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INTRODUCTION 

1. The Nuclear Technology Review 2000 was initiated upon the request of Member States 
with the aim of providing a global perspective on the contribution of nuclear technologies for 
both power and non-power applications. The Secretariat’s intention is to produce a full 
comprehensive Nuclear Technology Review periodically. In the intervening years, it will 
produce updates, supplemented by thematic reviews in selected areas. This 2001 update 
includes important developments in 2000 and early 2001 in the field of nuclear power and in 
non-power applications. It also includes five more detailed thematic reviews of both power 
and non-power applications. The choice of review topics reflects either significant 
developments in an area during 2000, current IAEA interest in the area or both. Review topics 
are expected to change each year. This year’s topics include three from the field of nuclear 
power (on sustainability, desalination and research reactors) and two from the field of nuclear 
applications (food irradiation and nutritional applications). 
 
2. An earlier version of this document was considered by the Board of Governors at their 
March 2001 meeting. The Secretariat also requested Member States, in a Note Verbale dated 
26 April 2001, to submit comments in writing. Revisions incorporated in this document are 
based both on comments made during the March Board of Governors meeting and responses 
to the Note Verbale. The main changes include the addition of material on nuclear 
applications (see Sections 4 and 5 below), updated references to climate change negotiations 
to reflect developments at the continuation of the Sixth Session of the Conference of the 
Parties (CoP-6bis) to the United Nations Framework Convention on Climate Change 
(UNFCCC) in Bonn, 16-27 July 2001, updates on the Agency’s International Project on 
Innovative Nuclear Reactors and Fuel Cycles (INPRO) and the deletion of information from 
secondary sources where Member States supplied authoritative information. 

 
For reasons of economy, this document has been printed in a limited number. 
Delegates are kindly requested to bring their copies of documents to meetings. 
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1. THE GLOBAL NUCLEAR POWER PICTURE 

Asia, Eastern Europe and Latin America 

3. Six new power reactors, with a total capacity of 3056 MWe, were connected to the grid 
in 2000,a three in India and one each in Pakistan, Brazil and the Czech Republic. There was 
one retirement — Chernobyl-3 in Ukraine. 
  
4. Construction continued on 31 more new power reactors, principally in China, Japan, the 
Republic of Korea, Russia and Ukraine. Near-term national energy plans include additional 
reactors in the Republic of Korea, the Democratic People’s Republic of Korea, Japan, India, 
Russia, China and Iran. Even in countries with construction underway, however, economic 
considerations alone do not necessarily provide sufficient incentives for new nuclear power 
plants (NPPs). Case studies carried out in 2000 in China, India, the Republic of Korea, 
Pakistan and Viet Nam, with the assistance of the IAEA, found that the least expensive option 
for new generating capacity is seldom a new nuclear power plant.1 Only in the case of sites in 
India more than 1200 km from the nearest coal mine, and for Korean NPPs with load factors 
above 82%b or discount rates below 6%c, is new nuclear power estimated to be the current 
least-cost option. Otherwise coal-fired power is most economical. Under these conditions, 
national support for new NPPs, in such forms as subsidies, tax breaks, direct investments and 
guaranteed purchases and prices, reflects additional national goals, e.g. energy supply 
diversity and security, and the development of a country’s scientific, technological and 
industrial base. 
 
5. Considered globally, the 3056 MWe of new nuclear capacity in 2000 equals only 3% of 
estimated total global capacity additions.d With nuclear power’s estimated share of global 
electricity production holding steady at about 16% in 2000, nuclear’s share of new capacity 
was less than one fifth its share of electricity production. If this trend continues, nuclear 
power’s share of electricity production will decline. The IAEA projects a drop to between 
9.5% and 12% by 2020.2 The Reference Scenario of the International Energy Agency’s (IEA) 
World Energy Outlook 2000 projects a drop to 9%. 
 
6. In connection with Eastern Europe, additional safety studies and investments at the 
Czech Republic’s Temelin-1 plant were sought by Germany and Austria. By year end, Austria 
and the Czech Republic agreed to the establishment of a hotline between the two countries, 
plus an additional environmental impact assessment under EU supervision using information 
from existing studies. Temelin-1 will not begin commercial operation until the results of the 
new study have been accepted, but will continue preparations as scheduled.3

 
7. The EU is pressing Bulgaria, which has already agreed to shut Kozloduy-1 and 2 by 
2003, to also shut Kozloduy-3 and 4 by 2006, rather than continuing with modernization 
plans.4 Lithuania has agreed to shut down Ignalina-1 in 2005, but not yet Ignalina-2.5 Of the 

 
a  Kaiga-1, Rajasthan-3 and Rajasthan-4 in India; Chasnupp-1 in Pakistan; Angra-2 in Brazil; and Temelin-

1 in the Czech Republic. 
b   Assuming a discount rate of 8%. 
c   Assuming a load factor of 70%. 
d   Based on estimated new capacity additions of 103 GW globally (IEA, 2000 pp. 105  -6). 
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reactors in EU candidate countries that are not already scheduled to be shut down, these 
appear the most problematic in an October 2000 report by the Western European Nuclear 
Regulators Association (WENRA).e At the same time, the European Commission (EC), 
several EU countries and the European Bank for Reconstruction and Development (EBRD) 
are helping to finance safety upgrades at other Eastern European NPPs. 
 
8. In Russia economic considerations led to unit capability factor improvements and 
lifetime extensions of existing NPPs. Russia’s NPPs improved their average load factor to 
74.7%, and their total production by 18% to 131 TWh, without commissioning any new 
units.6

Western Europe and North America 

9. The IEA projects a decline in the number of NPPs in Western Europe and 
North America. Part of the reason is the decline in new orders in these regions. In 2000 
developments were mixed. 
 
10. In June 2000 the German Government concluded an initial agreement with German 
utilities to phase out nuclear power. It was finalized and formally signed on 11 June 2001. 
The agreement limits the electricity to be produced by Germany’s 19 NPPs to a total of 2623 
TWh after 1 January 2000. This is equivalent to an average lifetime of 32 calendar years for 
each plant, but the agreement allows utilities, if they wish, to close less efficient plants sooner 
in order to run more efficient plants longer. 
 
11. In certain European countries debate on the phase-out of nuclear power showed that 
technical findings were not always supportive of phase-out. Belgium’s Ampere Commission, 
created as one step toward formulating a phase-out plan, delivered a report in December 2000 
concluding that the nuclear option should remain open and that no scientific or technical 
reasons justify premature closure.7 Sweden has delayed the shutdown date for Barsebäck-2 
from 1 July 2001 to at least the end of 2003 citing a failure to develop alternative power 
supplies, partly as a result of low import prices driven by market liberalization and abundant 
Nordic hydropower. Voters in the Swiss canton of Bern decisively defeated a proposal to shut 
Mühleberg before its licensed lifetime,8 and the Swiss Federal Council rejected for reasons 
other than safety the idea of limiting the life of nuclear reactors. 
 
12. An EC Green Paper entitled “Towards a European strategy for the security of energy 
supply”, issued in November 2000, respects the nuclear moratoria and phase-outs in some EU 
States, but concludes that current trends will reduce nuclear power’s share of primary energy 
use in the EU from 15% in 2000 to barely 6% in 2030. Because of this and other factors, 
greenhouse gas emissions in the EU will increase 5% by 2010 rather than fall by 8% as 
agreed to in the Kyoto Protocol. Energy import dependency will increase from below 50% in 
1998 to 71% in 2030. The Green Paper concludes that the nuclear power option “must be 
examined” and lists three priorities: research into “reactors of the future”, assuring sufficient 

 
e  About the RBMK reactors at Ignalina, the report concluded “regarding mitigation of accidents, a safety 

level comparable to light water reactors of the same vintage in operation in Western Europe will not be 
reached.” About the Kozloduy WWER-440/230 reactors, WENRA wrote, “even if a solution could be 
found to this issue [concern about the ability of the confinement system to cope with the failure of the 
large primary circuit pipework], significant time and effort would be required to achieve the necessary 
improvements to bring them up to equivalent Western European reactor standards.” 
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reactor safety levels in new EU members, and assuring closure of NPPs in new member 
countries that cannot reach those levels.9

 
13. In North America the near-term future for nuclear power is driven primarily by 
economics. The most important trends are liberalized electricity markets and improved NPP 
performance. US power plants, for example, were on track for a third straight record year for 
their aggregate unit capability factor — up from 72% in 1998 to 86% in 1999 and an 
estimated 87% for 2000.10 US nuclear generation costs dropped to a record low in 1999 at an 
average of 1.83 cents/kWh, compared to 2.07 cents/kWh for coal-fired plants, 3.18 cents/kWh 
for oil, and 3.52 cents/kWh for natural gas.11, ,12 13 It is the first time they have dropped below 
the costs for coal since the mid-1980s. 
 
14. The liberalized market rewards quick reactions and efficient operation at low cost. This 
has prompted consolidation in the nuclear industry, acquisitions, upratings, and licence 
extension applications rather than new construction as selected companies move to define 
themselves largely by the size and expertise of their nuclear operations. The Nuclear 
Regulatory Commission (NRC) granted the first 20-year licence renewal to Constellation 
Energy’s two-unit Calvert Cliffs station in March 2000, and the second 20-year renewal in 
May 2000 to Duke Energy’s three-unit Oconee station. Both now have licensed 60 year 
operating lives.14,  15 In June 2001 the NRC granted a third 20-year renewal to Entergy’s Ano-1 
unit.16 About 40% of operating US plants have indicated an intention to seek renewals, and 
the NRC expects the figure to eventually reach 85%.17

 
15. US utilities paid significantly higher prices for existing NPPs than the $14.36/kW 
Entergy paid for Pilgrim in December 1999.18 In 2000 Entergy bought first Indian Point-3 and 
FitzPatrick for $427/kW and then Indian Point-2 for $498/kW.19 Pinnacle West Energy (PWE) 
paid $423/kW for part of Palo Verde20, Constellation Nuclear paid $475/kW to buy most of 
Nine Mile Point,21 and Dominion Energy paid a record $591/kW for Millstone.22 For 
comparison, Exelon, the result of a merger of PECO and Unicom now accounting for 20% of 
US nuclear capacity, estimates the cost of planned nuclear upratings at about $200/kW23, 
while estimated costs for a new NPP proposed in Finland are reported to be about 
$1400/kW.24

 
16. Mergers and acquisitions have also gained pace in Europe in the last few years. In 2000, 
BNFL bought ABB’s nuclear business25, Framatome and Siemens merged their nuclear 
businesses26, and, in Germany, the two energy conglomerates VEBA and VIAG merged (into 
E.On Energy)27, 15, as did RWE and VEW.28 Such consolidation is one consequence of 
continuing liberalization of the EU electricity market. Many countries have already gone 
beyond the requirements in the Directive on electricity (96/92/EC), with the result that two 
thirds of the electricity market has been opened up (although intra-Community trade still 
accounts for only 8% of total electricity production) and prices to industrial consumers have 
fallen significantly.9 Nuclear generation costs in the United Kingdom dropped to 1.87 
pence/kWh in 2000 (2.65 cents/kWhf) from 1.99 pence/kWh previously29. For Electricité de 
France they dropped, depending upon the site, to 15-18 centimes/kWh in 2000 (1.97-2.37 
cents/kWh), down 7% from 1998.30  
 

 
f   At the June 27, 2001 exchange rate. 
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17. In addition to industry consolidation, a principal impact of the price decreases driven by 
EU electricity market liberalization is the closure, or proposed closure, of excess capacity. 
Swedish nuclear operators cut back both current and planned production in 2000 in response 
to abundant hydropower periodically pushing electricity prices below NPP variable costs.31

 
18. Despite the lack of immediate incentives to build new nuclear capacity in Europe, 
several analyses found nuclear to be a competitive future option. Belgium’s Ampere 
Commission report, mentioned earlier, concluded that nuclear power would be competitive 
and less expensive than new gas capacity by 2010. Most important, however, was a Finnish 
university study that found nuclear to be the best-cost option for new generating capacity. The 
conclusions of this study were included in an application filed in November 2000 by the 
Finnish utility Teollisuuden Voima Oy (TVO) for a Government decision “in principle” to 
build a new fifth NPP in Finland. And the volatility of oil and gas prices during 2000 drew 
additional attention to the advantage of relatively low fuel costs of nuclear power. 

2. ADDRESSING THE CENTRAL ISSUES 

19. No technology is risk-free, and it is essential for the future of nuclear power that 
technological innovations continue to increase levels of safety, and that the safety culture that 
has developed within the industry is continually reinforced and extended. Firm opponents of 
nuclear power argue that the risks of the technology outweigh its benefits, relative to 
alternatives. However, current polls32 and politics indicate that the majority of people judge 
benefits to outweigh risks for at least currently operating nuclear power plants. Looking to the 
future, there is a debate about whether nuclear power classifies as a sustainable technology. 
As noted in Annex 1, the World Energy Assessment (WEA), published in September 2000, 
suggests in part that while technologies and management strategies necessary for nuclear 
sustainability may be possible, decisions will be largely political, rather than technical and 
economic. To improve its political prospects, the WEA report (like others) suggests that the 
nuclear power industry should better address remaining concerns about waste, safety and 
proliferation. 
 
20. The scientific and technical communities generally agree that high level wastes or spent 
fuel not earmarked for reprocessing can be disposed of safely in stable geologic formations 
and that there is no pressing immediate need for permanent waste disposal facilities. Yet the 
fact that no such facility has yet reached the demonstration stage has exacerbated political 
concerns. The US, Sweden and Finland are generally perceived as furthest ahead. Starting 
with the US, the Waste Isolation Pilot Plant (WIPP) began receiving military transuranic 
waste for permanent disposal in March 1999. The US Department of Energy (DOE) intends to 
begin accepting commercial waste at the Yucca Mountain site only in 2010, twelve years 
behind schedule. For commercial waste, the major development in 2000 was thus a court 
ruling clearing the way for lawsuits by utilities seeking more than $3 billion from the DOE 
for failing to meet its 31 January 1998 contract date.33

 
21. Sweden entered 2000 evaluating proposals from six communities seeking to host a 
Swedish high-level waste final repository. In November 2000, it narrowed the field to three: 
Oskarshamn, Östhammar and Tierp. Detailed geological investigations in the three candidate 
sites should begin in 2002 and run for five or six years. The Swedish nuclear fuel and waste 
management company, SKB, hopes to make a final site proposal by about 2007.34 In 
December 2000, the Finnish Government approved an application for a decision “in 
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principle” filed by Posiva, the nuclear waste company, to build a final repository for spent 
fuel in a cavern near the nuclear power plants at Olkiluoto. The Finnish Parliament ratified 
this decision in May 2001. In addition, separate construction and operating licences, issued by 
the Government, will be required. The construction would start in 2010 and operation about 
ten years later. 
 
22. The year 2000 saw another 400 reactor-years of safe operation added to the existing 
strong record of nuclear power. However, a radiation accident in February 2000 in Thailand 
served as a reminder that political acceptance of nuclear power is tied to nuclear applications 
beyond the nuclear fuel cycle. Polls conducted shortly after the theft of an unprotected used 
Cobalt-60 medical source that led to several deaths indicated the incident had undercut efforts 
to build support for an eventual NPP in Thailand.35  
 
23. Efforts to strengthen the public awareness and the reality of NPP safety in 2000 
included both institutional and technological initiatives. The WENRA evaluation of Eastern 
European reactors was mentioned above, and in September 2000 the European Commission 
(EC) adopted a sweeping strategy for promoting nuclear safety in Central and Eastern Europe 
through setting new priorities for safety assistance, streamlining technical assistance 
programmes and shifting responsibility for nuclear safety from the environment to the energy 
directorate.36 The EBRD and the EC approved loans providing the majority of funds needed to 
complete the Khmelnitski-2 and Rovno-4 (K2/R4) NPPs as replacement power for Chernobyl 
at safety levels acceptable to Western Europe.37 Representatives from the nuclear industry and 
international organizations also initiated a new information sharing system, based on the 
successful OECD/Nuclear Energy Agency (NEA) YEWS (Year-2000 Early Warning System) 
and designed to complement existing IAEA and World Association of Nuclear Operators 
(WANO) systems by providing near-immediate worldwide information on emergencies or 
other important events at nuclear facilities.38

 
24. Further improvements in safety and proliferation resistance are central objectives for 
some 25 innovative reactor designs in various stages of design and development around the 
world. Significant events in 2000 in the development of high-temperature gas reactors 
(HTGRs), for example, a design promising passive safety systems and enhanced proliferation 
resistance, include China’s HTR-10 reactor going critical in December 200039 and several 
steps forward for ESKOM’s Pebble Bed Modular Reactor (PBMR). In April 2000 the South 
African cabinet issued the approvals necessary for ESKOM to seek foreign investors. BNFL 
(UK) and Exelon (US) subsequently bought 22.5% and 12.5% shares of the project 
respectively. The partners expect to build, over about 36 months beginning in 2002, a 
demonstration PBMR in South Africa. Exelon’s objective is to have commercial PBMRs 
operating in the US by 2010. The US initiated Generation IV International Forum (GIF) 
includes representation from nine countries, plus observers from the OECD/NEA and the 
IAEA. It aims to identify the most promising technology concepts for new designs by early 
2002 and then generate an R&D plan to support deployment by 2030. 
 
25. To reinforce these initiatives the IAEA launched a new International Project on 
Innovative Nuclear Reactors and Fuel Cycles (INPRO). The first meeting of the INPRO 
International Steering Committee took place in May 2001. As of August 2001, the following 
countries/international organizations had become members: Argentina, Canada, China, 
Germany, India, Russian Federation, Spain, Netherlands, Turkey and the European 
Commission. Thirteen cost-free experts had been nominated by their respective governments 
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or international organizations. Approximately $700 000 in extrabudgetary contributions had 
been received. In its two-year first phase, work will proceed in five subject areas recognized 
as important for the future development of innovative nuclear energy technology. The five 
subject areas are: resources, demand and economics; safety; spent fuel and waste; non-
proliferation; and environment. This will involve the selection of criteria and development of 
methodologies and guidelines for the comparison of different concepts and approaches, taking 
into account the compilation and review of such concepts and approaches; and determination 
of user requirements in the subject areas. The report on INPRO’s first phase is scheduled for 
late 2002. 

3. SUSTAINABLE ENERGY MANAGEMENT 

Uranium 

26. Uranium prices have dropped consistently since mid-1996. By 31 December 2000, they 
reached $18.64/kgU ($7.10/lb U3O8) compared to $26.52/kgU ($10.20/lb U3O8) in July 
1999.40 For a number of years, uranium production has been about half the rate of uranium 
consumption, the difference being made up from uranium inventories. Substantial supplies 
from inventories are likely to continue in the near future, and to be supplemented by 
increasing significant amounts of uranium from the conversion of nuclear weapons material. 
New commercial production in 2000 began at the Cameco-Cogema McArthur River uranium 
mine in Canada in early November 200041 and at the Beverly mine in Australia about a month 
later.42 The general expectation continues to be that any upward pressure on uranium prices is 
likely to be modest for the immediate future. As noted in Annex 1 on sustainability, new 
long-term studies in 2000 also judge nuclear resources to be plentiful over the longer 100-
year time scales that characterize such studies, although substantial exploration and 
development will be required to assure that these resources are really usable. 

The Climate Change Debate 

27. The ninth session of the UN Commission on Sustainable Development (CSD-9) met in 
April 2001. It was the first meeting of the CSD to focus on energy. Countries “agreed to 
disagree” on nuclear power. The final text states that some countries consider nuclear power 
and sustainable development compatible and that some consider them incompatible. The text 
summarizes the reasons given in each case. All countries agreed that “The choice of nuclear 
energy rests with countries”. 2002 will be the tenth anniversary of the 1992 UN Conference 
on Environment and Development (UNCED) in Rio de Janeiro, where both Agenda 21 and 
the UN Framework Convention on Climate Change (UNFCCC) were originally signed. The 
anniversary will be marked in September 2002 by the World Summit on Sustainable 
Development (WSSD) in Johannesburg, South Africa, which is expected to add pressure for 
sufficient ratifications of the Kyoto Protocol to assure entry into force by then. 
 
28. In July 2001, the continuation of the Sixth Session of the Conference of the Parties 
(CoP-6bis) to the UNFCCC agreed on a document containing general rules for implementing 
the Kyoto Protocol, the so-called “Bonn Agreement”. Approximately 180 countries supported 
the document. Final details must still be worked out at CoP-7 in October and November 2001. 
Entry into force of the Kyoto Protocol will require ratification by at least 55 countries to the 
UNFCCC, which accounted in total for at least 55% of the total 1990 CO2 emissions by 
Parties listed in Annex I to the UNFCCC. Although entry into force of the Kyoto Protocol is 
more difficult without the US (which accounted for 36% of the total 1990 Annex I CO2 
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emissions), it is certainly possible, if all parties supporting the “Bonn Agreement” ratify the 
Protocol. 
 
29. The “Bonn Agreement” excludes nuclear projects from two of the Kyoto Protocol’s 
three flexible mechanisms, specifically Joint Implementation and the Clean Development 
Mechanism. The third flexible mechanism, Emissions Trading, is open only to countries listed 
in Annex I to the UNFCCC (mainly OECD countries and countries with economies in 
transition). Thus only these countries may sell greenhouse gas reductions attributable to 
nuclear power.  
 
30. However, for nuclear power, the significance of the “Bonn Agreement” is that it is a 
major step toward widespread, co-ordinated restrictions on greenhouse gas emissions, and 
thus a major step toward attaching a tangible economic value to nuclear power’s avoidance of 
such emissions. Prior to CoP-6bis, there were no restrictions on greenhouse gas emissions 
(with a very few exceptions) and thus no economic value to their avoidance. This 
environmental benefit of nuclear power, which was previously invisible to investors assessing 
the economics of NPPs, is now much more likely to become economically visible. 
 
4. FOOD IRRADIATION 
 
31. Significant developments in the field of food irradiation have taken place since the 
adoption of resolution GC(XXXVII)RES/616 by the General Conference in 1993. 

International Regulatory Framework 

32. Food irradiation has emerged as a viable sanitary and phytosanitary treatment for food 
based on the provisions of the Agreements on the Application of Sanitary and Phytosanitary 
Measures (SPS) and on Technical Barriers to Trade (TBT) of the World Trade Organization 
(WTO), established in 1995. The current Codex General Standard for Irradiated Foods is 
being amended at an advanced stage (Step 5) under the procedures of the Codex Alimentarius 
Commission to remove the maximum dose limit of 10 kGy. An international standard on 
irradiation as a phytosanitary measure is being developed by the Interim Commission of 
Phytosanitary Measures (ICPM), the standard setting body of the International Plant 
Protection Convention (IPPC). 

Harmonization of National Regulations on Food Irradiation 

33. The International Consultative Group on Food Irradiation (ICGFI), established under 
the aegis of FAO, IAEA and WHO in 1984, and the Agency through its Joint FAO/IAEA 
Division of Nuclear Techniques in Food and Agriculture, convened a number of events to 
assist national authorities in Africa, Asia and the Pacific, Latin America, and the Middle East 
in harmonizing their national regulations on the basis of the Codex General Standard for 
Irradiated Foods and relevant recommendations of the ICGFI. As a result, Bangladesh, Brazil, 
Ghana, Mexico, Pakistan and Turkey have already introduced the harmonized regulation into 
their national legislative systems and other countries including those from ASEAN, 
Argentina, Chile, China, Republic of Korea, Morocco, Nigeria, Peru, South Africa, Sri Lanka, 
Syria and Tunisia, are in the process of doing so. In addition, a harmonized protocol on 
irradiation as a phytosanitary treatment was developed for Asia and the Pacific region in 
1999. This harmonized protocol was adopted as an international guideline at an interregional 
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workshop held in 2000 to provide the basis for developing an international standard on this 
subject by the IPPC. 

Commercial Application 

34. While over 30 countries are applying this technology for commercial purposes, large 
scale applications have taken place in Belgium, Brazil, China, France, Japan, the Netherlands, 
South Africa and the USA in recent years. Commercial development of food irradiation was 
particularly rapid in the USA in the past year with the installation of a commercial electron 
machine in Sioux City, Iowa, in May 2000 for treating large volumes of ground beef to ensure 
the absence of E. coli 0157:H7, an adulterant in such food in the USA. Also, the first X-ray 
irradiation facility for food came into operation in Hilo, Hawaii, in July 2000 to treat fruits to 
meet quarantine requirements against fruit flies for the US mainland. Irradiated meat and 
fruits, with clear labelling indicating the treatment, have since been sold widely and 
successfully in more than 15 states in the USA with little or no opposition by consumers. In 
other countries, including Belgium, China, France, South Africa and Thailand, several types 
of irradiated food are being sold widely in the local supermarkets. 

Additional Irradiation Facilities 

35. Since 1973, 17 additional irradiation facilities available for food processing came into 
operation in 13 countries. Together with facilities already in existence, a total of some 80 
commercial or demonstration irradiators are available worldwide for treating food on a 
commercial scale. Several more facilities are under construction in Argentina, Australia, 
Brazil, China, India and the USA, while additional facilities are being planned for Malaysia, 
Morocco, the Philippines and Turkey. 

Food Irradiation in EU Countries 

36. Two directives on food irradiation were issued by the EC in 1999: (i) Directive 
1999/2/EC provides the framework for the approximation of the laws of the Member States 
concerning food and food ingredients treated by irradiation; and (ii) Directive 1999/3/EC 
provides for the establishment of a Community List (Positive List) of food and food 
ingredients authorized for irradiation (so far, only one food category, i.e. dried aromatic 
herbs, spices and vegetable seasonings, is included). The EC has proposed to complete the 
“Positive List” through its Consultation Paper: Irradiation of Food and Food Ingredients, 
issued in September 2000. While some irradiated food products (deep frozen aromatic herbs, 
dried fruit and flake and germs of cereals, mechanically recovered chicken meat, offal of 
chicken, egg white and gum Arabic, frog legs and peeled shrimps) were proposed to be added, 
others (including fresh fruits and vegetables, cereals, starchy tubers (potatoes), fish, 
camembert from raw milk casein, rice flour and blood products, fresh red meat and poultry 
meat) were proposed to be excluded despite the endorsement of the EC Scientific Committee 
for Food. Such proposed action by the EC drew criticism from several technical organizations 
and scientific groups. 
37. In 2000, Australia and New Zealand lifted a moratorium on food irradiation, imposed in 
1989, through a standard A-17 (Food Irradiation) which will consider approving irradiated 
food on a case by case basis. Through a petition, it is expected that some irradiated food 
(spices, herbs, dried fruits and nuts, oil seed and tea) will be approved in these two countries 
in 2001. 
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38. A more complete review is given in Annex 4. 
 
5. HUMAN NUTRITION 
 
39. In the area of human nutrition, there is new emphasis on isotopic techniques to evaluate 
the nutritional status and the quality of foods in the context of national development 
programmes. Isotopes, both radioactive and non-radioactive, enable detailed evaluations of 
nutrient intake, body composition, energy expenditure, status of micronutrients and nutrient 
bioavailability. Depending upon the requirement, these techniques are now widely considered 
the best methods for measuring the uptake and bioavailability of many important vitamins and 
nutrients. Several applications using stable isotopes have been established and proven very 
useful in carrying out nutritional studies. These include the measurement of: (i) body 
composition; (ii) breast milk intake; (iii) protein and energy requirements; and (iv) nutrient 
bioavailability (e.g. Fe, Zn, vitamin A); and (v) the detection of H. pylori infection. In fact, 
stable isotopes provide the only direct way to measure iron uptake and bioavailability and are 
regarded as a kind of “gold standard” for iron studies in humans. This has been applied 
particularly in assessing the nutritional status of infants, children, pregnant women and 
nursing mothers, among others. 

Application of Stable Isotope Techniques 

40. The doubly labelled water (DLW) technique combines the use of the stable isotopes 
18Oxygen and 2Hydrogen (Deuterium) to measure total energy expenditure in free-living 
human subjects, and to investigate the magnitude and causes of both undernutrition and the 
emergence of obesity in developing countries. The deuterium dilution technique is a reliable 
tool to measure breast milk intake and infant growth and development. Indeed, this technique 
is currently being used to generate new data on growth standards for children in the 
developing countries. It is also used in the measurement of body composition by the 
estimation of lean body mass and fat mass in individuals. Stable isotopes of Fe and Zn have 
been successfully used to assess the nutritional impact of several nation-wide food 
supplementation programmes conducted on pregnant and lactating women and children in 
both developed and developing countries. Isotopic techniques are especially suitable for 
monitoring changes in body composition, energy metabolism and mineral status (with 
particular reference to osteoporosis) in the elderly. Nuclear methods have served: (i) to 
develop models for a Physiological Reference Man in Asia in support of radiological health 
and safety issues; (ii) for establishing the elemental composition of foods; and (iii) for 
measuring pollutants in the environment. 
 
Application of Radioisotope Techniques 
 
41. Isotope techniques have been used extensively in industrialized countries to analyse 
human energy requirements, body composition, and the metabolism of important nutrients 
such as protein, fat, vitamins and minerals. They have been clearly demonstrated to provide 
useful information on the success of food supplementation programmes and other 
interventions aimed at combating the many forms of malnutrition. There are several strategic 
applications of isotopic techniques being introduced in developing countries where they can 
benefit millions through monitoring improvement in nutritional status, and serve as specific 
indicators of broader social and economic advances. 
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42. A more complete review is given in Annex 5. 
 
6. THEMATIC REVIEWS 
 
43. Reviewing the “state of the art” in areas of nuclear science and technology where the 
Agency is involved or has completed substantial work is a new feature of the Nuclear 
Technology Review. Several Member States have requested that these reviews be provided as 
a supplement to the annual NTR. Annexes 1-3 address topics in the field of nuclear power; 
Annexes 4-5 address topics in the field of nuclear applications. The five topics can be 
summarized as follows. 

• Annex 1 concerns nuclear power and sustainable development. The contribution of 
nuclear technologies to sustainable development rests on near-zero emissions of air 
pollutants and greenhouse gases (GHGs) from power plants producing electricity, process 
heat and/or fresh desalinated water; a quasi-unlimited resource base; enhanced energy 
security due to supply diversity and small storable fuel volumes; and important non-
energy applications to advance medicine (e.g., cancer treatment), agriculture, food 
protection and industrial quality control. Critics argue that nuclear wastes, plus 
proliferation and accident risks, contribute negatively to sustainable development. Annex 
1 describes the issues, the state of the debate, and the implications for the economics and 
acceptability of nuclear power. 

• Concerns about sustainability also provide part of the motivation for Annex 2, on nuclear 
desalination. The increase in global population and the depletion of easily accessible 
aquifers lead to projected increases in the number of people living in areas of “water 
stress”. One source of fresh water is seawater desalination, and one promising energy 
source for desalination is nuclear power. Annex 2 reviews projected water needs, 
desalination experience, technological options and the current prospects for nuclear 
desalination. 

• Annex 3 addresses three immediate issues affecting research reactors. First is the decline 
in research reactors as nuclear energy has evolved from a relatively new science into an 
established technology. Annex 3 explores the changes this implies for research reactor use 
and management. Second, it describes the implications of the decreasing number of 
operating reactors for spent fuel management and decommissioning. Third, it presents 
progress in efforts to reduce proliferation risks by converting from highly enriched 
uranium (HEU) fuel to low enriched uranium (LEU) and by assuring the return of spent 
fuel to its country of origin. 

• Annex 4 describes developments in food irradiation. The dissemination and adoption of 
irradiation techniques to improve food quality depend on national regulations and 
standards, harmonization under international regulatory frameworks, the necessary 
experience and investments of the food industry in different countries and consumer 
acceptance of irradiated food. Annex 4 reviews progress and prospects in each area.  

• Annex 5 describes the use of isotopic techniques for evaluating the nutritional status of 
people in regions of concern, and for evaluating the nutritional quality of foods. Such 
techniques are now considered the best available methods for measuring the uptake and 
bioavailability of important vitamins and nutrients. They are well suited for evaluating 
food supplementation programmes and other interventions to combat malnutrition. Annex 
5 reviews the status of such techniques and recent developments to promote their wider 
use. 
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DESALINATION 

 
 
Introduction 
 
 Seventy percent of the planet is covered with water, but only 2.5% of that is fresh water.  
Nearly 70% of this fresh water is frozen in the icecaps of Antarctica and Greenland.  Most of the 
rest is in the form of soil moisture or in deep inaccessible aquifers (Helmer, 1997), or comes in 
the form of monsoons and floods that are difficult to contain and exploit.  Less than 0.08% of 
the world’s water is thus readily accessible for direct human use, and even that is very unevenly 
distributed. 
 
 Currently an estimated 1.1 billion people lack safe water.  The resulting human toll is 
roughly 3.3 billion cases of illness and 2 million deaths per year (World Water Forum, 2000).  
Moreover, even as the world’s population grows, the limited easily accessible freshwater 
resources in rivers, lakes and shallow groundwater aquifers are dwindling as a result of over-
exploitation and water quality degradation.  According to forecasts, about 1.8 billion people 
worldwide will live in regions experiencing serious water scarcity by 2025 (see Figure 1).  
This water scarcity could be due to physical causes (i.e., insufficient water resources) or 
economic causes (i.e., insufficient financial means to develop existing water resources). 
 
 

 
Fig. 1.   Areas projected to experience economic and physical water scarcity by 2025.  
Data Source:  International Water Management Institute (2000). 
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 Better water conservation, water management, pollution control and water reclamation 
are all part of the solution to projected water stress.  So too are new sources of fresh water, 
including the desalination of seawater.  Desalination technologies have been well established 
since the mid-20th century and widely deployed in the Middle East and North Africa.  The 
contracted capacity of desalination plants has increased steadily since 1965 and is now about 
26 million m3/d worldwide, as shown in Figure 2 (Wangnik, 2000).  This corresponds to 
approximately 13,600 units with an average capacity of 1900 m3/d.  The bottom panel of the 
figure projects continuing increases for the near future. 
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Fig. 2. Cumulative worldwide desalination capacity.  The top line in the top figure shows total 

operating and contracted capacity.  The bottom line in the top figure shows just operating 
capacity.  The bottom figure shows projected growth including both operating and 
contracted capacity.  Data source for all historical data: Wangnick, 2000; informal projection 
based on IAEA Consultancy Meeting. 

 
 Large-scale commercially available desalination processes can generally be classified 
into two categories: (a) distillation processes that require mainly heat plus some electricity for 
ancillary equipment, and (b) membrane processes that require only electricity.  In the first 
category (distillation) there are two major processes: multi-stage flash (MSF) and multi-effect 
distillation (MED).  In both seawater is heated; the steam that evaporates is condensed and 
collected as freshwater; and the residual brine is discharged.  In the second category 
(membranes) is the reverse osmosis process (RO), in which pure water passes from the high-
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pressure seawater side of a semi-permeable membrane to the low-pressure freshwater 
permeate side.  The pressure differential must be high enough to overcome the natural 
tendency for water to move from the low concentration freshwater side of a membrane to the 
high concentration seawater side in order to balance osmotic pressures.  Energy consumption, 
including energy for seawater pumps and water pre-treatment, is lowest in the RO process.  
Energy inputs, whether in the form of heat or electricity have historically been produced 
largely by conventional fossil fuels. 
 
 
The Role of Nuclear Power 

 Japan now has over 100 reactor-years of nuclear powered desalination experience as 
shown in Table 1.  Kazakhstan had accumulated 26 reactor-years before shutting down the 
Aktau fast reactor at the end of its lifetime in 1999.  As shown in the table, the experience 
gained with the Aktau reactor is unique as its desalination capacity was orders of magnitude 
higher than other facilities.  

Table 1.  Experience with nuclear desalination (IAEA, 1998, 2000; Wangnick, 2000) 
Country Unit name Location Phase Start of 

power 
operation 

Power,  
MWe net 

Water Capacity, 
m3/day 

Desal. 
Process 

Japan Ikata-1 Ehime Comm. 1977 538 2000 MSF 
 Ikata-2 Ehime Comm. 1982 538   

 Ikata-3 Ehime Comm. 1994 846 2000 RO 

 Ohi-1 Fukui Comm. 1979 1120 6500 
MSF+MDE=3900 
RO=2600 

MSF x 2 
MDE x 1 
RO x 2 

 Ohi-2 Fukui Comm. 1979 1120   

 Ohi-3 Fukui Comm. 1991 1127   

 Ohi-4 Fukui Comm. 1993 1127   

 Genkai-3 Saga Comm. 1994 1127 1000 MED 
 Genkai-4 Saga Comm. 1997 1127   

 Takahama-3 Fukui Comm. 1985 830 1000 MED 
 Takahama-4 Fukui Comm. 1985 830   

 Kashiwazaki-
Kariwa 1 

Niigata Comm. 1985 1067 1000 MSF 

Kazakhstan BN-350 Aktau Comm. 1973 70 120 000 MED/ 
MSF 

 
 

Looking to the future, there are two main reasons for focusing now on expanding 
nuclear power’s contribution of both heat and electricity for desalination.  One is the 
expanding demand for freshwater as described above, and the second is the increasing 
concern about greenhouse gas (GHG) emissions and pollution from fossil fuels.  There is also 
now a growing emphasis on small and medium size reactors, and this may prove important for 
desalination because the countries most in need of freshwater often have limited industrial 
infrastructures and electricity grids.  The size of the grid limits the possibilities for integrating 
a co-generating nuclear power plant into the grid to supply the electricity market, in addition to 
meeting the energy requirements of a desalination plant.  The largest power unit that can be 
integrated into an electricity grid is about 10-20 % of the grid capacity.  Thus existing large 
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reactor designs developed principally for North America, Western Europe, the former Soviet 
Union, Republic of Korea and Japan are less compatible with electricity grids in many 
developing countries.  Smaller reactors are also more appropriate for remote areas that are not 
suitable for connections to the grid. 
 
 A country’s assessment of the advantages and disadvantages of nuclear powered 
desalination compared to alternatives will also take into account essentially the same issues that 
are considered when assessing electricity generation options.  They include the diversification of 
energy sources, expected spin-off effects in industrial development, safety, fuel-cycle issues, 
and the need to build up the necessary nuclear infrastructure – if it does not already exist – 
including appropriate training, a legal framework and a regulatory regime.  It is expected that 
reactors for desalination purposes will be designed, constructed and operated in accordance 
with the latest internationally recognised safety standards for NPPs.  The new Safety 
Requirements document, “Safety of Nuclear Power Plants: Design, Requirements, Safety 
Standards Series NS-R-1, Vienna, 2000”, devotes a specific paragraph to power plants used 
for cogeneration, heat generation or desalination.  In the case that, in the interests of 
efficiently delivering water to consumers, desalination plants are located closer to population 
centres than is usual for nuclear power plants, special attention must be given to the 
implications for safety in the population centres in the vicinity of the nuclear plant. 
 
 For each desalination application, the relative demand for water, electricity, and heat 
production will partly determine which technology is most suitable.  However high-
temperature gas cooled reactors (HTGRs) may eliminate the need to make trade-offs between 
water and electricity production.  Several major development efforts backing HTGRs argue 
that, even for electricity production alone, the technology promises substantial improvements 
over current designs in terms of cost, safety, and proliferation resistance.  Recent HTGR 
developments promise higher thermal efficiencies, close to 50%, due to their Brayton direct 
cycle design.  And because HTGRs can have rejected heat with a sufficiently high thermal 
potential to be used in a vacuum distillation process, they have the potential to power 
desalination processes without sacrificing electricity production.  
 
 
Current Developments 
 
 Table 2 summarizes past experience as well as current developments and plans for 
nuclear-powered desalination.  Most of the technologies in Table 2 are land-based, but the 
table also includes a Russian initiative for barge-mounted floating desalination plants.  Floating 
desalination plants could be especially attractive for responding to temporary demands for 
potable water.  
 
 The following paragraphs provide additional detail on the new developments listed in 
Table 2. 
  

• Argentina has identified a site for its small reactor (CAREM), which could be 
used for desalination.  Depending on financing, construction could begin in the 
near future; 

 
• Canada has embarked on a three-year project to validate its innovative reverse 

osmosis (RO) system design concepts; 
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• China is proceeding with several conceptual designs of nuclear desalination for 

coastal Chinese cities. 
 

Table 2.  Reactor Types and Desalination Processes 
Reactor Type Location Desalination 

Process 
Status 

LMFR Kazakhstan (Aktau) MED, MSF in service till 1999  
PWRs Japan (Ohi, Takahama, 

Ikata, Genkai) 
MED, MSF, RO in service with operating experience of 

over 100 reactor-years. 
 Rep. of Korea, Argentina, 

etc.  
MED, RO under design 

 Russia MED, RO under design (floating unit) 
BWR Japan (Kashiwazaki) MSF never in service following testing in 

1980s, due to alternative freshwater 
sources; dismantled in 1999. 

PHWR India (Kalpakkam) MSF/RO being connected 
 Canada RO (preheat) under design 
NHR Morocco (Tan-Tan) MED currently on hold 
 China MED under design 
HTGR South Africa, France, The 

Netherlands 
MED, MSF, RO under consideration 

 
 

• France has begun feasibility and economic studies on nuclear desalination as part 
of CEA’s own innovation programme and as part of a proposed joint European 
study (the EURODESAL Project); 

  
• Egypt is working on a two-year feasibility study for a nuclear co-generation plant 

(electricity and water) at El-Dabaa.  The study is scheduled for completion in 
early 2001. Based on the results, government approval to proceed towards 
implementing the project will be sought; 

  
• India is building a demonstration plant at Kalpakkam using a hybrid desalination 

system (MSF-RO) connected to an existing PHWR.  The design capacity is 6,300 
m3/d.  Civil engineering and electrical work has begun, and India expects to 
commission the plant in early 2002; 

  
• The Republic of Korea is proceeding with its SMART (System-integrated 

Modular Advanced ReactTor) concept.  Work is into the basic design phase.  The 
project is designed to produce 40,000 m3/d of potable water.  It is expected to be 
completed in 2003; 

 
• Morocco, in June 2000, halted a demonstration project at Tan-Tan originally 

intended to produce 8000 m3/d of potable water using an NHR-10 of Chinese 
design.  Possible next steps are being studied. 

• Russia is progressing with the design and licensing of a floating co-generation 
plant, based on a Nuclear Floating Power Unit (NFPU) with KLT-40C reactors, 
for the Arctic Sea coast area.  Manufacturing of major components started in 
2000.  In Russia, the principal applications may be for heat generation in remote 
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areas, but other countries may be equally or more interested in desalination 
applications; 

 
• Tunisia has undertaken several studies to select a suitable desalination process 

and to identify what process could be coupled to a nuclear reactor.   Two possible 
desalination sites have been identified in the southeast part of the country for 
further study; 

  
• Further R&D activities are also underway in Indonesia, Pakistan, and Saudi 

Arabia.  In addition, interest has been expressed by Brazil, Iran, Iraq, Italy, 
Jordan, Lebanon, Libya, Philippines, and Syria in the potential for nuclear 
desalination in their countries or regions. 

 
 
Economics 
 
 Economic comparisons indicate that water costs (and associated electricity generation 
costs) from nuclear seawater desalination are generally in the same range as costs associated 
with fossil-fuelled desalination.  A detailed economic analysis by the IAEA, scheduled for 
publication in 2001 (IAEA, 2001a), looks at three representative water shortage regions 
distinguished by their seawater and economic characteristics relevant to desalination.  The 
three regions are Southern Europe (South of France, Italy, Greece, Turkey and Spain); the 
North Africa, Red Sea and South East Asian region; and the countries adjacent to the 
Persian Gulf.  Given the conclusion that nuclear and fossil-fuelled desalination are broadly 
competitive with each other, any particular future investment decision will depend on site-
specific cost factors and on the values of key parameters (fuel price, interest rate, construction 
time, etc.) at the time of investment.  Higher fossil fuel prices would of course favour nuclear 
desalination; higher interest rates would favour less capital-intensive fossil-fuelled options. 
 
 The broader picture however, is that the worldwide use of desalination is still 
negligible compared to the demand for fresh water.  To become a noticeable (and 
quantifiable) market for nuclear energy, desalination needs to compete successfully with 
alternative means of increasing fresh water supply.  For nuclear desalination to be attractive 
in any given country, two factors must be in place simultaneously: a lack of water and the 
ability to use nuclear energy for desalination. In most regions, only one of the two is present.  
Both are present in China and, even more so, in India and Pakistan.  These regions already 
account for almost half the world’s population, and thus represent a potential long-term 
market for nuclear desalination.  The market will expand further to the extent that regions 
with high projected water needs, such as the Middle East and North Africa, increase their 
nuclear expertise and capabilities. 
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IAEA Action 
 
 The Agency has run a number of technical co-operation projects with Members States 
to assess the feasibility of particular nuclear desalination projects and, since 1997, has 
provided, through the International Nuclear Desalination Advisory Group (INDAG), the only 
regular, comprehensive, worldwide forum for the exchange of information on nuclear 
desalination technologies and programmes.  The Agency has also developed a PC-based 
computer program, DEEP (Desalination Economic Evaluation Program), for economic 
evaluations and screening analyses of various desalination and energy source options (Gowin 
et al., 1999).  IAEA publications document the economic and technical aspects of nuclear 
desalination (IAEA, 1990; IAEA, 1992; IAEA, 1996a; IAEA, 1996b; IAEA, 1997a; IAEA, 
1997b; IAEA, 2000), and a guidebook on the introduction of nuclear desalination is under 
preparation to help interested Member States prepare for and implement nuclear desalination 
projects (IAEA, 2001b).  The IAEA is in the process of including in the Power Reactor 
Information System (PRIS) specific data on non-electric applications in order to provide 
complete and reliable information on all uses of nuclear energy: electricity, desalination and 
other non-electrical applications (e.g., district heating). 
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annual questionnaire to reactor operators.  Not all facilities have responded, but about half of 
operational facilities indicate they are performing at least one of the applications listed in 
Table 1.  Although the data are not yet complete, Table 1 provides a good indication of the 
relative frequency of each major application among research reactors.  The table’s final 
category, “other uses,” includes topics ranging from public tours to reactor physics studies, 
instrument calibration, positron sources, electrical power production and neutron depth 
profiling. 
 
      Table 1. Frequency of applications of research reactors 

Application Number of reactors 
declaring 
involvement 

Neutron activation analysis 71 
Teaching 68 
Training 63 
Materials or fuel tests 53 
Isotope production 48 
Neutron scattering research 34 
Neutron radiography 32 
Transmutation (Si or gems) 21 
Geochronology 14 
Neutron capture therapy 9 
Other uses 47 

 
 
 A main thrust of the IAEA research reactor utilization programme strongly encourages 
facilities to develop a strategic plan for long term sustainability.  A guidance document 
describing the strategic planning methodology illustrated in Figure 6 is in the process of 
publication.  The first key step is identifying actual and potential capabilities of the reactor 
(top right circle in the figure), and the Agency is currently preparing a document specifically 
on this step called “The Applications of Research Reactors.”   Among other things, it lists all 
possible applications and associated requirements, including  
 

• Education and training (across a variety of groups); 

• Neutron activation analysis (of several different types); 

• Radioisotope production; 

• Geochronology (argon and fission track); 

• Transmutation effects (silicon doping for semiconductors, materials irradiation, 
hardness testing, gemstone coloration, actinide burning); 

• Neutron radiography (static, dynamic, tomographic); 

• Materials structure studies (with many different types of neutron scattering methods); 

• High intensity positron source; 

• Neutron capture therapy; 

• Testing (instruments and loops for fuels). 
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