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“It is difficult to see how 
the world will be able to 
meet the challenge of 
securing sufficient energy, 
and mitigating the impact 
of climate change, without 
making more use of 
nuclear power.”

Yukiya Amano

IAEA Director General

The IAEA is the world's
centre for cooperation
in the nuclear field and
seeks to promote the
safe, secure and
peaceful use of nuclear
technologies.
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I. Background 



Life cycle GHG 
emissions, 
g(CO2)/kWh

“Nuclear power will have an important role to 
play in achieving the Sustainable Development 
Goals and in meeting the targets in the Paris 
Agreement.” 
Mikhail Chudakov, IAEA Deputy Director General, 
Head of the Department of Nuclear Energy
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M Ojovan at IAEA, 2011-2018



Unchanged drivers behind the nuclear power
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•Global energy demand is set to 

grow : Nuclear power expands 

supply options

• Environmental pressures are 

rising: Nuclear power has low life-

cycle GHG emissions

• Energy supply security back on 

the political agenda: Nuclear 

power contributes to energy security

• Reliable base load electricity at 

predictable and affordable costs: 

Nuclear power offers stable and 

predictable generation costs based 

on low resource costs
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Projections
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https://www.iaea.org/pris/

https://www.iaea.org/pris/
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2018 data



II. Nuclear waste 

• Nuclear energy has a potentially 

exceedingly valuable role to play in 

securing electricity supplies, and 

can do it safely;

• When integrated with other power 

sources it gives both long-term 

security of supply against economic 

and political threats, and short-term 

load following capabilities with 

maximised efficiency;NPPs
Research 

Reactors
DSRS

• We need to build the trust of the public and an important 

way to do this is to demonstrate safe decommissioning of 

existing nuclear plants and safe management of all 

radioactive waste. 12



The impact of radioactive waste

Increasing use of nuclear 

technology for peaceful 

purposes

Public 

confidence

Safe, secure and 

environmentally 

sustainable 

management of 

Radioactive Waste
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The generally preferred approach is to concentrate the waste and to 

contain the radionuclides in it by means of a waste form and waste 

container followed by disposal in an appropriate repository. 

The effectiveness and safe isolation of radioactive waste depends on 

the performance of the overall disposal system which consists of 

three major components, namely:

I. The site (the host rock and surrounding geological media 

representing natural barriers aiding waste isolation);

II. The repository (the facility into which waste packages are 

emplaced for disposal, including any engineered barriers); and

III. The waste package (the wasteform in any suitable container).

Only waste packages, which comply with so called “waste 

acceptance criteria” (WAC) are accepted for disposal.

Disposal
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Radioactive Waste Management
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IAEA Workshop, 10 – 14 March 2019, Kuwait



Vitrification is the world-

wide accepted technology 

for the immobilization of 

high level radioactive 

wastes (HLW).

Glass can accommodate the 

range of constituents that 

are present in the waste into 

the glassy structure. 

The excellent durability of 

vitrified radioactive waste 

ensures a high degree of 

environmental protection. 

III. Nuclear waste vitrification 



Waste vitrification is a mature technology at industrial scale. 

• Continued advancements in glassy 

wasteforms and nuclear waste 

vitrification technologies will be keys in 

enabling widespread deployment of 

nuclear energy. 

• Additionally, the pressing issues 

regarding hazardous waste disposal may 

also be effectively solved using 

vitrification technologies. 

• Stricter regulations regarding waste 

characterization and land disposal for 

hazardous wastes will necessitate the 

need for effective waste treatment 

methods. 
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Vitrification is most suitable for aqueous radioactive wastes.

Waste vitrification is attractive because of:

•High capability of glass to immobilise various 

elements, 

•Simple production technology adapted from 

glass production industry,

•Small volume of the resulting wasteform, 

•High chemical durability of glasses in natural 

waters and 

•High tolerance of glasses to radiation damage. 

Vitrification technology



Energy balance: 

The vitrification process generally involves evaporating 
the liquid HLW, decomposing the volatile anions (e.g., 
nitrates) if not removed by calcining, fusing the waste 
with oxide glass additives, pouring the glass into 
canisters, and cooling to form the solid glass containing 
the waste. 

The thermal energy required for the conditioning of 1 
liter of typical commercial HLW containing 120 g of salts 
is roughly 1.2 kWh.  The major portion of this energy 
(about 67%) is required for evaporation.  The energies 
required for decomposition of nitrates and fusion 
amount to 20% and 13% of the total respectively. 
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The primary methods of heating:

Joule heating – the passing of a current through the resistive melt which 
generates heat within the melt as used in the Joule Heated Ceramic Melter (JHCM).  

Low-frequency (≤ 4 kHz) induction heating – the use of a low frequency 
induction to couple to the melter body (Hot Wall Induction Melter and in-can 
melter).

High-frequency (150 to 2,000 kHz) induction heating – the use of radio 
frequency to induce current directly into the glass melt which causes a Joule-
heating effect.

Resistance heating – heating of the melt from an external or internal resistance 
heater. Heat transfer to the melt is generally by radiation heating.

Microwave (0.3 to 300 GHz) heating – the use of higher frequency 
electromagnetic waves to couple directly to the melt.  These waves excite different 
vibrational and rotational modes in the melt molecules which relax by conduction 
into the melt.

Plasma heating – The focusing of a plasma torch (partially ionized gas) on the 
melt which directly heats the melt primarily by radiative heat transfer. 
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The melters:

Ceramic refractory melters – high temperature (typically fuse 
cast) ceramics.  Refractory ceramics have the advantage of corrosion 
resistance, high thermal efficiency, high-temperature operation, and 
relatively high melter life.  The disadvantages include the large size and 
weight of the refractories (which take up large hot-cell volume and require 
disposal), difficulty in decontamination after use, and difficulty in cooling 
and reheating due to thermal shock.

Metal melters – metal alloy glass melt containment materials.  Metals 
have the advantages of high thermal conductivity, thermal shock resistance, low 
volume, and ability to decontaminate after use.  The disadvantages include low 
temperature (or expensive alloys), microstructural changes at high temperature 
creating failure modes, welding flaws, and, in the case of induction heating, the 
potential for hot-spots.

Cold wall melters – frozen glass contact materials maintained by 
active cooling (as in the case of cold crucible induction melters, CCIM).  
The advantage of this material is very-high temperature process capability, 
relatively low volume, and tolerance to corrosive melts.  24
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The feeding system:

Direct liquid feeding or one step. The glass forming additives are 

either premixed with the liquid waste or fed separately onto the glass 

surface. 

Evaporation on top of the melt results in 

cooling of the upper glass layers in the 

melter which helps to control the release 

of volatiles and semi-volatiles from the 

melt, but, may reduce melting rate.  

In more recent applications stirring is 

implemented, either by sparging 

(bubblers or an air lift glass pump) or by 

mechanical stirrers to increase the heat 

transfer rate to the reacting batch and 

thereby increase production rate.  Liquid 

feeding avoids dusting issues with 

radionuclides in the waste.
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Dry feeding or two step. 

Water is removed and the 

waste feed is partially reacted 

in a calciner ahead of the 

melter.  This generally 

increases the melt processing 

rate as calciners tend to be 

more efficient at removing 

water than are melters.  

However, the calciners 

currently deployed in HLW 

vitrification facilities are rotary 

calciners which require 

significant maintenance and 

dusting control to prevent the 

spread of airborne 

radionuclides. 



Plant Location Calciner Melter Radioa

ctive

Startup

AVM1 Marcoule, France Yes HWIM 1978

WIP2 Tarapur, India No HWIM 1985

Pamela Mol, Belgium No JHCM 1985

MCC Mayak, Russia No JHCM 1987

R7 LaHague, France Yes

Yes

HWIM

CCIM

1989

2010

WVP3 Sellafield, UK Yes HWIM 1990

T7 LaHague, France Yes HWIM 1992

TRP4 Tokai, Japan No JHCM 1995

DWPF Savannah River,

USA

No JHCM 1996

WVDP West Valley, USA No JHCM 1996

VICHR Bohunice, Slovakia Yes HWIM 1997

WIP2 Trombay, India No HWIM 2002

AVS5 Tarapur, India No JHCM 2008

VEK6 Karlsruhe, Germany No JHCM 2010

WIP2 Kalpakkam, India No JHCM TBD

RRP7 Rokkasho, Japan No JHCM TBD

WTP8 Richland, USA No JHCM TBD

1-Atelier de Vitrification Marcoule; 2-Waste Immobilization Plant; 3-Waste Vitrification 
Plant; 4-Tokai Reprocessing Plant;  5-Advanced Vitrification System; 6-
Verglasungseinrichtung Karlsruhe; 7-Rokkasho Reprocessing Facility; 8-Waste Treatment 
Plant

27

Source: Draft TECDOC “Handbook on the 
Treatment and Conditioning of High 
Level Waste (HLW) and Spent Nuclear 
Fuel Declared as Waste (SNFW)”, IAEA, 
2019.
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Facility Waste 

type

Melting 

process

Operational 

period 

Performance 

R7/T7, La Hague, 

France

HLW IHC1 Since 1989/92 6555 tonnes in 16885 canisters, 262106 TBq to 

2012

AVM, Marcoule, 

France

HLW IHC Since 1978 1357 tonnes in 3306 canisters, 22106 TBq to 

2012
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DWPF, Savannah River,

USA

HLW JHCM3 Since 1996 6300 tonnes in 3591 

canisters, 

1.8106 TBq to 2012 

Savannah River Defence Waste Processing Facility DWPF

Facility Waste type Meting

process

Operational period Performance 



https://www.mdpi.com/journal/sustainability/special_issues/nuclear_systems 30
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WVP, Sellafield, UK HLW IHC Since 1991 2200 tonnes in 5615 

canisters, 33106 TBq

to 2012

Facility Waste

type

Meting

process

Operational

period

Performance 

31
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1

2

3

4

5

6

7

8
9

1 - drainage devices;

2 - molybdenum electrodes;

3 - overflow window; 

4 - feeders;

5 - arch;

6 - flue;

7 - water cooled electric power 

supply;

8 - bacor masonry;

9 - fireclay masonry

Parameter Value

Feed rate of stock solution 400 l/h

Productivity on glass 800 t/year

Design life 6 years

Type of glass aluminophosphate

Dosage of HLW and flux liquid
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Simple pot vitrification processes 

that do not employ a separate 

calcination stage have been

initially considered (e.g. in 

Canada, France (Pilote Verre –

PIVER), US, UK, Russia, India, 

Italy, Japan, China ..).

Such a process is currently used 

commercially in India (WIP, Tarapur) 

for the immobilization of HLW 

generated during the reprocessing of 

spent fuel.

Pot vitrification processes



Waste vitrification plants in India

WIP - TARAPUR WIP - TROMBAY WIP - KALPAKKAM 

Commissioned

Year
1985 2002

Under testing & commissioning

Stage

Type of waste Power reactor waste
Research reactor waste

(sulphate issue)
Power Reactor waste

Layout concept Single cell concept Multiple cell concept Multiple cell concept

Process steps

Evaporation followed 

by vitrification of 

HLW

Vitrification of HLW 

with pretreatment 

processes

Evaporation

Followed by

vitrification fof HLW

Glass matrix Sodium Borosilicate Barium Borosilicate Sodium Borosilicate

Vitrification

process

Pot type -

with no freeze valve

Pot type - with

Freeze valve concept
Ceramic melter

Off-Gas

Treatment

Single off-gas

treatment system

Two off-gas treatment

Systems segregated as 

per

specific activity 

handling

Multiple off-gas

treatment systems

segregated for each

process

35



PROCESS FLOW SHEET FOR VITRIFICATION OF HLW 36





Pot vitrification is the most simple process for 

immobilisation of  radioactive wastes in glass. In 

this method radioactive wastes (HLW, ILW or LLW) 

are mixed with glass-forming additives, and fed at 

a constant flow rate directly into vessels where 

water evaporation, calcination and vitrification 

occur. 

Simple pot (in-can) vitrification processes are currently considered  

for immobilisation of legacy and decommission radioactive waste. 

In the in-can vitrification process the melting pot is 

disposable and serves as the primary canister for 

both metallic and the glassy wasteforms. Refractory 

canisters-containers are needed to ensure 

containment of radioactive waste during processing 

(glass melting), storage, transportation and disposal. 
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A revival of in-

can  

vitrification 

technology

2012

1979

39
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http://www.world-nuclear-news.org/Articles/France-

touts-vitrification-process-for-Fukushima2019

41
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http://www.dpaonthenet.net/article/52704/Glass-offers-
improved-means-of-storing-intermediate-level-nuclear-
waste.aspx 43

1999

2007
IV. LILW vitrification

http://www.dpaonthenet.net/article/52704/Glass-offers-improved-means-of-storing-intermediate-level-nuclear-waste.aspx
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FGUP RADON LILW vitrification plant: 1–LILW interim storage tank; 2–LILW 
transportation vehicle; 3–pump; 4–concentrate collector; 5–rotary film evaporator; 6, 
13, 26– pumps; 7– condenser; 8–condensate collector; 9–batch (feed) mixer; 10–glass 
formers bins; 11–glass formers mixture bin; 12–screw feeder; 14–cold crucible; 15–bag 
filter; 16–HEPA filter; 17, 19, 23, 27–heat exchangers; 18–scrubber; 20– heater; 21–
catalytic reactor for reduction of nitrogen oxides; 22–catalytic reactor for oxidation of 
ammonia; 24–fan; 25–sorbent bin; 26-Pump; 28– ammonia balloon; 29–glass canister; 
30–annealing furnace.
Glass productivity (single crucible), kg/hr ≤ 25

Glass productivity (three crucibles), kg/hr ≤ 75

Melting ratio, kW•hr/kg 4-6

Glass block weight, kg 50

Glass specific activity, Bq/kg 105-107

Installed electric capacity, kW 1500

Overall dimensions, m 9×12×24

RADON LILW Vitrification Plant



45

Torch, Radon, Russia LILW SSV 2001 – 2005 10 kg/h, incinerator ash

Facility Waste type Process Operational period Performance 

Self-sustaining vitrification



Hanford Tank Waste Treatment and Immobilization Plant (WTP)
WTP will be the world’s largest nuclear waste 

vitrification facility

Design, construction, and commissioning:

• Bechtel: 2001 – 2019 (22), ~$13 B

• BNFL: 1996 - 2000

Operations: 2019(22) – 2050?, ~$30 – 50 B

• However, delays are expected

Treat 56 million gallons of liquid nuclear waste 
stored in 177 underground tanks at DOE’s 
Hanford site

46



WTP LAW Melters
LAW Production = 30 MT glass/day with ES-VSL bubbler technology

Weight: 330 tons

Exterior Dimensions: 29’-6” (L) x 21’-6” (W) x 15’-9” (H)

10 m2 glass pool surface area

7630 L molten glass pool

Design production rate 15 tonnes of glass/day

LAW Melter During Installation



Development of glasses for the solidification of HLW began at different 

times in the US, Canada, Europe, and the USSR.  Different glass 

formulations (borosilicate, aluminosilicate, and phosphate glasses) 

and processing strategies were developed.  
• The borosilicate glass formulations were developed in the US between 1956 and 

1957.  

• The aluminosilicate (nepheline syenite based) glass formulations were 

simultaneously being developed in Canada in 1957.  

• Phosphate-based glasses were the last to be investigated for solidification of nuclear 

waste.  

A systems evaluation of phosphate glasses demonstrated that the positive 

aspects of processing, e.g. low melting temperatures, were outweighed 

by other negative processing aspects, e.g. melt corrosivity, and by poor 

product performance.  The aluminosilicate glasses and ceramic 

wasteforms are still being investigated for certain types of nuclear 

wastes. 

V. Vitreous wasteforms  

48
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Glass has become widely used for waste immobilisation because of the 
amorphous and less rigid structure of glasses.  Glasses possesses short range 
order (SRO) and medium range order (MRO) compared to ceramics that have 
SRO, MRO, and long range order (LRO). Glass structure enables the incorporation 
of a very large range of elements that are atomically bonded in the flexible glass. 
Thus glasses can accommodate larger waste composition variations than most 
ceramic wasteforms. 

The MRO encompasses 
second- and third-neighbour 
environments around a 
central atom (radius of 
influence ~3-6 Å).  

LRO extends beyond third-
neighbour environments and 
gives crystalline 
ceramic/mineral structures 
their crystallographic 
periodicity.
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Volume Reduction Factor depends on initial concentration of salts in 

the aqueous waste. At about 200 g/L the volume reduction factor 

VRF is about 4.5 

VI. Safety of vitrified waste
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Real (residual) radiotoxicity of vitrified waste.

V
IL

tC
tH i

i i

ii 
−

=
)exp()0(

)(


Coefficients i, account for the real releases of radionuclides.

Aqueous solutions (liquid wastes) have i =1. 

Durable waste forms have i <<1. 

Borosilicate and phosphate glasses are extremely durable materials 

which do not dissolve in water, thus they hold i <<1

Radiotoxicity: volume of water 

(m3), in which the initial material 

has to be diluted to obtain 

permitted  contamination levels. 
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IAEA Support: Networks 
https://nucleus.iaea.org/sites/connect/Pages/default.aspx

International 
Predisposal Network
forum for the 
sharing of practical 
experience

Networking Nuclear 
Education 
Community of Practice

Regulatory Supervision of 
Legacy sites 
International Working 
Forum 

and international 
developments on radioactive 
waste management activities 
before disposal. 
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VII. Some IAEA support activities 
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https://nucleus.iaea.org/sites/connect/IPNpublic/Pages/default.aspx
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The 43rd MRS 
Symposium on Scientific Basis for Nuclear 

Waste Management 
organized in cooperation with

the International Atomic Energy Agency
will be held at IAEA, Vienna on 21 – 24 October 

2019 (EVT1801370, BR A, MOE 68,67,69)

Symposium proceedings to be 
published by “MRS Advances” 
(Cambridge University Press).
Special Volume Editors M.I. Ojovan 
and R.A. Robbins. 



VIII. Summary 

• Vitrification is the world-wide accepted 

technology for the immobilization of 

radioactive waste. 

• Vitreous wasteforms provide a high degree of 

environmental protection. 

• The IAEA conducts important activities 

aiming to share best waste management 

practice including vitrification technologies. 



Facility Waste 

type

Melting 

process

Operational 

period 

Performance 

R7/T7, La Hague, France HLW IHC1 1989/1992 6555 tonnes in 16885 canisters, 262106 TBq to 2012

AVM, Marcoule, France HLW IHC 1978 – 2012 1357 tonnes in 3306 canisters, 22106 TBq to 2012

R7, La Hague, France HLW CCM2 2010 – GCM: U-Mo glass 

76 tonnes in 190 canisters to 2012

WVP, Sellafield, UK HLW IHC 1990 – 2200 tonnes in 5615 canisters, 33106 TBq to 2012

DWPF, Savannah River, 

USA

HLW JHCM3 1996 – 6300 tonnes in 3591 canisters, 

1.8106 TBq to 2012 

WVDP, West Valley, USA HLW JHCM 1996 – 2002 570 tonnes in 570 canisters, 

0.9106 TBq  

EP-500, Mayak, Russia HLW JHCM 1987 – 6200 tonnes, 643 106 Ci 

CCM, Mayak, Russia HLW CCM Pilot plant 18 kg/h by phosphate glass

Pamela, Mol, Belgium HLW JHCM 1985 – 1991 500 tonnes in 2201 canisters, 0.5106 TBq 

Karlsruhe, Germany HLW JHCM 2009 – 2010 55 tonnes in 140 canisters, 

0.8106 TBq

Tokai, Japan HLW JHCM 1995 – 70 tonnes in 241 canisters (110 L), 0.4106 Ci to 2007 

Radon, Russia LILW JHCM 1987-1998 10 tonnes 

Radon, Russia LILW CCM 1999 > 30 tonnes  

Radon, Russia ILW SSV4 2001 – 2002 10 kg/h, incinerator ash

Bohunice, Slovakia HLW IHC 1997 – 1.53 m3 in 211 canisters

WIP, Trombay, India HLW IHPTM5 1985-2002, 2002 

–

18 tonnes, 110103 Ci to 2012

AVS, Tarapur, India HLW IHPTM 2006 – 10 tonnes in 100 canisters, 0.15106 TBq

WIP, Kalpakkam, India HLW JHCM Testing 

WTP, Hanford, USA LLW JHCM 1998 –  1000 tonnes to 2000 

VPC, SEPEC Site, China HLW JHCM Testing

Taejon, Korea LILW CCM Testing
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