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ABSTRACT
Initially developed for high-level waste reprocessing, several vitrification processes have been under study since
the 80's at the French Atomic Energy Commission (CEA) for other waste categories. According to the French
law concerning waste management research passed on December 30th 1991, vitrification may be applied to
mixed medium-level waste. A review of processes developed at CEA is presented: cold crucible furnace heated
by induced current, refractory furnace heated by nitrogen transferred arc plasma torch, and coupling of cold
crucible furnace with oxygen transferred plasma arc twin torch. Furthermore, gas postcombustion has been
studied with an oxygen non-transferred plasma torch.
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1-INTRODUCTION
The vitrification of high-level liquid waste has been studied by the French Atomic Energy Commission (CEA)
since the 1950's, and a first industrial plant started running in 1978. The first vitrification process used an
induction-heated metal melter. Three facilities of this type are running today. This process has been improved
continuously, thanks to long term R&D programs. Process development led to the so-called "Cold Crucible"
concept in the 1980's. This technology will be deployed in the La Hague plant of COGEMA by the end of 2002
for the treatment of highly concentrated and corrosive solution produced by fuel reprocessing. Furthermore, the
Cold Crucible Melter Technology is provided by COGEMA to international customers like ENEA (Italy's
National Authority for Atomic Energy). An Advanced Cold Crucible Melter (ACCM) Technology will soon be
developed for various high-level waste streams in the US1.
In the mean time, CEA were looking for another type of vitrification process, in order to treat their own "exotic"
low level waste. The challenge was to treat a large range of nuclear waste with one single highly flexible
process. The purpose was to adapt an industrial process to nuclear waste treatment. A half industrial size pilot
using a transferred plasma arc torch (Retech® technology) was bought in 1994 at Cadarache and has been
evaluated for the treatment of mixed miscellaneous low-level solid waste2. The up-to-date development program
schedules the starting of the nuclear plant process in 20083.
On the basis of these experiments, CEA decided to initiate a program dedicated to medium-level waste
vitrification. Beside the cold crucible and the transferred plasma torch development program, an innovative set-
up coupling a refractory-free furnace with water cooled jacket and an oxygen twin torch has been developed.
This technology will permit a perfect combustion at the surface of the melt and may be particularly suited for the
treatment of waste containing both mineral and organic compounds.
The application of plasma technology is also under study for gas postcombustion. Reduced reactor size and low
final gas volume treated will be the main advantages in comparison with classical postcombustion units. CEA
have developed an industrial prototype. It may be developed for the future vitrification processes.

2 - INVENTORY OF FRENCH NUCLEAR MEDIUM-LEVEL WASTE CONCERNED BY VITRIFICATION
Vitrification processes are studied for medium-level waste which are unsuitable for existing conditioning process
specifications. In the first place, process development is focused on "old waste".
In 2000, the medium-level waste generated by the COGEMA, CEA and EDF activities in France represents
approximately 60 000 m3. 50% of this amount has already been packaged and is not concerned by vitrification,
except if its conditioning is not suitable for final disposal. 50% of medium-level waste is only containerized :
- metallic waste coming from nuclear fuel decanning : Mg, Al, Fe, stainless steel, inconel, zircaloy,
- powders coming from effluent treatment : ion exchange resin, zeolite, diatom,
- sludge produced by effluent decontamination process.
- miscellaneous technological waste
- graphite stack,
Vitrification may be applied to four types of waste : sludge, not standard conditioning waste, powdered and
miscellaneous waste. Vitrification of this waste aims to volume reduction - by incineration of the combustible
part and melting of the mineral part - and to achieve a final waste form of proven durability.

/ 3 0



3 - ACHIEVEMENTS ON COMBINED COMBUSTION/VITRIFICATION OF NUCLEAR WASTE AT CEA
3-1 - COLD CRUCIBLE MELTER
In order to extend the field of application of vitrification, the CEA and COGEMA have developed since
beginning of the 1980's a new melter, the CCM (Cold Crucible Melter), much more resistant to corrosion than
any other crucible type and it allows temperatures never reached up to now in industrial nuclear applications.
From the origin, this melter has been specifically developed for nuclear applications, in compliance with the
major design and maintenance principles successfully implemented in the curently operating COGEMA
facilities.
In the (CCM) concept, glass is heated by Joule effect arising from currents induced directly in material by an
external inductor. Because heat conduction to the crucible is low, the crusible can be cooled—hence the name
"cold crucible".
The technique is based on the use of a water-cooled structure which is transparent to the electric field produced
by an surrounding induction coil. Currents are generated inside the material to melt. The material is molten at
the core, and is solidified in the contact with the cooled melter walls.
The salient feature of the process is in the fact that all components may be cooled. Melter walls may never
exceed temperatures above 200°C.
This technology has numerous advantages and applications:

The crucible is protected against risk of corrosion, ensuring very long operating lifetime and allowing its use
to process a wide range of materials even containing highly corrosive elements: glasses with high P2O5 and
SO3 concentrations may be produced without difficulty. A glass melter has been used
at Marcoule for more than 15 years. During this period was produced a broad spectrum of glass
compositions and highly corrosive molten salts.
Extremely high - practically unlimited - core temperatures may be reached in the glass melt. Crucibles of
this type have been used to melt uranium and zirconium oxides at temperatures exceeding 2500°C.
A cold-crucible melter may be easily dismantled. Neither glass nor metal adheres to the cooled walls,
which is therefore never subject to strong contamination.

The melter is highly compact, considering its ability to generate extremely high power densities in glass melt —
much higher than with an electrode furnace, where the power density is limited by electrode wear. Cold crucible
melters are thus particularly well suited to obtain high throughput in a small volume, and extend the range of
potential compositions for solidifying fission product solutions or any other type of waste for which this type of
treatment is applicable. The CCM is suitable for melting and pouring a very wide range of materials, including
organic or inorganic solids and liquids, with or without suitable additives.
- Inorganic Materials
This category includes most fission product solutions. Numerous tests have been carried out with a melter
directly supplied by feed solution and glass frit (generally in solid form): Some tests were concerning the
treatment of simulated fission product solutions (La Hague plants type) as used to produce R7/T7 glass. Others
were carried out with more specific high- and low-level liquid waste surrogates corresponding to the Idaho
and Hanford waste compositions. All test results showed that a liquid-fed melter could operate at temperatures
of 1300°C or even higher, with flow rates above 100 L'h"1 per square meter of melt surface area, and producing
more than 100 kg of glass per hour. A cold crucible melter can also be supplied directly with solid inorganic
materials, as demonstrated by CEA and COGEMA. Investigations have been carried out in this field by melting
and pouring a wide variety of molten salts, glasses, glass-ceramics and ceramic materials, including basalt
(melted at over 1500°C), Synroc (1600°C) and asbestos (1800°C).
- Organic Materials
Among the organic materials tested are ion exchange resins and plastics, both of which arise during the normal
operation of nuclear power plants. Pouring them on the glass melt surface with an excess of oxygen results
in complete combustion and destruction of the organic matter, which is converted to CO2 and H2O.
Residual inorganic compounds are incorporated into the melt. Glass formulation is tailored to obtain the desired
final composition. Again, the CCM is particularly well suited for melting materials containing highly corrosive
species.

3-2 - TRANSFERRED PLASMA TORCH
In 1994, the French Direction of Waste Management and Decommissioning initiated a program dedicated to
development of a new process for low-level mixed waste. A Plasmarc® -2 pilot unit designed by the Moser
Glaser company with a waste capacity of about 20 kg/h has been tested on simulated waste (fig. 1). This set-up is
using a 150 kW transferred nitrogen plasma torch on a 550 mm diameter furnace. A plasma arc generated by a
mobile ram is transferred to the graphite die fixed on the kiln bottom. This original concept uses a rotating
crucible and glass is poured through the centre orifice when rotating speed decreases. Out-gas treatment is
composed of a post-combustion furnace (Propane) followed by a dry filtration unit. The mineral Waste
composition is adjusted before treatment. Powder waste is granulated into pellets for an optimal introduction into



the furnace. The pilot design is attractive for its efficiency in organic destruction since an additional oxygen
input is available for combustion control. The global system is manually monitored and simple of use, which
makes it suitable for the treatment of a large waste spectrum.

Figure 1: Schematic view of plasma torch pilot

The main advantages of this technology compared to other processes are the absence of melt foaming, the
homogeneity of the melt, and a low level of process trouble shooting.
Feasibility studies have been realised on simulated medium-level waste : pure organic (PVC, REI, graphite
powder...), pure mineral (zeolite, alumina refractories,...), and mixed waste (incineration ashes, ...). It has been
demonstrated that this process is suitable for mineral and/or metal melting. Because of the high temperature
reached and local reducing conditions (graphite die and organic materials present in the waste) metallic
inclusions containing Fe, Co, Si, P are often observed in glass. The presence of these metallic inclusions has no
influence on the waste processing. Glass durability may be affected by cobalt rich metallic particles in the final
glass but this point has not been clearly quantified yet. A significant effort has been made for secondary waste
recycling. Dust coming from hot gas filtration unit can be recycled together with primary waste. Used
refractories and even ceramic filters (silico-aluminate fibers) from the filtration unit may be easily incorporated
for glass making. Volatile radionuclides are effectively trapped in the glass matrix with an efficiency of 50 to 80
% depending on waste composition. In order to illustrate the process performance the results on the treatment of
simulated mixed waste containing zeolites and diatom powder are presented in table 1. The simulated waste to
be treated is a mixture of 67 % wt. zeolite and 33 % wt. diatom powder. The melt temperature during treatment
isaboutl650°C.

SiO2

A12O3

CaO
Na2O
K2O
MgO
Fe2O3

ZrO2

TiO2

so3
Cs ppm
Co ppm

Target glass
Composition % wt.

68.7
11.8
8.9
6.2
0.4
0.4
3.3
-
-

1000
1000

Final glass
Composition % wt.

65.5
13.9
11.4
4.3
0.6
0.8
2.9
0.5
0.4

970
618

Cs integration
T° melt viscosity of 100 Pa.s

Glass durability : Soxhlet - 98°C

Dust filtration unit
composition % wt.

52
20.90
1.80
9.97
3.70
0.30
3.10

-
-

4.8
4300
1500

> 70 %
1450°C

0,15g/m2/d

Table 1 : Example of global results for zeolite and diatom treatment



Dust retrieved from the filtration unit represents about 800 g for the treatment of 30 kg of simulated waste. An
increase in the alkalis content including caesium is clearly demonstrated. The high alumina content of the dust
should not be taken into account because this pollution is due to the alumina powder used as filtration aid.
Sulfates are mainly present as sodium sulfate. Reprocessing of the dust with the primary waste does not degrade
the performance on caesium integration in glass.
Glass formulation studies have been carried out in a large composition domain of the alumina-silica-lime phase
diagram to take into account the different kind of waste (fig. 2). Relations between glass properties and
compositions are currently investigated using an empirical mathematical modeling. Limits on the glass
composition will be set precisely according to the future waste storage regulation and process performances. But
a technological limit has already been defined : the melt viscosity should be above 100 Pa.s at 1450°C to enable
one to empty correctly the furnace at the end of the treatment.

0,3 0,4 0,5 0,6

Figure 2 : Simplified experimental domain for glass composition study (red lines).
Red spots represent experimental glass composition after plasma treatment.

A non-transferred plasma arc technology will be shortly evaluated on our installation and compared with the
current system. CEA and EUROPLASMA are starting a collaboration on the definition of these new installation
characteristics.

3-3 - COMBINED TWIN TORCH AND REFRACTORY-FREE FURNACE
In order to minimise combustion / vitrification installations size (gas flow rate and secondary waste) and to
improve devices adaptation to nuclear environment, a new and simplified equipment, using thermal oxygen
plasma torch and water cooled crucible walls, is actually being developed at the Valrho-Marcoule nuclear centre
(France) with the help of Limoges University. The transferred Twin-torch oxygen plasma arc system will be
associated with a cold crucible.
This equipment allows the melting-combustion / vitrification of several kg/h of various burnable and/or non
burnable waste. The O2 plasma ensures a quasi-instantaneous melting of the load injected and the efficient
combustion of the waste. All the waste treatment is then achieved in a small refractory free single reactor:
combustion, vitrification and gas burning.
In the particular case of a refractory-free furnace, a transferred arc plasma system has been preferred to a non-
transferred arc because of the need of an efficient thermal transfert from the arc to the melt and also because the
resulting gas flowrate is lower and consequently the off-gas treatment size will be smaller. The temperature and
the turbulence between the two arc columns are higher than near a non-transferred plasma jet, the chemical
reactions are enhanced by UV radiation and plasma jet impact on the walls is smoother. To avoid problems
induced by a bottom electrode used in « classical » transferred technologies, a plasma system design where the
arc is striken between two electrodes has been preferred.
The reactor (see Fig.3) mainly consists to a cylinder, a roof and a crucible, made in stainless steel with a water
jacket cooling system. The inside diameter of the combustion chamber is 600 mm and the crucible diameter is
400 mm. Two openings in the roof allow the twin plasma torches to take place with an angle between electrodes
of 70 to 20°. Openings allow waste feeding treat directly in the plasma coupling zone or the feeding of the glass
frit. The waste can be solid and/or liquid. The gases are exhausted through a water cooled pipe and forwarded to
the stack through a high temperature filter and a wet scrubber using water and soda.
The twin-torch transferred arc system comprises two plasma torches of opposite polarity. The cathode torch
consists of a thoriated tungsten water cooled pointed electrode. Two water cooled nozzles, feeding argon and
oxygen, provide a shroud of plasma forming gas around the cathode and confines the arc attachment to the
cathode. The anode torch is similar to the cathode one, however the anodic electrode is a high-purity water
cooled button of copper. A spherical bearing arrangement allows variation of the angle between the torches and
the inter-electrode gap, i.e. the distance between axis of the torches at their nozzle exits.
Two transferred arc plasma jets from opposite polarity electrodes are generated which impinge in a region
located between the torches. In this remote location, termed the coupling zone, current can either be transferred



through the plasma phase when the jets are coupled together, or through an external conductor which is
introduced between the two plasma torches, such as the glass bath.
Arc intensity is from 150 to 300 A, distance between the tungsten cathode tip and the copper anode end is from 5
to 10 cm and the same between electrode tips and the melt surface. Plasma forming gas flow-rate is in the range
of 20 to 200 Nl/mn for each electrode.
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Figure 3 : twin torch and refractory-free furnace

The combustion vitrification of various kind of waste have been studied, such as: Ion Exchange Resins4,
cellulose and plastics5, graphite sludge6, alone or mixed with minerals (ashes, zeolite, ...) or metallic particles.
The crucible receive about 30 kg of glass frit, which composition is to be chosen according to the kind of waste
to be treated. This frit is first melted during about 3 hours in order to obtain a sufficient glass bath. The
temperature of the glass in the middle of the bath is held around 1200°C for an arc intensity of 200 A and a
voltage of 100 V. Then, the waste is processed by direct feeding in the plasma. As the plasma columns radiation
is very important, the waste generally ignite as early as it is introduced in the furnace and burn in the oxidising
atmosphere. The arc voltage increases during feeding, up to 250 V. With a moderate feeding flowrate of about
10 kg/h (depending of the waste), a perfect combustion is achieved in the oxygen plasma, on the surface of the
bath, without accumulation. Glass pouring is possible after treatment. After each run, the products in each
module of the installation are sampled and a material balance is made ; it shows a good transfer in the glass of
the mineral elements of the waste. The elaborated glass is dark, glittering and very homogeneous in composition.
Oxygen fugacity measurement in the elaborated glass shows that the oxygen plasma atmosphere above the
molten glass seems to influence its oxidation degree ; i.e. glass is not reduced by combustion on the surface.

3_4 _ GAS TREATMENT : A PLASMA TORCH POSTCOMBUSTION SET-UP
Incineration of organic waste (gloves, clothes, cotton, Ion Exchange Resins, ...), produces significant quantities
of unburned gases (CO, CxHy, H2, ...) that must be processed, to comply with emissions regulations, by an
afterburning step. "Classically", to reach a complete combustion, gases are brought to a temperature of about
1100°C for at least two seconds with abundant excess oxygen in an electrical or oil-fired burner chamber. This
combustion requires large-sized furnaces with complex geometry (not easy to inspect), lined with refractories
(that becomes waste once their lifetime is exceeded) and implies high gas flow rates (and accordingly, large off-
gas treatment systems).
Significant advantages are obtained by supplying the process gas stream directly to an oxygen plasma jet. The
reactor size can be reduced (by up to a factor of 100) and the geometry simplified ; the process gas volume can
also be reduced by a factor of five. By the way, the size of the dowstream equipment (cooler, filter, scrubber, ...)
is also minimized.
CEA has developed a pilot-scale plasma afterburner reactor, with a simple geometry, lacking in refractories and
using small quantities of gases. This process has been first developed as an alternative to the "classical"
afterburner chamber of the Installation for Research on Incineration of Solids (IRIS)7 process for radioactive
waste highly contaminated by alpha-emitters.
The plasma afterburner reactor is a simple metallic tube. One end of the reactor houses the plasma torch and its
associated mixing chamber that reacts the plasma with the off-gas. The reactor acts as the evaporator of a heat
transfert system ensuring both removal of the heat flux and control of the wall temperature to avoid condensation
(particularly of chlorides or phosphates)8. The reactor volume is about 3 liters (versus about 3 m3 for an
equivalent "classical" afterburner) and no refractories are used.



Much experimental data has been collected on the plasma afterburner reactor ; first using synthetic gas of a
simplified composition (without chloride and phosphate), then with real gases coming from the pyrolysis of
technological waste in a resistance-heated kiln9. The trials have shown that the combustion efficiency (defined
by the ratio [CO2]/[CO]+[CO2]) is always close to 0.9999 for a treated flow rate up to 35 NnrVh (which is not a
maximum), a Net Calorific Value varying from 3 to 10 MJ/Nm3 of the treated gases and an excess oxygen
content lower than 80 %. The combustion efficiency is in good agreement with the European emission
regulations: the 10 minute mean of CO content in the exhaust gases (on dry gases, corrected to 11 % of residual
oxygen) is always under 150 mg/m3 and the 30 minute mean of [CO] is lower than 100 mg/m3 for more than
95 % of the measurements.

The development of a new plasma torch, specifically adapted to the process (high lifetime and suited for
radioactive environment such as gloveboxes or hot cells), allows to reach several hundreds hours of continuous
operation without any servicing.

4 - STATE OF INDUSTRIAL DEVELOPMENT

Cold Crucible Melter

The Compagnie Frcmgaise d'Electrothermie Industrielle (CFEI) markets the CCM technology in non-nuclear
fields. CCM technology has been used for non-nuclear applications since 1995, for example to produce
high added-value glasses or enamels, with two melters. Because of the protection provided by the cold glass
layer, glasses or enamels can be melted at high temperature with no pollution from the materials of the wall
as in traditional glass melters. It is also possible to switch glass compositions in less than 8 hours
since glass does not adhere to the cooled walls. In 1999, 500 tons of industrial glass of varying compositions
were produced with a single 1200 mm diameter CCM. COGEMA is also providing the CCM Technology
to international customers for nuclear applications.
COGEMA is considering the deployment of this technology at La Hague, on one existing vitrification line,
to process specific corrosive, high-viscosity material in the near future. For this application, the advantage
of high temperature has been fully used by raising the target processing temperature from 1150°C
to around 1350°C, thus allowing the selection of a new matrix resulting in an overall glass volume reduction
by a factor of 3. The process and its ancillary technologies (pouring valve, instrumentation, etc.) have been
qualified on the corresponding full-scale platform at Marcoule.
A CCM coupled with a calciner has been proposed for the Hanford TWRS-P Phase IA HLW studies.
A large demonstration program, including the production of about 3 metric tons of surrogate glass in a pilot unit,
provided confidence in the process and pointed to some possible advantages of further extending the range
of test conditions. More specifically, it was found that the technology showed a potential for significantly
higher waste loading, thus reducing the volume of HLW glass for disposal.
This technology is also being supplied to foreign customers, in various configurations:

CCM with direct liquid feeding to process legacy HLW in Italy;
CCM with direct liquid or solid (resin) feeding for simulated reactor waste in Korea.

Plasma arc technology

The main industrial application of these processes as of today for nuclear and non-nuclear waste treatment are
summarised in the below...

Nuclear waste
Country

USA
Japan

Swiss

France

Unit

1
2

1

1

1

Operator

DOE
JAPCO

KOBELCO for JAERI

ZWILAG

CEA

Process / torch
supplier
Retech
Retech

Plasma Energy
Corporation
Retech - MGC

Not defined

Waste type

Mixed containing Pu
Low-level, solid or
dismantling waste

Low-level

Low-level

Low-level, solid,
mixed waste

Industrial
development
suspended
Questions raised
about torch
technology since
1999
Starting after 2002

Started without
radio activity.
Starting in 2008



Toxic waste coming from destruction of chemical weapons
Country

Germany
Albany

USA

Unit

1
1

2

Operator

Department of Defence
Albanian Government
(Swiss financial)
US Navy

Process/torch
supplier
Retech - MGC
MGC

MSE

Waste type

Contaminated soil
pyrotechnic materials

pyrotechnic materials

Industrial
development
Starting in 1999
Starting 2001

Prototype starting
in 2000

Industrial,
Country

France

USA

Japan

medical and urban waste
Unit

2

1

1

1

4

1

1

1

1

3

3

Operator

Bordeaux metropolitan
community

Inertam then
Europlasma

US Army

Municipalities :
Handa city, Matsuyama
city, Yonago, Adashi

Chiba Kitayatsu

Yokohama Tsurumi

Mima regional center

Kamo regional center

Shinoonoseki,
Kahogana, Imizu

Sapporo, Osaka,
Toyama

Process / torch
supplier
Europlasma -
Aerospatiale

Aerospatiale then
Europlasma
Plasma Energie
Corporation
PEAT

Ebara

I.H.I.

M.H.I.

Kobe steel

Hitachi zosen

Kobelco/
Europlasma

Takuma

waste

fly ashes out of
incinerators

asbestos

asbestos

Hazardous agricultural
blast media, infectious
medical waste
MSW incineration
residue

Industrial
development
Starting at the end
of 2001-tested
during 7 months
Industrialised in
1996
Industrialised in
1994
Industrialised.

Starting in:
1993,1994,
2003, 2003

1993

2995

1997

1999

2002

2002, 2002, 2003

5 -R & D PROGRAM ON THE VITRIFICATION PROCESS AT CEA
The objective of this R&D program is to define an optimised "omnivorous" vitrification process enabling the
treatment of all the different kind of waste mentioned above.
Characteristics of this process include :
•S Compatibility of the matrix with existing containers,
•S Direct treatment of mixed waste without sorting,
•/ Integration of all the radionuclides in the host phase,
S Cost similar to other medium-level waste treatments,
S Durability at least as good as other medium-level waste host phase,
•/ Volume reduction greater than 2.

At the end of this program, an evaluation of the process will be performed to decide whether industrialisation is
suitable. The evaluation document is scheduled for 2003.
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