plan to store
radioactive wastes at the Soviet construction site at Ajaokuta. This claim is
denied by the Soviets (BBC 9/1/88).

United Kingdom

The UK Nuclear Installations Inspectorate (NII) and GAEN agreed in March
1988 to conduct exchanges of information on nuclear safety and regulation,

including siting, construction, commissioning, operation and decommissioning
{NEI 5/88).
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[AEA

A Soviet proposal to set up an international research center at Chernobyl
to study the effects of nuclear plant accidents and nuclear accident manage-
ment has been discussed with the IAEA, according to Alexander Protsenko, the
USSR’s chief nuclear official and Governor to the IAEA board. IAEA Director
General Hans Blix said that no firm plan for work on such a center had emerged
from the high-level meeting held during the IAEA general conference in Septem-
ber 1989, and that the outcome of the Soviet proposal was "very unclear." The
proposal for the center was first put forward at the June 1989 meeting of the
IAEA Board of Governors. Officials from other countries, including the U.S.
and France, said they were not rejecting the proposal out of hand but that
they had major questions about the wisdom of creating a Chernobyl center, both
for its potential financial implications and because it might duplicate
existing efforts.

Another proposal was made in June 1989 for an international research
center on high-level nuclear waste disposal. Protsenko said that depending on
how the center is organized, "we might consider the possibility of having it
in our country." The Soviet Union has not formally proposed to host such a
center, but is prepared to consider setting up one that would accept foreign
waste for treatment (Nucleonics Week 10/89%a).

3.3 COOPERATION WITH THE UNITED STATES

A Memorandum of Cooperation between the U.$%. and the Soviet Union on the
utilization of atomic energy for peaceful purposes was signed in Washington,
D.C., on November 24, 1959 (Seaborg et al. 1963} and is still in effect today.

The U.S. NRC and the GKAE signed a Memorandum of Cooperation in April
1988 concerning nuclear safety and its regulation, training, health effects,
environmental protection and safety research. The memorandum, an addendum to
the 1959 overall cooperative agreement, is in effect for five years and can be
extended. It creates a joint coordinating committee for civilian nuclear
reactor safety, to consist of six representatives each from the NRC and GKAE.
The committee may organize, establish and arrange working groups, conferences
and seminars of specialists for joint discussion and study of specific topics.
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1t may also review and comment on reporis coming out of such working groups
and conferences. The agreement calls for exchanges of scientific and tech-

nical safety information, personnel, and equipment (Nucleonics Week 4/88).

An agreement has been signed between the Kurchatov Institute and the
American Nuclear Society to exchange information on public relations aspects
of nuclear power (NEI 4/89). A USSR Nuclear Society, one of whose principal
aims is the fostering of international collaboration, became a full member of
the European Nuclear Society at an ENS meeting in Karlsruhe on July 7, 1989.
The new society’s president, Academician E. P. Velikhov, marked the occasion
by calling for the setting up, under the IAEA, of an international project to
develop safe reactors for the twenty-first century. Other aims of the Soviet
Nuclear Society are improved public information and the ending of secrecy in
the civil sector. Vice presidents of the new society are N. Ponomariev-
Steproi and V. Orlov, and its Executive Secretary is A. Gagarinski of the
Kurchatov Institute (NEI 10/89, p. 10).

When asked during an April 1989 ITAEA meeting if the Soviets are inter-
ested in further discussions and technical exchanges with the U.S. on the
vitrification of high-level waste, Mr. Nikiforov {from the All Union Research
& Scientific Institute of Inorganic Materials in Moscow) replied that they are
ready and are already conducting exchanges with France and the Federal Repub-
lic of Germany (Cooley 1989). Progress has been made such that the U.S. and
the Soviet Union are laying the groundwork for a bilateral agreement on
research in radiocactive and mixed radioactive/hazardous waste management.
U.S. Energy Secretary James Watkins and Leo Duffy, the DOE special assistant
for defense nuclear waste management, met with Soviet officials in Vienna 1in
the fall of 1989. One source said the USSR is particularly concerned with
transuranic waste management, which some Soviet officials have said should be
handled as an international problem {Nuclear Waste News 9/89).

On January 9-12, 1990, the U.S. Environmental Protection Agency (EPA)
reviewed an 1B-year-oid agreement with the USSR on environmental cooperation
and research, including the first joint study of environmental effects of
radioactive contamination, as part of seven new projects. One project will
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examine the impact of radioactivity on marine “ife in the northern Black Sea,
which receives most of the runeff frem the Chernobyl region (Report on Defense
Plant Wastes 1/90).
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4.0 WASTE MANAGEMENT IN THE FRONT END OF THE NUCLEAR FUEL CYCLE

Summary information on the front end of the fuel cycle in the
USSR, presented in this section, ¥s confined to mining and milling
of uranium ores. Waste management information from uranium fuel
material purification and conversion to uranium hexafluoride,
enrichment of the fissile content of the uranium, and fabrication of
fuels for nuclear reactors is not available.

4.1 SUMMARY

The USSR provides uranium processing and conversion and fuel fabrication
services and takes back all spent fuei from Soviet-supplied reactors to other
countries. Relatively 1ittle is known about Soviet waste management activ-
ities in uranium mining and milling and essentially nothing is known about
their waste management activities in the rest of the front end of the fuel
cycie. Uranium mining waste management practice is primarily by ground cover
and backfilling mined areas with power plant ashes, rock and "tailings from
enrichment and hydrometallurgy” processes. Mining operations appear to be
causing increasing public concern in the Soviet Union.

4.2 FOLICY AND STRATEGY

Since 1973, the USSR has been offering, to firms in western countries,
services in the processing of uranium concentrate from mining and milling, and
conversion to uranium hexafluoride to enrichment. The materials are processed
in the USSR and returned to the country of origin as enriched uranjum hexa-
fluoride or nuclear fuels. The ports of Leningrad and Riga have been used for
these shipments (Semenov 1989).

“he USSR obtains most [probably around 60%] of its uranium from other
countyies, with its main suppliers being Czechoslovakia and the German
Democratic Republic {Economist 5/10/86).

Little has been stated on the USSR waste management policy. Nikiforov,
in 1989, noted the safe management of liquid wastes "envisages circulating
water suppiy" and "maximum employment of the main and auxiliary processes.”
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Taitings were "a more serious problem,” and the trend was toward backfilling
of mined areas with tails, rocks, and fossil plant ashes {Nikiforov et al.
1989).

4.3 WASTE MANAGEMENT ACTIVITIES

According to a West Berlin television magazine program, the inhabitants
of East German uranium mining areas are increasingly worried about the damage
to the population’s health there. Pictures of the uranium plants around Gera
and Aue {in the southern part of East Germany)} of the German-Soviet company
Wismut AG were shown. Numerous "slag heaps" [assumed to be mill tailings] and
contaminated plant facilities were claimed to be present from the decades of
uranium mining. Numercus claims of radiation-caused health problems, birth
malformations, and still-births have been made. The radicactive water
effluents from the Wismut facilities have been fed into the Zwickau Mulde and
White Elster rivers. The water tabie is contaminated from earlier washing of
ore and seepage from uranium ore slag heaps. Dumping onto these slag heaps,
which are up to 50 m high, has continued as of 1987, at which time 10,000
workers were believed to be working in mining operations. The dust from these
slag heaps is reportedly settling on plants, gardens, residential areas, and
schools {BBC 11/12/87).

A commission investigating why many children lost their hair in the town
of Sillamae, Estonia, identified uranium waste stored at a factory as the most
likely cause of poisoning. The Ministry of Health measured radiation levels
in the vicinity of the plant at three or four times normal background read-
ings. The Tocal press is now calling for removal of topsoil around the pilant.
The health ministry has allocated $96 million for remedial action (Nuclear
Waste News 7/89b). In 1990, Estonia asked for Finland’s aid in measuring
radiation from wastes stored in bituminous shale near Sillamae. The site has
been used for more than 40 years to dispose of uranium-bearing wastes from
processing imported ores. It was stated that several million metric tons of
waste were located at the site (Nuclear Waste News 3/90).

Leaching of pre-mined uranium ore in milling facilities is commonly done
with selutions of sulfuric acid containing oxidants {such as pyrolusite,
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sodium or potassium chlorates, and ferric ions), particulariy for silicate-
and aluminosilicate-based ores. Autoclave Teaching at temperatures as high as
180°7 and pressures as high as 16 atmospheres is apparentily used successfully
and fairiy commonly to extract uranium from lean, stubborn, and complex ores.
Acid autoclave leaching has resulted in improvements in recovery of valuable
components and reduced energy consumption, and has made it easier toc create a
ctosed ore processing system and avoid 1iquid and gaseous pollutants {Laskerin
1982).

Quantities of mine water, "excess water of hydrometallurgical plants
[conversion plants], washing water, special laundry and 1aboratory water"
range from 0.5-5.0 m3/HT of mined and milled uranium ore, having "variations
in uranium and radium content from 0.3-10 mg/dm3 and to 37 Bq/dm3 (10_9 Ci/1)"
{Nikiforov et al. 1989).

Uranium mining soils are treated by covering them with an overburden to
prevent wind dispersion and water leaching. Ground cover is planted as well.
Water from the mill tailings is treated and reused. Ashes from coal-fired
power plants are also placed in some of the mined trenches (Cooley 198%).

This practice was also recently amplified by Nikiforov, who added that an
important trend was the "iniroduction of low-waste underground ore mining"
with the mined area being backfilled with "dead rocks, tailings from ‘enrich-
ment” [presumed to be from purification of ore materials] and hydrometallurgy,
and thermoelectric plant ashes” (Nikiforov el al. 1988).

4.3






5.0 NUCLEAR REACTOR OPERATIONS WASTE MANAGEMENT

The management of reactor operating wastes in the USSR is
discussed only briefly in this section. Additional information on
Tow-level and intermediate-level reactor-produced wastes is given in
Section 9.

5.1 SUMMARY

Nuclear reactor coperations in the USSR generate a variety of waste
streams. General plant operating and Tow-level wastes now appear to be pro-
cessed into solids, treated or discharged into drain fields or in some cases,
the ocean. Low-level waste concentrates may be incorporated into bitumen
{primarily) or concrete and stored at the reactor site. Historically, wastes
from reactor operations were also disposed of by well injection. The possi-
bility of vitrification of reactor operation waste is being considered. Long-
lived radiocactive gases such as krypton, tritium and carbon appear to be
vented to the atmosphere, while iodine and "aerosols”" are removed, and the
concentrates may possibly be incorporated into bitumen.

5.2 POLICY AND STRATEGY

The first nuclear power projects were started in the Soviet Union before
the end of the 1940s. 1In 1950, the decision was made to construct the coun-
try’s first nuclear power plant at Obninsk, based on the so-called channel-
type, uranium-graphite reactor design. The world’s first nuclear power plant
was commissioned on June 27, 1954, at Obninsk. In the second half of the
1960s, it was decided to base further development of nuclear power on two
thermal reactor types: the RBMK, a boiling water, graphite-moderated reactor,
and the VVER, a PWR (Semenov 1983). As the basic reactor type for nuclear
power development in the CMEA countries, the VVER-440 standard reactor was
selected for the first stage of development, and the VVER-1000 for the second
(Semanov 1983).

The basic safety document is GAEN’s, "Nuclear Safety Regulaticns for
Nuclear Power Plants,” which was introduced in 1975. It regulates nuclear
safety, governing not only criticaility problems [operational safety] in
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reactor operation, but also refueling, transportation and storage of fuel
assemblies. It contains the main technical and organizational requirements to
ensure nuciear safety in the design, construction and operation of nuclear
power plants, and the training requirements for personnel associated with
reactor operation (Semenov 1983).

As of 1978 in the USSR, the general strategy for managing low- and
intermediate-levei liquid wastes at reactors was a) where there were favorable
geological and hydrogeological conditions at the nuclear power station, the
wastes were neutralized to a neutral or alkaline pH and injected into deep,
siow-moving aquifers that were bounded by aquitards; or b) where there were
not favorable geologic conditions, 1iquid wastes were to be treated and con-
verted to a solid for eventual disposal at a regional disposal facility (GKAE
1978, p. 8). Nikiforov adds that first-generation power plants store evapo-
rator concentrates in concrete reservoirs lined with stainless steel, having a
capacity of from 400-5000 me. According to regqulations, bottoms and sorbents
are stored in different tanks (Nikiforov et al. 1989}.

Today, at all nuclear power plants in operation in the Soviet Union, and
for those under construction, facilities are being established to solidify
reactor operations waste by evaporation followec by bituminization. A great
deal of effort appears to have been spent in studying the fire and explosion
potential of bitumen [due to the presence of nitrate salts], and fire-fighting
systems have been instatled (Nikiforov et al. 1689).

5.3 REACTOR WASTE MANAGEMENT

5.3.1 Svystems and Activities

In 1970, the Beloyarsk nuclear power plant treated sewage, wash water and
other wastes using coagulation, distillation with vapor scrubbing and drying
of the final solids (Kondratyev et al. 1970).

In 1977, in conformance with regulations of the State Sanitary Inspec-
torate regarding the protection of cooling ponds at nuclear power stations
from radicactive contamination, low activity in effluents was removed in a
variety of ways. At the Novo-Voronezh stations, for instance, the effluent
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was poured onto specially equipped plots of filter fields in a sanitary and
protected zone. Discharging it into the River Don was not allowed. At the
Beloyarsk station the effluent underwent additional "biological" treatment
where some natural sorbents {(silt) were used. After this treatment and sub-
sequent radiation monitoring, the effluent was discharged inte a marsh. In
the River Don, at the Beloyarsk water storage basin and in the Koporsk Inlet
of the Gulf of Finland, the radicactivity levels were reportedly quite satis-
factory, and bathing on and fishing from the beaches was permitted. At the
Leningrad station the Tow-activity effluent was discharged, after about
100-fold dilution with inactive industrial and storm sewage, off the shore of
the Gulf of Finland. The radioactivity Timit (less than 10“10 Ci/1} was main-
tained directly at the place of water discharge into the Gulf and not after it
became mixed with the water of the Gulf (Gusev et al. 1877).

As of 1981, homogeneous liguid radioactive wastes at nuclear power pilants
were collected in a receiver tank for mixing and neutralization. After
removal of the coarse suspended materials and neutralization to a pH of about
11, the mixtures were evaporated in one to three parallel evaporators until
the salts reached saturation at a concentration of about 300 g/1. The evapo-
rator: were comprised of two stages and were typically of the natural circula-
tion thermosyphon type. The concentrate was stored in a facility which con-
sisted of concrete tanks lined with stainless steel. 0il was removed from the
evaporated vapors by charcoal filters, and radionuclides and salts were
removed by ion exchange. Heterogeneous liquid wastes were routed directly to
the storage tanks. Disposal of conditioned (originally liquid) low-level
waste was expected to be carried out at each power station. This concept
requires minimization of volume and production of a high-durabitity final
waste form (Nikiforov et al. 1981b).

A central treatment facility is used to bituminize LLW concentrates at
some mJiti-reactor power stations {Sapovnikov 1988). To save storage space at
RBMK power stations, the bituminized waste is poured into "pits" at the onsite
“repository,”™ and is not placed in conventional storage facilities. However,
this i5 not considered to be the final disposal solution (Nikiforov et al.
1981a).
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In 1981, the short-lived noble gases in a VVER reactor system were routed
to a gas circulation Toop, in which small concentrations of hydrogen were
burned on a platinum catalyst. From there the gases entered inte one of three
parallel decontamination systems. For pre-treatment of the radioactive noble
gases from reactor facilities, a sodium zeolite was used as a drying adsorbent
before the chromatographic removal of the gases. The fraction of krypton-85
released during VVER reactor operation as reported in 1981 supposediy did not
exceed 1% of that generated, and therefore, it did not have to be removed
before the gases were vented to the atmosphere. Similarly, tritium and
carbon-14 were not removed because their contribution to doses is smail.
Radioiodine and radioactive aerosols are removed. Radiciodine is removed by
adsorbers of metallic iodides or silver-impregnated packings {Nikiforov et al.
1981b}).

For removing radicactive iodine and noble gases from reactor plant off-
gases as of 1981, extensive use was made of a chromatographic adsorption sys-
tem, apparently using activated carbon and/or NaA-type zeolites. Aerosol
filters ("absolute" synthetic fiber filters for dry aerosols and self-cleaning
glass fiber filters for wet aerosols) were used for removal of particulates.
As of 1981, the removal of liquid aerosols from reactor gases was done with
"FARTOS" filters from which the removed liquids drain off continuously.
Removal of solid aerosols was accomplished with filters having synthetic
fibers as the first stage. When a second stage is used, glass-fiber filters
("absolute filters”") were used (Nikiforov et al. 198la). In 1989, it was
stated that to trap radionuclides released from a nuclear reactor coolant, as
well as to eliminate free hydrogen generated by water radiolysis, a radio-
chromategraphic gas cleanup system "is designed" that incorporates systems of
hydrogen after burning, moisture removal, aerosol filtration, adsorption of
numerous species of krypton, xenon and iodine. The resulting resins, slur-
ries, and concentrates may be incorperated in bitumen {Nikiforov et al. 1989).

The first facility for liquid radioactive waste bituminization went into
operation in 1986 at the Leningrad RBMK-1000 power plant. The facitity
operates continuously when solidifying salt boncentrates and batch-wise when
solidifying slurries of ion-exchange resins and filter pearlite. Under
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continuous operation conditions the facility throughput is 500 1/h. More than
6000 m3 of evaporator concentrates having an activity of 3.7 x 106-107 Bq/1

(10"4—10’5 Ci/1) and a salt content of 200-300 g/1 have been processed. About
3000 m°
resistance of 10-4 g/cm2 day,” have been disposed of in a repository of a

of bitumen compounds filled with waste to 40% by mass, having a "water

"pour type." A similar bituminization facility is being introduced at the
Ignalina power plant {(Nikiforov et al. 1989}. An installation for incorpo-
rating liquid radioactive wastes in cement is alse being built at the Novo-
Voronezh power plant (Nikipelov et al. 1990).

The Institute of Inorganic Materials is running a major USSR campaign to
reduce liquid LLW volumes {Nucleonics Week 5/88}.

5.3.2 Maste {Quaptities

A VVER-1000 currently produces between 10,000 and 15,000 m3 of tiquid
radioactive waste each year. The evaporation of the waste results in about
50 MT of salts. The RBMK reactor plants produce about 10,000 m of 1iquid
waste each year, resulting in about 100 MT of evaporated salts. The new REMK
being developed will produce about 50% more waste than the units now in ser-
vice because of increased complexity of piping {Nucleonics Week 5/88).

The -projected amount of wastes from VVER and RBMK reactors can be roughily
calculated based on the above numbers. Assuming a VVER-440 produces 60% of
the waste of a VVER-1000, and a median number of 12,500 m3 of 1iquid wastes
are produced per reactor year for the VVER-1000, the amounts of wastes were
estimated. For VVER and RBMK reactors through 1989, about 3.4 x 108 n3 of
liquid waste [presumably, primarily low-level waste] are estimated to have
been aenerated which contain an estimated 13,700 MT of salts. Solid active
wastes are generated at Soviet nuclear power plants at the rate of 200-400
ma/GHe—yr and stored with "filling factors of 50-60%" in "special concrete
structures" at the plant sites (Nikiforov et ai. 1989).

The activity of homogeneous liquid waste (solutions from ion-exchange
resin regeneration, decontamination of equipment, pipelines, premises and
special clothes, leaks from equipment and cooling circuit) is from 3.7 x 102
to 3.7 x 10° Bq/3 (1078-107° €i/1). The activity of heterogeneous waste
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(Filter material slurries) is from 3.7 x 10° to 3.7 x 10° Bg/1 (107 to
1071 Ci/1) Nikiforov et al. 1989).

5.3.3 Research and Development (See also Sectian 9)

Problems with scaling in the stainless ste2l waste evaporator tubes
{requiring acid clean-out about once a month) and plugged concentrate pipes
have led to additional R4D. Increasing circulation and not allowing boiling
in the reboilers has helped significantly in eliminating evaporator tube
scaling. Another concept involves evaporation under acidic conditions (acid-
ified using nitric acid). This aliows for increasing salt content to about
650 g/1 while reducing scaling and pipe plugging, but volatilizes some of the
beric acid (which would then require recovery by fractional distillation) and
oxidizes the oxalic acid (Nikiforov et al. 1981h).

Laundry water from nuclear power stations was combined with other homo-
geneous aqueous wastes in 198l. However, consideration was given to using
reverse osmosis for processing this water {Nikiforov et al. 1981b).

In 1981, for final conditioning of liquid radioactive waste concentrates
from nuclear power stations, dehydration of the waste in dryers to a slurry
with 20-30% moisture, followed by bituminization, was under development.
Several drying and bituminizing concepts were studied {Nikiforov et al.
1981b).

The feasibility of vitrification of power plant waste is being con-
sidered. It is expected that this will increase the degree of radionuclide
fixation by 2-4 orders [of magnitude] compared with bituminization and cemen-
tation, and will reduce the volume of waste to be disposed of by a factor of
2-3 compared with bituminization and by a factor of 4 compared with an
improved cementation process {Nikiforov et al. 1989).

5.3.4 Cost Information

The total capital and annual operating costs of bituminizing
intermediate-teve]l liquid waste concentrates from power reactor stations
followed by at-reactor storage was reportedly lower than for long-term storage
of the concentrates in tanks. Capital costs of bituminization were slightly
over half of those for in-tank storage (Nikiforov et al. 198la).
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5.3.F Safety and Quality Assurance

In determining standards for the discharge of radionuciides into cooling
water basins, the Soviets as of 1977 employed the principle of allotting a
small quota {not more than 5% of the radiation dose 1imit) for the exposure of
individuals to a given source of radiation. In 1977, water in these basins
could be put to a number of uses such as drinking and industrial water suppiy,
the watering of cattle, irrigation, fishing, and bathing. At the Kola
station, for example, an experimental breeding farm has been set up with the
thermal water in the discharge canal being used to breed trout, bester and
other valuable species of fish. So far, no accumuiation of radionuclides in
the tissues of even fast-growing fish that can be attributed to the effiuent
has heen observed (Gusev et al. 1977). Nikiforov reports that power plant
operation practice shows that "under normal conditions releases [of gases]
into the atmosphere are well below the sanitary standards" (Nikiforov et al.
1989 .

A special commission under the aegis of the USSR Academy of Sciences has
conc uded that underground siting of reactors could be the answer to future
nuclear plant safety, according to the commission’s chairman, V. Subbotin.

The wstimated 20% cost penalty for underground construction could be offset by
an expected reduction in the cost of waste disposal following plant decommis-
sfoning. It was stated that underground reactors could just be left to "die"
after decommissioning, with just some additional shielding. [This concept
sounds like decommissioning by entombment.] Underground reactors would also
eTiminate the need for conventional containment, which is now considered nec-

essary for all nuclear power reactors under construction {Maclachlan 1989).
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6.0 SPENT FUEL MANAGEMENT

Information on activities and plans for spent fuel storage in
the USSR is given in this section. This includes at-reactor stor-
age, central storage, spent fuel conditioning and other related
information. In addition, spent fuel management activities follow-
ing the Cherncbyl accident are summarized.

6.1 SUMMARY

Official Soviet policy calls for a closed fuel cycle. Spent fuel from
VVER-440 reactors has historically been cooled for three years prior to repro-
cessing, which was changed to five years in 1981. OQther fuel types have not
been reprocessed in significant quantities. The Soviets say that their repro-
cessing efforts are behind schedule, however, and thus storage of 10 years or
more may be required. Spent fuel is stored briefly in pools at the reactor,
then roved to longer-term storage facilities at reactor sites. The USSR also
accepts the spent fuel from Soviet-built reactors supplied to other countries
for reprocessing. Storage in dry casks has also been studied, using a West
Germar Castor V cask.

6.2 FOLICY AND STRATEGY

The general Soviet policy for spent fuel management from nuclear power
reactors is to cool the fuel for five years [three years until 19827 at reac-
tors before reprocessing.

Up until 1982, Soviet VVER-440 fuel was reprocessed after a three-year
cooling time. Shipments of spent fuel from CMEA European countries and
Finland followed this three-year schedule. After 1982, the cooling time was
increased to five years, and, as a result, the CMEA countries and Finland have
had tc build additional storage facilities for their spent fuel. 1In 1982, at
the IAEA International Conference on Nuclear Power Experience in Vienna, the
Soviets announced that a delay in the FBR development would slow reprocessing
of civilian spent fuel, which would require building away-from-reactor (AFR)
storage facilities. Cooling times would be extended from 3 to 5 years, with
possible extensions to 10 years. Ffinland, which has contracted to return all
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spent fuel from its two VVER-440s to the USSR for reprocessing, was also
notified that its cooling time would be increased from three to five years
{Dubrovsky et al. 1982).

Spent fuel from RBMK reactors is being stored indefinitely without
reprocessing because it is not yet economical to reprocess it {Cooley 1989),
However, reprocessing of power reactor fuels has not kept up with accumuiating
spent fuel, so much of this waste is stored at Independent Spent Fuel Storage
Installations (ISFSIs) tocated at nuciear power plant sites. Because of
delays in implementing fast reactors and delays in reprocessing, construction
of additional ISFSIs, designed to store about 10 to 30 years of nuclear power
plant production, are planned. This solution, however, does not remove the
need to transport and reprocess spent fuel, but just slows down its impiemen-
tation (Semenov 1983; Johnson 1986).

Dry cask storage of spent fuel has been evaluated. More recent reactor
storage basins have nominal 30-year design Tives, and the walls and bottoms of
basins have double liners of mild steel and stainiess steel.

6.3 SPENT FUEL QUANTITIES AND CHARACTERISTICS

By the start of the twenty-first century, about 30,000 MT of spent fuel
will have been removed from nuclear power stations in the USSR, By that time,
the USSR is expected te have reliable storage space for three times that
quantity of spent fuel (BBC 2/17/89).

The first spent fuel from the Soviet-built reactors at Loviisa, Finland,
was sent to the USSR in about 1981. The second shipment of 120 fuel assem-
blies (about 14 MT) was made to the Soviet Union in four Soviet rail casks in
August 1982 (BBC 8/26/82}.

Table 6.1 shows the characteristics of spent fuel generated in USSR
nuctear power reactors. Figure 6.1 shows the authors’ estimate 0% spent fuel
discharged from all VYVER {including those in CMEA countries) and RBMK reactors
through 1989 based on Soviet nuclear fuel cycle information (Romanenko et al.
1982).
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Based on these small at-reactor storage capacities, a standard, central wet
storage facility was designed for use at multiple-reactor power stations (DOE
1987).

VVER reactor operation allows for a direct discharge of spent fuel into a
coolirg pool, where cooling is maintained through natural convection. An
important characteristic feature of the VVER-1000 reactor is the rather high
specific heat loads in fuel pins of up to 490 W/cm. The release of fission
gas products under the fuel cladding during the tifetime of reactor opera-
tions and fuel storage is 40-50%. The design of the fuels is such that at the
end of their cycle the pressures exerted by the coolant and the gas mixture
under the fuel cladding are equal. Therefore, when fuel assemblies are placed
in a storage pool, fuel cladding experiences tensile stresses up to 70-80 MPa,
which, as is known, accelerates corrosion processes. Consideration has been
given to the use of a bimetallic cladding for VVER-1000 fuels. The inves-
tigations show that a Tayer of pure zirconium 1 mm thick applied to the inner
surface of a clad reduces by a factor of 5 or more the design crack depth at
the end of a cycle. The maximum time of storage in a pool depends mainly on
the fuel ciad condition following irradiation.(a)

After 10 years of storage at the Novovaronezh VVER nuclear power plant,
0.5% of fuel assemblies have developed fuel rod depressurization or "gas
leakage" (Veretennikov et al. 1986).

The Izhorskiy Works in Leningrad has set up production facilities for
storage racks for spent nuclear fuel. The new honeycomb racks can accommodate
twice as many fuel assemblies as earlier models and use a new steel in their
hexagonal casing tubes. The newly developed steel has also been used for
spacers in spent fuel shipping casks (BBC 4/8/88).

As a result of investigations by the Hungarians on high-density spent
fuel storage, the at-reactor racks at their Paks 1, 2, 3 and 4 VVER reactors
were back-fitted. The overall requirements were that the k-effective of 0.95

(a) Bibilashvili, Yu. K., S. M. Bogatyr’, A. V. Medvedev and V. V. Novikov.
1988 or 1989. "Some Aspects of VVER and BN Irradiated Fuel Strength
During Storage and Shipping.” A. A. Bochvar’s A1l Union Scientific and
lesearch Institute of Inorganic Materials, Moscow, U.S.S.R.
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with unborated water could not be exceeded, no credit was assumed for react-
ivity burnup, and maximum fuel enrichment was assumed. The racks were
designed with a 4-mm water gap between the hexagonal shroud faces, which
allowed for doubiing of the storage capacity (Ferenc 1985).

6.4.2 RBMK Reactors

Spent fuel is discharged from the RBMK reactor channels into cooling
pools by the refueling machine without the reactor being shut down (Kondratyev
et al. 1986).

RBMK spent fuel cooling pools at the reactor are open water-filled

"reservoirs" 700 rn3

in volume. The pools are lined with stainless steel on
the inside, and the outer walls are lined with 3 mm sheet steel; the bottom is
Tined with 8-10 mm plate steel. Fuel assemblies are suspended from the beams
(Philippov et al. 1989). As the cooling pool is filled, the fully irradiated
fuel assemblies are transported to the Tong-term storage pools and the par-
tially irradiated assemblies may be reinserted in the reactor (Varovin et al.

1986) .

The cooling pool water has a pH of 5.5-8.0 and an electrical conduc-
tivity of 3 uSm/cm [believed to be the units of Siemens, thus equivalent to
3 pmho/cm] {at 25°C). The impurities content must not exceed 100 parts per
billion {ppb) of chlorides, 1000 ppb of iron and 20 ppb of oi1 (Philippov
et al. 1989).

The special building for central interim storage of RBMK fuel is located
at the power plant site, and is designed to receive spent fuel from four
reactors for 10 years with a capacity of 1800 MT (storage density is 3 MT/mz)
{(Kondratyev et al. 1986).

6.4.3 Fast Reactors

Water-filled pools are used also to store spent fuel from BN (i.e., fast)
reactors. Spent fuel reloading, under "dry" conditions, is done during reac-
tor shutdown simultaneously with routine maintenance. An inert gas atmosphere
is used to allow reloading of the spent fuel assemblies with residual sodium
coolant. The requirements for fuel rod washing make it necessary to subject
the fuel assembly to interim holding in an in-reactor storage facility
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(ISF).(a) The fuel assembly residence time in an ISt is equal iuv the period
between refueling. Spent fuel assemblies initially were transferred from the
reactur core to the ISF for heat removal for about 150 days (Kondratyev et al.
1986) Today, this period is equal to 180 days for the Soviet fast reactors.
In the future it may be increased to 200-250 days. In an ISF, the fuel clad-
ding :emperature and gas internal pressure-effected stress levels are essen-
tiall» the same as those under operating conditions. Today, the problems of
the dvnamic structural strength of spent fuel at moderate temperatures, par-
ticularly of those irradiated to high burn-up, require additional research.(a)

With the next reactor shutdown, BN spent fuel assemblies are reloaded
from the in-reactor storage pool into sodium-filied drums for about 90 days
additional cooling. Spent fuel assemblies are then transferred into a washing
chamber, where fuel element ciadding integrity is tested. The assemblies
without defective elements are placed in water-filied cans and those with
defective elements are placed in lead-filled cans. Spent fuel assembly can-
ning and sealing are done in a special well connecting the washing chamber
with water-filled spent fuel storage pools. The spent fuel assemblies that
have heen placed into sealed cans are transferred to the spent fuel reception
bay b. the elevator. In this bay the cans with fuel assemblies are placed
into ~he baskets, 28 assemblies in each. The BN-350 reactor operation exper-
ience has shown that storage of intact spent fuel assemblies without cans is
possitile. The cans with prewashed intact fuel assemblies are moved by the
pool crane to their appropriate storage positions before shipment to a repro-
cessing site {Kondratyev et al. 1986).

Fast reactor fuels with ferritic and ferritic-martensitic steel cladding
corrode during storage in water. Therefore, storage in special containers in
deion zed water or with inhibitors is being considered {Johnson 1989a).

(a) Bibilashvili, Yu. K., S. M. Bogatyr’, A. V. Medvedev and V. V. Novikov.
1988 or 1989. "Some Aspects of VVER and BN Irradiated Fuel Strength
During Storage and Shipping." A. A. Bochvar’s All Union Scientific and
Research Institute of Inorganic Materials, Moscow, U.S.S.R.
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6.4,4 CMEA Countries

In Czechoslovakia (and other CMEA countries), nearly all nuclear power
reactors are Soviet-built VVERs. Spent fuel from VVER-440 reactors is stored
for three years in "at-reactor pools" that are situated in a reacter hall and
filled with a solution of boric acid in water at a concentration of about
12 g/kg H20. For the next two years, the spent fuel is stored in an "away-
from-reactor storage facility” [ISFSI] at the Jaslovske Bohunice site. About
five years after the fuel is discharged from the reactor, it is transported to
the Soviet Union. Spent fuel in the reactor pools is stored in multi-pocket
casings. There are 30 intact fuel assemblies in one casing, and 56 casings
can be stored in a pool (Petényi et al. 1988).

Main components of ISFSIs are:
» four storage pools, one is permanently considered an auxiliary unit

e« equipment and rooms are used for acceptance and transport of spent
fuel

« technological equipment is used for operation of ISFSIs, mainly a
cooling system of the pool and a ventilation system above the
cootant surface (Petényi et al. 1988).

6.4.5 Operations and Other Information

Spent fuel from VVER-440 and -1000 reactors is stored in hexagonal
canning tubes made of 1% borated steel, which makes it possible to increase
capacity of the storage pads by a factor of two over the original pool design
capacity. The calculated values for spacing of spent fuel are based upon a
burnup of 40 MWd/kg for VVER-1000 spent fuel and 30 MWd/kg for VVER-440 spent
fuel. VVER-440 spent fuel (as well as VVER-1000 spent fuel) is stored under
atmospheric pressure. [It is also implied that credit may be taken for burnup
in the reactor storage pools.] (Fedorov 1987). In-pool burn-up scanning tech-
niques have also been developed (Voronkov et al. 1988),

Spent fuel that is three years old [the minimum time] is removed from
reactor storage basins and transferred to the respective central storage pooc]
using a TK-6 transport cask (Dubrovsky et al. 1982).

In comparing "wet" loading of a cask with spent fuel versus "dry" Toading
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using a transfer cask, the dry Toading is considerably faster. This is pri-
maril,s because of the reduced time for decontaminating the cask after wet
loading, which can take up to 24 hours {Dubrovsky et al. 1982). [However, it
is no~ known if dry loading is used.]

[t was recently reported that spent fuel is stored in reactor pools for
up to 10 years (Lehman 1989).

6.4.6 Research and Development

Higher density storage was investigated by the Hungarians and Soviets,
and installed in Paks 1, 2, 3 and 4 as a result of these investigations.
Calculations and experiments were carried out at the Central Institute of
Physics of the Hungarian Academy of Sciences in cooperation with the Kurchatov
Institute in the USSR. The conclusion reached was that storage capacity of
poels could be doubled, but that it would be expensive {DOE 1987; Dubrovsky
et al. 1982; Ferenc 1985).

6.5 NDEPENDENT SPENT FUEL STORAGE INSTALLATIONS

6.5.1 Facility Development and Locations

in the early 1980s, additional storage of spent fuel beyond that in the
reactor storage pool was to be provided by additional wet storage basins
called Independent Spent Fuel Storage Instaltations (ISFSI) Jocated at multi-
ple reactor sites. The first of these under development was in 1981 at the
four-reactor Kozloduy power station in Bulgaria. {However, as of 1980, at
least one central AFR spent fuel storage facility was reported as being in
operation for spent fuel {Nuclecnics Week 9/80).] The following central

stations are currently known to be avaiiable (DOE 1987, except where noted):
o toviisa 1 and 2 in Finland; capacity of 190 MT; service date 1985

« Paks 1, 2, 3 and 4 in Hungary; capacity of 600 MT; service date
nnknown

o FLohunice 1, 2, 3 and 4; Dukovany 1, 2, 3 and 4; and Mochovice 1, 2,

4 and 4 in Czechoslovakia; capacity of 600 MT; service date Fail
2986
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« Novovoronezh 1, 2, 3, 4 and 5 in USSR; capacity of 600 MT; service
date unknown; operational in 1986 (Kondratyev et al. 1986)

» Kozloduy 1, 2, 3, 4 and 5 in Bulgaria; capacity of 600 MT; service
date early 1980s

s Nord 1, 2, 3 and 4 in GOR; capacity of 600 MT; service date unknown

» Lleningrad 1, 2, 3 and 4; capacity of 1800 MT; service date unknown;
operational in 1986 (Johnson 1989b; Kondratyev et ai. 1986}

e Chernobyl I, 2 and 3 in the USSR; capacity of 1800 MT; under
construction in 1986 {Kondratyev et al. 1986}

o Kursk 1, 2, 3 and 4 in USSR; capacity of 1800 MT; under construction
in 1986 (Kondratyev et al. 1988).

6.5.2 VVER Spent Fuel Storage

The Kozluduy storage facility, said to be typical, is a separate
facility. It is designed to hold 600 MT of spent fuel {or 5000 assemblies,
the capacity for 10 years for the power station assuming 14 MT/yr discharge of
fuel) from the VVER-440 reactors. This type of storage facility is planned to
be used during the entire 1ife of the nuclear power station (stated at about
30 years). The facility receives 30 spent fuel assemblies [or 18 non-integer
assemblies] in one stainless steel basket in TK-6 casks, unloads the full
basket under water, and places the basket full of spent fuel into its storage
position. The pool walls and bottom are Tined w'th individual Tayers of car-
bon steel and stainless steel {JAEA 1982; Pushkov 1984}. The central spent
fuel storage facility has four pools that are connected by water corridors.
The water height above the active part of the spent fuel assemblies is three
meters (Dubrovsky et al. 1982; Philippov et al. 1989).

The standard 600-MT central station for storage of VVER-440 spent fuel is
45 m x 66 m in area, with a high-bay section about 24 meters long (of the
66-meter length). The height of the majority of the building is 20 meters,
and the height of the high-bay area is about 27-30 m {Dubrovsky et al. 1982}.
Detailed descriptions of spent fuel storage facilities are available; the
reader is referred to an articie by Burmester et al. (1989).



6.5.3 RBMK Spent Fuel Storage

RBMK spent fuel is suspended in the pool in water-filled, 60-1iter cans
by metal rails above the pool while VVER spent fuel is stored in racks resting
on the bottom of the pool (Johnson 1986; Philippov et al. 1989).

The radioactivity level of deposits on RBMK fuel element surfaces can

reach 109

Bequerels [about 0.027 curies] per fuel assembly. Radionuclides are
found on the surfaces of pools and storage equipment as well as on the
surfaces of casks via:

1) release of fission products from beneath the fuel element claddings
through defects

2) washing the radioactive deposits off the fuel element surfaces.

The radioactivity in at-reactor pools is usually at the Tevel of 103 to

105 Bg/1 [or about 0.0027 to 0.000027 Ci/ma], while at independent spent fuel
storage pools, the total activity of water is 1-2 Bg/1 (Philippov et al.
1989) .

6.5.4 OQOperations and Other Information

The handiing hall of the standard central spent fuel storage facility has
cranes with load capacities of 125 and 20 MT for handling spent fuel trans-
portation casks and their accessories. When the spent fuel is received from
nuclear power plants for storage at the central storage facility, the trans-
port cask is Tifted vertically and Towered into the unloading basin. After
unloading the spent fuel (in a single basket), the cask is remcved from the
basin, deccentaminated, and fitted with a new basket for the next spent fuel
load (Dubrovsky et al. 1982).

Spent fuel storage poo! operation experience shows that large-scale
decontamination of a pool is needed no more than once a decade. Such decon-
tamination is connected, as a rule, with repair or reconstruction of the pool.
Steam ejection and foam decontamination methods with the use of surface-
active solutions have been used successfully. The main problem in

decontamination of the pool is removal of radicactive sludge from the bottom.



At present, special robotized devices are being developed for these purposes
(Philippov et al. 1989). Spent fuel may be stored in ISFSI for periods of 25
to 50 years {Lehman 1989).

Spent fuel from Soviet submarines js reportedly stored in concrete
bunkers at the nuclear submarine base at Paldiski, about 1% km south of
Tallinn, Estonia (Nuclear Waste News 9/85). Naval reactor fuels were reported
in 1989 to be reprocessed at Kyshtym {NRDC 1989).

6.5.5 Research and Development

As of 1986, the Soviets were carrying out a test of dry storage of spent
fuel in a Castor V storage cask purchased from the Federal Republic of Germany
in 1984, Maximum fuel cladding temperature in tne two-year test is 300°C.

The cask was toaded with spent fuel in 1984 (Johnson 1986). The cask was
designed and has been undergoing testing for storing 12 VVER-1000 spent fuel
assemblies {ATW News 8/84; Johnson 1986). A GNS V transportation and storage
cask was purchased in 1989 from the Federal Republic of Germany, indicating
continued Soviet interest in spent fuel storage casks.(a)

6.6 MANAGEMENT OF THE NUCLEAR REACTOR ACCIDENT AT CHERNoBYL (P}

6.6.1 Summary

The Chernobyl Unit 4 Nuclear Power Plant (NPP), an RBMK-1000 reactor,
suffered a very severe accident with disruption of the core and the reactor
building on April 26, 1986. It was the source of extensive radiocactive
contamination of the plant site, the environs and remote areas. In a short
time the damaged unit was encased and isolated from the surroundings. The
graphite fire and powerful local heat releases were quenched and the core
debris condition stabilized.

The explosions and core destruction completely changed the fuel geometry
in the reactor. Management of the damaged fuel involved such operations as
picking up fragments of fuel and other radioactive materials dispersed at the

{a) Private communication with H. Baatz of GNS by K. J. Schneider, at PATRAM
conference, June 1989, Washington, DC.
{b) Taken from Rybalchenko 1988, except where noted otherwise.
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piant site, decontamination of installations and areas, transfer of the fuel
debris to the storage facilities and entombment of the damaged unit. Accord-
ing to Nikipelov {1989), 50 MCi were released while a value of about 81 MCi
{+50%) was reported by Nuclear News (10/86), which resulted in an evacuation
of 135,000 people. The accident heightened Soviet and Western publiic distrust
of nuclear power and launched a much more active anti-nuclear front in the
USSR, As a result of the Chernobyl accident, the Soviets introduced programs
on adding safety features to RBMK reactors (primarily more fixed absorber
rods, increased fuel enrichment to reduce the positive void coefficient,
quicker insertion times, and modifications to the partial containment system).
Training and safety requirements were increased and broad monitoring
activities were established,

6.6.2 BRBMK Fuel and Core Characteristics

The RBMK-1000 reactor, with an operating power of 1000 MWe or 3200 MWth,
is a haterogeneous thermal reactor of a channel type [the fuel is located in a
tube or "channel" that is isolated from the graphite moderator. The fuel
channels are interspersed in a regular pattern throughout the graphite block],
using J02 fuel of 1.8-2.4% enrichment. The reactor is cooled by boiling
water; the moderator is graphite. The design data on the RBMK-1000 reactor
are given in Table 6.2.

The fuel, in the form of UO2 pellets, is clad with a zirconium-niobium
alloy. The fuel pins are 3.5 m long; the fuel cassette is 7 m long. The RBMK
fuel cassette is comprised of two fuel assemblies (with a cylindrical cluster
of 18 pins), of which one fits on top of the other.

Fuel loading is done while the reactor is operating with a special fuel-
ing machine; from one to two channels can be reloaded daily. The fresh fuel
assemblies are transported to the reactor unit by a special railway car and
are suspended in the main hall before loading.

Spent RBMK fuel is unlcaded from the reactor into the at-reactor pool,
located in the main hall. After a three-year cooling period it is shipped
from the unit in special transport casks.



TABLE 6.2. Typical RBMK-1000 Design Data
Reactor Power: electrical (MW)
thermal {MW)

Coolant temperature: inlet (°C)
outlet (°C

)

Coolant flow rate (m/h)

Average mass vapor content, at fuel channel outlet (%)
Steam output (MT/h)

Steam pressure in separators {MPa)

Core dimensicns: height {m)
equivaleng diameter (m)
volume {m”)

Number of operating channels

Number of reactivity control and protection system channels
Number of fuel assembiies per channel

Number of fuel pins in assembly

Fuel cladding diameter (thickness), mm
Fuel cladding material

Maximum operating channel 0utpu§ (kW)
Total heat flux surface area (m")
Mass of uranium (MT)

Average fuel enrichment (%)
Average fuel burnup (MWd/MT)

Fuel operating life {d)
Mass of graphite (MT)
Maximum graphite temperature (°C)

{a) Reference: USNRC 1987.

6.6.3 Character of Reactor Core Disruption
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Before the Chernobyl accident, the core of Unit 4 contained 1659 [prior

to equilibrium operation when there was 1661] fuel cassettes with the average
burnup of 10.3 MWd/kg, 75% of the fuel from the first load having burnups of

12-15 MWd/kg.

As it is known, the major factor contributing to the accident was a

severe violation of operating rules by personnel [as well as critical design
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flaws], which put the reactor operation in an unsafe regime. Two explosions
occurred, which Ted to the destruction of the core and the reactor building.
Fires began and pieces of the core structures and metal construction, some hot
graphite and fuel were ejected from the reactor vault into the nearby com-
partments and out of the reactor building.

According to preliminary assessments, the fuel located within the reactor
building had a temperature of about 1600°C. The calculated dynamics of the
fuel temperature and fuel activity shortly after the accident were given in a
1986 report by Dr. Legasov.

The energy release shifted the 1000-MT reactor cover plate and relocated
it in an upright position within the reactor well. A1l the fuel channels, the
upper pipe interface and the lower water pipes were destroyed. The auxiliary
system: of reactor cooling and biological shielding were destroyed and
dewatered; the crane and refueling machine collapsed. The room that housed
the main circuiation pump electric motors was destroyed from the north side.
The structures of the main circulation pump rooms and downcomer wells were
unaffected.

The burning reactor became the source of the major radioactivity escape
to the environment. Initial estimates showed that about 3-4% of the fuel was
blown out from the unit either in the form of fragments or fine particles.

To stop this process, to mitigate the graphite fire, and to cool the core
debris, a variety of heat absorbing and filtering materials with the total
weight of 5000 MT was dropped onto the reactor vault from helicopters. The
materials inciuded: boron carbide {40 MT), dolomite (800 MT), clay and sand
(B0D MT) and lead (2400 MT). As a result, the reactor well was sealed off by
a Tayer of loose material and the radicactivity release rate fell to some
hundred Ci/d. To decrease the core temperature and to block oxygen access to
the core, nitrogen was fed into the lower part of the building.

These measures arrested the increase of temperature in the reactor vault.
Since then, the steady decline of the temperature began, and stable convective
air flow was established through the core space into the atmosphere above. To
prevent the possibility of the interaction of the core meilt with the concrete



reactor floor plate, a flat heat exchanger was installed beneath the
foundation of the building. This, however, was unnecessary because the
concrete plate was not melted through.

By the end of May 1986, the maximum temperature observed in the core
space was brought down to about 100°C, and since then continued to decline
steadily.

Since the reqgular measurement systems in the unit had been completely
broken, immediate diagnostics of the reactor state were organized. This
included radiocactivity measurements and infrared photography of the unit site
from airplanes and helicopters, as well as the chemical composition analysis
of the gases evolved. Later on, probes were inserted into the surviving pipe-
runs, and sensors were installed in the dewatered pressure suppression peol
{under the reactor) to measure neutron and heat fluxes, gamma radiation and
temperature. It was found that the temperature of the fuel fragments did not
achieve that of fuel melting. Since June [1986], the temperature in the area
of the reactor foundation did not exceed 45°C.

Preliminary assessment of the fuel distribution on the plant site showed
that some part of the core inventory had been located in the compartment under
the reactor and in the reactor well. Still another part had been ejected into
the reactor hall and the rooms containing steam-water lines. In a compartment
beneath the reactor, a large amount of melted sand was found; this contained
about 2% of the fuel inventory. In August 1986, stationary sensors were
installed to measure gamma radiation fields, temperature, air speed and heat
fluxes.

The sensors indicated:

Gamma radiation intensity (R/h)

in the reactor vault 103 :
in the area of the reactor foundation and around the core space 10°-10
Temperature interval (°C) . 30-50
Convective heat flux (kH/Q ) 10
Conductive heat flux (W/m") 200
Air speed {m/s), vertical 0.8-1.0
horizontal 0.5-0.8
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6.6.4 Entombing Unit 4 for localization of Damaged Fuel and Radioactive

Material

T¢ reduce radiation levels and to ensure safe conditions for the workers,
Chernobyl-4 was entombed using a method of stepwise sealing off of the damaged
unit from its periphery to the core. The construction sequence of the
"sarcophagus" containment structure included:

e concreting the area around the unit

» installing initial outer walls along the unit perimeter {at first a
load-bearing metal frame was erected, and then it was concreted with
the help of remotely controiled concrete pumps)

« installing a protective partition wall (concrete, flame-proof)
between units 3 and 4

e backing up the surviving monolithic wall {on the west side of the
unit} with a metal frame, with subsequent concreting of the inner
space between the wall and the new metai frame

e creating a cascade wall from the north side of the unit

o covering the roof of the main hall, the de-aerator room and damaged
compartments of the machine room.
It was reported in a NOVA broadcast that 340,000 m3 of concrete and 3,000 tons
of ste21 were used to build the "sarcophagus" containment structure, which was
28 stories high (NOVA 1989}.

The ventilation systems of the enclosure {natural convection and mech-
anical) are intended for residual heat removal. The exhaust ventilation
system consists of seven fans of 220,000 m3/h capacity {with three fans
operating). The natural ventilation proceeds through the bypass of the
exhaust ventilation system and has the capacity of 12-35 x 103 m3/h, depending
on weather conditions. Air exhausts are purified at the regular filtering
plant of Unit 4, and clean air is vented to the atmosphere through a standard
ventilation stack 150 m high.

A system for cooling the reactor foundation slab consists of registers
[cooling channel?] installed under the slab. The space between the register
pipes is filled with graphite to improve heat removal. The registers are
connected to the mechanical ventilation of Unit 3. The cooling system
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installed in the concrete slab under Chernobyl-4 has not been turned on
because it has not been needed, said Valery Legasov in April 1987 {(Nuclecnics
Week 4/87a).

The operation of the cooling system and the temperature regime of the
foundation are monitored with a system of 200 temperature sensing elements.

6.6.5 Radicactive Waste Management

Arisings of "high-level” solid wastes on the Unit 4 site and the sur-
rounding area consisted of a soil layer from the ground (150-200 mm thick},
equipment, fragments of structures and graphite blocks, fine fuel particles,
etc.

The following solutions were accepted for the disposal of the "high-
level wastes":

» The most active wastes were buried within the unit construction in
the course of entombing.

» The rest of the wastes were disposed of by shallow burial.

« Wastes of low and medium activity were transferred to a number of

storage modules which are being built and put to use as necessary.

Wastes of categories 1 and 2 are buried in shallow, trench-like facili-
ties, 100 m Tong (at the base}, 16 m wide and 4 m deep. The base and the
walls of the facility are shielded with a 0.5-m-thick Tayer of clay and water-
proof film. The loaded module is covered with a clay layer 0.5 m thick and
with a waterproof film. The facility site is surrounded with leakage control
wells.

Solid wastes of category 2 are stored in ferroconcrete forms with 150 m3

capacity, which are installed on a concrete foundation, equipped with protec-
tive screens and precipitation collectors. The forms, filled with alternate
layers of waste and concrete, are sealed off with ferroconcrete covers.

Trees that were highly contaminated were cut down and buried in concrete
bunkers, cars and trucks were buried, and 60,000 buildings were washed down in
an effort to reduce the spread of radioactivity (NOVA 1989}.
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The Soviets recently stated that post-Chernobyl cleanup is entering a
second Tong-term phase distinct from the more ad hoc and emergency measures
taken so far, International researchers will be able to study c1eanup'issues
when the much-talked-about accident research center in the critical zone opens
(ptanned for early 1990), and when "Kombinat" {(the monitoring-and-research
unit of the accident amelioration team) is reconstituted as a separate enter-
prise able to accommodate foreign scientists. USSR Deputy Director of the
World Association of Nuclear Operators (WANO) Vladimir Ivanovich Komarov said
the new Kombinat will remain independent of government and that it will "be
ready to consider any (research} proposal for the future" (Nucleonics Week
11/89a}.

The cleanup could be separated into the intensive stage from 1986 to 1989
and the Tong-term stage from 1989 to the year 2000. The first stage is aimed
at the accident sectors most dangerous to human life. "Contaminated objects
were Jocalized in the ‘reddish forest’ and ‘oid construction base’ sectors,

t

with a total area of 300 hectares,” and more than 4-million m3 of stightly
active solid radioactive waste was temporarily located at seme 800 points in

the nearer zone of the Chernobyl plant, Komarov said (Nuciecnics Week 11/89a).

Contaminated soil is reported to have been disposed of in clay-lined pits,
with two meters of clay below and one meter above the waste. Water access is
prevented by dikes. Their monitoring efforts, so far, have shown no leakage
{Lehman 1989}.

The Soviets have stated that there is no technology available yet that
can accomplish the goal of the second phase: permanent storage of the

4-million m3

of waste in temporary storage near the Chernobyl station and the
waste outside the 30-kilometer zone, where cesium-137 and strontjum-90 fallout
in high concentrations covers 10,000 sguare miles and weuld require removing

soil 3 cm deep.

The transition of radionuclides to soluble forms in natural objects can
already be observed in Byelorussia, Komarov said. "All the pasture land in
the zone of rigid coentrol is gradually becoming ‘dirty.’ The operational
methods of decontaminating natural objects {ploughing and removing contam-
inated surfaces) are gradually coming under suspicion. The processes of
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contamination ditution proceed more rapidly than was assumed," he said
{Nucleonics Week 11/89a).

Table 6.3 shows the estimated radionuclide release, calculated on May 6,
1986, aliowing for decay of short-lived radionuclides (Nuciear News 10/86}.
The Kombinat has installed a network of 100 sensors covering 2800 kmz, which
feed data to a computer center worth $500 million, purchased with some of the
contributions received from various countries. Another waste management

activity is the construction of a 30-meter-deep, 1-foot-thick sturry wall
around the Chernobyl station cocling pond, which is reported to be 15,000
meters long. As of the spring of 1987, 136 dikes and dams had been built to
prevent run-off from rivers (Lehman 1988).

JABLE 6.3. Estimated Release of Radionuclides from the Chernobyl Accident

Released Activity Released
{MCi) Percentage
Nuclide by May 6, 1986 by May 6, 1986
ég;Xe 45 up to 100
85 Kr -- up to 100
13§r 0.95 up to 100
I 7.3 20
132
134Te 1.3 15
13?Cs 6.5 10
99 Cs 1 13
95M0 3 2.3
10 r 3.8 3.2
106Ru 3.2 2.9
0Ru 1.6 2.9
%318a 4.3 5.6
144Ce 2.8 2.3
238Ce 2.4 2.8
239Pu 0.8E-3 3.0
240Pu 0.7E-3 3.0
41Pu 1E-3 3.0
542Pu 0.14 3.0
2Pu 2E-6 3.0
gg Cm 2.1E-2 3.0
9OSr 2.2 4.0
r 0.22 4.0
239, 1.2 3.2

Note: Estimated error + 50%
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6.6.6 Research Program to Assess Entombed Unit 4 Condition and Core

Debris Behavior

1he enclosure of Unit 4 was put into operation on December 1986. Since
that time, the condition of the unit entombment, as well as the core debris
and other radiocactive materials, has been closely watched and analyzed. For
this purpose, a complex research program has been developed and is being
implemented. The program includes the following parts:
1. "Condition” - aimed at diagnosing the current state of the unit and
predicting its future behavior based on data gathered from numerous

sensors that are installed along the perimeter of the unit and in
the inner space close to the bulk of fuel.

2. "Subcriticality" - experimental and calculation work with the objec-
tive to develop preventive measures against a chain reaction in case
¢f any movement or eventual destruction at the unit site. The work
is done by obtaining samples from boring 30 special holes from the
decontaminated compartments toward the zone of fuel location. The
samples, containing fuel and construction materials, are studied
thoroughly {metallography, physical-chemical properties, etc.). The
boreholes are also used to perform visual inspections (with TV or
optics), and to make assessments of radiation, neutron, gas and heat
flux parameters.

3. "Reliability" - studies aimed at assessment of the long-term

stability of the entombed unit, especially its structural elements.

In accord with geodesic observations, the settling of the buildings did
not exceed the existing specifications, which is evidence of structural sta-
bility. According to the conclusion of the experts, the main load-bearing
metal structures should have a service life of not less than 30 years. Moni-
toring of the radiation dose rate, temperature and heat flux has cenfirmed
that fuel has also achieved a stable condition.

fn All-Union decommissioning program was set up in the summer of 1987,
with the Research Institute for Nuclear Power, Moscow, having the Tead.
Professor Abigan is the leader of this activity (Johnsen 1983b).

6.6.7 Cancellation of Units 5 and 6

tnits 5 and 6 of the Chernobyl nuclear power station will not be com-
pletec, as stated by Andronik Petrosyants, chairman of the USSR State Commit-
tee for the Utilization of Atomic Energy {GKAE), in April 1987 in Moscow.

6.21



Valery Legasov of the Kurchatov Atomic Energy Institute, a teader in the
Chernobyl recovery effort, said on April 24, 1987, in Paris, France, that a
decision on whether to pursue construction of the last pair of units at
Chernobyl would "depend to a large extent on the quality of decontamination"
possible on the construction site. Thus, it can be deduced that the contam-
ination was considered too probiematic for the long-term presence of a large
construction force at the site {Nucleonics Week 4/87a).

6.6.8 Impacts on Local Public

In an interview in the Paris Daily Le Monde on April 24, 1987, Valery
Legasov said the maximum radiation levels at the Chernobyl site was measured
in milliroentgen per hour, compared with severa’ roentgen per hour or more
just after the accident. At present, radiation exposure rates at the Unit 1
and Unit 2 sites (by the staff facilities and office building) are in the
range of 0.5-0.7 mR/h and 3-7 mR/h, respectively. The aerosol concentration
is 10% of that permissible for RBMKs, and the average daily exhausts through
the ventilation stack are ten times below that accepted for normally operating
power plants.

Detailed data from "practically every European country" confirm the gen-
eral conclusion that the health effects of the Chernobyl radiation will not be
medically discernible, Legasov said. The Soviets estimated that some 300 mil-
lion people in Europe will receive a collective dose "not more than 1.3% above
background levels during 50 years as a result of the Chernobyl accident.
Internatijonal experts of the United Nations Committee on the Scientific
Effects of Atomic Radiation (UNSCEAR) have come to similar conclusions,
Legasov said. In the USSR, 360,000 people who "could have been exposed” to
much higher radiation doses are under permanent medical control, but "no
deviation (in their health) due to radiation has been discovered," he said.
0f 237 persons affected by radiation disease, 28 died [later changed to 31],
seven were discharged from their jobs with disability benefits, 65 have
returned to work, and the rest are completing medical treatment, he said
{Nucleonics Week 4/87b).

More recent information provides further details on human exposure.
Because the direction of winds in the days immediately after the accident
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described a 360-degree circle, the initial decision was made to evacuate the
poputazion from a 30-km zone around the plant. Eventually, areas with dose
rate lavels of 5 mR/h (50 pSV/h)(a) or higher were established as the zone to
be evacuated, with a special "reserved" zone inside the areas with 20 mR/h
(200 u3v/h} or greater radiation levels. The basis for Jong-term radiation
doses now adopted by the USSR Ministry of Public Health is to limit lifetime
doses to people in the affected regions to Tess than 35 rem (.35 Sv}. The
total area contaminated with cesium-137 at 15 Ci/km2 or more is about

10,000 kmz. During the first year after the accident, a total of 186 popula-
tion centers (with a total of 116,000 people) were evacuated (Nuclear News

5/89) .

To date, the populations of 14 villages have been returned (12 in
Byelorussia and 2 in the Ukraine}. The radiation levels in the southern part
of the 30-km zone are such that there are stil] more than 10 villages where a
safe return of the population may be possible. Work to monitor radiocactivity
and agricultural measures is continuing in these areas during 1583, and more
than 10,000 people will be invoived in decontamination work (Nuciear News
5/89).

According to interviews with Soviet officials at the Chernobyl site, a
total of 135,000 people were evacuated, 237 were treated for acute radiation
sickness and 1,950 chiidren were born after the accident from pregnant women
in the evacuation zone. Deaths from radiation were highest among the firemen,
who were the first on the scene of the accident and worked to put the fires
out (NOVA 1989).

According te an August 21, 1989, TASS dispatch from Minsk, 100,000 more
people in Byelorussia may have to be rehoused as a result of continuing
concerns about radiation levels following the Chernobyl accident. The dis-
patch said the additional cost of dealing with this and other recovery meas-
ures, estimated at 10 billion rubles, was almost equal to the republic’s
entire annual budget. There have also bheen reports that evacuation of about

(a) Dose rate figures in the article are quoted as roentgens, which for gamma
radiation are effectively the same as rem and have been converted here
into the equivalent sieverts.
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3000 people from 12 villages in the Bryansk region (Russian Federal Republic)
is planned {(NEI 10/89, p. 12). Although it was recently reported that at
least 250 people invoived in the accident, rescue and cleanup operations at
Chernobyl have died (Washington Post 1989e), the Soviets claim that this
inciudes natural causes of death and continue to only 1ist 31 deaths from the
accident. The Kombinat (see Section 6.6.5) is responsible for developing a

new town called Slavutich, where 8,000 people now live. The towns of
Chernobyl and Pripriat may not be reinhabited for another 70 years (Lehman
1989).

The Soviets recently told of the successful use of the iron compound
Prussian Blue in foodstuffs to reduce contamination following the Chernobyl
accident {Nucleonics Week 11/89b).

6.6.9 Cost of Accident Recovery

The Politburo of the USSR stated that the accident recovery program for
the Chernobyl accident cost $7 billion (U.S.), and the replacement power costs
were an additional 37 billion. The recovery costs include $1.6 billion for
compensation and additional costs for construction of houses and apartments
for the 135,000 evacuees {Nucleonics Week 1/88).
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7.0 FUEL REPROCESSING (EXCLUDING HIGH-LEVEL WASTE PROCESSING AND STORAGE)

Information on spent fuel reprocessing in the Soviet Union is
given in this section. Included are processing facilities and
svstems and related waste management information. [Note: Informa-
tion on management of high-level wastes from reprocessing is given
in Section 8.]

7.1 SUMMARY

During the creation of a Soviet nuclear industry in the 1940s, scientists
at the Khlopin Radium Institute in teningrad developed the technology of
plutonium extraction from irradiated fuel. By 1950, the USSR already posses-
sed the industrial technology to extract plutonium-239 from irradiated naturail
uranium. In 1952, work started to perfect a method of reprocessing the
irradiated fuel that would be discharged from the first nuclear power plant in
Obninsk {Semenov 1983). Subsequently, information on reprocessing was limited
to references to "ongoing research" and some "pilot-plant" studies. In 1989,
the Soviets indicated that a reprocessing plant, near Chelyabinsk [Kyshtym],
was operational in 1949 for reprocessing production reactor fuel, and then for
reprocessing VVER-440 and naval reactor fuel starting in 1978, according to a
report by the Natural Resources Defense Council (NRDC). Recent information
also mentioned a 1500-MT/yr reprocessing plant that was being constructed as
the first of several modules. Subsequently, it was announced that the 1500-MT
reprocessing unit, near Krasnoyarsk, was "postponed indefinitely." There are
no current plans to reprocess RBMK fuel and there are no plans for direct
disposal of the RBMK spent fuel.

The first fuel reprocessing method was based on slightly soluble sodium
uranyl acetate precipitation from nitric acid solutions. Fuel reprocessing in
the USSR now utilizes conventional chop-leaching of the spent fuel followed by
PUREX-type solvent extraction of uranium and plutonium. "Dry" [i.e., pyro-
chemicall reprocessing has been under way in Dmitrovgrad since 1984 and a
larger unit is now being built, accerding to the French nuclear agency.
Perhaps significantiy, much research is being done on partitioning high-Tevel
waste into element fractions. The Soviets appear to have the technology for
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removal of gases released during reprocessing operations; however, there is no
indication that it has been impiemented.

7.2 POLICY AND STRATEGY

The Soviets have not announced their shedule for additional reprocessing
capacity. Soviet reprocessing technology is similar to that used by western
nations: chop-leach head-end and PUREX solvent extraction. The Soviets have
emphasized the recovery of transplutonium elements and selected fission
products. Research and development includes studies of process and equipment
optimization, recovery of by-products from wastes, and reprocessing of FBR
(BN) reactor fuels {Nuclear Eurgpe 1-2/88}.

The USSR has reprocessed military spent fuel for many years and is also
reprocessing c¢ivilian spent fuel from VVER-440 reactors [at Kyshtym], includ-
ing fuel from Finland’s two Soviet-built VVER-440 reactors (Cooley 1989;
Nuclear Fuel 11/87), as well as naval reactors (NRDC 1989}.

The USSR policy has been to recover and recycle uranium and plutonium
from VVER-1000 power reactors on an industrial scale. Several reprocessing
plants were planned, each with a capacity of 1500 MTU/yr, to be erected one
after the other according to need. The need for reprocessing is determined by
the plutonium requirements for the Soviet FBRs (Nuclear Europe 1-2/88).

This policy appears to have changed recently when the Soviets indefin-
itely postponed completion of the reprocessing plant in Siberia. Construction
of the plant had been going on for at least 12 months when the decision was
made in mid-1989 to suspend the project. The plant, near Krasnoyarsk on the
Trans-Siberian Railway, was reported in July 1989 to be 30% complete. It was
to have reprocessed spent fuel from 1,000-MW Soviet-design PWRs ({VVER-1000s)
and "other reactors," Soviet officials have said (Nuclear Fuel 10/89a).

Soviet officials also said that the existing, smaller reprocessing facil-
ity, built originally for defense purposes at Kyshtym in the southern Ural
mountains near the city of Chelyabinsk, is much larger than western experts
earlier have believed and that it has recovered substantial amounts of plu-
tonium from Soviet PWRs over the last 10 years. A Soviet official said that
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the Kyshtym plant actually did reprocess 400 MTHM of spent PWR iuel one year,
but that over the plant’s 10-year "civilian" lifetime, throughput has averaged
about 200 MTHM/yr, during which time they recovered about 20 MT of plutonium.

O~iginally, PWR spent fuel was reprocessed in anticipation of a genera-
tion of large breeder reactors that were to follow the existing BN-600 at
Beloyarsk, which is not far from Chelyabinsk. However, due to a siowdown in
the Soviet fast reactor program compared with 1970s plans, the USSR announced
as long ago as 1982 that it was delaying large-scale reprocessing and building
additional away-from-reactor spent fuel pools. "There is a lot of research
going on" in the USSR into plutonium recycle, Alexander Protsenko said at a
1989 press conference in Vienna. However, manufacture of mixed-oxide (MOX)
fuel and recycle of plutenium in Soviet reactors "has been deferred at least
until early next century,” he said.

Protsenko later said that no final decision had been made on whether or
when the remaining Soviet spent fuel will be reprocessed. Both the existing
400 MTHM/yr reprocessing plant at Kyshtym and the now-suspended full-scale
[1500 MTU/yr] plant use the PUREX solvent extraction separation process used
in all reprocessing facilities in the West. Soviet officials said that spent
RBMK fuel is too high in fertile plutonium isotopes and too low in residual
uranium-235 to warrant reprocessing presumably because, to generate electric-
ity, the fuel has been taken to higher burnups 1like those typical in PWRs
(Nuclear Fuel 10/89a).

Thus, the current policy indicates that there are no plans to reprocess
RBMK fuel, as well as no plans for direct disposal of the RBMK fuel {Johnson
1989b). The final disposition of RBMK spent fuel remains undetermined at this
point.

7.3 FUEL REPROCESSING FACILITIES AND SYSTEMS

7.3.1 Facility Types and Characteristics

The capacity of the current USSR reprocessing piant (at Kyshtym}, which
processes spent fuel from the smalier Soviet power reactors [VVER-440s], is
40C MT/yr {(Cooley 1989). The NRDC reported in July 1989 that a "chemical

7.3



separation plant" was located at Kyshtym, based on a visit to that site. The
NROC reported that in 1978 the plant at Kyshtym shifted from processing
military production reactor fuel to processing fuel from Soviet VVER-440 power
reactors and naval reactors (NRDC 1989).

Additional information on fuel reprocessing in the Soviet Union was
released later in 1989, The "radicchemical" plant at Chelyabinsk [Kyshtym)]
was operational in 1949 to extract plutonium from military production reac-
tors. The first reprocessing method used sodium uranyl acetate precipitation
from nitric acid solutions [this explains the sources of acetate implicated in
the 1957 accident at Kyshtym, discussed in Section 8.7] {Drozhko et al. 1989).
This was followed by an jon-exchange process (Nikipelov et al. 1990}. The
Soviets’ basic fuel reprocessing methodelogy now appears to be the PUREX
liguid extraction process preceded by chop-Teaching of the fuel. In addi-
tion, separation of transplutonium elements, some rare earths, strontium,
cesium, palladium and technetium from high-level wastes is [apparently]
carried out or planned for (Pushkov 1984}, Separated cesium is used in Jarge-
scale industrial applications such as sterilization and "storage of food
stuffs," while strontium is used for "navigation gauges and instruments in
remote locations" (Lehman 1989).

It was further reported that in 1982, when spent fuel in casks was
received at the reprocessing plant [at Kyshtym], it was unloaded and placed in
lag storage, according to its fissile content, which was measured by gamma
and/or neutron radiation levels. When ready for reprocessing, a basket full
of spent fuel was moved to the hot cell where the end fittings were cut off
using a circular saw or arc saw. The end fittings were sent to burial, and
the remainder of the spent fuel assembiies were transferred to the cutting
machine for cutting into short pieces (Dubrovsky et al. 1982}.

As of 1982, dissolution of the chopped spent fuel rods was done in a
continuous vibrating dissolver or in a batch dissolver using a pneumatic can
discharge. Dissolver solution was clarified using a cartridge of metal-
ceramic filters and a centrifuge. The separation of uranium from plutonium,
as reported in 1982, was done in the first PUREX-type solvent extraction cycle
using a chemical reducing agent for plutonium. The final plutonium solvent
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extraction cycles may utilize a "refluxing type of flowsheet" to improve
plutorium purification and to aid in removing valuable elements, indicated to
be rare earths and strontium, and possibly cesium and others. Mixer-settlers
were Lsed to carry out solvent extraction. Centrifugal contactors were also
considered, but they required better manufacturing quality and more main-
terance and repair. However, these contactors may be more desirable in the
Tong run (Dubrovsky et al. 1982).

After solvent extraction, recovered plutonium was converted to plutonium
oxalate, followed by caicining to plutonium dioxide. Recovered uranium as
uranyl nitrate was converted to ammonium diuranate, followed by calcining to
uranium dioxide. If mixed oxides are desired for recycle fuel, ammonium
diuranate and plutonium hydroxide are mixed and calcined to the dioxides
{Dubrovsky et al. 1982; Sedov et al. 1988). Concentrates of rare earths and
strontium were [apparently] separated from the first cycle raffinate solution.
To accomplish this, the concentrated acidic high-level liquid waste solution
was first partially neutralized. The rare earths were recovered by solvent
extraction using tributylphosphate solvent, and strontium is recovered using
di-(2-ethylhexy)-phosphoric acid (DEHPA)} solvent in a diluent. More than 90%
of the rare earths and 95% of the strontium were recovered {Dubrovsky et al.
1982).

A Soviet reprocessing plant [presumed to be Kyshtym] was visited by a
Jjournalist, apparently in early 1989, with mostly nontechnical information
made available. A summary of the technical information is provided below
(Chert<ov 1989):

» The Director of the facility was V. K. Sazhnov.

o The facility’s location was not identified, but it requires a Jong
journey to reach it. The workers live in a specially built, well-
arranged city that is located on the bank of a huge Take. The city,
which used to be a "camp,” is not on the map nor on railroad or
airtine schedules. Multi-story houses and weli-filled stores are in
the city. The city, which is fenced in, is a drive of "some
distance" to the reprocessing facility.
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A number of gas discharge chimneys [i.e., stacks] were seen, with
smoke always pouring out of them. However, radicactive gases were
reportedly reduced to a minimum by cleaning with rigid and safe
techniques.

o Rail transport of spent fuel is preceded by about one hour by
another train that provides for inspection of the track and roadbed.
The special train is inspected every 150-200 km. The walls of the
cask are 376 mm of steel.

e The railroad "corridor" of the facility was visited. An assembly of
spent fuel that contains a "1ittle more than 100 kg of fuel"” was in
a transport container that weighed approximately 10 MT. [Note that
this is a very small "cask."]

o The spent fuel is removed from the cask [appgrent]y in air] and
placed in the lag storage pool with 20,000 m” of water.

e After lag storage in the pool, the metal casing containing the fuel
is separated. [It is not clear if this is spent fuel hardware,
cladding hulls or baskets.]

e The spent fuel, apparently one rod at a time, is placed on a channel
and cut with a mechanical saw that is handled by a manipulator.
This can be observed through a lead glass shielding window.

» High-level waste is vitrified in a special, remotely controlled

melter system. The melter system took 10 years to develop, and a

second cone is being built. The vitrified waste is poured into steel

canisters, three of which are in turn placed into another container.

The 1id of the larger container is welded on and the container is

moved to a storage area for monitoring for two weeks. Ffrom there

the can is taken to a long-term storage room.

A new reprocessing ptant to service the larger reactors (VVER-1000)} had
been under construction to have a capacity of 1500 MT/yr (Cooley 1989). The
NRDC atso mentioned, in its trip report from its visit to the Kyshtym site,
that a large facility for storing and reprocessing ¥VER-1000 and other reactor
fuels was located at Krasnoyarsk. The Krasnoyarsk reprocessing plant was
expected to be operational in the late 1990s, and its construction was 30%
complete by July 1989 (NRDC 1989). This now appears to have changed because

the plant construction has been "indefinitely postponed" as discussed above.

An industrial-scale fuel reprocessing plant [now indefinitely postponed]
for spent fuel from VVER-440 and VVER-1000 reactors was being constructed, as
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indicated by Sedov in 1988. It was also stated that the praui wdas aiso to
reprocess fuel from RBMK reactors {Sedov et al. 1988). The planned new
reprocessing plant was designed from experience in reprocessing fuel from
VVER-440 reactors. The plant already has a reception area with a storage
capacity of 3000 MT. The processing rate of the first phase of the plant was
planned to be 1500 MTU/yr. Subsequent phases were planned to add capacity in
increments of 1500 MTU/yr. In the head end, the fuel assemblies are broken up
by removing the top and bottom pieces and by cutting up the fuel rods (Nuclear
Europe 1-2/88). This is followed by dissolving the fuel inm nitric acid, and
filtering the solution in a "sleeve" of metal-ceramic filters (Sedov et al.
1988). The dissolution off-gases were to be scrubbed for retaining iodine,
carbon-14, and krypton. The classic PUREX process, with three cycles, is used
for recovery and purification of plutonium oxide and uranium nitrate (Nuclear
Europe 1-2/88).

Basic principles for design of fuel reprocessing facilities include
"unitizing" of equipment systems for easy remote replacement, development of a
critically safe dissolver feed centrifuge and critically safe centrifugal
soivent extraction contractors, computerized design, automated operation, etc.
Details of selected hardware and some facility design features have been
described. (Shevelin et al. 1988).

The fuel reprocessing facilities are [apparently] maintained by direct
contact, with redundancy of some key equipment and remote replacement of some
equipment (Dubrovsky et al. 1982).

7.3.2 Research and Development

Research and developmenti studies were under way in 1982 for separating
the trivalent lanthanides, strontium and cesium directly from high-level
1iquid wastes with 2-3 molar nitric acid. Processes were being studied that
use phosphine dioxide and bidentates as extractants to recover rare earths,
while the use of dicarbolide compounds were considered for recovery of cesium
and strontium. Also, as of 1982, future national demands indicated the desir-
ability of recovering technetium and paltadium from high-level liquid wastes
(Dubrovsky et al. 1982).
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Research and development is being carried out in (radiocactive and non-
radicactive) laboratory tests on reprocessing of spent mixed-oxide fuel from
FBRs. Experiments have been carried out in pilot plants with fuel exposed to
60,000 MWd/MT, aged about two years. Two-cyclie PUREX-type solvent extraction
studies have been performed in mixer-settiers and centrifugal contactors.
Tests were done on the use of uranium-1V for partitioning of plutonium from
uranium, degradation of the extractant, decontamination of the two product
streams, scrubbing of fission products, tritium distribution in the process,
and buildup and management of solids in solutions, etc. The conclusion
regarding centrifugal contactors is that they are favored over other contac-
tors for this service. Feed flow rates in the studies were up to about one
liter per hour, which is equivalent to a processing rate of about 4.8 kg/d of
heavy metal (Renard et al. 1988).

According to the French CEA, the USSR was operating a dry [i.e., pyro-
chemical] reprocessing "mini-pilot plant" (actually a large hot cell called
Fregate-1) at Dimitrovgrad in 1984. The feed for the facility was spent fuel
from the BOR-60 experimental FBR. A larger pilot facility, called Fregate-2,
was under construction with a capacity of 3 kg/h of short-cooled spent fuel.
The Soviets had not yet selected an industrial process for reprocessing
breeder reactor fuel. The process under consideration for a joint project
with the French involves melting of steel components at 1500°C, dissolving the
oxide fuel in fluoride, and separating the resulting uranium hexafluoride and
plutonium hexafluoride by crystallization. "Following resublimation, the
uranium and plutenium would be separated by reduction to the tetrafluoride
solids, while fission products would separate out naturally” (Nuclear Fuel
6/84).

7.4 FUEL REPROCESSING WASTE MANAGEMENT

Available information on activities and systems for the general manage-
ment of radioactive wastes from reprocessing in the Soviet Union is given in
this section. Final conditioning and management of all wastes, including
those from fuel reprocessing, is covered in Sections 8, 9 and 10. Final
conditioning and storage of high-level wastes is covered in Section 8,
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condi-ioning and storage of Tow- and intermediate-level wastes is addressed in
Section 9, and disposal of all wastes is covered in Section 10.

7.4.1 Systems and Activities

As of 1982, iodine-129 removal from dissolver off-gases was reportedly
done by the use of mercuric nitrate solutions, 1iquid silicones or caustic
solutions. Then the iodine passed through an adsorber using silver salts.

The caustic scrubbing also removed carbon-14. More than 95% of the tritium
remained in the solvent extraction raffinate and then followed the nitric acid
and condensate systems (Nikiforov et al. 1981b; Dubrovsky et ail. 1982).

As of 1988, the dissolver off-gas streams undergo treatment in a distil-
lation tower that uses a caustic solution reflux. The tritium is removed with
condensates, resuiting in the regeneration of nitric acid for reuse (Sedov
et al. 1988).

The quantities of Tiquid high-level, intermediate-level, and low-Tevel
wastes generated at fuel reprocessing plants were given as 0.7-1.0, 3-5, and
50-100 m3/MTU, respectively (GKAE 1978).

7.4.2 Research _and Development

The apparent scheme in 1981 for cleanup of fuel reprocessing off-gases
involvad removal of aerosols, radioiodine, and nitrogen oxides first. Then
the gas stream was to be dried and decontaminated of carbon monoxide, then
passed through a separation unit for removal of radiokrypton {Nikiforov et al.
1981b) .

Removal of krypton-85 from fuel reprocessing plants was being studied as
of 1981. The apparent preferred process was cryogenic distillation. It was
conceived that the radiokrypton gas would be stored in pressurized containers
for 150-200 years to allow for decay before releasing the materials to the
environment (Nikiforov et al. 1981b).

Experimental verification of removal of krypton from gas streams is being
carried out using Tow-temperature adsorption on activated carbon, absorption
in freon, and cryogenic distillation (Sedov et al. 1988}.
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As of 1978, R&D studies were under way for recovery of tritium in spent
fuel during fuel reprocessing. Two promising concepts were identified:
1) release of about 99% of the tritium from punctured spent fuel by oxidation
using humid air or oxygen at about 600°C for 8-12 hours; the resulting concen-
trate would have a volume of about 5-10 1/MT; and 2) recycle and concentration
of about 95% of the tritium in the aqueous phase from solvent extraction into
a volume of about 100-500 1/MT {INFCE WG 7 1978).
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8.0 HIGH-LEVEL LIQUID WASTE PROCESSING AND STORAGE

This section presents information on initial treatment and
storage of high-level liguid wastes generated at Soviet fuel reproc-
essing plants. It also presents information on final conditioning
and storage of conditioned high-level wastes. Information on the
1957 "Accident in the Urals” is also provided.

8.1 SUMMARY

Tne reference Soviet high-level waste (HLW) management plan is to store
the high-level liquid waste (HLLW) in tanks for 3-5 years, then process it
into glass logs in canisters with a voiume of 100-150 1/MT of spent fuel
reprocassed. The glass canister is then kept in air-cooled storage for 20-60
years followed by permanent disposal in a deep geologic repository. Vitrif-
ication may also be used for some fractions of the HLW streams resulting from
partitioning activities. Vitrification research started in the 1950s, and a
pilot plant capable of processing about 100 1/h of simulated HLW solutions has
been operational for 10 years (at Kyshtym}. A 500 1/h (feed rate) fully
radioactive facility (also at Kyshtym} operated in 1987-1988 and has produced
160 MT of HLW phosphate glass. Problems with the glass melter electrodes have
caused this radioactive facility to shut down, but a new design and plant are
being developed. Perhaps significantly, much research is being done on
partitioning HLW into element fractions.

The Soviets are studying a wide variety of waste forms for containing
HLW, with the primary emphasis on phosphate and borosilicate-based glasses.
Aluminophosphate and borosilicate glasses are also used to contain cesium and
strontium wastes, respectively. A variety of ceramic waste forms, including
"synthetic mineral" types, have been studied as well as metal matrix waste
forms. In parallel, many different processes are also being studied to
produce these waste forms, and transmutation is being assessed as a treatment
method for selected waste streams.

In the summer of 1989, the Soviets acknowledged an accident involving an
explosion in a HLW storage tank at Kyshtym in 1957.
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8.2 POLICY AND STRATEGY

System studies have been carried out to optimize the conditions for man-
agement of HLW. The range of overall optimum conditions is: 1) interim
storage of HLLW for 3-5 years before vitrification ["although 20-30 years of
HLLW {storage} is permissibie” (Nikiforov et al. 1988)1, 2) control the volume
of vitrified wastes to 100-150 1/MT, 3) size the diameter of the cylindrical
canisters for vitrified HLW to between 30-60 cm, and 4} provide interim
storage of the vitrified HLW for 30-60 years (20-30 years, according to
Drozhko et al. 1989) before disposal. The main reasons for the Tong-term
interim storage are to reduce the heat before disposal and allow time to prove
the safety of the disposal concept (Sedov et al. 1988). The Soviets are also
pursuing the partitioning of transuranium elements from HLW as part of their
strategy (Nikiforov et al. 1989).

In 1989, the Soviets expressed interest in the Australian Synroc waste
solidification process (Nuclear Waste News 11/89).

8.3 HIGH-LEVEL WASTE QUANTITIES

The quantities of liquid high-level, intermediate-level, and low-Tevel
wastes generated at fuel reprocessing plants were given as 0.7-1.0, 3-5, and
50-100 m3/MT of uranium, respectively {GKAE 1978).

8.4 HIGH-LEVEL LIQUID WASTE TREATMENT AND STORAGE

Information on initial treatment and storage of HLLW from fuel reprocess-
ing is given in this section. Information on final conditioning and storage
of solidified HLW is given in Section 8.5.

8.4.1 Facilities and Systems

In 1978, it was stated that in spite of intensive research on HLLW
solidification processes, interim storage of liquid wastes is used (GKAE 1978,
p. 60). HLLW is presently stored, after concentration in the reprocessing
plant, in stainless steel tanks equipped with cooling coils (NEI 6/88b}.

Y. P. Velikhov, Vice President of the Soviet Academy of Sciences, broke
the silence in December 1988 on the nuclear accident at a military complex in
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the Soviet Urals in 1957-1958 and stated that an accident had occurred.
Velikhov stated that he would try to find out what happened. In addition, a
Swedish researcher, C. Larsson, made public that sateliite photographs showed
that the accident may have been worse than the 1986 Chernobyl accident (Kyodo
12/88). This accident, which involved the storage of HLW at the Kyshtym site,
is discussed in detail in Section 8.7,

8.4.1.1 Description

As of 1981, HLLW was concentrated by evaporation in a natural circula-
tion evaporator. The concentrated wastes were put into interim storage in
stainless steel tanks [thus, the wastes are assumed to be acidic] and provided
with devices for waste heat removal, air purges for hydrogen dilution, and
outlets for emergency waste discharge, etc. (Pushkov 1984; NEI 6/88b). These
tanks have to be replaced about every 20-30 years (Nikiforov et al. 198la,
1988).

The tanks for interim storage of HLLW were sized to store from several
hundred to twelve hundred cubic meters of wastes in each. They were located
in groups that hold a total of about 7500 m3. The vertically oriented cylin-
drical tanks were contained inside concrete vaults Tined with stainless steel,
with leakage collection and monitoring sumps. The tanks had internal cooling
coils, air-driven circulating systems, and air purges to dilute the hydrogen
gas levels. The waste temperature was limited to 50°C (later indicated to be
50-60°C, Nikiforov et al. 1989) to reduce tank corrosion and evaporation. The
minimum depth to groundwater below the storage tanks was given as 10 m (GKAE
1978, pp. 61, 65). Nikiforov noted in 1988 that the HLLW storage tanks had a
volume of "a few tens to a few hundreds of cubic meters" (Nikiforov et ai.
1988). Storage up to 25-30 years is permissible in double-walled stainless
steel tanks having special trays to collect leaks due to corrosion. If longer
storage is required, the waste is transferred to "new reservoirs," where the
bottom must be not Tess than 4 m above the groundwater level (Nikiforov et al.
1989) .

8.3



8.4.1.2 Maste Characteristics

As of 1978, the HLLW stream from VVER fuel reprocessing contains about
1.5% of the original uranium and about 3% of the original plutonium. The
concentrated solutions contain about 1,000 Ci/1, inciuding about 2 Ci/1 of
alpha radioactivity (GKAE 1978, pp. 13, 59).

8.4.2 Research and Development

The development and testing of extraction methods for the recovery of
actinides from HLLW appeared to be well under way by 1979 in the Soviet Union.
One of the methods, developed by Shevchenke, involved the use of di(2-ethyl-
hexyl) phosphoric acid {DEHPA). The overall flowsheet was as folliows:

o co-extraction of Am, Cm, Sr, and rare earths with DEHPA
¢« stripping of Sr with diluted nitric acid

« stripping of Am and Sr with Tactic acid and sodium diethlyene-
triamine pentacetate

« stripping of the rare earths with nitric acid.

It appears that this method was not suitable for partitioning HLLW, and the
Soviets later developed a better method using tri-butyl phosphate {TBP). They
have tested these methods at the Kholpin Radium Institute using HLLW from the
reprocessing of VVER spent fuel. A processing rate of 5 1/d was accomplished
using gravity-flow mixers-settlers with pulsed mixing and transfer of liquids.
They bhave also studied actinide partitioning using phosphonates, phosphinates,
phosphine oxides, arsine oxides, and amides of carboxylic acid (Galkin 1979).

The developmeni of a process for processing HLLW to separate some of its
constituents is considered to be one of the more urgent issues in fuel reproc-
essing and waste management (Afonin et al. 1988). Radiocactive studies are
being carried out on HLLW processing flowsheets to separate the waste into
individual fractions of the fission products cesium, strontium, rare earths,
and the transplutonium elements. It was stated that the separated fractions
can be immobilized into monolithic glasses or ceramics or beads in a metal
matrix [similar to the Belgian-German "Vitromet" process], thereby reducing
the final volume for disposal significantly.
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One promising separation concept uses a solvent extraction system that
has a polyhedral carborane complex of cobalt dicarbolyde {ChDL) in a mixture
with a polar diluent such as nitrobenzene and poiyethylene giycol. A pilot
plant has demonstrated separation of about 300,000 curies each of cesium-137
and strontium-90 from several tens of cubic meters of acid HLLW, with decon-
tamination factors of cesium and strontium from other elements of about 500
and strontium from cesium greater than 1000 {Aloy et al. 1989), It also
appears possible to separate the transplutonium and rare earth elements into
individual fractions (Afonin et al. 1988}.

8.5 HIGH-LEVEL LIQUID WASTE SOLIDIFICATION AND INTERIM STDRAGE

Vitrification is considered to be the most promising method of condi-
tioning HtW. The process has been comprehensively studied, resulting in the
development of one-stage and two-stage versions of a "highly productive"
process of vitrification (Semenov 1983).

Processes converting HLLW to a solid using a fluidized bed calciner, a
spray calciner, a rotary evaporator, and ceramic and induction-heated batch
and continuous melters have been studied. The Soviets appear to have decided
on making phosphate and borosilicate glass-Tike HLW forms in a single-stage
calcining-ceramic melter, crystalline HLW forms using a calciner and induc-
tion-heated melter, and the possible use of a microwave melting system
(Kedrovsky et al. 1987; Nikiforov et al. 1988). Following problems with a
fulls radioactive single-stage ceramic melter, the Soviets are developing a
new ~“wo-stage vitrification process (Cooley 1989). An overview of the major
solidification systems is given in Fiqure 8.1 (Nikiforov et al. 1988).

8.5.1 Solidification Facilities and Systems

8.5.1.1 Description

In 1989, it was reported that HLW solidification techniques were
deve oped during the mid-1950s in the USSR. After 10 years of testing a
vitr-fication unit capable of processing 100 1/h of simulated HLW solutions
[as well as experience with other test units], a fully radiocactive facility
[at Kyshtym] with a HLLW processing capacity of 500 1/h [feed rate] was put in
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operaticon during 1987. The phosphate glass is poured into mild steel can-
isters, three of which are then placed in a container 0.63 m in diameter by
3.4 m in height (Drozhkc et al. 1989; 30-60 years, Sedov et al. 1988). The
pour vessels (canisters) are sealed with welded 1ids {Cooley 1989). The 1id
of the larger container is welded on and then moved to a storage area for
monitoring for two weeks. From there the containers are taken to a long-term
(20-30 years, Drozhko et al. 1989) storage room (Chertkov 1889). These larger
containers are stored onsite at the reprocessinc plant using forced air cool-

ing followed by passive air convection cecoling (Cooley 1989).

The 500 1/h vitrification facility was shut down in 1988 (presumably due

3 0f HLLW which was
converted to 160 MT of phosphate glass containing 3.9 X 106 Ci {This

corresponds to about 10 MT of PWR fuel of 33,00C MWd/MT burnup at 10 years
age) (Drozhko et al. 1989). In a recent presentation, A. S. Nikiforov noted
that 66 MCi of waste had been vitrified, and glasses produced having

to glass meiter electrode probiems) after processing 1000 m
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activities up to 40 Ci/1.(2} A new vitrification facility is now under
construction (Drozhko et al. 1989}, and expected to be started in 1990 using a
melter of different design (Cooley 1989).

Apparently, as a result of the Soviets’ unfavorable experience with the
one-stage melter in their production facility, they are developing a iwo-
stage process that calcines the waste first in a rotary calciner (similar to
the French AVM process). The pilot unit for this two-stage process is
operating at the All-Union Research and Scientific Institute of Inorganic
Materials in Moscow, with a capacity of 5-8 1/h of giass (Cooley 1989).

Recent information indicates that there may also be a solidification
facility near Krasnoyarsk. According to E. I. Mikerin, the 1957 accident at
Kyshtym forced the center’s managers to begin removing the waste from storage
tanks, and arrange for the wastes to be shipped to a special plant in the
central Asian city of Krasnoyarsk, "where they are mixed with glass for long-
term storage" (Washington Post 1989d).

8.5.1.2 Solidified Waste and Containment Criteria and Characteristics

High-Tevel waste and waste packages for disposal must meet the following
requirements:

« the wastes must be solid, they must meet specifications, and the
composition must be well defined

» the solidified wastes must be durable and have long-lasting physical
stabitity

» waste packages should allow for safe transportation and disposal
operations

» waste package materials must not have future value

» the chemical composition of the wastes must prevent the formation of
harmful chemical elements and must not allow for microbiological
processes to occur when in the repository; the harmful characteris-
tics or factors are:

(a) Presentation by Nikiforov at the 1989 Joint International Waste Manage-
ment Conference October 22-28, 1989, Kyoto, Japan (based on notes taken
by K.J. Schneider [PNL] who attended the conference}.
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-radiolytically formed gases

-chemical reactions between the waste package and surrounding rocks
-combustible or explosive materials

-presence of moisture

» waste package properties must not induce changing rock characteris-

tics and must not cause failure of sealing properties of the host

rock (Kedrovskiy et al. 1989},

Phosphate glasses have received much attention, but studies have shown
concerns over thermal stability and chemical durability. Geologic disposal of
wastes with a thermal output of 10,000-40,000 N/m3 are referred to, which
require disposal in a geologic medium having a high thermal conductivity, such
as granite, salt, and basalt. High-Tevel waste glass blocks of Tess than
0.6 m in diameter are mentioned. Ceramic materials with a loading factor
twice as high as glasses are also being considered as a waste form. Ref-
erences are made to glasses with a specific activity of 1,000 Ci/1 {Kulichenko
et al. 1979; Nikiforov et al. 1988).

8.5.1.3 Research and Development

The USSR has carried out significant R&D on HLLW cenditioning and vitri-
fication since the mid-1950s. Incomplete information has been published in a
number of places on parts of this work. As a result, this subsection is a
compilation of known R&D; a consistent chronology and progress of the work was
not possible.

The most studied concept for solidification of HLLW is conversion to
phosphate or borosilicate glass using a ceramic melter without pre-calcina-
tion. In addition, two-stage vitrification methods, with the first stage
calcination process being performed with a "boiling-Tayer" [fluidized-bed
calciner], a spray "atomizing" calciner, and horizontal and vertical rotating
calciners have been studied. Induction- and microwave-heated melters are also
being considered. Due to its sensitivity to waste composition, the "boiling-
layer" calciner approach has been recentiy dropped {Sedov et al. 1988;
Nikiforov et al. 1988). Studies are under way tc produce ceramic materials by
the "widely used method of extrusion of puddled clay followed by dewatering
and firing using a microwave generator" (Nikiforov et al. 1989).
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processing temperature of 950-1150°C. A total of 134 m3

was produced {McElroy 1989).

of phosphate glass

£s of 1979, the USSR had another nonradioactive pilot vitrification plant
(termed KS-KT-100) in operation for five years. The process used a fluidized-
bed calciner and an induction-heated, batch melting ceramic crucible/container
to make and store the phosphate glass. The process was for HLLW with high
aluminum and sodium content. Molasses was added to the feed solution to the
pre-evaporator/denitrator to reduce ruthenium volatilization. Batches of
glass weighing 160-180 kg were produced in 8-10 hours at the rate of 20 1/h,
with a simulated HLLW feed rate of 100 1/h (Davydovy et al. 1976; Sombret
1979). It appears that the single-stage vitrification unit discussed pre-
vious y was developed in order to simplify the solidification process relative
to the KS-KT-100 unit {Kondratyev et al. 1976). A scaled-up version of the
KS-KT-100 has been developed and tested. At a calcination temperature of 350-
400°C and a fluidization rate of 1.5 m/s the "output™ of the facility was
100 1'h of initial solution, 65 1/h of evaporated solution, and 20 kg/h of
glass. A series of tests, lasting 1200 hours, has been carried out which
showed the feasibility of this two-stage method of vitrification using phos-
phate glass. A total of 42.5 m3 of solution was processed and 5685 kg of
glass were obtained in 39 crucibles (McElroy 1989).

Another two-stage process was being developed in 1979 for solidification
of transuranic waste fractions from HLW. The transuranic solution concentrate
was calcined in a horizontal rotary tube calciner, then made into a ceramic
using pulped natural perlyte clay in "commercial equipment commonly used in
the ceramic industry.” Small ceramic cylinders of 10-12 mm in diameter and
height were made by drying, annealing and sintering in a resistance-heated
electric furnace under about 400 atmospheres pressure and 1000-1300°C. The
ceramic contained 30-40% transuranic waste, and exhibited 25°C leach rates of
2-7 x 10°° for radiocesium and 1.5-5.5 x 1078 g/cmz/d for americium (Aloy
et al. 1988, 1989; Nikiforov et al. 1988).

In 1981, the Soviets were also considering producing HLW glass beads for
incorporation into a matrix of metal or ceramic (Atomnaya Energia 1981}. By
1984, it was noted that techniques had been developed to incorporate waste
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into glass or crystailine materials and to embed solidified wastes into metal
matrices. Blast furnace slags for use as a base material for producing
pyroxene-1ike materials for embedding HLW were being considered {Pushkov
1984). The Soviets noted that in 1979 5102 was added to blast furnace slags
to produce pyroxenes, to which was added "wastes from reprocessing BN spent
fuel.” The mixture was melted at 1300-1350°C and produced a material of high
strength and durability. Wastes from BN spent fuel reprocessing were charac-
terized by a high content of iron oxides {20-25%), alkali metal oxides {~20%),
and rare-earth element oxides {~20%) (INFCE WG 7 1979).

It appears that work on variations of the ceramic melter process was
continuing in 1981. Nikiforov notes that work was being carried out on
converting HLLW to phosphate glass in the "first stage” and to borosilicate
glass in the “second stage.” For making phosphate glass, the simulated HLW
concentrate contained 240 g/1 aluminum nitrate, 125 g/1 sodium nitrate, 120-
130 g/1 orthophosphoric acid, and 90-150 g/1 molasses. The simulated waste
was fed to a fluidized-bed calciner operating at about 400°C. The calcine was
then melted (Nikiforov et al. 1981b).

A vitrification piant for HLLW from reprocessing 5 MT/d of VVER spent
fuel was stated as requiring a HLLW feed rate of about 200 1/h. [This indi-
cates a HLLW volume of about 1000 1/MT of reprocessed spent fuel.] {Nikiforov
et al. 1981a).

Further information on ceramic melters, indicating their continuing
development, was given in 1988 by Nikiforov. An experimental ceramic melter
apparatus {this may be the same unit, or a modified version of the one dis-
cussed by Konstantinovich and Kondratyev in 1976 and Nikiforov in 1981) with a
productivity of up to 100 1/h (feed rate) was reported to have been operating
for ten years. The material chosen for the melting unit was a high-clay
(alumina) zirconium refractory (called "Bakor"). Electrodes of molybdenum and
various altoys have been tested as well as tin oxide. Phosphoric acid is used
as the flux to obtain a glass-like phosphate material and the boron-containing
mineral datolite is used to obtain a borosilicate material. At the same time,
a reducing agent, molasses, is fed into the melting unit. It has been shown
that the loss of 106Ru from the melting unit is up to 5%, that of B7cs s up
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to 0.6%, and that of 905r and rare-earth elements is 0.2-0.4%. A foam layer
forms when the sclution reacts with molasses, which plays a significant role
in reducing entrainment of radionuciides [particularly of ruthenium, as noted
by Cooiey 1989}, The reaction occurs with the Tiberation of heat, which
allows the specific energy consumption to be reduced from 1.7-1.9 to 0.8-1.0
per kW/h per }iter of HLLW processed. In laboratory conditions, it has been
shown an "actual wastes” that the behavior of alpha-emitting radionuclides is
analocgaus to the behavior of gOSr. The presumed working 1ife of the basic
apparatus {(melting unit) is up to three years {Nikiforov et al. 1988).

A radicactive bench-scale unit (called "Grom-1") was reported in 1988 to
be operating to convert 5 1/h of radiocesium and radiostrontium concentrate
fractiosns from HLLW into either monolithic glass or glass beads in a metailic
matrix. The solidification system inveives conventional evaporation and
denitration, thin-film rotary evaporation, and melting in a ceramic crucible
in a rasistance-heated furnace at 1000-1100°C for no more than three hours.
Radioczsium is converted to a poilucite-1ike aluminophosphate glass ({specific
gravity 2.8-3.3 g/cm3) with up to 30-50% of cesium oxide at 40-55 Ci/cm3.
Leachi1g of the glass is in the range of 2.5 x 1077-6.5 x 107% g/em?/d.
Radiestrontium is converted into a borosilicate glass {specific gravity 3.5-
3.7 g/:m3) containing over 50% strontium oxide. "Vitromet"-type solids have
been made by placing a basket of glass beads in a container of molten metal
and using a vacuum to pull the meit around the beads. Metal matrix materials
used ware commercial zinc, aluminum allioys, and lead. Also, ceramic waste
forms :hat showed very good leach rates were made using natural ciays (i.e.,
perlytz). Other characteristics are being evaluated (Aloy et al. 1989, 1988).
It was further noted that units had been developed which used synthetic HLW at
a feed rate of 2 1/h to produce 5 mm glass granules for metal matrix waste
forms which are intended for use on small volumes of high-activity wastes
(Nikiforov et al. 1988}.

I was reported in 1989 that actual HLLW was being vitrified in a one-
stage melter. This radioactive unit had been operating for two years, and
another test unit had been operating for six years {(Cooley 1983). The fully
radioactive one-stage melter that had been operating for two years was further



discussed by Drozhko Jlater in 1989. A radioactive facility [at Kyshtym] with
a HLLW processing capacity of 500 1/h was put in operation during 1987. The
melter was made of a high-alumina zirconium refractory, was heated using
molybdenum electrodes, and used orthophosphoric acid as a fluxing agent with
molasses added to reduce radionuclide entrainment to the off-gas system. The
phosphate glass is poured into canisters, three of which are placed in a con-
tainer 0.63 m in diameter by 3.4 m in height. The pour vessels {canisters)
each contain 200 Titers of HLW glass (Drozhko et al. 1989) and are sealed with
welded 1ids (Cooley 1989}). The HLW vitrification facility was shut down in

3 of
1iquid HLW, which was converted to 160 MT of phosphate glass containing 3.9 x
106 Ci [This corresponds to about 10 MT of PWR fuel of 33,000 MWd/MT burnup at
10 years age] {Drozhko et al. 1989). More specific data indicates that 998 m
of HLW containing 3.87 MCi were vitrified into 162 MT of phosphate glass which

1988 (due to glass melter electrode problems) after processing 1000 m

was contained in 366 canisters yielding 122 containers. Further details of
the fully radicactive metter, as well as canisters and containers, are as
follows (McElroy 1989):

MELTER DATA

Maximum power requirement, kW ....... ... ... ... . i, 1520

Maximum temperature, “C ... .iieit e innnn.. 1200

Qutput of solution, 1/h .....  CRRR TR TR PP PRPRRPRRES 400 + 100

Single bhatch of glass melt, m> ... ... ... . . .t 0.2

Electrode material ...t i e mo 1 ybdenum
Specific electricity coasumption, KW x h/1 ... i, 2.0

Area of melting zone, Mo oot 10.7

Area of storage zone, m™ ... . . .. e 1.8

Level of glass melt in furnace, m ........... ... . ... oo.... 0.35-0.45

Qutside dimensions of furnace, mm ......... ..o viinennn.. 9480 x 4200 x 3200
Number of electrodes .......coiiiimeiiiiiiiiiiiiiiiiinnennn 56 (4 groups of 14)

CANISTER_DATA

D aME Y, M oottt ettt it et e e 575

Height, mMm ... e i i et tee e iianaennan 1000

Overall volume, 1 ... iere ittt e et aenianann 220

Useful volume, 1 ...ttt ittt iieannn 200

Mass of canister with glass, kg ..........co e, 615 + 35
Canister material ...t i i i e e e e aaaen Carbon steel
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CONTAINER DATA

Diameter, MM ... e i i e e et 630

Height, mm ... i it ittt e ancann s 34900

Mass of empty container, Kg .......ccciiiiiriiiininnnnnn . 500

Mass of full container, Kg .......coiiiirininiininnnnnnns 2350 + 100
Container material ............. e e Carbon steel
Permissible temperature of container walls, °C ........... 200

Evidently, considerable difficulty has been encountered with the fully
radicactive melter. The water-cooied molybdenum electrodes in the melter have
corroded and other problems have arisen that were not described (Cooley 1989).
It was further stated that the melter shutdown was due to a "failure of the
system for water cooling the power leads supplying the furnace eiectrodes™
{McETray 1989). The Soviets also acknowledged difficuity with noble metal
precipitation in their production HLW melter, but claimed that they knew how
to soltve it and had the problem solved. One solution mentioned was to remove
the nohle metals before the vitrification step. They also claimed that they
use multiple feed ports as a method to gain better chemical reactions and
mixing in the melter but it is not clear that this was the "solution" to the
noble netals problem. The HLW melter is designed to process either phosphate
gtass »r borosilicate glass {note that this approach was mentioned by
Nikiforov in 1981). A moderately low operating temperature of 900°C is used
when processing the phosphate glass. The glass components are added as a
solid naterial when processing borosilicate glass and as a liquid when pro-
cessinj phosphate glass. Apparently, denitration is not used prior to feeding
the waste to the melter (Cooley 1989).

A new HLW vitrification facility is now under construction that will
vitrifs ILW and HLW combined waste streams. The ILW streams are intended to
play a2 role in a fluxing agent (Drozhko et al. 1989). Another melter of a
different design is expected to be started in 1990 {Cooley 1989).

The Soviets are now developing a two-stage process that calcines the
waste “irst in a rotary calciner {similar to the French AVM process). The
pitot unit for this two-stage process is operating at the All-Union Research
and Scientific Institute of Inorganic Materials in Moscow with a capacity of
5-8 1/h of glass {Cooley 1989). Research and development is being carried out
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there as well to develop longer-lasting electrodes in joule-heated melters for
incorporating HLW into phosphate and borosilicate glass. The normal molyb-
denum electrodes corrode at a relatively rapid rate in the radioactive pilot
plant at the All Union Scientific Research Institute. The high corrosion
rates occur largely because of the sulphur and iron content {1.2 and 10.0 wt%,
respectively) of the glasses. Test electrodes with tin oxide or metallic
chromium-based alloys offer improved corrosion resistance at the temperatures
of 1100-1150°C encountered {Polyakov et al. 1989).

Continued work on refractories, electredes, and electrode lead materials
for ceramic melters was reported in 1990. Various combinations were tested to
determine optimum material combinations at operating temperatures. Refrac-
tories included zirconium and aluminum oxides {(known as Bakor 33 and 41) and
chromium and aluminum oxides {known as XAU-30), molybdenum and tin dioxide
were tested as electrodes, and Monel metal (70% Ni, 30% Cu) and a nickel-
based alloy (70% Ni, 15-17% Cr, 13-15% Ti) were tested as uncooled, electrical
connector lead materials for the electrodes. The nickel alloy was chosen as
the best Tead material. The XAU-30 brick was the most corrosion resistant in
the glass melts but, probably due to their higher electrical conductivity,
these refractories showed the highest corrosion at the interface between the
electrode and the refractory. It was stated that further R&D would be needed
on electrodes and refractories (Borisov et al. 1990).

Research and development activities were reported to be under way in 1989
on making HLW ceramic (mineral-like) materials using a two-stage process
involving a water-cooled metal crucible with high-frequency heating (1.76
megahertz at 160 kW power) which produces temperatures of 1200-1700°C. The
development work shows that "crystal glass" and mineral-like materials of
pyroxene, pyrosilicate, titanate, titanium silicates and garnet types can be
produced that incorporated 15-25% fission product oxides, which have a density
of up to 3.7 g/cm3, and a radionuclide leaching rate 2-3 orders of magnitude
lower than borosilicate glasses. The process is continuous, and to reduce the
entrainment of radionuclides in gases, a layer of calcine and flux is always
available at the molten material surface {Nikiforov et al. 1989). Interest in



this type of solidification process is also evidenced by recent Soviet discus-

sions un the Australian Synroc process (Nuclear Waste News 11/89).

Analysis of this work showed that the development of a small-size "cold
crucib-e" made of stainless steel, and remotely replaceable, could be an
effect-ve process for melting the waste. An important factor was the short
period of time a molten mass remains in the meiter {up to 30 minutes at
1500°Cy, which practically excludes its separation even at a high content of
platinum and transpiutonium elements. However, a melter of this type can be
only used if the solution is pre-calcined or dried and this complicates
significantly the instrumentation of the process as compared with the process
using a ceramic melter (Nikiforov et al. 1989).

In a recent presentation, A. S. Nikiforov noted that 66 MCi of waste had
been vitrified, and giasses produced having activities up to 40 Ci/].(a)
Tests have also been performed on HLLW and plutonium and americium concen-
trates from VVER and BN reactor fuel reprocessing which showed that alpha-
emitters did not form volatile compounds and additicnal gas-cleanup units were
not required (Nikiforov et al. 1589),

Tae Soviets are also studying transmutation as part of their HLW manage-
ment strategy. Calculations have been made showing the "nearly compiete"
transfarmation of strontium-90 and cesium-137 into short-lived isotopes in a
018 2—5 for 10 hours. It was stated that "One fusion
reactor 1s quite enough for the transmutation of cesium and strontium obtained
from tne cperation of more than 100 VVER-1000 reactors™ (Nikiforov et al.
1989).

neutron flux of 1 n/cm

8.5.2 Solidified High-Level Waste Storage Facilities and Systems

Interim storage of solidified HLW and ILW is considered necessary to
reduce the heat generating rate before disposal. Also, storage is planned
until the safety of ultimate disposal is proven and a disposal facility is
operating (Sedov et al. 1988; Kedrovskiy et al. 1989).

(a) Presentatijon by Nikiforov at the 1989 Joint International Waste Manage-
ment Conference October 22-28, 1989, Kyoto, Japan {based on notes taken
by K. J. Schneider [PNL] who attended the conference).
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In the early 1980s it was stated that the time of residence of solidified
wastes in an interim subsurface storage facility depends on their initial heat
release. Wastes with a high heat release require a six-year retention. As
the heat rate of the solidified waste declines due to aging, the storage "pit"
can be transformed into a "burial facility," chamber by chamber, but the
capability for removing and loading the waste canisters in shipping casks for
transfer to the deep geological repository will be maintained (Nikiforov
et al. 1981b; Sedov et al. 1983; Semenov 1983).

More recent information indicates that the containers with three can-
isters of vitrified HLW from their production facility are stored onsite at
the reprocessing plant (Kyshtym) using forced air cooling followed by passive
air convection cooling. It is planned to store the solidified HLW until the
heat release is reduced from radioactive decay by a factor of up to 10 before
disposal (Cooley 1989), which has been stated as between 20-60 years {Sedov
et al. 1988; Drozhko et al. 1989). Nikiforov recently indicated that
vitrified wastes are kept in an air-cooled storage facility "adjacent to the
ceramic melter building” {Nikiforov et al. 1989).

According to E. I. Mikerin, the HLW tank accident at Kyshtym in 1957
caused the removal of the waste from storage tanks for shipment to a special
plant in the central Asian .city of Krasnmoyarsk, "where they are mixed with

glass for long-term storage" (Washington Post 1989d}.

8.5.2.1 Description

As of 1981, designs were being developed for interim storage of vitrified
HLW with the following characteristics:

« The facility was to have the storage capacity for five years’
production of glass.

e The facility was to be at ground level above the water table.

« The facility was to be adjacent to the waste vitrification plant and
connected to it with a structural transport corridor.

o Containers with vitrified waste were to be emplaced using a remote-
controlled crane with a capacity of 5 MT.

e The storage vault was to be Tined with stainless steel.
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e The vitrified waste containers were to be readily retrievable
(Kondratyev et al. 1979; Nikiforov et al. 198la).

8.5.2.2 Research and Develcpment

In 1978, conceptual designs and cost analyses had been developed for
three types of facilities for interim storage of vitrified HLW with heat
generaltion rates of 104—105 w/mB. In the first concept, air cooling of
stacked canisters would be carried out in individual tubes with air flowing
directly past the canisters; in the second concept, air cooling of stacked
canisters would be done in individual tubes with air flowing outside of the
protective storage tubes; in the last concept, water cooling would be used for
canisters stacked within tubes in a water basin. Air cooling is stated as
being the most economical for heat generation rates up to about 5 x 104 H/ma.
For heat generation rates above 10° H/mB, water cooling is required {GKAE
1978, p. 35).

8.6 COST _INFORMATION

A 1978 estimate for a facility for solidification of HLLW from reproces-
sing 5 MT/d of VVER fuel indicated that the capital cost would be 15.1 million
rubles and the operating costs would be 2 million rubles/year. The plant
would process 1500 m3/yr of liquid wastes. Operating costs for storage of
HLLW as 1liquids in tanks were indicated to be about 12% higher than operating
costs for vitrification, and capital costs were about 2.2-fold higher than
those for vitrification. It was cautioned, however, that the vitrification
costs were based on early data and analysis {GKAE 1978, p. 63). The cost of
vitrifying HLLW is about 12% Tower than that of storing it in tanks. The
capital costs for vitrifying a unit volume of HLLW are a factor of 2.2 lower
than for storing it. Storing HLLW requires replacement of the storage tanks
every 20-25 years (Nikiforov 1981a). The distribution of costs for HLW
management, exclusive of waste disposal, were given in 1983 as follows:
receiving, neutralization and storage, 25-35%; solidification, 40-60%; interim
storage of solidified HLW, 10-15% {(Sedov et al. 1983). The costs of solidi-
fication of HLLW have been more recently stated to be 40-60% of the cost of
treatment, solidification, and subsequent interim storage of HLW, with the



capital costs for these three stages {(excluding geologic disposal}, amounting
to 2-3% of the total capital costs of the entire nuclear fuel cycle (Nikiforov
et al. 1988).

8.7 ACCIDENT IN THE URALS, 1957

8.7.1 Summary

Numerous articles have appeared over the last 30 years about a "nuclear
accident in the Urals or at Kyshtym in the USSR." The articles draw infer-
ences about what occurred in the accident based on pieces of information
gained by interviewing emigrants and defectors, and reviewing various bits of
medical and ecological evidence. Based on the information in the open litera-
ture, a rather unclear picture was pieced together about the accident. The
fact that an "accident"” occurred with large releases of radionuclides to the
environment was clear. However, what the accident was and what caused it, the
time and area over which it occurred, the amounts of radionuclides released,
and the number of resulting fatalities was not. In the Summer of 1989, the
Soviets acknowiedged that the accident had occurred in September 1957 at
Kyshtym, and that it was caused by an explosion, initiated by a chemical reac-
tion of nitrate and acetate salts, in a high-level radioactive waste tank.

The accident (later revealed to be on September 29, 1957 at 4:20 p.m.) was
said to have released 2 x 106 Curies (4% of that supposedly released by the
Chernobyl Unit #4 accident), contaminated an area of 375 square miles, and
caused the evacuation of over 10,000 people.

8.7.2 Background and History

The accident was first publicly mentioned in a vague, 1958 Copenhagen
newspaper account, which alleged it was a factor in the Soviet decision to
suspend nuclear tests unilaterally in March of that year (Washington Post
1988b).

The newspaper Die Presse Vienna, Austria, had a short story in its issue
of March 18, 1959, stating that a nuclear physicist from a Soviel satellite
country had heard from a Soviet physician, a member of the Academy of
Medicine, that "a catastrophic accident" at a "large atomic experimental
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station" (atomic weapons facility) had caused "172 cases of serious atomic
burns” and "more that 20 cases of injury to the eyes ... northwest of
Sverdlovsk”. The first significant indication of the Kyshtym accident that
was available in the open literature in the West was the publication of the
articls by the Soviet dissident, Zhores Medvedev, in the English journal New
Scientist of November 4, 1976, entitled "Two Decades of Dissidence”. The
Medvedav article was not about the accident, but about the dissident scien-
tists #ithin the Soviet Union {Parker 1983).

Medvedev’s initial claims were subsequently confirmed by Lev Tumerman,
formeriy head of the biophysics laboratory at the Institute of Molecular
Biology in Moscow who emigrated to Israel in 1972. Tumerman told Medvedev
that he had personally seen large areas of Tand in the region that had been
permanently evacuated, with many viliages and towns destroyed (News and
Comment 6/89).

Shortly after the articles were published, Medvedev gave a seminar at Oak
Ridge and at Los Alamos on this "radioactive waste disposal accident". The
U.S. scientific community then started to investigate his allegations and
check his references. It found that the references, as cited, did exist and
established fairly clearly that there was a large contaminated area in the
Soviet Ural mountains area that had been evacuated. As indicated in the first
scientific critique of Medvedev’s work, there was disagreement about the size
of the area that was contaminated and the degree of contamination. There was
also cisagreement about the cause of the accident (Parker 1983).

P detailed assessment of the accident was published by Trabalka et al. in
1979 after reviewing the Soviet radioecology literature. According to this
report, {which was in turn reported in the New Scientist) one of the clues to
the accident was the modification of the water drainage system of the Techa
river in the region involved. Two large reservoirs with a total surface area

of some 50 krn2

have been built on the Techa river immediately downstream of
Lake Kyzyltash, in an area abundant in lakes. An associated canal system now
brings water, that would normally have been drained into Lake Kyzyltash, round
the Take and the two man-made reservoirs to a point well downstream on the

Techa river.
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The authors of the report found another clue in the fishing stock records
of the USSR, which showed that all the lakes enclosed within the affected area
have never been stocked while those around it have. Finally, the pinpointed

area contains three lakes of 4.5, 11 and 20 km?

. respectively; lakes of these
sizes persistently crop up in Soviet radioecological studies of the area.
Trabalka et al. offered a possible explanation for the accident as the
"detonation of a large volume of dried high-level wastes containing signif-
icant quantities of ammonium nitrate, following failure of a cooling system on
a high-level waste storage tank." (Trabalka et al. 1979; New Scientist

1/10/80).

Another detailed reference on this issue was published by Parker in 1983.
After a rather exhaustive literature search, Parker drew the following conclu-
sions: At present, the best supposition is that there were many releases of
radicactive wastes to the river system over time, plus an explosion in the
fuel reprocessing plant, and that would help to explain the widespread
distribution of radionuclides. The small amount of short-lived nuclides
relative to long-lived ones can also be explained by the releases over an
extended period and the time between the accident and the beginning of these
studies (Parker 1983).

A total of 11 classified documents of the U.S.’s Central Intelligence
Agency {(CIA) were petitioned by a consumer action group and were released in
November 1977. These were reviewed by Parker, as well as a news clipping from
the Christian Science Monjtor and two Foreign Broadcast Information Service

items of November 11, 1976. In addition, there are another 15 documents which
were not released because of the highly classified nature of the material.

The first of the eleven documents indicates that "in the winter of 1957.
an unspecified accident occurred at the Kasli atomic plant". The second
document contained "miscellanecus information on nuclear installations in the
USSR", saying "in Spring 1958 ... he heard ... that large areas north of
Chelyabinsk were contaminated by radicactive waste from a nuclear plant ..."
"As early as 1954 the water of the Techa River, running from Lake Kyzyltash
and Lake Ulagash and emptying into the Inset River at Dalmatovo, had become
highly radiocactive." It also indicated that "in March, 1958, an explosion
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wrecked part of the nuclear plant at Kyshtym. Whether the explosion was
nuciear or chemical, the source could not tell." The third document says, "no
nuclear waste burial site ... was identified within the ... areas.” The
fourth document indicates "the occurrence of an accidental atomic explosion in
the Chelyabinsk Oblast during the Spring of 1958 was widely known throughout
the USSR. Rumors are that many people were killed; however, the generally
accepted version is that only several score {(individuals) died ..." The fifth
document indicates, "on an unknown date prior to June 1959, an accident
occurrad in the Chelyabinsk Oblast which caused radioactive contamination of
the soil." The sixth documents states, "in early May, 1961, a terrific explo-
sion occurred somewhere in the Chelyabinsk Oblast.” It said, "the explosion
was so terrific that the ground and buiidings shook." The seventh document
discusses "a mysterious explosion in the Chelyabinsk Oblast in April 1960
(with) possible radioactive fallout causing destruction of trees and vegeta-
tion, and many people burned as a result of the explosion. The hospital {at
Chelyezbinsk) was completely filled with victims of the explosion.” The eighth
document says that about 1956 "there was a nuclear explosion near
Chelysbinsk,” and that it "was a productien site for nuclear devices." "The
chief evidence of the explosion was the tremendous number of casualties in the
hospitals of Chelyabinsk.” The ninth document says that it was a "Soviet
detonction of a 20 megaton device in the 1950s in an above-ground test,” and
occurred in the 1957-1958 period. The tenth document says that the "1958
Kyshtym disaster" was a "nuclear accident invoiving plutonium waste from
military nuclear reactors." The eleventh and final report, no date, states,
"In the Spring of 1958 hundreds of persons were exposed to radiation and
injured as a result of an explosion at the Kyshtym plant." "In early October
1959, an atomic test reportediy took place in Kyshtym." The dates and causes
of the accidents in the CIA documents are so widely divergent that it would be
impossible to pinpoint more than the fact that there was an accident, a large
area was contaminated by radicactive materials, and the approximate Tocation
and t me of the accident (Parker 1983).
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B8.7.3 Accident Cause and Waste Management Activities

In December 1988, Y. P. Velikhov, Vice President of the Soviet Academy of
Sciences, broke the silence on the nuclear accident at a military compiex in
the Soviet Urals in 1957-1958 and stated that an accident had occurred. [The
accident was believed to have involved HLW or separated fractions from HLW.]
Velikhov stated that he would try to find out what happened. In addition, a
Swedish researcher, C. Larsson, made public that satellite photographs showed
that the accident may have been worse than the 1986 Chernoby! accident (Kyodo
12/88).

In June 1989, it was acknowledged that a nuclear waste explosion in 1957
forced the evacuation of more than 10,000 people and left hundreds of square
miles of territory uninhabitable for many years. At a news conference in
Chelyabinsk, details were given of the disaster, 60 miles from the accident
site in the Ural Mountains. Boris Nikipelov, the first deputy minister for
machine-building, said that a container holding radicactive waste from a
nuclear weapons factory exploded in September 1957, Tass reported. It left a
trail of contamination about six miles wide anc 65 miles long, Nikipelov said.
He said, according to Tass, that there were "nc casualties" {(Washington Post
1989b). But dissident Soviet biologist Zhores Medvedev estimates that hun-
dreds may have died from the radiation effects. He says that the accident

disseminated a Targer quantity of the long-term radioactive substance Stron-
tium-96 than Chernobyi, prompting him to term the 1957 incident the worst
nuclear accident in history {Washington Post 1%89d).

The radioactivity released [ejected into the atmosphere] totaled 2 mil-
lion curies, or 25 times less than the release in the April 1986 accident at
the nuclear power plant in Chernobyl in the Ukraine, according to the report.
Boris Nikipelov said that officials hope to take advantage of the presence in
the area of specialists in radiation and nuclear power for continuing research
and monitoring of the disaster site (Washington Post 1989b). More than 30

years later, large areas around the town of Kasli, 60 miles north of the city
of Chelyabinsk, are still contaminated and water reserves are undrinkable. A
cleanup campaign costing about $300 million was carried out to try to elim-
inate the consequences of the accident, and by 1978, economic activity had

8.24



been restored in about 80 percent of the contaminated zone. The accident was

never reported [because}l it occurred at a defense factory (Washington Post
1989a).

tater, in June 1989, it was stated that the site for construction of the
South Urals nuclear reactors [near the Kyshtym site] was not selected by
chance. Since 1957, certain reservoirs here have been quite polluted. By
taking sut water from them and evaporating it, the power piant will clean them
up. Apart from that, there are good specialists in the region who are capable
of ensuring the efficient work of the station {(Moscow Domestic Service 1983).

Additional information on the accident at Kyshtym was made available in
the press in July 1989. Soviet officials who were present at the time of the
accident revealed that a grievous set of technical misjudgments and poor work
habits caused the explosion of a large vat of wastes from the production of
plutenium (Washington Post 1989d}.

Tha evacuation eliminated many small villages and towns from the map and
forced the Moscow Institute for Bio-Physics to establish a local branch to
keep trick of all the persons exposed. Tons of soil were moved and buried,
roughly 70 square miles were declared unfit for human use, and a special
researc’ center was created to menitor the health of the nearby residents.
The 90verhment is preparing to release the heaith records and hold the first
public hearing on the accident before a special commission of the new Soviet
Tegisla~ure, the Congress of People’s Deputies {Washington Post 1989d}.

Evgeny 1. Mikerin, a director of the main department of manufacturing and
technotogy for the State Committee for the Utilization of Atomic Energy was,
at the time of the accident, manager of a ptant on the grounds of the complex
that produced plutonium by reprocessing spent nuclear reactor fuel. He said
the rad-oactive wastes from its operations were dumped into a series of stain-
less steel and concrete tanks located slightly more than a mile away from
plant. Mikerin said to keep the wastes at the Kyshtym site from becoming
explosive due to a natural chemical reaction, they were cooled by a coil of
water tubing along the interior wall of each tank. The designers of the tanks
did not provide a mechanism for repairing the tubes in the event they failed,
he addec. Sometime in 1956, the tubing in one of the tanks began to leak and
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[the flow of water to the tank] was then shut c¢ff. During this period, the
wastes began to dry, Mikerin said, presumably from chemically induced heat,
and highly explosive nitrate salts and acetate collected at the surface. By
chance, Mikerin said, "a control device in the tank produced a spark,” which
detonated the salts, and the resulting explosion obliterated the tank and all
that it contained (Washington Post 1989d).

More details were made available at a special afternoon session at the
International Symposium on Recovery Cperations in the Event of a Nuclear Power
Ptant Accident, organized by the International Atomic Energy Agency and held
November ©6-10, 1989, in Vienna. The Soviets indicated that the tank that
exploded was one of 16 [stainless] steel tanks with a capacity of about 300 3

3

each [given as 250 m” in Nuclear News 1/90a] that were used for the storage of

high-level wastes from reprocessing (Nuclear News 1/90b). The tanks were
installed in a concrete-1ined trench and each tank had individual water jac-
kets for cooling. The concrete cover over the trench was 250 cm thick
{Nuclear News 1/90a).

The contents of the tank (about 70-80 MT of liquid containing around
20 MCi of waste), became overheated and largely evaporated (after the coolant
was shut off due to a pipe leak) leaving explosive residues of sodium nitrate
and acetate salts. These residues reached a temperature of 350°C {given as
500°C in Nuclear News 1/90a) and, at 4:20 p.m. on September 29, exploded, with
an estimated force equivalent to 70-100 tonnes of TNT {tri-nitro toluene).

[Note: It was also stated that based on the distances that pieces of the
concrete cover were thrown, the Soviets estimated that the blast was
equivalent to the detonation of 8-10 tonnes of TNT (Nuclear News 1/90a).] Tie
blast killed two guards (Nuclear News 1/90a; Lehman 1989), and two adjacent
tanks were also damaged {Nuclear News 1/90b}).

Most of the 20 MCi was deposited in the immediate vicinity of the tank,
but an estimated 2 MCi was ejected up to 1000 m into the atmosphere. An
important factor is that this waste had been treated for removal of cesium and
iodine, The composition of the 2 MCi of released radicactivity was given as:
cel® 4 prl%y (s6%), 2r?° + Nb?% (24.9%), 570 + ¥90 (5.4%), Rul0® + RniOG
(3.7%), ¢s137 (0.036%) (Drozhko et al. 1989).
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[t was reported that the feared redistribution and migration of deposited
radioactivity over a wider area did, in fact, result in only a small increase
in the area of the "footprint" [compared with that of the original explosion],
even though much of the radioactivity was in a soluble form. Within the first
7-10 duys after the accident, about 600 people were evacuated from nearby
settlements, where maximum areal concentrations of strontium-80 were in the
range of 10-100 Ci/kmz. Over the following 18 months, further evacuations
were cerried out, eventually totaling 10,180 people (Nuclear News 1/90b). The
evacuation zone is reported to have been based on an activity level of two
curies per square kilometer and resuited in 23 smali villages being evacuated.
The Soviets have indicated that the pine forests suffered the most environ-
mental damage; about one third [of the pine forests] died from the contami-
nation (Lehman 1989).

Initial population doses were estimated from skin conditions, blood
pressures, and stomach problems. Keriotyping of blood samples was done 5-6
weeks after the accident to estimate doses and urinaiysis was the primary
method used to estimate internal contamination. 1In the first three years
after the accident, 3000-5000 people were analyzed. ODOuring the next 27 years,
determinations were made that people received 50-80 rads to the bone struc-
fure, 30 rads to the bone marrow and 17 rads whole-body maximum dose. From
1500-3000 people were reported as still being monitored {Lehman 1989). Some of
the results of extensive health studies carried out among the evacuated
populations showed that no statistically significant differences have been
observed for any of the groups, including a group of 1054 pecople who received
a dose of 530 mSv [53 rem, a substantial dose]. Only in the blood cancers is
there a slight indication of increase with radiation exposure {Nuciear News
1/90b) .

Several officials cited the 1857 Fall season’s cool weather, which caused
most windows to be shut, as a saving grace. Nevertheless, workers ended up
not only excavating and burying topsoil, but also replacing the roofs of some
buiidings and washing exterior walls with a mixture of water and sand.

Mikerin said the "agricultural district,” which is largely populated by Tatars
heavily dependent on the local Tand and water, bore the brunt of the disaster.
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Although the reprocessing plant was "the most contaminated of all our facil-
ities,"” work there was so important it was haited for only a month, he said
(Washington Post 1989d).

Asked how the accident affected him, Alexei E. Spirin, director of
Kyshtym’s first plutonium production reactor, said he has noticed some
“abnormally big plants” in the area during hunting expeditions. He added that
he stopped eating wild berries and mushrooms fcr roughly a decade after the
accident. Mikerin said the accident forced the center’s managers to begin
removing the waste from storage tanks, and arrange for the wastes to be
shipped to a special plant in the central Asian city of Krasnoyarsk, where
they are "mixed with glass" for "long-term storage" (Washington Post 1989d}.

It should be noted that there were contaminated areas at Kyshtym prior to
the 1957 accident. Yevgeny Velikhov, a vice president of the Soviet Academy
of Sciences, helped arrange an unprecedented two-day visit to Kyshtym in July
1989 by a group of U.S. Congressmen and representatives of an environmental
group, the Natural Resources Defense Council (NRDC) {Washington Post 1989d).
A report, prepared by NRDC staff based on their discussions and chservations,
indicates that "from 1948 to sometime in the late 1950s HLW containing an
estimated 120 miilion curies of 30-year half-life strontium 90 and cesium-137
was discharged directly intc a small lake" [Lake Karachai]. The lake is now
slowly being entombed in concrete to prevent the dispersion of radiocactivity.
1t was stated that the dose rate for a trip to visit the lake would have

resulted in an exposure of about 500 millirems per person. At an unspecified
date the mode of waste management was shifted to storage in double-walled
stainless tanks. Leaks in these storage tanks have occurred once or twice;
the inventory in these leaky tanks was then shifted and the tanks were
repaired (NRDC 1989). It has also been reported that "until 1951, nuclear
waste was dumped into the river Techa," and 8000 people had to be resettled as
a result (Moscow Domestic Service 1989). C(ontamination was discovered as far
away as the Arctic Ocean (KOMSOMOLSKAYA PRAVDA 1989).

Decontamination work is still going on at the site of the 1957 accident
at Kyshtym in the Urals, said Lev Ryabev, Deputy Chairman of the USSR Council
of Ministers, in the fall of 1989. He said that the main concern was Lake
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Karactai, a lake within the Kyshtym military area (NEI 10/89, p. 11). Drozhko
noted that the lake had an area prior to the waste discharge of 0.26 km2 and a
votume of 143,500 m3 of water. About 95% of the radiocactivity is sorbed in
“the ceposits of the lake" (Drozhko et al. 1989). The lake was used as & dump
for 1iquid radioactive wastes until concrete reservoirs were built later, and
the plan now is to "bury" it, according to Ryabev. The work is expected to
take @round four years and would cost 60 million rubles. Speaking about
decontamination of the land surrounding the Kyshtym site, Ryabev said that
only 160 kml still remain to be dealt with. This would be decontaminated at a
rate ¢f around 20-30 km2 per year so the cleanup would be complete in 5-7
years. Biologist Zhores Medvedev, former dissident and author of a book about
the disaster {Nuclear Catastrophe in_the Urals), returned to the USSR to

testify before a commission looking into what happened. An international
meeting on the accident, along the lines of the IAEA Chernobyl post-accident
meeting, is under discussion (NEI 10/89, p. 11).

For more detailed information on the 1957 accident at Kyshtym, the reader
is referred to recent articles by Buldakov et al. 1989; Nikipelov 1989;
Romanov et al. 1989; and Ternovskij et al. 1989.
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9.0 LOW-LEVEL AND INTERMEDIATE-LEVEL WASTE CONDITIONING AND STORAGE

Soviet practices regarding conditioning and storage of all
wastes other than high-Tevel wastes are discussed in this section.
These wastes are Tow-level and intermediate-level wastes.

9.1 SUMMARY

In the Soviet Union, liquid low-level and intermediate-jevel waste
streams from reactor operations are first reduced in volume, and then solid-
ified using bitumen or concrete. A bituminization facility is operating at
the Leningrad RBMK reactor site, and another is being built at the Ignalina
RBMK rz2actor site, Vitrification may be used in the future for intermediate-
tevel waste concentrates. In the past, millions of curies contained in mil-
lions of cubic meters of 1iquid were disposed of by well injection into under-
ground areas contained by "watertight rock strata." Some gaseocus wastes were
disposed of by injection as well. This practice is now not considered to be
"absolutely reliable"” and thus is unltikely to be used in the future. Rather,
it appears that solidified liquid wastes--along with solid wastes--are dis-
posed of in shallow-land burial sites located at most large power reactor
stations, with final disposal possibly in geologic formations. Research on
tritium-bearing and other gaseous wastes js mentioned, as well as a waste
minimization program aimed at reducing waste streams by 30%. Transuranic
wastes are not discussed or defined as a separate category of wastes, as in
the United States. This category of wastes is [presumed by the authors to be]
included in intermediate-level wastes. In addition, the Soviets acknowledge
35 regional disposal sites for industrial wastes; no information is available
on conditioning or storage of these wastes.

9.2 POLICY AND STRATEGY

Fs of 1970 in the Soviet Union, a system of centralized collection and
burial of wastes from small producers {scientific-research institutes, medical
institutions and other organizations that use radioactive isotopes} at various
burial sites was used. This system had been built in all large centers to
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reduce the possibility of spreading radiocactivity from decentralized sources
of wastes {Spitsyn et ai. 1970a).

Interim storage of solidified ILW for tens of years before disposal is
currently envisioned. The main reasons for the long-term interim storage are
to reduce the heat before disposal and to prove the safety of the disposal
concept (i.e., the same as for HLW) {Sedov et al. 1988). Interim storage in
surface or shallow-land burial structures is permitted pending final disposal
in geologic formations. These interim storage structures are equipped with a

t

drain system, "clay shields," and concrete ceilings (Nikiforov et al. 1989).

Solid Tow-level waste processing and disposal will become much more
important once large-scale decommissioning of Soviet reactors has begun. The
USSR is assessing the Tow-level waste problems associated with reactor decom-
missioning. Reactor vessels will 1ikely not be removed in one piece.
Decontamination and cutting into scrap will be difficult work and will produce
much low-level waste. Decommissioning wastes may be placed in interim stor-
age, but the definitive scheme has not yet been adopted. There are technical
and economic incentives to age the wastes and mothball decommissioned nuclear
plants for a period of time to let decay take its course before dismantling
the reactors. "If you cover a site with concrete right away, radioactivity
will still get out" {Mucleonics Week 5/88).

Treatment methods for radicactive wastes are selected based on the phys-
ical/chemical properties, radioactivity level, and characteristics of the
radioactive materials in the wastes. The key goal in treating low-level and
intermediate-Tevel wastes is to reduce the volume of wastes to be disposed
{Sedov et al. 1988}.

9.3 LOW-LEVEL AND INTERMEDIATE-LEVEL WASTE QUANTITIES

A VVER-1000 currently produces from 10,000-15,000 m° of Tiquid radio-
active wastes each year. The evaporation of the wastes results in about 50 MT
of salts. The RBMK reactor plants produce about 10,000 m3
each year, resulting in about 100 MT of evaporated salts. The new RBMK reac-

of tiquid wastes

tors being developed will produce about 50% more wastes than the units now in
service because of increased complexity of piping (Nucleonics Week 5/88}.
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Solid active wastes are generated by Soviet power reactors at the rate of 200-
400 m/CMe-yr (Nikiforov et al. 1989).

The major constituents in Tow-level liquid wastes arising from VVER and
RBMK reactor operations are the nitrate, oxalate and phosphate salts of
sodium. Wastes from VVER reactors also have a significant borate content
{Sapovnikov 1988).

The quantities of tiquid high-level, intermediate-level, and Tow-level
wastes generated at fuel reprocessing plants were given as 0.7-1.0, 3-5, and
50-100 m>/MTU, respectively (GKAE 1978).

9.4 LOW-LEVEL WASTE TREATMENT AND STORAGE

At a 1970 symposium in France, the Soviets presented a large number of
detailed papers on Tow-level and intermediate-level waste management which
were compiled by the U.S. Department of Commerce. These papers included data,
operating experience, costs and flowsheets on their efforts up to 1970 (DOC
1970). [Because of the old age of these papers, they are not discussed in
this study.]

Low- and intermediate-level Tiquid wastes from Soviet nuclear power sta-
tions were defined in 1981 as those with an activity no greater than 1074
Ci/liter. [The value, however, was given as 1072 Ci/liter in the 1983 ref-
erence for Tables 1.1 and 1.2 in Section 1.2.] These wastes include regener-
ating solutions from jon exchangers, solutions from decontamination of
equipment, hardware and clothing, leaks of contaminated liquids, and pulps of
perlyte and ion exchange resins {Nikiforov et al. 198la).

A national program is under way to reduce low-level liquid waste volumes
by 30% at Soviet nuclear plant sites. This will be done by more precise
methods of sampling from the primary circuit, organizational methods, and
recyciing of solubie salts (Nucleonics Week 5/88).

The concentration of ILLW and LLLW with a salt content of less than
1 g/1 is apparently carried out by ion exchange, coagulation, or membrane
technology, depending on the amount and characteristics of the waste. A major
goal is to reduce the volumes of ILW and LW for disposal. To accomplish
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this, combustible wastes are burned, and the ashes are solidified together
with ILLW concentrates. Some solid ILW is mechanically compacted (Sedov
et al. 1988).

9.4.1 Treatment Facilities and Systems

The largest amounts of solid radioactive wastes arising from Soviet reac-
tor operation and fuel reprocessing are in the low- and intermediate-Tlevel
categories. The final forms of these wastes are lToaded into steel drums
{Sedov et al. 1983). ODry wastes at reactors are reportediy not much of a
preblem for treatment (Nucleonics Week 5/88). Low- and intermediate-level
liquid wastes from nuclear power plants are concentrated by evaporation and

processed through ion exchange. The water is reused because environmental
release is forbidden. The resulting 200-300 g/1 of salt content is incor-
porated in bitumen or cement (Cooley 1989).

As of 1970, the chief methods of reducing the volumes of solid LLW were
incineration and compaction. At that time, the central radiation safety sta-
tien (TsSRB) was conducting laboratory- and pilot-scale operations on the
adoption of these technologies {Sobolev et al. 1970). Also in 1970, it was &
universally accepted practice to immediately process all liquid radiocactive
waste at nuclear power stations using evaporation and ion-exchange methods.
The concentrated wastes were collected and piped to special storage reservoirs
for moderately radioactive wastes. The amounts of concentrated Tiquid radio-
active wastes from nuclear power stations were about 1 ma/yr/MN of electrical
capacity. The specific radioactivity of concentrated Tiquid waste in storage
reservoirs was in the range of 10'4—10'2 Ci/1 {Gusev et al. 1977).

As of 1977, solid wastes were not incinerated at Soviet nuclear power
stations, although at the Zagorsk central waste disposal station, an etec-
trical furnace was successfully used to incinerate wastes. The regqulations
allow the incineration of waste materials at nuclear power stations, but only
if the requirement for prevention of atmospheric contamination by radioactive
substances is met (Gusev et al. 1977).

As is done with ILW, combustible LLW is burned, and the ashes are com-
bined with other LLW for final solidification in bitumen or with ILW liquid
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concentrates. Use of bitumen for containing waste constituents in the range
of 30-50 wt% has been demonstrated. Metallic LLW may be separated for
decontamipation, remelting and reuse (Sedov et aj. 1988).

Low-Tevel Yiquid wastes, with a salt content of less than about 1 g/liter
and whose composition is relatively constant, can be treated by chemical,
mechanical, and jon exchange techniques. These wastes are typically concen-
trated by evaporation, and the concentrates are solidified for ultimate
disposal. The concentrates and residues are then combined with intermediate-
Tevel wastes. Bituminization, cementing, incorporation in polymers, and
vitrification (intermediate-level wastes) are being considered for final waste
forms. The treated water is reused in the facility processes (Sedov et al.
1983, .98B).

A universally applicable methed for clean-up of homogeneous low-level
1iquid wastes has been developed using a two-stage ion-exchange process. The
ion-exchange resins are regenerated and used repeatedly, and the solutions are
evaporated. After hardening, the residues are sent to storage, while the
water can be recycled. The final volume of wastes to be stored is only 0.2%
of the initial volume (Semenov 1983}.

Treatment of radioactive gaseous streams involves use of special filters
and recovery of specific gaseous radionuclides. Glass fiber and synthetic
fiber filters are used (Sedov et al. 1988).

¢.4.1.1 Description

As of 1970, a central "decontamination station” for treating low-level
liquid wastes was set up near Moscow for servicing wastes from nearby scien-
tific and research facilities. The facility treated wastes by coaqgulation
with settling and filtration and by two-stage ion exchange treatment. The
regenerating soiutions were evaporated, with the residues undergoing addi-
tional concentration (Kendratyev et al. 1970). Spitsyn also noted that the
primary methods of decontamination of Tiquid waste streams were by coagula-
tion, ion exchange, evaporation and electrodialysis. The Soviets were also
investigating oil flotation and mineral sorbent decontamination methods. A
pilot electrodialysis plant for the two-stage decontamination of waste
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solutions, with a capacity of 100 m3/d, was tested in 1970 at the Moscow
Decontamination Station (Spitsyn et al. 1970a).

As of 1981, homogeneous low-Tevel Tiquid radicactive wastes from USSR
nuclear power stations were processed by collection, mixing, and neutraliza-
tjon in tanks. After removal of the coarser suspended matter and adjustment
of the pH to about 11, the mixture was evaporated (typically in one to three
paraliel units) until salts were saturated at 300 g/}, and then put into
concrete tanks lined with stainless steel. Heterogeneous 1iquid wastes were
passed directly into the concentrate storage tanks, awaiting final condition-
ing {Nikiforov et al. 198la).

The Radon Radioactive Waste Facility near Moscow has a compactor to
reduce the [sclid] waste volumes nearty 10-fold. It also has an incinerator
(with an extensive off-gas cleaning system that includes dozens of filters)
for burning combustible wastes, with a volume-reduction factor of 20-100.
Liquid wastes are solidified by bituminization. A disposal faciltity is also
located onsite (BBC 3/28/86}. Another decontamination station is located in
the outskirts of the city of Lvov, in the Bryukhovichi forest. It Eontains a
special laundry facility used by institutes, clinics and hospitals. It also
handled clothing from those involved in the Chernobyl accident. Wastes are
reported to be stored in concrete vessels with concrete poured on top (Moscow
TRUD 1989).

The first commercial bituminization facility using a thin-film evaporator
has been operated at the Leningrad nuclear power station since 1984, according
to Sapovnikov {(1988). [Note that this date is 1986 according to Nikiforov
et al. 1989]. It was pianned to use rotary bituminization devices with a
water evaporization capability of 200 or 500 1/h at nuclear power stations
{Sapovnikov 1988).

Several storage compartments of 3000 m3

each were constructed for storage
of bituminized wastes. At present, the compartments contain concentrated
1iquid bottoms with a concentration of 210-290 g/1 of solutes and a specific
activity of 10"5—10'? Bequerels/1 (Nikiforov et al. 1986). Additional facii-
ities are being operated, and others are being installed at other nuclear

power stations (Sapovnikov 1988). Nikiforov indicates that the bituminization
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facility at Leningrad started operation in 1986 and a similar unit is being
introduced at the Ignalina reactor site (Nikiforov et al. 1989}.

A typical bituminization facility for LLLW at a nuclear power plant
includes prior concentration in a continuous thin-film evaporator/bituminizer
operating at 150-160°C. The optimum capacity of a unit is 200 1/h of evap-
orated water. The bituminized waste from the bottom of this equipment is
screw-fed into 200-1iter drums. This final waste product contains about 50%
waste s0lids and reduces the volume of waste to be buried by a factor of 1.5 -
1.7 (Sapovnikov 1988).

The Soviets are attempting to develop a single-stage 1iquid waste evap-
oration process to replace the multi-stage process now being used at reactor
piants. Research on evaporation, however, has been plagued by foaming due to
surfactants in the Tiquid waste. They are "attempting to cure the problem by
evaporating wastes in an alkali environment." Earlier experiments with char-
coal filtration of trapwater wastes were not suitably effective {(Nucleonics
Week 5/88).

Radiocactive gas streams from nuclear power plants are filtered with high-
efficiency filters made of synthetic fibers for ventilation systems or glass
fibers for process systems. Activated charcoal filters are used to trap
iodine. Some installations use chromategraphic adsorption on charcoal for
trapping short-iived noble gases and for holding them to allow decay before
discharge. Other installations use gas hald-up vessels upstream of the
charcoal adsorber (Sedov et al. 1988).

9.4,1.2 Solid Low-lLevel Waste and Package Characteristics

Evaporated Tiquid low-level wastes are incorporated into cement and
bitumen. These materials cannot contain more than 50% salts. At a level
above 50% salts, there is a lToss of water resistance and an increase in
product viscosity. Ash from some incinerated wastes is also immobilized in
this way {Nucleonics Week 5/88). These solidified Tow-level and intermediate-
level wastes are placed in steel drums (Sedov et al. 1983).
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The leach rates from bituminized low-level reactor wastes with 50% waste
loading are reported as 10'3~10_5 g/sq cm/d. Irradiation to 100,000 rems does
not significantly alter the leach rates {Sapovnikov 1988).

9.4.1.3 Low-Leve]l Waste Treatment Research and Development

The basic research in low- and intermediate-level waste management was
being conducted in 1970 at the Institute of Atomic Energy (I. V. Kurchatov)
and its Moscow decontamination station, Moskovskaya Stantsiya Ochistki (MSO},
the Institute of Physical Chemistry USSR Academy of Sciences (IFKhAN}, the
Central Radiation Safety Station (TsSRB), and the Scientific-Research
Institute of Atomic Reactors (NIIAR) {Spitsyn et al. 1970a).

In the early 1980s, two types of solidification processes were under
development in the Soviet Union for liquid wastes from nuclear power stations.
These were 1) thermal processes using bitumen and/or wastes from the chemical
and petrochemical industries, and 2) urea-formaldehyde resins, room-
temperature cementation, and incorporation into thermosetting resins. How-
ever, bituminization had been developed the most extensively and was recom-
mended for use at operating and planned nuclear power stations (Nikiforov
et al. 198la).

In 1983, studies were under way in the Soviet Union to develop processes
and equipment for reducing the solid waste volumes by burning the combustible
wastes to ashes {with volume-reduction factors of 10-100} followed by solid-
ification, and compacting other wastes {with volume-reduction factors of 2-10})
(Sedov et al. 1983).

Experimental work on treatment of gaseous radioactive wastes includes
filtration with glass fibers and woven synthetic absorption fibers. Radio-
iodine is trapped on activated carbon. The resultant gas/vapor streams
undergo purification by distillation, with water and caustic scrubbing.
Tritium is removed with condensates. Krypton removal by Tow-temperature
adsorption on activated carbon, by absorption in freon, and by cryogenic
distillation are all undergoing experimenta1_verification (Sedov et al. 1988).

As of 1978, R&D was conducted on managing tritium-bearing wastes (from
reprocessing} by voloxidation, recycling of liquids, and underground injection
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of the liguid wastes. Processes considered for krypton-85 management after
removial from reprocessing plant off-gas streams included underground injection
of the gas, storage in pressurized tanks, and conversion to clathrates fol-
lowed by storage (GKAE 1978, p. 19, 52). Nikiforov indicates that a "radio-
chromatographic gas cleanup system is designed to trap radionuclides from
reactor operations which incorporates hydrogen removal and burning, meisture
removal, aerosol filtration, and adsorption of krypton, xenon, and ijodine"
(Nikiforov et al. 1989).

lesearch and deveiopment has been carried out on removing the organic
content of liquid radiocactive wastes by magnetic separation and by ozoni-
zation. If an organic tends to cause feaming, an auxiliary ferromagnetic
substance in powder form is added, and the foam is separated magnetically.
For nen-emulsifying organic materials, ozonization can be used to destroy the
organ-¢ component {Aloy et al. 1989).

9.4,1.4 Cost Information

As of 1970, the Soviets found the ion exchange method to be more econ-
omica than evaporation for treatment of LLLW when the salinity does not
exceed 1 g/titer (Kondratyev et al. 1970). The cost of incorporating liquid
Tow-Tevel and intermediate-level radicactive wastes into bitumen plus interim
storage was 25% lower than for storage of these wastes in stainless stee}
tanks {GKAE 1978, p. 11).

“he Soviets consider extended storage of LLLW and ILLW after concentra-
tion to be unnecessary and expensive. Thus, only minimum lag storage is to be
provided for these wastes before final solidification (Sedov et al. 1988).

The distribution of costs for Tow- and intermediate-level waste management,
exclusive of waste disposal, were given in 1983 as follows: receiving, neu-
tralization and sterage, 5-10%; solidification, 70-80%; interim storage of
solidified wastes, 10-15% (Sedov et al. 1983},
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9.5 INTERMEDIATE-LEVEL WASTE_TREATMENT AND STDRAGE

9.5.1 Treatment Facilities and Systems

For solidification of intermediate-level liquid waste concentrates, bit-
uminization, cementation, inclusion in polymers, and vitrification may be used
by the Soviets. Ashes from incineration of ILW and some LLW are combined with
the ILW Tiquid concentrates (Sedov et al. 1988).

The Soviets intend to condition some alpha-containing wastes by vitrifi-
cation (Nuclear Europe 1-2/88), as well as ILW concentrates (Nikiforov et al.
1989).

9.5.1.1 Description

As of 1983, the processes and equipment for the bituminization of inter-
mediate-level wastes were the most developed of the waste conditioning proc-
esses in the Soviet Union. Bituminization was stated to allow for the solidi-
fication of nearly all intermediate-level Tiquid wastes and sludges from
nuclear power stations and radiochemical facilities (Sedov et al. 1983).

Concentration of ILLW with a salt content of more than 1 g/1 is carried
out by evaporation. The concentration of ILLW and LLLW with a salt content of
less than 1 g/1 may be carried out by ion exchange, coaguiation, or membrane
technology, depending on the amount and characteristics of the waste. A major
goal is to reduce the volumes of ILW and LLW for disposal. To do this, com-
bustible wastes are burned, and the ashes are solidified together with ILLW
concentrates. Some solid ILWs are mechanically compacted {Sedov et al. 1988}.

9.5.1.2 Research and Develcpment

Soviet research and development on ILW treatment has included evaporation
and incorporation in bitumen, cement, polymers and glasses. Tests were done
on storage of bitumen blocks in clay soils (Semenov 1983). In 1983, studies
were also under way to develop processes and equipment for reducing the solid
waste volumes by burning the combustible wastes to ashes {with volume-
reduction factors of 10-100) foliowed by solidification, and by compacting
other solid wastes {with volume-reduction factors of 2-10) (Sedov et al.
1983).
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Conditioning of nuclear power plant ILW concentrates that contain boron
by vitrification into a phosphate glass was studied on simulated and actual
waste solutions from 1980 to at least 1984 by the Soviets. It was concluded
that the process would be acceptable. The final product had a specific grav-
ity of 2.0-2.4 and exhibited a water leach rate of 10'4—10'6 g/sq cm/d {Minaev
et al. 1985). The corrosion resistance of various materials was studied for
melte~ construction for boron-aluminum phosphate glass melts (Brazhneva et al.
1985; Minaev et al. 1985).

Vitrification of ILW has been studied using materials as fluxes, such as
"datolite" with silicon dioxide, leam soils, and boron anhydride. The volumes
of thase final waste forms would be 3.7-fold less than for bituminization and
10-fold lower than for cementation, and they wouid have lower leach rates
{Pushkov 1984). It was recently reported that it is "planned to vitrify the
major volume of ILW concentrates with a borosilicate flux using ceramic meiter
equiprment similar to that designed for high-level waste™ (Nikiforov et al.
1989)

-nvestigations are under way for incorporating transuranic wastes in
ceramic materials (Nuclear Europe 1-2/88).

9.,5.1.3 Cost Information

hs of 1978, the cost of incorperating liquid lTow-level and intermediate-
level radioactive wastes into bitumen plus interim storage was 25% lower than
for storage of these liquid wastes in stainless steel tanks (GKAE 1978,
p. 11;.

9.5.2 Storage Facilities and Systems

As of 1983, intermediate-level liquid wastes were stored for short time
periods in stainless steel tanks (without cooling systems). For more reli-
able and cost-effective storage, the Soviets have developed bituminization
{Semenov 1983).

Solidified intermediate-level wastes can be stored in above-ground
storage faciltities located near the solidification facilities. For nuclear
district heating stations that are located near inhabited areas, solidified
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wastes are to be shipped in containers to storage cells, to await future
shipment off-site (Sedov et al. 1983).



10.0 WASTE DISPOSAL SYSTEMS

This section presents information on Soviet waste disposal
activities for high-level, low-level and intermediate-level wastes.
Disposal concepts as well as criteria are included.

10.1 SUMMARY

The USSR has a number of regional low-level waste {LLW) burial facilities
to min-mize the distances of radiocactive waste shipments and to reduce trans-
portat-on-related risks, Some LLW {and presumably, intermediate-level wastes]
may be buried in disposal facilities within the originating nuclear reactor
plant houndaries if geologic conditions are favorable. Otherwise, disposal
must be done in central or regional disposal facilities (MNucleonics Week

5/88). Gaseous wastes are presumed to be either vented or trapped, with the
sotids disposed of as with other solid LLW or ILW. Some gaseous wastes have
been disposed of by well-injection.

Sc1idified ILW may be disposed of in the future with HLW if economicai,
or in special repositories near the land surface. Recent information des-
cribes a burial site near Krasnoyarsk for "CMEA reactor wastes” in tunnels
underneath and/or on the other side of the Yenisey River from existing mili-
tary facilities (KOMSOMOLSKAYA PRAVDA 1989; Nuclpar Waste News 7/89a).
Krasnoyarsk has also been mentioned as the location of a special plant where

wastes from Kyshtym storage tanks [presumed to be HLLW] are sent and are
"mixed with glass for Tong-term storage” (Mashington Post 1989d).

In addition to the wastes from reactor operations disposed of at reactor
sites, the Soviets claim as many as 35 regional sites for the disposal of
industrial, medical, and research radioactive wastes.

Geologic disposal of vitrified HLW has been studied over the last decade
by the Soviets. Disposal concepts under serious consideration include mining
shafts, deep drill holes, and underground excavations. The Soviets plan to
make use of man-made barriers and waste packages in permanent disposal, but
the geologic formation will be relied upon as the primary protective barrier.
Althougn criteria for waste packages have been developed, they are still very
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general. The construction schedule for a repository is unclear: a reference
claims that it will be "addressed” in 5-10 years (Nucleonics Week 5/88).
Recentiy, the chairman of the GKAE indicated that a decision on the first site

may be made in one year, and that one candidate site is in Chelyabinsk
(Nucleonics Week 10/89a). A recent report indicates that the Soviets are also

looking at space disposal and transmutation of cesium and strontium (Nikiforov
et al. 1989),

10.2 POLICY AND STRATEGY

10.2.1 High-lLevel Waste Disposal Systems

The overall requirement for disposing of HLW in the Soviet Union is to
protect man and his environment from the harmful effects of radiation. A
final repository system must meet acceptable requirements related to the geol-
ogical environment, construction and technology, quality and characteristics,
geography, safety, economics, and legality (Kedrovskiy et al. 1989). The
Soviets recently indicated that they are studying the possibility of space
disposal, pointing to the "experience in the U.S.A. on using 238Pu as a heat
source for electricity in satellites.” They appear to be focusing on space
disposal of 1291, 238py. and "others” (Nikiforov et al. 1989).

The USSR does not yet have a repository for its HLW, or an official
pregram, but it is working on site selection with the Khiopin Radium Institute
in Leningrad doing extensive site-screening work (Lehman 1989). As of 1987,
the Soviet Union was emphasizing work on salt and granite as potential host
rocks for a deep geological repository, and they were in a site-screening
stage in which a number of sites were being considered (Saltzman 1987).

Site investigations for a deep geological repository consist of general
survey work on salt, granite, clay, gneiss, and other formations. After
exploration is completed, the Soviets will select a site for more detailed
investigations. The basis for site selection may be based primarily on econ-
omics and minimizing transportation by rail. They have already experienced
some pressure from the "Greens" concerning their site studies {Cooley 1989).
Another source indicates that the main siting areas are the lowlands surround-
ing the Caspian Sea in salt domes and bedded salt, and a Cambrian clay near

10.2



Leningrad. Granite was considered unfavorable due to "circulating water
problems." It was noted again that the Soviets believed the greatest risk was
from transportation (Lehman 1989). It has been stated that there are no plans
for disposing of HLW in Latvia (Semenov 1989).

A. Protsenko, Chairman of the State Committee for the Utilization of
Atomic Energy (GKAE), recently stated that the USSR is now looking for cand-
idate sites for a HLW repository. One candidate site, he confirmed, is in
Chelyabinsk [Kyshtym], the site of the 1957 explosion that Teft large land
areas unusable for decades (see Section 8.7}). He said the USSR may make a
decision on its first site for HLW disposal "next year™ (Nucleonics Week
10/8%a).

As reported by Kondratyev in 1976, studies with low- and intermediate-
level waste disposal by well injection led to the conclusion that, after
cooling, HLLW could be treated similarlty. It was further stated that
(Kondratyev et al. 1976):

"4 level of radioactive fission products in the rock that would not
hzat the solutions above their boiling point under the pressure in
t1e collector pit must be insured when highiy active wastes are
biried underground. Studies by Soviet scientists have demonstrated
that these conditions can be achieved by first storing the solutions
fir 10-20 years and treating the collector pit rock with nitric acid
e~ surfactants.”

Whethe~ well injection of HLLW was actually performed is not known.

10.2.2 Llow-Level and Intermediate-level Waste Disposal Systems

Between 1963 and 1976, the Soviets disposed of tens of millions of curies
of fission products as ILW in underground storage "reservoir beds,” also
called "collector pits." [This is believed to involve deep-well injection.]
(Kondratyev et al. 1976).

Ax of 1978, the strategy for disposal of LLW and ILLW at reactor stations
with appropriate geological and hydrogeological conditions was to inject the
neutra’ or slightly alkaline wastes into deep wells onsite. The deep wells
were required to be located in slow-moving aquifers bounded by aquitards (GKAE
1978, p. 9). Some gaseous wastes were also disposed of by injection {New
Scientist 4/21/77).
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As of 1981, it was planned to construct permanent repositories for
at-reactor-generated LLW within the nuclear power station sites (Nikiforov
et al. 198la). Seoiidified ILW may be disposed of with HLW if economical, or
in special repositories near the land surface (Sedov et al. 1988). This may
be the case with a site near Krasnoyarsk underneath and/or near the Yenisey
River where "reactor wastes" may be being disposed of, and wastes from storage
tanks at Kyshtym "are mixed with glass for long-term storage" (KOMSOMOLSKAYA
PRAVDA 1989; Washington Post 1989d; Nuclear Waste News 7/89a).

Solid LLW and ILW waste forms [such as bitumen and concrete from reactor
operations wastes] are disposed of in shallow-level repositories. Solid
wastes such as decommissioned equipment, debris, filters, special clothes,
etc., are disposed of in shallow-level repositories equipped with a drain
system, clay shields, and concrete ceilings (Nikiforov et al. 1989).

10.3 HIGH-tEVEL WASTE DISPOSAL SYSTEMS

10.3.1 Site Selection

According to Kedrovskiy et al. (1989), the overall criteria for selection
of the region for a geological waste repository in the Soviet Union are:

» Waste disposal should preferably be carried out in a location near
its place of generation to eliminate the necessity of transportation
over long distances.

- If disposal near the place of generation is not practicable, a
regional disposal facility should serve a number of waste gen-
erating facilities.

¢ Disposal of solidified high-level radicactive waste will be carried
out in deep geological repositories in suitable host rocks below the
zone of active water movement, and separated from it by protective
barriers.

¢« During disposal operations, the main waste isolation factor is the
geological environment, as well as a good waste package.

o It must be in a region within a large "tectonic" area on a
continent.

o [t must be in a seismically inactive area (no higher than 5 on a
12-unit scale).
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» The host geologic formation should have a sufficient thickness and
areal extent, with no tectonic disturbances, faults {believed to be
within 2-3 km] or break zones; microfissures are allowed.

« The strata of the host rock formation must be close to horizontal
and should be highly impermeable.

» Separation of the host rock formation from groundwaters must be by
impermeable formations at least 150-200 meters thick.

o Nc mineral resources should be present in the host geologic formation.

e A minimum of groundwater network should exist, with no productive
groundwaters on the site.

» Nc extraneous borehcles or underground construction can be present
on the site, with all boreholes to be mapped and sealed.

o The topography must have low relief for surface construction and
access.

» There must be no zones of possible flooding, natural or man-made
calamities.
With respect to siting a repository in salt, the Soviets would place a high
priority on thick salt layers and a sequence of interbedded clays and salt.
They wculd like to site a repository at 600-700 meters below the Tand surface
(Lehmar 1989).

10.3.2 Concept and Facility Description

The disposal of HLW in geological formations in the Soviet Union was
outTined in 1979 as having to comply with the following requirements
(Kedrovskiy et al. 1979a):

» There must be reliable isolation from the biosphere for an unlimited
time period.

. Th@3permeabi1ity coefficient of the site must be within 1072 to
107 darcy’s.

« No release of radicactivity must occur for a distance of 400 m from
the contour of the excavated repository.

» The repository must be located at a lower level than the zone of

free water exchange, and there must be a protective rock mass of
70-100 m between this zone and repository.
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The repository must be located at a distance not ltess than 1000 m
from zones of tectonic dislocations and outside confines of current
and expected mineral deposits.

Large-scale testing of rock masses under "all basic loads," and
surface-based testing of prototypes, was being considered. Electric
heaters and "other sources of activity” would be used. It was
mentioned that displacement of waste in the repository due to "rock
fusion” would need to be assessed.

Several basic concepts have been considered by the Soviets for HLW

disposal:

Disposal of Consolidated Wastes in Mining Shafts

A mining shaft 4-6 m in diameter is constructed to a depth of 400-
800 m. The consolidated wastes are packed in layers in the shaft by
covering or mixing with quartz sand. Once the shaft is filled up to
the mark made 150-250 m below the earth’s surface, the repository is
dried by heating to a temperature exceeding 100°C [probably due to
radiogenic heating].

Disposal of Consolidated Wastes in Dril} Holes

Two general concepts for disposing of canistered and solidified
wastes were discussed:

- A number of holes are drilled from the surface into a series of
low-permeability rocks. The cans with the wastes, depending on
the amount of the heat evolution, are placed either directly
one behind the other, or alternating with plugs. The holes are
filled with cans to a depth that assures the isolation of the
wastes from the water exchange level. The remaining free part
of the hole is filled with cement.

- If a site can be Tocated in a thinly populated area, a
repository can be constructed at a shallow depth. In this case
the cans with the wastes are placed in drill holes bored in a
series of thick clay deposits at a maximum depth of 40 meters.

Disposal of Consolidated Wastes in Underground Chambers

The consolidated wastes, in cans or in containers, are placed into
an underground chamber through a mining shaft or a drill hole which
is provided with corresponding locking devices. Once the chamber
has been filled with a planned amount of wastes, the hole or shaft
is filled with cement for its entire height. The heat evolved from
a large mass of wastes can cause the fusion of the surrounding rock.
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e Disposal of Consolidated Wastes in Underground Excavations

One of the methods is emplacement of cans or other containers in

mine excavations {Kedrovskiy et al. 1979a).

Current potential Soviet concepts for disposal of HLW include naturai
voids, cavities, and caverns; deep boreholes; artificial "reservoirs"; special
underground facilities; and shafts. The final, unused void spaces in a repos-
jtory must be backfilled with dense material that does not shrink, decompose,
or become modified (Kedrovskiy et al. 1989).

The gealogical formation is regarded as the main protective barrier.
Also, man-made barriers and packages are required, at least through final
disposal. A sketch of a conceptual deep disposal repository is given in the
reference (Kedrovskiy et al. 1987).

10.3.3 PResearch and Development

The Ministry of Geology in the Soviet Union has carried out studies of
geolog cal and hydrological conditions in many regions for existing and
planned nuclear facilities. However, as of 1983, the results of ail scien-
tific «nd field studies had not yet provided a final answer on the most suit-
abie trpe of rocks for waste disposal. Rock-salt, clays, granite, gneiss,
diabase, porphyrite, and similar rocks were under consideration (Semenov
1983). Granite was mentioned to be the preferred host rock medium (Johnson
1989b)., while another source indicated that the main siting areas now appear
to be the Towlands surrounding the Caspian Sea for salt domes and bedded salt,
and a Cambrian clay not far from Leningrad. Granite is considered unfavorable
relative to salt and clay, due to "circulating water problems" {Lehman 1983).

Other R&D studies include estimating the maximum permissible thermal and
radiation loads on the host rock formation, the requirements for the disposal
facility, the basic principles of final disposal, and the requirements for
suitable geological settings (Sedov et al. 1983). The Soviets have made cal-
culatiens for HLW [phosphate glass] disposal in a 1-m-diameter well at a depth
of more than 600 m in a rock having a permeability of 10'3 m/d which show
"safe c¢isposal for the fission product lifetime" (Nikiforov et al. 1989).
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The USSR has expressed interest in waste disposal R&D conducted in
Canada’s underground research laboratory {BBC 3/10/89}.

10.4 LOW-LEVEL AND INTERMEDIATE-LEVEL WASTE DISPOSAL SYSTEMS

10.4.1 Site Selection

In 1970, the pilot and planned industrial NIIAR installations for under-
ground dispesal of 1iquid radioactive wastes were located in the northwestern
part of the Melekess trough, within which is a thick formation of Paleozoic
sedimentary rocks. The Melekess trough is part of the Volga-Kama artisian
basin. The water-bearing formations that fall within the boundaries of the
Melekess trough, with the exception of the Quaternary water-bearing horizon,
contain mineralized waters and sodium chloride brines that are not suitable
for industrial and domestic water supply {Spiteyn et al. 1970b).

"The Sanitary Regulations for the Design cf Nuclear Power Stations”
incorporates sanitary and hydrological requirements on siting solid waste
burial grounds on the site. The basic requirement was that ne ground or rain
water should be allowed to penetrate into a storage vault (Gusev et al. 1977).
Underground burial of LLW and ILW was felt to be possible by the Soviets in
regions where the seismic activity did not exceed 7 on the Richter scale
(Kedrovskiy et al. 1979b).

In 1988, nine sites within the Soviet Union were being considered and
were undergoing geologic characterization for use as possible regional repos-
itories for low-level radioactive waste. Several final sites were expected to
be setected in one or two years (Nucleonics Week 5/88).

In June 1989, an article described a burial site for CMEA reactor waste
[presumed to be LLW and/or ILW] in tunnels underneath the Yenisey River. This
was described as follows by N. Savelyev (a journalist).

“Dead center, there were five very long, rust-resistant pipes look-
ing like five gun barrels mounted in the field. Not a living soul
was to be seen near the mobile crane and concrete conduit. In the
background, there was a birch coppice, a hamlet and a dusty road.
We (with me in the car were Sergey Zadereyev, a writer, and Viktor
Prokopenko, a Tocal journalist) were making our way slowly, with
stops, along the pipeline. Around 400 m into this uninhabited
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terrain the pipes disappeared, as if they had ceased to exist. The
road suddenly turned into a quagmire. We spooked a flaock of wild
ducks and then drove into the field. From there it was constantiy
uphill almost to the river itself. ‘What are you building?’
Prokopenko asked in an artificially cheerful voice, breaking the
prolonged silence. The peasants were not slow to reply: ‘Surely
you know we’re building a subway. It’s clear, isn’t it?’ They know
how to keep a secret here. The "subway"--which is nothing Tess than
a burial site being built for radioactive waste material from CEMA
nuclear power stations--is coyly called "Site No. 27" here. The
site has recently given rise to much rumor and commotion. Only now,
in the period of glasnost, has it become known what kind of tunrel
is being excavated in the birch coppice. But ten years ago no one
dared approach the facility closely, let alone ask questions. Jour-
nalist Viktor Prokopenko, former militiaman Yuriy Pirogov, and local
doctors began picking their way through the screen of mystery and
secrecy. At their insistence the kray party committee sent in an
inpressive commission comprising geologists and specialists from
civil defense, the State Committee for the Protection of the Envi-
ronment, and the kray health and epidemiology station. They meas-
ured radioactivity in several spots and acquainted themselves with
the documents. A meeting with the public was then held and an
official document read out there. According to this document the
burial site will pose no danger to the environment. All the radio-
active waste will, after processing, be pumped into the pipes of the
tunnel (under the Yenisey) and thence transported into clay strata
situated at a depth of 700 m. In exchange for living next to the
burial ground the villagers were promised new houses, a hospital and
a hog-raising complex. All this munificence, discounting the

20 mitlion rubles already squandered on the tunnel under the
Yenisey, comes to tens of millions of rubles spent on piping and
concrete” (KOMSOMOLSKAYA PRAVDA 1989).

It was further reported in July 1989 that the waste disposal facility
would be developed at the site of a previously secret plutonium production
plant built in the 1950s.

"The plars involve building a tunnel under the Yenisei River--the
second biggest in the USSR--to link the existing facility to a new
urderground storage site on the other side that is being buiit 700
feet below the surface in clay. The once exclusively military site
1t now taking waste from Soviet civilian nuclear plants and when
extended will take waste from the whole of Comecon. The Krasnoyarsk
cemmunist party will be asking that the scheme be scrapped. A
series of protest meetings has been held and over 60,000 signatures
ccllected from opponents of the facility" (Nuclear Waste News
7/B9a}.
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10.4.2 Concept and Facility Description

In the Soviet Union, intermediate-level liguid wastes that have been
neutralized or made alkaline have been injected into deep geologic formations
containing slow moving (fractions of meters per year) water located between
water-tight strata [at least from the mid-1960s to about 1980]. As of 1978,
the practice was given as the poticy for disposing of liquid low-level and
intermediate-Tevel wastes at nuclear power stations with appropriate geology
and hydrology (GKAE 1978, p. 9). Radiocactive studies on nitrate-containing
wastes were carried out to determine the formation of gases and other mate-
rials. Reference was made during a presentation that 100,000 curies (con-
tained in more than 106 m3 of solution) have been put into the ground (Spitsyn
et al. 1978). Also, tens of millions of curies in intermediate-level liquid
wastes were disposed of in "reservoir beds" {Kondratyev et al. 1976}, and
tong-term experience with this practice at the Scientific Research Institute
of Atomic Reactors, NIIAR, confirmed this practice to be safe and reliable.
The disposal concept resulted in an increase in the temperature of the.host

formation of a few degrees Celsius {GKAE 1978, p. 10.).

Experimental underground disposal of low-Tevel liquid wastes in deep
formations has been under way in the city of Melekess [now called
Dimitrovgrad, near Ulyanovsk] since April 1966 and was continued at Teast
until 1970. In April 1966, the NIIAR started operation of an experimental
installation for the injection of radioactive solutions in geological pros-
pecting drill holte R-3, which tapped into a water-bearing horizon at a depth
of 1,432-1,508 m. Over a period of four years. 3.2 x 104 rn3 of solutions
containing about 3,500 curies of beta activity were pumped into the absorbing
horizon (Spitsyn et al. 1970b) at an average rate of 7-9 x 104 m3/yr (Spitsyn
et al. 1970a). It was found that the injected solutions migrated great dis-
tances along the stratum from the drill hole. [Note that this last statement
differs significantly from ones made in the prior and following paragraphs.]
{Spitsyn et al. 1970b). \Unspecified gaseous wastes were also disposed of by
injection into the well at Dimitrovgrad {New Scientist 4/21/77).

In 1970, 15 deep drill injection holes were finished and in operation at
the Dimitrovgrad installation. The industrial installation at the NIIAR was
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designed for the underground disposal of radicactive solutions, with a maximum
calculated capacity of 550 m3/d. The useful volume for filling with wastes
totale¢ 5.3 x 10° m.

of underground disposal of the calculated volume of wastes (Spitsyn et al.

This volume corresponded to the capacity for 30 years

1970b). Scrubbing of the cutting face zone with nitric acid increased
receptivity somewhat (Spitsyn et al. 1970a).

At an TAEA conference in 1979, it was again indicated that disposal of
Tow-level and intermediate-level liquid radiocactive wastes in geologic forma-
tions ty injection through drill holes into permeable strata bounded by
aquitards was being seriously considered by the Soviets. The authors indicate
that actual experiments with this form of disposal had achieved positive
results {at the Ulyanovsk nuclear power station, for example [Gusev et al.
19771:. A brief theoretical mathematical analysis of radionuclide migration
was also attempted (Kedrovskiy et al. 1979b).

As of 1980, low- and intermediate-level wastes were still being disposed
of in guartz sandstone and clay structures at depths of about 1500 meters
{BBC 8/1/80). Three protective zones were identified that surrounded deep
well injection facilities for disposal of Vigquid radicactive wastes:

o« The first zone is that where the disposal wells are located. This
zone usually has an area of about 1.5-2 hectares. No construction
is allowed here that is not related to the disposal facility, and no
other use of this area is allowed.

« The second zone comprises the area of possible spread of the dis-
charged liquid waste over the aguifers used for its disposal. The
radius of the second zone is usually from 2-5 km. In this second
zone, drilling of deep wells that were not associated with the
dispesal facility, installing large underground water intakes, and
all underground activities are prohibited, because such activities
could destroy the natural isolation capabilities of the dispesal
facility. The use of this second zone for agricultural purposes and
far other building uses is not restricted.

o The third zone is established to rule out the possibility of deep
0il, gas and other wells from removing contaminated groundwater.
Based on caiculations and experience in operating oil fields and
these facilities, the radius of this zone is in the range of 10-
20 km, depending on the local geological and hydrogeoiogical
conditions {Gusev et al. 1977).
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The tatest mention of well injection of liquid radicactive wastes
"between platform-type artesian aquifers" indicates that the practice was
undertaken to avoid the accumulation of wastes on the surface. The "natural
rate of stratal water infiitration in these aquifers constitutes several
meters per year." It was stated that this disposal method was not "absolutely
reliable" and was unlikely to be used in the future (Nikipelov et al. 1990).

As of 1977, solid radiocactive wastes from Soviet nuclear power stations
were disposed of onsite, as was done for liquid wastes, by being buried in
special storage vaults. Low- and intermediate-Tevel waste materials were gen-
erally collected separately. Solid waste storage vaults were built of
concrete, and they were above the surface or partly underground. Facilities
were provided near the storage vaults for monitoring the levels of radio-
activity in the groundwater. Highly active wastes were put in specially
shieided containers (Gusev et al. 1977).

As of 1981, to save storage space at RBMK power stations, the bitumin-
ized waste was poured into the onsite "repository” [or "pits" in another
reference], and not placed in conventional storage facilities. However, this
onsite "repository"™ is not considered to be the final disposal solution
(Nikiforov et al. 198la). 1In 1989, it was indicated that bituminized wastes
were disposed of at the reactor site in a repository of a "pour type"
{Nikiforov et al. 1989).

Disposal of low-level wastes has been done in the Soviet Union [at least
in the past] in concrete-lined trenches, with backfill and a covering of con-
crete. The top of the backfitled trenches is approximately at grade 1eve1.(a)

As of 1982, end fittings removed from spent fuel assemblies during
reprocessing were disposed of by burial {Dubrovsky et al. 1982).

There are some 35 regionai stations for burying [Jow-level] radioactive
wastes [in addition to low- and intermediate-level wastes disposed of at
reactor sites] in the USSR, according to B. Semenov, First Deputy Chairman of
the GKAE. One is near Riga, Latvia, and one at the Radon test site near

(a) Personal knowledge from work of K. J. Schneider (PNL} when employed at
the International Atomic Energy Agency in Vienna, Austria, 1980.
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Moscow {Semenov 1989). The Radon Waste Facility receives radioactive wastes
from science, medicine, agriculture and industry, transported by special
vehicles. Solidified radicactive wastes are disposed of in deep, under-
ground, concrete chambers that enable the material to be isolated for 300 or
even 500 years. The waste is isolated by metal, ferrous concrete, and the
natural earth barrier of clay and loam. There has been no effect from the
facility on the nearby environment, with fishing, and berry and mushroom col-
lection taking ptace nearby (BBC 3/28/86). The Radon site, which has been
accepting Moscow’s waste since it began operation in 1962, is located in a
cfay sequence of up to 70 meters thick. The water table ranges from

4-20 meters below the land surface (Lehman 1989).

In 1989, information on the storage (disposal) of ionizing radiation
sources, such as cobalt-60, was given by Sobolev. It appears that in the
past, such sources were "discharged" through "curved" tubes into special
underground areas. The storage areas were at a depth of 6 m and had a volume
of 200 1. Each storage area is designed to receive 1.184 x 1013 Bq (equiva-
lent to about 50 kg of radium) and have a maximum temperature of 230°C. It
was indicated that such storage areas had been in use at the Moscow "Radon
Production Cooperative” for over 20 years, and observations showed that this
type of storage does not provide satisfactory safety. A new method of storage
was developed in 1986 in a collaboration between the "Radon Production
Cooperative" and the A1l Union Scientific Research Institute of Inorganic
Materials in Moscow. The new method encapsulates the radiation sources in
metal matrix blocks made of lead-based alloys. The metal biocks are then
stacked in layers in storage areas, similar to those mentioned earlier, to a
capacity of 6.66 x 10%° Bq (Sobolev et al. 1989).

10.4.3 Research and Development

In the Soviet Union, bitumen blocks containing intermediate-level wastes
with an activity of 10%-107 Becquerels/1 (about 0.00003-0.0003 Ci/1) have been
stored experimentally in clay soils {Semenov 1983). Bituminized LLW was
placed in test burial grounds (in 2-m-deep trenches in clay formations) in the
form of blocks weighing I-2 MT with a radicactivity content of 0.01-

0.09 curies. Core drilling of the burial grounds two years tater showed no
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high radioactivity in the core, and rock 15 cm from the bitumen blocks had
normal background radioactivity (Nikiforov et al. 198la; Atomnaya Energia
1981).

Starting in 1961 and continuing at Teast through 1985, measurements were
made of the migration of radionuclides in and around a LLW "burial site."
Radioactivity levels in the "wastewater" measured 10-20 Becgquerels/liter and
outlets of nearby reservgirs measured 0.5-1.0 Becguerels/liter {Nazaryuk
et al. 1985). {These may be the same tests incdicated by Nikiforov et al. in
198]a].

Further information was given in 1989 on these tests by Sobolev, who
stated that several intermediate-level waste forms have been tested in the
Taboratory as well as in natural shallow clay formations for periods of 5-20
years. Intermediate-level wastes from RBMK reactor operations were solidified
into "Portland"-type cement, bitumen and borosilicate glass having the
following characteristics:

Waste Activity Level, Denéigy,
Waste Form Jype Content, % mCi/kg a/cm
Portland Cement 10.7 0.057 1.7
Bitumen 30.7 0.089 1.3
Borosilicate Glass 30.0 0.038 2.6

The waste forms were prepared and leach-iested at unspecified lab-
oratories, while the in situ or "natural” testing was performed at the Moscow
Scientific Industrial Corporation (SIC) "Radon" disposal site--the specimens
were placed at a depth of 2 m in "leamy scils” in "saucers which were pre-
contacted with groundwaters, and were specially equipped for collecting the
latter.” Water samples were then taken from boreholes located nearby (Soholev
et al. 1989).

The leach-testing of these waste forms was used to generate release rates
for use in making estimates, based on a "potential radiotoxicity index," of
the relative danger of environmental contamination due to waste form disposal.
The results of the test, in terms of their "potential radiotoxicity index"
indicated that the reduction in this index due to cement, bitumen and
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borosilicate glass ILW forms was 8, 113 and 25,000 times, respectively. It
was stated that this indicates the importance of the waste form itself as a
barrier and argues strongly for the vitrification of ILW (Sobolev et al.
1989) .

The final disposal concept for radioiodine removed from Soviet reactor
and fuel reprocessing facilities has not yet been determined but was being
studied as of 1981 (Nikiforov et al. 1981b).

Near-surface disposal concepts for LLW and ILW have been studied that
included the potential use of "pits" (Kedrovskiy et al. 1987).

10.4.4 Cost Information

In 1970, the costs of underground deep well injection of liquid wastes in
the Soviet Union were 1.5-2 times less expensive than for evaporation and
surface tank storage (4 rub]es/m3 instead of 6-8 rubles) (Spitsyn et al.
1970a). The cost of incinerating 1 m of combustible wastes was given as less
than 11 rubies in 1970 (Sobolev et al. 1970).

In 1978, costs of onsite deep-well injection of liquid wastes were stated
to be about 30% less expensive than conditioning by evaporation followed by
bituminization [apparently excluding ultimate disposal] (GKAE 1978, p. 10}.

The distribution of costs for treatment and storage of all radicactive
wastes {i.e., LLW, ILW, and HLW} from Scviet nuclear power stations and from
fuel reprocessing in 1983 were given as follows: HLW management costs repre-
sent 45-50% of the entire radiocactive waste management system costs; ILW costs
are 40-45%; and LLW costs are 8-10%. Final disposal was expected to increase
the total waste management costs by as much as 20-30% (Sedov et al. 1983).
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11.0 WASTE TRANSPORTATION SYSTEMS

Information on Soviet waste transportation practices, primarily
on transportation of spent fuel, is given in this section.

1.1 SUMMARY

The primary method of spent fuel transportation in the USSR is by rail
car, although reference is made to barge and truck transport from the Kozloduy
reacto~ storage site. A variety of transportation casks for spent fuel (dry
or with water shielding) have been put into operation that reportedly conform
to TAEA regulations. Transportation of wastes to regional disposai facilities
is carvied out by truck, rail, or barge.

11.2 POLICY AND STRATEGY

In the Soviet Union, the transportation of solidified radioactive wastes
of all categories within plant boundaries may be carried out by trucks and
rail csrs without the use of special transportation packagings. Transporta-
tion outside of plant boundaries to regional disposal facilities is carried
out by trucks, rail, or water transport using special transport packaging
(Sedov et al. 1988}.

Transport of spent fuel has been carried out under regulations adapted
from the IAEA transport regutations {including accident test conditions), in
the USSR and the other CMEA countries {Kondratyev et al. 1977).

At its 124th meeting in Moscow, the Executive Committee of the CMEA
adopted rules for the safe transport of spent fuel from nuclear power stations
in CMEA countries by rail and sea. Part of the rules is a convention on
1iability for damage caused by an accident. The consequences of an accident
are to be mitigated by the country wherein the accident occurred, but the
damages are to be paid for by the country to blame for the accident (TASS
9/25/87).



11.3 SPENT FUEL TRANSPORTATION SYSTEM

11.3.1 Packaging and Hardware System

Rail cars for transporting spent fuel have casks that are placed ver-
tically or horizontally, depending on fuel type. (VVER-440 spent fuel
assemblies, 144 mm wide by 3200 mm long, are transported vertically; VVER-
1000 spent fuel assemblies, 238 mm wide by 4465 mm long, are transported
horizontally; RBMK-1000 spent fuel assemblies, 79 mm in diameter by 10065 mm
tong, are transported horizontally.) The USSR has adopted a steel transport
cask lined with stainless steel. Fins on the cask provide for impact resis-
tance as well as for improving heat transfer. The casks weigh 73-110 MT and
carry 9-30 spent fuel assemblies weighing 1.3-3.9 MT, depending on the cask
and the spent fuel (Kondratyev et al. 1977).

The railroad track gauge in the USSR is different from that used in the
other CHMEA countries (1520 mm vs. 1435 mm). To accommodate this difference,
transport cars between the USSR and the other {MEA countries have two sets of
wheels (Kondratyev et al. 1977).

As of 1982 in the Soviet Union, nuclear power spent fuel was shipped dry
in casks with the use of a cover-gas-filled cavity. Casks can handle 30 VVER-
440 fuel assemblies (approximately 3.8 MT uranium dioxide in the fuel) with up
to 340 watts per assembly and 8 kilowatts of heat from the total spent fuel
payload. Under these conditions the maximum fuel element cladding temperature
is no higher than 200°C, and the maximum gas temperature in the cask is 175°C.
For shipping VVER-440 spent fuel with exposures of greater than 24,000 MWd/MT,
neutron shielding is required. This shield may be in a water jacket on the
outer perimeter of the cask, and/or the cask may be filled with water
{Dubrovsky et al. 1982).

Transportation of VYVER-440 spent fuel is done primarily by railroad,
using 4-8 special container cars {TK-6) with 12 axles each and two accom-
panying escort cars in a dedicated train. The casks are specified as meeting
JAEA Type B(U) requirements for spent fuel with exposures up to 23,000 MWd/MT.
In practice, some VVER-440 spent fuel was alsc shipped by truck and some by
water (Dubrovsky et al. 1982). For RBMK fuel, other types of railway



containers were used in conjunction with TK-11 rail cars [suci as the TK-8]
(Kondratyev et al. 1977; Semenov 1983; Pushkov 1984; Dubrovsky et al. 1982).

Variations in transportation packaging designs for more recent, higher
exposure spent fuel have capacities of 6, 8 or 10 spent fuel assemblies with
either water or gas coolants (Pushkov 1984}. For fuel burnup not higher than
24 GWd/t and total residual heat release not higher than 8 kW, it is
preferable to use a nitrogen gas coolant during transportation {Veretennikov
et al. 1986}.

The Soviets plan to use two types of spent fuel casks to transport spent
fuel from VVER-1000 reactors. The TK-10 cask has a capacity of six assemblies
or 3 MIU for fuel with exposure up to 50 GW/MTU, with up to 13 kW totail heat,
and a loaded weight of 98.6 MT. The cask has overall dimensions of 2.4 m in
diameter and 6.13 m long, with the cavity being 5.03 m long. The TK-13 cask
has a capacity of 12 assemblies or 6 MTU also for fuel with exposure up to
50 GW/MTU, with up to 20 kW heat, and a loaded weight of 116 MT (NEI 6/88b).

With VVER-1000 reactors, spent fuel unloaded from reactor storage is
possible only with the reactor shutdown. Reactor shutdown for fuel reloading
is typically done in the summer. However, transportation is performed during
the whole year through regions having considerable variations in temperature.
Casks are thus designed for temperatures ranging from -50°C to +38°C. The
space between the jacket and the body of the TK-10 cask is filled with
ethylene glycol solution. The TK-10 cask coolant is water or air [nitrogen].
Spent fuel assemblies are placed in a cask basket in which the tubes, filled
with boren carbide powder, are used to provide nuclear safety. Each fuel
assembly is surrounded by one of the 18 tubes {Kondratyev et al. 1989).

The first shipment of VVER-1000 spent fuel was made from Unit 5 of Novo-
Voronezh in 1985 in TK-10 cask cars. Since 1988, transportation has been
carried out in TK-13 cask cars. By February 1, 1989, 12 spent fuel trips were
made, including:

from Novovoronezh - 7 trips (TK-10)
from South-Ukrainian - 3 trips (2 TK-10, 1 TK-13)
from Kalinin - 2 trips (1 TK-10, 1 TK-13)

{Kondratyev et al. 1989).



A new design of the basket for VVER-1000 spent fuel assemblies is being
developed in which neutron abserbers are not planned to be used. Work on the
use of solid neutren shielding is being based on silicon-organic materials.
(Kondratyev et al. I1989).

A cask designated "Cask-19" is used to transport spent fuel from Soviet
research reactors. The cask is solid steel with a cavity of 22 cm in diameter
by about 125 cm long, and is sealed with a single heavy lid. Typically, four
fuel assemblies are placed in a basket to comprise the payload. The maximum
allowable heat generation rate of its cargo is about 360 W. The cask is
transported vertically on a rail car. The number of casks on a car depends on
the spent fuel characteristics. The average service life of a cask is at
least 20 years (Kritsky et al. 1988).

A Soviet journalist visiting a Soviet fuel reprocessing plant reported
that the walls of a transportation cask used there were 376 mm thick and made
of steel {Chertkov et al. 1989).

Characteristics of some of the USSR shipping casks for spent fuel are
summarized in Table 11.1.

TABLE 11.1. Characteristics of Some USSR Spent Fuel Transportation Casks

Overall Mass
Dimensions of Fuel
Cask Con- Desig- Cask _of a Body (m) Loaded Number of
Fuel Type fiquration nation (MI} Diameter Height _ (MT) Assemblies

VVER-440 Vertical TK-6 90 2.195 4.105 3.8 30

Cylinder

VVER-1000 Horizontal TK-10 103 2.0 6.0 2.9 7
Cylinder

RBMK-1000 Vertical TK-11 B86.5 2.195 4.455 5 102 (half
Cylinder assemblies)

Note: The TK-11 cask is designed to transport fuel assemblies divided in
two parts.
Reference: Philippov et al. (1989).
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11.3.2 Cask Decontamination

In the Soviet Union, shipping cask decontamination at the reprocessing
ptant is carried out in special chambers. Inner cask surfaces are washed
using a rotating nozzle device. Decontamination is done by first spraying
with alkali permanganate solution and then spraying with an acid solution
containing oxalic acid with sodium hexamethaphosphate. Outer cask surfaces
are treated by a foam-jet method using the same solutions but with foaming
agent additives. Cask decontamination may also be done using an electro-
chemical method with a portable electrode. Acid solutions (phosphoric acid,
sulfuric acid, etc.) are used as electroiytes. Decontamination capacity is up
to "750 cathode working areas per hour" (Philippov et al. 1989).

Painted surfaces of casks and rail cars that cannot be cleaned using the
foam-j2t method are cieaned using special wash solutions containing
dichloromethane (Philippov et al. 1989).

In the case of cask loading (or unloading) under water, the use of
strippable polymeric coatings based on water-alcohol solutions of methylol-
polyamide resin may be used {(Philippov et al. 1989).

The decontamination of the cask-car cargo section is carried out using
oxalic acid and sodium hexametaphosphate, mixed with a foaming agent, sodium
alkylsulphate. The decontamination efficiency may be increased by using a jet
of hea-ed water at 0.3-0.6 MPa, 8-10 m3/h, containing foam suppression addi-
tives such as polymethylsiloxane (Philippav et al. 1989).

Decontamination of transport baskets may be done using superheated steam
that is condensed on the equipment surfaces in conjunction with the applica-
tion o a decontamination solution. Another method uses a steam jet with a
decontamination solution (Phitippov et al. 1989),

11.3.3 Management, Operations and Capabilities

In some cases of transport of spent fuel, changes are made in-transit
from one transportation mode to another. For example, from the Kozloduy
nuclear power station in Bulgaria, railroads, highways and water modes are
used {Kondratyev et al. 1977).
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The time required to transport spent fuel assemblies in Czechoslovakia
from one unit of a nuclear power plant by train with four rail car-containers
{TKC-30) and safe placement into the Soviet ISFSIs is about 21 days. Ten days
are required to load the containers at a nuclear power plant site. The time
required to complete loading of the train ready to transport spent fuel from
the ISFSIs to the Soviet Union is estimated to be about 8 days. The first
transport of spent fuel from the first Czechosiovakian unit to the ISFSIs was
carried out in January 1987 (Petényi et al. 1988).

As reported by a journalist visiting a Soviet fuel reprocessing plant,
rail transport of spent fuel to a reprocessing plant is preceded by about one
hour by another train that provides for inspection of the track and recadbed.
The special train is inspected every 150-200 km. The walls of the cask are
376 mm of steel {Chertkov et al. 1989).

11.3.4 Research and Develogment

In 1984, an R&D program was under way in the Soviet Union for transporta-
tion of spent fuel from fast reactors {Pushkov 1984).

The USSR js proceeding with R&D on transportation of spent fuel using a
steel rail cask and on storage of spent nuclear fuel, with emphasis on PWR
fuel (Kondratyev et al. 1988).

11.3.5 Safety and Quality Assurance

Spent fuel shipping is carried out in accordance with Soviet reguiations,
"Rules for Safe Spent Fuel Transportation from Nuclear Power Plants" and
"Spent Fuel Assemblies Specifications” (Dubrovsky et al. 1982). Transport of
spent fuel has been carried out under regulations adapted from the IAEA
transport regulations (including accident test conditions), in the USSR and
the other CMEA countries {Kondratyev et al. 1977).

The VVER-440 casks with spent fuel exposures up to 23,000 MWd/MT are
stated to meet IAEA Type B(U) requirements {(Dubrovsky et al. 1982).



11.4 LOW- AND INTERMEDIATE-LEVEL WASTE TRANSPORTATION SYSTEM

As of 1977 in the Soviet Union, special vehicles provided with extra
biolegical shielding for the driver’s cabin were used to transport solid waste
to onsite burial grounds at nuclear power stations (Gusev et al. 1977).
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APPENDIX A

BACKGROUND INFORMATION



A1.0 INSTITUTIONAL STRUCTURE: KEY MINISTRIES AND STATE COMMITTEES

This section describes the Soviet organizations important to
nuclear fuel cycle activities prior to the reorganization in late
1989.

The Soviet bureaucracy, with respect to nuclear energy, has had a history
of baing complicated and ponderous. In 1978 it was reported that at Teast 31
separate organizations {including seven ministries) have to sign off before
and Juring operation of a Soviet nuclear power plant.

The ultimate decisions for Soviet development are made by the Communist
Party hierarchy and the Supreme Soviet. Beyond them, however, the overail
responsibility for nuclear development belongs to the State Committee for the
Utitization of Atomic Energy, and the Ministry of Power and Electrification
(MPE) has charge of design of the core and primary reactor loop as well as of
waste dispesal, and various research institutes. The MPE designs, constructs
and oversees the operation of nuclear and fossil plants, Its field organiza-
tion, Glavatomenergo, is a general contractor for individual plant

construction and operation.

At least five other ministries in 1978 were inveived in nuclear power,
including those for heavy power and transport machine building (they fabricate
pressure vessels and steam generators under contract to Glavatomenergy),
health (which provides health-related inspection), technical inspection (whose
resident inspectors must give final approval on major construction items and
on startup), atemic inspection (whose inspectors make annual visits to sta-
tiors preparing for startup), and standards.

Then there are the peripheral agencies, such as Atomenergoexport--
Russia’s nuclear export agency--and Techsnabexport, which seils Soviet enrich-
ment services abroad. Various industrial ministries manufacture nuclear plant
instrumentation and components; the Committee of Medium Machine Building
repcrtedly is in charge of fuel reprocessing {(Enerqy Daily 1978).

Information on relevant organizations in the 1980s, but prior to the
reorganization in 1989, is given next.
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Minatomenergo

The Nuclear Power Ministry (Minatomenergo) is responsible for the devel-
opment and operation of all nuclear power facilities (Leigh 1989; MaclLaughlin
1989). In January 1989, Minatomenergo established a new public relations
office, called the Nuclear Energy Public Information Center, within its
Nuciear Information Institute {Maclachlan 1989).

GKAE

The State Committee on Utilization of Atomic Energy (GKAE), subordinate
to the Nuclear Power Ministry [apparently a "branch ministry"], is respon-
sible for the production of nuclear materials in the Soviet Union. It is alseo
respensible for R&D on the management of radicactive wastes (Leigh 1989;
Nuclear Fuel 4/89). Its subdivision Glavatomenergo (Nuclear Energy Division)
is responsible for nuclear energy programs (Nucleonics Week 10/88).

Ministry of Atomic Power Engineering

The Ministry of Atomic Power Engineering, established in July 1986, is
responsible for the design and engineering of nuclear power reactors (AlJ
4/87).

GAEN

The central safety body is the Soviet State Committee on the Supervision
of Nuclear Power Safety (GAEN), which was created in 1983 by combining the
State Inspectorate for Nuclear Safety (part of GKAE) and the Directorate of
Nuclear Power Plant Technical Safety (part of the State Committee on the
Supervision of Mining Safety). GAEN is responsible for the organization of
safety work carried out at nuclear power pltants, including work on research
reactors and nuclear power plants aboard ships. GAEN is assisted in this work
by other safety and monitoring bodies {the Health Ministry, the Ministry of
Home Affairs and the Hydro-metecrological Committee). GAEN coordinates the
revision of existing nuclear power regulations and the development of new
ones. It is also coordinating the development of a single set of regulations
for nuclear power in the Comecon countries {NEI 3/89).
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GAEN’s work is carried out through its central and regional bodies. It
supervises the implementation of national regulations and standards for
design, construction, installation and commissioning of nuclear facilities.
Periodic inspections ensure that regulations are being observed at all these
stages for equipment and systems. A regional inspectorate is responsible for
safety and quality supervision at research reactors and aboard ship facili-
ties. Organizations undertaking all aspects of building nuclear power plants
must be approved by GAEN and are periodically inspected (NEI 3/89).

The standard technical safety documents used in the nuclear power
industry are developed on the basis of research, development and operational
experience. These documents also take into account the recommendations of
international organizations [such as the International Atomic Energy Agency
(IAEF), the International Standards Organizatien (ISO} and the International
Commission on Radiological Protection {ICRP)] and the experience and prac-
tices of other countries. Soviet nuclear safety regulations and practices
have undergone a thorough revamping following the Chernobyl accident. Two
main safety documents, both reviewed after Chernobyl, are: a) General Safety
Regulations of Nuclear Power Plants During Design, Construction and Operation,
OPB-&2 (1982}; and b) Radiation Protection Norms, NRB-76 {1976). Revisions to
these documents were scheduled to be pubiished in early 1989 (NEI 3/89).

The more specific regulations relating to the nuclear industry are also
beinc reviewed currently, including 19 directives on:

e nuclear and radiation safety norms

» siting and distribution of nuclear power plants

o nuclear plant design, construction, installation and commissioning
o operation and decomnmissioning

« monitoring of environmental contamination

« protection of personnel and the public.

The review of these key safety documents will also ensure compatibility with
the safety principles recently set out by the International Nuclear Safety
Advisory Group of the IAEA (NEI 3/89).
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The control of safety R&D programs also comes under the jurisdiction of
GAEN. GAEN determines the direction of R&D and assesses the results with the
aim of incorporating them into regulations. It also organizes and conducts
R&D to provide technical back-up to its supervisory activity, and to enable it
to assess the research results of organizations in other ministries and
departments. To do this, GAEN has operated a Science and Techrology Center
since 1987 (NEI 3/89).

Aside from seeking general improvements in safety and reliability, the
principal R&D objectives of GAEN include:

» assessment of component lifetimes to decide between extension and
decommissioning of facilities

e analysis of severe accidents and R&D into accident prevention and
mitigation

» development and adoption of quantitative probabilistic methods for
safety analysis and risk assessment (NEI 3/89).
The results of this R&D are being used to clarify regulations, particularly
those relating to:

e siting and distribution of nuclear power plantis

» severe accidents involving nuclear core degradation, including core
melting

¢« environmental conditions affecting siting
o operating Jimits and conditions at nuclear power plants (NEI 3/89).

Regulations on nuclear power plant safety are complemented by state
standards developed and established by the State Committee on Standards
(Gosstandart). The system of standards ensures nuclear plant safety through
establishing requirements for many components, materials, processes, ard so on
(Semenov 1983).

The GAEN has the right to issue writs to correct any deviations from the
regulations. Where regulations have been violated and where the safety of the
plants is threatened, measures may be taken, even as far as to shut down or
decommission a facility. A diagram of the key nuclear safety regulatory
bodies and their publications is given in Figure A.1 (Semenov 1983; NEI 3/89).
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State Committee on
Supervision of
Nuctear Power Safety

Ministry of Public Health -
State Sanltary Inspectorate

State Engineering
Safety Inspectorate

General Safety Regulations

Nuclear Safety Rules

Ministry of Public Health

Radlatlon Safety
Standards

Deslgn & Operation
Rules

IGURE Al.1. Nuclear Safety Regulatory Bodies and Publications in the USSR
{Semenov 1983; NEI 3/89)

The Ministry of Public Health supervises compliance with rules and
standards of radiation safety in design, construction, and operation of
nuclzar power plants through its State Sanitary Inspectorate (Semenov 1983).
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A2.0 SOVIET NUCLEAR ENERGY

This section provides some background information on Soviet
nuclear power and fuel cycle policy and projections, as well as on
waste management costs.

The Soviet Union is a large industrial state that bases its economic
development primarily on its own mineral fuel resources. The Soviet Union
cannot afford to neglect the development of nuclear power, however, because
about 80% of its energy rescurces are concentrated in eastern regions of the
country, while 75% of the population and consumers of power are concentrated
in the European part of the country. The transport of fuel from the eastern
parts of the Soviet Union to western regions constitutes about 40% of the
shipments of the country’s rail freight. Nuclear power, while substantially
alleviating the fuel and power supply problems, is not yet able to solve them
radically. The solution of these problems is possible only through substan-
tial broadening of the sphere of utilization of nuclear power (Semenov 1983).

One solution to the USSR’s energy balance that has been considered is
moving as many energy-intensive production facilities as possible to the east.
However, this would not solve the heating needs, which account for up to half
of the organic fuel used in the country. Nuclear power has been considered to
be the key concept for solving these energy issues. In the wake of the
Chernobyl accident, much improvement in the quality of siting, design and
construction of nuclear power plants has been a major focus (BBC 5/15/87).

The biggest issue to be faced by the new Supreme Soviet (pariiament)
after March 1989 will be public acceptance of nuclear power (Nucleonics Week

12/88). The Soviet public has growing mistrust of Soviet scientists. As a
result, the Soviets plan to enhance international cooperation in public
relations {Maclachlan 1989).

The Soviet Union is beginning a major public relations campaign to
promote nuclear power. To carry cut this activity, it has set up a new public
information center in Moscow. Some regional centers are also being estab-
1ished at locations of major nuclear facilities {MacLachlan 1989). There are
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also plans to start a technical society in the Soviet Union equivalent to the
American Nuclear Society (NEI 4/89).

A2.1 NUCLEAR POWER AND FUEL CYCLE POLICY INFORMATION

Because less than 25% of the organic fuel resources consumed in the
Soviet Union are used for electricity production, and because during the five-
year period [i.e., 1983-1988] nuclear power plants can provide base-load
consumers with electrical power only in the European part of the country, the
contribution of nuclear power to the electricity supply cannot exceed 10-15%
(Semenov 1983).

Commercial nuclear power is envisioned to supply Soviet needs in several
ways in addition to large central power stations. Since 1973, a nuclear heat
and electricity production plant has been operating in the far northeast of
the USSR, in Chukotka region, supplying the town of the diamond miners
(Bil-bino) with heat and electricity. Also since 1973, the BN-350 fast
reactor has been successfully supplying the 100,000 inhabitants of the town of
Schevchenko with electricity and fresh water. Currently, waste-heat from the
Belovarsk, Leningrad, Kursk, and Chernobyl nuclear power plants is being
util-zed (Semenov 1983).

Because more than 15% of organic fuel in the USSR is consumed directly in
industry (including chemistry, metallurgy, etc.), the introduction of high-
temperature reactors for industrial heat production, as well as to make
synthetic fuel, is being considered as another possibility of widening the
field of applicability of nuclear power and thus economizing conventional fuel
resources {Semenov 1983).

About 20% of organic fuel consumed in the USSR is burned for centrai
heating. The main consumers of centralized heat are again located in the
European part of the country. Thus, the extension of nuclear power to centra-
lized heating is considered as one of the most important tasks in the soiution
of fuel and power problems. In 1983, the first 500 MWth nuclear boiler plants
{called "AST-500") were being constructed in Gorky and Voronezh, and it was
expected that many more such plants will be widely used in the future (Semenov
19831,
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It was planned in 1983 that the total electric power production in the
USSR would be increased to about 1500 billion kWh; nucltear plants would
account for 14% of the total electricity production in the entire country by
1985 and for 24% in the European region (Semenov 1983). [However, these
optimistic projections have not been realized.]

For the future, the USSR is very interested in the sodium-cooled fast
breeder reactor, to make better use of its uranium reserves {Kochetkov et al.
1980). Plutonium recovered from VVER and RBMK spent fuels is planned to be
recycled into fuels for FBRs or high-temperature reactors {Sedov et al. 1988).

Since the Chernobyl accident, with pressure by the public (including some
party leaders and scientists) against nuclear power, the Soviets have started
to scale back their plans for expansion of their nuclear power program. Fol-
lowing decisions made in March 1988, significant cut-backs have occurred in
pians for expansion of nuclear power (MaclLachian 19B9). Nuclear and other
thermal energy sources are stated as becoming obsolete because of their potlu-
tion and effect on atmospheric oxygen. Nuclear power utilization has been
slowed down because of its perceived danger and the problems of stofing radio-
active wastes. Hydroeiectric power is stated as being the safest source and
will be emphasized in the future (Pepeski 1989}.

As of 1987, the Soviets had a nuclear power plan through the year 2000
that projected an increase of the 1987 capacity of nuclear power by several-
fold, to about 30% of their total electric power. However, only about 150 GWe
of total nuclear power was expected to be realized, versus the 200 GWe planned
(Sedov et al. 1988; Nuclear News 11/88}.

In 1988, the Soviet five-year plan for the period 1986-1990 for increas-
ing nuclear power was behind schedule. OQut of a planned increase of 83.6 GWe,
only about 60 GWe was expected to be installed. By 1988, 16 GKHe of old
nuclear power plant capacity should have been decommissioned, but the plants
were still in operation because of the need for power and the shortage of new
power plants (NEI 12/88).

The latest five-year plan for 1991-1995 is said to aim for ordering
30,000 MW of new nuclear generating capacity, and the official goal for the
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turn of the century remains 100,000 MW, as indicated by the chairman of the
State Committee for the Utilization of Atomic Energy, Alexander Protsenko
{Nucleonics Week 8/89).

A2.1.1 Fuel Cycle Status and Schedule

From the very beginning, the Soviet Union planned to close the nuclear
fuel cycle by reprocessing spent fuel and using the plutonium in fast reac-
tors. Spent fuel from nuclear power plants built in other countries with the
Soviet Union’s assistance will be reprocessed in the USSR, so the Soviet Union
can he considered as a regional center for nuclear fuel reprocessing {Semenov
1983}.

The USSR is implementing measures to recover and recycle uranium and
plutonium from VVER-1000 power reactors on an industrial scale. Several
reprocessing plants are planned, each with a capacity of 1500 MTU/yr, to be
erected one after the other according to need. The need is currently deter-
mined by the plutonium requirements for the Soviet FBRs or high-temperature
reactors. Recovered uranium from reprocessing of VVER-1000 fuel will be mixed
with higher-enriched fuel for the RBMK reactors (Nuclear Furope 1-2/88; Sedov
et al. 1988).

A2.2.2 Quality Assurance and Safety

Ail national requirements on radiation safety and environmental protec-
tion are reissued and revised regularly (GKAE 1978, p. 23). Regulatory
organizations and safety codes and standards have been undergoing an upgrading
proc2ss since the mid-1970s. The main reguiatory document on nuclear power
plant safety in the USSR, "General regulations to ensure the safety of nuclear
powe~ plants in design, construction, and operation,” was issued in 1973.

This document covers all types of commercial reactors used and to be used in
the USSR in the near future {VVER, RBMK, BN-FBR, and district-heating reac-
tors). Requirements are presented in a general way, without concrete details.
In most cases the "General regulations” only prescribe tasks which have to be
solvad to ensure safety (what must be done); they do not specify how it should
be done (Semenov 1983).
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In the field of radiation safety, the basic document by which the health
and inspection protection bodies are guided is "Radiation Safety Standards"
(RSS-76). These standards were formulated on the basis of recommendations of
the International Commission on Radiological Protection {ICRP) and establish
the system of dose-1imits and principles of their application. "The health
requtations for design and-aperation of nuclear power plants,” issued in 1978,
further develop and supplement the basic RSS-76 document to include siting,
monitoring, and inspection problems (Semenov 1983).

Statements by Soviet speakers at international meetings in years up to
1984 all asserted that their safety codes and standards were fully compatible
with the TAEA standards. Also, in discussions of technical safety issues and
hypothetical accidents, the similarity of topics and terminology suggests that
Soviet safety philosophy is now very similar to that of the Western countries.
The Finnish influence has certainly been significant in this development: the
two 440-MWe Soviet PWRs built at Loviisa were subjected to many Ticensing
requirements of Western origin and certainiy provided a very valuable exercise
for the Soviet designers (Rippon 1984).

Among the safety codes introduced in the Soviet reguiatory process by
1984 are those for quality assurance. The first to feel the effect of these
is the component manufacturing industry. A public rap on the knuckles admin-
istered to the management of the Atommash factory at the end of 1983 was
probably mostly related to the failure to meet targets for implementing qual-
ity assurance programs and completing all the associated paperwork (Rippon
1984).

In spite of discussions in the Titerature on safety, Soviet officials did
not appear to be unduly concerned with low-level radiation exposure as of
1983. Their hot houses for growing vegetables and their fish farms use cool-
ing water from the nuclear plants for heating. Sand beaches for the community
had been built in nuclear discharge cooling ponds where fishing was encour-
aged. The plants were built close to urban areas to supply district heating
(Hurlbert 1983).

Soviet safety regulations have undergone thorough revisions since the
Chernobyl accident. New reactor safety guidelines have been outlined in the

A.10



USSR. These include 1) reducing the probability of a core melt accident to
the range of 10h5 to 1070 per reactor year, and 2) development of measures to
localize the consequences of a core melt caused by external or internal
forces, such that the probability of an accident with serious consequences
does not exceed 1077 per reactor year (Nuclear News 5/8B). Longer and more
stringent Ticensing procedures for nuclear reactors are being encountered for
satisfying the more stringent safety requirements and for backfitting improved
safety features developed in 1988 into existing projects (MaclLachlan 1989; NEI
3/89).

See Figure A.1 on nuclear safety regulatory bodies and documents for
nuclear power in the USSR.

A2.2 NUCLEAR POWER COSTS

Although the capital investment costs for nuclear power plants were 1.5
to 2 times higher than for plants using organic fuel in 1983, the cost fig-
ures for electricity production in the European part of the country (including
in the Ural Mountains) showed that nuclear power piants were quite competi-
tive. In 1979, the average cost of nuclear-generated electricity was 0.793
kopeck/kWh, whereas the average cost of electricity from conventional power
plants was 0.753 kopeck/kWh (Semenov 1983).

A.11



A3.0 NUCLEAR ENERGY FACILITIES

A number of Soviet facilities conducting research and develop-
ment and industrial activities on nuclear power and related waste
management activities are discussed in this section.

A3.1 RESEARCH AND DEVELOPMENT FACILITIES

Kurchatov Atomic Enerqy Institute

The Kurchatov Institute is the main Soviet nuclear R&D center devoted to
new reactor types other than breeders, as well as for more general enterprises
such as the development of probabilistic safety analysis for Soviet-designed
reactors (Nucleonics Week 2/89).

Based on a 1963 foreign travel trip report {Seaborg et al. 1963}, the
Kurchatov Institute had the largest controlled thermonuclear reactor (fusion)
program in the Soviet Union. The Institute also provided other laboratories
in the Soviet Union with irradiation services in its reactors and electromag-
netically separated isotopes for research purposes. In the past, some sep-
arated isotopes of 239Pu, 240Pu, and 24]Pu, as well as 236U, had been produced
there {Seaborg et al. 1963).

The Institute was the site of the first Soviet nuclear reactor and was
where the first plutonium studies were performed. The first reactor was a
natural uranium graphite pile, which came into operation early in 1946 and
which was apparently still in use in 1963 (Seaborg et al. 1963).

Zniitmash Laboratory

As of 1984, the Zniitmash Materials Development Laboratory played an
important role in the development of many of the processes and quality control
procedures used in the Soviet component manufacturing work (Rippon 1984}.

Khlopin Radium Institute

The V.G. Khlopin Radium Institute, located in Leningrad, carries out R&D
on chemical separations, fuel reprocessing technology, and geochemistry. It
has a radioactive reprocessing pilot plant that has been eperating since 1973,
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with a capacity of 3 kg uranium/d. The pilot facility uses the chop-leach
head-end and PUREX solvent extraction processes {(Leigh 1989},

During the Institute’s formative years, it conducted work on radioactive
substances in four general areas: physics, chemistry, geochemistry, and min-
eralogy. The Institute had the distinction of constructing the first cyclo-
tror in Europe (Seaborg et al. 1963).

The Institute had an extensive program in geochemistry in the 1960s which
included the study of radioactive elements in very dilute concentrations and
on large scales. The migration of radioactive materials in nature was being
investigated as well as the measurement of radioactive fallout (Seaborg et al.
1962).

A1l ventilating air and gaseous effluents generated at the Institute were
to be discharged through a stack about 120 m high Tocated adjacent to the
research reactor building (Seaborg et al. 1963).

Liquid wastes generated at the Institute were to be concentrated by evap-
oration in units designed for less than 1-2 mg of entrained solids per Titer.
Evaporated water, if below a maximum permissible content of radicactivity, was
discharged to the river. Evaporator residues and radioactive solid wastes
were stored underground in double-walled stainless steel tanks, equipped with
radiation monitors to detect possible Teakage through the inner vessel. Low-
level wastes above permissible concentrations were not to be discharged into
the ground {Seaborg et al. 1963).

Spent fuel from the reactor at the Institute was to be shipped to another
(unspecified) site for reprocessing (Seaborg et al. 1963).

Research and Development Institute of Power Engineering

The Research and Development Institute of Power Engineering in Moscow
carries out R&D on improvements in nuclear power reactor systems (Nuclear News
5/88).

Physical-Technical Institute

The Physical-Technical Institute is located at Obninsk, some 60 miles
south of Moscow. One of the main directives of the Institute in the 1960s was



the development of fast reactors. These fast reactors include: BR-1, BR-2, a
100-kW mercury-cooled fast reactor which had been dismantled, BR-3 and BR-5
(Seaborg et al. 1963).

Obninsk was the site of the first Soviet nuclear power station, AM-1
(Atom Mir}, which began operation in 1954. Its thermal power level was 30 MW,
and it supplied up to 5 MW of electricity to the local grid. Subsequently,
the Institute designed and developed the superheated reactor at Beloyarsk.

The Institute also designed the fast pulsed reactor at Dubna. In addition,
the site had a 1500 kW{e) mobile reactor in operation as well as many lab-
oratories (Seaborg et al. 1963).

The Obninsk Institute built and put into operation a 1500-kW(e)} mobile
nuclear power plant which could be transported to and operated in remote
regions of the Soviet Union. Fuel for its pressurized water reactor con-
sisted of "highly-enriched uranium dioxide dispersed in an easily melted
alloy." The hydrogen to 235U ratio was 250/1 (Seaborg et al. 1963).

Institute of Nuclear Safety

An Institute of Nuclear Safety was being formed as of February 19B9. As
with other institutes, this one will be a full-fledged research and develop-
ment center as well as a center of higher education. The creation of this
institute indicates the high priority put on nuclear safety by the USSR
{Nucleonics Week 2/89).

Scientific Research Institute of Atomic Reactors {NIIAR)

This Institute, Tocated in Dimitrovgrad, played a Targe rcle in low- and
intermediate-level waste research, treatment, and disposal activities. It is
also the potential location for construction of a 200-MWth HTR pilot project
with West Germany {Nuclecnics Week 10/88; Spitsyn et al. 1970a).

Science and Technology Center

The Science and Technology Center carries out independent R&D for the
regulatory agency, Gosatomenergenadzar, to support and provide technical
backup for its regulations. The center has been operating for the regulatory
agency since 1987 (NEI 3/89).



A3.2 OTHER KEY SUPPORT FACILITIES

Atommash and Izhorsky Works

The Atommash factory, near the city of Volgodonsk about 1000 km south of
Moscow, builds complete sets of major components for nuclear power stations.
The large, modern factory, partly commissioned in 1978, had the capacity to
produce two reactor vessels in a year and was expected to produce six to eight
per year when its current expansion program is completed. Steam generators
are a'so built there (NEI 12/87b; Soviet Life 4/88).

“he Atommash plant, together with the Izhorsky Works in Leningrad, is
responsible for virtually all reactor component manufacturing. It occupies a
500-hectare site. The plant was built with technical assistance frem the
Italian company Breda (Rippon 1984).

Lotep

“he Lotep organization is responsible for the design of commercial
nuciear power stations, including PWRs, RBMKs and also the BN-600 fast reac-
tor, which (having been buiit for Minenergo rather than GKAE), is classified
as a commercial plant. Designs were standardized there for RBMKs. Lotep was
also participating in the design work for the district heating reactors, which
were considered to be in a standardized form in 1984 that was ready for series
building {Rippon 1984).

V/0 Atomenergoexport

V/0 Atomenergoexport is the USSR organization that provides technical
assistance in nuclear technology for export to any other country. [It was
originally set up for export only to CMEA countries.] The technology ranges
from research facilities to commercial PWRs to development of production and
manufacturing capabilities for nuclear components. It can include site sur-
veys and selection, design, construction, supply of equipment, commissioning,
training, and turn-key contracts (NEI 6/88a). Since 1983, this organization
exported a number of power reactors that are operating in other CMEA countries
{Semenov 1983).
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Technabexport

Technabexport is a Soviet organization under the Ministry of Medium
Industrial Equipment that serves as a marketing arm for export sale of all
nuciear goods other than power plants. It has marketed enrichment services,
stable isotopes, fossi) fuels and medical equipment to the U.S. {Nucliear Fuel
4/89).

Interatomenerqgo

An international commercial organization, Interatomenergo was founded for
the cooperative manufacture and supply of equipment for nuclear power plants
for the member countries of the CMEA (and recently for other countries
including Yugostavia) (Semenov 1983).



A4.0 INTERNATIONAL AGREEMENTS

Additicnal background infermation on current USSR international
agreements on nuclear fuel cycle activities 7s given in this
section. A table summarizing the USSR’s international agreements is
given at the end of the section.

GENERAL BACKGROUND

The Soviets historically have had agreements with many countries in the
area of nuclear cooperation. As of 1978, 25 agreements were in place (dating
from ' 961) for nuclear research, ranging from fast breeder reactors with
France and fusion and power reactors with Japan, to unspecified subjects
(Duffy 1979).

CMEA Countries

“he Soviet Union has had long-standing cooperative agreements with its
CMEA countries to receive uranium ore and to provide reactors and fuel, fol-
Towed by return of the spent fuel to the Soviet Union. Up to 1975, the Soviet
Union only allowed sales of reactors and components to the CMEA countries
(Duffy 1979). The VVER is the only Soviet reactor system being adopted by the
non-Soviet state members of the CMEA. The CMEA countries had a total
installed capacity in 1984 nearing 5,000 MWe (Rippon 1984). By 1989, their
generation capacity was 10,300 MWe, not including the USSR (AIJ 3/89, p.27).

Canada

The Canadians and the Soviets signed an agreement in October 1988 to
formalize a practice that has been geing on for several years. In 1987 the
Soviets enriched about 130 MT of Canadian uranium out of a total of 12,800 MT
exported from Canada (Nuclear Fuel 10/88).

Finland

An agreement is in place for the USSR to export 600 MW-years of elec-
tricity to Finland through 1992, and 900 MW-years thereafter (Nucleonics Week
9/88a).




Federal Republic of Germany

Valery Legasov of the USSR has indicated that coilaborative research
under the agreement with the FRG would concentrate on high-temperature gas-
cooled reactors in such areas as source-term and reactor physics (Nucleonics
Week 4/87b),

The West German KWU and ABB signed an agreement in October 1988 to
cooperate with the Nuclear Energy Division of the USSR State Committee for the
Utilization of Atomic Energy (GKAE) in the design and construction of small
high-temperature gas-cooled reactors (HTR). The parties foresee construction
of a 200-MWth pilot HTR at the NIIAR Nuclear Research Center in Dimitrovgrad,
near Ulyanovsk about 800 km east of Moscow. The medular-design reactor will
be built on a site at the foot of a hydroeiectric dam on a tributary of the
Volga river. Follow-on HTR projects are foreseen for generation of process
heat, process steam and electric power. The total cost of this project is
estimated at about $525 million (Nucleonics Week 10/88).

France

In 1983, the Soviet Atommash and Izhorsky Works concluded an agreement
with the French for technical cooperation in the fabrication of large nuclear
components (Rippon 1984). A new agreement on nuclear cooperation was signed
in January 1989. It includes safety, decommissioning and reactor design (EIA
1989%a).

India

Indian and Soviet officials signed an inter-governmental agreement in
November 1988 (EIA 198%a) for construction of two 1000-MW PWR reactors [VVER-
92 design] at Koodankulam in the southern Tamil Nadu state of India. Delays
have been experienced due to disagreement over the exchange rate of the Indian
rupee and the Soviet ruble. A clause in the USSR-India credit agreement gives
an option to the Soviets of repayment in U.S. dollars {Nucleonics Week
10/89b).

A.18



Italy

The Soviet Atommash plant near Volgodansk was built with technical assis-
tance of the Italian company, Breda (Rippon 1984). A new agreement was signed
in early 1989 calling for cooperation in design and construction of all types
of power plants within and outside the USSR {EIA 1989a).

Republic of Korea

The Soviet Union has offered to sell enrichment services at Tow prices to
the Korean Electric Power Corporation for Korean power plants (Nuclear Fuel
2/89).

United Kinadom

British Nuclear Fuels, Limited has had a contract from 1975 to 1994 with
the USSR for enrichment of about 100 MT/yr of uranium as uranium hexafluoride.
A similar contract exists with the South of Scotland Electricity Board for
about 350 MT/year. The Soviet enrichment charges were reported to be signif-
jcantly Jower than those from western sources (Fairhall 1984),

United States

Soviet natural and enriched uranium is being imported into the U.S. by
U.S. utilities. Disputed estimates are that as much as $170 million worth of
Soviet Separative Work Units (SWUs) and $140 million worth of Soviet uranium
had been sold between 1986 and the end of 1988 to five nuclear utilities
(Nuclear Fuel 3/89). Most of these imports are trades through European

organizations, but some are direct. The trades are claimed to be contributing
to a decrease in the costs for enrichment services in the spot market {(Nuclear
Fuel 3/89).

Antorg Trading Company, a New York City-based Soviet firm, represents all
Soviet trading activities in the U.S. The company is operated by Soviet citi-
zens aid has been incorperated in the U.S. since the 1920s. It has marketed
Soviet enrichment SWUs, stable isotopes, fossil fuels, and medical equipment
in the U.S. (Nuclear Fuel 4/89).




TABLE A4.]1. Summary of USSR International Agreements

Country Topics Covered Date in Place

CMEA Countries Supply of reactors and fuel; Reprocessing of Ungoing for several decades
fuel; Enrichment services; Disposal of wastes.

Brazil General agreement on reactor research, is to November 24, 1989
use safety
Canada Enrichment services: Cooperation on nuclear Octaober 1988

safety; Exchange of visits; Interested in
Underground Research Lab.

Comprehensive nuclear agreement Navember 20, 1989

Finland Export of nuclear energy, 600 MW-yr to 1992, Unknawn
300 MW-yr thereafter

France Decommissioning June 1988
Safety, decommissioning, reactor design January 1988
Federal Republic of Germany Nuclear technology, HTGRs Ongaing for 10 years,

renewed in April 1987
Design and construction of HIGRs October 1928

Delivery of LLW treatment facilities September 1983
{between Technabexport and NUKEM)

India Reactor construction Hovember 1288
Italy Reactor design and construction Early 1989
United Kingdom Nuclear safety. siting, construction, March 1988

decommissioning, regulations

Contract for enrichment with BNFL From 1875 ta 1994
United States Technical exchanges, U.S. DOE and USSR GKAE Ongoing sirce 1959
Contract for natural and enriched uranium Ongatng

between Amtorg Trading Company and U.5.
nuclear utilities of up to ~$300 4% over
the last 2 yrs.

Nuclear safety, regulation between the April 1988
U.S. RRC and the USSR GKAE

Agreement between the Kurchatov Institute April 1989
and the American Nuclear Society to exchange

public retation information

EPA - environmental cooperation & research Jan. 9-12, 1380
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Country

TABLE A4.1. (contd)

Topics Covered

Date in Place

Organizations

Europear Community (EC)

Europear Nuclear Society
{ENS)

International Atomic Energy
Agency (IAEA)

World Association of Reactar
Reactor Jperators (WANO)

Nuclear power development, safety and research;
Exchange of personnel and expertise

USSR Nuclear Society (President, EP Velikhov)
becomes a full member of the European

Huclear Society

Cooperation in reactor safety, review of Soviet
reactors by TAEA-OSART teams

USSR became member of WANO at its inception-
and has one of four regional offices in Moscow
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A5.0 MINING AND MILLING OPERATIONS

Background information on mining and milling of uranium ore for
the USSR nuclear power program is given in this section.

A5.1 URANIUM MINING

The Soviet uranium resources are extensive. The Soviets use ion exchange
and solvent extraction for purifying the ore concentrates. They convert the
purified uranium mill products to uranium hexafluoride for enrichment
(Laskorin et al. 1982). Many of the Soviet uranium deposits are associated
with other valuable elements. Thus, in many cases, the other elements are
also recovered, thereby making the uranium recovery more economical {Laskorin
et al. 1982).

According to Soviet geologic Titerature, almost every type of uranium
deposit found elsewhere in the world has been found and exploited in the USSR,
In addition, some of the uranium deposits described seem to have no Western
counterparts. These include deposits associated with iron ores and albitites
in Precambrian metamorphic rocks and those with phosphates in clays with
detrital fishbones (CIA 1985}.

Uranium deposits in the Soviet Union are generally cliassified as either
vein-type ores associated with metamorphic and intrusive-extrusive igneous
rocks or hydrothermal deposits emplaced in sedimentary rocks. These two
geologically distinct types, which seldom occur together, are roughly of equal
importance as a uranium resource {CIA 1985).

Uranium-ore deposits in the Soviet Union are located in very different
climatic and geographic zones; many of them have complicated geological,
hydrological, and climatic conditions. They are found and mined at depths
from a few meters to 2000 m and even deeper. The ore bodies are of very
different shapes in different locations and of varying mineralogical content.
At the present time uranium mining represents a separate and important branch
of the mining industry. A combination of open pit and unrderground mining has
been used successfully at a number of uranium deposits, with a high production
rate (lLaskorin et al. 1982).
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Geologists think that the USSR has enough uranium to meet the demands of
its nuclear program, but finding and exploiting it will take time and money.
Rumors in 1986 were that the Soviets were looking into the possibility of
mining uranium from the Black Sea and in Afghanistan (Economist 5/10/86).
Uranium ore was found in the mountains north of Kabul in 1983 (whereupon the
Afghans were guickly relocated), and it is believed that the USSR has been
secretly mining this ore. It is also believed that the Soviets were mining
uraniur in some areas of the Kandahar Province in Afghanistan (BBC 6/16/84}.

Uranium exploration and mining methods in the Soviet Union are essen-
tially the same as those applied in the West. Mining methods include:

« underground mining to recover high-grade, vein-type deposits at a
depth of 200 m or more

« open pit methods applicable for low-grade ores dispersed near the
surface in large areas

» in situ leaching techniques that use sulfuric-acidified waters to

exploit low-grade deposits that cannot be mined economically by open

pit or underground methods (Semenov 1583; CIA 1985).

I 1965, the USSR signed an agreement with Czechoslovakia for sole rights
to all Czech uranium. However, the East German and Czech uranium deposits
have already been heavily mined. Some estimates put 75% of the remaining
Czech reserves in the sandstone deposits in the Hamr region. These deposits
are reputed to be recoverable only by driliing boreholes and Tleaching the
uraniun in situ. This practice would cause problems because the uranium-
containing ore runs close to wells that provide Prague with its drinking water
(Economist 5/10/86}. The Soviels may be changing past agreements with respect
to taking uranium from CMEA country mining operations. It was recently
reported that, due to changes in commercial and strategic requirements, the
Soviets will not take Czech uranium after 1991. They have been taking all of
the (zech annual production, amounting to 1.8 to 2.6 million pounds of U30g
{Nuclear fuel 1990a).

About 10,000 workers were employed in 1987 for the mining activities in
CMEA countries, which are for USSR military purposes and for nuclear power
reactors (BBC 11/12/87). Uranium ore has been mined in Hungary in the Mascek
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Hilis for USSR military purposes and for the Hungarian nuclear power program
since the 1950s. The Hungarian ore and ore products for Hungarian civilian
uses are shipped to the USSR where they are converted into nuclear fuel for
Hungarian nuclear reactors {BBC 2/23/89).

The Soviets are aware of the limited Tife of their East European sources
and have been stockpiling uranijum for decades. Some believe the stockpile
exceeds 200,000 MT. This amount is much more than the current {1986) Soviet
demand, but with its planned nuclear program [as of 1986], it could need up to
325,000 MT between 1980 and 2000 {Economist 5/10/86). Stockpiling of large
amounts of uranium was also reported as early as 1977, where it was indicated
that 200,000 tons had been built up since 1946. An additional 160,000-
200,000 MT were estimated to be added to the stockpile by 1990 {(Duffy 1979).
In 1990, it was reported that the Soviet Union holds inventories of at Teast
500 million pounds [or about 227,000 MT] of uranium, and had until recently,
provided the only market for CMEA country uranium production (Nuclear fuyel
1990b) .

As elsewhere in the world, uranium milling, leaching and concentration
processes in the Soviet Union are carried out in proximity to mining opera-
tions to facilitate the separation of relatively small quantities of U308 from
large volumes of ore. Three distinct stages in processing are:

» extraction of U;0gq at or near the mining site

s« conversion of U308 to uranium tetrafluoride (UF4) by reaction with
fluoride

» reduction of UF, to metal for direct use in weapons or reactor fuel
or for conversion to gaseous hexafluoride (UF¢) to permit enrichment
in the uranium-235 isotope (CIA 1985).
Western estimates of past USSR production of U308 {yellowcake) for

nuclear power are as follows (CIA 1985):

1960 = 200 MT 1975 = 1400 MT
1965 = 500 MT 1980 = 2500 M7
1970 = 750 MT
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Annual producticn, as reported in 1990, was estimated by the Uranium
Producers of America to be at least 35 million pounds of U30g [or about
15,900 MT] {Nuclear Fuel 1990b).

A5.2 URANIUM RECOVERY

For open-pit mining, the Soviets use rotary cutters and loaders with
capacities of 1,000-5,000 m3/h, which includes areas where overburden is 50-
60 m3/MT of ore and higher. Hard rock is first Toosened by blasting to reduce
costs by 20-60%. For some deep pits, costs can be reduced by 20-30% by using
a combtination of trucks, conveyors and rail cars, compared to by trucks alone.
For underground mining, improvements have been made by a number of techniques,
such as by working separately but simultaneously, different ore bodies,
enlarcing the height of diggings from a previous Jimit of about 45-60 m to
50-12C m, etc. Mines are worked from the Tower levels first, gradually moving
to uprer levels. In so doing, tailings and gangues from the upper Tevels are
placec in the excavations at Tower levels (Laskorin et al. 1982).

The Soviets have found underground leaching to be an effective way of
mininc some low-grade uranium ores. For hydrothermally formed uranijum
deposits, underground leaching is primarily used in combination with under-
grounc mining. This is done when first starting to mine deposits, and in
minin¢ the low-grade edges of the deposits that have been mined underground.
In some cases, underground leaching foliowing prior blasting have raised
uraniim recovery rates to 70%, and even up to 90% by repeated underground
blasting (Laskorin et al. 1982).

Primary recovery of uranium from mined and leached (acid or alkaline)
ores 1s commonly done by ion exchange. The process is used with fixed-bed or
with continuous moving beds. Solvent extraction using trialkylamines, tribu-
tylphosphate or di-2-ethylhexylphosphoric acid as solvents are used to recover
and purify uranium from core solutions directly or from product streams from
ion exchange. Most plants use box-type mixer-settlers for the solvent
extraction contactor vessels (Laskorin et al. 1982).

hs of 1983, ion-exchange technology had been developed very rapidly in
the Soviet Union for the uranium milling industry. It was the basic indus-
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industrial method of extracting uranium and other elements from the ores and
concentrates, from natural and mine water, to obtain end-products of high
purity. A method of uranium extraction from phosphoric acid sojutions that
form in the process of acid-leaching of uranium-bearing phosphoride rocks has
been successfully used in industrial-scale operation in the Soviet Union since
the late 1960s {Semenov 1983).

Sodium carbonate and bicarbonate leaching of ore in milling facilities is
used for ores with high contents of acid-consuming components. This leaching
is used in combination with industrial oxygen, air, and oxidation catalysts.
Autoclave Teaching under pressure is also carried out with carbonate leaching.
Pressurized autociaves have capacities of 100-200 m {Laskorin et al. 1982}.

The valuable components that accompany uranium are normally extracted
with the uranium at the leaching stage and subsequently separated at the sorp-
tion or desorption, or extraction stages using a variety of processes. These
components include molybdenum, vanadium, copper, zirconium, tantalum, nicbium,
gold, cesium, thorium, scandium and rare earth elements, and phosphate
fertilizers (Laskorin et al. 1982).

As of 1982, Tong-range R&D for miiling processing was aimed at the use of
more effective super scivent extraction agents. which include phosphinoxides,
phosphoric acid amides, cyclotriphosphasotrienes, and crown ethers. Trial
full-scale production testing was planned. Also, impregnated solid extraction
agents were being studied for uranium extraction (Laskerin et al. 1982).

The Soviets found that low-grade deposits could be mined with a 100-200%
reduction in capital outlays and a 200% improvement in Jabor productivity.
The use of autoclaves for high-pressure and hich-temperature leaching of mined
ores was stated as paying for itself in 1.5 to 2 years (Laskorin et al. 1982).

The budget for uranium mining in Hungary is 2,000 million Hungarian
forints/year (BBC 2/23/89).
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A6.0 URANIUM CONVERSION, ENRICHMENT AND FUEL FABRICATION

Background information on uranijum conversion, enrichment and
fuel fabrication for the USSR nuclear power program is given in this
section.

A6.1 URANIUM CONVERSION

In the second half of the 1940s, industrial facilities for the production
of uranium hexafluoride and its subsequent enrichment by gaseous diffusion
were developed and built in the Soviet Union within a very short time period.
The technology of hexafluoride production developed in parallel with that of
nuclear power and as of 1983 had reached a high degree of sophistication
{Semencv 1983). As of 1983, the front end of the Soviet nuclear fuel cycle
included a step to convert the milled uranium product into uranium tetra-
fluorice. The next step [apparently in another facility] is conversion to
uranium hexafluoride (Sedov et al. 1983}.

Since 1973, the USSR has been offering uranium purification, conversion
and enrichment services to other countries, including western countries
(Semenov 1989).

Uranium hexafluoride that is received from or delivered to other coun-
tries 1s transported in thick-walled containers made from a special alloy.
These containers have been endorsed by the competent bodies in the respective
countr-es and meet all the IAEA transportation standards. Since 1974, there
has not been one single accident in the USSR involving containers holding
natura’ or enriched uranium hexafluoride {Semenov 1989). Uranium hexafluoride
in containers that hold 15 MT from the United Kingdom is transported on Soviet
ships and is received at Riga, Latvia. From there it is transported to the
Soviet enrichment facility at an unknown location (Fairhall 1984).

A6.2 URANIUM ENRICHMENT

The Soviet Union has reserved for export about half of the output of its
10 million SWU/yr centrifuge enrichment enterprise, according to Boris
Nikipelov, first deputy minister of the Ministry of Atomic Energy & Industry.
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Nikipelov, interviewed in the November issue of Nuexco’s Monthly Report, also
said that the Soviets are prepared to sell SWU contained in Soviet-enriched
uranium. Nikipelov said current Soviet annual sales are about 2 million SWU.
The Soviet official said that Techsnabexport, the foreign trade organization
within the Ministry of Atomc Energy, will "continue competing aggressively to
sell all of our available output, but without sacrificing favorable prices"
(Nuclear Fuel 11/89). The estimated availability to Western countries by the
Energy Information Administratijon is 3 MSWU (EIA 1989b).

Soviet officials have told Western experts that the USSR has a total
centrifuge capacity of about 10 million SWU/yr, consisting of modular centri-
fuge facilities with a capacity of about 1 million SWU/yr each. These,
Western officials believe, are located at least three sites in the USSR, The
pilants are believed to have replaced almost all of the Soviet’s gaseous dif-
fusion capacity, although one of five diffusion plants may still be operating.
Alexander Chernov, deputy general director of Techsnabexport, Moscow, stated
that the USSR’s first enrichment facility was a gaseous diffusion plant put
into operation in 1949. This plant, he said, was similar to a facility built
in the U.S. four years earlier. He indicated that the first pilot centrifuge
plant was built in 1952, the first industrial pilot plant [centrifuge] went
into operation on October 4, 1957--the same day as the USSR launched the
Sputnik satellite, and the first full-fledged industrial centrifuge unit was
put into operation in 1959, with the full-scale plant, based on three modules,
going on line between 1962 and 1964 (Nuclear Fuel 10/89c).

While the USSR’s centrifuge technology was originally developed for the
Soviet weapons program, Chernov confirmed recent statements from other Soviet
officials that the country’s centrifuge plants have been placed at the dis-
posal of Techsnabexport for enrichment for power reactors. Over the last
several years, Chernov said, Techsnabexport has offered one- to three-year
enrichment contracts in the world market, as well as spot contracts and one
shipping contract. Beginning in 1988 he said, Techsnabexport offered enriched
uranium produced from Soviet material (Muclear Fuel 10/89c). Techsnabexport
recently entered into agreements under which General Electric and Westinghouse
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are each storing about 400,000 SWU contained in 100,000 kilograms of enriched
uranium products at its fuel fabrication plants {Nuclear Fuel 10/89b).

Several alternatives to the gaseous diffusion method of uranium
enrichment have received attention in the USSR, including experimentation with
photochemical technology using lasers (CIA 1985). According to a number of
knowledgeable U.S. government and industry sources, the Soviet Union could
have as much, if not more, enrichment capacity as the U.S.--capacity not only
from gaseous diffusion plants, but alse from more modern centrifuge facil-
ities. Because of this capacity, the Soviets may be able to offer as much as
10-miilion SWU for sale to the West, more than triple the amount commoniy
believed to be the Soviet 1imit for Western sales. A policy decision to stop
high-eiriched uranium production for weapons and the recent cancellations of
reacto~s probably has freed up capacity, according to one analyst, so that the
Soviets have at least 5- to 6-million SWU for sale to Western countries
(Nuciear Fuel 6/89).

Gas centrifuge enrichment production capacity is said to be modern and
highly efficient, according to Nuexco, in its 1988 Annual Review. After Worid
War 11, the Soviets captured a group of German scientists, including Gernot
lippe, considered by many the father of centrifuge isotope separation, who
continued work in the Soviet Union on centrifuge development. (Zippe, after
being released by the Soviets, went on to make contributions to both the U.S.
and Urenco centrifuge efforts.} But accerding to one U.S. source, the Soviets
have several warehouses fuli of centrifuge machines and would be willing to
sell them to a bona fide company . Another source, however, said his firm was
told by Soviet representatives that "there are no current plans to offer (the
machines} to the West" {Nuclear fuel 6/89).

As of about 1982, the USSR had an operational enrichment capacity of
about 10 MSWU/yr in gaseous diffusion plant(s) at unknown location{s) in
Siberia, with no projected capacity change by 1990 (IAEA 1987). British
Nuclear Fuels LTD sources know very little about the Soviet enrichment facil-
ities, but they believe the facilities have capacities that are several times
the Soviet requirements. The capacities are presumably dictated by the needs
of both nuclear power and military programs. Available information suggests
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that foreign contracts up to 1990 will account for about 75% of Soviet enrich-
ment output {this may mean 75% of the excess output] as of 1984 (Fairhall
1984). In 1977, it was reported that 55% of the European communities’ con-
tracted enrichment services were supplied by the Soviet Union {Duffy 1979).

A6.3 FUEL FABRICATIDN

After fuel reprocessing, the recovered uranyl nitrate hexahydrate is
converted to uranium hexafluoride for enrichment before fabricaticn into new
fuel elements (Sedov et al. 1988). In Soviet fuel fabrication plants, welding
and filling of the fuel tubes with pellets is fully automated. Ultrasonic
checks on weld quality, monitoring of fuel-rod integrity and of the rods’
geometrical parameters, density, etc., are all highly mechanized. The high
level of technology practically eliminated fuel-element failures in the ini-
tial period of operation, when fabrication defects are usually revealed. Fuel
pin failure, resulting in the release of fission products into the coolant,
has become a very rare phenomenon, and the number of failed fuel rods was less
than 0.2% as of 1983 (Semenov 1983).

Recovered plutonium oxide will be used for preparing fuel for fast- or
high-temperature reactors (Sedov et al. 1988).
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A7.0 NUCLEAR REACTOR SYSTEMS

Background information on nuclear reactor systems for USSR
nuclear power ocean vessel propulsion, research, and defense
activities 7s given in this section.

A7.1 GENERAL INFORMATION

Ty select the types of reactors that would be most appropriate and econ-
omic for the Soviet Union, the State Committee for the Utilization of Atomic
Energy set up a research and development program on different types of nuclear
power reactors: PWR and BWR (vessel type), channel-type BWRs, organic-
moderated and cooled reactors, etc. In the course of this work some types of
power -~eactors were abandoned before they reached the prototype stage, such as
reactors with organic moderators and coolants. Work on organic-moderated
reactors did result, however, in the construction during 1963 of a
transportable nuclear power plant that had an electrical capacity of 750 kW,
Research and development on a number of thermal nuclear power reactor concepts
resulted in the construction of three different prototype units: the first
and second units of Novovoronezh with PWRs; the first and second units of
Beloyarsk with channel-type reactors; and the Dimitrovograd BWR (Semenov
1983).

Since the Chernoby! accident, pressure by the public (including some
party leaders and scientists) against nuclear power has forced the Soviets to
scale back their plans for expansion of nuclear power. There is now almost no
site in the USSR where the population is not opposed to nuclear power {NEI
4/89). Following decisions made in March 1988, construction was stopped on 13
nuclear reactor units; and eight planned units, plus four more units for
cogeneration, were abandoned altogether. The Tisting of these units is given
in subsection A7.11. 1In addition, commissioning of nuclear power projects
that were under way when the Chernobyl accident occurred have been delayed by
longey and more stringent Ticensing procedures and by backfitting units with
safety improvements developed in 1988 (MaclLachian 1989).

The projections for instalied nuclear capacity in the USSR by the year
2000 have recently been scaled back from 150,000 to 100,000 MWe. However,
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even increasing the current capacity of about 35,000 to 100,000 MWe will be
difficult to achieve {MaclLachian 1989).

The USSR is counting on "advanced VVERs" (i.e., safer and ultimately more
economical VVERs) to provide the mainline of nuciear power to the year 2000.
HTGRs and FBRs are under study, but they are not expected to provide a signif-
icant part of the nuclear power in the near future (MaclLachian 1989).

Eariy on in its nuclear power program, the USSR paid special attention to
the development of fast breeder reactors. The first experimental reactor,
with plutonium fuel, went into operation in 1955. The capacities of exper-
imental reactors which then followed have been successively increased (Semenov
1983).

The Soviets have maintained serious intentions to implement nuclear
district-heating stations, of which several versions are under consideration.
As of 1980, for instance, four units of the smallest RBMK version of 12 MWe
each, located beyond the Arctic Circie in Bilibino (in northeast Siberia), had
been supplying local mining operations and the workers’ settlement {including
hothouses) with electricity and heat for many years. Besides these heating
units, other nuclear district-heating plants of 500 MWth are based on the VVER
design and operated at low reactor pressure (about 16 atmospheres) and with
output temperatures of only 200°C. These nuclear heating units were planned
to be installed in the immediate neighborhood of urban centers. 1In 1980,
there were many other projects for pure district-heating or cogeneration
nuclear power plants (Feuz 1980).

As of 1986, two district heating units of 500 MWth each were nearing
completion in Gorky and Voronezh, cities of a half-million inhabitants. A
peer group design review of the Gorky AST-500 district heating unit was done
in 1989 under the auspices of the International Atomic Energy Agency (NEI
4/89).

As reported in 1986, nuclear cogeneration units of 940 and 1000 MWe were
being built in Odessa {two units), Volvograd, Kharkov, and Minsk, with half of
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their capacity reserved for electricity production and the other half for heat
production {Nucleonics Week 1/86). These units, however, have since been

cancelled or postponed.

Qutside the Soviet Union in other CMEA countries, the PWR is the only
system being adopted (Rippon 1984). The other CMEA countries had a total
installed capacity at the end of 1989 of 10,300 MWe, not including the USSR
(AIJ 3/89, p. 27).

A7.2 VVER REACTORS

The VVER is a further development of the reactors built in the late
19505 to power the "Lenin" nuclear icebreaker. Initially, the Novo-Yoronezh
nuclear power plant was equipped with 210 MWe and 365 MWe VVER units. Then
the 440 MWe units were introduced which became the basis for the standard
designs of the first, fully industrial generation of Soviet nuclear power
pilants equipped with PHRs. These were planned to be built in large numbers,
mainty in the other CMEA countries. The change to the VYVER-1000 in the early
1980s was intended primarily to cut construction costs and improve operational
efficiency, in order to achieve lower electricity production costs (Feuz
1980).

At the beginning of 1983, 27 VVER-type power reactors were in operation
throughout the world, including 13 units in Bulgaria, Czechoslovakia, Finland,
the German Democratic Republic, and Hungary. An example of their base-load
operational data for some Soviet WVERs is shown in Table A7.1 (Semenov 1983;
TAEA 1988).

Some of these units were constructed in the far north (e.g., at Kolsk}.
The Armenian nuclear power plant was designed to withstand for seismic cond-
itions and was, therefore, more expensive. However, capital costs of Soviet
VVERs did not increase as did those for PWR costs in the west during the same
period (Semenov 1983).

On the basis of the technological achievements in fuel fabrication, the
operating parameters for VVER fuel had been further upgraded as of 1984
(Semenov 1983; Rippon 1984}. In 1977, average burnup in the VVER-440 reactors
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TABLE A7.1. Performance of Selected Soviet VVERs Through 1987

Startup Date/

Cumylative
Electricity Lifetime
Instalied Production, Average
Capacity Capital Cost Ghe Lead-Factor
Power Plant  Unit (MuWe) (ruble/kW) (through 1987) {through 1987)
Novovoronezh I 210 326 1964/-- - -
I1 365 256 1969/45.5 0.74
111 440 200 1971/44.2 0.64
IV 440 200 1972/45.6 0.89
v 1,000 308 1981/45.9 0.81
Kolsk I 440 263 1973/40.,7 0.85
{or Kola} 11 440 263 1974/38.7 0.87
Armenian I 408 327 1976/22.6 0.59
11 408 327 1979/19.6 0.74

TOTALS 9 4,150 280(average}

was about 28 GWd/MT; for the VVER-1000 reactors, burnup averaged about

41 GWd/MT (Kondratyev et al. 1977). More recent information gives the average
fuel burnup of VVER-440 reactors as 33.2 GWd/MT (Ignatenko et al. 1986) and
VVER-1000 reactors as 42.7 GWd/MT {(DOE 1989). Fuel for VVER-1000 reactors,
which was originally designed for a two-year regime with a maximum burnup of
40 GWd/MT of uranijum, was designed in 1983 for a three-year cycle of opera-
tion, with a burnup of 55 GWd/MT of uranium. Starting in 1983, the VVER-1000
reactors were planned to operate on a three-year cycle {Semenov 1983;

Rippon 1984).

Two VVERs to be used for district heating were nearing commissioning at
Gorky, about 300 km east of Moscow, as of early 1989. The two 500-MWth
reactor units, called AST-500, are considered "super-safe," with a double-
reactor vessel and a third-cooling circuit. The Soviets have asked the TAEA
to review the safety of these units. OQther AST units are under construction
or planned at three locations: a district heating station is nearing comple-
tion in Voronezh in southern Russia; one is under construction at Arkhangelsk
on the White Sea in northern Siberia; and siting surveys are being completed
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for a third unit at Khabarovsk in the Soviet far east on the Amur River Jjust
across the border from Chinese Manchuria {MaclLachlan 1989).

A7.3 RBMK REACTORS

The development of channel-type, iight-water-cooled, graphite-moderated
reactors (LWGRs) began with the commissioning of the first nuclear power plant
in Obrinsk in 1954 (Semenov 1983). Between 1958 and 1963, several LWGR plu-
tonijum production reactors were built in Siberia which also were reported to
provide electric generating capacity (Rippon 1984). Commissioning of the
first and second units of Beloyarsk, with capacities of 100 and 200 MW,
followed {Semenov 19B3).

The next stage in the development of channel-type reactors in the USSR
was the boiling-water, high-power reactor designated as the RBMK-1000. It was
noted by Semenov that the design feature of having more than 1000 individual
primary circuits increased the safety of the reactor system to the extent that
a ser‘ous loss-of-cooiant accident "is practically impossible™ (Semenov 1983}.
The successful operation of RBMK-1000 reactors at nominal power, and the
reserve capacity found in their design (without changing the size and number
of fuel assemblies), have made it possible to increase the power of each proc-
ess channel or fuel assembly by a factor of 1.5. The average construction
time “or two 1000 MW-units was 7.68 years (Semenov 1983). The average fuel
burn-up for an RBMK-1000 reactor in 1986 was 15.5-22.3 GWd/MT (Kondratyev
et al. 1986).

A7.4 FBR REACTORS

The USSR is very interested in the sodium-cooied fast breeder reactor to
make hetter use of its uranium reserves. As of 1980, the main stages of the
fast reactor program in the USSR were characterized as follows (Kochetkov
et al. 1980):

{948-1958 Scientific research and substantiation of principal
technological solutions
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1958-1969

1969-1980

Important FBR m
1955, Obni

1958, 0Obni

Creation of large experimental rigs and facilities in
order to obtain and verify main physical data and
prerequisites, to gain technical know-how and operating
experience with ligquid metal coclant, and to choose and
substantiate structural and fuel materials.

Develepment and censtruction of large prototype plants,
creation of the base for the development and fabrication
of commercial size reactor components.

Development and construction of advanced prototype fast
reactors for their serial introduction.

solution of fuel cycle problems (i.e., reprocessing and
fabrication of recycle fuels).

ilestones completed over 30 years up to 1980 were:

nsk - Construction of the BR-1 experimental fast fuel
assembly and the first substantiation of the
breeding concept

nsk - Construction of the BR-5 reactor and first exper-
ience gained with the operation of the piutonium
dioxide-based core and with radioactive liguid-
metal coolant

1901 and 1971,

0Obni

1969,
Dimitrovgr

1973,
Shevchenko

1980,
Zarechny

nsk- 1961: BFS-microtron; 1971: BFS-2, construction of
the experimental physical complex to mock-up the
power fast reactor cores and to study their physi-
cal characteristics

ad - Construction of the BOR-60 reactor, which allowed
for intensification of studies on reactor mat-
erials, to test tentative fuel and absorbing subas-
semblies as well as steam generators of different
types

- Construction of the first industrial loop-type
reactor of 1000 MWth power, the BN-350; first in-
dustrial experience gained with the development,
fabrication and operation of large fast reactor
components and the core

- Startup of a larger industrial power pool-type
reactor, the BN-600, of 1400 MWth {Kochetkov et al.
1980).
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The BN-350 was built at Shevchenko, on the Caspian Sea. Besides an
electricity-generating capacity of 150 MWe, the facility was also designed for
the desalination of 120,000 m3 of seawater daily. A serious steam generator
accident occurred in 1974, and since then, the instaliation couid be operated
at only 65% of its initially-planned thermal capacity. The BN-600 started
power operation in April 1980, and in December 1981 the reactor was brought up
to its nominal power of 1470 MWth. The maximum burn-up of fuel reached 7%.

As of 1983, the next generation of fast breeder reactors, BN-800 and BN-1600,
was being designed for commercial introduction {Semenov 1983).

The Soviet Union is proceeding with plans for a series of batch-produced
BN-800 sodium-cooled fast reactors to be deployed in the 1990s. The existing
oxide fuel (used in the smaller fast reactors) is to be used, although a core
containing both oxide and metal fuel elements is under consideration {NEI
10/88) .

The Soviets have made some basic decisions on the steam generating sec-
tion of the planned successor to the BN-800 FBR, the BN-1600 FBR. This reac-
tor will be a pool-type plant with four heat output loops located in a
19-meter-diameter vessel (NEI 6/88b).

More information on the USSR fast reactors was given in the recent
NRDC report. At the Kyshtym site, they mentioned that three BN-800 1liquid
metal fast breeder reactor (LMFBR) power plants, the "South Urals Power
Station,"” have been proposed. One or two of the reactor foundations are laid;
however, construction is delayed pending review of the entire program. The
BN-1600 is in the design stage; construction is unlikely before 2020. The
breecer program is delayed by two concerns. The first concerns the possibil-
ity ¢f a runaway chain reaction during an overheating accident, and the
secord, a lack of need. Research is expected to be completed "in the near
future," on mixed-oxide (MOX) fuel for recycle in existing thermal power
reactors, leading to construction of a MOX fuel plant and possible commercial
export of MOX fuel to other countries (NRDC 1989).
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A7.5 OCEAN VESSELS

The first nuclear-powered ice-breaker in the world, the Lenin, was
constructed in 1959 and celebrated its twentieth anniversary of operation in
the Arctic ice in December 1979. The next ship in the series of nuclear-
powered ice-breakers, the Arktika, went into operation in 1974; and in 1977
the ice-breaker, Sibir, started work. The latter two ships are equipped with
a standard 75,000-horsepower nuclear power installation, and their technical
performance was claimed to be better than those of the ice-breaker, Lenin.
The Soviet Union is also considering the use of nuclear-powered carrier-ships
in Arctic regions (Semenov 1983}.

A fifth nuclear-powered icebreaking ship, the Sevmorput, was commissioned
in November 1988. The Sevmorput is designed to break ice of moderate thick-
ness. Two more nuclear-powered icebreakers are due to come into service
shortly (Nuctear News 1/89}.

A7.6 RESEARCH REACTORS

There are over 60 research reactors [Table A.7.2 lists those known as of
1963] constructed in the USSR, of which about 36 are for civilian uses. Most
are operated by the research institutes., A wide variety of research reactor
types is used. Dispersion-type of fuel elements are used in 31 of the reac-
tors, and assemblies with tubular rods are used in 27 research reactors. Fuel
enrichment levels range from 10-90% uranium-235. Research reactor power
levels range from 1 kW-20 MW or more. Seven civilian reactors are pulsed
reactors (Kritsky et al. 1988).

A7.7 DEFENSE REACTORS

Only very recently has there been any publicly available information on
the Soviet defense reactors, other than the brief mention as indicated at the
beginning of Section A7.3. 1In July 1989, some information was released on the
reactors at Kyshtym. The Soviet government decided to shut down all five
nuclear reactors producing plutonium for nuclear weapons at the Kyshtym Indus-
trial Complex, a top-secret military center in the Urals, idling two more
reactors than were announced originally by Soviet President Mikhail Gorbachev
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in the spring of 1989 in London. The decision was revealed by Boris V.
Brokhovich, the center’s director. He said in an interview that two of the
site’s reactors are shut down now, a third will be closed in August 1989, and
the remaining two will cease operation in 1991 {Washington Pest 1989c; TASS
8/12/89).

Additional information on production reactors was given in a recent fact
sheet prepared by the NRDC. At the Kyshtym site visit, they visited the first
Soviet plutonium production reactor, A-Reactor called "Anotchka,"™ or "Little
Anna" (in English), and the source of plutonium for the first Soviet atomic
bomb called "Joe-1" in the West. Construction began around 1946 and initial
gperation started June 19, 1948, Shutdown occurred in 1987, after 39 years of
operation, and it is now being dismantied. The initial power level was 100
MWth and the final power level was 500 MWth. Cooling water from a nearby lake
was pumped directly through the core, with an average 70°C discharge tempera-
ture into the lake and a maximum discharge temperature of 80-85°C. The reac-
tor is being dismantled in three stages, reported as follows: first stage--
shutdown, fuel unloaded; second stage--up to five years, includes dismantling
of control and operating system, filling empty spaces with concrete; and third
stage--20-25 years, no activity, after which a decision will be made to bury
on the site or remove. The B-Reactor at the Kyshtym site was reported to be a
dual-purpose reactor for fuel rod research for RBMK’s and piutonium produc-
tion. It was scheduled for shutdown on August 8, 1987, and is now being dis-
mantled. Its power level was 65 MWth and was more or less the same throughout
its h>story. The third reactor had an initial power level of 100 MWth and a
final power level of 500 MWth, and was scheduled for shutdown in August 1989.
The fcurth and fifth reactors are in operation. They were built more
recently, operate at a higher power level, and are located in a separate area
of the complex. The NRDC aiso reported other production reactor sites at
Tomsk and Krasnoyarsk (NRDC 1989). It has been reported that the Kyshtym site
will have a new manufacturing mission, such as for producing Tightquides {TASS
7/17,89).
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A7.8 NUCLEAR REACTOR RESEARCH AND DEVELOPMENT

The Soviets are working on enhanced safety features for RBMK and VVER
reactors. This is being done by improving the safety features of projects
currently in the planning and construction stages, as well as with entirely
new reactor engineering systems (Nuclear News 5/88).

An enhanced safety version of the RBMK channel reactor known as the UKR
is being developed from the 1500-MWe RBMK-type now operating at Ignalina. The
improvements in the UKR compared with the current RBMK reactors are: 1) elim-
inating the RBMK’s positive void coefficient by reducing the Tattice pitch of
the fuel and increasing the uranium:graphite ratio, 2) use of higher-enriched
uranium without the need for additional fixed absorbers in the core, 3} use of
an accelerated insertion mechanism for the control and protecticon rods,

4) limiting the power rating of the fuel to 370 W/cm and the maximum graphite
temperature to less than 750°C, 5) reducing the size and number of the feed-
water and steam collection headers, 6) use of three 50% emergency core cooling
trains, 7) use of a new decay heat remcval system suppiied from a water
reservoir built into the roof of the reactor building, 8) use of a cooled-
base slab below the reactor, and 9} installing extra hafnium detectors in the
central tubes of fuel bundles for better reactor control. Design work has
been reported on a further development of the channel-type reactor that would
have an output of 2400 MWe derived from 1920 boiling water channels with
zirconjum-clad fuel and 960 channels with steel-clad fuel for superheating
steam from the boiling channeis. Superheating channels of this type have beer
demonstrated in one of the Beloyarsk reactors. Parallel development work
reported at Electrosila is directed toward a 1200-MWe turbogenerator to
operate at a speed of 3000 revolutions/minute, which would, presumably, be
able to make good use of the improved steam conditions from the superheat-
type reactors {(Nuclear News 5/88; Adamov 1988).

Additionally, work was reported to be in progress at the Kurchatov
Institute on a "super-safe" graphite-moderated channel reactor {Maclachlan
1989).

The Soviets are studying two advanced concepts for VVERs. A project
called VVER-88 was initiated in 1988 {(with contributions by West Germany) to



demonstrate several of the safety features {Adamov 1988). The first concept,
part of Project VVER-88, incorporates a passive emergency flooding system.

The concept is intended to provide prolonged retention of a molten core in
containment through the use of boric acid injection, reinforced concrete
founcation and filtered venting. The first complete VVER-88 will be commis-
sioned about 1994 at Khmelnitsy-5 in the Ukraine. The second VVER concept may
include additional passive flooding and a steel envelope inside containment to
allow for natural circulation air cooling. These enhancements include: 1) a
passive system for flooding the reactor basement with boric acid, 2) an
increase in the thickness of concrete below the reactor vessel, 3} a contain-
ment venting system with 99.9% efficiency removal of iodine and cesium, and

4) a possible concept that uses a second concrete shell around the primary
steel containment, with provision for natural circulation air cooling in the
annulus {Nuclear News 5/88; NEI 6/88b; MaclLachlan 1989).

Work has begun on further improvements to the VVER beyond those developed
in Project-VVER-88. Development of the new concept, called VVER-92, will con-
tinue for the next five to six years. This concept will feature a radically
simplified design, passive safety and unproved diagnostics. The other Comecon
countries are joining the Soviets on these studies, and the Soviets are look-
ing to the West for other "partners" {e.g., France is a prime candidate)
(MacLachlan 1989; NEI 4/89).

Design of a VVER-1800 reactor, an upgraded, more economical, and safer
version of the VVER-1000 reactor, was started in the USSR in 1987. The new
version will have a planned reactor 1ife of 70 years and four coolant loops.
Major safety improvements will be: 1) decrease of power peaking in the core,
2} increased fuel-cladding gap conductivity, 3) more optimal core configu-
rations including refueling one-quarter of the fuel each year, 4) use of zir-
coniun instead of stainless steel in fuel spacer grids and guide tubes, 5) Jlow
lTeakage cores, 6) long radiation Tife of the reactor vessel, and 7) more
reliable control and protection systems (Nucleonics Week 11/87).

“he Soviets are studying three advanced concepts for HTGRs. The first
advanced modular HTGR incorporates a steam generator and a heat exchanger
along side the reactor vessel; the second concept incorporates the steam
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generator integral with and above the reactor; and the third concept incorp-
orates more than one reactor-steam generator in an integral multi-cavity, pre-
stressed concrete pressure vessel (NEI 6/88b).

The Germans and Scoviets plan on construction of a 200- to 300-MWth pijot
HTR at the NIIAR Nuclear Research Center in Dimitrovgrad, near Ulyanovsk about
800 km east of Moscow. The modular-design reactor will be built on a site at
the foot of a hydroelectric dam on a tributary of the Veclga river, and is
expected to be completed in 1996. Follow-on HIR projects are foreseen for
generation of process heat, process steam and electric power. The total cost
of this project is estimated at about $525 million. The pebble-bed reactor
uses graphite pebbles containing about 10% uranium-235, and comes close to
being qualified as an inherently safe reactor. The reactor will operate at
700-750°C, then may be backfitted to operate as high as 950°C to enable coal
gasification and production of process heat for =he Soviet chemical industry
(Nucleonics Week 10/88; Radwaste News 10/27/88).

The USSR is turning away from traditional fast-breeding FBRs to smaller,
simpler FBR designs under study at the Kurchatov and Obninsk research centers.
The earlier BN-800 FBR project at Byeloyarsk has evidently been postponed
indefinitely (MacLachlan 1989).

A7.9 REACTOR COST_INFGRMATION

The initial cost of the Novovoronezh nuclear power project, including the
first 210-MWe unit completed in 1964, and general facilities common to the
first two units, was given as (Seaborg et al. 1963):

Power plant 50 miltion rubles
Site preparation 10 million rubles
Town 14 million rubles

Total 74 million rubles

The plant was expected to operate for the equivalent of 6000 hr/year at
full load. The expected cost of power from the first unit was 0.8 kopecks/
kWh; this includes depreciation of the entire investment of 74 million rubles
over a 20-year period, but carries no interest charge. [No interest is
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charged on domestic projects; 2.5% per year is charged abroad.] From these
figures, the capital component of power cost would be 0.33 kopecks/kWh,
leaving 0.47 kopecks/kWh for fuel and operating costs (Seaborg et al. 1963).

The cost of power from the second unit at Novovoronezh was expected to be
0.60 kopecks/kWh. The lower figure is due to the higher capacity and costs
for facilities common to both units will have been charged to the first unit
(Seaborg et al. 1963).

The Politburo of the USSR has stated that the accident recovery program
for the Chernobyl accident cost U.S. $7 billion, and the replacement power
costs were an additional U.S. $7 billion. The recovery costs include U.S.
$1.6 billion for compensation and additional costs for construction of houses
and apartments for the 135,000 evacuees (Nucleonics Week 1/88).

A common fund to finance the decommissioning of Soviet and Comecon’s
nuclear power plants has been set up. A multinational economic asscciation
will be created to manage the fund (NEI 12/87a}.

Electricity costs from breeder reactors have been reported to be 2.5
times higher than from other nuclear power plants (NRDC 1989).

A7.10 REACTOR SAFETY AND QUALITY ASSURANCE

Documents such as codes, guides, rules and procedures develop Soviet
reactor safety requirements further and specify them more concretely than the
"General Regulations." They also establish the basis for activities of
designers and corresponding supervisory bodies. One of the main documents in
the f<eld of engineering safety is "Regulations for Design and Safe Operation
of Components for Nuclear Power Plants, Test and Research Reactors, and
Insta tations™ (Semenov 1983).

“he system of Soviet requlatory documents on nuclear power plant safety
is corplemented by the system of state standards developed and established by
the State Committee on Standards (Gosstandart of the USSR). The system of
standards extends the system of regulatory documents by ensuring nuclear plant
safety through establishing requirements for many components, materials,
processes, etc. (Semenov 1983).
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New Soviet regulations require that nuclear power stations be built at
least 25 km from cities over 100,000 in population, but they do not prohibit
cities from being built around existing nuclear sites {Nucleonics Week $/88b).

Also, the nature of district heating, where used, requires district heating
reactors to be located closer to the population centers, but the new regula-
tions 1imit the distance between district heating units and population centers
to 5 km (NETI 4/89). Longer and more stringent licensing procedures for
nuclear reactors are being encountered to meet the more stringent safety
requirements and to backfit improved safety features developed in 1988 into
existing projects. An example reason for the delays is the new requirement to
carry out more detailed site-specific seismic analyses (Maclachlan 1989).

Vladimir Asmilov, a key Soviet scientist, believes the target for reactor
core melt damage probability should be no more than once per 100,000 reactor-
years, and that for an accident with off-site consequences should be once per
106 to 107 reactor years. He feels that the Soviets need to learn more on how
to assess the safety of their reactors in this manner and to carry out such
assessments in close international cooperation {NEI 4/89).

The Soviets have recently used internal and international peer groups to
review the design and safety aspects of their reactor systems. At the end of
1988, an Operational Safety Review Team (OSART) sponsored by the International
Atomic Energy Agency (IAEA)} visited the Rovno-3 VVER-1000 unit. Other QSART
missions are expected in the future, including one to a RBMK unit. Also, the
Gorky AST-500 district heating station has been reviewed by a peer group under
the auspices of the IAEA. This review included concept and design analysis,
as well as some probabilistic safety assessment (NEI 4/89).

A7.11 USSR NUCLEAR REACTORS: TABLES AND FIGURES

The following tables and figures appear in this section:

TABLE A7.2 USSR Power Reactors - Operational and Shutdown

TABLE A7.3 USSR Power Reactors - Planned

TABLE A7.4 USSR Research and Test Reactors Built or Authorized
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TABLE A7.5 USSR Power Reactors Stopped or Cancelled Since the Chernobyl #4
Accident

TABLE A7.6 USSR Power Reactor History: Generation Capacity From 1958-1989

TABLE A7.7 USSR Power Reactor History: Units on Line From 1958-1989

TABLE A7.8 Countries With Reactors QOperating {or Planned} Using USSR-
Supplied Fuel

FIGURE A7.1 USSR Yearly Nuclear Power Generation Capacity

FIGURE A7.2 USSR Total Nuclear Power Generation Capacity
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TABLE A7.2. USSR Power Reactors - Operational and Shutdown

Capacity, Year in
Locat ion Name Type Mwe Operation Reference
Obninsk AM-1 Pressurized water (PWR),
graphite moderated 5 1954 A
" -- Mobile;: PWR 1.5 18961 A
Siberian Unit 1 LWGR 189 1958 B
" Unit 2 LWGR 184 1958 B
" Unit 3 LWGER 180 1958 g8
" Unit 4 LWGR 1849 1958 B
" Unit 5 LWGR 190 1958 B
" Unit & LWGR 199 1858 B
New Melekess ARBUS Organic-cocled and -moderated (3.75}{31 {1963} A
" -- Boiling water {58} {1964) A
" - Boiling water; superheat 7 ? A
Beloyarsk AMB-1 Boiling water; superheat; b
{Zarechnyy, Sverdlovsk) graphite moderated IBE{ ) 1963 A B, C
AMB-2 Boiling water; superheat;
graphite moderated 2e@ 1967 A B
" BN-608 LMFBR 6B0 1981
Novovaronezh Unit 1 wver(e) 218 1964 A, D
" Unit 2 VVER 365 1969 )
" Unit 3 VVER 448 1871 B
" Unit 4 VVER 444 1972 B
" Unit 5 VVER 1968 1981 )]
Ulyanovsk VK-54@ BWR 58 19865 8
" Unit 1 LMFBR 12 1969 8
Shevchenko (d)
{Caspian Sea) BN-358 LMFER 358 1873 B
Bilibino Unit 1 LWGR 12 1973 B
” Unit 2 LWGR 12 1974 B
" Unit 3 LWGR 12 1975 B
" Unit 4 LWGR 12 1976 B
Kola or Kolsk Unit 1 VVER 4449 1873 B, D
{Polyarnyye Unit 2 VVER 444 1874 B
fori, Murmansk) Unit 3 VVER 448 1982 5}
" Unit 4 VYVER 448 1984 D
Sosnoviy Bor, Leningrad Unit 1 REMK 1888 1873 B
Unit 2 RBMK 1992 1875 B
" Unit 3 RAMK 1089 1979 B
" Unit 4 REBMK 1889 1981 D
Dkiemberyan, Armenia Unit 1 VVER ABBEE; 1976 B, E
" Unit 2 VVER ' 408'¢ 1979 B, E
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TABLE A7.2. (contd)

Capacity, Year in
Location Rame Type Mie Operation Reference
Kursk Unit 1 RBMK 1000 1978 B
{Kurchatov, Kursk) Unit 2 RBMK 1000 1973 B
Unit 3 RBMK 1000 1984 D
" Unit 4 REMK 1000 1886 o
Chernoby!? Unit 1 RBMK 1000 1877 8
{Pripyat, Ukraine} Unit 2 RBMK 1000 1879 B
" Unit 3 RBMK £ 1060 1982 D
" Unit 4 RBHK{ ) 1000 1583 b}
Smolersk Unit 1 REBMK 1000 1879 B
{Desnogorsk, Smolemsk) bnit 2 RBMK 1000 1985 ]
Rovno
{Kuznetsovsk, Unit 1 VYER 402 1981 8]
Wast Ukraine) Unit 2 YVER 416 1982 D
Unit 3 YVER 1060 1987 o
Hikolaivev ar )
Konstantinovka Unit 1 VVER 1000 1983 B, C
or South Ukraine Unit 2 VVER 1000 1985 i
! Unit 3 VVER 100G 1989 D
Ignalina Unit 1 RBMK 1500 1985 o
{Srieckus, Lithuania) Unit 2 RBMK 1500 1647 D
Kalirin Unit 1 VVER 1GGD 1435 b
{Udomlvya, Kalinin)} Unit 2 YVER 1000 1987 D
Zaporozhye Unit 1 YVER 1000 1985 o
{Energodar, Ukraine) Unit ? YVER 1000 1985 ]
Unit 3 VYER 1000 14887 o
Unit 4 VVER 1000 1987 ]
Unit 5 VVER 1000 1889 F
Balakova Unit 1 VVER 1000 1986 ]
(8alakovo, Saratav) Unit 2 YVER 1000 1987 D
Khmel‘nitskiy
{Netesin, Unit 1 VYER 1000 1487 Y
West Jkraine)
Referen:es: Notes:
A = Seaborg, et al., May 1963. {a) Data in parentheses represent estimates.
B = Atornaya Energiya. November 1877. {b} Plant was taken off line for decomissioning in 1987,
C = Nuclear News, August 1387. Reference C.
B = Nuclear News, February 1988. {c} Plant was taken off iine for decommissioning in 1988,
E = Nucleonics Week, March 9, 1889, pg. 3. Reference 0. (It was noted that the plant was shut down
F = Nuclear Mews, October 1989, p. 58. in 1984, accerding te information given during a Natignat

Academy of Sciences tour February 10-25, 1850 to the USSR.)

{d) Plant also desalinates 120,000 cubic meters of seawater
per day.

{e) VVER-240 has an output of 405 HWe due to cooling condi-
tions {Reference B}. Units 1 and 2 were shut down in
February and March of 1983 respectively for conversion to a
fassil-fired plant (Reference E}.

{f}] Unit 4 was destroyed in an accident on April 26, 1986,
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TABLE A7.3.

Locatiogn

Konstantinovka
{South Ukraine)

Tatar
(Kama, Tatar)

Khmel nitskiy
(Neteshin, Ukraine)

Bashkir
(Agidel, Baskir)

Crimea
{Shchelkino, Ukraine)

Rostov
(Volgodonsk, Rostov)

Balakovo
{Balakovo, Saratov)

Rovno
(Kuznetsovsk, Ukraine)

Smolensk
{(Desnogorsk, Smolensk)

Beloyarskiy
(Zarechnyy, Sverdlovsk}

Kostroma
(Buy, Kostroma)

Kursk
(Kurchatov, Kursk)

(a) Nuclear News, February 1989.

USSR Power Reactors - P]anned(a)

Name

Unit

Unit

Unit

Unit

Unit
Unit

Unit
Unit
Unit
Unit
Unit
Unit

Unit

Unit

Unit
Unit

4

LTV N ]

[ ]

£ PO

3
4

BN-800

Unit
Unit

Unit

1
2

5

Type
VVER

YVER
VVER

YVER

VVER
VVER

YVER
VVER

VVER
VVER
VVER
VVER

VVER
VVER
RBMK
RBMK
LMFBR
RBMK

RBMK
VVER
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Expected

Capacity, Year for

Mie Operation
950 1989
950 1989
950 1989
950 1990
950 1989
950 1990
950 1989
950 1990
950 1989
950 1980
950 1991
950 1992
950 1990
950 1990
950 1990
950 1991
800 1993
1450 1993
1450 1994
950 1994



TABLE A7.4. USSR Research and Test Reactors Built or Authorized(a)

Capacity, Year in
kame Location Purpose Type Mu{th) Operation
- Moscow, Kurchatov Reactor physics Natural U-graphite 5.5 1948
IRT{b} Moscow, Kurchatov  Research Swimming pool 2 1952
RPT Moscow, Kurchatov Materials testing HZO—tank 28 1952
B8R~ Obninsk Fast reactor physics Pu metai-uncooled 2 1955
BR-2 Obninsk fast reactor experience Pu02-mercury cooled B.1 dismantled
BR-: Obninsk Reactor physics Fast-thermai ] dismant led
BR-t Obninsk Fast reactor experience Pu02~sod1um~coo1ed L 1959
BFS Obninsk Critical measurement of Fast critical assembly B8 ?
large fast systems
SM-2 New Melskess Transuranium production H20—tank 58 1882
and materials testing
-- New Melekess Materials testing H,0-tank {75) {1985}
YYRM Leningrad, Ioffe Research Dzo—tank 18 1968
Merrv-go-round  Dubna Putsed fast neutrons Godiva Yariable K|

{a) Seaborg et ai., May 1963.
{b} About 19 other similar reactors elsewhere in the USSR.
NOTE: Data in parentheses represent estimates.
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TABLE A7.5.

USSR Power Reactors Stopped or Cancelled Since the
Chernobyl #4 Accident (MacLachlan 1989)

Station No.

_{location} Unit Type Status Early 1988 Reason
Chernobyl 4 RBMK-1000 Completed Accident
(Ukraine)

5 RBMK-1000 Under construction Accident

b RBMK-1000 Under construction Accident
Novovoronezh 1 VVER-200 Compieted 01d prototype
(Russia)
Oktemberyan 1 VVER-440 Completed Backfits too expensive;
{Armenia) seismic risk

2 VVER-440 Completed "o

3 VVER-100Q0 Planned Seismic risk

4 VVER-1000 Planned Seismic risk
Georgia 1 VVER-1000 Under construction Seismic risk; public
(Georgia) opposition
Ignalina 3 RBMK-1500 Under construction Delayed for design update;
(Lithuania} public opposition

4 RBMK-1500 Under construction Insufficient cooling water;

pubiic opposition

Kharkoy | VVER-1000 Under constructicn No more nuclear cogenera-
{(Ukraine) tion units close to cities

4 VVER-1000 Planned "
Krasnodar | VVER-1000 Under constructicn Seismic risk
{Caucasus)}
Minsk 1 VVER-1000 Under constructicn Co-generation unit
(Byelorussia} 2 VVER-1000 Planned Co-generation unit
Odessa 1 VVER-1000 Under construction Co-generation unit
{S. Ukraine} 2 VVER-1000 Under construction Co-generation unit
Sangachaly i VWER-1000 Under construction Seismic risk; public
{Azerbaijan} opposition

VVER-1000 Planned o

Aktash 3 VVER-1000 Planned “or
{Kertch) 4 VVER-1000 Planned v
Volgograd 1 VVER-1000 Under construction f{o-generation unit
{Russia) ? VVER-1000 Planned Co-generation unit
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TABLE A7.6.

Reactor Type

USSR Power Reactor History:

Generation Capacity from 1958-1989

Year BWR, Mue

REMK, Mue'?)

1958
1959

1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

1980
1981
1982
1983
1584
1985
1986
1987
1988
1589

100
100
150
150
350
350
350

350
350
350
350
350
350
350
350
350
350

350
350
350
350
350
350
350
250
250
250

600
600

600
600
600
600
600
600
600
600
600
600

600

600

600
1600
1600
2600
3600
4600
4600
8600

8600

9600
10600
11600
12600
14100
15100
16600
16600
16600

{a) Includes Siberian LWGRs.
Based on Table A7.1.

Reference:

VVER, Mue FBR, Mue Jotals, MiWe

0 0 600

0 0 600

0 0 600

0 0 600

0 0 600

0 0 700

210 0 910
210 0 960
210 0 960
210 0 1160
210 0 1160
575 0 1525
575 0 1525
1015 0 1965
1455 0 2405
1895 350 4195
2335 350 4635
2335 350 5635
2743 350 7043
2743 350 B043
2743 350 8043
3151 350 12451
3151 350 12451
4553 a50 15453
5409 950 17309
6409 950 19309
£849 950 20749
10849 950 26249
11849 a00 28199
17849 950 35649
18849 950 36649
20033 950 37833
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TABLE A7.7.

Year BWR, MWe

USSR Power Reactor History:

Reactor Type

Units on Line from 1958-1989

RBMK, Mue(?)

1958
1959

1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

1980
1981
1982
1983
1984
1985
1986
1987
1988
1988

0
0

(PN FLE IS FUNFLRY FLI XL VLR VLIPS L) L LD P PN ks b=t D (O DD

PRI P D L LD D L L L

6
6

A AN

e i e —
oW~ o SO = 000~ O Ch

[ I % I ]
—
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Reference:

VVER, MWe FBR. MWe
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FIGURE C.1. Char of Soviet waste Management Activities Across the Nuclear Fuel Cycle
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- Purification and
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3 Uranium
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5 1 Intermediale-Lavel * Mo information « No informaticn + Enrichmont taks are siored = No irormation
w |
| Uranipm
|
L ) Low-Level * No irormation + No information * No information * Mo inkormation
i <o Fabrication of
MNuclear Fuel
| i-’ Intermediale-Lavet + No irformation + N information * No ifformation * No imformation
I
| )
| I Plutonium
|
I I Low-Level « Wasis ganoration is being Rducaed = Treatmem is or-site = Some inetin storage i as bulk bitumen in pita = Disposa| is &l each nuckear power dafion. A total of 35
(Hec.yde} . Srnrt-ll_w-d nob e gases ane removed, allowad to decay, and = Airporne radivioding is d by adsocrmion on zeoli + Most wastes are apparanlly disposed of withow! interim RAegional {aciites are used for medical, incustrial and
. reigased carben, silver sals, mala| iodides slg reasarch wastes
i . arbx rage
| « Airbome S5Kr, 4G 3 are released + Liquids are concentraied by coagulation, evaporation, of in + Shalow ground acilitiss are veed for soldified,
1 | + Liquid wastes are collocied in anks snd mads akalne exchange canistenzaed wasta
I | = Soms figuid concemates are iMerim slored in 551 larks = Many liquid wastes Mave been, ana may sl be, irgecied
« Somp combusibles are bumed ino deop aquiten
| I Y + Liguid conpemrales are incomperaked ime bitmen or coment = Soms liquid wastas may be ingected o & dean clay
I | in steal drums formaticn near Knesnayansk
| | Nuclkear Reactor « Soma solid wastes are compacted
Operation . L L . .
1 I ImMermediate-L evel . \I‘\_I'asm genaration is being minimized + Treatmer i on-site _ = Stora for up to Bns of years al reactor for some wastes = Some ILW is disposed of with LLW at the respective
i | ~ Liquid wastes are collectad in tanks and made akaling » Some LLW concemmtes am combined with |L W = Many wastas ara apparently disposed of withow interim P T SLEtorm
| + Some wastes are incorporated inko biturman or cemen in storage = Dinposition of some ILW is 1o be detarmined, bid may be
I | steel drums - Some imerim stworage & a3 bulk biturman in pie dhepasad of in geologica repoaiories in ™a fuure
| + {LW and alpha wastes may be yitriflied in the utere « Many liguid wastes have been injgctad Mo deep aquiters
l { » Some solid wasies ane compacisd
' |
%’ | i Spent Nuclear Fuel = Policy is o siore VYER ek in eacor poots or 3-5 years; = Mo treatmem « Some emended storage in USSA and olher CMEA = Mol apphcable:
6_ | ! howevar, delays in reprocessing are causing knger siorage countries is in several at-reacior certral storags pocks — YWER fueh are i ba reprocassed
o * RBMK uak are decharged on-line and stored indefiniely ~ Altar storage in reactor pools, fua! is moved Lo centrat - RBMK fuel deposition = to be detarmined
S : | . pording the decision on thair final dspasiticn irarim pool {20-30 yr} storage a1 reackor skes
L = Additional cantral storage & planned
s | ha
|
-]
5 ! | Low-Lavel = Airborne rad |ihers. are collected vpon ger « Radiokrypton may ba d; radioicding is d by = Ng information on trapp e airsome mAdionucites = Final dmponition of trapped aitbomne radionucices is
= | * Liquid wasios are colkcted in tanks mereuric nitfate scrubbing and adeorption using silver sals = No axanded storage of liquis and soliid wastea urkrown
uas | ] * Sokd wasies are callecied - Caustic scrvbbing is abo used lor diasoiver off-gases
| o i L
| ! Y Intermediate-Lovel * Liquid wastes are colleclod in tanks . ::'1‘-': a""::': wasta wnﬁmm: i being reduced = Warsles are (o be stored jor ns of years » Somg liquid wasies have besn inecled N deep wels
rOCeSSH = Solid wasles are colleded = Lot wi e GO ¥ @vap ) SOMa = Current and Wututa disposal plans am unknown bul may be
{ ! —{ Rep N :; g of Lw concentrales are combinad with HLW dispcrnad of in geologic ml::_’m Y
I— Spent Nuclear and <+ Some combuelble wamies am incinerated
Fued ILw | - Cor are incorporated ine b or cemen in drums
+ Some solid wasues are compacted
+ Some wastes may be vitrified in tha fulure
High-Level * Poliy i W stora concentrated HLLW in acid form in slainkss = Trammem bekore initial colkection is concantration and « Sorage of virified HLW is in air-cooled vauls for wns of * Hosl rock lormations and sies for geokgic repcstonss are

steal tanks for 25 years belore solidification

= Dolaya in reprocesaing is causing starage for 20 years or
kengar

+ Sored wasts is cooked 1o 50°C

reducing nitric acid concentration
» Wastes have bean vitrified as phosphate glass in mild sise|
canswm; othar waske hors are being fludied such as
borosiicats glass, vATOme, coramics/sy ineral
aluminophosphets glass fof cesium wases, and boreniicats
glass for soomMium wastas.
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At-reactor storage, 5.6, 6.1, 6.5
Calciner, 2.4, 8.5, 8.7, 8.8, 8.11, 8.12, 8.15
Canister, 8.1, 8.9, 8.14

Cask, xvi, 6.1, 6.2, 6.8, 6.9, 6.11,6.12, 7.6,
11.2-11.6

Central storage, 6.1, 6.8, 6.11, C.1

Container, 7.6, 8.6, 8.9, 8.11, 8.13-8.15, 8.24,
11.2

Decontamination, xvi, 2.4, 5.4, 5.5, 6.11, 6.13,
6.22, 6.23, 7.8, 8.5, 8.28, 8.29, 9.2, 9.3, 9.5, 9.5,
88 115

Decontamination station, 2.4, 9.5, 9.6, 9.8
Enrichment, xvi, 2.3, 3.1, 3.3, 4.1, 4.3, 6.3, 6.6,
6.13, 6.14, A3, A16, A19, A20, A22, A24,

A 27-A30, A38

Fast breeder reactor, FBR or BN, 6.1, 6.3, 6.6,
6.7, 72 73,78, 812,817, A7-A9, AA15,
A35-A.37, A42, A46, A48, AS1, A52

GAEN, ix, 2.2, 3.3, 51, A2-A4

GKAE, ix, 2.1, 3.3, 3.4, 6.21, 10.2, 10.3, 10.12,
A2, A15, A1B, A20

High-level waste or HLW, iii, iv, v, 1.1, 1.3, 2.4,

35,71 7.8, Section 8, 9.2, 6.11, 10.1-10.7, 10.2,

10.4, 1018, C.1
incineration, 9.4, 9.10

Injection, iv, 1.1, 5.1, 9.1, 9.8, 9.9, 10.1, 10.3,
10.10-10.12, 10.15, A.43

Intermediate-level waste or ILW, v, 1.1, 1.3,
2.4, 815, 8.17, Section 9, 10.1, 10.3, 10.4, 10.8,
10.12, 10.14, 10.15, 11.7, A.14, C.1

I.1

len-exchange, 5.4, 5.5, 7.4, 9.4, 9.5, A.25, C.1

Low-level waste or LLW, 1.1, 1.3, 1.4, 5.1, 5.3,
5.5, Section 9, 10.1, 10.3, 10.4, 10.8,
10.13-10.15, A.20, C.1

Melter, iv, 2.4, 7.6, 8.1, 8.5-8.10, 8.12-8.15, 8.17,
8.18, 9.1

Melter electrode, 8.6, 8.14, 8.16, 11.5
Qluality assurance, 5.7, 11.6, A9, A.10, A.43
Radionuclide migration, 10.11

RBMK Reactor, iii, ix, 5.1, 5.3-5.5, 6.2-6.4, 6.6,
6.11-6.14, 7.1, 7.3, 7.7, 9.1-9.3, 10.12, 10.14,
11.2, 11.4, A8, A9, A32, A35, A39, A4D, A.44,
A.46-A.48, A 50-A.52

Repositery, iv, v, 1.1, 3.1, 5.3, 5.5, 8.1, 8.7, 8.18,
10.2-10.7, 10.12

Reprocessing, iii, iv, 1.1, 6.1, 6.2, 6.7, 7.1-7.10,
81,82 84, 86,6 8.12,8.17-8.19, 8.22, 8.25,
8.26, 8.28, 9.3, 9.4, 9.8, 9.9, 10.12, 10.15,
11.4-11.6, A1, A9, A12, A13, A.20, A.30, A.36,
CA

Solidification, iv, 1.1, 1.3, 2.4, 8.2, 85-8.8, 8.11,
8.13, 8.17, 8.19, 9.4, 9.8-9.11

Spent fuel, iii, 1, 3.2, 3.3, 4.1, 8.1-6.12, 7.1-7.4,
76,78, 7.10, 8.1, 8.4, 8.12, 10.12, 11.1-11.8,
A9 A13, A17, CH

Transportation, 5.2, 6.11, 6.12, 8.7, 10.1-10.4,
11.1-11.7, A.27

Vitrification, iv, 2.4, 3.5, 5.1, 5.6, 8.1, 8.2,
8.5-8.12, 8.14, 8.15, 8.18, 8.19, 9.1, 9.5, 9.1(,
9.14, 10.15

VVER Reactor, iii, ix, 3.3, 5.1, 5.4, 5.5, 6.1-6.5,
6.7, 6.8, 6.10-6.12, 7.1, 7.2, 7.4, 7.6, 7.7, 8.4,
812,8.17,8.19,92 93, 11.2-11.4, 11.6, A8,
A9, A1T, A32-A34, A39-A41, Ad4, A 46-A.48,
A50-A52



Waste forms, 2.4, 5.3, 8.8, 10.14, 10.15, C A

Bitumen, iv, 5.1, 5.2-5.4, 6.6, 5.5, 9.1,
9.4-9.11, 10.4, 10.12-15, C.1

Cement, 5.5, 5.6, 9.4, 9.7, 9.8, 9.10, 9.11,
10.6, 10.14, C.1

Ceramic, 7.4, 7.7, 8.1, 8.5, 8.88.13,
8.16-8.18, 9.11, C.1

Glass, iv, 24, 5.4, 7.6, 8.1, 85-8.9,
8.11-8.16, 8.18, 8.28, 9.5, 9.7, 9.8, 9.11,
10.1, 10.4, 10.14, 1G.15

Metal matrix, 8.1, 8.4, 8.13, 10.13
Polymers, 9.5, 9.10

Waste minimization, iv, 9.1

I.2



