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FOREWORD 

The International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) was 
launched in 2000, based on resolutions of the IAEA General Conference (GC(44)/RES/21). 
One of the INPRO objectives is to help to ensure that nuclear energy is available in the 
twenty-first century in a sustainable manner. To meet this objective, INPRO has been 
proceeding in steps.  

In Phase 1, INPRO developed a methodology for assessing the long term sustainability of a 
national or international nuclear energy system. This entailed establishing a set of basic 
principles pertaining to system sustainability, a set of user requirements in support of each basic 
principle, and a set of criteria for meeting each user requirement. The resulting INPRO 
methodology was documented in the form of a sustainability assessment guidance manual 
consisting of an overview volume and eight volumes covering economics, infrastructure, waste 
management, proliferation resistance, physical protection, environment, safety of reactors and 
safety of nuclear fuel cycle facilities. The first edition of that manual was published in 2008 as 
IAEA-TECDOC-1575/Rev.1. 

In Phase 2, Member States participating in INPRO have been performing national and 
international nuclear energy system assessments (NESAs) using the INPRO methodology. The 
results of NESAs completed by 2009 were published at the end of 2009 as 
IAEA-TECDOC-1636. Included in that publication were several proposals on how to update 
the INPRO methodology based on the experience of the assessors. Further recommendations 
on how to update the methodology were developed in parallel by the INPRO steering 
committee, IAEA experts and the INPRO group. 

All the proposals and recommendations were evaluated by internal and external experts at an 
IAEA consultancy meeting in 2012 and at a IAEA technical meeting in 2016. Based on the 
outcome of those meetings, the INPRO sustainability assessment methodology was updated. 
The INPRO methodology update presented in this publication applies to the area of waste 
management and reflects detailed discussions held at an IAEA technical meeting in 2016. 

The IAEA officers responsible for this publication were A. Korinny and J. Phillips of the 
Division of Nuclear Power. 
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SUMMARY 

This publication, which is part of the INPRO methodology manual, provides guidance for 
assessing the sustainability of a nuclear energy system (NES) in the area of waste management. 
The assessment approach described is not an application of the IAEA safety standards and does 
not provide guidance for the implementation of waste management activities in a country. The 
manual focuses instead on the International Project on Innovative Nuclear Reactors and Fuel 
Cycles (INPRO) methodology requirements in the area of radioactive waste management that 
need to be fulfilled to demonstrate the long-term sustainability of the assessed NES. 

All of the radioactive wastes that inevitably arise from the use of nuclear power and from 
nuclear applications in research, industry or medicine need to be managed safely. Because the 
INPRO methodology is focused on the sustainability of NESs, this manual will assess only the 
sustainable management of wastes generated by NES facilities, meaning nuclear power plants 
and nuclear fuel cycle facilities.1 

The part of INPRO methodology described employs one basic principle and three user 
requirements (UR1 to UR3) for assessing NES sustainability in the area of waste management. 
The basic principle sets out the goal that “Radioactive waste in a NES is managed in such a 
way that it will not impose undue burdens on future generations”. To meet the goal of the 
INPRO basic principle for sustainability assessment, corresponding user requirements ask the 
designer and operator of nuclear facilities to classify all wastes appropriately and minimize 
waste generation (UR1), take all intermediate steps in the waste management process into 
account (UR2), and define end states for all waste streams and have a plan and resources to 
move the waste streams to the specified end states as soon as practicable (UR3). 

The INPRO basic principle for sustainability assessment is based on the ethical consideration 
that the generations that receive the benefits of a practice bear the responsibility to manage the 
resulting consequences, including management of nuclear waste. Limited actions, however, 
may be passed to succeeding generations, such as the continuation of institutional control over 
a disposal facility, if and as needed. However, the NES should include provisions for the 
construction and operation of waste management facilities, and provisions for funding for the 
safe management of the waste in future and for the disposal of the waste at an appropriate time. 
The plans for management of the radioactive waste should, to the extent possible, not rely on 
long-term institutional arrangements or actions as a necessary safety feature, recognizing that 
the reliability of such arrangements is expected to decrease with time. 

In its first part, the INPRO user requirement UR1 for sustainability assessment asks the 
government and the operator to classify and categorize the radioactive waste arisings from an 
NES. The use of a broad classification scheme based on radioactivity concentrations and species 
is helpful in communication among workers, organizations and countries when discussing 
waste management plans. The IAEA has defined such a scheme, distinguishing six different 
classes of waste: exempt waste, very short lived waste (VSLW), very low level waste (VLLW), 
low level waste (LLW), intermediate level waste (ILW) and high level waste (HLW). However, 
such a scheme should be supplemented further by categorization of waste so as to include such 
factors as point of origin, physical state (solids, liquid, gas etc.), properties (physical, chemical, 
etc.), and process options (pretreatment, treatment, conditioning, storage, etc.) of the waste. The 
INPRO assessor is tasked to confirm that the classification and categorization system used in 

___________________________________________________________________________ 
1 Radioactive waste from military activities, research facilities and other nuclear applications such as medical and agricultural 
are generally outside the scope of the INPRO methodology. However, selected INPRO criteria might be found applicable and 
useful for the planning of waste management in these areas.  
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the assessed NES makes possible the unambiguous segregation and identification of waste 
arisings.  

The second part of INPRO user requirement UR1 asks the designer and operator of a nuclear 
facility to minimize waste generation at the source by design and operational procedures, with 
an emphasis on minimizing waste containing long lived radiotoxic components that would be 
mobile in a repository environment. Mobile radionuclides are the main contributors to the 
radiological impact of a storage facility or repository on humans and the environment. 
Examples of methods for reducing radioactive waste at the source include segregation of waste 
streams avoiding cross contamination, recycling and reuse of materials, consideration of 
decommissioning in the design phase, extraction of long lived uranium decay products in 
mining and milling operations, and reduction of secondary waste from waste processing. To 
check whether the designer and operator of a nuclear facility have fulfilled INPRO user 
requirement UR1, the INPRO assessor is asked to look for evidence that the waste minimization 
study has been performed, that the waste generated at the source in the assessed NES will be 
less than in a standard NES in use, or that a waste minimization study is available to be applied 
demonstrating international practice.  

The second INPRO user requirement, UR2, for sustainability assessment asks the operator of a 
nuclear facility and the government to take intermediate steps between generation of waste and 
the end state as early as reasonably practicable and to assure that these processes do not inhibit 
or complicate the achievement of the end state. The INPRO assessor is tasked to confirm that 
the time to process waste into the stable waste form (including the packaging) specified for the 
end state is consistent with the schedule for transferring the waste to its end state, and that 
sufficiently detailed process descriptions are available from the generation of waste to its final 
end state. 

The third INPRO user requirement, UR3, for sustainability assessment asks the nuclear facility 
operator and the government to specify an end state for each class of radioactive waste that 
provides permanent safety without further modification. An end state is the final stage of 
management of a particular radioactive waste stream or class, in which the waste is either 
passively safe and does not depend on institutional control (as in the case of a geological 
repository) or the need for institutional control is time-limited (as in the case of a near surface 
repository). The definition of an end state should include: the waste form and package; the final 
repository containing the waste package; a safety case for the final repository; and a schedule 
for achieving the end state. At present, there are a number of end states (i.e. disposal facilities) 
that have been licensed. Included are specific landfill disposal facilities for VLLW, near surface 
engineered disposal facilities for LLW, a disposal facility for ILW, a geological disposal facility 
for HLW from military activities, and disposal facilities for mining and mineral processing 
waste. No geological disposal facilities for HLW or spent nuclear fuel (SNF) declared as waste 
have yet been implemented, although two facilities (in Finland and Sweden) are under 
construction and similar facilities are under consideration (in various stages of R&D and 
preliminary design) in many other countries. The INPRO assessor is tasked to confirm that 
evidence is available that the required technology for all end states is feasible, that the time 
required to develop the technology to industrial scale is less than the time specified for waste 
to reach the end state, that all necessary resources are available in accordance with the size and 
growth rate of the NES, and that the time to reach all end states is estimated to be no longer 
than reasonably practical.  

INPRO user requirement UR3 also asks the operator and the government to assure that the costs 
of managing all waste in the life cycle of an NES is included in the cost of energy from the NES 
so as to cover the accumulated liability. A prerequisite for determining these costs is the 
existence of a waste management strategy that considers all steps from the generation of waste 



 
 

3 

to its final disposition in its end state. Based on the strategy, cost estimates, including total costs 
and cash flow over time, need to be prepared in the strategy implementation plan. In addition, 
the mechanism for collection of requisite funds has to be established. The INPRO assessor is 
tasked to confirm that funds necessary to meet this liability will be available in the future (e.g. 
placed in a segregated fund), and that the estimation of the size of these funds has been subjected 
to independent financial audit by waste management experts. 

To be sustainable in the long term, a NES needs to avoid undue burdens on future generations 
caused by nuclear waste. This can be achieved by the following measures: (a) reducing the 
generation of waste in the first place, (b) defining an adequate waste classification system to 
assist with planning for disposal, (c) achieving an adequate end state for all waste within a 
reasonable time frame, (d) including the costs of waste management, including disposal and 
decommissioning, in the cost of the NES, and (e) implementing adequate predisposal waste 
management activities. 
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1. INTRODUCTION 

1.1 BACKGROUND  

This publication is an update of Volume 4, Waste Management, of the INPRO manual 
published as IAEA-TECDOC-1575 Rev.1, Guidance for the Application of an Assessment 
Methodology for Innovative Nuclear Energy Systems [1]. The update is based on 
recommendations presented by Member States participating in the International Project on 
Innovative Nuclear Reactors and Fuel Cycles (INPRO) and supplemented by IAEA experts. 
The information presented in the INPRO methodology overview manual, published in Volume 
12 of Ref [1], should be considered to be an integral part of this publication and the user is 
invited to become familiar with that information. 

The concept of sustainable development was originally introduced in the 1980s. It defines 
sustainable development as development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs. This concept embraces 
all environmentally sensitive areas of human activities, including different types of energy 
production. In the area of nuclear energy, the focus of sustainable development is on solving 
key institutional and technological issues including nuclear accident risks, health and 
environment risks, proliferation risks, economic competitiveness, radioactive waste disposal, 
sufficiency of institutions and public acceptability. Sustainable development implies 
demonstration of progress in the key issue areas. The INPRO methodology is the tool for 
assessing the sustainability and sustainable development of a nuclear energy system (NES), that 
was originally created in 2003 under the aegis of the IAEA using broad philosophical outlines 
of the concept of sustainable development.  

INPRO basic principles, user requirements and criteria have been defined for assessing NES 
sustainability in different areas, i.e. economics, legal and institutional measures (infrastructure), 
waste management, proliferation resistance, environmental impact of stressors, environmental 
impact of depletion of resources, and safety of nuclear reactors and fuel cycles. The INPRO 
basic principles establish goals that should be met in order to achieve long term sustainability 
of a NES. An INPRO user requirement of sustainability defines what different stakeholders 
(users) in a NES should do to meet the goal defined in the basic principle. A criterion enables 
the assessor to check whether a user requirement has been met. Using the INPRO methodology 
to assess the sustainability of a nuclear energy system is a bottom-up exercise and consists of 
determining the value of each of the INPRO methodology indicators and comparing the value 
with the corresponding acceptance limit of the given criterion. The comparison then provides a 
basis for judging the capability of the assessed NES to meet the respective sustainability 
criterion. The ultimate goal of using the INPRO methodology is to check whether the NES 
assessed fulfils all the criteria and hence the user requirements and basic principles defined for 
the assessment of sustainability and therefore represents a long-term sustainable system for a 
Member State (or group of Member States).  

One possible output from an assessment is the identification of areas where a given NES needs 
to be improved. Given the comprehensive nature of an assessment using the INPRO 
methodology, such an assessment would be expected to indicate clearly the specific attributes 
of a NES that need to be improved. The assessment could thus become an important input to 

___________________________________________________________________________ 
2 An update of the INPRO methodology overview manual is in preparation 
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the identification of necessary activities or desirable research, development and demonstration 
objectives.  

Updated INPRO methodology manuals which have been already published can be found in 
Refs [2-5]. 

1.2 OBJECTIVE 

This volume of the updated INPRO manual provides guidance to the assessor of a planned NES 
(or a facility) on how to apply the INPRO methodology for sustainability assessment in the area 
of waste management. The INPRO assessment is expected either to confirm the fulfilment of 
all INPRO methodology waste management criteria or to identify which criteria are not fulfilled 
and note the corrective actions (including research, development and demonstration) that would 
be necessary to fulfil them.  

This publication is intended for use by organizations involved in the development and 
deployment of a NES including planning, design, modification, technical support and operation 
for waste management facilities. The INPRO assessor (or a team of assessors) is assumed to be 
knowledgeable in the area of radioactive waste management and/or may be using the support 
of qualified national or international organizations (e.g. the IAEA) with relevant experience and 
expertise. It is not necessary, however, for the assessor to be a specialist in waste management. 
The assessor should, nevertheless, be sufficiently familiar with the subject area to be able to 
judge whether or not a given INPRO methodology criterion has been satisfied. The manual has 
been written to meet the requirements of such an assessor. In some sections, this may lead to 
simplifications and wording that may differ from the wording used in the IAEA Safety 
Standards.  

1.3. SCOPE 

This manual provides guidance for assessing the sustainability of a NES in the area of waste 
management. Waste generated by NESs and considered in this publication includes all classes 
and categories of waste from nuclear power plants and nuclear fuel cycle facilities over the 
course of normal operations and anticipated operational occurrences. It is recognized that a 
given Member State may adopt additional criteria with indicators and acceptance limits that are 
more relevant to its circumstances. Accordingly, the information presented in Chapter 4 
(INPRO methodology criteria, user requirements and basic principle for sustainability 
assessment of NESs in the area of waste management) can be viewed as guidance.  

This INPRO methodology manual does not establish any specific safety requirements, 
recommendations or criteria. The INPRO methodology is an internationally developed metric 
for measuring nuclear energy system sustainability and is intended for use in support of nuclear 
energy system planning studies. IAEA safety requirements and guidance are only issued in the 
IAEA Safety Standards Series. Therefore, the basic principles, user requirements and associated 
criteria contained in the INPRO methodology should only be used for sustainability 
assessments. The INPRO methodology is typically used by Member States in conducting a self-
assessment of the sustainability and sustainable development of nuclear energy systems. This 
INPRO methodology manual should not be used for formal or authoritative safety assessments 
or safety analyses to address compliance with the IAEA Safety Standards or for any national 
regulatory purpose associated with the licensing or certification of nuclear facilities, 
technologies or activities. 
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The manual does not provide guidance on implementing waste management activities in a 
country. Rather, the intention is to check whether such activities and processes are (or will be) 
implemented in a manner that satisfies the INPRO methodology criteria, and hence the INPRO 
user requirements and basic principle for sustainability assessment in the area of waste 
management. 

This manual does not specifically consider the emissions of environmental stressors from waste 
management facilities but does include a generic discussion of safety cases for predisposal 
waste management facilities and end states. Radioactive and other emissions (chemicals, heat, 
etc) arising during normal operations and anticipated deviations from normal operations of NES 
facilities, including unconditional and conditional releases of waste, are discussed in a separate 
manual for the INPRO area of environmental impact of stressors [5]. Safety-related 
sustainability considerations for waste management installations operating as part of NPPs or 
nuclear fuel cycle facilities, including spent fuel storage and reprocessing facilities, are covered 
in the manuals for the INPRO areas of safety of reactors and fuel cycle facilities, i.e. in Volumes 
8 and 93 of Ref [1]. Radioactive and chemical emissions during accidents are likewise covered 
in the manuals for the INPRO areas of safety of reactors and fuel cycle facilities.  

Specific issues for managing radioactive wastes resulting from accidents or from military 
activities, research facilities, medical uses, and agricultural applications are beyond the scope 
of this publication. However, selected INPRO criteria might also be found applicable and useful 
for the planning of waste management in these areas. 

1.4. STRUCTURE 

This publication follows the relationship between the concept of sustainable development and 
different INPRO methodology areas. Section 2 describes the linkage between the United 
Nations Brundtland Commission’s concept of sustainable development and the IAEA’s INPRO 
methodology for assessing the sustainability of planned and evolving NESs in the area of waste 
management. It considers general features of waste management and presents relevant 
background information. Section 3 identifies the information that needs to be assembled to 
perform an INPRO assessment in the area of waste management. Section 4 provides guidance 
on assessing compliance with the INPRO waste management criteria and, hence, the user 
requirements and the basic principle for sustainability assessment in the area of waste 
management. Appendix I briefly describes the concept of ALARP, i.e. as low as reasonably 
practicable, taking social and economic factors into account. Appendix II presents normalized 
waste arisings of different NESs with different types of reactors based on average values of 
historical data. 

Table 1 provides an overview of the INPRO basic principle (BP), user requirements (UR) and 
criteria (CR) for sustainability assessment in the area of waste management.  

 

 

 

 

___________________________________________________________________________ 
3 Updates of these two published volumes are in preparation at time of press. 
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TABLE 1. OVERVIEW OF INPRO BP, UR AND CR FOR SUSTAINABILITY 
ASSESSMENT IN THE AREA OF WASTE MANAGEMENT 

INPRO Basic Principle for sustainability assessment in the area of waste management: Radioactive 
waste in a nuclear energy system is managed in such a way that it will not impose undue burdens on 
future generations. 

User requirements (UR) Criteria (CR) Indicators (IN) and Acceptance limits (AL) 

UR1: Classification, 
categorization, and 
minimization of waste. 
The radioactive waste is 
classified and categorized to 
facilitate waste management 
in all parts of the NES, and 
the NES is designed and 
operated to minimize the 
generation of waste at all 
stages, with emphasis on 
waste containing long-lived 
radio-toxic components that 
would be mobile in a 
repository environment. 

CR1.1: Waste 
classification and 
categorization 

IN1.1: Classification and categorization 
scheme. 
AL1.1: The scheme permits unambiguous, 
practical segregation for processing, storage 
and disposal, and identification of waste 
arisings. 

CR1.2: Waste 
minimization  

IN1.2: Characteristics of waste generated by 
the NES.  
AL1.2: NES waste specific characteristics 
(mass, volume, total activity; amount of alfa-
emitters, long-lived radionuclides and 
chemically toxic elements) have been 
minimized. 

UR2: Predisposal waste 
management. Intermediate 
steps between generation of 
the waste and the end state 
are taken as early as 
reasonably practicable. The 
processes do not inhibit or 
complicate the achievement 
of the end state.  

CR2.1: Process 
descriptions 

IN2.1: Process descriptions that encompass the 
entire waste life cycle. 
AL2.1: The complete chain of processes from 
generation to final end state is described in 
sufficient detail to make evident the feasibility 
of all steps. 

CR2.2: Time for 
waste form 
production 

IN2.2: Time to produce the waste form 
specified for the end state. 
AL2.2: Consistent with the schedule for 
transfer of the waste to its end state.  

CR2.3: Predisposal 
waste management 
safety 

IN2.3: Safety case for predisposal waste 
management facilities. 
AL2.3: Meets national regulatory standards 
and is consistent with applicable international 
safety standards. 
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TABLE 1. OVERVIEW OF INPRO BP, UR AND CR FOR SUSTAINABILITY 
ASSESSMENT IN THE AREA OF WASTE MANAGEMENT (cont.) 

User requirements (UR) Criteria (CR) Indicators (IN) and Acceptance limits (AL) 

UR3: End state. An 
achievable end state that 
provides permanent safety 
without further 
modification is specified 
for each class of waste. 
The waste is brought to 
this end state as soon as 
reasonably practicable. 

CR3.1: End state 
technology 

IN3.4: Availability of end state technology. 
AL3.4: End states are identified for all waste 
streams and all required technology is 
currently available or reasonably expected to 
be available on a schedule compatible with the 
schedule for introducing the waste 
management for all NES facilities. 

CR3.2: Safety of end 
state 

IN3.2: Safety case for the end state. 
AL3.2: Meets national regulatory standards 
and is consistent with applicable international 
safety standards. 

CR3.3: Schedule for 
achieving end state 

IN3.3: Time to reach the end state. 
AL3.3: As short as reasonably practicable. 

CR3.4: Resources 
for achieving end 
state 

IN3.4: Availability of resources. 
AL3.4: Resources (funding, space, capacity, 
etc.) are available for achieving the end state, 
compatible with the size and growth rate of the 
NES. Costs of all waste management steps are 
included as a specific line item in the product’s 
cost estimate. 
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2. GENERAL FEATURES OF WASTE MANAGEMENT  

This section provides general background information on management of radioactive waste 
arising in a NES. Radioactive waste is inevitably produced during nuclear power operations or 
nuclear materials applications in research, industry or medicine. The generated waste will need 
to be managed safely. The INPRO methodology is focused on the sustainability of NESs. 
Accordingly, this manual address only the assessment of sustainability related issues involving 
the management of waste generated by NES facilities, meaning nuclear power production and 
nuclear fuel cycle facilities.  

2.1. THE CONCEPT OF SUSTAINABLE DEVELOPMENT AND ITS RELATIONSHIP 
TO THE INPRO METHODOLOGY IN THE AREA OF WASTE MANAGEMENT 

The United Nations World Commission on Environment and Development Report [6] (often 
called the Brundtland Commission Report), defines sustainable development as “development 
that meets the needs of the present without compromising the ability of future generations to 
meet their own needs” (para.1). This definition:  

“contains within it two key concepts: 
 the concept of ‘needs’, in particular the essential needs of the world’s poor, to which 
overriding priority should be given; and 
 the idea of limitations imposed by the state of technology and social organization on the 
environment’s ability to meet present and future needs.” 

Based on this definition of sustainable development, a three-part test of any approach to 
sustainability and sustainable development was proposed within the INPRO project: 1) current 
development should be fit to the purpose of meeting current needs with minimized 
environmental impacts and acceptable economics, 2) current research, development and 
demonstration programmes should establish and maintain trends that lead to technological and 
institutional developments that serve as a platform for future generations to meet their needs, 
and 3) the approach to meeting current needs should not compromise the ability of future 
generations to meet their needs.  

The definition of sustainable development may appear obvious, yet passing the three-part test 
is not always straightforward when considering the complexities of implemented nuclear 
energy systems and their many supporting institutions. Indeed, many approaches may only pass 
one or perhaps two parts of the test in a given area and fail the others. 

The Brundtland Commission Report’s overview (para. 61 [6]) on nuclear energy summarized 
the topic as follows`:  

“After almost four decades of immense technological effort, nuclear energy has become 
widely used. During this period, however, the nature of its costs, risks, and benefits have 
become more evident and the subject of sharp controversy. Different countries world-wide 
take up different positions on the use of nuclear energy. The discussion in the Commission 
also reflected these different views and positions. Yet all agreed that the generation of nuclear 
power is only justifiable if there are solid solutions to the unsolved problems to which it gives 
rise. The highest priority should be accorded to research and development on environmentally 
sound and ecologically viable alternatives, as well as on means of increasing the safety of 
nuclear energy.” 

The Brundtland Commission Report presented its comments on nuclear energy in Chapter 7, 
Section III [6]. In the area of nuclear energy, the focus of sustainability and sustainable 
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development is on solving certain well known problems (referred to here as ‘key issues’) of 
institutional and technological significance. Sustainable development implies progress and 
solutions in the key issue areas. Seven key issues are discussed in Ref [6] (in this order): 

1. Proliferation risks; 
2. Economics; 
3. Health and environmental risks; 
4. Nuclear accident risks; 
5. Radioactive waste disposal; 
6. Sufficiency of national and international institutions (with particular emphasis on 

intergenerational and transnational responsibilities); 
7. Public acceptability. 

The INPRO methodology for the self-assessment of sustainability and sustainable development 
of a NES is based on the broad philosophical outlines of the Bruntland Commission’s concept 
of sustainable development described above. Although three decades have passed since the 
publication of the Brundtland Commission Report and eighteen years have passed since the 
initial consultancies on development of the INPRO methodology in 2001 the definitions and 
concepts remain valid. The key issues for sustainable development of NESs have remained 
essentially unchanged over the intervening decades, although significant historical events have 
starkly highlighted some of them. 

During this period, several notable events have had a direct bearing on nuclear energy 
sustainability with regard to non-proliferation, nuclear security, waste management, cost 
escalation of new construction and, most notably. safety. 

Each INPRO methodology manual examines a key issue of NES sustainable development. The 
structure of the methodology is a hierarchy of INPRO basic principles, INPRO user 
requirements for each basic principle, and specific INPRO criteria4 measuring whether each 
user requirement has been met. Under each INPRO basic principle for the sustainability 
assessment of NESs, the criteria include measures that take into consideration the three-part 
test based on the Brundtland Commission’s definition of sustainable development as described 
above. 

This INPRO manual focusses on the key issue of radioactive waste management associated 
with NES development and deployment. This manual does not specifically consider emissions 
of environmental stressors from waste management facilities except in the generic discussion 
of safety cases for predisposal waste management facilities and end states. The radioactive and 
other (chemicals, heat, etc.) emissions during normal operation and deviations from normal 
operation of the NES facilities, including unconditional and conditional releases of waste, are 
discussed under the INPRO area of environmental impact of stressors and published in a 
separate manual [5]. Safety issues of waste management installations operating as part of NPP 
or nuclear fuel cycle facilities, and safety of spent fuel storage and reprocessing facilities are 
covered under the INPRO areas of safety of reactors and fuel cycle facilities published in 
Volumes 8 and 95 of Ref [1]. The radioactive and chemical emissions during accidents are also 
covered under the INPRO areas of safety of reactors and fuel cycle facilities6. 

___________________________________________________________________________ 
4 INPRO basic principles, user requirements and criteria for sustainability assessment of NESs 

5 Updates of these two published volumes are currently in preparation. 

6 Specific issues of the management of radioactive waste produced as a result of accidents are outside the scope of consideration 
of the current version of INPRO methodology. 
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Historically, national nuclear power programmes have failed to address several important waste 
management aspects in a sufficient and timely manner, and those aspects have increasingly 
become hot topics in the area of public acceptance. Countries with nuclear power or nuclear 
fuel cycle facilities within their territory need to demonstrate real progress on implementing 
waste management practices. Countries planning to embark on a nuclear power programme 
have to plan commensurate waste management activities in parallel. Waste management 
expertise needs to be built up in parallel with developing the capacity to operate an NPP. Wastes 
need to be managed safely on an interim basis before final disposal. Plans need to be in place 
to establish disposal facilities, in due course, and progress needs to be made in moving towards 
disposal. Expertise is needed for both managing and planning and this usually means that a 
dedicated waste management organization has to be established. 

Nuclear power technologies produce radioactive waste that needs to be managed safely. Being 
in the nuclear business therefore means being in the radioactive waste management business. 
The extent of a country’s waste management business is commensurate with the extent of its 
nuclear business. A country’s operating nuclear power plants need to have a reasonably well 
developed waste management system within that country. Some waste management facilities 
may be incorporated into the design of the NPP, such as on-site facilities for interim storage of 
spent fuel and operational wastes, and these may come into operation at the same time as the 
plant. Other facilities will need to be established in due course. 

Today, there are discussions about possible regional waste management disposal facilities. 
However, because such facilities do not yet exist, it is recommended that countries achieve 
sustainability by basing their plans on having to dispose of radioactive wastes within their own 
territory unless other arrangements are envisioned through special bilateral or multilateral 
agreements (see e.g. Refs [7, 8]).  

Planning for, and analysing what is needed to develop, a robust safety case for disposal can 
avoid pitfalls in interim steps and resulting needs for remedial activities. Planning for a nuclear 
power plant means also planning for managing the waste from the power plant, including not 
only short term storage but all steps through to final disposal. 

The general goal of waste management is to manage radioactive wastes so as to protect human 
health and the environment, from the time that the waste is produced and into the future, with 
no limit over time or space. Consideration needs to be given to how, when and where harm 
might arise and to measures necessary to prevent it. The general goal also includes managing 
wastes in a manner that minimizes the burden passed to future generations. The generation that 
enjoys the benefits of the activities that give rise to the waste should assume responsibility for 
it and, to the extent possible, not pass this responsibility to their children and grandchildren. It 
can be said that we should operate nuclear energy systems in accordance with the ‘user-pays 
principle’.  

For a complete nuclear energy system and even for a single NPP, there are potentially many 
different waste streams. Operational wastes in an NPP may arise from the active laundry, from 
decontamination and maintenance of equipment such as valves, from the primary heat transport 
system and its clean-up system, from the storage pool and its clean up system, etc. There are 
many potential steps in waste management, depending on the waste. For example, some liquid 
wastes may be treated to remove most of the contamination, so that the treated liquid may be 
released to the environment and contamination removed from the liquid will represent a new 
waste that has to be managed, e.g. by stabilizing it in concrete and then placing it into storage. 
Waste storage or spent fuel storage are the interim steps. Eventually, all wastes have to be 
placed in an end state with the intention of not treating them further. Ideally, the safety of an 
end state has to be passive, i.e. does not require human intervention and does not depend on 
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energy supply. A waste management plan is required for each waste stream of each facility of 
a nuclear energy system. The plan sets out how the waste is to be processed and managed from 
its generation through to its placement in a safe end state. There are many potential waste 
streams and so there are, in principle, many individual plans. Waste management activities also 
produce wastes that need to be managed. 

End states may include free or unconditional release, e.g. release of liquids after they have been 
monitored to confirm that they meet release criteria agreed with the national regulatory body, 
monitored gas releases through a stack after filtering, and release of decontaminated metals or 
other materials, again after monitoring to confirm that free release criteria are met.7 End states 
may also include recycling and/or reuse of materials, tools, equipment, etc., although in due 
course such material may appear again as waste, e.g. when the plant is decommissioned. 
Monitored release and reuse are often part of on-going operations and can be often not thought 
of as a part of waste management. 

End states also include placing the waste in an engineered and licensed disposal facility, where 
the waste can be safely confined for as long as it represents a hazard and for which a safety case 
has been prepared to demonstrate the long term protection of human health and the 
environment. Depending on the class of waste, the disposal facilities may include surface 
mounds and subsurface disposal, near surface engineered systems and shallow rock caverns, 
and geological disposal. More details of the end state options are discussed in Section 2.5. 

In the past, perpetual storage has also been discussed as a potential end state in which long lived 
wastes would be moved from one storage facility to another, as the storage facility reached its 
end of life, in perpetuity. Theoretically speaking, this approach could be found economically 
attractive under certain conditions for some classes of waste, e.g. HLW and SNF, bearing in 
mind the essential difference in the specific cost between the storage and disposal facility and 
relatively high discount rates used in many countries for such projects. Occasionally, in some 
countries, the question of perpetual storage can be raised as an option, e.g. in interactions with 
the public. However, the INPRO methodology considers geological disposal to be superior, 
principally because the burden passed to future generations is much lower.  

For disposal of waste in an engineered facility, a safety case has to be developed to demonstrate 
its safety now and in the future. For a disposal facility, safety has to be demonstrated over long 
time frames following waste emplacement, and not just during the operation stage of this 
facility, i.e. the safety case for disposal of waste is fundamentally different from that for an 
operating nuclear facility.  

To minimize the burden passed to future generations, disposal facilities, ideally, need to be 
passively safe in the long term. That means they will not require energy supply and human 
oversight or intervention. Once the waste is placed in a disposal facility, it can be left there 
indefinitely with no need for monitoring or any other action. Passive safety, however, does not 
mean that oversight cannot be maintained if society wants to do so, as long as the oversight 
activities, including any associated monitoring, do not impair the passive safety. Further, 
passive safety does not mean that waste is not potentially retrievable for a future society. This 
is an important point for countries that consider adopting a once through fuel cycle.  

Disposing of spent fuel in an engineered geological disposal facility may not necessarily mean 
that the spent fuel cannot be retrieved. It means that there will not be a need to take any further 
action from the point of view of safety and environmental protection. But if a future society 
decides to retrieve the waste for some reason, it could do so, e.g. to reprocess it. By 
___________________________________________________________________________ 
7 In some Member States, the end states may include conditional release of waste, e.g. solids and liquids only for disposal (in 
conventional facilities) or buildings only for demolition and subsequent disposal in conventional disposal facilities. 
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implementing disposal of spent fuel, such countries demonstrate that there is a waste 
management solution for long lived highly active wastes such as spent fuel and, eventually, for 
the high-level waste from reprocessing. Providing for the waste to be emplaced in a retrievable 
manner enhances the possibility of reversing decisions in repository development and provides 
an additional degree of flexibility, such as allowing the on-going development of the repository 
to respond to new technical information or policy directives.  

The declared and demonstrated possibility of retrieving the waste at each stage after 
emplacement may also have public and political confidence benefits, in that it removes the 
concerns that some decision-makers may have about committing irreversibly to a given 
decision. There may, however, be technical, policy-related, and security disadvantages which 
deserve consideration. In particular, the application of nuclear safeguards to a repository in 
which the wastes remain ‘retrievable’ has not been worked out yet and deserves further 
attention. In addition, there is an argument that ‘retrievability’ runs counter to the primary 
objectives of geological disposal to provide permanent safety and not to facilitate irresponsible 
attempts to retrieve the waste or repository materials. The present consensus amongst the 
engaged technical community is that ‘retrievability’ can be considered in geological disposal 
programmes, but that it is not essential for safety [9]. If incorporated, it can be considered 
consistent with the primary objective of providing adequate long-term safety and security only 
if it is implemented in such a way as not to reduce long-term passive safety, to preserve adequate 
security, and not to impose undue burdens on future generations. 

The INPRO methodology in the area of waste management is not guidance on how to 
implement waste management in a given nuclear energy system. This manual provides a tool 
for assessing whether the waste management is being done well enough to achieve a sustainable 
nuclear energy system. To judge the sustainability of the NES, all components from the front 
end facilities to the back end facilities need to be included in the INPRO assessment. The 
complete fuel cycle has many different types of waste. A full scope INPRO assessment in the 
area of waste management is expected to consider all such wastes. However, where a country 
is considering its first NPP, it may be better to start with a focus on just a few wastes – for 
example operational waste and spent fuel from the NPP – and then extend the thinking and 
assessment to include all wastes.  

2.2. NES ACTIVITIES PRODUCING WASTE  

Generally, an INPRO assessment is carried out for a specific NES that has been defined in an 
energy system planning study and meets the energy demand over time of a specific energy 
scenario in a country (see overview manual8 of the INPRO methodology [1]). For assessing 
compliance with the INPRO methodology basic principle and user requirements in the area of 
waste management, the assessment needs to take into account the complete NES, i.e. all its 
components (facilities), so that an adequate estimate of waste arising from the entire system, 
including those from decommissioning of the NES components, can be obtained. The waste 
arising from a number of NES activities needs to be taken into account in the assessment, 
including those from: 

 Mining and milling; 
 Uranium refining, conversion and enrichment; 

___________________________________________________________________________ 
8 The update of the INPRO methodology overview manual is in preparation. This publication will include an updated section 
explaining the link between the energy system planning, nuclear energy system modelling and sustainability assessment of the 
nuclear energy system. 
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 Fuel fabrication; 
 Reactor operation; 
 Fuel reprocessing; 
 Waste processing; 
 Decommissioning; and 
 Waste transportation, and storage. 

For the majority of these NES activities, there already exists extensive experience with 
managing the associated nuclear wastes, including their final disposition. This experience 
should be referenced in performing any assessment of a NES and especially for a country that 
is embarking on a nuclear power program. Given this experience base, the emphasis of an 
INPRO assessment in a country with an operating nuclear power programme may, in many 
cases, be focused on NES components (facilities) that represent a significant departure from 
past experience, i.e. an innovation.  

2.3. OVERVIEW OF WASTE MANAGEMENT STEPS  

In general, the management of waste involves a number of steps, as illustrated schematically in 
Fig. 1, leading to final disposition of the waste, namely placing it into its end state. The end 
state needs to be such that, ideally, long-term safety is assured without the need for institutional 
control. This does not mean that, once waste has been placed into such a passively safe end 
state, society would not seek to maintain institutional control, but rather that safety would be 
assured even if such controls were not maintained in the long term.  

As can be seen from Fig. 1, a number of intermediate steps may be taken prior to placing a 
waste in its end state. Examples of intermediate steps are: segregating the waste in accordance 
with available processing options, treating the waste to reduce volume and increase 
concentration per mass, conditioning the waste to ensure that it will be chemically stable in its 
end state (one factor contributing to passive safety), or processing gaseous or liquid wastes to 
remove the radioactive components so that the purified liquid or gas can be discharged or 
managed as a non-radioactive material. For a given waste stream or type of waste, a 
management scheme will have been (or will need to be) specified so that it is safely managed 
through a variety of intermediate steps leading to its end state. For the most part, passively safe 
end states are achieved using a process of concentration and confinement. 

However, for some wastes, particularly gaseous and liquid wastes, the end state may be a 
controlled release to the environment where the wastes are dispersed and diluted. But, for both 
the concentrate and confine approach and the dilute and disperse approach, the intermediate 
steps, i.e. waste treatment, conditioning and packaging, have to be defined taking into account 
the expected end state. At the same time, the intermediate steps have to be consistent with 
ensuring that the waste is safely managed until the end state is achieved and, in the case of 
storage, represents an interim method of safely isolating the waste until it is placed in its end 
state.  
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FIG.1. Steps in radioactive waste management9 (adapted from Ref [10]) 

For a given waste, the classification and categorization of the waste and knowledge of its 
properties (radiological, physical, chemical, origin, etc.) will lead to a management strategy that 
sets out the various intermediate steps and the end state. 

2.4. CLASSIFICATION AND CATEGORIZATION OF RADIOACTIVE WASTE  

2.4.1.  Classification of waste 

Although terms such as low level, intermediate level, etc are used to classify waste, it is the 
properties of the waste streams, waste forms, disposal packages, and end state facility designs 
that ultimately decide what wastes end up in what kinds of disposal facilities. Substantial work 
is required to classify and categorize the different waste streams that may arise in a given 
nuclear facility and on-going effort is necessary to ensure that the steps in processing and 
storage do not adversely impact the safety case for a given end state.  

Nonetheless, the use of a broad classification scheme is helpful for communication among 
workers, organizations and nations when discussing waste management plans. The concept of 
a waste classification system allows identification of waste with sufficiently low activity 
concentrations that it could be disposed of in near-surface disposal facilities or the waste that 
needs to be disposed of in geological disposal facilities with more robust containment and 
isolation features. In addition, classification is a good tool to allow identification of waste that 
can be cleared from control with regard to radiation safety. 

Waste classes [11] based on radioactivity concentrations and species content to be used to 
determine the corresponding mode of disposal include the following: 

 Exempt Waste (EW) has such a low concentration of radioactive nuclides that it can be 
cleared from further regulatory control in accordance with the criteria to be defined by the 
regulator [12], as it does not require provisions for radiation protection. There are no 
radiological restrictions for disposal in conventional landfills or recycling; 

 Very Short Lived Waste (VSLW) is waste containing primarily radionuclides that decay to 
insignificant levels within a period of up to a few years, and that can be stored for decay at 

___________________________________________________________________________ 
9 Transport of waste may be required for every waste management step. 

Waste generation 

Pretreatment (collection, segregation, chemical adjustment, decontamination) 

Treatment (volume reduction, activity removal, change of composition) 

Waste Storage 

Waste Disposal (End State) 

Conditioning (immobilisation, packaging, overpack) 
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the nuclear facility and subsequently cleared from regulatory control for uncontrolled 
disposal, i.e. become exempt waste; 

 Very Low Level Waste (VLLW) does not comply with clearance criteria of exempt waste 
and can contain radionuclide levels one to two orders of magnitude above these criteria but 
does not need a high level of containment and isolation and, therefore, is suitable for 
disposal in engineered near surface landfill type facilities with limited regulatory control. 
Examples of VLLW are wastes from operation and decommissioning of nuclear facilities 
[13–15] with levels of activity slightly above the clearance level or residuals from mining 
and milling;  

 Low Level Waste (LLW) exceeds exemption status but contains primarily short lived 
radionuclides (half-life < 30 years) with limited amounts of long lived radionuclides (half-
life > 30 years). Some countries [16–18] limit the amount of long-lived alpha emitters (e.g. 
239Pu, 241Am) to 4000 Bq/g in individual waste packages (or to an overall average of 
400 Bq/g), but for long-lived gamma and beta emitting radionuclides (e.g. 14C, 36Cl, 63Ni, 
93Zr, 94Nb, 99Tc and 129I) the allowable activity may be up to tens of kBq/g. LLW covers a 
wide range of activity concentrations: It can have an activity level just above that for 
VLLW not requiring shielding, isolation and containment, up to levels of activity 
concentration that requires shielding, robust isolation and containment for periods up a few 
hundred years. LLW is generally suitable for disposal in engineered near surface disposal 
facilities; 

 Intermediate Level Waste (ILW) contains amounts of long-lived (half-life > 30 years) 
radionuclides making it unsuitable for engineered near surface disposal. Disposal in 
facilities at greater depth than near surface facilities, i.e. in the order of tens of meters to a 
few hundred meters is necessary for ILW. However, ILW needs no provision, or only 
limited provision, for heat dissipation by radioactive decay during its storage and disposal;  

 High-Level Waste (HLW) is described as waste with long-lived radionuclide 
concentrations exceeding the limitations for short-lived Low and Intermediate Level Waste 
(LILW). HLW requires a higher degree of isolation from the environment for long periods 
of time. HLW typically has levels of activity concentration in the range of 104 to 106 
TBq/m3 (e.g. for spent fuel directly after removal from power reactor core, which some 
States consider radioactive waste). HLW includes conditioned waste arising from the 
reprocessing [19] of spent fuel together with any other waste requiring a comparable degree 
of containment and isolation. At the time of disposal, following a few decades of cooling 
time, waste containing such mixed fission products typically has levels of activity 
concentration of around 104 TBq/m3, and a significant heat output, by the radioactive 
decay. These characteristics need to be considered in the disposal facility for such waste, 
which needs to be located in deep, stable geological formations several hundred meters or 
more below the surface, considering surrounding geothermal conditions and barrier 
performance of the facility.  

Fig. 2 illustrates for each class of waste presented above its potential end state (disposal 
facility), based on activity content and half-life of the radioactive nuclides in the waste [11]. 
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FIG. 2. Conceptual illustration of a waste classification scheme [11]. 

2.4.2.  Categorization of waste 

Classifying wastes based solely on radioactivity concentrations and species content is plausible, 
if it is based on the long-term safety aspects of waste disposal; however it has been proven that 
this approach needs to be supplemented or differentiated further by categorization of waste [11, 
20, 21] so as to include such factors as origin, type of waste, properties, and process options to 
be viable for all waste types during every phase of the waste management process in the 
operation of nuclear facilities.  

Properties of waste include:  

 Radiological properties, e.g. half-life, activity and concentration of radionuclides, heat 
generation, decay products; 

 Physical properties, e.g. solid, liquid and gaseous state, volume and weight, compactibility;  
 Chemical properties, e.g. chemical composition and potential chemical hazard, solubility, 

combustibility and flammability, organic content, gas generation, corrosiveness;  
 Biological properties such as bio-accumulation and potential biological hazards.  

Examples of types of operational waste are dry solids, resins, sludges, slurry, aqueous or organic 
liquids, gases, metal, etc. The properties of wastes can be subdivided into (i) the properties of 
raw waste (as generated) that are essential to the determination of treatment methods, then (ii) 
the properties of treated waste that are essential for the selection of conditioning (stabilization) 
methods used for obtaining the waste form, and finally (iii) the properties of the waste form to 
select adequate packaging for disposal or storage. Process options include waste pretreatment, 
e.g. collection, segregation, and in situ decontamination, treatment of waste, e.g. volume 
reduction, removal of radionuclides from the waste, change of form by chemical process, etc., 
and waste conditioning, such as solidifying liquid waste in a glass, cement, bitumen or polymer, 
and putting the waste into a container suitable for transport and/or disposal.  

Management of waste from generation to its end state, through various steps, should be 
considered in national radioactive waste management strategies [22]. Fig. 3 summarizes an 
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example of a waste management strategy that has been prepared for Canada’s nuclear 
laboratories at Chalk River, Ontario and Whiteshell, Manitoba. 

 

 

FIG.3. Atomic Energy of Canada Limited waste management policy for the Chalk River and 
Whiteshell laboratories (adapted from Ref [1]). 

The discussion has so far touched upon wastes from mining and milling, reactor operation, and 
fuel reprocessing. Uranium bearing waste materials from uranium refining, conversion, 
enrichment and fuel manufacturing are extensively recycled either within the facility or to 
another facility for uranium recovery. Nonetheless, small volumes of radioactive waste arise 
that need to be placed into a safe end state.  

As was noted in Section 2.1, the wastes arising from all components (facilities) of a NES need 
to be taken into account in performing a waste management assessment. Given the diversity of 
the wastes and related options for waste management, such an assessment will require input 
from a variety of technical specialists. 
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2.5. END STATES OF NUCLEAR WASTE 

A given nuclear facility may generate a number of waste streams, and a management option 
will need to be defined for each stream to transfer the waste to its end state. End states include 
free or unconditional release, e.g. discharges of gas and liquids after they have been monitored 
to confirm that they meet discharge criteria agreed to with the responsible authority in the 
particular country. Other examples of free release may include release of decontaminated 
metals or other materials, again after monitoring to confirm that free release criteria are met. 
Waste management options also include recycling and /or reuse of materials, tools, equipment, 
etc., although in due course such material may appear again as a waste – for example when the 
plant is decommissioned. It is noted that monitored discharges and material reuse are often just 
part of ongoing operations and are often not thought of as options for waste management. 

At present, there are a number of end states, i.e. disposal facilities, that have been licensed or 
are being developed. These include the following [23]: 

 
“(a) Specific landfill disposal: Disposal in a facility similar to a conventional landfill facility 

for industrial refuse but which may incorporate measures to cover the waste. Such a 
facility may be designated as a disposal facility for VLLW with low concentrations or 
quantities of radioactive content [11]. Typical waste disposed of in a facility of this type 
may include soil and rubble arising from decommissioning activities. 

(b) Near surface disposal: Disposal in a facility consisting of engineered trenches or vaults 
constructed on the ground surface or up to a few tens of metres below ground level. Such 
a facility may be designated as a disposal facility for LLW [11]. 

(c) Disposal of intermediate level waste: Depending on its characteristics, ILW can be 
disposed of in different types of facility [11]. Disposal could be by emplacement in a 
facility constructed in caverns, vaults or silos at least a few tens of metres below ground 
level and up to a few hundred metres below ground level. It could include purposely built 
facilities and facilities developed in or from existing mines. It could also include facilities 
developed by drift mining into mountainsides or hillsides, in which case the overlying 
cover could be more than 100 m deep. 

(d) Geological disposal: Disposal in a facility constructed in tunnels, vaults or silos in a 
particular geological formation (e.g. in terms of its long term stability and its 
hydrogeological properties) at least a few hundred metres below ground level. Such a 
facility could be designed to receive HLW [11], including spent fuel if it is to be treated 
as waste. However, with appropriate design, a geological disposal facility could receive 
all types of radioactive waste. 

(e) Borehole disposal: Disposal in a facility consisting of an array of boreholes, or a single 
borehole, which may be between a few tens of metres up to a few hundreds of metres 
deep. Such a borehole disposal facility is designed for the disposal of only relatively small 
volumes of waste, in particular disused sealed radioactive sources. A design option for 
very deep boreholes, several kilometres deep, has been examined for the disposal of solid 
HLW and SNF, but this option has not been adopted for a disposal facility by any State. 

(f) Disposal of mining and mineral processing waste: Disposal usually on or near the ground 
surface, but the manner and the large volumes in which the waste arises, its 
physicochemical form and its content of long lived radionuclides of natural origin 
distinguish it from other radioactive waste. The waste is generally stabilized in situ and 
covered with various layers of rock and soil.” 

 

As stated in Ref [23], the term ‘disposal’ refers to the emplacement of radioactive waste into a 
facility or a location with no intention of retrieving the waste, although the possibility of 
retrieval is not ruled out (see Ref [9]). 
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The relatively large volume of mining and mineral processing waste, natural radionuclides such 
as 226Ra, and chemically toxic materials such as arsenic, impose constraints on the nature of the 
end states that can be practically utilized. Above ground mounds, water covers and pits [24–
27] have been used in the past to isolate such wastes, but so-called pervious surround techniques 
[28–30] are more recently being applied. Although barriers can be incorporated into the designs 
of above grounds mounds to limit the release of contaminants, it is recognized that the proximity 
of wastes to the surface means that human intrusion remains a distinct possibility should 
institutional controls fail. Therefore, to limit the impact of such intrusion, care needs to be taken 
to reduce the concentrations of radioactivity in such facilities. Since pervious surround systems 
are constructed below the surface, they would seem to be less prone to inadvertent human 
intrusion, although such intrusion still remains a possibility. 

It is noted that, as of 2019, disposal of VLLW, LLW and ILW was already an established 
industrial practice. In Ref [31], an overview of both proven and potential approaches for ILW 
disposal facilities is presented. Commercial operational experience does not yet exist for the 
disposal of HLW, although a license for construction of the spent nuclear fuel disposal facility 
in Finland was granted by the Finnish authority in 2015. 

 

FIG.4. Timeline for the development of a geological disposal facility [32]. 

Geological disposal is defined [23] as the emplacement of solid radioactive waste in an 
underground facility in a stable geological formation (host rock). Three broad periods 
associated with the development – typically taking place over several decades – of a geological 
disposal facility can be identified: (i) the pre-operational period includes the definition of 
concepts, site investigation and selection, design studies and development of the safety case to 
receive regulatory approval of the construction; (ii) the operational period begins when waste 
is first received at the facility; and (iii) the post-closure period begins after all engineered 
containment and isolation features have been put in place, i.e. the facility has reached its final 
configuration. Fig. 4 illustrates these three development periods of a geological disposal 
facility. 

The time line shown above is in principle also valid for all other types of waste disposal facilities 
discussed before [15, 33].  
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2.6. ORGANISATIONS FOR WASTE MANAGEMENT  

In many Member States, waste management activities are carried out by at least two different 
organizations/entities, namely the owner/operator of the facility in which the waste is generated, 
and the owner/operator of the end state facility. In some cases, on the waste generation side, or 
on the waste processing side, different operating divisions of the same entity could be involved, 
as could entirely different entities. The owner/operator of the facility in which the waste is 
generated will classify and segregate the wastes from that facility, and possibly process the 
waste to the disposal ready form and provide storage, before transferring the waste to the 
owner/operator of the end state facility for disposal.  

In most cases, the owner/operator of the end state facility would take responsibility for siting, 
constructing, licensing, and operating the end state facility and then decommissioning it and 
placing it in its final configuration (called closure). That entity normally defines waste 
acceptance criteria based on the safety case for the end state facility and inventory of the 
existing and forecast waste. Waste acceptance criteria are usually discussed with waste 
generators/processors and approved by the responsible regulator.10 The owner/operator of the 
facility in which the waste arises will have to comply with waste acceptance criteria once these 
are accepted by all involved. In some cases, the operator of the end state facility may partially 
or completely process the wastes received.  

Ref [34] provides detailed recommendations and guidance on the safety infrastructure – 
including that for radioactive waste management, spent fuel management and decommissioning 
– that needs to be established before deciding to launch a nuclear power programme and during 
the preparation for and construction of the first NPP. 

2.7. COSTS OF WASTE MANAGEMENT  

In general, the costs of waste management are included in the price of the product that results 
in waste generation. Therefore, the cost of uranium from a given mine would be expected to 
include the costs that the mine owner incurs to manage the mine wastes. Similarly, the price 
that a fuel manufacturer charges, would be expected to include the cost that the manufacturer 
incurs in managing the associated wastes.  

Where end state facilities exist, and wastes are being transferred to these facilities, the costs for 
waste management will reflect actual costs. In some situations, end state facilities may not yet 
be operating, most notably end state facilities for spent fuel (open fuel cycle) and HLW and 
long lived waste from the reprocessing of SNF (closed fuel cycle). In such situations, the 
operator of the facility in which the waste originates is expected to be working either with the 
entity responsible for establishing the end state facility or with the responsible body in the 
government that will represent the interests of the State and the public. The estimate, with 
appropriate contingencies and costs for placing the wastes in the end state, including the cost 
of establishing and operating the end state facility, should be included in the price of the 
product. A utility operating a power reactor on an open fuel cycle should include the cost of 
disposing of the spent fuel (as well as of its storage prior to disposal) in the price of electricity 
produced by the nuclear power plant.  

___________________________________________________________________________ 
10 Regulatory approval requires demonstrated compliance with applicable safety, security, and environmental standards. 
Additional considerations (e.g. cost efficiency, logistics) may thus necessitate additional waste acceptance criteria beyond those 
required for regulatory approval. 
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Similarly, the operator of a reprocessing facility should include, one way or another, the cost of 
disposing of the associated wastes in the price charged. Today, reprocessing contracts normally 
require that the resulting HLW be returned to the customer, i.e. the utility that contracted for 
the reprocessing, so that the utility bears the cost of disposal for these wastes directly. On the 
other hand, the waste processing company normally retains the long-lived LILW and so 
includes the cost of disposing of this waste in the price charged to the utility for reprocessing. 
This means that the utility incurs the cost as an indirect cost. Regardless of the details, the price 
of electricity from a nuclear power plant will normally include a financial provision for the 
costs of managing its used fuel and/or reprocessing wastes, and will also include, indirectly, the 
costs of managing wastes from the front end of the fuel cycle as a fuel expense.  
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3. NECESSARY INPUT FOR A SUSTAINABILITY ASSESSMENT IN THE AREA 
OF WASTE MANAGEMENT 

This section defines the necessary input for an INPRO sustainability assessment in the area of 
waste management and the corresponding sources of information. 

3.1. GENERAL DESCRIPTION OF NECESSARY INPUT 

The INPRO methodology user requirements for sustainability assessment in the area of waste 
management call for: 

 Adequate classification of wastes to facilitate waste management (INPRO user requirement 
UR1); 

 Waste to be minimized (UR1); 
 Waste to be managed so that all intermediate steps in the waste management process are 

taken into account (UR2). 
 Determination of end states for all classes of nuclear wastes and transfer of wastes to the 

end states as soon as practicable (UR3),  
 Inclusion of the cost of all waste management activities in the estimated cost of energy 

from the nuclear energy system (UR3), 

The basic task facing an INPRO assessor in the area of waste management is to determine, for 
each of the facilities that comprise the nuclear energy system (NES), whether:  

 Wastes have been classified; 
 There is evidence of waste minimization;  
 End states have been defined for all wastes and there is evidence that wastes will be 

transferred to the specified end states as soon as practicable; 
 Costs to manage waste are included in the cost of energy from the NES; 
 All intermediate steps required to manage the waste have been taken into account. 

As discussed in Section 2.2, management of a waste needs to be defined for a given waste that 
describes how the waste is to be managed from its generation to the placement of the waste in 
its end state. This means that the INPRO assessor needs descriptions of how wastes are managed 
(or proposed to be managed) for each of the facilities comprising the NES that is being assessed. 
These should contain the information needed by the assessor and they are supposed to be 
provided upon request to the assessor by the appropriate national organization if it is established 
(see Section 2.6) or by all parties involved in waste management activities (e.g. generator, 
processor and disposal operator).  

An important feature of an effective and efficient waste management system is the existence of 
an adequate national system of classification and categorization for the processing of 
radioactive waste. The INPRO assessor needs to review that national system and confirm its 
adequacy.  

In addition, the INPRO assessor needs to ascertain from the various organizations involved in 
the fuel cycle (e.g. mine operators, fuel manufacturers, and power plant operator) how the costs 
for management of waste are determined for each facility in the NES and whether they are 
reflected in the price of the associated products to ensure that the all of these costs have been 
accounted for.  
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3.2. ASSESSMENT INPUT NEEDED FOR A COUNTRY WITH EXPERIENCE OF 
OPERATING NUCLEAR POWER PLANTS 

In conducting an INPRO sustainability assessment for a NES within a country that is already 
operating nuclear power plants, the assessor can generally expect to find that the country 
already has a well-developed set of waste management facilities and processes in place for each 
type of nuclear facility already operating in that country, such as mining facilities, fuel 
manufacturing facilities, nuclear power plants, etc, including end state facilities for short lived 
wastes. It can further be expected that the responsibilities of all parties involved are well 
understood and that waste management organizations are in place that have been given the 
responsibility for establishing end state facilities for all types of waste, including those for spent 
fuel declared as waste and/or HLW from reprocessing and for other long lived wastes.  

The assessor would seek to obtain from each of the facilities in operation a description of the 
waste management practices being followed to determine whether they comply with the INPRO 
methodology requirements, or whether they would have to be modified. For example, if current 
operating reactors are using an open fuel cycle with plans for direct disposal of the spent fuel, 
and the NES being assessed is based on a closed fuel cycle which would necessitate 
reprocessing, the existing waste management plans would have to be modified to take into 
account the wastes from reprocessing. It would then be up to the designer of the NES to provide 
information on how the existing waste management practices would be modified to enable the 
assessor to complete the assessment.  

It may also be the case that current waste management practices in some countries with 
operating nuclear power plants do not fully comply with the sustainability requirements in the 
INPRO methodology area of waste management. This would become clear as the assessor 
discusses and reviews waste management practices with the operators of the various facilities.  

3.3. ASSESSMENT INPUT NEEDED FOR A COUNTRY PLANNING ITS FIRST 
NUCLEAR POWER PLANT 

For a country planning its first nuclear power plant, it is unlikely that waste management plans 
will already be in place. Therefore, as part of the planning for infrastructure [35], the issue of 
waste management will need to be addressed, and, in particular, responsibility will need to be 
assigned for siting, constructing and operating end state facilities for the waste from the nuclear 
power plant. This responsibility can be set out in the nuclear law or the government can use 
some other appropriate mechanism to establish a waste management policy. There are several 
possibilities. One is to assign responsibility to the owner/operator of the nuclear power plant, 
which may then create a dedicated division within its organization or establish a separate 
company to fulfil this responsibility. Another approach is for the government to retain 
responsibility for end state waste management facilities and to establish a dedicated government 
owned organization to discharge this responsibility but to recover the costs of doing so through 
a fee charged to the owner/operator of the nuclear power plant. In any case, an organization(s) 
responsible for end state facilities needs to be established as planning for a first nuclear power 
plant proceeds [34]. 

The owner/operator of the nuclear power plant will have to establish plans for managing the 
wastes produced by the power plant on an interim basis until the wastes are transferred to the 
operator of the end state facilities. The organization with responsibilities for the end state 
facilities will have to establish plans for siting, constructing and bringing these facilities into 
operation in due course. The operators of the nuclear power plant and of the end state facilities 
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will need to coordinate their planning. End state facilities for operational radioactive waste from 
an NPP, other than HLW, need to be put into operation as soon as reasonably practicable, 
depending on the chosen waste management practice and availability of storage options at the 
plant site. The time taken to site, design, construct, and bring into operation a disposal facility 
for HLW (such as SNF declared as waste) is relatively long (usually a few decades) and the 
process is also relatively costly. Therefore, while considerations for such a HLW facility need 
to begin early in the process of planning for a first nuclear power plant, significant expenditures 
on implementing the plan would likely commence only after the first plant had entered into 
operation and provided a revenue stream to fund the implementation activities.  

It is recommended that, for a first nuclear power plant, the INPRO assessment should initially 
focus on the waste from the power plant only. To simplify matters, it can further be assumed 
that an open fuel cycle will be used. Early on in the planning for a first nuclear power plant, it 
is likely that little evidence will be available for determining whether the INPRO methodology 
requirements in the area of waste management will be met. At such an early stage, the INPRO 
assessment in the area of waste management will serve primarily to identify gaps in knowledge 
and planning that will need to be addressed as the nuclear power programme proceeds. 
Subsequent INPRO assessments can be used to track progress. By the time the first nuclear 
power plant comes into operation, it would be expected that planning for managing the waste 
produced by the power plant, and implementation of these plans, would be sufficiently 
developed to support a conclusion that the INPRO methodology requirements will be met at 
least for the nuclear power plant. As experience is gained with the INPRO methodology, the 
scope of the INPRO assessment would be expanded to cover the other components of the NES, 
as required by the methodology, including, if necessary, reprocessing facilities and the 
management of long-lived wastes from reprocessing. 

As stated before, it is assumed that an INPRO assessor in the area of waste management will 
have a general background in nuclear waste management. For a country that is just starting to 
plan for a first nuclear power plant, such an expert may not be available within the country. In 
that case, the country will need to assign responsibility for the INPRO assessment in the area 
of waste management to some organization. The selected organization could then very well 
become the lead organization for establishing the end state facilities and have a resulting need 
to develop its expertise.  

This manual provides guidance on how to perform an INPRO assessment of NES sustainability 
in the area of waste management. Additionally, this publication contains general information 
on waste management strategies and planning that can be of particular assistance to countries 
that are new to radioactive waste management. However, the publication is not intended to 
serve as a general manual for waste management or as guidance on how to manage waste. 

3.4. SUMMARY OF SOURCES OF INFORMATION FOR AN INPRO ASSESSMENT 

The task of an INPRO assessor in the area of waste management is largely to assemble 
information on waste management strategies, plans, and activities from the many different 
organizations that (will) operate the nuclear facilities, including the waste management 
facilities that comprise the NES being evaluated. Where such facilities exist, the information 
can be readily available from the facility operators. Where such facilities are under 
development, the developer of the NES is requested to provide the information needed by the 
assessor and provide assistance to the assessor in carrying out the assessment.  
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As noted in Section 2.1, an INPRO assessment in the area of waste management has to take 
into account waste generation and waste management practices in a wide range of facilities. It 
is doubtful that any single individual will be familiar with all of the facilities that need to be 
considered. It can be anticipated that information will need to be obtained from a variety of 
sources. 

The IAEA has published many reports on waste management practices (e.g. Refs [9, 22, 31]) 
and safety standards (e.g. Refs [23, 27, 32, 36]) and these publications may be consulted. IAEA 
experts in waste management in the Department of Nuclear Energy, and the Department of 
Nuclear Safety and Security may be consulted.  

Much useful information can also be obtained from country reports submitted to the IAEA in 
accordance with the Joint Convention on the Safety of Spent Fuel Management and on the 
Safety of Radioactive Waste Management [37]. 

Additional information in the public domain can be obtained from proceedings of waste 
management conferences and from the web site publications of organizations operating nuclear 
fuel cycle facilities, including mining and milling, refining and conversion, fuel manufacturing, 
utilities operating nuclear power plants, reprocessing, and waste management organizations. 
These organizations are required to inform the general public on a regular basis about waste 
management activities carried out within the organizations as part of their operations, including, 
for example, steps taken to recycle and reuse materials to reduce the waste arisings.  

An example of an assessment (using the INPRO methodology) of the waste management of a 
country embarking on a nuclear power programme is documented in Ref [38]. 

Valuable sources of information for an INPRO assessment may be found in the results of the 
various IAEA services offered to Member States in the area of Radioactive Waste Safety. 

If a country is using the Integrated Nuclear Infrastructure Review (INIR) service from the IAEA 
in parallel with a nuclear energy system assessment (NESA) applying the INPRO methodology, 
the NESA team should contact the national Nuclear Energy Programme Installation 
Organization (NEPIO) involved in the INIR process to coordinate both activities and harmonize 
the results.11 For the INPRO methodology area of waste management, the results of INIR 
activities [39] regarding issue No. 16, radioactive waste could provide helpful input to the 
INPRO assessment, and vice versa.  

___________________________________________________________________________ 
11 More details are provided in the overview manual of the updated INPRO methodology, which is in preparation at time 
of press. 
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4. INPRO BASIC PRINCIPLE, USER REQUIREMENTS AND CRITERIA FOR 
SUSTAINABILITY ASSESSMENT IN THE AREA OF WASTE MANAGEMENT 

This section presents the INPRO methodology basic principle, user requirements and criteria 
for NES sustainability assessment in the area of waste management and notes how these relate 
to the Safety Fundamentals [40] and the Nuclear Energy Basic Principles [41]. 

4.1. RELATIONSHIP OF THE SAFETY FUNDAMENTALS AND NUCLEAR ENERGY 
PRINCIPLES TO THE INPRO METHODOLOGY 

The IAEA approach to strategic nuclear energy system planning involves assessing the 
sustainability of such systems based on the Brundtland definition of sustainable development. 
The INPRO methodology provides a tool for assessing the sustainability of a nuclear energy 
system. The methodology was developed to help identify potential gaps during the planning 
stages of the nuclear power programme. The manuals do not, however, address compliance 
with the IAEA Safety Standards or substitute a safety assessment to be performed as part of the 
licensing processes of NES facilities, but rather focus on the fulfilment of the INPRO 
methodology requirements in this area to achieve long term sustainability of the NES assessed. 
However, it is clear that the INPRO methodology manuals must assume licensing to be an 
absolutely necessary step in the development of any NES. 

The INPRO methodology in the area of waste management was originally developed between 
2001 and 2005 and was partly derived from the nine IAEA Fundamental Principles of 
Radioactive Waste Management [42]12 published in 1995. The Principles had formed the ethical 
and conceptual basis for the Joint Convention on the Safety of Spent Fuel Management and on 
the Safety of Radioactive Waste Management [37]. Many of the safety requirements and 
protection concepts adopted in the IAEA Safety Standards and in the Joint Convention [37] 
derive from the recommendations of the International Commission on Radiological Protection 
[43–45]. 

In 2006, the Principles of Radioactive Waste Management, the Safety of Nuclear Installations 
[46]13 (published in 1993) and Radiation Protection and the Safety of Radiation Sources [47]14 
(published in 1996) were unified in a joint effort sponsored by Euratom, Food and Agriculture 
Organization of the United Nations, IAEA, International Labour Organization, International 
Maritime Organization, the Nuclear Energy Agency of the Organization for Economic Co-
operation and Development, Pan American Health Organization, United Nations Environment 
Programme and World Health Organization, and published as the Fundamental Safety 
Principles [40]. 

INPRO requirements in the area of waste management are related to the Fundamental Safety 
Principle 7: Protection of present and future generations [40]. This Fundamental Safety 
Principle requires that people and the environment, present and future, must be protected 
against radiation risks. Part of the elaboration on this Fundamental Safety Principle provided in 
Ref [40] requires that “Radioactive waste must be managed in such a way as to avoid imposing 
an undue burden on future generations; that is, the generations that produce the waste have to 
seek and apply safe, practicable and environmentally acceptable solutions for its long term 
management. The generation of radioactive waste must be kept to the minimum practicable 

___________________________________________________________________________ 
12 This publication has been superseded by Fundamental Safety Principles [40] 
13 This publication has been superseded by Fundamental Safety Principles [40] 
14 This publication has been superseded by Fundamental Safety Principles [40] 
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level by means of appropriate design measures and procedures, such as the recycling and reuse 
of material”. 

Several INPRO user requirements and criteria for sustainability assessment in the area of waste 
management have apparent linkages to the following relevant safety requirements for 
predisposal waste management as published in Ref [48]: 

 
“Requirement 8: Radioactive waste generation and control  

All radioactive waste shall be identified and controlled. Radioactive waste arisings shall be kept to 
the minimum practicable. … 

“Requirement 9: Characterization and classification of radioactive waste.  

At various steps in the predisposal management of radioactive waste, the radioactive waste shall be 
characterized and classified in accordance with requirements established or approved by the 
regulatory body. … 

“Requirement 10: Processing of radioactive waste.  

Radioactive material for which no further use is foreseen, and with characteristics that make it 
unsuitable for authorized discharge, authorized use or clearance from regulatory control, shall be 
processed as radioactive waste. The processing of radioactive waste shall be based on appropriate 
consideration of the characteristics of the waste and of the demands imposed by the different steps 
in its management (pretreatment, treatment, conditioning, transport, storage and disposal). Waste 
packages shall be designed and produced so that the radioactive material is appropriately contained 
both during normal operation and in accident conditions that could occur in the handling, storage, 
transport and disposal of waste. … 

“Requirement 12: Radioactive waste acceptance criteria.  

Waste packages and unpackaged waste that are accepted for processing, storage and/or disposal 
shall conform to criteria that are consistent with the safety case.” 
 

In 2008, the IAEA published a document entitled Nuclear Energy Basic Principles [41]. The 
INPRO methodology area of waste management is linked to Principle No. 6 of that document, 
which states that “the use of nuclear energy should be based on a long term commitment”. 
Ref [49] sets out the objectives of radioactive waste management that support the Nuclear 
Energy Basic Principles. 

Several issues related to safety and waste management are covered in separate volumes of the 
INPRO methodology. The issues of safety of nuclear fuel cycle facilities, including spent fuel 
reprocessing and storage facilities, are covered in the INPRO methodology manual on fuel cycle 
safety. Protection of humans and the environment from the stressors released and discharged 
from waste management facilities during normal operation and anticipated operational 
occurrences is covered in a separate area of the INPRO methodology dealing with 
environmental stressors. 

4.2. INPRO BASIC PRINCIPLE FOR SUSTAINABILITY ASSESSMENT IN THE AREA 
OF WASTE MANAGEMENT 

As stated in the Safety Fundamentals [40], a nuclear energy system (NES) requires measures 
that will protect human health and the environment from adverse effects of radioactive waste 
now and in the future. These measures should not impose undue burdens on future generations. 
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These considerations are reflected in the INPRO methodology basic principle for sustainability 
assessment in the area of waste management, as set out below. 

INPRO basic principle for sustainability assessment in the area of waste management: 
Radioactive waste in a NES is managed in such a way that it will not impose undue burdens on 
future generations. 

This principle is based on the ethical consideration that the generations that receive the benefits 
of a practice are expected to bear the responsibility to manage the resulting waste. Limited 
actions, however, may be passed to succeeding generations, for example, the continuation of 
institutional control over a disposal facility, if and as needed. 

The (planned) nuclear power programme should include provisions for the construction and 
operation of nuclear waste facilities, and provisions of funding to safely manage the waste in 
the future and safely dispose of it at an appropriate time. The (planned) management of the 
radioactive waste should, to the extent possible, not rely on long-term institutional 
arrangements as a necessary safety feature, recognizing that the reliability of such arrangements 
is expected to decrease with time. 

INPRO has developed three user requirements, UR1 to UR3, for sustainability assessment in 
the area of waste management that elaborate on the INPRO basic principle formulated above. 
Two or more criteria were established for each of these INPRO methodology user requirements. 
The INPRO user requirements for sustainability assessment in the area of waste management 
are addressed primarily to the designer/developer together with the operator of the NES but also 
to the government that has responsibilities for nuclear waste management. The role of the 
INPRO assessor is to check via an assessment of the related criteria whether all parties involved 
have achieved what is asked for in the INPRO user requirements. 

4.3. USER REQUIREMENT UR1: CLASSIFICATION, CATEGORIZATION AND 
MINIMIZATION OF WASTE 

INPRO user requirement UR1 for sustainability assessment in the area of waste management: 
The radioactive waste is classified and categorized to facilitate waste management in all parts 
of the NES, and the NES is designed and operated to minimize the generation of waste at all 
stages, with emphasis on waste containing long-lived radio-toxic components that would be 
mobile in a repository environment. 

INPRO user requirement UR1 refers to optimization of the waste management process with 
respect to overall operational and long-term safety. The optimization will require a waste 
classification and categorization scheme that facilitates optimal management of various waste 
types within a NES. The scheme should be applicable to the entire fuel cycle. 

Classification and categorization of radioactive waste provides a link between the waste 
characteristics and the requirements for waste management safety in the NES, particularly that 
of the end state. All wastes in the same category of the classification and categorization scheme 
are supposed to have a common end state (see the discussion of UR3 for a detailed description 
of the end state). 

In keeping with the globally accepted principle of pollution prevention, the first INPRO user 
requirement, UR1, states that the generation of radioactive waste needs to be kept to a minimum 
practicable. Reduction of waste at the source is a preferred method that is consistent with the 
objectives of INPRO and one whose importance may grow if the global use of nuclear energy 
increases in the future. 
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The design stage offers the greatest potential for reducing waste as it offers the maximum 
flexibility to adjust the characteristics of the system for this purpose [50]. The minimization of 
waste by design is inherently safer than depending upon operational practices. It is particularly 
important to reduce components of the waste that are toxic for a long time and that are mobile 
in the repository (end state) environment. Mobile radioactive nuclides are the main contributors 
to the radiological impact of a repository on humans and the environment.  

Methods for minimizing the radioactive waste include: 
 Optimizing the design to reduce waste generation during operation and to facilitate 

decommissioning and dismantling of facilities [15, 51];  
 Segregation of waste streams to avoid cross contamination, to increase the proportion of 

waste suitable for controlled or free release, and to decrease the volume of material that 
represents a long-term hazard; 

 Recycling and reuse15 of materials that would otherwise be radioactive waste; 
 Extraction of long-lived decay products in mining and milling operations;  
 Reduction of secondary waste from waste management processing and storage systems. 

Technologies worthy of consideration for further development include (see also Appendix II): 

 Improvement of both aqueous and non-aqueous methods of processing spent fuel; 
 Partition and transmutation [52, 53] of long-lived radionuclides in power reactors or 

accelerator driven systems;  
 Application of advanced materials, such as cobalt-free steels, to reduce activation; 
 Improved fuel cycle efficiency; 
 Improved efficiency of the energy conversion process at reactors; 
 Improved methods for processing different waste streams prior to packaging and disposal; 
 Improved decontamination technology. 

TABLE 2. CRITERIA FOR INPRO USER REQUIREMENT UR1 FOR SUSTAINABILITY 
ASSESSMENT IN THE AREA OF WASTE MANAGEMENT 

User requirement (UR) Criteria (CR) Indicators (IN) and Acceptance limits (AL) 

UR1: Classification, 
categorization, and 
minimization of waste. 
The radioactive waste is 
classified and categorized to 
facilitate waste management in 
all parts of the NES, and the 
NES is designed and operated 
to minimize the generation of 
waste at all stages, with 
emphasis on waste containing 
long-lived radio-toxic 
components that would be 
mobile in a repository 
environment. 

CR1.1: Waste 
classification 
and 
categorization 

IN1.1: Classification and categorization scheme. 
AL1.1: The scheme permits unambiguous, 
practical segregation for processing, storage and 
disposal, and identification of waste arisings. 

CR1.2: Waste 
minimization  

IN1.2: Characteristics of waste generated by the 
NES.  
AL1.2: NES waste specific characteristics 
(mass, volume, total activity; amount of alfa-
emitters, long-lived radionuclides and 
chemically toxic elements) have been 
minimized. 

While the most desirable approach for reducing waste is to do so at the source, there are 
limitations on how much reduction at the source is possible while still operating effectively and 
economically. The waste that is produced can be treated to reduce the volume requiring 

___________________________________________________________________________ 
15 Recycling and reuse may not always be practicable, particularly where clearance regimes are not in place 
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conditioning to the end-form ready for disposal. Such reduction is already achieved in many 
facilities using current technologies, including: 

 Compaction, super compaction, incineration, sintering and melting (for solids); 
 Chemical precipitation, evaporation, ion exchange and membrane separation (for liquids); 
 Solidification of liquid concentrates (cementation, bituminization, vitrification, drying). 

New technologies for volume reduction are also being investigated such as: 
 Cold crucible melting and plasma melting; and  
 Non-flame technologies such as steam reforming, electron beam, UV photo-oxidation and 

supercritical waste oxidation. 

For user requirement UR1, INPRO has defined the two criteria presented in Table 2. 

4.3.1.  Criterion CR1.1: Waste classification and categorization 

Indicator IN1.1: Waste classification and categorization scheme. 

Acceptance limit AL1.1: The scheme permits unambiguous, practical segregation for 
processing, storage and disposal, and identification of waste arisings. 

This topic was discussed extensively in Section 2.4. It should be noted that all waste streams 
need to be defined and the wastes classified and categorized accordingly, including the end state 
for the waste in question and the type of processing (e.g. pretreatment, treatment and 
conditioning) required before the waste is placed into the end state.  

An important feature of an efficient waste classification scheme is the exact definition of the 
borders between the different classes of waste, and especially the clearance level of waste 
exempted from further regulatory control for uncontrolled release. The IAEA has published a 
guide [12] on how to develop and apply the concept of exclusion, exemption and clearance of 
radioactive waste. The definition of the waste classification scheme is determined by the 
responsible authority of the particular country.  

Waste can be classified based on its radioactivity concentrations and radionuclide half-life 
values. The classification can be linked to specific end states, such as near surface disposal, 
geologic disposal, discharge under controlled conditions, re-cycling or release, either 
unrestricted or restricted. For short-lived wastes, containing radionuclides with half-lives of 
~30 years or less (with possibly small amounts of longer-lived radionuclides), near surface 
disposal can be a suitable end state. For long-lived wastes, a variety of end states would be 
foreseen, depending on the radionuclide concentrations in the waste and the volumes of waste, 
including tailings management facilities, engineered landfills for large-volume wastes of low 
activity, and geologic disposal.  

In the end, however, the key considerations are the intended end states and whether or not 
intermediate processing is part of the overall waste management strategy. In addition to the 
discussion in Section 2.4, the waste categorization scheme can involve the consideration of 
necessary processing. In this case, the three types of waste can be identified as follows: 

 Type 1: Wastes that will be placed into a chosen end state without modification of the waste 
other than, possibly, to incorporate it into a stable matrix and/or to place it into a package.  
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 Type 2: Wastes that will be processed16 to produce other wastes that fit Type 1 (disposal) 
or Type 3 (recycle, reuse or release). 

 Type 3: Wastes that arise from processing Type 2 wastes and that are suitable for recycle, 
reuse or release.  

Examples of Type 1 wastes include17:  

 Spent nuclear fuel (SNF), when considered a waste, would normally be stored for a period 
of time before being packaged and eventually placed into its end state in a geologic disposal 
facility, but not otherwise processed; 

 Waste arising from the processing of liquid waste to clean the liquid for discharge or re-
cycle, whereby the waste recovered from the liquid would usually be stabilized in a suitable 
matrix, possibly stored on an interim basis, and then transferred to its end state, e.g. a near 
surface disposal facility.  

Examples of Type 2 wastes may include among others: 

 Liquid waste that is processed so that it can be discharged, and the radionuclides stabilized 
and packaged for transfer to an end state as discussed above; 

 Objects such as process equipment, tools, etc., that are decontaminated so that they can be 
reused or recycled, whereby wastes arising from the decontamination process, e.g. liquid 
wastes, might have to be further processed (Type 2) unless they are suitable for placing 
into an end state (Type 1).  

Some examples of Type 3 waste include: 

 Liquids that have been processed and can be released under controlled conditions in 
compliance with the requirements set out in Ref [54]; 

 Gases/liquids released from the reprocessing of spent fuel, such as 85Kr and 129I, again in 
compliance with regulations governing such releases;  

 Materials that are recycled or can be released for reuse. 

For each of these types of waste, the waste can be further categorized based on its origin, process 
options, and radiological, physical, chemical and biological properties. 

In summary, the discussion above (and in Section 2.4) highlights the need to enable 
unambiguous segregation for processing, storage, disposal and identification of waste arisings 
by developing an efficient waste classification scheme based on radioactivity concentrations 
and species plus a waste categorization scheme based on origin, type, properties and process 
options. 

4.3.1.1. Final assessment of CR1.1 waste classification and categorization 

The acceptance limit AL1.1 is met if evidence is available to the INPRO assessor that a waste 
classification and categorization scheme exists in the country that enables unambiguous 
segregation for processing, storage, disposal and identification of waste arisings. 

4.3.2.  Criterion CR1.2: Waste minimization 

Indicator IN1.2: Characteristics of waste generated by the NES. 

___________________________________________________________________________ 
16 Processing may involve several interim stages in which other Type 2 wastes can be produced. 
17 These examples are illustrations of the categorization scheme rather than demonstrations of its application to a nuclear 
facility. 
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Acceptance limit AL1.2: NES waste specific18 characteristics (mass, volume, total activity; 
amount of alpha-emitters, long-lived radionuclides and chemically toxic elements) have been 
minimized. 

The concept of waste minimization appears to be relatively straight forward. This criterion 
considers characteristics of waste generated by the NES per GW∙a of produced energy or per 
ton of uranium (thorium, mixed oxide (MOX)) throughput, such as:  

 total activity,  
 mass, and volume of waste generated,  
 amount of alpha-emitters and other long-lived radionuclides that would be mobile in a 

repository environment,  
 amount of chemically toxic elements that would become part of the radioactive waste. 

The associated acceptance limit AL1.2 (NES waste characteristics have been minimized) asks 
for a minimization study performed by the designer or by designer together with the operator 
as it is briefly outlined in section 4.3.2.1. However, in situations when sufficient information is 
not available (e.g. in early stage of the design development or in early stage of nuclear power 
programme implementation) INPRO assessor can make a judgement using the outcome of a 
comparative study between the assessed NES and a standard NES as explained below in section 
4.3.2.2.  

4.3.2.1. Waste minimization study 

To assess this criterion, the INPRO assessor is asked to prepare a reasoned argument that actions 
have been taken (or are being taken) by the designer, or jointly by the designer and operator, to 
reduce waste arisings that will ultimately be placed into an end state. The assessment scope is 
expected to include management systems for everything from mine tailings to nuclear fuel 
wastes (i.e. stabilized wastes from reprocessing or spent fuel elements if spent fuel is considered 
to be a waste).  

In addition to considering waste volumes, masses, and activity levels, an assessor should also 
seek to determine what measures are being taken, or have been taken, to reduce the waste 
produced from various fuel cycle facilities. The IAEA has provided advice on recycling and 
reuse of materials as components of a waste minimization strategy [50, 51, 55], and on 
minimizing waste from uranium refining, conversion, enrichment and fuel fabrication [56]. As 
illustrated in Fig. 5 taken from Ref [55], the main elements of such a strategy are (i) source 
reduction, including both volume reduction and prevention of cross-contamination, (ii) recycle 
and reuse of materials from waste streams, (iii) establishment of clearance levels, and (iv) 
optimization of waste processing. 

Information on waste minimization may be available from commercial suppliers of services 
and may appear in regulatory submissions and environmental assessments. For new facilities, 
it is a requirement in many jurisdictions that an environmental impact assessment (EIA) be 
carried out and it would be expected that such an EIA would identify the wastes that would be 
expected to be produced and to present an argument that steps have been taken to reduce the 
amount of such waste.  

As an example, consider the steps taken by the Canadian company, Cameco, which operates a 
uranium refining facility at Blind River, Ontario, and a conversion plant at Port Hope, Ontario, 
to reduce waste arisings by recycling. Efforts were taken to begin recycling uranium-containing 
wastes from the refining process as a feedstock to uranium mills and thus to recover much of 

___________________________________________________________________________ 
18 Per unit of energy produced or per mass unit of the heavy metal processed 
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the uranium that had previously been considered a waste product [57]. From 1979 to 1996, 
about 200 t of U (as U3O8) was recovered, whereas in the period between 1955 and 1979, 
64 000 m3 of refining residue containing ~50 t of natural uranium (as U3O8) was disposed of as 
waste [1]. 

 

FIG. 5. Elements of a waste minimization strategy [55] 

Similarly, extensive in-plant recycling is also practiced in the conversion process and uranium 
bearing material that is not suitable for internal recycle, e.g. filter ash, is converted to a dry 
concentrate product suitable for shipment to a uranium mill for recycle. From 1989 to 2001, 
about 17 000 t of waste was shipped for milling and ~ 300 t of U was recovered which may be 
compared with the disposal, as a waste, of ~ 20 000 t of similar material in the 10 year period 
from 1979 to 1988. This exemplifies how recycling can be an effective tool for minimizing U-
bearing (long-lived) wastes in refining and conversion and also in enrichment and fuel 
manufacturing.  

A number of organizations involved in the fuel cycle have explicit policy statements regarding 
waste minimization or are subject to regulatory oversight that utilizes minimization/ 
optimization concepts. For example, Sellafield issues annual reports [58] on the discharges and 
disposal of radioactive substances that are regulated through the Environmental Permit for 
Radioactive Substances [59]. The permit covers all the discharge and disposal routes under a 
single permit. As well as being subject to discharge limits, all discharges of radioactivity are 
subject to optimization and use the Best Available Technique (BAT) to limit the amount of 
radioactivity discharged. To enable monitoring of the application of BAT, quarterly notification 
levels apply at some sites to discharges of certain radionuclides. Exceeding these levels requires 
the operator to submit a written justification of the BAT used to minimise discharges. 

A waste minimization study can be based on one or several minimization/ optimization 
concepts. An overview of the most popular optimization methods in the area of environmental 
protection including BAT is provided in another INPRO methodology manual focused on 
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environmental impact of stressors [5]. In the current publication, only a brief introduction to 
the ALARP concept is presented in Appendix I. The INPRO assessor needs detailed technical 
information from the designer and operator in order to confirm that the ALARP concept is used 
in the management of all nuclear wastes from all nuclear facilities assessed.  

The philosophy of the ALARP concept is that the NES is expected to be designed according to 
modern engineering principles. The basic limit and basic objective within the ALARP concept 
are expected to be defined by the regulatory authority. Then the design, including the 
operational procedures, needs to be reviewed to verify that waste arisings are as low as 
reasonably practicable, social and economic factors taken into account. The review should 
either lead to the implementation of a waste minimization programme at the facility and a 
volume reduction process, or the rejection of such processes on the grounds that the costs of 
their implementation would significantly outweigh the benefits. This review has to be 
performed initially by the designer and later by the operator. The results are expected to be 
available to the INPRO assessor. 

In a case of repetitive, standardized design of facilities of a NES, it should be possible for the 
INPRO assessor to evaluate the ALARP concepts addressed within the design by obtaining 
evidence from the design certification process or similar. On the other hand, results of ALARP 
concept assessments within the established operating policies and procedures for particular 
facilities may vary significantly. Accordingly, the INPRO assessor should obtain evidence that 
operators have carried out such an assessment for each facility.  

If a given practice has been licensed by the regulatory authority in a given Member State, it can 
be argued that, for that facility and that country, the waste arisings have been judged to be 
acceptable and so, in principle, comply with the acceptance limit of ALARP. Such a conclusion 
could be supported by evidence that the waste management practices are subjected to 
independent peer review as required for example by The Joint Convention on the Safety of 
Spent Fuel Management and on the Safety of Radioactive Waste Management [37].  

4.3.2.2. Comparison of different NESs 

When information on a waste minimization study is not available, the INPRO assessor can 
make the assessment of this criterion CR1.2 by using the outcome of a comparative study 
between the assessed NES and an existing NES19 with the intention to demonstrate a reduction 
of waste in the assessed NES. Moreover, to further simplify such a comparison, the INPRO 
assessor can characterize a so-called ‘standard’ NES using either data on waste arisings from a 
real NES operating in 2013 or else average values based on historical data. Appendix II presents 
such information for three important waste characteristics of a ‘standard’ NES, i.e. mass, 
volume and activity of generated waste normalized to 1 GW∙a of electricity produced. 
Appendix II provides an estimation of such waste arisings from the front ends and back ends of 
NESs. The values given represent a ‘standard’ NES with a light water reactor (LWR) or a heavy 
water reactor (HWR) and its fuel cycle. This approach can be used to determine preliminary 
waste estimates for NESs with advanced LWRs and/or HWRs as well as for innovative NESs 
consisting of fast reactors combined with advanced fuel cycle facilities. 

To increase the value of such a comparison of different NESs, it is recommended to include 
additional waste characteristics such as the amount of alpha-emitters (e.g. Pu and Am isotopes) 
and other long-lived radioactive nuclides that would be mobile in a repository environment 

___________________________________________________________________________ 
19 In the updated INPRO methodology ‘existing NES or facility’ is defined as a NES or facility of latest design operating at the 

end of 2013. 
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(such as 129I, 36Cl, and 14C, which are beta-emitters) and chemically toxic elements in the 
nuclear waste. 

It is recognized that the proposed technical characteristics in Appendix II, i.e. mass, volume 
and activity, are useful when comparing two different NESs or when comparing two different 
designs of a component (facility) of a NES, whereby the values can be normalized to a 
throughput of 1 ton of uranium. However, as discussed below, a number of other factors need 
to be considered.  

As shown for selected reactors and fuel cycle in Appendix II, these technical characteristics can 
vary considerably between different reactors and fuel cycles. For example, in an HWR fuelled 
with natural uranium (NU), uranium utilization (GW∙a of electricity per ton of U mined) is 
greater than for an LWR. So, the mining residues and mill tailings will be less per GW∙a. On 
the other hand, the mass of spent fuel from an HWR, per GW∙a, is about of factor of 5 greater 
than for an LWR operating on a once-through fuel cycle, but the total activity in the spent fuel, 
per GW∙a, is about the same despite the differences in volume and mass, since the activity is, 
to a first approximation, proportional to the electricity produced. 

Again, in the case of a closed fuel cycle, and depending on the extent of recycling, the mass of 
uranium mined per GW∙a will be less and so too will be the mine wastes (see examples in 
Appendix II). But the volumes of waste rock and mill tailings for a given mine also depend very 
much on the characteristics (e.g. average uranium concentration of the ore, geological setting) 
of the mine and the mining technique (open pit, underground excavation, in-situ leaching) and 
not only on the fuel cycle. Furthermore, per unit electricity generated, the fission products in 
the nuclear fuel waste (spent fuel or HLW from reprocessing), will, in the absence of 
partitioning and transmutation, be about the same regardless of the fuel cycle.  

The end state of the waste also needs to be considered. For example, for HLW, assuming that 
the end state is geological disposal, it should be noted that, as discussed in Ref [60], the size of 
a repository for HLW (as measured, for example, by its footprint) may not be as closely related 
to the mass or volume of the HLW as to the heat production of the waste, which in turn depends 
on the activity of the waste. Moreover, the emphasis is on waste containing long-lived radio-
toxic components that would be mobile in a repository (end state) environment. For geological 
disposal, the alpha emitters (e.g. Pu and minor actinides), while long lived, depending on site 
and host rock, probably tend not to be mobile; rather, long-lived anionic isotopes such as 129I, 
36Cl, and 14C (beta emitters) are more of a concern.  

Should a proposed change in a fuel cycle (reactor design or fuel type) be expected to lead to an 
increase in the activity per GW∙a of long-lived radionuclides in the spent fuel, or to a relatively 
less stable waste form, compared with spent oxide fuel and vitrified HLW from the reprocessing 
of spent oxide fuel, the implications of this on the end state of the HLW/spent fuel would need 
to be carefully examined. For example, when concentrated 15N is not used for nitride fuel, the 
concentration of 14C, in spent nitride fuel would be expected to be orders of magnitude greater 
than in spent oxide fuel, because of (n,p) reactions on 14N. The implications of this on the 
proposed end state(s), such as an eventual need for change in the design or in the host rock 
selection, would need to be carefully considered as part of the programme of work to develop 
a fuel cycle based on nitride fuel. Therefore, for proposed new fuel cycles, waste activity levels 
(per GW∙a of electrical energy generated) need to be compared with those in wastes (spent fuel, 
HLW, LLW and ILW) for which experience exists. 

While technical waste characteristics such as activity, mass and volume may be helpful in 
supporting an argument that waste has been minimized, the listing of such waste characteristics 
without supporting argumentation may represent an unwarranted and possibly misleading 
oversimplification.  
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The INPRO assessor is asked to produce a table for the NES being assessed and a table with 
reference data for a comparable ‘standard’ NES similar as presented in Table 7 in Appendix II. 
The assessor should then compare the values of the assessed NES with the values of the 
‘standard’ NES. An alternative to that is to obtain results of the assessment already performed 
by the designer and/or operator.  

4.3.2.3. Final assessment of CR1.2 waste minimization 

The criterion CR1.2 is met if evidence is available to the INPRO assessor that in the design and 
operation of the assessed NES (or a facility thereof) the waste minimization concept has been 
applied. Alternatively, when information on waste minimization is not available, the 
comparison between the new NES and the existing NES needs to show an improvement in 
waste management by a reduction of waste arisings.  

4.4. USER REQUIREMENT UR2: PREDISPOSAL WASTE MANAGEMENT 

INPRO user requirement UR2 for sustainability assessment in the area of waste management: 
Intermediate steps between generation of the waste and the end state are taken as early as 
reasonably practicable. The processes do not inhibit or complicate the achievement of the end 
state.  

The basic steps in radioactive waste management: pretreatment, treatment, conditioning, 
storage, transportation, and disposal are expected to be considered in the planning for a NES.  

The second INPRO user requirement, UR2, deals with the steps in predisposal waste 
management. By definition, the state of the waste that provides permanent safety without 
further modification is the end state. Other states of the waste that occur during operation of the 
fuel cycle are considered intermediate states leading to the end state. The waste has to be put in 
its end state by steps. Leaving these steps to future generations without compensating 
justification would fail to meet the INPRO basic principle for sustainability assessment in the 
area of waste management, which states that radioactive waste needs to be managed in such a 
way that will not impose undue burdens on future generations.  

The implementation of different steps should not complicate the achievement of the end state. 
Care should be taken of the interdependences among all steps in predisposal waste management 
in order to avoid converting the waste into a form that is incompatible with planned subsequent 
steps [48]. Furthermore, waste should not be put into a form that would increase the difficulty 
of attaining the waste form planned for the end state. The safety of each process and activity 
(including transportation), under normal and accidental conditions, needs to be considered and 
all technical issues important for safety (e.g. removal of heat from the systems, storage in a sub-
critical condition, properly confining the radioactive materials) need to be addressed.  

Competing factors affect how soon the waste is brought to its final form for the end state. Early 
processing could preclude the use of potentially superior future technology. Delaying 
processing and final disposition could result in substantial near-term cost savings, but far greater 
weight has to be given to the decrease in uncertainty and increase in safety that will result from 
early achievement of an appropriate end state. The past practice, in some areas, of keeping high-
level radioactive waste in liquid form, which is not appropriate in the long term, has led to a 
legacy of large amounts of such waste. This waste will now be subject to remediation at great 
cost to the present generation and could lead to significant accidental releases to the 
environment, as has happened on some occasions in the past. With an increase in the use of 
nuclear power it will become increasingly vital that waste be brought to a proper end state early. 
Retaining waste in forms and under conditions that are not permanently safe entails a risk that 
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the waste will never be put into a proper state. The prescription ‘as early as reasonably 
practicable’ places significant weight on avoiding unnecessary delay. 

Processing operations are part of the overall fuel cycle and their environmental and health 
effects need to be considered and justified by the net benefits that would be achieved by the 
processing step [61]. The ability to produce the waste form and package on an industrial scale 
should be evident, either through demonstration or confirmed conceptual design, before the 
nuclear energy system is implemented. This will give confidence that a fuel cycle would not 
generate waste for which the required end state is not feasible. 

To demonstrate that the waste form is acceptable either the end state facility has been licensed 
or a safety case has been developed for a reference end state and the regulatory authority has 
indicated that the waste form considered for the reference end state is acceptable. In reality, 
such approval might only be provided, in principle, subject to the review of a detailed safety 
case prepared as part of a formal licensing application. 

All technical issues for the safety of all processes and activities under normal and accidental 
conditions need to be taken into account and properly addressed. Such issues are strongly 
technology dependent and may change from one waste management strategy to another. For 
some processes, removal of decay heat may be required, in others, prevention of criticality may 
be an issue, or, in the transport of radioactive waste between two different processes, design of 
special casks might be required. 

Factors important to sustainability in predisposal waste management include:  

 Current and future quantities and potential hazards of the waste; 
 Necessary degree of isolation of the waste; 
 Dispersibility and mobility of the waste forms involved; 
 Experience with, and maturity of, the technology, and potential for future advances; 
 Reliability of equipment and its safety-related function; 
 Complexity and degree of standardization of the activities; 
 Novelty and maturity of the activity; and 
 Organization size, number and complexity of interfaces and safety culture. 

TABLE 3. CRITERIA FOR INPRO USER REQUIREMENT UR2 FOR SUSTAINABILITY 
ASSESSMENT IN THE AREA OF WASTE MANAGEMENT 

User requirement (UR) Criteria (CR) Indicators (IN) and Acceptance limits (AL) 

UR2: Predisposal waste 
management. 
Intermediate steps 
between generation of 
the waste and the end 
state are taken as early as 
reasonably practicable. 
The processes do not 
inhibit or complicate the 
achievement of the end 
state.  

CR2.1: Process 
descriptions 

IN2.1: Process descriptions that encompass the 
entire waste life cycle. 
AL2.1: The complete chain of processes from 
generation to final end state is described in 
sufficient detail to make evident the feasibility of 
all steps. 

CR2.2: Time for 
waste form 
production 

IN2.2: Time to produce the waste form specified 
for the end state. 
AL2.2: Consistent with the schedule for transfer 
of the waste to its end state.  

CR2.3: Predisposal 
waste management 
safety 

IN2.3: Safety case for predisposal waste 
management facilities. 
AL2.3: Meets national regulatory standards and is 
consistent with applicable international safety 
standards. 
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The form of the radioactive waste at the end of a process step has to be compatible with the 
next step, so effort needs to be made to ensure this in a large complex system. The design of 
the waste management system throughout the NES and throughout the life cycle of each of its 
components, needs to be seen as an integrated whole. Nothing should inhibit or complicate the 
achievement of the end state. 

For user requirement UR2, INPRO has defined three criteria presented in Table 3. 

4.4.1.  Criterion CR2.1: Process descriptions 

Indicator IN2.1: Process descriptions that encompass the entire waste life cycle. 

Acceptance limit AL2.1: The complete chain of processes from generation to final end state is 
described in sufficient detail to make evident the feasibility of all steps. 

At first sight the acceptance limit AL2.1 may appear to be rather onerous. But, it should be 
evident from the preceding discussion of the user requirements and criteria that it is 
fundamentally important that all steps from the generation of waste to its final disposition in a 
safe end state need to be carefully considered and planned, including the wastes that will arise 
from decommissioning.  

Therefore, for each facility that comprises a given NES, a waste management plan should be 
available that sets out for the various waste streams produced in that process/facility, the various 
steps to be taken in processing and managing those wastes until they are placed into their end 
state, and, further, how these plans are being implemented. Almost all of the steps and processes 
are already being practiced in one or more Member States, with the notable exception of the 
geologic disposal of SNF and HLW from reprocessing. Such plans can thus be expected to be 
based on proven technologies.  

Innovations leading to process improvements can be expected to be introduced from time to 
time, consistent with the overall goal of transferring waste into a safe end state as soon as 
reasonably practical. Where an innovative waste management process is proposed as a 
necessary part of a NES, evidence needs to be presented that the process is feasible and that a 
project plan should have been developed for bringing the process into operation on a schedule 
that is compatible with the deployment of the NES. 

4.4.1.1. Final assessment of CR2.1 

The acceptance limit AL2.1 of criterion CR2.1 is met if evidence is available to the INPRO 
assessor that for each waste stream generated in a nuclear facility, a plan covering all 
interdependent steps of waste management up to the end state is available and accepted by the 
responsible authority and that the plan is implemented in accordance with its schedule. 

4.4.2.  Criterion CR2.2: Time for waste form production 

Indicator IN2.2: Time to produce the waste form specified for the end state. 

Acceptance limit AL2.2: Consistent with the schedule for transfer of the waste to its end state. 

In many situations, the waste form to be used in the end state would be expected to be produced 
as one step in an operating process and would thus be considered acceptable when the process 
is licensed.  
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A good example is the one-step processing of liquid highly active wastes containing fission 
products and minor actinides from the reprocessing of spent nuclear fuel. In commercially 
operated reprocessing plants, such wastes are stabilized in a glass matrix (vitrification) as part 
of the plant process and the packaged waste product is then placed into storage for a certain 
period of time for cooling and awaiting transfer to its end state, usually considered to be 
geologic disposal. The suitability of this waste form for geologic disposal has been evaluated 
in a number of studies (see for example Ref [62]) and has been judged to be acceptable. Should 
another type of process be considered, the value of the proposed waste treatment processes to 
be used to convert the waste to the form specified for its end state needs to be assessed and the 
treatment process and its timing should be addressed as part of evaluating and then licensing 
the new process.  

It should be noted that many more interdependences exist in the processing of different L&IL 
waste streams due to their differences in physical state and other properties as well as the 
technological options available. It is of ultimate importance to ensure the existence of an 
implementation plan for the chosen waste management strategy that has taken into account the 
variety of possible scenarios and options to ensure that the waste form specified for the end 
state will be available in the necessary time frame.   

4.4.2.1. Final assessment of CR2.2 

To demonstrate that the acceptance limit AL2.2 of CR2.2 has been met, it is necessary that 
evidence be made available to the INPRO assessor that the waste forms for all waste streams 
from the NES have been identified and that the processes for creating these waste forms are 
either part of existing or proposed processes or that the schedule for bringing the processes into 
operation is well defined and consistent with the schedule for transfer of the waste to its end 
state. Because the end state needs to be reached within a time frame as short as reasonably 
practicable, it follows that also the waste form for the end state should be available within the 
same period of time. 

4.4.3.  Criterion CR2.3: Predisposal waste management safety  

Indicator IN2.3: Safety case for predisposal waste management facilities. 

Acceptance limit AL2.3: Meets national regulatory standards and is consistent with applicable 
international safety standards. 

INPRO sustainability assessment criteria on the safety issues of waste management installations 
operating as parts of nuclear fuel cycle facilities, including spent nuclear fuel storage and 
reprocessing facilities, are formulated in a separate INPRO methodology area focused on safety 
of the fuel cycle. INPRO sustainability assessment criteria concerning the safety of waste 
management installations operating as parts of nuclear power plants are formulated in the 
INPRO methodology area of safety of the reactor. 

Sustainability requirements for the safety of end states are set out in Criterion CR3.2 in this 
INPRO methodology area of waste management. 

This criterion CR2.3 applies to those predisposal waste management facilities that are apart 
from spent nuclear fuel storage facilities, fuel reprocessing facilities, NPP facilities, and nuclear 
fuel cycle facilities. Normal industrial safety issues of such facilities, including those related to 
a potential use of hazardous chemicals, are beyond the scope of current version of the INPRO 
methodology. However, it is supposed that predisposal waste management facilities must 
comply with national requirements for industrial safety.  
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Technical indicators such as criticality safety compliance, heat removal provisions, radioactive 
emission control measures, radiation protection measures (e.g. shielding), facility design, and 
operation considerations for minimizing impacts on long-term performance of the disposal 
system would be subject to review and approval as part of the licensing of the related facility, 
be it a dedicated waste management facility or some other type of processing facility that 
involves an intermediate waste management process as an integral part of the overall process. 
The INPRO methodology requires that all predisposal waste management facilities to be located 
within a specific Member State territory have to meet the regulatory standards of that Member 
State.  

The INPRO methodology is not intended to instruct an assessor on how to prepare a safety case. 
If a safety case has been prepared and accepted by the regulators or other competent authorities, 
then it is assumed that the safety case has met the standards of the specific Member State. If the 
safety case has not been prepared or accepted, then the acceptance limit has not been met.  

INPRO requirements on the scope of national regulations are provided in the INPRO manual 
on Infrastructure [3]. 

4.4.3.1. Final assessment of CR2.3 

Acceptance limit AL2.3 is met if evidence is available to the INPRO assessor that the safety 
cases for all predisposal waste management facilities meet the regulatory standards of the 
specific Member State and that they are consistent with applicable international safety 
standards. 

4.5. USER REQUIREMENT UR3 END STATE  

INPRO user requirement UR3 for sustainability assessment in the area of waste management: 
An achievable end state that provides permanent safety without further modification is specified 
for each class of waste. The waste is brought to this end state as soon as reasonably practicable.  

This requirement arises from the INPRO methodology basic principle for sustainability 
assessment in this area, which states that radioactive waste needs to be managed in such a way 
that it will not impose undue burdens on future generations. The end state is to protect people 
and the environment today from any harmful effects of the waste, and to protect people and the 
environment in the future to at least the same level that is acceptable today. The definition of 
an end state is supposed to include: the waste form and package; the final repository containing 
the waste packages; a safety case for the final repository; and a schedule for achieving the end 
state. 

By definition, the state of the waste that provides permanent safety without further modification 
is the end state. 

Ideally, the waste form and package are designed to contain radioactive materials until they 
have decayed to levels that meet the requirements for free release or for removal of regulatory 
control. In cases where this is not practicable, such as for long lived waste, other features of the 
waste management system have to be relied upon. The suitability of the waste form and package 
has to be proven in relation to the environmental conditions that they will be subjected to in the 
waste management scheme. 

Low- and intermediate-level waste packages are isolated in relatively near surface repositories 
in many states. The protective features include the waste form and packages, sealing materials 
in the repository, as well as the natural barriers to movement of material through the geological 
environment. 
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Ultimately, the longer-lived components of waste will have to be put into a final waste form, 
packaged and the packages placed in some form of repository. The integrated system will have 
to be demonstrated to be permanently safe according to the current regulatory standards. The 
greatest emphasis today in national programs is to rely on underground repositories. The 
designs and operations of these facilities vary, e.g. in the depth at which packages are emplaced, 
the host geological medium chosen, and the period of monitoring prior to sealing and closure 
of the repository. 

Most advanced nuclear power countries are planning to dispose of spent fuel and/or high-level 
waste from reprocessing of SNF in deeper repositories in stable geological media. Although 
progress is being made, it has proven difficult to site and license such a repository, so no 
repository for this waste is yet in operation and long-term storage is used in the interim20.  

In the case of a closed fuel cycle, the long-term safety of the final repositories could be 
improved by partitioning and transmutation involving the irradiation of long-lived 
radioisotopes to transform them into stable or short-lived elements [52, 53]. This could 
significantly reduce the total amount of long-lived radioactive material requiring final disposal. 
Although the technology would require further development, it has the potential to significantly 
improve the long-term safety of radioactive waste from the fuel cycle. 

In Ref [10], the term safety case is defined as “collection of arguments and evidence in support 
of the safety of a facility or activity”. It may relate to a given stage of development and, in such 
cases, it needs to acknowledge the existence of any unresolved issues and needs to provide 
guidance to resolve these issues in future development stages. 

A minimum requirement is the determination that all applicable laws and regulations will be 
satisfied. The defined end state has to be permanently safe in the sense that future generations 
will not be exposed to risk that is not acceptable today. The safety case will need to include an 
analysis of any risks related to failure of institutional controls. It is expected that the safety case 
will be more easily developed for those end states that are primarily based on passive safety, 
i.e. where long-term institutional controls are not necessary for safety. If long-term institutional 
controls are necessary for safety, such as in the case of perpetual storage, the risk associated 
with potential failure of these controls needs to be accounted for in the safety case. It is 
recognized that, during the INPRO evaluation, a demonstration of safety would in general be 
impractical. The safety case would then need to rely on generally accepted theoretical analysis 
combined with evidence of component performance to the extent possible from present day 
operations of relevant facilities. For example, a waste form satisfying waste acceptance criteria 
of current disposal facilities would be acceptable.  

The INPRO basic principle for sustainability assessment in the area of waste management states 
that radioactive waste is expected to be managed so as not to impose undue burdens on future 
generations. Therefore, people in the future need to be provided with the means to maintain the 
waste in a safe condition. The responsibility for providing these resources, including funds and 
proven technology, rests with those who have benefited from the generation of the waste, and 
the associated costs should be included in the estimated cost of energy. The internalization of 
all costs is a fundamental requirement of sound environmental management (see also 
Section 2.7). 

In principle, the assets accumulated to manage the waste are expected to cover the accumulated 
liability. This is contrary to the common practice of ‘under-funding’ the present liability and 

___________________________________________________________________________ 
20 A Finnish license application for construction of a final repository was made by Posiva in 2012 and a licence was granted in 

2015. A Swedish license application for siting and construction of a final repository was made by Swedish Nuclear Fuel and 
Waste Management Company in 2011 and was undergoing review by the Swedish Radiation Safety Authority. 
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planning on the future value of money to compensate. Such a practice usually fails to properly 
internalize the cost associated with waste production. More importantly, the practice provides 
a built-in incentive to delay processing and safe disposal of the waste. Some common sense 
judgment will have to be used to target a reasonable period after start-up of the NES in which 
to balance the assets and liabilities, because, otherwise, the liability associated with the first 
small generation of waste would be cost prohibitive. It should be understood that the cost of 
any long-term institutional controls associated with waste management needs to be included in 
the estimated cost of the NES. 

For user requirement UR3 INPRO has established four criteria presented in Table 4. 

TABLE 4. CRITERIA FOR INPRO USER REQUIREMENT UR3 FOR SUSTAINABILITY 
ASSESSMENT IN THE AREA OF WASTE MANAGEMENT 

User requirement (UR) Criteria (CR) Indicators (IN) and Acceptance limits (AL) 

UR3: End state. An 
achievable end state that 
provides permanent safety 
without further 
modification is specified 
for each class of waste. 
The waste is brought to 
this end state as soon as 
reasonably practicable. 

CR3.1: End state 
technology 

IN3.1: Availability of end state technology. 
AL3.1: End states are identified for all waste 
streams and all required technology is 
currently available or reasonably expected to 
be available on a schedule compatible with the 
schedule for introducing the waste 
management for all NES facilities. 

CR 3.2: Safety of 
end state 

IN3.2: Safety case for the end state. 
AL3.2: Meets national regulatory standards 
and is consistent with applicable international 
safety standards. 

CR3.3: Schedule for 
achieving end state 

IN3.3: Time to reach the end state. 
AL3.3: As short as reasonably practicable. 

CR3.4: Resources 
for achieving end 
state 

IN3.4: Availability of resources. 
AL3.4: Resources (funding, space, capacity, 
etc) are available for achieving the end state, 
compatible with the size and growth rate of the 
NES. Costs of all waste management steps are 
included as a specific line item in the product’s 
cost estimate. 

4.5.1.  Criterion CR3.1: End state technology 

Indicator IN3.1: Availability of end state technology. 

Acceptance limit AL3.1: End states are identified for all waste streams and all required 
technology is currently available or reasonably expected to be available on a schedule 
compatible with the schedule for introducing the waste management for all NES facilities. 

For each waste being generated from each of the components that comprise a NES, an end state 
has to be defined. For that defined end state, a reasoned argument has to be presented that the 
technology required to reach the end state either exists or that it is feasible to develop the 
technology on a time scale that is compatible with the time scale for introducing and deploying 
the proposed NES. Defining the end state technology involves defining the end state’s waste 
forms and packages for all classes of waste and final repositories and relevant characteristics of 
specific sites. 

For many waste streams, it would be expected that an end state based on existing technology 
would be used, e.g. above ground mounds or pervious surround techniques for mine and mill 
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tailings and near surface disposal systems, including shallow rock caverns, for wastes 
contaminated with short-lived radionuclides and small quantities of long-lived radionuclides, 
i.e. quantities of long-lived radionuclides that the safety case has shown to be small enough  to 
allow their placement in such an end state without exposing future generations to risks that are 
not acceptable today.  

Where an existing technology will be used, there is, a priori, a clear case that the technology 
exists. But an argument needs to be presented that the waste streams that have been identified 
for placement into the given end state have characteristics (chemical, physical, radionuclide 
content, etc.) that are similar to wastes that are currently being placed into such facilities. 
Furthermore, if novel processes are required to treat a given waste stream before it is placed 
into an end state that is already in use, such as near surface disposal, a reasoned argument has 
to be presented that the process in question is based on available technology or on technology 
that can be developed for industrial application on the requisite time scale. Such a reasoned 
argument could, for example, be based on the operation of a pilot plant, testing of the process 
in the laboratory, similarity of the proposed process to an existing industrial process, etc. 

Many waste management activities are already established industrial practices, including near 
surface disposal of short lived radioactive wastes. But, geological disposal of long lived wastes 
cannot yet be considered a fully established industrial practice even though the disposal of 
LILW in the USA’s Waste Isolation Pilot Plant (WIPP) facility for defence-related transuranic 
waste has been in operation for a number of years and Germany’s Konrad mine has been 
licensed for conversion into repository. Nonetheless, geological disposal is the reference end 
state for long-lived wastes in a number of Member States [63]. For such an end state, reasoned 
arguments need to be presented that each of the steps and each of the technologies are 
technically feasible and can be developed for industrial application on the necessary time scale. 
The geological disposal safety cases that have been prepared, e.g. Refs [62, 64, 65], usually 
provide such arguments. However, in referring to such studies, it is important that the INPRO 
assessor takes into account any differences between the proposed end state for a waste from the 
assessed NES and that of the reference study, e.g. the geological medium, the geo-chemistry, 
the availability of materials, etc. 

As noted above, the definition of each end state is supposed to include a schedule for achieving 
that end state. The time to reach the end state has to be defined by the national organization 
responsible for the end state and approved by the responsible government authority. If a 
technology needed for the end state is yet to be developed, the schedule for its development 
needs also to be presented along with an argument that the development schedule is realistic 
and consistent with the schedule for achieving the end state. Ideally, the development time scale 
should be significantly shorter than the overall schedule for achieving the end state, i.e. the 
technological development should not be on the critical path. Where the development schedule 
is shorter than the overall schedule, the development needs to be initiated early enough that 
development will not, by default, establish the critical path of the overall schedule. 

4.5.1.1. Final assessment of CR3.1 

The acceptance limit AL3.1 of CR3.1 is met if evidence is available to the INPRO assessor that 
for each waste stream being generated from each of the components (facilities) that comprise a 
NES, that an end state has been defined and that a reasoned argument has been presented that 
the technology required to reach the end state either exists or will be developed on a time scale 
that is compatible with the time scale for introducing and deploying the proposed NES. The 
time required to bring the end state technology to the industrial scale is less than the time 
specified to reach the end state of all waste streams from the NES.  
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4.5.2.  Criterion CR3.2: Safety of end state 

Indicator IN3.2: Safety case for the end state. 

Acceptance limit AL3.2: Meets regulatory standards and is consistent with applicable 
international safety standards. 

End states have been defined for a variety of wastes and waste is being moved to licensed end 
state facilities in many countries. In such countries (e.g. France, Spain, Czech Republic) the 
regulatory authorities have accepted the safety cases. Guidance on preparing a safety case is 
available from the IAEA in Refs [23, 27, 32, 66]. Additional guidance on safety assessment for 
geological disposal is provided by the Nuclear Energy Agency of the Organization for 
Economic Co-operation and Development (e.g. Refs [67, 68]). Refs [62, 64, 65, 69] are 
examples of safety cases that have been prepared for geological disposal. While the details of 
the information to be presented would differ for the safety cases for other disposal systems, it 
is likely that the same issues would be addressed.  

It is not, however, the intention of this document to instruct an assessor on how to prepare a 
safety case but rather the sustainability requirement is that an assessor needs to determine 
whether or not such a safety case has been presented; whether it has been accepted by the 
regulators or other competent authority; and what, if any conditions have been attached to such 
acceptance. If a safety case has been prepared and accepted, then it is assumed that the safety 
case has met the standards of the specific Member State. If it has not been prepared, then the 
acceptance limit has not been met.  

INPRO requirements on the scope of national regulations are provided in the INPRO manual 
on Infrastructure [3]. 

4.5.2.1. Final assessment of CR3.2 

The acceptance limit AL3.2 of CR3.2 is met if evidence is available to the INPRO assessor that 
the safety case for the end state of each class of waste has been accepted by the national 
regulatory body and is consistent with applicable international safety standards. 

4.5.3.  Criterion CR3.3: Schedule for achieving end state 

Indicator IN3.3: Time to reach the end state. 

Acceptance limit AL3.3: As short as reasonably practicable. 

The definition of the time frame to reach an end state for nuclear waste is included in the 
responsibilities of the national governmental authorities.  

Once an end state has been defined and accepted by the licensing authority, the corresponding 
facility should be constructed and put into operation, subject to regulatory oversight and 
approvals, without undue delay. Nonetheless, the pace at which this occurs can, in a given 
Member State, be affected by many factors, including technical factors (e.g. the availability of 
adequate storage facilities at the designed plant sites over the operational life of the plant, or 
the availability of waste processing facilities to produce waste forms and packages that comply 
with the waste acceptance criteria for disposal), economic factors and societal factors (e.g. 
public acceptance).  

Today, for example, the decision to proceed with establishing a new uranium mine in a Member 
State is often contingent on the production, by the proponent of the mine, and acceptance, by 
the competent authorities, of a plan for the end state of the waste (mine waste and tailings). 
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Usually, these wastes are placed into the end state as a part of on-going operations at the mine. 
Once the mine operations have ceased, the mine operator would be expected to complete, in a 
timely fashion, any final activities to prepare the waste management facility for final closure. 
However, this could involve an extended period of activities such as de-watering (particularly 
in situations, usually historical, where mine wastes require remediation) and monitoring to 
substantiate that the waste facility is behaving as anticipated. Similarly, for radioactive wastes 
other than HLW and long lived waste requiring a geological repository, it would be expected 
that, unless there are exceptional circumstances, facilities for the processing and disposal of 
such wastes would already be in place if a country is already using nuclear power plants for 
electricity generation. As discussed below, the establishment of disposal facilities for HLW can 
take a considerably longer period of time. Nonetheless, a strategy for dealing with such wastes, 
including the definition of an end state and a strategy for establishing the end state facility (or, 
at the very least, for deciding on the next step to be taken), should be available [70]. 

In many countries, the siting of waste disposal facilities, even facilities for handling and 
disposal of household wastes, is controversial and subject to public opposition. The net effect 
of such opposition can lead to reluctance on the part of decision makers to proceed with 
decisions on the final end state. It is also the case in many countries that nuclear power plants 
have been brought into operation without establishing the associated end state facilities, e.g. 
because spent fuel was returned to the supplier country, or because there was no urgency in 
proceeding to establish the end state facility given that adequate storage facilities existed and 
were safe. In such cases, progress on establishing even end state facilities for LILW may have 
been unduly delayed, compared with progress in other Member States, for example because of 
public concerns and a corresponding lack of political will.  

A parameter that could be used to compare different waste management strategies is the fraction 
of waste to be disposed of during the lifetimes of the nuclear facilities of a NES (e.g. operation 
and decommissioning). The higher the fraction of waste disposed of, the higher would be the 
likelihood for a waste management strategy to meet the goal of the INPRO basic principle for 
sustainability assessment in the area of waste management, i.e. to avoid undue burdens on future 
generations.  

4.5.3.1. Final assessment of CR3.3 

The acceptance limit AL3.3 of criterion CR3.3 is met if evidence is available to the INPRO 
assessor that the time to reach the end state of all waste arisings is as short as reasonably 
practicable. Based on the discussion above, the minimum conditions for judging that the 
acceptance limit AL3.3 has been met for the assessed NES are the following: 

 A proponent (responsible national organization) has been identified to define and establish 
the end states; 

 A national strategy for proceeding to the end state has been established by the responsible 
national organization and has been conditionally approved by the responsible government 
authority;  

 Adequate resources for implementation of the chosen strategy have been made available to 
the proponent; and  

 There is publicly available evidence that progress is being made on the strategy’s 
implementation.  

Otherwise, the judgment is that the acceptance limit AL3.3 has not been met. 
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4.5.4.  Criterion CR3.4: Resources for achieving end state 

Indicator IN3.4: Availability of resources. 

Acceptance limit AL3.4: Resources (funding, space, capacity, etc) are available for achieving 
the end state, compatible with the size and growth rate of the NES. Costs of all waste 
management steps are included as a specific line item in the product’s cost estimate. 

Criterion CR3.4 is focused on estimating the sufficiency of resources planned for achieving end 
states, e.g. financial resources, territories having specific characteristics, capacities of the 
existing or planned facilities that are planned to be used, human resources, etc. 

As noted in Section 2.1, for assessing compliance with the INPRO basic principle and user 
requirements for sustainability assessment in the area of waste management, the details of the 
energy scenario are of secondary importance. The assessment needs nevertheless to take into 
account the complete NES and its components so that an adequate estimate of waste arisings 
from the entire system, including those from decommissioning the different components of the 
NES, can be obtained.  

For the purpose of INPRO sustainability assessment, the consideration of resource requirements 
for achieving waste management end states may be constrained to a period of 100 years. This 
means that, even if the NES is expected to be operated for a period much longer than 100 years, 
the assessor may only consider the waste arisings over the next 100 years of operations and the 
corresponding demands on resources. However, the estimation of necessary resources has to 
cover the whole waste management process for the wastes created during the next 100-year 
period, regardless of the time necessary for all intermediate steps for achieving the end state. 
The whole lifecycle of the waste, including final disposal, has to be considered in any case. 

Such recommendations should not be taken as a rationale for not proceeding to develop and 
emplace waste in its end state in a reasonable time frame (indicator IN3.3). Yet it is recognized 
that, over such a time scale, a variety of factors may change so substantially from the reference 
conditions used in the assessment that the uncertainties in waste arisings to be placed in a given 
end state are best taken into account by performing a new assessment.  

Even over a time frame of 100 years, it is clear that many existing facilities will be shut down 
and replaced by new ones that may use new techniques that have not yet been developed. But 
to be consistent with the requirement on the availability of technology (indicator IN3.1), the 
availability of resources needs to be assessed using the defined end states set out in the 
assessment. 

The costs of all steps for all wastes from all facilities in the life cycle of a NES need to be 
identified and included finally in the cost of energy from the NES [2]. To do so requires that a 
waste management plan be specified for each of the many waste streams, including all steps 
and processes to be taken from the production of the waste to its final disposition in its end 
states and including any long term monitoring and institutional arrangements that are foreseen 
to be carried out after the waste has been placed in its end state. Based on these plans, cost 
estimates, including total costs and cash flows over time for the considered management 
scenarios of waste generated and future waste arisings, need to be prepared. Clear evidence 
needs to be presented showing that the requisite funds are being collected and segregated, or 
that an approved method for collection and segregation is accepted by the responsible 
Government authorities.  

There are a few possibilities for meeting the acceptance limit. One option is to place the funds 
required to meet this liability in a segregated fund. Another option is a State guarantee to cover 



48 

the costs needed for dealing with the waste in the future. Both options are based on fees to be 
paid by the electrical utilities and included in the electricity price to consumers.  

In some cases, e.g. uranium mining and milling or the disposal of LLW, funds may be being 
spent on an on-going basis as wastes arise and the accumulated liability may be much smaller 
than for situations where no end state facility has been brought into operation (e.g. geologic 
disposal facilities for spent fuel and HLW from reprocessing). In cases where the end state 
facilities have not yet been created, an estimate of the cost of creating and subsequently 
operating such facilities and then finally closing them (placing the end state facilities into 
passively safe states), plus all interim costs for monitoring, need to be defined.  

If a given waste is not already being placed into its end state, it needs to be placed into storage. 
The costs of creating and operating these storage facilities will be covered on an on-going basis 
by the generators of waste, i.e. the operators of NES facilities, and so will be identifiable. For 
these costs, the acceptance limit of this criterion will be met. But, if it is foreseen that such 
storage facilities will need to be refurbished or replaced on a periodic basis, the costs of doing 
so need to be identified and the necessary funds collected. 

Where costs are anticipated to be spent in the future, the net present value of these future 
expenditures may be used to determine the funds that should be placed into a segregated fund 
on an on-going basis, to be spent in the future, provided a sound argument can be advanced that 
the assets accumulated will cover the accumulated liability. Such an argument has to include a 
detailed (project based) analysis of the future expenditures and their uncertainties, the status of 
work done to date, recognizing that the more advanced the project is, the better should be the 
cost estimates for the remaining work to be done. This means that, at an early stage of planning, 
substantial risk/ contingency factors should be included when applying a net present value to 
estimate the funds that need to be accumulated. The risk/contingency also needs to account for 
possible variations in the return that will be earned by the segregated funds.  

The basis for estimating the funds to be collected should be subjected to independent financial 
audit and peer-review by waste management experts, the results of which could be presented to 
the INPRO assessor. 

4.5.4.1. Final assessment of CR3.4 

The acceptance limit AL3.4 of CR3.4 is met if evidence is available to the INPRO assessor that 
the necessary resources to achieve the end states are available in the country. Sufficiency of 
financial resources needs to be confirmed by independent financial audit and peer-review by 
waste management experts. 
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Appendix I 
CONCEPT OF ALARP  

The concept of ALARP21 is mentioned in the INPRO methodology areas of waste management 
and environmental impact of stressors. The concept is illustrated in Fig. 6. The risk (symbolized 
by the triangle) is divided into three regions: a broadly acceptable region, a tolerable region 
where a process for ALARP has to be used, and an unacceptable region.  

FIG. 6. The concept of ALARP [71] 

As a first step of the ALARP concept to be applied within the INPRO methodology, the 
boundary values of these three regions have to be defined, such as the boundary between the 
tolerable and the unacceptable region, sometimes called a basic limit, and the boundary between 
the tolerable and broadly accepted region, sometimes called a basic objective. The next step is 
to confirm that the value of the indicator of a NES is within the ALARP region, which is below 
the basic limit and above the basic objective. The third step is to perform an optimization 
analysis to confirm that all measures to reduce the specific risk have been taken into account 
up to a level where the costs for these measures become grossly disproportionate to the benefit 
gained. It is important to note that, in case the indicator of a NES has a value in the broadly 
accepted region below the boundary basic objective, no further work is necessary to be 
performed to fulfil the ALARP concept.  

Basic limit values and basic objective values may be specified for specific indicators in national 
regulations or as an outcome of an environmental assessment, or it may be necessary to infer 
such values from other evidence such as license conditions, actions planned, underway or 
completed to remediate an existing situation or improve a given practice, presentations at 
national or international conferences, publications in referred journals, the IAEA Safety 
Standards and other IAEA publications, the work of other organizations such as the 
International Commission on Radiological Protection, the Nuclear Energy Agency of the 
Organization for Economic Co-operation and Development, and the European Commission. 
When a Basic Limit or a Basic Objective is deduced from such evidence, the rationale for doing 
so needs to be clearly stated to ensure transparency.   

___________________________________________________________________________ 
21 The concept of ALARP is used mainly in the UK for the reduction of all kinds of risks including radiation.  
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Appendix II 
EXAMPLE OF RADIOACTIVE WASTE INVENTORIES OF A NES 

This Appendix is based on information documented in an IAEA publication [72] that evaluated 
the global inventories of radioactive waste and other materials produced in nuclear energy 
systems (NES) up to 2007, and on results of the MIT study The Future of Nuclear Power [73]. 
It presents the normalized (to 1 GW∙a of electricity generated) mass flows in a NES from 
mining to disposal of radioactive material. 

II.1. FRONT END OF FUEL CYCLE 

The following Fig. 7 shows the fuel production chain (or front end of the nuclear fuel cycle) of 
a light water reactor (LWR) using enriched uranium fuel, including its waste arisings starting 
from uranium mining (in-situ leaching and strip or underground mining) and continuing 
through the delivery of fresh enriched uranium fuel assemblies to the nuclear power plant 
(NPP). 

 

 

FIG. 7. Fuel production chain including waste generation for a LWR using U fuel in an open 
fuel cycle 

As shown in Fig. 7, all nuclear facilities of the LWR fuel chain produce nuclear waste with 
different mass, volume and radioactivity. The biggest volume and mass of waste with relatively 
low activity is produced in the uranium mine and milling facility. The conversion and fuel 
production facility generate small volumes and masses of waste with low activity. The 
enrichment plant produces a small amount of waste but a large mass of depleted uranium, which 
is strictly speaking not a waste as it is partly used in industrial applications and can be used in 
an advanced NES with mixed oxide (MOX) fuel. 

The nuclear power plant generates several types of operational waste and spent nuclear fuel 
(SNF) of relatively low mass and volume but with very high radioactivity. Typically, the SNF 
is kept in storage (on or off site the NPP) for several decades. Thereafter, in an open (or once 
through) fuel cycle the SNF is declared as HLW, conditioned and disposed of in a repository 
(the end state).  

In a closed fuel cycle, the SNF is transported to a reprocessing facility where fissile/ fertile 
material such as uranium and plutonium is recycled. The separated fissile/ fertile material is 
then used to produce new MOX fuel. The rest of the reprocessed SNF, mainly fission products 
and minor actinides (and secondary waste from reprocessing), is currently conditioned and 
disposed of as HLW.  

An estimation of the material balance of the nuclear fuel chain for electricity production of 
1 GW∙a in a LWR is shown in Table 5. The numerical values of production and waste were 
calculated by using the on-line WISE calculator [74].  
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TABLE 5. MATERIAL BALANCE OF THE NUCLEAR FUEL CHAIN FOR ELECTRICITY 
GENERATION OF 1 GW∙A IN A TYPICAL LWR (CALCULATED WITH REF [74]) 

Facility  
Product Waste 

Form Value Form Amount 
U mine U ore (t) 108 219  Waste rock (t) 541 097  

U mill U3O8 (t) 244.4  
Tailings solids (t) 107 975  
Tailings liquid (m3) 107 975  

Conversion  UF6 (natural) (t) 305.0  
Solid waste (t) 144.4  
Liquid waste (m3) 1340.5  

Enrichment  UF6 (enriched) (t) 38.0  Depleted U (t) 267.0  

Fuel fabrication UO2 (assemblies) (t) 28.86  
Solid waste (m3) 12.7  
Liquid waste (m3) 228.9  

NPP Electricity (GW∙a) 1  Spent fuel (t) 28.86  

The estimated values of the material balance presented in Table 5 depend strongly on the 
characteristics of the fuel cycle facilities and the reactor selected for the calculation of materials 
produced and waste masses. Input parameters used for the calculation of results in Table 5 are 
shown in the following Table 6 for completeness. 

TABLE 6. CHARACTERISTICS OF NUCLEAR FUEL CYCLE FACILITIES AND THE 
REACTOR USED TO CALCULATE THE NUMERICAL VALUES IN THE MATERIAL 
BALANCE OF THE NUCLEAR FUEL CHAIN FOR 1 GW∙A 

Facility Parameters Values 
U mine Waste/ore ratio  5 

Ore grade (%) 0.2  

U mill 
Extraction losses (%) 4.24  
Solids in tailings effluent (%) 50  

Conversion 
Losses (%) 0.5  
Solid waste (t/tU) 0.7  
Liquid waste (m3/tU) 6.5  

Enrichment  
Product assay (%) 3.6  
Tails assay (%) 0.3  

Fuel fabrication 
Losses (%) 1  
Solid waste (m3/tU) 0.5  
Liquid waste (m3/tU) 9  

NPP 
Fuel burnup (GWd/tU) 42  
Efficiency (%) 34.2  

Changing from enriched uranium (3.6 % 235U) to natural uranium (0.71 % 235U) as fuel (by 
eliminating the enrichment step) and reducing the fuel burnup from 42 to 8 GWd/tU, the 
demand for natural uranium (needed for 1 GW∙a electricity production) is reduced from 206 to 
134 t Unat, i.e. by almost 35 %, together with the waste arisings of mining, milling, and 
conversion. In this case, the demand for fresh fuel and the generation of SNF is quintupled 
(from 29 to 151 t SNF). However, the total activity of the SNF per GW∙a is expected to be about 
the same despite the difference in mass and volume, since the activity is, to a first 
approximation, proportional to the electricity produced. Use of natural uranium as fuel with a 
burnup of less than 10 GWd/tU is typical for heavy water moderated reactors. 

The radioactivity level of waste is dependent on the type of nuclear facility. The largest mass 
and volume of waste is generated in the mining and milling step of the nuclear fuel cycle. The 
tailings produced in milling have a specific activity (230Th and 226Ra) of 0.033 GBq/m3 
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assuming an average tailing density of 1.5 t/m3. The radioactivity level in mine residues is 
assumed to be lower by a factor of 10 compared to mill tailings. The total activity of mine 
residues (541097 t) and milling tailings (107975 t) for the production of 1 GW∙a electricity in 
a LWR (Table 5) is about 1.2 TBq and 2.4 TBq, respectively. 

The fuel cycle steps conversion, enrichment and fuel production generate radioactive waste in 
rather small quantities (see Table 5) compared to mining and milling facilities and with low 
(but long lived) radioactivity levels compared to the operation of an NPP, and (in the case of a 
closed fuel cycle) to a reprocessing facility and are therefore not considered further in this 
appendix. 

II.2. WASTE PRODUCED DURING OPERATION OF AN NPP 

The operation of an NPP produces several classes of radioactive waste (see Fig. 2 in Section 2.4 
of this report). For example, the typical (historical) annual operational LILW of a pressurized 
water reactor (PWR) and a boiling water reactors (BWR) generating 1 GW∙a of electricity is 
about 250 m3 with 100 TBq and 500 m3 with 500 TBq, respectively [72]. An HWR produces 
about the same amount of LILW as a PWR and WWER reactors produce a similar amount of 
LILW as BWRs. 

The SNF from a nuclear power plant has a relatively small volume22, but contains a high amount 
of radioactivity. To generate 1 GW∙a of electricity an LWR – as shown above in Table 5 – about 
29 tHM of SNF (with a burn-up of 42 GWd/tU) are unloaded from the reactor core to be stored 
on site of the plant. LWR SNF having 1 tHM has a volume of about 0.74 m3 and an initial 
activity level of 1.6 105 TBq. For the production of 1 GW∙a electricity the SNF (with a mass of 
29 tHM) has a volume of 21.5 m3 and contains about 5 106 TBq of total initial activity. During 
storage the activity of the SNF decreases due to decay of radioactive nuclides.  

Due to the use of natural uranium as fuel the mass and volume of SNF fuel for 1 GW∙a produced 
is higher in a HWR compared to a LWR. As presented above in Section II.1, the mass of SNF 
is about 151 t. Assuming a mass of about 20 kg and a volume of about 0.005 m3 per HWR fuel 
bundle results in a total volume of about 40 m3. The total amount of radioactivity in HWR SNF 
is approximately the same as in LWR SNF for 1 GW∙a produced. 

II.3. BACK END OF THE FUEL CYCLE 

There are several options for the back end of a nuclear fuel cycle, i.e. an open fuel cycle, and a 
closed fuel cycle with different levels of closure. In a NES with an open (or once through) fuel 
cycle, the spent fuel will be disposed of as HLW. Fig. 8 shows a schematic of an open fuel 
cycle. 

The annual demand for natural uranium for 1 GW∙a of produced electricity is estimated in 
Table 5 as 207 tU (or 244.4 t of U3O8). The total amount of SNF is ca. 29 tHM per 1 GW∙a. 
Applying the same conversion factor of 0.74 m3 per ton of HM in SNF as in Section II.2, the 
annual volume of SNF per 1 GW∙a would be about 21.5 m3. Before the SNF is put in its end 
state (into a deep geological repository) the fuel elements have to be encapsulated in special 
containers. The encapsulation of SNF into disposal canisters increases the waste volume from 
21.5 m3 to about 75 m3 of HLW.  

___________________________________________________________________________ 
22 A coal fired plant generates about 400 000 tons of ash containing heavy metals and toxic chemicals in the production of 

1 GW∙a. 
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FIG. 8 A NES with an open fuel cycle 

The volume of encapsulated SNF from an HWR producing 1 GW∙a would increase from 40 to 
about 94 m3, assuming a container with a volume of about 4.5 m3 (4 m high, diameter of 1,2 m) 
storing 360 HWR spent fuel bundles. 

As indicated above, the fuel cycle can be (partly) closed by (mono and multi) recycling of 
plutonium (and uranium) in SNF. Fig. 9 shows the example of a NES with a thermal reactor 
with mono recycling of all uranium fuel to separate plutonium for use in thermal reactor cores 
fuelled with about 30 % MOX and 70 % uranium oxide (UOX). Spent MOX fuel is disposed 
of as waste.  

 

FIG. 9. A NES with thermal reactors and mono recycling of plutonium 

Compared to the open fuel cycle (Fig. 8), the use of mono recycling (Fig. 9) reduces the demand 
of natural uranium by about 15 %23. In addition, if the separated uranium (ca. 94% of original 
uranium from fresh UOX fuel) is not defined as waste but as a resource then the remaining 
material to be disposed of as HLW consists only of spent MOX fuel elements and vitrified 
HLW (from reprocessing the uranium fuel elements). This may represent a significant reduction 
of HLW to be disposed of in comparison to an open fuel cycle [73]. 

Fig. 10 shows an example of a NES consisting of fast and thermal reactors and recycling of 
both UOX and MOX fuel. Theoretically, depending on the capacity of reactors involved and 
on the characteristics of the fast reactor, the demand for natural uranium and the amount of 
HLW can be reduced in such a NES over a broad range compared to a once through fuel cycle.  

___________________________________________________________________________ 
23  A study performed by the Nuclear Energy Agency of the Organization for Economic Co-operation and Development in 

2000 (Radiological impact of spent nuclear fuel options: A comparative study, NEA report 2328) found a reduction of 
21 % in natural uranium demand for a mono Pu recycling system compared to a once-through (open) system with a thermal 
reactor of 1 GWe. 
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FIG. 10. A NES with thermal and fast reactors and multi recycling of spent fuel 

In the case of a (partly) closed nuclear fuel cycle, a reprocessing facility is needed to separate 
the fissile material in the SNF to produce MOX fuel. Currently, industrial reprocessing facilities 
apply the PUREX process to separate plutonium and uranium from the SNF. International 
research is performed to develop the separation process further enabling additional recycling of 
minor actinides and specific fission products. 

Reprocessing of SNF of 1 tHM generates about 0.12 m3 of vitrified HLW [75]. If the complete 
uranium SNF of 29 tHM (used to generate 1 GW∙a in a LWR reactor, see Table 5) is 
reprocessed, about 3.5 m3 of vitrified HLW (glass) is produced, which is equivalent to about 
25 m3 disposal volume after placement into disposal canisters24. The total activity of the 
vitrified waste is estimated25 to be 3.7 104 TBq [72]. 

As mentioned above, the PUREX process is being used as a reprocessing technique and 
research is going on into other methods for effective separation of actinides. Research is also 
under progress in various countries on the development of a non-aqueous reprocessing method, 
based on molten salt electrorefining, called PYRO processing. In this process minor actinides 
remain with Pu and therefore no special minor actinides recycling method is required. Minor 
actinides will form part of the fast reactor fuel and eventually will get burned, e.g. in the fast 
reactors fuelled with metallic fuel which will be able to reduce the total amount of minor 
actinides produced in U-Pu closed fuel cycle. Another advantage of this process from waste 
management point of view is that no significant amounts of liquid HLW are expected to be 
generated during reprocessing. Besides that, the breeding capability of metal fuel FR can 
provide faster growth of NESs.  

II.4. DECOMMISSIONING WASTE OF NUCLEAR FACILITIES 

It is reported in Ref [72] that the decommissioning of an LWR with a capacity of 1 GWe will 
generate a quantity of short lived LILW of about 6000 metric tons and less than 1000 metric 
tons of HLW and long lived LILW. Decommissioning of reprocessing plants is expected to 
produce an amount of radioactive waste similar to a nuclear power station but with a 
significantly higher fraction of long lived waste. 

___________________________________________________________________________ 
24 The report referred to above estimates that packaging increases the volume of reprocessing wastes by a factor of 3 to 7 for 
different classes of waste. Here we conservatively assume a factor 7 for HLW.  

25 Total activity will depend on several factors such as cooling time before reprocessing, SNF burnup, and characteristics of 
the reprocessing plant. Here we conservatively assume that the total cooling period of SNF will be at least 4 years.  
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II.5. SUMMARY OF WASTE ARISING IN A NES 

Based on the information provided in Sections II.1 to II.4, the waste arisings (average values of 
historic data) of a standard NES with different types of reactors generating 1 GW∙a of electricity 
can be summarized in Table 7.  

TABLE 7. SUMMARY OF SELECTED WASTE ARISINGS FROM THE PRODUCTION 
OF 1 GW∙A OF ELECTRICITY BY A STANDARD NES 

Waste Type 
Mass (t)  Volume (m3)  Activity (TBq)  

LWR HWR LWR HWR LWR HWR 
Mine residues 
(waste rock)  

5.4∙105 3.5∙105 3∙105 1.9∙105 1.2 0.77 

Mill tailings 1.1∙105 

 
0.7∙105 1.1∙105 0.7∙105 2.4 1.5 

LILW from 
reactor operation 

  2.5∙102  2.0∙102 1.0∙102 1.0∙102  

SNF (if disposed 
of)  

29  
 

151 21.5 (FA) 
75 (packed) 

40 (FA) 
94 (packed) 

5∙106  5∙106 

Vitrified HLW (if 
SNF reprocessed)  

  3.5 (glass) 
25 (packed) 

 3.7∙104   

Short-lived LILW 
from 
decommissioning  

6000      

Long-lived LILW 
and HLW from 
decommissioning  

<1000      
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GLOSSARY 

assessment (INPRO assessment of NES sustainability): An assessment using the INPRO 
methodology is a process of making a judgment about the long term sustainability of a nuclear 
energy system. In principle, analyses using analytical tools are not part of an INPRO assessment 
but could provide necessary input for the assessment. The assessment of a nuclear energy 
system is done at the criterion level of the INPRO methodology. In the case of a numerical 
criterion, the assessment process consists of comparing the value of an indicator with the value 
of the acceptance limit of a criterion. In the case of a logical criterion – mostly phrased in the 
form of a question – the assessment is done by answering the question raised. 

assessor: The INPRO assessor is an expert or a team of experts applying the INPRO 
methodology in a nuclear energy system assessment. The assessor is typically a member of the 
academic society of the host country (e.g. an academy of science). The assessor may also be 
from a nuclear research centre, a utility, a supplier, or an organization of the regulator. 

basic principle: As defined in the INPRO methodology, an INPRO basic principle is a 
statement of a general goal that has to be achieved in order to make a nuclear energy system 
sustainable in the long term. It therefore provides a basic impetus for the development of 
necessary capabilities and design features.  

closed fuel cycle: This is a nuclear fuel cycle that recycles spent fuel. An example of a partly 
closed fuel cycle is one where spent uranium fuel is reprocessed to (mono) recycle the fuel’s 
bred plutonium for use in producing mixed oxide (MOX) fuel. A completely closed fuel cycle 
is foreseen in proposed nuclear energy systems where fast breeder reactors would continuously 
recycle all of their spent fuel. 

criterion: As defined in the INPRO methodology, an INPRO criterion enables the assessor to 
determine whether and how well a user requirement for sustainability assessment is being met 
by a given nuclear energy system. A criterion consists of an indicator (IN) and an acceptance 
limit (AL). INs may be based on a single parameter, on an aggregate variable, or on a status 
statement. ALs may be international or national regulatory limits or limits defined by the 
INPRO methodology. Two types of criteria are distinguished: numerical and logical. A 
numerical criterion has an IN and AL that is based on a measured or calculated value that 
reflects a property of a NES. A logical criterion is associated with some important feature of 
(or measure for) a NES and is usually presented in the form of a question that has to be answered 
positively. Some criteria have associated evaluation parameters that serve to simplify the 
assessment process. 

disposal: Disposal means emplacement of waste in an appropriate facility without the intention 
of retrieval. In some States, the term disposal is used to include discharges of effluents to the 
environment. Although the term disposal implies that retrieval is not intended; it does not mean 
that retrieval is not possible. The term disposal facility is synonymous with repository. 

end state: The end state is the state of radioactive waste in the final stage of radioactive waste 
management, in which the waste is passively safe and does not depend on institutional control. 
The definition of an end state is supposed to include: the waste form and package; the final 
repository containing the waste packages; a safety case for the final repository; and a schedule 
for achieving the end state. 

evolutionary design: This is an advanced design that achieves improvements over existing 
designs through small to moderate modifications, with a strong emphasis on maintaining design 
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features that are proven to minimize technological risks. Examples of evolutionary reactors are 
Generation III or Generation III+ reactors. 

holistic: The INPRO methodology is defined as a holistic approach to assessing the long term 
sustainability of a NES. Holistic means that all aspects of a nuclear power programme must be 
considered at least until the end of the twenty-first century, looking at a complete NES fuel 
cycle over the lifetimes of all its facilities, and covering all areas of the INPRO methodology 
from economics to safety. 

innovative design: This is an advanced nuclear installation design that incorporates radical 
conceptual changes in design approaches or system configuration in comparison with existing 
practice. These reactors may comprise not only electricity generating plants but include also 
plants (of various size and capacity) for other applications, such as high-temperature heat 
production, district heating and sea water desalination, to be deployed in developed regions as 
well as in developing countries and countries in transition. Examples of innovative reactors are 
Generation IV reactors. 

long lived waste: Long lived waste is radioactive waste that contains significant levels of 
radionuclides with half-life greater than 30 years. Examples of some key long lived 
radionuclides are presented in the following table: 

Radionuclide group Radionuclide Half-life (a) 

Natural long lived radionuclides 

226Ra 1.6∙103 

232Th 1.4∙1010 
238U 4.5∙109 

Transuranic elements 
239Pu 2.4∙104 
241Am 4.3∙102 

Fission and activation products 

14C 5.7∙103 
36Cl 3∙105 
59Ni 7.5∙104 
79Se 3.3∙105 
99Tc 2.1∙105 
126Sn 2.3∙105 
129I 1.6∙107 
135Cs 2.3∙106 

nuclear energy system (NES): A NES comprises the complete spectrum of nuclear facilities 
and associated legal and institutional measures (infrastructure). Nuclear facilities include 
nuclear reactor facilities as well as facilities for mining and milling, refining, conversion and 
enrichment of uranium, manufacturing of nuclear fuel, reprocessing of nuclear fuel (if a closed 
nuclear fuel cycle is used), and facilities for related materials management activities, including 
transportation and waste management (storage and disposal). Legal measures consist of the 
national nuclear law and international agreements, treaties, and conventions. Institutional 
measures include the corresponding national institutions such as regulatory bodies. 

open fuel cycle: This is a nuclear fuel cycle that defines spent fuel as waste to be disposed of. 
It is also called a once through fuel cycle. 

repository: A repository is a nuclear facility where waste is emplaced for disposal. A 
geological repository is a facility for radioactive waste disposal located underground (usually 
several hundred meters or more below the surface) in a stable geological formation to provide 
long term isolation of radionuclides from the biosphere. A near surface repository is a facility 
for radioactive waste disposal located at or within a few tens of meters of the Earth’s surface. 

retrievability: Retrievability is the ability to remove waste from where it has been emplaced. 
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retrieval: Retrieval is the action of recovery of the waste or waste packages, which may need 
to be considered at various stages after emplacement, including after final sealing and closure. 
Retrieval has to be always linked to an alternative strategy for dealing with the waste. 

safety case: A safety case is defined as a collection of arguments and evidence in support of 
the safety of a facility or activity. It is the sum total of all evidence (quantitative and qualitative) 
that supports the determination that the waste management system will be acceptably safe. 

short lived waste: Short lived waste is radioactive waste that does not contain significant levels 
of radionuclides with a half-life greater than 30 years. 

storage: Storage means the holding of radioactive sources, spent fuel or radioactive waste in a 
facility that provides for their/its containment, with the intention of retrieval. 

sustainability: In the INPRO methodology, sustainability is defined as the ability of a nuclear 
energy system to operate until at least the end of the twenty-first century. 

user requirement: A user requirement defines what should be done to meet the target/goal of 
an INPRO methodology basic principle. It is directed at specific institutions (users) involved in 
nuclear power development, deployment and operation, i.e. the developers/designers, 
government agencies, facility operators, and support industries. 
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ABBREVIATIONS 

AL    acceptance limit (INPRO) 

ALARP  as low as reasonably practicable, economic and social factors taken into 
account 

BP    basic principle (INPRO) 

BWR    boiling water reactor 

CR    criterion (INPRO) 

EP    evaluation parameter (INPRO) 

HLW    high level radioactive waste 

HM    heavy metal  

HWR    heavy water reactor 

IN    indicator (INPRO) 

INPRO   International Project on Innovative Nuclear Reactors and Fuel Cycles  

LILW   low and intermediate level radioactive waste 

LWR    light water cooled reactor 

NES    nuclear energy system 

NESA   nuclear energy system assessment 

PWR    pressurized water reactor 

SNF    spent nuclear fuel 

UR    user requirement (INPRO) 

WM    waste management 

WWER water cooled water moderated power reactor (pressurized water 
reactor of Russian design) 
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