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Abstract 
Operational radioactive waste is generated during routine operation of NPP. Process 

waste is mainly generated by treatment of water from reactor or ancillaries including spent fuel 
storage pools and some decontamination operations. Typical process wastes of pressurized water 
reactors (PWR or WWER) are borated water concentrates, whereas typical process wastes of 
boiling and RBMK type reactors are water concentrates with no boron content. NPP operational 
wastes are classified as low and intermediate level waste (LILW).  

NPP operational waste must be solidified in order to ensure safe conditions of storage 
and disposal. Currently the most promising solidification method for this waste is the 
vitrification technology. Vitrification of NPP operational waste is a relative new option being 
developed for last years. Nevertheless there is already accumulated operational experience on 
vitrifying low and intermediate level waste in Russian Federation at Moscow SIA “Radon” 
vitrification plant. This plant uses the most advanced type induction high frequency melters that 
facilitate the melting process and significantly reduce the generation of secondary waste and 
henceforth the overall cost. The plant was put into operation by the end of 1999. It has three 
operating cold crucible melters with the overall capacity up to 75 kg/h.  

The vitrification technology comprises a few stages, starting with evaporation of excess 
water from liquid radioactive waste, followed by batch preparation, glass melting, and ending 
with vitrified waste blocks and some relative small amounts of secondary waste. First of all since 
the original waste contain as main component water, this water is removed from waste through 
evaporation. Then the remaining salt concentrate is mixed with necessary technological 
additives, thus a glass-forming batch is formed. The batch is fed into melters where the glass 
melting occurs. From here there are two streams: one is the glass melt containing the most part 
of radioactivity and second is the off gas flow, which contains off gaseous and aerosol airborne. 
The melt glass is fed into containers, which are slowly cooled in an annealing tunnel furnace to 
avoid accumulation of mechanical stresses in the glass. Containers with glass are the final 
processing product containing the overwhelming part of waste contaminants.  

The second stream from melter is directed to gas purification system, which is a rather 
complex system taking into account the necessity to remove from off gas not only radionuclides 
but also the chemical contaminants. Operation of this purification system leads to generation of a 
small amount of secondary waste. This waste stream slightly contaminated with volatilised 
radionuclides is recycled in the same technological scheme. As a result only non-radioactive 
materials are produced. They are either discharged into environment or reused.  

Based on the experience gained during operation of vitrification plant one can conclude 
on high efficiency achieved through vitrification method.  



WM’03 Conference, February 23-27, 2003, Tucson, AZ 

 
Another significant argument on vitrifying NPP operational waste is the minimal impact 

of vitrified radioactive waste onto environment. Solidified waste shall be disposed of into a near 
surface disposal facility. Waste forms disposed of in a near-surface wet repository eventually 
come into contact with groundwater. Engineered structures used or designed to prevent or 
postpone such contact and the subsequent radionuclide release are complex and often too 
expensive. Vitrification technologies provide waste forms with excellent resistance to corrosion 
and gave the basic possibility of maximal simplification of engineered barrier systems.  

The most simple disposal option is to locate the vitrified waste form packages directly 
into earthen trenches provided the host rock has the necessary sorption and confinement 
properties. Such an approach will significantly make simpler the disposal facilities thus 
contributing both to enhancing safety and economical efficiency.  

Introduction 
Vitrification currently becomes the most perspective for NPP operational low and 

intermediate level radioactive waste (LILW) [1, 2]. Two main advantages of vitrification attract 
attention: the best retention of radionuclides and the maximum volume reduction of waste. The 
safety requirements to waste storage and disposal facilities become by time more and more 
stringent. Glass as an immobilising material has the advantage of almost maximum reliability of 
radionuclide retention among reasonable applicable technologies. The minimal impact to 
environment of vitrified product can be crucial for reduced possibilities on constructing large 
complex and costly repositories. In this respect the glass requires minimal containment 
properties of a storage facility. Vitrification opens up real possibilities of storage and disposal in 
simplest shallow ground repositories. The glass matrix being enough mechanically and 
chemically durable is able to resist against eventual intrusion into repositories. Glass has and 
predictable will have a minimal impact to environment both by radioactive and chemical 
components. The immobilisation of radionuclides into a durable glass material via the 
vitrification technology can contribute to evanescence of the NIMBY syndrome among resident 
people leaving in the area of disposal facilities. The highest volume reduction factor achieved 
through vitrification is very important taking into account sufficient high volumes of LILW. One 
ought envisage the transportation of solidified waste to the final storage/repository from the 
processing and interim storage sites sometimes at enough large distances. Vitrification plants for 
LILW are not so complex and costly in operation as for HLW. Since vitrification is an 
industrially proven immobilisation process for HLW it can be simplified for much lower 
activities levels in the case of LILW. Thus vitrification of LILW becomes gainful taking into 
account both the durability of waste form achieved and the significant volume reduction of 
waste. Nowadays in the US vitrification is proposed for the very large volumes of LILW found 
throughout of the US DOE complex, such as Fernald Site in Ohio and the Hanford Site in 
Washington. The DOE River Protection Project envisages separation of Hanford’s tank wastes 
into high-level and low-activity fractions, which will be vitrified into alkali-borosilicate glasses. 
Vitrification of the LILW at Hanford is expected to produce over 160,000 m3 of glass that will 
be placed in a shallow subsurface disposal facility [3]. Korea is planning to vitrify NPP 
operational radioactive waste [4]. China as well considers this possibility carrying studies in this 
area despite there was no final decision. Russian Federation started operation of an induction 
heated cold crucible vitrification plant since the end of 1998. This plant with the capacity 75 kg 
per hour by melt is considered as a pilot plant for the vitrification of radioactive waste from 
Russian NPP. This paper describes the main results obtained in vitrifying NPP operational waste. 

Operational NPP radioactive wastes 

Operational radioactive waste is generated during routine operation of NPP. Radioactive 
waste generation is inevitable due to the nature of energy production, however its volume can be 
significantly minimized. Usually water or water vapours are applied as coolant agents in NPP 
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reactors. The coolant agent is contaminated by time with radionuclides. Corrosion of activated 
parts of a NPP nuclear reactor leads to accumulation of such radionuclides as 60Co, 54Mn, 59Fe 
and relative short lived radionuclides 51Cr, 58Co, 122Sb. Fission products contaminate coolant 
agent due to leakages of nuclear fuel elements. The main fission products, which contaminate 
coolant, are 90Sr and 137Cs. Trace amounts of nuclear fuel elements (uranium and plutonium) or 
other alpha emitters (e.g. neptunium) sometimes also can be found in operational LILW of NPP.  

Russia has operating 9 NPP with 29 power-generating units of total installed capacity 
exceeding 21 GW (electrical). The NPP stock incorporates: 11 power units with RBMK-1000 
type reactors, 6 power units with WWER-440 type reactors, 7 WWER-1000 type reactors, 1 
power unit with the BN-600 fast neutron reactor, and 4 power units with the EGP-6 reactors. A 
typical NPP generates about 0.100 m3/MW of operational waste per year. In Russia this figure 
vary for different power stations from 0.071 (Kalinin) to 0.360 (Kola) and even 0.550 (Kursk). 
Accordingly to analyses the main radioactive contaminants (more or less long lived) of NPP 
operational LILW are 137Cs, 134Cs, 60Co, and 239Pu. Table 1 shows typical radionuclide 
compositions of some NPP operational LILW. 

Table 1. Radionuclide contents in NPP operational LILW. 

NPP with RBMK NPP with WWER  
Radionuclide, 

Bq/m3 Leningrad Kursk Chernobyl
(Ukraine) 

Kalinin Kola Novo-
Voronezh 

137Cs 5 106 4.1 109 3.7 108 1.8 109 7.5 1010 1.2 1010 
134Cs -  8.5 108 1.0 107 1.0 109 8.0 109 9.0 108 
60Co 2.8 107 5.3 107 n.m. 4.5 107 1.5 109 2.6 107 
239Pu n.m. 1.5 105 n.m. 4.4 105 n.m. n.m. 

 

Table 2. NPP operational LILW composition. 

NPP with RBMK NPP with WWER Concentration, 
kg/m3 

Leningrad Kursk Chernobyl
(Ukraine) 

Kalinin Kola Novo-
Voronezh 

Na+ 71.0 82.0 15.0 104-130 70 20-30 

K+ 3.1 2.4 1.5 7-30 48 5-15 

NH4
+ 2.1 - n.m. 0.1 0.1 n.m. 

Ca2+ <0.1 0.9 n.m. 0.6 - - 

Mg2+ - 0.4 - - - - 

Al3+ 0.3 - - - - - 

Fe3+ <0.1 0.9 5-10 - 4.2 <0.1 

NO3
- 150-180 195.0 35.0 100-200 155 80-100 

Cl- 28-32 11.8 - 2-9 5.5 <0.1 

SO4
2- 3-6 9.2 n.m. 0.5-10 26 n.m. 

PO4
3- 0.1 0.7 n.m. - - - 

BO3
3- 0.5 - - 70.8 74 40-70 
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MnO2 - - 3.5 - - - 

Total salt 
content, kg/m3 

 
300-350 

 
332 

 
60-65 

 
450-500 

 
520 

 
150-230 

pH 12.9 12.0   7 9-11 7-8 10-11.5 

NDS up to 30 kg/m3 <5 kg/m3 

n.m. – not measured. 

Chemical content of operational radioactive waste is site specific depending on technological 
approaches used at a given NPP and even in a given waste storage tank. The same is true for 
physical state of the waste. The composition of LILW (water concentrates) from both WWER 
and RBMK were studied, moreover there were formulated and tested glass compositions to 
vitrify these wastes. Accordingly to analyses the main components in the LILW from WWER 
type NPP are: NaNO3, NaB(OH)4, and NaOH. The main phases in the LILW from RBMK type 
NPP are NaNO3, NaCl, Na2SO4 and Na2CO3. Operational LILW compositions are summarized 
in the Table 2. 

Glass formulation 

While both borosilicate and phosphate glasses are applied for HLW vitrification only 
borosilicate glass was used for vitrification of LILW. Glass has an excellent flexibility in 
elements incorporation: More than 30 different chemical elements present in radioactive waste 
can be incorporated in the borosilicate glass.  

Hazardous constituents from radioactive waste can be immobilised into a vitreous 
product by two main type interactions with the glass matrix: both direct incorporation into the 
glass network and encapsulation. In the first case the waste constituents are dissolved in the glass 
melt during the glass melting process, some of them are included into the glass network (e.g. B, 
P, Si), others are confined as intermediating elements (e.g. Be, Al, Ti, Zr, Pb) or modifiers (e.g. 
Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba).  

The second type of immobilisation envisages fixation of some waste constituents in form 
of small embedded particles in the bulk glass matrix. The waste form in last case is rather a glass 
composite (or glass ceramic) material than a glass. Glass composite materials are used for the 
wastes with a large inventory of molibdates, chlorides or sulphates, which have a quite limited 
solubility in the glass melt. The analysis of NPP operational waste revealed enough high content 
of sulphates when sulphur acid is extensively used. Sulphur in form of Na2SO4, SO3 or SO2 +O2 
can be incorporated in the borosilicate glass structure up to one weight percent of SO3. The 
solubility of hexavalent molybdenum is also very limited. During the vitrification both 
molybdenum and sulphur separate from the melt forming on its surface a so-called yellow phase. 
This phase contains alkali sulphates, alkali chromates, alkali molibdates CaMoO4, Ba(Sr)CrO4. 
Chlorides and sulphates also segregate during vitrification process with formation of a layer of 
yellow phase the surface of the melt. The yellow phase is water-soluble. Moreover the 
concentration of radionuclides is an order of magnitude higher in the yellow phase than in glass 
thus reducing the immobilising capacity of glass during the melting. The solution was found by 
supplying the melters (i.e. cold crucible melters) with mechanical mixing/emulsifier gears, which 
emulsifies non-dissolved waste constituents into the melt glass. Hence glass composite materials 
are produced which reliable immobilise all the waste components. Henceforth the glass 
incorporates a much broader range of hazardous components.  

For the specific case of NPP operational waste described above two glass compositions 
were formulated (in wt.%): 16.2Na2O 0.5K2O 15.5CaO 2.5 Al2O3 1.7Fe2O3 7.5B2O3 48.2SiO2 
1.1Na2SO4 1.2NaCl (5.7Others) for the NPP with RBMK-type reactors, and 24.0Na2O 1.9K2O 
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6.2CaO 4.3Al2O3 1.8Fe2O3 9.0B2O3 46.8SiO2 0.8Na2SO4 0.9NaCl (4.3Others) for NPP with 
WWER reactor. Both glasses have processing temperature 1200-1250 oC. Since WWER NPP 
operational radioactive waste contains boron there is no necessarily to add any boron containing 
additives to glass forming batches. Silica, loam clay or bentonite as well as their mixtures are 
suitable as glass forming additives to prepare glass-forming batches. In case of RBMK waste the 
natural mineral - datolite concentrate was used, which is a source of boron.  

Glass melting 
Vitrification of NPP operational LILW was carried out at Moscow SIA “Radon” 

vitrification plant. It has three operating high frequency cold crucible melters. The vitrification 
technology comprises a few stages, starting with evaporation of excess water from liquid 
radioactive waste. Concentrates with about 1000 g/l are obtained which then are intermixed with 
glass forming additives to form a paste-like batch. The paste contains both waste salts and glass-
forming additives in form of loam, datolite, bentonite, and silica. Clay minerals stabilize the 
paste; hence the batch paste can be pumped through pipes without any settlement of salts. No 
phase separation is observed during days in the paste. The batch paste is pumped directly into the 
cold crucible melter.  

Both calcinations and melting processes are carried out in the same apparatus – cold 
crucible melter. This combination simplifies the scheme, makes it as one-stage process with an 
enough high efficiency. The cold crucible melter is assembled from stainless steel thus through 
gaps between cooling tubes the crucible is transparent to electromagnetic waves. Tubes, which 
constitute cold crucible melter, are water-cooled. The water consumption for cooling down the 
crucible is 1.5 – 6 m3/h. During melting process tubes remain cold and a protective layer made of 
glass batch material occurs between melt glass and tubes, thus providing insulation of tubes from 
melt. The protective layer – skull – plays the role of refractory materials, which are inevitable 
necessary for conventional melters. A photograph of a solidified melt from the operating cold 
crucible melter is shown below. From above is the skull – the white upper layer, consisting of the 
glass batch raw materials. During melting process the skull contacts the walls of melter shaping 
the form of cooling tubes. The glass is from below. 

 
Fig.1. A sample of glass from a cold crucible melter.  

The composition of skull is fully determined by the glass batch thus the melt glass in a 
cold crucible melter always contacts the similar nature material as itself. The cold crucible melter 
is assembled from a few sections, which allows easier maintenance operations. The sizes of cold 
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crucible melter are (in mm) 250 x 800 x 700. Its weight being filled by glass melt is 130 kg. The 
crucible is working inside of a copper induction coil (Fig. 2).  

The energy supply of crucible is due to a high frequency generator 1.76 MHz with a 
vibrating power 160 KW. To start operating the crucible at the beginning of its operation 
graphite or metal waste chips are added to the first batch. The metal chips should be of suitable 
nature, for example to produce metal oxides of the same composition as waste constituents. After 
starting the cold crucible melter is kept almost full or filled to the level ¾ of its volume feeding 
the batch. It has the surface area of melt 0.11 m2. The minimal volume of glass melt in the 
crucible is 0.014 m3. The operation temperature for borosilicate glass melting was 1200 - 1250 
oC.  

From the melter the glass melt is poured into metal containers through the pouring unit 
(Fig.3). Containers for pouring the glass melt are made of carbon steel; thickness of walls is 1.5 
– 2.0 mm. The volume of container is 10 - 15 dm3. The glass blocks are annealed passing slowly 
through a tunnel furnace, which has a gradient temperature distribution. It consists of four 
sections with four adjustable temperatures, starting from higher one and ending with the lower. 
The glass blocks come out from the plant and are accumulated in a storage premise prior to their 
transporting to storage/disposal area.  

 

Fig.2. The cold crucible melter of Moscow SIA “Radon” LILW vitrification plant. 
1–inductor, 2–metallic water cooled crucible, 3-pouring unit, 4–melt, 5-lid, 6–technological 
hatch, 7–entrance for measuring detectors, 8–sight hatch, 9–waste feeding tap, 10–exhaust 

nozzle (fairlead). 
 
Table 3 below summarises the parameters of cold crucible melter and glasses produced to 
immobilise NPP operational waste. 
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Table 3. Composition and properties of glass melts and operational parameters.  

Parameter/ Waste arising RBMK WWER 

Composition, wt.% 16.2Na2O 0.5K2O 15.5CaO 
2.5 Al2O3 1.7Fe2O3 7.5B2O3 
48.2SiO2 1.1Na2SO4 
1.2NaCl 5.7Others 

24.0Na2O 1.9K2O 6.2CaO 
4.3Al2O3 1.8Fe2O3 9.0B2O3 
46.8SiO2 0.8Na2SO4 0.9NaCl 
4.3Others 

Specific radioactivity, Bq/kg 7.0 106 2.7 106 

Melting temperature, oC 1200 - 1250 1200 – 1250 

Viscosity (Pa s) at 1200oC 3.9 1.6 

Specific resistivity (  m) at 
1200 oC 

0.028 0.027 

Productivity by glass, kg/h 6.8-9.0 7.9-10.0 

Specific capacity, kg/m2 h 120-160 140-180 

Specific power consumption on 
glass melting, kW h/kg 

5.0-6.0 4.5-6.0 

Carry over of solid fraction, 
wt.% 

1.0-1.2 1.0-1.2 

Carry over of radionuclides 
(137Cs), % 

3.0-3.9 3-4 

 
 
 

Fig.3. Pouring of glass melt from the cold crucible melter. 
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Produced glasses and glass composites were examined applying X-ray diffraction (XRD), 
optical microscopy, infrared (IR) spectroscopy, and electron-probe microanalysis (EPMA).  

Table 4. Properties of glasses and glass composite materials. 

Waste form/ 
Properties 

RBMK waste 
borosilicate glass 

WWER waste 
borosilicate 
glass 

Glass composite 
material 

Waste oxides loading, 
wt.% 

30-35 35-45 30-35 and up to 15 
vol.% of yellow 
phase 

Density, g/cm3 2.5-2.7 2.4-2.6 2.4-2.7 

Compressive strength, 
MPa 

800-1000 700-850 500-800 

137Cs 10-5 – 10-6  10-5  10-5 
90Sr 10-6 – 10-7  10-6 10-6 – 10-7 

Cr, Mn, Fr, Co, 
Ni 

 10-7 – 10-8  10-7  10-7 - 10-8 

REE, Actinides  10-8  10-8  10-8 

Na 10-5 – 10-6  10-5 10-4 - 10-5 

B <10-8 <10-8 <10-8 
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SO4
2-  10-6 at content 

less than 1% 
 10-6 at content 
less than 1% 

10-4 - 10-5 at 
content less than 
15% 

 

Glasses are characterized as vitreous with no crystalline phases found. According to 
replica electron microscopy study the glassy products were homogeneous without inclusions 
exceeding in sizes 50 nm. Properties of vitreous products are shown in the Table 4. 

The vitrification plant of Moscow SIA “Radon” operates since fall 1999. The vitrification 
replaced the bituminisation technology used at Moscow SIA “Radon” since 1976. At the present 
time the liquid radioactive wastes collected from facilities in the central European part of Russia 
are vitrified. For example in the 2001 the vitrification plant processed 254.3 m3 of liquid LILW 
producing 2900 kg of glass. Some 30-ton of waste glass was synthesized to the middle of 2001 
and disposed of at the disposal site. Currently the vitrification plant of Moscow SIA “Radon” is 
considered as a typical for erecting waste processing plants at Russian NPP to vitrify operational 
radioactive waste. The capacity of a cold crucible melter 20 – 25 kg/h is satisfactory for 
vitrification of operational radioactive waste arising at typical NPP. 

Performance of glasses 
Waste forms disposed of in a near-surface wet repository eventually come into contact 

with groundwater. Engineered structures used or designed to prevent or postpone such contact 
and the subsequent radionuclide releases are complex and often too expensive. Development of 
vitrification technologies provide waste forms with excellent resistance to corrosion and give the 
basic possibility of maximal simplification of engineered barrier systems.  
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The most simple disposal option is to locate the waste form packages directly into 

earthen trenches provided the host rock has the necessary sorption and confinement properties 
(e.g. clay soils). Such an approach has been implemented on an experimental scale as part of the 
research programme of SIA ‘Radon’ on the encapsulation of radioactive waste in a glass matrix 
initiated in the mid-70s. This programme revealed a very low impact of vitrified NPP waste to 
environment.  

Borosilicate glass, cement and bitumen waste forms containing actual NPP waste were 
manufactured and placed for testing at an open testing site and in shallow-ground repositories. 
Leaching behaviour of the waste forms was evaluated by monitoring the contamination of 
contacting water. The way used to quantify the amount of leached radioactivity was to measure 
the volume and radioactivity concentration of contacting rainfall and groundwater. Aliquots were 
analysed using radiometric,  -spectrometric, radiochemical, and chemical methods and 
techniques. The same methods, XRD and autoradiography were applied to samples of waste 
forms, container material, repository backfill and soil/host rock. The samples of soil/rock were 
also characterised using grain-size and ion exchange capacity analyses.  

Field data generated during the long-term testing of the prototype waste packages were 
mathematically processed and the derived parameters used in model calculations. According to 
the calculation results, fmax = 2.3 10-3% of the initial radioactivity will be released from waste 
glass into the environment within a proposed institutional control period of 300 years under 
conditions of a near-surface repository and in the absence of additional engineered barriers.  

Calculated maximum leached radioactivity fractions for the bitumen and cement under 
conditions of a near-surface repository were 4.2 10-3% and 7.2 10-2%, respectively [5]. 

Conclusion 
Cold crucible melters at the present time are the most efficient type of melters for NPP 

operational waste. Studies on vitrification technologies demonstrated that vitrification of this 
waste becomes environmentally and economically expedient.  
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