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1. Introduction
The recycling of radioactive waste (RAW) from operating and closed units of nuclear facilities
is an extremely complex environmental and, at the same time, technological problem.
The main problem to solve in the utilization of such wastes is to reduce the radioactivity degree
with the aim of their possible future use. In case that this is impossible, these wastes should be
compacted, so that they do not occupy much space during their ground disposal. This is due to
the fact that the decommissioned metals are with different dimensions and configurations – thin
and thick sheets, tubes with various diameters and wall thickness, V-shaped and other forms of
the metal elements, used in the construction of nuclear units. Reduction in volume is achieved
only by remelting the metallic waste and casting the liquid metal in crucibles of appropriate
volume and shape. Thus the amount of metal deposited for storage is diminished from 20 to 50
times.
The following methods for MRAW deactivation are known:
 Mechanical deactivation. The process is called “blasting” and is carried out in closed
chambers by jet crushing machines. The fragments of the radioactive waste are treated
with small cast iron balls (pellets), sand or other mineral materials, which are shot
under pressure by the jet machine. Here the problem consists in the utilization of the
radioactively contaminated wastes and their possible return to the chamber;
 Hydrometallurgical methods. They include the use of concentrated or dilute solutions
of various reagents, in which radioactively contaminated preliminary segmented parts
of metal, covered by organic coatings – lacquer, paint, etc., are immersed. The desired
degree of deactivation is achieved by controlling the time of sojourn of the
contaminated metal in the solution.
The criticism on the methods for chemical deactivation is directed to the complicated
technology of processing of solutions and slurries obtained after decontamination and
the further utilization of solid radioactive waste and polluted radioactive water.
A variaty of chemical deactivation is the electrochemical one, which is considered as
a variant of chemical deactivation in an electric field.
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 Pyrometallurgical methods. They include cutting and fragmentation of MRAW with
subsequent melting, treatment with fluxes and casting in crucible molds.
At the present stage in many of the countries with advanced nuclear power generation
researches are carried out on the development of technologies and installations for MRAW
processing with the aim of reducing the volume of solid radioactive waste subjected to ground
disposal, as well as utilizing part of the metal for its secondary use.
An optimal solution of the utilization problem, providing the return of metal in industry for
reuse, is to apply at the last stage of MRAW processing the method of remelting in various
types of furnaces and to obtain metal blocks as the final product. Depending on the residual
contamination of the metal, these blocks can be used in industry without any restrictions or with
restrictions as protective screens, containers for RAW, etc. Another possibility for MRAW
utilization is their storage in special repositories till the final decay of the radionuclides in them.
One of the main advantages of MRAW deactivation by remelting is the redistribution of heavy
radionuclides between the metal blocks, slag and filter dust. Table 1 shows the distribution of
the major part of the radioactive isotopes found in MRAW between the molten metal, slag and
dust from air purging filters [1].
Table 1. Distribution of radioactive isotopes between the metal,
slag and dust from air purging filters.

Nuclide

Metal, %

Slag, %

Dust, %

Mn54

24-100

1-75

0-5

Co60

20-100

0-1

0-80

Zn65

0-20

0-1

80-100

Sr90

0-20

95-100

0-10

Cs137

0

0-5

95-100

U

0-1

95-100

0-5

Pu

0-1

95-100

0-5

Am241

0-1

95-100

0-5

The rest part represents heavy isotopes such as Cs137, Ru106, Sr90, etc. [2]. The studies of
specialists from MRAW utilization companies [2, 3] show that the removal (completely or
partially) of heavy nuclides is achieved by introducing flux additives in the molten metal in the
amount of 2 to 10%.

2. Specific instructions
Three types of melting aggregates are usually applied for the metallurgical deactivation of
MRAW:
2.1 Electro resistive furnaces
They are mainly used for compaction of non-ferrous metal waste. These are cables, insulation
screens, sheathings of aggregates and pipes, etc. Their maximum operation temperature is
1250°C and they can usually process up to 600 kg of metal waste. Fig. 1 shows a drawing of
such a furnace. Its bottom should be movable.
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Fig. 1. Scheme of an electro resistive furnace with a movable bottom.
1 – furnace carriage; 2 – door; 3 – furnace insulation;
4 – heaters; 5 – rails for the carriage

Once the above described processes are completed, the furnace is switched off, the container
moves out of it and the block is cooled. The container is opened, the slag is removed and the
block is taken out. It is subjected to radiation control and depending on the degree of radioactive
contamination it is shipped according to the existing scheme.
2.2 Electric arc furnaces
These are metallurgical aggregates, in which the heat for melting is produced by an electric arc,
formed by graphite electrodes and the introduced scrap. As a rule they are used for remelting
of steel RAW. These furnaces are not very suitable for remelting of MRAW due to the difficult
access to the furnace because of the complex construction of its lid and the restricted
possibilities of introducing refining fluxes. The scheme of such a furnace is shown in Fig. 2.
The refining processes in the electric arc furnaces proceed usually in an additional vessel.
2.3 Induction crucible furnaces
These are the most commonly used aggregates in the metallurgical deactivation of MRAW.
The induction crucible furnaces find wide application in the industry of remelting ferrous and
non-ferrous metals in air, vacuum and protective atmosphere. The induction crucible furnaces
are used mainly for melting high-quality steels and other special alloys, requiring especial
purity, structural homogeneity and precise chemical composition. They are used for melting
both steel elements from nuclear facilities and elements of copper and copper alloys. A scheme
of such a furnace is shown in Fig. 3.
The crucible induction furnaces have the following disadvantages:
 Relatively low temperature of the slag. The relatively cold slags hamper the
proceeding reactions between the metal and slag and hence, hamper the refining
processes. This is not a problem in the metallurgical deactivation of MRAW in the
induction furnace because the amount of the slag obtained is small (3-5% of the metal
mass);
 Relatively high cost of the equipment. However, this applies only to furnaces with a
frequency above 50 Hz. The aggregates used at present for metallurgical deactivation
generally do not exceed this frequency.
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The combination of such advantages and disadvantages of the induction crucible furnaces
determines the scope of their application, namely: melting of alloyed and non-alloyed steels,
cast iron, heavy and light non-ferrous metals and alloys, rare and precious metals. This makes
them extremely convenient for use in the metallurgical deactivation of MRAW from nuclear
power plants.

Fig. 2. Scheme of a three-phase electric arc furnace
1 – lower metal casing of the furnace;
2 – launder for pouring the liquid metal;
3 – scrap; 4 – casing; 5 – refractory masonry;
6 – furnace lid; 7 – wire lines;
8 – devices feeding electric current to the electrodes;
9 – electrodes; 10 – slag pouring opening;
11 – device for tilting the furnace and pouring the
metal;
12 – refractory packing at the furnace bottom.

Fig. 3. Induction furnace, used by the
Siempelkamp company:
1 – inductor; 2 – crucible; 3 – liquid metal; 4
– scheme for electromagnetic vortexing of
the metal; 5 – slag layer; 6 – furnace
insulation.

3. Equipment for MRAW recycling in Europe
Since 1989 the technological department of the Siempelkamp engineering division in Germany
has operated CARLA, an enterprise for recycling low-level RAW [3]. The equipment processes
the metal waste with lower activity by blasting (to remove surface contamination) or remelting.
The contaminated residues are recycled to new products in the nuclear industry. If the release
requirements are met, the metal can be placed on the free market. Both after the surface
treatment and remelting of the metal, a small volume of radioactive residue remains, which is
returned to the shipper for ground disposal.
Characteristics of the installation of Siempelkamp, Germany
 Furnace capacity – 3,2 t;
 Ingot weight – 1 t;
 Allowed quantity of metal for remelting – 4000 t/yr.
Criteria for acceptance of metals in the Siempelkamp installation, Germany:
Specific design activity 200 Bq/g; increased in 2008 to 1000 Bq/g (total for α-, β-, γ- radiation);
up to 10 000 Bq/g are allowed for Fe55, Ni63, C14 and H3 β- radiation, released materials
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(U233, U235, Pu239, Pu241) < 15 g/100 kg of scrap, NORM (Ra226, U238, Th232) – 1,000
Bq/g.
Some of the facilities and the metal blocks obtained by leading companies are given in Figs.
4, 5.
Figs. 4 show moments of the operation on the deactivation process in the Siempelkamp
company (Germany) and Fig. 6 presents the process of manual feeding of fluxes in the induction
furnace of the Studsvik company, Sweden.
This facility has a licensed capacity of 5 000 t/yr, of which no more than 1 000 t may be lead.
The technical capacity of the melting installation is about 8 000 t/yr. Except for the melting of
metal, it has unique installations for cutting of large gauge facilities, as for example, steam
generators. It can process aluminum and zinc plated metals.
Table 2. Characteristics of the production capacity and the field of metal application after the processing

Company

Furnace
type

Siempelkamp,
Induction
Germany

Studsvik,
Sweden

Induction
for steel,
electric arc
for
aluminum

INFANTE,
Marcoule,
France

Electric
arc

Capacity,
t
3,2

Type of metal

Production

Ferrous, stainless Ingots,
steel,
screens,
aluminum,copper containers

Field of metal
application
60% reuse in
nuclear
facilities; 40%
unlimited use

3

Ferrous, stainless
Ingots
steel, aluminum

77%intermediate
storage; 13% free use

12

Ingots,
Ferrous, stainless
screens,
steel
containers

100% – storage
and reuse in
nuclear
facilities

Electric
BNFL, Great
arc,
Britain
induction

3

Ferrous, stainless
Ingots
steel, aluminum

Unlimited use

SEG, USA

Induction

20

Ingots,
Ferrous, stainless
screens,
steel, aluminum
containers

МSС, USA

Vacuum,
induction

4

Ferrous, stainless Ingots,
steel, non-ferrous screens,
metals
containers

6

Ferrous, stainless Screens,
steel, non-ferrous physical
metals
protection

Duratek, USA Induction
2number
EKOMET-S, induction
Russia
furnaces

2,5
0,45

Ferrous, stainless
Ingots
steel, non-ferrous
Ingots
metals

Cost of MRAW processing: 4 300 – 6 300 €/t
The secondary RAW are returned back to the shipper.

129

Reuse in
nuclear
facilities
40% – reuse in
nuclear
facilities; 60% –
unlimited use
Reuse in
nuclear
facilities
86% –
unlimited use;
14% –
intermediate
storage

The results reported in the presentations of Studsvik Rad Waste [4] prove that the company has
a developed technology for remelting radioactively contaminated metals, according to which
80% of the intended for remelting radioactively contaminated metal is deactivated in a form,
suitable for unlimited use. This is done by remelting of the metal in induction furnaces and its
processing with special fluxes. The latter are bound to the radioactive isotopes forming stable
compounds, which pass into the slag.

Fig. 4. Slag scraper appliance used in MRAW
remelting by the Siempelkamp company

Fig. 5. Manual feeding of fluxes in an induction
furnace of the Studsvik company, Sweden

The Nukem German company is also involved in MRAW remelting. The metals are crushed
and surface deactivated prior to remelting. Liquids, flammable and explosive materials,
hazardous components, zinc and lead are removed. The elements with closed volumes are cut.
Table 3 gives the characteristics of the installation.
Table 3. Characteristics of the installation of Nukem, Germany

VIM 200-NSR
Furnace capacity

1,5 t

Installed capacity of the furnace

AC 400 V, 50 Hz, 1000 kVA

Crucible, 1.5 t

Diameter=600 x 800 mm

Volume of the bath for spilled metal collection 250 l
Productivity

800 t/yr

Dimensions of the premises(L*B*H)

24 m x 10 m x 7,5 m

The ECOMET-C company, Russia, presents the following activity [5]:
The technology developed in the enterprise for complex processing and utilization of MRAW
allows significant diminution of solid radioactive waste volume (20 to 50 times) shipped for
storage, returning large part of the metal to industry for unlimited use and substantial reduction
of the total costs for processing and disposal. The technology is based on the application of the
method for remelting and casting the metal in crucibles at the final stage of MRAW processing.
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ECOMET-C has its own production capacities mostly for processing MRAW with low levels
of activity up to 30 µSv/h and a park of certified metal containers for transport and storage.
Characteristics of the installation of ECOMET-C, Russia:
 Furnace capacity – 2.5t; Ingot weight – 0,5 t;
 Installed capacity up to 1000 V – 2024 kW; up to 6000 V- 1600 kW;
 Consumption of recirculating cooling water – 50 m3/h.
The radiation characteristics of the metal for remelting in ECOMET-C are shown in Table 4.
Table 4. Radiation characteristics of the metal for remelting of ECOMET-C, Russia

Nuclide

Mn54 Co60

Average
specific
40
activity, Bq/g

15

Sr90

Zn65

Ru106

Cs134

Cs137 Ce144 Eu154

10

55

150

20

50

50

30

4. Facilities for MRAW recycling outside Europe
The production of the MRAW recycling enterprises in the USA reached its maximum in 1995,
when 13 600 t of carbon and stainless steel were recycled. This is, however, less than 1 % of
the total volume of radioactive waste in the USA. DOE has estimated that the adhering to the
policy leads to the retention of over 14 000 t of non-contaminated scrap in the units of DOE by
2014.
Within a period of five years between 2000 and 2004 DOE recycled 710 t of lead for use in
protective products and shipping containers, which saved approximately 2,5 million Euros.
Regardless of the mentioned difficulties, metallurgical deactivation is applied for the further
use of metals in nuclear industry. The metal with lower activity is decontaminated and recycled
to obtain shields, screens, waste containers, safety barriers and transport containers, used in
nuclear industry.
The main facility for metal processing in the USA is that of Energy Solutions “Bear Creek” in
Oak Ridge, Tennessee, where various types of radioactive waste may be processed. The
capacity of metal melting is used to process lead and other low-contaminated metals from the
decommissioning of nuclear reactors. Between 1994 and 2007 54 000 t of metal were treated.
MSC is among the enterprises with high capacity of producing metals, suitable for unlimited
reuse. This company disposes of technologies and technical possibilities to perform mechanical
surface deactivation in order to obtain such metals. The application of the jet crushing machine
of the PANGBORN company with capacity of 5 t/24 h allows to produce metal for unlimited
reuse in industry. The output of such metal is about 60 % of the initial amount of MRAW. The
metal, which is not fit for unlimited use is sent for subsequent metallurgical processing. MSC
has an induction furnace, two rolling mills for cold and hot rolling, equipment for metal welding
and cutting and turning machines for metal mechanical processing. These aggregates are used
mainly for the production of barrels and containers for RAW storage.
At this stage Duratek is the enterprise offering a complete set of services for acceptance and
processing of MRAW, including conditioning and storage. It has branches in many states, a
large park of containers and transport vehicles for RAW shipping, including MRAW from
large-dimension equipment (steam generators, heat exchangers).
While Japan operates an LLWR-center for waste disposal in Rokkasho-Mura, in Asia there are
restricted number of facilities for deactivation and limited possibilities of waste treatment.
China, Japan, Korea and Taiwan face up-coming challenges in nuclear reactor
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decommissioning. The Asian nuclear operators look for information in Europe and USA on
best practices and recycling by remelting in order to minimize the volumes for ground disposal.
The companies involved in the waste management and deactivation also look at the emerging
Asian market. Studsvik and Kobe Steel Ltd established a new Japanese joint venture Kobelco
Studsvik to provide solutions for radioactive waste management of the nuclear industry of
Japan.
The Japanese Atomic Energy Agency (JAEA) has built an advanced facility, in which high ratio
of MRAW volume reduction is achieved, and homogenization and stabilization by processes
of remelting or super-compacting for low-level radioactive solid waste [6]. It will produce waste
packaging for final decontamination and will reduce the volume of ground disposed waste by
for low-level solid waste with a surface dose rate less than 2 mSv h.
This facility consists of a block for waste size reduction and storage (WSRSF) and waste
volume reduction (WVRF). The former has installations for cutting large-size waste and the
latter – for melting and super-compacting. Since July 1999 the processed radioactive waste have
amounted to 750 m3, and the ratio of volume reduction is within the range of 1,7 to 3,7 times.

Conclusions
Since MRAW, yielded during the operation and decommissioning of nuclear capacities are
constantly growing, the operators of these capacities all over the world have to cope with the
challenges of their accumulation and utilization. New and innovative approaches will be
probably developed in the course of acquiring expert knowledge on reactor decommissioning.
The world practice proves that specialized companies are involved in MRAW processing. Their
establishment allows the solution of a whole complex of issues related to MRAW processing
at a scientific and high-tech level.
The following conclusions can be drawn from the review of the various technologies and
facilities for utilization of radioactively contaminated metallic waste:
 All over the world there are built and efficiently operated a considerable number of
installations for remelting of radioactively contaminated metals. They are mainly in
Sweden, Germany, USA, Japan, Russia, etc.;
 With convenient sorting according to the degree of radioactive contamination and
remelting of the radioactive steel waste, deactivation can be achieved with subsequent
release from radiation monitoring of up to 50% of the remelted metal, which is
transformed into a raw material for metallurgical production. This result is subject to
additional comments and verification.

Recommendation
On the basis of the study of world experience it is proved that the metallurgical deactivation by
remelting and treatment of the molten metal with special fluxes is a prospective method for
MRAW utilization.
At present an installation for laser incineration of RAW is in operation on the site of the
Kozloduy NPP. An installation for hydro deactivation with a section for metal cutting is also in
a process of commissioning. If an installation for metallurgical deactivation is to be established,
it can be operated together with the installation for hydro deactivation with the aim of complete
deactivation of MRAW from the closed units of the plant. In case that two 2 t induction furnaces
are installed at the site of the facility for metallurgical deactivation, the capacity of the
installation will amount to about 800 t of metal per year in a two-shift operation mode.
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