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Emerging Nuclear Energy Systems,  

their Possible Safety and Proliferation Risks 

 

Abridged  Edition 

 

This study aims at identifying and assessing the safety and proliferation risks that new nuclear 
energy systems might pose. 

In the first chapter, the basic physical ideas within relevant nuclear research areas are outlined and 
their major research goals described. Special emphasis is given to projects within the Specific 
Programmes ”Nuclear Fission” and ”Thermonuclear Fusion” of the Euratom Fifth Framework 
Programme. The latter is subdivided into two key actions (in nuclear fission and nuclear fusion), 
research and technological development activities of a generic nature, and enhancing access to 
optimise use of research infrastructures. Additionally the research work of the Joint Research 
Centre (JRC) in the field of nuclear energy has to be taken into account. 

Within the key action on “Nuclear Fission”, nuclear safeguards is a specific nonproliferation goal 
and waste management and disposal are detailed safety goals. The operational safety of existing 
installations concerns measures to maintain and improve the safety of existing installations, 
including safety aspects relating to prolongation of the life span of reactors. Non-proliferation goals 
include in particular technologies and methods of nuclear materials safeguards to meet recent 
developments. Fast neutron reactors, high temperature reactors, and small reactors for decentralised 
electricity supply are named as potential advanced future systems. The thorium fuel cycle and 
integral reactors with online reprocessing and fuel fabrication are specified as innovative fuel and 
fuel cycles for investigation. 

The key action on “Controlled thermonuclear fusion”, which will consume approximately 80% of 
the Euratom research budget in FP5, is the second area of EU research with major significance for 
nuclear safety issues. The implementation of this strategy will entail Next Step activities, concept 
improvements towards economic competitiveness and long-term technology development. Co-
ordination with other Member States in inertial confinement, and possible alternative concepts, will 
be continued. Special attention to safety aspects of nuclear fusion is specified in the Research 
Programme of the Joint Research Centre which started 1 January 1999 for a 48 month duration, but 
non-proliferation aspects are not mentioned in these documents. The largest share of expenditure is 
devoted to magnetic fusion concepts: inertial confinement, which has a larger proliferation 
potential, plays a subordinate role. 

Nuclear energy systems that are taken into account in the study are nuclear reactor research in the 
EU, addressing reactor safety, fuel concepts, waste concepts, and safeguards research. Nuclear 
accelerators and accelerator driven reactor systems are included in the section on fission. Fusion 
concepts investigated in detail are several magnetic fusion schemes, and inertial confinement fusion. 
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The second chapter describes the criteria for the assessment of safety risks of new nuclear fission 
reactors. One of the commonly addressed issues is the accident risk of nuclear reactors, which has 
two different foci. On the one hand, efforts to further decrease the probability of catastrophic events 
could be one strategy: as a criteria for the assessment of new fission reactor designs, this aspect has 
to be evaluated in order to establish whether it has been adequately addressed in the design. On the 
other hand, the release fraction of the radioactive inventory in case of a nuclear accident could be 
addressed by new reactor designs: as a criterion for the assessment of new fission reactor designs 
the reliability of reductions of the release fraction has to be judged. 

In addition to risks from severe accidents, operational risks both to the public and to the nuclear 
work-force have to be addressed in modern reactor design. Targets and goals for the plant layout 
can be analysed to see if they address these aspects. In an overall assessment of the life-cycle during 
operation of current nuclear fission reactors, the fuel supply side plays an even more important role 
than the emissions from the reactor itself.  

The last stage to be evaluated for new nuclear reactors that are based on nuclear fission is that of 
waste management, which not only includes high-level radioactive wastes such as spent fuel, or the 
resulting waste from reprocessing of spent fuel, but also includes the management of operational 
wastes, wastes from maintenance works and waste from decommissioning of the plant.  

Criteria for the assessment of the safety risks of new fuel concepts are defined separately, because 
some of the typical properties of these concepts are unique and require special discussion and 
evaluation. New fuel concepts considered are uranium fuel/high burn-up fuel, MOX fuel, thorium 
fuel, and advanced fuel concepts. 

Criteria for the assessment of the safety risks of new waste management concepts, e.g. once-
through/direct disposal, and extended reprocessing (partitioning), concern safety requirements for 
handling, accident risks, and safety requirements in final disposal for operational, fuel and 
decommissioning wastes. 

Criteria for the assessment of nuclear fusion concepts distinguish between accident risks, 
operational risks, and long-term waste management risks. Accident risks of nuclear fusion reactors 
are compared to existing nuclear reactors. The operational risks include occupational risks and risks 
to the public during normal operation of reactors. Long-term waste management risks are compared 
to those of the current fission reactor technology. 

The third chapter deals with the criteria for the assessment of proliferation risks, which can be 
developed from the study of proliferation mechanisms. In the first part, risks for the horizontal 
proliferation of nuclear weapons are derived. “Horizontal proliferation" denotes the phenomenon of 
new beginner states seeking nuclear weapons. As has been shown in historic cases, proliferators 
have used several varieties of technical methods to acquire the technologies they needed. In 
addition to the technical methods, several procurement strategies have been observed. Finally, in all 
nuclear weapons programmes, disguise and secrecy methods have played an important role. 

 

The acquisition methods seek to circumvent obstacles against proliferation, which have been 
created by several nonproliferation measures and policies, including international arms control 
treaties, export controls and joint export control principles, cooperation in the prevention of 
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smuggling, cooperation in technical problems of nuclear disarmament, national protection of 
sensitive plants and materials, related international standards, regional control institutions such as 
Euratom, verification of several treaties, especially safeguards by the IAEA, and global and 
regional confidence building measures.  

Safeguards policy, nuclear arms control, and disarmament are described in more detail, including 
new challenges for R&D arising from new arms control opportunities and from the availability of 
new technologies. Additionally the current special proliferation risks stemming from the difficult 
situation in Russia and international cooperation projects that intend to cope with them are 
described. 

From the analysis of the procurement strategies, five criteria to assess the risks of horizontal 
proliferation are derived: the complexity of safeguards that must be attached to a nuclear 
technology; the number of technical steps between the technology and a direct usable nuclear 
fission weapon component; possible civilian disguise; the creation of obstacles against technical 
nonproliferation measures; and the potential undermining or reinforcing of ongoing non-
proliferation policies. 

In the second part of this section, risks for "vertical proliferation" are derived. This is the term for 
the phenomenon whereby nuclear weapon possessors seek the modernisation and innovation of 
their weapons, using indigenous research and development, either directly aimed at this purpose, or 
using civilian-military R&D that may also yield results for the improvement of nuclear weapons. 
Apart from the CTBT and its verification, there are hardly any concrete consensual policy 
initiatives and technical measures against further vertical proliferation that can be compared to those 
against horizontal proliferation. 

Three criteria to assess the risks of vertical proliferation are derived: They concern the usefulness of 
a technology or project for R&D on advanced nuclear weapons; the circumstances of research, (e.g. 
international cooperation shifts the focus towards civilian applications); and the potential to 
undermine or to reinforce ongoing arms control and disarmament policies. 

The fourth chapter deals with critical nuclear fission research. It is organised in two sections, one on 
safety assessment, the other on nonproliferation assessment. 

The section on safety assessment distinguishes between nuclear reactor research, new fuel concepts, 
and waste management concepts. The overall assessment of new reactor concepts has to evaluate in 
detail the accident probability, the barrier quality and release fractions, the operational emissions 
and occupational doses, the fuel supply risks, and operational, maintenance, fuel and 
decommissioning wastes. Modern pressurised water reactors are used as a baseline for the 
comparison of evolutionary concepts, and only the differences compared to this baseline are 
discussed. The reactor concepts evaluated are the European Pressurised Water Reactor, other 
“advanced” pressurised water reactor concepts, high temperature reactors, metal cooled fission 
reactors, the PIUS reactor system concept, and the energy amplifier / waste incinerator concept. 

 

The conclusions from this analysis include the following:  

- the main safety goal of new reactor concepts is to eliminate the necessity of off-site evacuations 
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in case of severe accidents;  

- the different concepts currently do not fulfil this goal clearly or are at a preliminary stage; 

- operational and occupational doses are currently not of a decisive character in the evaluation of 
reactor concepts;  

-  fuel supply safety risks are for all concepts comparable to conventional reactors; 

-  waste production is currently not ranked as a decisive issue in most of the concepts. 

-  it is highly questionable if the Energy Amplifier has realistic prospects at all. 
 

Policy recommendations include the following: 

- the main safety goal for potential future reactors of limiting their off-site consequences should 
be high-ranked as the  main requirement for any research and development activities in that 
area; 

- projects should include all relevant safety phenomena that might have an influence on the task 
of fulfilling that goal. 

The safety assessment of new fuel concepts includes four different ones: new developments in 
conventional uranium use; application of mixed uranium/plutonium-oxide (MOX) fuel; new 
concepts and revival of the use of thorium as fuel; and advanced fuel cycle concepts that aim to 
resolve some problems of current fuel supply and waste management.  

The conclusions drawn from the analysis are that: 

- incentives leading to higher burn-up of fuel in conventional LWRs are a continuing trend and 
place strong technical and economical pressure on the classical reprocessing and reuse 
strategies; 

- the use of MOX fuel  is problematic for a variety of reasons; 

- thorium fuel schemes have some clear safety advantages over conventional uranium or 
plutonium fuel and are comparable to these in  most other aspects, but are currently not 
attractive enough, as they would require rebuilding the whole infrastructure; 

- other advanced fuel schemes are currently not addressed by serious research or lack scientific 
soundness.  

The following recommendations for the EU policy are derived from these findings:  

- the EU should follow the current trend of elevated burn-up in existing and planned LWRs and 
should establish standardised minimum safety margins required for protection of the public and 
provide strict guarantees of high reactor safety standards; 

- technical alternatives to the slow and costly reuse, in MOX fuel, of the accumulated and still 
rising civil plutonium stocks in the EU are at hand, and should be adequately recognised and 
supported by the EU; 

- development of thorium fuel cycle schemes should be supported as an alternative to main 
stream fuel cycles on at least a level that maintains their scientific know-how basis. 

 
 
The waste management concepts assessed include the once through/direct disposal waste 
management concept and Partitioning and Transmutation. The conclusions for direct disposal are 
that:  
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- direct disposal as a management concept has several advantages, and reprocessing of spent fuel 
is not the preferred option in most of the EU Member States; 

- some aspects of direct disposal still require further investigation, and several very practical 
problems, including huge civil plutonium stocks in some of the Member States, require 
technically sound and timely adequate solutions. 

 

It is recommended therefore to pay more attention to currently unresolved issues in nuclear waste 
management, such as accumulated stocks, reliable long-term storage in deep geological disposal, 
and more encouragement for member states to exchange experiences gained in practical solutions. 

Partitioning and Transmutation (P&T) is intended to isolate and destroy the longer-living waste 
components. The assessment of the concept is more detailed, because currently the EU is giving it 
relevant research input. P&T would only make sense if no long-lived isotopes are omitted. This 
completeness requirement has drastic consequences for certain currently established technologies. 
Totally new techniques, intensive R&D and technical experience before moving up to a technical 
scale will be required. The current status of research does not allow a clear perspective if these 
requirements could generally be met. 

The conclusions on P&T are that this waste management concept is not a general alternative to final 
disposal in geological formations, because the reduction of all relevant nuclides to negligible levels 
is technically (and financially) not possible. The technical requirements would include different 
facilities and extended reprocessing. Time and resource requirements for P&T are extreme, and no 
net benefit from such a technology that balances the necessary enormous technical and financial 
investments is seen. The recommendations derived are that investments in R&D should be very 
limited, and technical, financial and environmental effects should be analysed in detail. 

The section on non-proliferation aspects of critical nuclear fission research distinguishes between 
nuclear reactor research, accelerator driven subcritical reactors, new fuel cycle and waste 
management concepts, and safeguards research. The reactor concepts evaluated are the European 
Pressurised Water Reactor, high temperature reactors, fast breeder reactors, HEU fueled research 
reactors, and the energy amplifier / waste incinerator concept. 

The proliferation risk assessment according to the criterion of sophistication of safeguards 
concludes that there are differences between the concepts. All contain countable items but no bulk 
material, but their size, number, and weapons usability varies considerably. HEU, classified as 
“direct use material”, necessitates more intense safeguards. Whether a reactor poses additional 
obstacles against safeguards depends more on the specific design than on the type. The number of 
technical steps towards a nuclear weapon is the lowest in case of reactors that contain unirradiated 
direct use materials, e.g. HEU or plutonium. In the comparison, most technical obstacles are posed 
by the HTR. New research reactor projects that use HEU undermine the ongoing non-proliferation 
policy of minimising the civilian use and the trade of this material.  

 

FBRs undermine any policy of discouraging reprocessing. Vertical proliferation risks might be 
reduced in cases where nuclear reactors play a useful role in the disposition of excess weapons 
plutonium. 

The Rubbia Energy Amplifier (E/A) (aka Waste Incinerator) is usually praised as having “no 
appreciable proliferation risks“ because the diversion of fissile products is ineffective and difficult. 
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But it is still possible to divert uranium enriched in U-233, and safeguards will therefor be 
necessary. As the concept includes reprocessing, more complex safeguards are needed. The use of 
U-233 diverted from an E/A for a nuclear warhead creates some additional technical difficulties. 
The Rubbia E/A runs counter to any policy of discouraging reprocessing.  

The verification of a fissile material cut-off might face some more obstacles, were the EA  to be 
used for military tritium production. 

The non-proliferation assessment of new fuel and waste management concepts includes four 
different concepts: direct disposal, conventional reprocessing, multiple recycling with Partitioning 
and Transmutation, and the Radkowsky concept as an example for a thorium fuel cycle. The 
conclusions are that: 

 

- the safeguards efforts for direct disposal without reprocessing are much less sophisticated than 
those for one that includes reprocessing, because it involves many additional processes and 
facilities; 

- technical non-proliferation measures are the most effective for direct disposal and the most 
difficult for P&T. 

- the probability that a country might chose recycling is much reduced in the case of the 
Radkowsky fuel cycle; 

- the technical obstacles against fabricating a nuclear warhead are the highest for the direct 
disposal waste management, and the lowest for fuel cycles containing reprocessing:; 

- reprocessing is obviously contradictory to any policy of discouraging reprocessing, and the 
Radkowsky concept has the potential to reinforce this latter policy. 

 

In the safeguards section, new challenges and new research tasks are described. Upcoming new 
arms control and disarmament activities, reforms of the current safeguards systems, and the 
availability of new technologies trigger new necessities for R&D. Examples are analysis of 
environmental traces, the use of satellite imagery, improvement of the effectiveness and efficiency 
of the present system, automatic generation and transmission of data, or authenticated computer 
automatisation of nuclear analysis that protects sensitive measurements. Several non-proliferation 
policies are reinforced by nuclear safeguards technologies. They include the implementation of the 
recent IAEA safeguards reforms, establishing modern nuclear control system in the newly 
independent states, that correspond to international standards, submitting excess material from 
dismantled nuclear weapons under international verification measures, preparations for the 
verification of the fissile material cut-off, or reinforcing measures to stem illicit trafficking of 
nuclear materials. Euratom Safeguards as a regional safeguards system incorporating both NWS 
and NNWS is especially well suited to serve as model for other regions. 

 

The fifth chapter deals with nuclear fusion research. Like the preceding chapter, it is organised in 
two sections, one on safety assessment, the other on non-proliferation assessment. The safety 
section investigates accident risks, operational risks, and long-term waste management risks of 
fusion reactors. It concludes that there are serious shortcomings concerning the assessment of safety 
risks in nuclear fusion. The radiological risks resulting from the release of tritium or other radio-
nuclides form future fusion reactors are only known with wide uncertainties. However, they are an 
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essential factor regarding the public acceptance for new nuclear energy plants. It is therefore 
necessary to estimate the maximum possible risks resulting from the release of tritium, taking all 
these uncertainties into account. It is recommended that the further development of fusion reactors 
be linked to an examination of the resulting maximum radiological risks from tritium and other 
radio-nuclides. Such examinations should include the risks from all necessary fuel supply facilities 
and other handling stages, as well as the accident and operational risks from a fusion plant,  

It is also uncertain to what extent the production of the requisite low activation materials is realistic. 
If such production is technically impossible or economically unrealistic, the realisation of a fusion 
reactor fulfilling the intended radiological targets (regarding the direct radiation from components 
and the radio-toxicity of the waste) is jeopardised. Another essential aspect of material production is 
a possible non-radioactive public risk resulting from plants processing toxic materials (for example: 
beryllium as a covering for the first wall). It is therefore recommended that the further development 
of fusion reactors be linked to feasibility studies concerning the technical and economic aspects of 
producing the materials for fusion reactors in the required technical amounts. 

The non-proliferation section first investigates risks of general fusion research: it goes on to 
examine inertial confinement fusion, which poses special risks of vertical proliferation, such as the 
risk that it might contribute to the development of advanced nuclear weapons. As long as not many 
neutrons are produced, the risk of horizontal proliferation arising from fusion R&D is low, because 
it does not result in the production of weapons usable materials. If a reactor were to be available, the 
production of plutonium or U-233 is possible, and safeguards will become necessary whose 
sophistication is comparable to that of ordinary fission reactors. From the theoretical background of 
ICF, lessons on high-energy plasma physics can be learned that might be useful in the design of 
computer codes of nuclear explosion simulations. In case of a secret nuclear weapon program, 
experts on ICF theory might play a useful role, however, more for advanced nuclear weapons and 
less for pure fission nuclear weapons. It therefore poses a high risk of vertical proliferation. For 
beginner states without experience with fission warheads, its military usefulness is very limited. 
Other fusion concepts such as magnetic confinement fusion do not pose similar risks. As long as 
ICF projects take place in international cooperation, their goals will be civilian and not nuclear 
weapons application, and the risk of vertical proliferation might be reduced to a certain extent. 

Fusion-fission hybrid reactors trigger reprocessing and therefore undermine policies that aim at 
discouraging closed fuel cycles. Fusion reactors would also offer an additional possibility for 
military tritium production, and might complicate attempts to submit them under safeguards in 
NWS. Large ICF experiments can be used to replace underground nuclear testing to a certain 
extent, and thereby undermine the policy of stemming vertical proliferation. 

 

 

The sixth chapter deals with implications for EU policy making. It contains two separate sections on 
safety and non-proliferation, respectively. In the safety section, it is stated that the EU policy 
currently is not considered a relevant driving force towards enhanced nuclear safety, as far as 
facilities, regulations and safety control measures of currently operated reactors in their current 
member states are concerned. There are at least eight different safety standards in Western Europe 
for nuclear reactors. Each State has essentially developed its own methodology, criteria and 
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requirements for probabilistic safety analyses. Activities that could enhance the claimed 
commitment to the protection of the people from the potential hazards include the thorough 
investigation of the potential hazards of new technologies; enhanced attention to the unbalanced 
production of hazardous materials for which currently and in the foreseeable future no marketable 
use is to be expected; and enhanced clean-up solutions. 

The recommendations regarding reactor safety are that none of the analysed projects clearly fulfils 
the requirements, so support or extended research in any one of these options cannot be 
recommended. The most promising reactor technology from some of the safety perspectives is the 
HTR, but market introduction would require a whole new infrastructure and is currently unrealistic. 
A clear commitment to this technology cannot be recommended at this stage. Other reactor types 
analysed are currently not attractive enough to justify boosting their further development. 

The recommendations regarding the safety of nuclear fuel cycles and nuclear waste management are 
that a thorough investigation into safety risks from new developments in the current fuel supply and 
use, namely elevated burn-ups and MOX fuel use, and their consequences for the different stages of 
waste management, should be launched. Direct disposal of spent fuel should be studied further; and 
any further EU support for Partitioning and Transmutation should be connected to the results of 
thorough system studies.  

The recommendations regarding the safety of nuclear fusion reactors are: Investigations should be 
launched into the potential emissions of tritium. By-product content of materials that are candidates 
for the plasma facing components, their removal and other material requirements might play a major 
role for the feasibility of nuclear fusion. Thorough investigations of these determining factors are 
recommended to improve knowledge in the current development stage. 

In the non-proliferation section, it is stated that nuclear non-proliferation and disarmament has so 
far not played an important role in EU policy making. Currently, the EU has only a very minor and 
subordinate role in the upcoming opportunities for nuclear non-proliferation and arms control. 
Technological contributions, especially safeguards related R&D and cooperation with Russia, could 
accelerate progress quite substantially and could give the EU a more influential role in international 
fora. It is possible to identify proliferation risks in EU nuclear fission and fusion research and to 
take them into account in decision making. It is recommended to include specific proliferation risk 
assessments into decision making on R&D for nuclear projects. 

 

 

 

The recommendations on fission research are that: 

- direct disposal is to be preferred to reprocessing; 

- the world-wide accumulated quantities of separated civil and military plutonium amount to 
several hundred tons, sufficient for MOX fuel for many decades; 

- thorium fuel cycles are judged as less proliferation risky than the ordinary LWR fuel cycle; 
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- a special proliferation risk is  posed by research reactors that use HEU fuel. It is strongly 
recommended to support projects for the fuel conversion of such reactors; 

- some fission research can be useful for the disposition of excess weapons plutonium and might 
thereby play a positive role in nuclear disarmament. Such recommendable projects include 
research on the question how much plutonium could be added to vitrified high level waste 
without creating criticality problems, and support for the French-German-Russian project of 
disposition of Russian weapons plutonium as MOX. 

 

The recommendations on fusion research are that: 

- fusion-fission hybrid reactors would trigger reprocessing and therefore undermine policies that 
aim at discouraging closed fuel cycles; 

- fusion reactors would also offer an additional possibility for military tritium production, and 
might complicate attempts to submit them under safeguards in NWS; 

- the risks of ICF research for vertical proliferation are rather high. It is recommended to press 
for an international use of existing ICF facilities without leaving room for national military 
experiments, in order to minimise the possibility of military abuse.  

For nuclear non-proliferation and disarmament, safeguards play an essential role. It is therefore 
recommended to maintain an extended and flexible basis for R&D in order to keep up with the 
upcoming safeguards needs. Several topics for R&D that are considered essential are listed. 

Finally, it is strongly recommended to take action in order to react to new proliferation risks 
because of the deteriorating situation in Russia. The extent of current cooperation is not sufficient. 
Co-operation with Russia towards non-proliferation goals must be intensified significantly, and in 
particular the fraction of non-proliferation projects in the Tacis programme should be much larger. 
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