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ABSTRACT 
The substantial growth in 21st century energy supplies needed to meet sustainable development 
goals has been emphasized by UNCSD, WSSD, IPCC and others.  This will be driven by 
continuing population growth, economic development and aspiration to provide access to 
modern energy systems to the 1,6 billion people now without such access, the growth demand 
on limiting greenhouse gas emissions, and reducing the risk of climate change. 
A key factor to the future of nuclear power is the degree to which innovative nuclear 
technologies can be developed to meet challenges of economic competitiveness, safety, waste 
and proliferation concerns. There are two major international initiatives in the area of 
innovative nuclear technology: the IAEA’s International Project on Innovative Nuclear 
Reactors and Fuel Cycle (INPRO) and the Generation IV International Forum. With INPRO 
some scenarios of future energy needs were identified and the methodology for holistic 
assessment of the innovative nuclear energy systems (INS), which can be developed to meet 
these scenarios, was developed.. The current status of the INPRO project and details of the 
INPRO methodology will be reported.  
The research needs identified due to Agency’s activities on innovative nuclear system 
development assume the use of research reactors. The areas crucial for the development of INS 
which critically dependent of the RR experiments and following requirements addressed to the 
RR will be discussed. These areas include the development of advanced fuel and core materials 
for proposed innovative power reactor concepts.  
 
 

1. Nuclear power: 21st century vision  
At the outset of the 21st century, the Millennium Development Goals and the Johannesburg Plan of 
Implementation have both set global objectives for sustainable development (SD) that give high priority 
to the eradication of poverty and hunger, universal access to plentiful fresh water and energy, and 
environmental sustainability. These goals have been established by governments. 

Several plausible energy development scenarios to meet these SD goals have been developed. One is the 
‘A1T Scenario’ of the Special Report on Emissions Scenarios (SRES) published in 2000 by the 
Intergovernmental Panel on Climate Change [1]. The A1T Scenario assumes strong positive advances in 
international cooperation, rapid technical progress and a low global population trajectory. 

A second scenario is the ‘SD Vision Scenario’ published in 2003 by the OECD International Energy 
Agency (IEA) in Paris. The SD Vision Scenario predictions are very similar to those of the A1T Scenario. 
However, it is less technologically optimistic in that it assumes that activist government policies will be 
needed to push the world beyond business-as-usual trends. It therefore assumes among other things access 
to affordable electricity by at least 95% of the world’s population by 2050. 
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Figure 1 shows the resulting primary energy supply mix through 2050. 

 
For nuclear energy the significant result is that both these SD scenarios predict global growth in nuclear 
energy by a factor of 14. 
 
In contrast, medium-term (business-as-usual) IAEA projections for nuclear power (NP) are much lower, 
as shown in Figure 2. 
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Figure 2. Global nuclear power capacity since 1960 and two IAEA projections through 2030. 

 
The IAEA’s low projection (dark green bars) assumes no new NPPs beyond what is already being built or 
firmly planned, plus the retirement of old NPPs on schedule. The high projection (light green bars) takes 
into account additional reasonable new proposals. The medium term projections in 2030 are 2-3 times 
lower than in the SD scenarios. 
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To succeed in future markets and close this gap, nuclear energy will have to innovate. Innovation, in turn, 
requires R&D, and R&D needs are different for developed and developing countries. Developing 
countries, for example, are expected to have a greater interest in small and medium sized reactors 
(SMRs), which may be better suited to their generally smaller national electrical grids and their generally 
smaller financial resources. Such divergence in R&D needs necessitates broad cooperation and 
coordination in R&D across national borders, and this requirement is further reinforced when additional 
nuclear applications are added to the mix – for seawater desalination or hydrogen production. Research 
reactors, both in developed and developing countries, can contribute significantly to the necessary 
international cooperation and to innovation development.  
 
2. International cooperation and innovation development 
 
Currently there are two principal multinational initiatives promoting such cooperation. One is the U.S. 
initiated Generation IV International Forum (GIF). The other initiative is the IAEA’s International Project 
on Innovative Nuclear Reactors and Fuel Cycles (INPRO). It is open to all IAEA Member States and 
currently has 22 members. INPRO has the following overall objectives: 

• To help to ensure that nuclear energy is available to contribute in fulfilling, in a sustainable 
manner, the energy needs of the 21st century. 

• To bring together all interested Member States, both technology holders and technology users, to 
consider jointly the international and national actions required to achieve desired innovations in 
nuclear reactors and fuel cycles that use sound and economically competitive technology; are 
based, to the extent possible, on systems with inherent safety features; and minimize the risk of 
proliferation and impacts on the environment. 

• To create a process that involves all relevant stakeholders that will have an impact on, draw from, 
and complement the activities of existing institutions, as well as ongoing initiatives at the national 
and international level. 

INPRO’s initial focus has been on identifying the prospective needs of future NPP buyers and developing 
‘user requirements’ in the areas of economics; sustainability and the environment, including waste 
management; safety; proliferation resistance; and infrastructure development. 
 
The INPRO methodology which was documented in 2003 in IAEA-TECDOC-1362, Guidance for the 
evaluation of innovative nuclear reactors and fuel cycles [2] was then tested and upgraded through several 
case studies, as documented in 2004 in IAEA-TECDOC-1434, Methodology for the assessment of 
innovative nuclear reactors and fuel cycles [3]. The methodology is now ready to be applied in the 
assessment of innovative nuclear system (INS) in national and multinational studies. 
 
3. INPRO methodology 
 
The objective of sustainable energy development is comprehensively integrated into the upgraded INPRO 
methodology. The methodology thus ensures that the assessment of a given INS takes into account all 
four dimensions of sustainability, i.e., economic, environmental, social and institutional. Such an 
assessment can then be used to help define an overall research strategy, including short-, medium- and 
long-term research, development and demonstration (RD&D) plans. The definition of an INS in INRPO 
includes both evolutionary advanced systems with moderate modifications that use proven solutions and 
truly innovative designs that incorporate radical conceptual changes to achieve performance 
breakthroughs in selected areas. 
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The INPRO methodology can be used: 

• to screen an INS for its compatibility with the energy needs of the 21st century and sustainability  
considerations; 

• to compare different INSs; and 
• to identify the RD&D required to improve and validate the performance of an INS. 

The assessment must include in the evaluation all components of the system to achieve a holistic view 
and ensure that the overall system is sustainable.  

INPRO has defined a set of basic principles, user requirements, and criteria (with each criterion consisting 
of an indicator and an acceptance limit). The highest level in the INPRO structure is a basic principle 
(BP), which is a statement of a general rule that provides broad guidance for the development of an INS. 
Basic principles are formulated for all areas: economics, safety, environment, waste management, 
infrastructure and proliferation resistance. For each basic principle there are then several user 
requirements (UR), which are the conditions that should be met to achieve acceptance of a given INS by 
investors, designers, plant operators, regulatory bodies, local organizations and authorities, national 
governments, NGOs, the media, and the end users of energy (e.g., the public and industry). The INPRO 
methodology thus seeks to ensure that each INPRO assessment takes into account the interests and views 
of all stakeholders. Finally, to determine whether and how a given UR is being met criteria (CR) were 
formulated, with each criterion consisting of an indicator (IN) and acceptance limit (AL). 

For some ALs, INPRO has proposed specific values, e.g., in the area of safety where limits are 
internationally accepted and applied. In the long term, it is expected that internationally agreed ALs will 
be proposed also in the areas of proliferation resistance, environment, and waste management. An INPRO 
manual is under preparation that will provide IAEA Member States more detailed information on the 
selection of indicators and acceptance limits. 

In the area of economics there is a single BP, specifically that energy from an INS has to be affordable 
and available. This translates into several URs. First, the price to the consumer must be competitive 
relative to alternative systems, the INS must be able to compete successfully for investment, and the 
investment risk must be acceptably low. It is recognized that government policies (e.g., to assure energy 
supply security) will have a significant influence on investor decision making in all countries and that in 
some countries governments may participate directly in such investments. All costs must be taken into 
account, including capital costs, operating and maintenance costs, and fuel costs (which reflect the capital 
and operating cost of mines, conversion, enrichment, fuel fabrication, and reprocessing) and the costs of 
decommissioning and long-term waste management. There is also an economic UR requiring sufficient 
flexibility to accommodate market changes and growth.  

In the area of safety the BPs and URs developed within INPRO are based on an extrapolation of current 
trends. The fundamental safety functions are to control reactivity or sub-criticality, to remove heat from 
the core and decay heat, and to confine radioactive materials and shield radiation. To ensure that an INS 
will fulfil these fundamental safety functions, INPRO has set out BPs that the levels of protection in 
defence-in-depth shall be more independent from each other than in existing installations, that the 
emphasis on inherently safe characteristics and passive systems shall be increased, that the risk from 
radiation exposures shall be comparable to that of other similar industrial facilities, and that the 
knowledge of plant characteristics and the capability of analytical methods used for design and safety 
assessment of INS shall be at least within  the same confidence level as for existing plants. 

The URs address the prevention, reduction and containment of radioactive releases to make the health and 
environmental risk of an INS comparable to that of industrial facilities used for similar purposes. Thus for 
an INS there will be no need for relocation or evacuation measures outside the plant site, apart from those 
generic emergency measures developed for any industrial facility. RD&D must be carried out before 
deploying INSs using, e.g., large-scale engineering test facilities including, possibly, research reactors, 
pilot plants and prototype plants to bring the knowledge of plant characteristics and the capability of 
codes used for safety analyses to the same level as for existing plants. Safety analyses will involve a 
combination of deterministic and probabilistic assessments. 
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Protection of the environment is a central theme within the concept of sustainable development. Nuclear 
power has the potential to support sustainable development by providing much needed energy with a 
relatively low burden in terms of the atmosphere, water resources, and land use.  

INPRO has two BPs dealing with the environmental impacts of nuclear energy. These translate into a 
number of URs addressing the following points. All potential adverse effects of the nuclear fuel cycle 
must be prevented or mitigated effectively. Both radiological and non-radiological effects need to be 
considered. An INS should use all resources (water, fuel, materials, land, etc.) at least as efficiently as 
acceptable alternatives. The environmental performance of a proposed technology must be evaluated as 
an integrated whole, taking into account the likely environmental effects of the entire collection of 
processes, activities and facilities in the energy system.  

Waste management is especially important. Because it involves longer time scales than other 
environmental impacts and, in many cases, different source terms and pathways, INPRO considers waste 
management separately. The starting point is the nine fundamental principles for radioactive waste 
management already established by the IAEA [4]. These translate into four BPs: that the generation of 
radioactive waste shall be kept to the minimum practicable; that radioactive waste shall be managed to 
protect human health and the environment that waste management will not place undue burdens on future 
generations; and that waste generation and management must be optimized for operational and long-term 
safety. These principles in turn lead to user requirements: to minimize long-lived wastes that would be 
mobile in repository environments; to limit exposures to radiation and chemicals from waste; to specify 
permanently safe end states for all wastes and to move wastes to these end states as early as practical; to 
classify wastes and to ensure that intermediate steps do not inhibit or complicate the achievement of the 
end state; to ensure that the accumulated liability at any stage of the life cycle is covered. A number of 
specific areas of needed RD&D are identified, including the partitioning and transmutation of long-lived 
fission products and minor actinides.  

Recognizing the potential of all nuclear energy systems to be misused for the purpose of producing 
nuclear weapons, INPRO provides guidance on incorporating proliferation resistance into INSs. 
Proliferation resistance is a combination of intrinsic features and extrinsic measures. Intrinsic features are 
those that result from the technical design of INS and reduce the attractiveness of nuclear material for 
misuse during production, use, transport, storage and disposal. Intrinsic features include material 
characteristics such as isotopic content, chemical form, bulk and mass, and radiation properties. Intrinsic 
features can also prevent the diversion of nuclear material by limiting the points of access to such 
material, by facilitating detection and by preventing the undeclared production of direct-use material. This 
includes reactors designed to prevent undeclared target materials from being irradiated; reactor cores with 
small reactivity; and fuel cycle processes that are difficult to modify. Extrinsic measures are based on 
States’ commitments, obligations and policies of States; as well as on agreements between exporting and 
importing States on the exclusive use of nuclear energy systems for agreed purposes; on arrangements 
that control access to nuclear material and technology; on verification measures and on legal and 
institutional measures to address any violations of the measures defined above.   

INPRO’s BPs and URs require that proliferation resistance features and measures be implemented 
throughout the full life cycle of an INS and that both intrinsic features and extrinsic measures be utilized, 
with neither being considered sufficient by itself. The URs require that: the commitment and obligations 
of States be adequate; the attractiveness of nuclear material with respect to its suitability for conversion 
into nuclear explosive devices be low; the diversion of nuclear material be difficult and detectable; that 
multiple features and measures be incorporated in an INS covering plausible acquisition paths of fissile 
material for a nuclear weapons programme; and that the combination of intrinsic features and extrinsic 
measures be optimized during design and engineering to provide cost-effective proliferation resistance. 
RD&D is needed in a number of areas, in particular, in developing a process to assess the proliferation 
resistance of a defined INS. 

The maturity of the nuclear power infrastructure is an important factor for the successful deployment and 
operation of nuclear power plants. Globalization and the importance of developing countries in future 
world energy markets point to the need to adapt infrastructures, including legal, institutional, industrial, 
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economic and social features and substructures to facilitate the deployment of nuclear power systems in 
developing countries.  

In a world with a growing need for sustainable energy, the harmonization of regulations and licensing 
procedures could facilitate the application of nuclear technology. For developing countries the existence 
of regional or international licensing and regulatory mechanisms should not require a highly developed 
nuclear knowledge base and infrastructure. International licensing and regulatory mechanisms shall make 
it possible to adopt an INS for the supply of energy without making an excessive investment in national 
infrastructure. Nonetheless, the associated URs recognize the need to establish an adequate national legal 
framework, the importance of an industrial and economic infrastructure adequate to the task of installing 
an INS, the necessity of adequate measures being taken to secure public acceptance, and the necessity of 
adequate human resources. Globalization, of course, brings with it the opportunity to draw on a much 
broader pool of resources across the many disciplines of science and engineering associated with the 
range of technologies relevant to nuclear energy systems.  

In performing an INS assessment, the assessor must base the analysis on a reference national energy 
scenario, but must also take into account global and regional demands for uranium, fuel production, 
reprocessing capacity, etc. The assessment must thus use elements of regional or global scenarios and 
take advantage of modelling tools that can calculate the resources, both financial and material, required 
for a given combination of reactors to meet a specified supply of nuclear energy as a function of time. 
Such modelling tools help assess the practicality of a proposed system in terms of material balances, such 
as uranium demand, waste arisings, plutonium re-cycling, etc. The further development and application of 
such modelling tools is seen to be an important part of energy planning and of INPRO, and the use of 
such tools will be integrated into the INPRO methodology as it is further developed.  

Finally, an INPRO manual is currently being completed, which will provide a detailed description of 
assessment methods in the different INPRO areas. 

 
4. INPRO: Further steps  
 
The INPRO methodology, as described in IAEA-TECDOC-1434, is now ready to be applied for the 
assessment of INSs in national and multinational studies. Several INPRO members have begun specific 
applications as follows. 

a) A joint assessment of an INS based on a closed fuel cycle with fast reactors. The partners for this study 
are China, France, India, the Republic of Korea and the Russian Federation with Japan as an observer. 

b) Studies of transitions from current LWRs to Generation 3+ with fast neutron reactors and an advanced 
fuel cycle in France. 

c) An analysis of the introduction of a block of 700 MWe for nuclear electricity production in countries 
with limited demands, based on either the ACR700 or CAREM300, in Argentina.  

Several studies are also planned in India and other INPRO countries. All these activities are expected to 
identify possible frameworks and options for collaborative RD&D for INS that might be performed in 
later phases of INPRO, and these include also research tasks that would make use of available research 
reactors.  

 
5. Research needs for INS development 
 
Future stages of INPRO will involve the selection of promising INS concepts and the identification of key 
R&D needs. Developing and validating such INSs will require that their key features are demonstrated in 
reasonable smaller experiments. The certification of all new materials, fuel assemblies and reactor cores 
will require a substantial amount of irradiation testing in dedicated research reactors, including in special 
loops. While the INPRO methodology for the assessment of INSs does not indicate non-traditional 
research directions beyond fuel certification, structural material (SM) development and integrated tests 
(including tests of safety aspects of failures), nevertheless the holistic consideration of INSs that is 
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implemented in the INPRO methodology, incorporating sustainability, economics, safety, environment, 
and non-proliferation perspectives, adds the requirement that all goals be achieved harmoniously for 
guaranteed performance. The sustainability requirements emphasize, with practical unanimity, the 
relevance of fast reactor technology with a closed fuel cycle, which will definitely create a high demand 
for research reactor experiments. In addition to the traditional characterization of fuel and structural 
materials from the mechanical and thermophysical points of view, and in addition to appropriate code 
development and validation for complex modelling of fuel and material behaviour, the major challenge 
will come from the flexibility required to accommodate high burn-up (economic requirement), high levels 
of minor actinides (waste minimization – environmental concern) and high levels of fission product 
impurities (economics-fabrication simplification, non-proliferation) for different types of fuel (metallic, 
nitride, oxide, etc.). Moreover, it will be necessary to assess the impact on fuel and SM performance of 
selected fuel reprocessing technologies (pyro, CO2 extraction, aqueous, etc.), fabrication processes (pellet, 
vibro, casting…) and other options. 

In the area of structural materials, beyond the characterization of material properties under high flux 
radiation, the challenges will concern compatibilities with coolants (heavy liquid metals, gases, molten 
salts, etc.), with different physical and chemical forms of fuel (metal, nitride, oxide, etc,), and with the 
impurities in the fuel after reprocessing and fabrication. 

Integrated RR experiments will be needed to validate both operational performance and safety related 
characteristics, i.e. the ability to work with low beta-effective and limited effects of cladding failure and 
fission product release, etc. 

In addition to the INPRO methodology and project outlined above, this assessment of research needs is 
also based on experience based on the development of existing reactor lines, i.e. L(H)WR, GCR, and 
LMFR. The Agency constantly monitors these developments and leads many activities on topical 
problems. Our latest analysis shows that more than 55 innovative reactor concepts and designs are being 
developed worldwide and many of them target the use of advanced materials for fuel, structure, coolant or 
non-conventional processes that need to be tested in research reactors. Examples are: 

• advanced MOX fuel with vibrocompacted nitride and enriched with MA for FRs, 
• high burn-up fuel (up to 100 GWd/tHM) for water cooled reactors, 
• composite ceramic fuel (pebble bed or prismatic block) for HTGRs, and 
• fuel and SM for long-life core operation (up to 30 years) without reloading and reshuffling fuel. 

 
6. Problems facing research reactors 
 
One group of issues is connected with ageing RRs and the associated problem of decommissioning.  The 
median age is 37 years for research reactors. For those research reactors where there are currently safety 
concerns, no plans for refurbishment and less than full self-sufficient use, the problem of 
decommissioning is pressing – entailing safety concerns, security concerns, a lack of funds for 
decommissioning, and the loss of experienced staff. Many research reactors that are shut down but not 
decommissioned still have fresh and/or spent fuel on-site.  

Regional cooperation can be a tool to improve utilization, and cooperation on the back-end of RRs could 
include management, storage, reprocessing, waste management and final disposal. The optimum prospect 
from the Agency’s point of view would be the replacement of ageing and under-utilized research reactors 
with more regional, state-of-the-art, high flux, multipurpose research reactors with integrated interim 
storage and facilities for final disposal. But this route has to overcome the second problem, converting 
from HEU to LEU fuel. 

Users of high flux RRs need a high-density reprocessable fuel.  This work is now supported by the U.S. 
RERTR programme (Reduced Enrichment for Research and Test Reactors), which has recently been 
extended to 2016 as a part of the GTRI (Global Threat Reduction Initiative). RERTR has as its goal the 
reduction and eventual elimination of all commerce in HEU for research reactors. High-density U-Mo 
fuel is under development as a replacement, although problems have been encountered with high burn-up. 
There is an additional U.S. programme, the Foreign Research Reactor Spent Nuclear Fuel Acceptance 
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Program, the objective of which is to recover spent research reactor fuel of U.S. origin containing HEU.  

 
7. Conclusion: Role of IAEA 
 
The Agency shares the view that research reactors must necessarily play a key role in the further 
development of the peaceful use of atomic energy, in the education and training of scientists and 
engineers, in fundamental research and science, in the nuclear industry and in applications such as isotope 
production, medicine treatment, radiobiology, etc. The IAEA will continue to assist Member States as 
before in the effective and safe utilization of RRs, in education and training, and in effective use for 
applications. But reflecting the new challenges with which we are faced, Agency assistance will 
increasingly address the problems of aging facilities and personnel, accumulated spent fuel, waste 
management, decommissioning, and correcting the under-utilization of some reactors. Within its available 
resources, the Agency has to focus on vulnerabilities in the areas of non-proliferation, safety, physical 
protection of material and personnel. The IAEA will support international initiatives on the conversion 
from HEU to LEU, repatriation of HEU to the country of origin, and the development of dense LEU fuel. 
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