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ANNEX I 


A METHODOLOGY TO REVISE THE NEED OF RELOCATION AND 
EVACUATION MEASURES FOR NUCLEAR POWER PLANTS (NPP) WITH 
INNOVATIVE SMALL AND MEDIUM SIZED REACTORS (SMRs) 


Westinghouse Electric Company (USA), Politecnico di Milano (Italy), Lithuanian 
Energy Institute (Lithuania), University of Zagreb (Croatia), Eletronuclear (Brazil)  


I-1. Introduction 


Current regulations relevant for nuclear power plants (NPPs) and their siting require that 
adequate protective measures can and will be taken in the event of a radiological emergency. 
This requirement has been further interpreted in the USA as a requirement for emergency 
planning in an area with a 10 miles radius, i.e., extending far beyond the site boundary. This 
prescribed 10 miles radius is the same for all NPPs. Historically, it was selected very 
conservatively to envelop all nuclear power plant designs existing at the time.  The rule was 
prepared, but it does not include provisions to account for the significant safety improvements 
in plant operation and design achieved since.  


The emergency planning requirement may pose a significant burden on plant owner (utility), 
both in the construction and in the operation phase. During construction, it may be needed to 
build otherwise unnecessary infrastructure (e.g., enhanced highways) to comply with the 
requirement. During operation, it is necessary to maintain an evacuation capability in a 
relatively wide area around the plant in which, for all practical purposes, any human 
development is frozen, this being a burden for small countries and/or areas with significant 
growth. Finally, the fact that the off-site zone around NPP is treated in a special way sends an 
incorrect message to public regarding the safety of NPPs and in the unlikely event of an 
accident it could even induce among residents of the affected areas the “paralyzing fatalism” 
that is recognized to be the largest and longest-lasting public health problem created by the 
Chernobyl accident [I-1].  


The current advanced and safer reactor designs further reduce risk to public and should, 
therefore, offer a possibility to reduce or eliminate some of the emergency plan and 
evacuation requirements. This need was identified by the International Atomic Energy 
Agency (IAEA) International Project On Innovative Nuclear Reactor and Fuel Cycles 
(INPRO, User Requirement “The innovative nuclear reactors and fuel cycle shall not need 
relocation or evacuation measures outside the plant site, apart from those generic emergency 
measures developed for any industrial facility” [I-2]), as well as by the Generation IV 
International Forum (GIF) [I-3]. It is deemed possible to reduce emergency-related site 
requirements for advanced plants, while at the same time providing a protection to the general 
public equal to, or better than that provided by the current generation of NPPs and current 
regulations.  


Achieving licensing with this new objective would offer significant societal and economic 
benefits to the general public and plant owners/operators, including: 


- increased public acceptance of nuclear power, since nuclear plants will be treated as 
any other power plant; 


- reduced need for infrastructure, thus reducing cost; 


- reduced operational costs; 
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- enabling co-generation, including district heating and desalination, where the plant 
cannot be located remotely from the intended user; 


- reduced transmission costs; 


- enabling a wider choice of siting locations in countries with relatively high population 
density. 


In summary, achieving licensing with no need for emergency plan and evacuation measures 
will improve the viability of deploying new NPPs. 


During the past 30 years, the possibility of reducing or eliminating the emergency planning zone 
(EPZ) has been the subject of various efforts. In 1985 and 1986, the licensees for the Calvert 
Cliff and Seabrook power stations petitioned the NRC for a reduction of the EPZ requirement; 
these petitions were rejected on programmatic and technical grounds [I-4]. During the 
following 20 years the (United States) Nuclear Regulatory Commission (NRC) issued various 
papers dealing with the definition of emergency planning procedures for evolutionary 
reactors. Studies from Electric Power Research Institute (EPRI) and Nuclear Energy Institute 
(NEI) have directly addressed this issue. In TR-113509 [I-5], EPRI documented a set of 
probabilistic and deterministic studies to show that a significant reduction in the EPZ radius 
was possible for advanced light water reactors (ALWR) while maintaining the same level of 
safety of existing plants. In NEI-02-02 [I-6], NEI proposed a complete risk-informed revision 
to 10 CFR (Code of Federal Regulations) Part 50, in which the need and extension of the EPZ 
would be based on purely probabilistic considerations. Outside the U.S., similar activities 
have been ongoing: just to make an example, a social and technical study on the possibility of 
reducing the EPZ for the APR-1400 [I-7] was performed in Korea.  


Lately, IAEA/INPRO and GIF have identified the need for licensing that would allow 
reducing emergency planning requirements. 


The premise of this suggested approach is that there will be no change in the defence-in-depth 
philosophy. The total level of defence in depth will be the same or higher than currently. 
However, depending on the particular design characteristics, the relative contribution of the 
various levels can be changed; being the emergency planning one of such levels it can be 
decreased in importance or substituted by another level, provided that there is no compromise 
whatsoever on the total overall level of defence. 


The methodology presented here will combine probabilistic, deterministic, and risk 
management methods that would support licensing with reduced emergency planning 
requirements. It is articulated over the following four steps:  


1. Review the licensing regulations which specified the emergency response planning for the 
current U.S. light water reactor (LWR) plants. 


2. Based on the lessons learned by previous attempts at EPZ redefinition, identify changes in 
the licensing approach and devise technical criteria which would be necessary if the 
emergency planning is to be eliminated or reduced 


3. Develop an integrated methodology based on combination of the deterministic, 
probabilistic and risk management approach, which would enable consistent evaluation of 
advanced reactors, giving credit to their enhanced safety features. 


4. Apply the methodology to the International Reactor Innovative and Secure (IRIS) design. 
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I-2. Review of current licensing regulations concerning emergency planning zone 
definition 


The historical perspective provided in this report will focus mostly on the U.S. situation, 
although some considerations on the international environment are reported to contribute at 
providing a technically consistent basis for defining the emergency planning requirements of 
nuclear installations. 


I-2.1. Early regulation in the United States 


The first mention of the need to protect resident population against nuclear accident 
consequences dates from the 1954’s Atomic Energy Act (AEA) [I-8], which is the foundation 
of what eventually became the U.S. Nuclear Regulatory Commission’s regulations for 
commercial nuclear power plants. In this act, the U.S. Atomic Energy Commission (AEC) 
established its regulatory requirements for commercial nuclear power plants to ensure that “no 
undue risk to public health and safety” resulted from the licensed use of nuclear power plants. 
The safety features were designed to satisfy specified dose limits at various site-depending 
distances from the plant. As such dose limits were observed, there was no compelling reason 
to subject the population to evacuation procedures.  


This type of general approach was followed until the early ‘60’s when the Atomic Energy 
Commission published the Reactor Site Criteria (10 CFR Part 100 [I-9]) (1962). This 
regulation mentioned, as an aid in evaluating a proposed site, the duty for each applicant is to 
assume a fission product release from the core, the expected demonstrable leak rate from the 
containment and the meteorological conditions pertinent to his site to derive an exclusion area 
(EA), a low population zone (LPZ) and population centre distance. These three concepts were 
defined as follow:  


- the EA size is such that an individual located at any point on its boundary for two 
hours immediately following onset of the postulated fission product release would not 
receive a total radiation dose to the whole body in excess of 25 rem or a total radiation 
dose in excess of 300 rem to the thyroid from iodine exposure 


- the LPZ size is such that an individual located at any point on its outer boundary who 
is exposed to the radioactive cloud resulting from the postulated fission product 
release (during the entire period of its passage) would not receive a total radiation dose 
to the whole body in excess of 25 rem or a total radiation dose in excess of 300 rem to 
the thyroid from iodine exposure 


- the population centre distance is at least one and one-third times the distance from the 
reactor to the outer boundary of the LPZ. In applying 10 CFR Part 100, the boundary 
of the population centre shall be determined upon consideration of population 
distribution.  


It has to be noted that the mentioned subdivision of the territory surrounding the plant, and 
also the dose limits specified, were for licensing purposes, and for design of the safety 
features. In fact, the accidents examined to calculate the doses were essentially design basis 
accidents (DBA), which determine the design of the engineered safety features. Moreover, 
being implicitly defined with the doses, the extensions of these areas are site-depending, and 
so they could in principle vary from plant to plant. 


In the years following the publication of 10 CFR Part 100, three major items would eventually 
contribute to define the current emergency planning approach: 
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1) the involvement of local, state and federal governments in the emergency planning 
preparedness 


2) the expansion of the spectrum of accidents considered to events more severe than 
DBA 


3) the introduction of the protective action guide (PAG) and the ingestion exposure 
pathway (IEP) 


They are discussed below. 


Off-site agencies involvement 


In 1970, explicit requirements for plans to cope with emergencies were published in 10 CFR 
Part 50 [I-10], Appendix E. In accordance with provisions of the Atomic Energy Act of 1954, 
these requirements were directed to applicants for licenses to operate these facilities rather 
than to State or local governments. With respect to a planning basis, federal regulation 
10 CFR Part 50, Appendix E not only did not provide explicit guidance as to the character or 
magnitude of accidental release to the environment, but also did not include any explicit 
references to the LPZ or other particular geographical areas other than “within and outside the 
site boundary”.  


Despite these omissions, the publishing of 10 CFR Part 50 served as an incentive for a further 
approach to the current regulations. In fact, since previous guidance regarded just the licensee, 
it was recognized that local and state, as well as federal authorities would have to be actually 
involved in the offsite response. Regulations required licensees to incorporate provisions for 
participation by off-site authorities or organizations whose assistance might be required, in the 
event of a radiological emergency, in periodic drills to test response plans. As the federal 
regulatory staff gained experience with these requirements, it became concerned with the 
abilities of state and local governments to discharge their responsibilities, should the need 
ever arise. This concern in part gave rise to a federal register notice [I-11] which started an 
interagency program for providing radiological emergency response planning guidance and 
related training to state and local government organizations. NRC exercised the lead role in 
this activity and several federal agencies, including the environmental protection agency 
(EPA), participate.  


Expansion of the considered spectrum of accidents 


Another substantial modification was the introduction in 1974 of the concept of Magnitude 
of the Accident in the emergency planning based criteria. In NUREG-75/111 [I-12] NRC 
stated: “the evaluation of sites and plant designs, required testing programs, and quality 
assurance for the operation of such facilities all provide substantial assurance that accidents 
with serious consequences to the public health and safety are not likely to occur. 
Nevertheless, highly unlikely sequences of events are postulated and their potential 
consequences analyzed by the applicant in the safety analysis report which accompanies each 
application and by the staff in its safety evaluation report for each plant. The (NRC) considers 
that it is reasonable, for purposes of emergency planning relative to nuclear facilities, to 
prepare for the potential consequences of accidents of severity up to and including the most 
serious design basis accident analyzed for siting purposes."…"The (NRC) recognizes that 
accidents with more severe potential consequences than design basis accidents can be 
hypothesized. However, the probability of such accidents is exceedingly low. Emergency 
plans properly designed to cope with design basis accidents would also provide significant 
protection against more severe accidents, since such plans provide for all of the major 
elements and functions of emergency preparedness. An added element of confidence can be 
gained, however, if states and local governments assure that their plans for responding to 
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radiological emergencies are coordinated with their plans for dealing with floods, 
earthquakes, or other disaster situations which might necessitate large scale displacement of 
people and the provision of shelter, food, medical aid, and other emergency services. 
Communications, traffic control, evacuation, public notification and other emergency 
responses will tend to be the same whether or not the emergency involves radiological 
considerations. The (Department of Energy's) Radiological Assistance Program (RAP), the 
Federal Interagency Radiological Assistance Plan (IRAP) and other radiological emergency 
assistance plans, which are a part of the federal capability, provide significant additional 
emergency resources in the event of a serious accident." 


PAG limits and IEP introduction 


The dose guideline values in 10 CFR Part 100 did not constitute acceptable limits for 
emergency doses to the public under accident conditions, essentially for two reasons: 


- the numerical values of 25 rem whole body and 300 rem thyroid can be considered the 
values above which prevention of serious health effects would be the paramount 
concern. Good health physics practice would indicate that radiological exposures of 
these magnitudes should not be allowed to take place if reasonable and practical 
measures can prevent such exposures 


- the assumptions on which design basis accidents studies are based are extremely 
conservative. Thus, the actual doses that would result from DBA are expected to be 
much lower than the afore-mentioned dose guidelines of 10 CFR Part 100, under most 
meteorological conditions. Since the NRC expressed the will to analyze a wider 
accident spectrum, including the most adverse meteorological conditions being present 
during the DBA, the resulting dose would exceed 10 CFR Part 100 dose guidelines. 


Therefore, with respect to the levels at which emergency actions should be initiated, in 1975 
the EPA issued, as an Agency guidance, portions of the “manual of protective action guides 
[I-13] (PAG) and protective actions for nuclear incidents” in order to assist public health and 
other governmental authorities in deciding how much of a radiation hazard to the environment 
constitutes a basis for initiating emergency protective actions. These guides (PAGs) are 
expressed in units of radiation dose (rem) and represent trigger or initiation levels, which 
warrant pre-selected protective actions for the public if the projected (future) dose received by 
an individual in the absence of a protective action exceeds the PAG. The nature of PAGs is 
such that they cannot be used to assure that a given level of exposure to individuals in the 
population is prevented; in any particular response situation, a range of doses may be 
experienced, principally depending on the distance from the point of release. Some of these 
doses may be well in excess of the PAG levels and clearly warrant the initiation of feasible 
protective actions. This does not mean, however, that doses above PAG levels can be 
prevented, or that emergency response plans should have the prevention of exposures above 
PAG levels as their objective. PAGs represent only trigger levels and are not intended to 
represent acceptable dose levels; they are tools to be used as a decision aid in the actual 
response. 


The PAGs are numerically defined on account of the release pathway considered: in fact, 
radioactive nuclides tend to contaminate the environment and the population through two 
major pathways: 


- the plume exposure pathway (PEP): it relates to the whole body external exposure to 
gamma radiation from the plume and from deposited material, and for inhalation 
exposure from the passing radioactive plume. The time of potential exposure could 
range from hours to days. 
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- the ingestion exposure pathway (IEP): it relates to the contamination due to ingestion 
of contaminated foods. The time of potential exposure could range from hours to 
months. 


PAGs referred to the PEP are expressed as a range of 1 to 5 rem whole body dose and 5 to 
25 rem thyroid dose; PAGs referred to the IEP are expressed as 1.5 rem infant thyroid dose 
from cow’s milk. These values had been set at levels below those that would produce 
detectable short term biological effects and at levels that would minimize long term biological 
effects. 


I-2.2. The EPZ concept in the United States 


Except for minor modifications, the requirements concerning the subdivision of the territory 
and the protection of the public were essentially unchanged till 1976, when an ad hoc Task 
Force of the Conference of (State) Radiation Control Program Directors passed a resolution 
requesting NRC to make a determination of the most severe accident basis for which 
radiological emergency response plans should be developed by offsite agencies.  


In November 1976, a Task Force consisting of NRC and EPA representatives was convened 
to address this Conference request and related issues [I-14]. Considering the three items 
described in section I-2.1 (i.e., involvement of local, state and federal government, definition 
of accident spectrum and PAG), already implemented in separate documents, the Task Force 
started a deep study in order to combine these approaches and compile a unique document. 
The result was the publication of NUREG-0396: “Planning basis for the development of state 
and local government radiological emergency response plans in support of light water nuclear 
power plants” [I-15], which represented the basis of the current EPZ concept. 


The NUREG-0396 main purpose was to “provide a basis for federal, state and local 
government emergency preparedness organizations to determine the appropriate degree of 
emergency response planning efforts in the environs of nuclear power plants”. That guidance 
stated also that “the Task Force hopes that the guidance provided here will be used to 
supplement the extensive emergency planning guidance already published by NRC and EPA”. 


The Task Force took into consideration the improvements that had been suggested by 
previous studies supplemented by new approaches and concepts. Major recommendations of 
the Task Force were: 


1) An enlarged accidents spectrum: as mentioned before, the study was performed 
taking into account not only the DBA, but also more severe accidents, called class 
9 events. This term refers to those accidents leading to total core melt and 
consequent degradation of the containment boundary and those leading to gross 
fuel cladding failure or partial melt with independent failures of the containment 
boundary. The decision to take these accidents into account came after an extended 
debate to establish the rationale on which the emergency planning based criteria 
had to be founded (i.e., on which criteria accidents had to be considered and 
excluded). Four were the possible choices: risk, probability, cost-effectiveness and 
consequences:  


- RISK: this rationale would have seemingly given a uniform basis for 
emergency planning, establishing a consistent basis for the emergency 
planning of nuclear and non-nuclear hazards. However, emergency planning 
for non-nuclear hazards is not based upon quantified risk analyses since risk is 
not generally thought in terms of probabilities and consequences, rather it is an 
intuitive feeling of the threat posed to the public. Moreover, nuclear power 
plants are unique in the fact that radiation tends to be perceived as more 
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dangerous than other hazards and, therefore, a simple mathematical risk 
concept would not have been accepted by the public 


- PROBABILITY: by founding the methodology on this rationale, an accident 
probability below which development of an emergency plan could not be 
justified would have been calculated. This concept is however against the 
public tolerance, since society tolerates much more probable non-nuclear 
events with similar consequences spectrum. For this reason, the probability 
rationale was rejected 


- COST-EFFECTIVENESS: this rationale would have implied the need to 
calculate what it costs to develop different levels of such a plan and the 
potential consequences that could be averted by that degree of development. 
However, absent an actual accident, it would have been very difficult to assign 
a dollar value to the effectiveness of the plan in terms of health effects averted: 
this was the main reason this rationale was rejected. 


- CONSEQUENCES: Basing the methodology on this rationale would have the 
great advantage, especially from the point of view of public acceptance, of 
being able to establish bounds on the planning effort. Further, a planning basis 
would have been easily stated and understood in terms of the areas, time 
frames and radiological characteristics that would have corresponded to the 
consequences from a range of possible accidents. For these reasons, 
consequences were chosen as the rationale basis; at the same time, in order not 
to consider too unlikely events, very serious consequences were tempered by 
probability considerations.   


2) The PAG limits: the Task Force accepted the principle in existing NRC and EPA 
guidance that acceptable values for emergency doses to the public under the actual 
conditions of a nuclear accident cannot be predetermined. The emergency actions 
taken in any individual case have to be based on the actual conditions that exist 
and are projected at the time of an accident. For very serious accidents, 
predetermined protective actions would be taken if projected doses, at any place 
and time during an actual accident, appeared to be at or above the applicable 
proposed PAGs, based on information readily available in the reactor control 
room, i.e., at predetermined emergency action levels. Of course, ad hoc actions, 
based on plant or environmental measurements, could be taken at any time. 


3) Two different exposure pathways: the Task Force provided separate guidance for 
the two exposure pathways (PEP and IEP), although a single emergency plan 
would have included elements common to assessing or taking protective actions 
for both pathways. 


The whole study provided the concept of emergency planning zone, designated as the area for 
which planning is recommended to assure that prompt and effective actions can be taken to 
protect the public in the event of an accident. Consistently with the coexistence of two 
different pathways characterized by different physical mechanisms of exposure, the EPZ is 
actually constituted by two areas:  


- PEP area: 10 miles radius  


- IEP area: 50 miles radius 


The extensions of these two areas are sufficient to provide acceptable doses to the population 
in areas where the projected dose from design basis accidents could be expected to exceed the 
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applicable PAGs under unfavourable atmospheric conditions. Three were the main dose 
criteria on which the determination of the radius was based: 


Criterion 1: the consequences of DBA would not exceed the PAG levels outside the 
recommended EPZ distance; 


Criterion 2: the consequences of less severe class 9 accidents would not exceed the PAG 
levels outside the recommended EPZ distance; 


Criterion 3: the EPZ should be of sufficient size to provide for substantial reduction in 
early severe health effects (injures or death) in the event of the more severe class 9 
accidents. 


According to the need to make the emergency planning not site-dependent, the sizes of the 
two zones meet all the three criteria for any given nuclear power plant. 


I-2.3. Other national approaches to emergency planning 


Confirming the actuality of the EPZ subject, a seminar on emergency and risk zoning around 
nuclear power plants was held on 2005 [I-16] at the premises of the Joint Research Center 
(JRC) of the European Commission. Its purpose was to provide a forum for presentation and 
discussion of the status of emergency planning and risk assessment approaches, safety 
policies, as well as current and possible future requirements for emergency and risk zoning, 
and to consider needs for international harmonization. The aim was to help relevant 
stakeholders at both national and international levels to decide on research and development 
needs of relevance to this issue. 


The JRC-organized event provided a precious source of information in order to get an overall 
view of the probabilistic/deterministic information sources used to define risk and emergency 
zones around nuclear power plants in various countries. The approach to emergency planning 
in the European Union (EU) Member States is strongly deterministic and significant 
differences are present among different countries. The usual approach is that a set of reference 
accidents is defined (usually limited to the DBA) which is then used as the basis for setting up 
the emergency plans. The main disadvantage of the deterministic approach is that it analyzes 
only the DBA, i.e., the worst credible accident. In fact, evaluation of hazards should never be 
limited to the selected reference accident but should always include the complete spectrum of 
potential occurrences as each accident occurs differently and produces different 
consequences. 


A non-exhaustive description of the EPZ requirements and basis in some countries is 
summarized in the following. 


Belgium 


The general EPZs are associated with the following protective actions: evacuation (10 km), 
sheltering (10 km), stable iodine intake (20 km) and food chain control (whole country). The 
size of these zones has been defined taking into account a rough (presumably largely 
deterministic) estimation of the associated risks. 


Czech Republic 


The predetermined evacuation of people is performed within a 5 km internal zone around 
Temelín NPP and within a 10 km internal zone around Dukovany NPP. The EPZ is formed by 
a territory 20 km around Dukovany and 13 km around Temelín. The predetermined actions 
are sheltering and distribution of iodine tablets. The difference between the EPZ for Temelín 
and for Dukovany is mainly due to different population densities, meteorological and 
evacuation conditions. Czech Republic is one of the few EU Member States that focused on 
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the usage of level 2 probabilistic risk assessment (PRA) results in a formal way, as input into 
their emergency arrangements. Based on the level 2 PRA results for Temelin, it was found 
that no sequences identified in the PRA have more serious consequences than those sequences 
used as a basis for the (deterministic) definition of the EPZ size. This information was used as 
a confirmation that the reference accident sequences had been reasonably selected. 


Finland 


Finnish NPP sites are surrounded by a protective zone extending to about a five kilometre’s 
distance from facilities within which land use restrictions are enforced. In accordance with a 
Ministry of the Interior Order, a nuclear power plant is surrounded by an emergency planning 
zone extending up to about 20 kilometres from the facility. Such a zone shall be covered by 
detailed rescue plans for public protection drawn up by the authorities and may not contain 
such populations or population centres as would render impossible the efficient 
implementation of rescue measures applicable to them.  


Design basis for these zones was reviewed in 1984 in a statement by the Finnish radiation and 
nuclear safety authority to the central rescue service authority (Ministry of Interior). 
State-of-the-art of the severe accident management and source term in an accident situation 
were considered. A description of possible accident scenarios and times, radioactive 
substances behaviour at the plant and release phenomena were drawn into a perspective of 
possible protective actions. 


France  


In the French system, two emergency planning zones of 5 kilometres and 10 kilometres radii 
around a nuclear power plant have been defined. The emergency planning zone of 
5 kilometres radius around a nuclear power plant is the zone where evacuation is pre-planned 
and prepared in detail. The emergency planning zone of 10 kilometres radius around a nuclear 
power plant is the zone where sheltering is pre-planned. Stable iodine tablets have been 
previously distributed in France to the population within a radius of 10 kilometres around a 
nuclear power plant. The two emergency planning zones provide reasonable assurance that 
the doses to the population in the short term would be below the different intervention levels 
for a spectrum of accidents and radionuclide releases, in particular for most core melt 
accidents. Another important consideration is that 5 and 10 kilometres are practicable 
distances for planning in France. There is obviously a need for flexibility in response 
following an accident and it is, therefore, essential that emergency plans take into account 
site-specific factors (e.g., the type of housing, whether the planned countermeasures would 
involve institutions such as schools and hospitals, etc). It is also recognized that protective 
actions could be extended beyond 10 kilometres if conditions warrant. Much more time would 
be available for emergency response beyond these distances.  


As far as the defining criteria are concerned, it is recognized that the emergency plans must be 
able to respond effectively to accidents liable to occur at a NPP. This resulted in the definition 
of accident scenarios encompassing the possible consequences, with a view to determining the 
nature and extent of the remedial means required. The task of identifying a suitable accident 
scenario is difficult, as cases of real significant accidents are extremely rare, with the result 
being that a conservative theoretical approach is usually adopted to estimate the source terms 
(i.e., the quantities of radioactive materials released), calculate dispersion in the environment 
and finally assess the radiological impact. In summary, the definition of emergency planning 
zones is based on reference source terms and does not include probabilistic approach. The 
approach supposes nevertheless that accident scenarios, leading to more serious off-site 
consequences than the reference source terms, are highly improbable.  
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Finally, in France, for the moment, level 2 PRAs do not appear as a tool for direct 
improvement of emergency zoning but as a tool to ensure the sufficiency of the provisions 
taken for population protection for a wide spectrum of severe accident situations.  


Lithuania 


The Lithuanian emergency plan provides means of protecting the population, their scope, 
terms, assignment of responsibilities, and implementation procedure. The plan is needed for 
organization and co-ordination of actions taken over by ministries, other State Administration 
institutions, county and local municipal authorities for taking protective measures for 
arrangement of immediate response actions, for the operative notification of neighbouring 
countries of a nuclear accident or radiological emergency. For the accident types, emergency 
response takes place over two distinct areas: a sanitary protection zone and the area beyond 
the sanitary protection zone. Sanitary protection zone (SPZ) means the area surrounding the 
facility, which is under the immediate control of NPP in Lithuania. The area beyond the 
sanitary protection zone is divided into three main zones: precautionary action zone (PAZ), 
urgent protective action planning zone (UPZ), and longer-term protective action planning 
zone. The PAZ goal is to substantially reduce the risk of deterministic health effects of 
ionizing radiation before radionuclides emission into the environment. UPZ means a 
predefined area around the facility where a plan for urgent protective measures is made in 
advance. Longer term protective action planning zone means a predefined area around the 
facility farthest from the facility and including the urgent protective action planning zone. In 
this area the actions to reduce the long-term doses from deposition and ingestion should be 
developed in advance. These zones are roughly circular areas with NPP in the centre. The size 
of the zones in Lithuania has been determined by an analysis of international practices.  


Slovak Republic 


NPPs in the Slovak Republic are of the Soviet VVER type; it was required by the Soviet 
project that NPP site should have had a three kilometres (radius) protection zone without any 
permanent settlement. These zones were demarcated by county hygienic-in-chief according to 
the territory features. Besides this three km protection zone, emergency planning zones are 
also defined for Slovak NPPs in relation to the maximum size of any radiation emergency that 
can be reasonably foreseen. The hazard area represents a circle with centre in the nuclear 
facility and further divided into 16 sectors (of 22.5° each). The radius is NPP-specific and 
ranges from the 20 km for Mochovce up to the 30 km for Bohunice, both divided into zones 
with radius 5 km and 10 km. In case that the boundary demarcating the hazard area interferes 
with an inhabited area, the whole inhabited area is considered as a hazard area. The difference 
in the EPZ for Bohunice and Mochovce is due to different population density, meteorology 
and evacuation conditions and also due to the older type of VVER reactor present at the 
Bohunice site.  


Both probabilistic and deterministic safety analyses are applied in support of zoning, 
emergency preparedness and planning. Results of PRA level-2 are used for identification and 
selection of accident scenarios resulting in the core (fuel) damage, containment failures and 
release of radioactive material into environment. Deterministic safety analyses are used for 
the source term prediction and quantification of radioactive releases, distribution of 
radioactive materials in the environment, and dose calculations. 


Switzerland 


Following the new legal provisions introduced in 1998, protection for the public is considered 
in Switzerland for expected doses above 1mSv. The current provision in this country 
envisions two general areas: an inner zone of around 5 km of radius, and an outer zone up to 
20 km in radius. A third zone covers for the entire extension of the country.  
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The technical bases for the definition of the EPZ are focused on three reference scenarios 
assuming 100% of noble gases and 10% (reduced to 1% in 1991) of halogens released. 
Acceptance criteria for such reference scenarios are related to the maximum reasonable 
coverage of the total amount of sequences envisioned in PRA analysis, with an allowed 
uncovered cumulative frequency of rapid sequences or very large radioactivity releases lower 
than 10-6/year. Different weather conditions are considered and whole body as well as thyroid 
doses are evaluated. 


United Kingdom 


For each licensed nuclear site in the UK, there is a defined zone around the site – the detailed 
emergency planning zone (DEPZ) within which the arrangements to protect the public are 
planned in detail. The boundary of this zone is defined in relation to the maximum size of any 
radiation emergency that can be reasonably foreseen and ranges from 1 to 5 km. It is also 
recognized that radiation emergencies could occur that would have consequences beyond the 
DEPZ. The nature of the response required is more difficult to predict and will depend on a 
number of factors such as the characteristics of the release that has occurred and the 
prevailing weather conditions. To deal with this, there is a requirement that the emergency 
plans incorporate arrangements for extendibility beyond the DEPZ. 


Japan 


The agreement between government, municipalities and utilities regarding off-site protection 
measure for nuclear protection in Japan was in principle defined in 1961 in the more general 
framework of the disaster prevention measures law which was mainly focused on natural 
events such as earthquake, typhoon, etc. In June 1980, after the 1979 Three-Mile-Island 
(TMI) accident, the nuclear safety commission of Japan issued its position, specifically, about 
nuclear disaster prevention guidelines. The technical background for the definition of the 
nuclear disaster responses was inspired by outcome of the TMI accident, which is currently 
the most serious accident involving a LWR and, which, for the first time, required off-site 
emergency response. Since then, the reference document was regularly updated, incorporating 
the latest scientific knowledge. These guidelines suggest dose indicators to determine whether 
shelter or evacuation is required. An ad-hoc Japanese nuclear disaster special measures law 
was finally issued after the 1999 uranium-processing JCO plant accident.  


The EPZ is about 8 to 10 km for the facilities of commercial plants and research reactors with 
power levels greater than 50 MW(th). The standard of EPZ is the zone with a boundary 
(distance from the nuclear facilities) defined to be within the lower limit of radiation exposure 
at the boundary (10 mSv whole body dose and 100 mSv thyroid dose).  


I-3. Critical review of previous attempts of EPZ redefinition in the U.S.A., and resulting 
insights 


The possibility of the EPZ reduction for advanced plants can be derived from two 
considerations: 


- the very high level of safety characteristics of the advanced light water reactors 
(ALWR) versus the old plants; 


- the fact that the prescribed emergency planning is not based upon quantified 
probabilities of accidents but on public perceptions of the problem and what could be 
done to protect health and safety: in essence, it is a matter of prudence rather than 
necessity. 


Using simply a rational approach, these considerations would be sufficient justification, since 
it would be a simple matter of consistency to adjust emergency planning in relation to the type 
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of plants being licensed. However, considering the activists opposition to nuclear power, a 
more prudent approach is also in order. 


Following is a discussion of a number of studies dealing with ALWRs and EPZ. For reasons 
of completeness, first there is a brief mention of two unsuccessful requests for traditional 
LWRs. 


I-3.1. Requests by licensees 


Two licensees petitioned early the NRC to allow for a reduction in the size of the EPZ. In 
1985, the licensee for Calvert Cliffs requested exemptions and license amendments to allow 
for reduction in the 10-mile EPZ to 2 miles and, in 1986, applicants for the Seabrook nuclear 
power plant requested a waiver to allow for reduction in the 10-mile EPZ to 1 mile. The 
technical argument supporting these requests was that a site-specific analysis of design basis 
and severe-accident risks showed a decrease in these risks relative to the risks considered in 
NUREG-0396. In regard to the Calvert Cliffs exemption request, the NRC staff concluded 
that it could not consider the request because the NRC was still studying severe-accident 
issues (April 11, 1988, letter from S. Varga (NRC) to J. Tiernan (BG&E)). In regard to the 
Seabrook petition, the Atomic Safety and Licensing Board concluded that "there are a number 
of areas wherein it appears the applicants had not presented full and complete results 
sufficient to inspire confidence that their motion deserves further consideration at this time" 
(ASLBP 82-471-02-02).  


I-3.2. SECY-93-092 


In the SECY-93-092 [I-17] document, dated April 8, 1993, the staff raised the issue: ‘Should 
advanced reactors with passive advanced design safety features be able to reduce emergency 
planning zones and requirements?’ The staff proposed no changes to existing regulations 
governing emergency planning (EP) for advanced reactors at that time; however, it did 
indicate that regulatory direction would be provided at or before the start of the design 
certification phase so that EP implications on design could be addressed. 


I-3.3. Minor documents (1993-1995) 


In a Staff Requirement Memorandum (SRM) dated July 30, 1993 [I-18], the Commission 
stated that "it is premature to reach a conclusion on emergency planning for advanced 
reactors.... However, the staff should remain open to suggestions to simplify the emergency 
planning requirements for reactors that are designed with greater safety margins. To that end, 
the staff should submit to the Commission recommendations for proposed technical criteria 
and methods to use to justify simplification of existing emergency planning requirements." 
The Commission further stated that "work on EP should be closely correlated with work on 
accident evaluation and source term, in order to avoid unnecessary conservatism. Also, the 
work on EP for advanced reactors should be coordinated with the approach for evolutionary 
and passive advanced reactors." 


In response to that SRM, the staff stated in a memorandum to the Commission, dated 
December 22, 1993, that it would re-examine the technical basis for EP and would develop 
recommendations for possible simplification of EP requirements for reactors with greater 
safety margins. 


In a memorandum of February 27, 1995, the staff informed the Commission of the progress of 
staff efforts to develop recommendations for possible simplification of EP requirements for 
reactor designs with greater safety margins. In that memorandum, the staff indicated that 
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because design certifications of advanced reactors such as PRISM, MHTGR, and PIUS were 
not being pursued and because adequate design and risk assessment information for these 
advanced reactor designs was not available, the focus and direction of the staff's effort had 
changed to concentrate on the evolutionary and passive advanced LWR designs that were 
currently being reviewed by the staff. 


I-3.4. SECY-97-020 


In response to a NRC request, in 1997 a staff effort chaired by Hugh L. Thompson, Jr. 
performed an evaluation to develop technical criteria for EP for evolutionary and advanced 
reactor designs; SECY-97-020 [I-4]. 


The rationale upon which the EP for advanced and evolutionary reactors should be based was 
one of the first issues brought into question. The staff determined that the NUREG-0396 
approach (consequences tempered by probability considerations) was appropriate also for this 
kind of plants; furthermore, rigid application of the technical criteria derived from this 
rationale against the evolutionary and advanced reactor designs indicated that no changes to 
EP requirements are warranted because the potential consequences of severe accidents 
associated with those plants are similar to those for current reactors. 


At the same time, however, the staff recognized that changes to EP requirements might be 
warranted if the technical criteria for the EP requirements were modified to account for: 


- the lower probability of severe accidents; 


- the longer time period between accident initiation and release of radioactive material; 


- most severe accidents associated with evolutionary and passive advanced LWRs. 


In order to justify these types of changes to the EP basis, the staff believed that three main 
issues would have needed to be addressed: 


1) the probability level, if any, below which accidents will not be considered for EP; 


2) the use of increased safety in one level of the defence-in-depth framework to 
justify reducing requirements in another level; 


3) the acceptance of such changes by federal, state, and local emergency response 
agencies.  


Because of the significant expenditure of resources that would have been required, the staff 
expressed its intention not to perform further studies unless a petition was received from 
industry. 


The approach followed by the staff was essentially composed by two major parts, as 
explained as follow. 


Part 1  


This was a review of the rationale, criteria and methods that form the basis for EP for 
currently licensed reactor designs in NUREG-0396. The review regarded essentially: 


- the basis for the determination of the size of the two areas (PEP area and IEP area), 
using the PAG limits 


- the time-dependent characteristics of potential releases 


- the types of radioactive materials that potentially could be released during an 
accident scenario 
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The conclusion was a confirmation of the recommendations in NUREG-0396, without 
considerable modifications. 


Part 2 


This was the more innovative part of the entire document: an evaluation of whether improved 
safety features of evolutionary and passive advanced LWR designs may warrant changes in 
the technical criteria or methods used as the basis for the EP regulations and whether 
application of these criteria for the evolutionary and passive advanced LWRs indicates that 
changes to EP requirements are warranted.  


Particularly, this part consisted in a verification of how the innovative safety features and 
characteristics of the advanced plants tend to influence and modify the results to which 
NUREG-0396 arrived, in the fields of: 


- PAGS CRITERIA 


The staff determined the extensions of the PEP and IEP areas still applying the PAG 
limits, but at the same time including the improvements in safety that make the 
ALWR different from conventional plants. In order to determine at which distance 
from an advanced plant the PAG limits are met, the staff examined the three criteria 
as listed below: 


• Criterion 1: the consequences of DBA would not exceed the PAG levels outside 
the recommended EPZ distance.  


The application of this criterion to ALWR indicated that the PAGs would not be 
exceeded beyond 2 miles. Rigid application of just this criterion would indicate 
that, for the limited study performed by the staff, the EPZ size could be reduced 
for evolutionary and passive advanced LWRs.  


• Criterion 2: the consequences of less severe class 9 accidents would not exceed 
the PAG levels outside the recommended EPZ distance, and 


• Criterion 3: the EPZ should be of sufficient size to provide for substantial 
reduction in early severe health effects (injures or death) in the event of the more 
severe class 9 accidents 


The application of these two criteria to ALWR indicated that different results would 
be obtained depending on the approach followed: 


- if the choice of the considered accidents didn’t account for probability limit 
cut-off, the results would be the same of NUREG-0396 (no EPZ reduction) 


- if some accident sequences were not considered, because of the low 
probability of their occurrence or because of the existence of design features 
to prevent their occurrence or mitigate their consequences, reduction in the 
EPZ size was possible 


- TIME OF RELEASE 


The time between recognition of a severe accident and the start of the release affects 
the time available to take action to protect the public and, therefore, affects the need 
for the capability to promptly notify the public of the emergency. Currently, 
licensees are required to notify offsite officials within 15 minutes of declaring an 
emergency and offsite officials need to have the capability to notify the public 
within about 15 minutes of receiving notification from the licensee. 
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The time elapsed between recognition of a severe accident and a release of 
radioactive material for current plants was reported to be as early as 30 minutes in 
NUREG-0396.  


Reviewing the evolutionary and passive advanced LWR severe-accident data, the 
staff concluded that radioactive material could be released as early as about 90 
minutes after a severe accident is recognized. The 1-hour difference between current 
plants and advanced LWRs was not considered large enough to justify changing the 
requirement for prompt notification of offsite officials and the general public. 
However, as discussed for the EPZ size, if some accident sequences with predicted 
early releases of radioactive material were not applied against this criterion, due to 
the low probability of their occurrence or because of the existence of design features 
to prevent their occurrence, then perhaps the requirement for prompt public 
notification capability could have been changed. The staff did not fully evaluate the 
effect that this change may have on size of the EPZ, nor did the staff evaluate the 
technical and policy issues, including public acceptance, associated with this 
potential change in the EP basis. 


- COMPOSITION AND MAGNITUDE OF RELEASE 


With regard to the composition of the release, the mixture of radionuclides for 
evolutionary and passive advanced LWRs is essentially the same as that on which 
current EP requirements are based and, therefore, no changes are needed to aspects 
of EP such as specifications for monitoring equipment, dose projection models, and 
exposure modes. 


Thus, the staff arrived to the conclusion that changes to EP requirements may be warranted 
only if the technical criteria for EP requirements were modified to account for the lower 
probability of severe accidents or the longer time period between accident initiation and 
release of radioactive material for most severe accidents associated with evolutionary and 
passive advanced LWRs. 


I.3.5. EPRI TR-1135091


In January 1999, the Electric Power Research Institute convened a small group to conduct an 
independent peer review of an advanced light water reactor emergency planning technical 
report. As a result, EPRI TR-113509 was published in September 1999 [I-5]. Its main target 
was to quantify the performance of the three U.S. ALWR designs, in the areas of core damage 
prevention, containment performance, and off-site dose, and to use the results to define an 
emergency planning concept cost-effectively tailored to ALWRs. 


As with previous efforts, also the EPRI work was driven by the very high level of safety 
achieved by the U.S. ALWR designs, which would merit a new emergency planning 
rulemaking. 


The study proceeded in three steps. 


Step 1: identify the Utility Requirements Document (URD) [I-19] criteria particularly 
relevant to emergency planning and compare the ALWR designs with those criteria, thereby 
confirming detailed conformance.  


The criteria of concern are: 


                                                 
1  Tables of section I-3.5. are Copyright© 1999 of the Electric Power Research Institute, Inc. TR-113509 
Technical Aspects of ALWR Emergency Planning. Reprinted with permission.
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- Containment performance: containment loads from low pressure core damage 
sequences shall not exceed the American Society of Mechanical Engineers (ASME) 
service level C/unity factored load limits. Accident sequences will be shown not to 
result in loads exceeding those limits for approximately 24 hours; beyond 
approximately 24 hours, there shall be no uncontrolled release. Other minor 
containment requirements are in the URD chapter 5, section 6.6.2.  


- Dose: the dose at 0.5 miles from the reactor due to fission product source term 
release from a damaged core shall not exceed the PAGs for approximately 24 hours 
(i.e., 1 rem for the 50th meteorological conditions percentile, 5 rem for the 90th 
meteorological conditions percentile). 


The criteria and associated methodology are primarily deterministic. A supplemental PRA 
evaluation is also required by the URD in support of the two criteria; this reliance on 
deterministic criteria with PRA as a supplement is consistent with the NRC severe accident 
policy [I-20] which states that safety acceptability should be based on an approach which 
stresses deterministic engineering analysis and judgment, complemented by PRA. 
Particularly, PRA is required to demonstrate that the core damage frequency is less than 10-5 
per year and that cumulative frequency for sequences resulting in doses greater than 1 rem is 
less than 10-6 per year. 


The verification of the respect of the mentioned requirements was done analyzing severe core 
melt accidents, which differ from DBA since they consider also ex-vessel and late in-vessel 
release.  


EPRI also performed an in-depth study to calculate the fractions of the various nuclides 
released and the corresponding time of release. The results obtained don’t differ much from 
those of conventional plants (Tables 3.12 and 3.13 of NUREG-1465 [I-21]): the differences 
are mainly in the low volatile releases. As these differences are not expected to have a 
significant effect on off-site dose and as it is expected that the ALWR will have margin to 
dose limits, NUREG 1465 release parameters are used for the EPRI emergency planning PAG 
dose calculation. 


As a result of step 1, all the three ALWR analyzed satisfy the URD deterministic and 
probabilistic requirements before mentioned. 


Step 2: quantify the performance of the ALWR designs, in the areas of core damage 
prevention, containment performance, and off-site dose, and compare that performance with 
emergency planning criteria currently applied to existing U.S. nuclear plants (NUREG-0396). 


The comparison between the ALWR performances and the NUREG-0396 emergency 
planning criteria is performed drawing up the trend of the conditional probability of dose 
exceedance versus distance from the reactor (i.e., conditioned on the assumed occurrence of a 
core melt).  


The NUREG-0396 estimates were re-evaluated by EPRI to establish a benchmark against the 
ALWR analyses. The need for a benchmark was due to various considerations: 


- the code used to obtain the results listed in NUREG-0396 was an early version of 
CRAC, while EPRI used its successor MACCS; 


- red bone marrow dose was used to represent whole body dose since MACCS does 
not report “whole body dose”; 


- the ALWR site as defined in the URD was used in the benchmark; while it is not 
known how this site compares to what was used for NUREG-0396 studies, this site 
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is relatively demanding from a meteorological standpoint in that it bounds about 
80% of existing U.S. sites based on short term atmospheric distribution factors (χ/Q) 


For the remaining parameters it was possible to use in the ALWR evaluation the same values 
used in NUREG-0396. 


The results of the benchmark calculation were quite good. This provides confidence that 
curves calculated using the ALWR source terms can be meaningfully compared with the 
NUREG-0396 results. 


Next, changes in the emergency planning basis criteria were introduced. These changes 
consisted essentially in making the probability concept not simply a qualitative consideration 
(as done in NUREG-0396) but a quantitative factor affecting the basis criteria. In the EPRI 
report, in fact, tempering in the ALWR context means consideration of severe accident design 
features and accident management, and the resulting low probabilities, as an input to the 
planning rationale.  


The steps in applying the tempering process are as follows: 


a. use the complete set of accident sequences in the ALWR plant specific PRAs as a 
starting point; 


b. identify those sequence classes which have probability of occurrence so low that it 
would be unreasonable to include the sequences in the NUREG-0396 assessment, 
or for which the time to the beginning of significant release provides adequate 
warning time. The remaining sequences are to be included in the ALWR 
NUREG-0396 assessment; 


c. review design aspects of the low probability sequence classes to confirm the 
existence of design features and capabilities which would tend to support the low 
probability of occurrence (or long time delay) of the dominant accident sequence 
types which make up the sequence class. 


Regarding the cut-off probability, an investigation of previous studies yielded: 


- NUREG-1150 [I-22] used a frequency cut-off of 10-7 per year for PRA accident 
sequence progression; 


- NUREG-1420 [I-23] discusses probability cut-off criteria for PRAs, and indicates 
that consequences with frequencies lower than about 10-7 per year “are not 
meaningful for decision making”; 


- Standard Review Plan [I-24] (section 2.2.3) guidance specifies evaluation of 
potential accidents from hazards which exceed 10-7 per year; 


- NUREG-0396, Figure I-11, has a conditional probability range down to 10-3, which 
corresponds to ≈ 10-7 per year absolute probability (since from WASH-1400 [I-25], 
the mean core damage frequency was  ≈ 10-4 per year); 


- NUREG-1338 [I-26] states as part of the justification for reduced emergency 
planning that sequences appearing to have a frequency in the range of about 10-7 per 
year will be examined for residual risk; 


- Regulatory Guide 1.174[I-27] specifies that, when using PRA to support decisions to 
modify an individual plant’s licensing basis, an increase of less than 10-7 per year in 
the large early release frequency (LERF) is recognized as very small and will not 
prevent NRC to consider the proposed modification. 
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Thus, it appears that a probability cut-off of 10-7 would be acceptable. Actually, in 
TR-113509, EPRI considered another reference to cut-off probability derived from 10 CFR 60 
[I-28] and indicating that events which result in fatal cancer risks on the order of 10-8 per year 
do not contribute significantly to individual risk. In the case of reactor accidents with 
probability in the range of 10-7 per year and consequences which would likely not exceed 
several tens of rem (say 30 rem), the fatal cancer risks are of the order of: 


(10-7/year) · (5×10-4 fatalities/rem) · (≈30 rem) ≈ 10-9 cancer fatalities per year 


that is well below the level of 10-8 before mentioned.  


For the ALWRs however, EPRI considered the probability screen of 10-7 still too high, for 
two reasons: 


1) for ALWRs there are no containment challenges above 10-7: if 10-7 was chosen as 
probability screen, many severe accidents resulting in containment challenges 
wouldn’t be considered 


2) the EPRI peer review report (Appendix H of EPRI TR-113509) recommended that 
sequences down to 3 orders of magnitude below core damage frequency be included, 
as the NUREG-0396 Figure I-11 methodology is based on this relative frequency 
range (a discussion of this choice is provided in next section I-3.6). 


Thus, a probability screen of 2×10-9 per year (i.e., 3 decades below the average ALWR core 
damage frequency of 2×10-6) was used by EPRI in the ALWR assessment against 
NUREG-0396.  


On the other hand, EPRI decided to take more realistic credit for mitigating factors than was 
generally done in the ALWR PRAs, including reactor coolant system (RCS) depressurization, 
steam generator injection, manual containment spray and aerosol retention in un-isolated 
steam generator tube rupture (SGTR) accidents. Moreover, EPRI decided to eliminate 
sequences with time to beginning of release of 24 hours or longer. 


Introducing the modifications just highlighted, and using the frequency, release timing, and 
release magnitude taken from the ALWR PRAs, EPRI drew up the conditional probability of 
exceeding various doses at different distances. Table I-1 summarizes the ALWR conditional 
probabilities of exceeding various doses at 0.5 miles against the corresponding conditional 
probabilities from NUREG-0396 at 10 miles; it clearly appears that ALWRs have an 
extremely low probability of exceeding dose limits for each distance from the reactor. It can 
be noted that the ALWRs’ probabilities at 0.5 miles are lower than the probabilities assessed 
for existing plants at 10 miles. 


TABLE I-1. EPRI EVALUATED ALWR DOSE ASSESSMENT RESULTS VERSUS 
NUREG-0396 


 ALWR with 2·10-9 as 
cut-off frequency (0.5 mile) 


NUREG-0396 
(10miles) 


Conditional probability of exceeding 1 rem 0.25 0.3 


Conditional probability of exceeding 5 rem 0.06 0.25 


Conditional probability of exceeding 50 rem 0.006 0.1 


Conditional probability of exceeding 200 rem <0.001 0.01-0.001 
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STEP 3: define a cost-effective, ALWR-specific emergency planning concept in which the 
ALWRs perform as well as currently required of existing plants in their emergency planning 
concept. 


In the third step of TR-113509, EPRI defined four general principles to guide the 
development of a new emergency planning concept: 


1) Emergency planning is a necessary part of the defence-in-depth philosophy of 
nuclear safety and should be provided for power reactors 


2) The concept and details of the emergency plan should be commensurate with the 
facility design, that is, with the risk associated with the specific design. The design 
affects the likelihood of an off-site release as well as the timing and magnitude of 
the release. Thus, the emergency plan for a particular class of plants should reflect 
the likelihood, timing, and magnitude of the off-site release for that class of plants. 


3) ALWR emergency planning should reflect the experience from existing emergency 
planning regulations and implementation at operating plants 


4) A common framework should be considered for off-site emergency planning for 
non-nuclear industrial hazards and nuclear power plants. This is desirable to avoid 
the complexity and confusion of overlapping emergency response system and 
procedures, and to provide a consistent level of protection for comparable risks. 


Although EPRI considered acceptable the existence of the two exposure pathways (i.e., PEP 
and IEP), it believed that the EPZ should consist of three areas: two related to the PEP, and 
the IEP. They are discussed below. 


PEP AREAS 


AREA 1: response area, 0.5 mile radius. It is the area closest to the reactor, within which a 
severe accident could cause radiological consequences of sufficient concern that a 
rapid response should be included in planning. The size chosen is such that at 
0.5 mile from the reactor the following requirements are met: 


- the URD requirement that the median dose for 24 hours for most core damage 
events is less than 1 rem reverted dose equivalent (EDE), 


- the URD requirement that the 90th percentile dose for 24 hours for most core 
damage events is less than 5 rem EDE, 


- the PAG limits resulting from DBA, 


- the PAG limits resulting from the less severe class 9 accidents. 


Also, no early severe health effects (injures or death) resulting from the more 
severe class 9 accidents are foreseen outside this zone 


AREA 2:  awareness area, usually 3 miles radius (site-specific). This is the area beyond the 
response area within which the radiological effects would be smaller. EPRI 
introduced this area in order to provide a substantial base for expansion of response 
in the plume exposure pathway in the event that this is necessary. The size of the 
area depends upon political boundaries, the characteristics of the terrain, and the 
emergency planning capabilities of state and local jurisdictions. It is important to 
note that the current planning bases for expansion response are expressly based on 
nuclear hazards plans (on-site plans); instead, for ALWR, these planning bases 
should be based on nuclear hazards plans and on all-hazards plans. In fact, 
awareness area activities would be the responsibility of the off-site agencies and 


19 







would be administered as part of the all-hazards emergency plan required by the 
Federal Emergency Management Agency (FEMA). 


IEP AREA 


AREA 3: ingestion exposure pathway area, 25 miles radius. This extension is based on 
maintaining the projected infant thyroid dose from cow’s milk below the EPA PAG 
(1.5 rem).  


The three areas and a wide comparison with current EPZ rules are shown in Table I-2. 


TABLE I-2. SUMMARY OF EMERGENCY PLANNING ZONES 


 Existing emergency 
planning 


ALWR emergency 
planning 


Response area: 0.5 
miles 


Plume exposure pathway planning 
distance 10 miles Awareness area for 


possible expansion of 
response: site specific 
(usually 3 miles) 


Planning basis for expansion of response On-site plan and off-
site plan 


On-site plan and all-
hazards plan 
(awareness area) 


Ingestion exposure pathway planning area 50 miles 25 miles 


I-3.6. Peer review committee report 


In January 1999 an independent review group was formed in order to review the TR-113509 
EPRI report and it concluded that the report can provide a reasonable revised technical basis 
to support decisions on emergency planning for ALWRs. 


An important consideration by the peer review group concerned the tempering process, i.e., 
allowing that some accident sequences can be excluded from the analysis on the basis of their 
frequency. Actually, the peer review group took issue with this concept as presented, as 
events with lower probabilities might have significant consequences, thereby, representing a 
risk that should be evaluated. Because the exceedance curves are conditional on core damage, 
it is inconsistent and potentially misleading to eliminate sequences that affect the shape and 
magnitude of the curves over the range over which they are presented (three orders of 
magnitude in NUREG-0396). The peer review group was asked to present the conditional 
probability of exceeding various dose levels with and without truncation. Table I-3 presents 
the comparison between the results obtained with a cut-off frequency of 10-7 per year and those 
without truncation. 


As it can be seen from the following comparison, truncation of sequences at a level of 10-7 per 
year has a significant impact on the results. However, the peer review group strongly 
endorsed the concept of a screening level for core damage frequency below which events are 
so improbable that they should not be factored into a regulatory decision process. Because the 
NUREG-0396 process is conditional on core damage, for consistency, the ALWR analyses 
must include all core damage sequences that affect the results over the range where they are 
presented. In practice, this implies that the truncation level can be no higher than three orders 
of magnitude below the core melt frequency.  
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TABLE I-3. CONDITIONAL PROBABILITIES WITH AND WITHOUT TRUNCATION: 
COMPARISON 


 NUREG-0396 
(10 miles) 


ALWR (0.5 
miles) 


ALWR no cut-off
(0.5 miles) 


Conditional probability of exceeding 
1 rem ≈ 0.3 ≈ 0.1 ≈ 0.25 


Conditional probability of exceeding 
5 rem ≈ 0.25 ≈ 0.01 ≈ 0.06 


Conditional probability of exceeding 
50 rem ≈ 0.12 <0.001 ≈ 0.01 


Conditional probability of exceeding 
200 rem ≈ 0.01 <0.001 ≈ 0.002 


 


As it can be seen from the above comparison, truncation of sequences at a level of 10-7 per 
year has a significant impact on the results. However, the peer review group strongly 
endorsed the concept of a screening level for core damage frequency below which events are 
so improbable that they should not be factored into a regulatory decision process. Because the 
NUREG-0396 process is conditional on core damage, for consistency, the ALWR analyses 
must include all core damage sequences that affect the results over the range where they are 
presented. In practice, this implies that the truncation level can be no higher than three orders 
of magnitude below the core melt frequency.  


The marked discrepancy when using 10-7 as cut-off frequency, practically disappears for a cut-
off frequency of 2·10-9 which yields values very close to the case without truncation, as shown 
by a comparison of Tables I-1 and I-3. 


Finally, the peer review group noted that the conditional probability approach does not fully 
provide for a comparison of the lower risks of severe accidents estimated for the ALWRs. 
Accordingly, the peer review group believed that an additional comparison with the results of 
NUREG-0396, based on absolute probability of exceeding 1, 5, 50, 200 rem, would provide 
additional insights useful in consideration of revised emergency planning for the ALWRs 
(Appendix H of EPRI TR-113509). 


I-3.7. NEI 02-02 


In May 2001, a new vision for the nuclear industry, Vision 2020, was presented to the 
industry and the public. The vision supports an energy policy that would add 
50 000 megawatts of nuclear generation by 2020.  


In response to industry feedback on Vision 2020, NEI formed the new plant regulatory 
framework task force. This task force was charged with developing a new and optional risk-
informed, performance-based regulatory framework for commercial nuclear power reactors, 
focusing mainly on technical and operational requirements.  


The resulting document, NEI 02-02 [I-6], includes a complete set of regulations for a new part 
to title 10 of the code of federal regulations, part 53. This new part is intended to be an 
alternative to 10 CFR Part 50 (‘Domestic licensing of production and utilization facilities’) 
for commercial nuclear power reactors, and, as such would be optional.  
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The decision to develop a completely new part rather than just amend or develop alternative 
Part 50 requirements is based on reducing regulatory complexity and reducing the potential 
for misinterpretation.  


The purpose of the document is to describe the industry view of what a risk-informed, 
performance-based regulatory process should be for future generations of commercial nuclear 
power reactors, in terms of both design and operational requirements. Such a regulatory 
process provides for an increased focus on safety, while providing the licensee with increased 
regulatory flexibility in meeting the regulations.  


The document provides a generic process and a set of top-tier regulations that specify safety 
objectives, but permit flexibility in how the objectives are achieved. This is important, as the 
next generation of commercial nuclear power reactors may include a variety of plant designs 
of varying nuclear technologies. 


Being a general overview, the new regulations listed in NEI 02-02 are intended to be available 
for use by all prospective licensees and reactor system designers, regardless of reactor design. 
The new part would be applicable to all types of reactor designs: light-water reactors, gas 
reactors, liquid metal reactors, etc.  


Differently from EPRI TR-113509, NEI 02-02 can’t be considered a technical report, but 
rather a document reproducing a set of regulations, based essentially on qualitative 
considerations rather than on a quantitative approach. 


Regarding explicitly the emergency preparedness, NEI 02-02 suggests a frequency cut-off of 
10-7 per year, but no mention is made of the extension of any emergency planning area. 


I-3.8. IAEA approach 


IAEA-TEC-DOC-955 [I-29] provides the Agency’s generic assessment procedures for 
determining protective actions during a reactor accident. A set of public protective actions are 
provided based on projections and in-plume measurements. 


The protective action pertaining to the operational intervention level (OIL) 1 is to evacuate or 
provide substantial shelter for the sector, the two adjacent sectors and the sectors closer to the 
plant. Until evacuated, people should be instructed to stay inside with their windows closed. 
The basis for this OIL is an ambient dose rate in the plume of 1 mSv/h which is calculated 
assuming an unreduced release from a core melt accident resulting in an inhalation dose 
10 times the dose from external exposure, 4 hours exposure to the plume. 50 mSv can be 
averted by the involved action. 


These bases are compatible with what has been herein presented as the current situation in 
different countries around the World; nevertheless, the necessity to make the nuclear 
emergency planning fit with the type of plants concerned has been shared also by the IAEA. 
One of the main promoters of the elaboration of a new emergency planning concept was the 
International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO). The objective 
of INPRO is to support sustainable deployment and use of nuclear technology to meet the 
global energy needs in the next 50 years and beyond. Particularly, INPRO would bring 
together both technology holders and technology users to consider jointly the actions required 
to achieve desired innovations in nuclear reactors and fuel cycles.  
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I-3.9. The European utility requirements (EUR) approach: An example of harmonization 
attempt on the utility side and its impact on EPZ requirements 


A harmonization of the EPZ requirements, at least from a utility point of view, has been 
attempted by the European utility requirements (EUR) initiative, as part of a more extended 
effort of harmonization of the European nuclear power industry. The driving force for such an 
harmonization is that from a technical point of view, an ideal nuclear safety framework in 
Europe would be a harmonized set of European safety objectives and related calculation 
methodologies, so that different results obtained in different countries for similar plants and 
scenarios could be explained mainly in terms of plant-specific features and site conditions 
rather than different (often arbitrary) assumptions or calculation tools. 


The EUR aim to develop regulatory requirements into detailed guidance to designers so that 
an ALWR project designed to comply with the EUR could be licensed and built in all the 
different countries in Europe. In addition, the EUR define how to comply with the regulatory 
requirements in such a way to improve public confidence and acceptability. To this purpose 
the EUR introduce margins and targets toward regulatory requirements so to ease licensing 
and acceptability, this is done with targets values which are more demanding than regulatory 
limits, nevertheless being still judged to be reasonably achievable by modern well designed 
plants. 


The EUR document [I-30], covering a vast spectrum of safety related requirements, also 
addresses the off-site emergency preparedness. This is done even recognizing that this aspect 
is probably one of the most country-specific and, therefore, one of the most difficult to 
harmonize. 


Both a deterministic (i.e., dose limits) and a probabilistic set of high level requirements are 
proposed by the EUR. As far as the deterministic contribution is concerned, the key starting 
point is obviously the individual and collective dose limits to the population under accident 
conditions. The EUR group recognizes that the European directives give only high level 
guidance in this domain and leave member states to define the dose limits and, as a 
consequence, the actions needed. Some international organizations (i.e., IAEA and the 
International Commission on Radiological Protection -ICRP) provide more precise guidance. 
In any case the overall strategy is clear and generally accepted: compliance with the limits 
must be reached, with a proper level of confidence, using preventive, mitigating and 
protective features. 


Considered the fact that plants in operation have already reduced the risk of large release for 
DBA and considered the attention given to severe accidents, the EUR goals have been 
established taking into account beyond design basis conditions, which are indicated as design 
extension condition (DEC) in the EUR document. Actually, considering the capabilities of 
operating plants and the constraints of European average siting conditions, the EUR group has 
decided to make a very clear step forward with the objective of improving public acceptance 
and of reducing financial risks. Such a step has the nature of a dramatic limitation to possible 
releases from containment and, consequently, to the environmental impact. 


Four targets have been defined to substantiate the notion of limited impact in case of severe 
accidents (see sections 2.1.2.4 and 2.1.2.5 of the EUR document): 


• No emergency protective action shall be needed beyond the site boundary, i.e., beyond 
800 m from the reactor. This means that the averted effective committed dose (EDC), 
over a period of one week following accident initiation, will remain below 50 mSv, 
which is the generic intervention value reported in ICRP 63 and which is adopted in 
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the IAEA Basic Safety Standards. Practically speaking, evacuation and sheltering of 
people are not needed for such low values. 


• No delayed action shall be taken beyond 3 km from the reactor. This means that the 
averted EDC over a period of thirty consecutive days following release termination 
remains below 30 mSv. This assures that the temporary relocation intervention level 
reported in the IAEA Basic Safety Standards is not reached. 


• No long term action shall be required beyond site boundary. This means that the 
averted EDC over a period of fifty years following release termination remains below 
100 mSv. Though this limit is lower than the one recommended in the IAEA Basic 
Safety Standards, it was considered consistent with the two above mentioned criteria 
by the EUR group. 


• Limited economical impact linked to the restriction of foodstuff consumption. This 
means allowing free trading of foodstuff, provided a 5 mSv dose to individuals eating 
contaminated food for one year is not reached: 


o after one month following the end of the accident over a 30 km2 area, 


o after one year following the end of the accident over a 10 km2 area. 


More clearly, this means that foodstuff produced in areas of 30 and 10 km2 
surrounding the site could be marketed after one month and one year respectively. 


As anticipated, the four goals presented above are not seen by the EUR group as a revolution 
but rather another evolutionary step toward power plants’ increasingly environmental 
friendliness: nothing different from what has been done in the past and nothing different from 
what is being done for fossil fuel electric power plants. 


On the probabilistic side, ambitious goals, some of them well in line with the INSAG 3 
international mainstream, are set in section 2.1.2.6 of the EUR: 


• the cumulated probability of sequences leading to a core melt has to be kept below 
10-5 per reactor/year for all plant states, considering internal as well as external events; 


• the cumulated probability of sequences leading to unacceptable releases (i.e., in excess 
of maximum allowable releases for DEC) has to be kept below 10-6 per reactor/year; 


• the cumulated frequency of sequences leading to early containment failure or to very 
large releases has to be kept below 10-7 per reactor/year. 


These requirements are meant to make negligible the challenges to containment integrity. The 
new advanced goals established by the EUR should be sufficient, if the same approach 
utilized for other industrial risks would be applied, to convince responsible authorities of no 
need of an emergency plan involving directly the population. Actually, for most of the 
industrial hazards, if the probability of a health effect is less than 10-5/year, the risk is 
considered negligible and no further action is required. A risk lower than one in one million is 
usually considered negligible also by courts. As seen, the EUR probabilistic goals try to 
exceed those targets. 


The proper level of protection aiming at the compliance with the previously listed 
requirements is being reached on the basis of the defence-in-depth principle with its usual 
layers of protection: 


• design: prevention – related requirements refer mainly to fuel elements, primary 
circuit and emergency cooling systems with the objective of avoiding fuel damage or 
melting; 
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• design: mitigation – related requirements refer mainly to containment  system in order 
to warrant its capability to confine radioactivity, but, in the new perspective of beyond 
DBA, refer also to some new emergency core or corium cooling systems; 


• operation: safety culture and operators training – related requirements refer mainly to 
basic and specific training of operators, to the preparation of emergency procedures 
and to periodic tests; 


• planning: on-site recovery and emergency actions. The EUR put particular emphasis 
on the capability of properly analyzing the plant conditions and reacting, also using 
mobile or non safety grade equipments. This concept traditionally applied to fire-
fighting is now extended to other conditions. 


• protection: intervention on the population with measures defined in the off-site 
emergency plan. This domain usually is outside of the responsibilities of the plant 
owner. Nevertheless, the plant owner has to provide the basis for the development of 
the emergency plan. 


Setting the goals described before, and establishing the related requirements, the EUR have 
simply requested a change to the contribution that every defence layer gives to the fulfilment 
of the required protection level. It is very important to note that the change in role is not 
something happening just because of the EUR approach. It is rather part of the natural 
evolution from generation I to generation III NPP and will be part of the further evolution 
toward generation IV.  


Recognizing the as low as reasonably achievable (ALARA) principle, which implies 
economical barriers to an oversized level of protection, the EUR approach recognizes the 
potentiality of focusing the major effort on the most controllable variable (i.e., levels of 
protection inside or very close to the plant boundary), rather than extended areas with 
protective actions not easily performed. 


I-4. Integrated methodology for emergency planning zone redefinition 


The analysis of past experiences briefly outlined in the previous section suggests the adoption 
of a mixed deterministic/probabilistic approach which still involves a relevant modification in 
the fundamental EPZ defining criteria as currently conceived (i.e., from consequences, as it is 
now, to risk). 


The proposed methodology is based on accepted concepts such as PRA techniques and 
deterministic dose evaluation as used in current practice; it suggests a more complete 
definition of the current and accepted criteria for the EPZ by focusing on the frequency of 
exceeding a given dose at a given distance. The EPZ can be redefined while still maintaining 
the same dose (explicitly defined in the current PAG) and the same frequency (implicitly 
defined by the choice of a fixed distance) defined by the NRC. 


The proposed methodology addresses the two conceptual weaknesses highlighted for previous 
efforts in the redefinition of the EPZ defining criteria: 


• in the deterministic component of the methodology all the foreseen sequences are 
evaluated with no exclusion of severe accidents, which are obviously expected to be 
the limiting scenarios and cannot be removed from the analysis without infirming the 
completeness of the methodology. Previous attempts in the EPZ redefinition were 
rejected because lacking a satisfactory account of severe accidents; 


• the probabilistic component is shifted from establishing a cut-off frequency to being a 
screening criterion of accident sequences by evaluating the frequency to overcome the 
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dose limit at a certain distance. By means of the data provided by PRAs, such a 
distance can be evaluated rather then pre-set. Arbitrary selection of a value for the cut-
off frequency represented the major objection against the probabilistic approach to 
EPZ redefinition.  


Two applications of the methodology are herein described: 


a. the direct application is aimed at providing a risk-informed definition of the EPZ, once 
the basic acceptance criteria in terms of limiting dose and limiting frequency have 
been provided (i.e., agreed upon with regulatory bodies); 


b. the reverse application is fundamentally a method for the measure of the level of risk 
associated with the currently accepted EPZ size and for the existing generation of 
nuclear power plants. Even though risk was not retained as the main defining basis for 
the EPZ size in NUREG-0396, a level of risk can actually be retrieved by measuring 
the frequency that a pre-defined consequence is manifested at the distance from the 
plant which is currently adopted as the EPZ size. If measured with this approach, and 
on the basis of the rationale that was selected (as described in section I-2.2.) for the 
EPZ size, the level of risk associated to the currently accepted EPZ size will also 
factor in the additional margin associated with the unique emotional perception of the 
nuclear risk. Such a risk value could then be used as the reference baseline for the 
definition of an EPZ for a new NPP design. The methodology suggested herein, 
supported by a performance-based licensing approach, would in this way allow a new 
NPP design to maintain the measured risk, while reducing the EPZ size.  


The integrated methodology herein outlined can be summarized in five steps that are 
described in the following sections. 


I-4.1. Direct application: EPZ definition 


The probabilistic starting point of this methodology (i.e., step 1) essentially covers the choice 
of the set of release scenarios to be addressed by a deterministic evaluation of the 
consequences. 


In order to obtain this outcome, the entire spectrum of accident sequences defined through the 
PRA of the plant must be reviewed and re-categorized. No additional cut-off frequencies are 
introduced, but the same truncation level applied and accepted for the PRA development must 
be maintained and should reasonably guarantee to cover unlikely sequences. Similar accidents 
(in term of the release) could, of course, be lumped together to limit the analytical burden to a 
manageable level. 


A set of release scenarios (Ai) with their related frequency fi of occurrence is, therefore, the 
outcome of this first step of the methodology. In the following Figure I-1, a schematic 
representation of the results of this step is presented where five release scenarios are obtained 
after the re-categorization. 
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FIG. I-1. Step 1 of the methodology: accident sequence re-categorization. 


Once that the set of release scenarios have been identified, the second step is a deterministic 
evaluation of the consequences. Appropriate assumptions must be made in order to outline the 
scenario phenomenology; such assumptions should be based in a wider extent on best 
estimate, realistic models rather than on large and over-conservative safety coefficients. Using 
appropriate codes, the dose absorbed by a hypothetical individual located at various distances 
from the reactor, during the days (especially the first hours) after the onset of the accident is 
calculated. This calculation should be performed considering a complete set of meteorological 
conditions.  


The final outcome of this step is a set of curves of dose equivalent (D) versus distance (x), one 
curve for each release scenario, Ai, regardless of the frequency of the selected accident. 
Figure I-2 represents an example of the results of this second step applied to the five release 
scenarios hypothetically identified in Figure I-1. 


 


 
FIG. I-2. Step 2 of the methodology: dose versus distance evaluation. 


To be able to combine the probabilistic and the deterministic contributions, a limiting dose D* 
and a limiting frequency f* are identified in steps 3 and 4, respectively. These are two steps 
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that require licensing considerations since the limiting values should ideally be suggested by 
and/or agreed with a regulatory body. 


Even though these two steps will require further investigation, as far as the limiting dose, D*, 
is concerned, the current mainly consequence-oriented approach for the selection of the EPZ 
defining criteria is felt to be able to concur in an easily identification of a value of general 
consensus (e.g., the PAG suggested by the US EPA). 


The identification of a limiting frequency, f*, is on the other hand could be more 
controversial. However, as described in section I-3.5, a value of 10-7 recurrently appears in 
various documents and it can be used as the f* value for a first approximation of the 
methodology.  


The aim of the direct application of this methodology is the evaluation of the frequency of 
exceeding a limiting dose, rather than the frequency of occurrence of some accidents. Such a 
frequency, as described below, is not imposed but can be evaluated applying the methodology 
to currently operating nuclear power plants (reverse application). In the framework of the 
risk-informed nature of this methodology, a modified version of the herein described 
methodology (i.e., a reverse application) is described in the following section I-4.2; this could 
be used to back-solve the limiting frequency from the current EPZ for current NPPs. 


The fifth and final step is the combination of the probabilistic and deterministic contributions 
previously mentioned to determine the size of the EPZ. The methodology as follows: each of 
the curves of dose vs. distance (evaluated for each Ai release scenario) is solved for the ‘limit 
dose’ D* (see Figure I-3). 


That is, from the dose vs. distance curves the distance xi for which the calculated dose is equal 
to D* is easily identified. This is repeated for each scenario until a family of values of xi (with 
i=1 to n, where n is the number of considered scenarios) is generated. For better clarity, it is 
here assumed that the accidents are ranked according to decreasing consequences (i.e., in the 
example, A1 is the event with the highest associated dose and A5 is the event with the lowest 
associated dose). Curve A1 can be considered as an example of beyond DBA inducing release 
of high doses at virtually all distances within the considered range; the curve A5 can be 
considered as an example of accident with a low consequential release (for example due to the 
design improvements obtained by advanced and innovative reactors) and that therefore does 
not play any role in the definition of the EPZ distance. 


By the definition of xi (distance at which the limit dose occurs), for each scenario Ai there 
would be a probability 1.0 of exceeding D* at a distance smaller than xi, and a probability 0.0 
of exceeding D* at a distance larger than xi. These probabilities should then be multiplied by 
the PRA calculated frequencies of the occurrence of each accident so that the frequency of 
exceeding the D* at a distance smaller than xi would be, for each scenario, fi. 
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FIG. I-3. Step 5 of the methodology: probabilistic/deterministic combination (part 1). 


Note that it can be expected that the larger xi will be associated with the more severe 
accidents, which should in turn have the lower frequencies (this is not a strict requirement of 
this application, but it represents a reasonable expectation). With this information collected, 
the xi are then ordered by decreasing values so that the frequencies of exceeding the dose limit 
as a function of distance can be calculated by simply considering, for each distance xi, the 
contributions (i.e., the fi) of all scenarios Ai that at the selected distance induce a released dose 
higher than the limiting dose. The combination is therefore as follows: 
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where fD*(x) is the ‘Frequency of exceeding dose limit D* at the distance x’. 


Thus a histogram of fD* versus distance can be completed. The last remaining input to the 
methodology, and a critical one, is the previously identified limit frequency (f*) of exceeding 
the dose limit (D*) that should be used to define the associated distance determining the EPZ 
requirements (see Figure I-4). 


The EPZ distance will in fact be defined as the distance with a frequency equal to or greater 
than the given limiting frequency (e.g., x3 in Figure I-5, being f1+f2+f3 the lowest summation 
of frequencies which is greater than the given f*). 
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FIG. I-4. Step 5 of the methodology: probabilistic/deterministic combination (part 2). 
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FIG. I-5. Step 5 final result: risk-informed EPZ definition. 


I-4.2. Reverse application: Limiting frequency back-solving 


As previously seen, there are two critical inputs to this analysis that should be interacted upon 
by the applicant and the licensing authorities: 


• the dose limit (D*) that should trigger the required implementation of emergency 
actions and evacuation procedures; 


• the frequency of exceeding the dose limit or limiting fD* (f*) that is acceptable for 
defining the EPZ. 


How to choose this second parameter defines this methodology as risk-informed rather than 
risk-based. In particular, the limiting frequency value, f*, can be defined in different ways, 
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and the approach proposed herein is to analyze existing plants using a variation of the 
described methodology, and to identify the frequency of exceeding the dose limit that 
corresponds to the current EPZ regulations. Namely, by benchmarking this methodology 
against currently operating nuclear power plants, each correlation of dose vs. distance 
(evaluated for each Ai accident or group of accidents for currently operating plants) is 
investigated with a “limiting distance” that is nothing else than the distance currently used for 
EPZ around NPPs. In this way, from the dose vs. distance curves, the dose Di resulting from 
the analyzed accident at the given distance is easily identified. This is repeated for each 
scenario until a family of value of Di (with i=1 to n, where n is the number of considered 
events) is generated (see Figure I-6). 
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FIG. I-6. Methodology reverse application: Step 1. 


Again, the family of doses values Di is now a set of discrete random variables with associated 
frequencies fi obtained from the PRA data. It is now of interest the frequency of having a dose 
higher than a given value (i.e., f(D≥Di)), therefore the opposite of the cumulative function 
(i.e., f(D≤Di)) can be constructed (see Figure I-7). 


Investigating the obtained curve at the limiting dose D*, a frequency value f* is inferred. This 
value can then be used as the limiting frequency value in the definition of the EPZ distance 
for a new reactor. In other words, the reverse application of this methodology can be used to 
evaluate the risk currently ‘accepted’ for NPPs. This information (i.e., risk-information) can 
be used to infer the adequate EPZ size for innovative and new NPPs. 
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FIG. I-7. Methodology reverse application: Limit frequency back-solving. 


I-5. Example of application 


I-5.1. SMR potential term of EPZ reduction 


The methodology outlined in the previous section is in principle applicable to any kind of 
nuclear power plant. Obviously, the most significant benefit from the application of this 
methodology can be seen in conjunction with new and innovative reactors, to be built on 
newly selected sites for which emergency planning zones are not yet defined.  


In particular, small and medium reactors (SMRs) could additionally benefit from a review of 
the basis for the definition of EPZ. These reactors are expected to be deployed in smaller 
countries and when used also for co-generation would have the further advantage of being 
strategically located closer to the centres of consumption, thus enhancing the economics of 
different forms of cogeneration. 


Within this framework, the IRIS (International Reactor Innovative and Secure) reactor 
represents a good test for the proposed approach. IRIS has been recognized by the United 
States Department Of Energy ((U.S.) DOE) as an example of grid appropriate reactor within 
the Global Nuclear Energy Partnership (GNEP) initiative [I-31] and it is characterized by an 
improved safety level, even beyond the advanced passive plants. Nevertheless, within the 
current regulatory framework, it would still have to be subjected to the same emergency 
planning requirement.  


It must again be underlined that the reduction of the EPZ should not be misinterpreted as a 
weakening of the defence-in-depth strategy. Actually, SECY-97-020 Task Force underlined 
that increased safety in one level of the defence-in-depth framework must be achieved to 
justify reducing requirements in another level, such as the EPZ, which is the last level of the 
defence-in-depth strategy. The IRIS Safety-by-DesignTM, with the elimination of the potential 
for several accident scenarios (large break loss of coolant accident (LOCA), rod ejection, …) 
and the inherent mitigation of others (steam line breaks, small break LOCAs, …) represents 
the improvement in overall defence in depth that will enable a reduction in the emergency 
planning zone requirements. 
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IRIS, which is designed to comply with the current licensing requirements [I-32], is actively 
investigating the possibility to take credit of its safety by design and risk-informed design 
philosophy to potentially obtain a relaxation of the EP requirements [I-33]. 


I-5.2. The probabilistic risk assessment model 


IRIS has been primarily focused on achieving a design with innovative safety characteristics. 
The first line of defence in IRIS, that can be seen as a Level 0 in the defence-in-depth 
philosophy, is the elimination by design of event initiators that could potentially lead to core 
damage. This is nothing more than a rational and structured application of the idea of good 
engineering as it is recommended in the IAEA safety requirements for the design of a nuclear 
power plant [I-34]; in IRIS, this concept is implemented through the Safety-by-DesignTM 
philosophy, which has been already presented in several papers (see for example [I-35]) and 
will not be repeated here.  


Also, a PRA-guided, risk-informed approach to the IRIS design phase, was recognized and 
implemented as one of the key features to fully achieve the potential of the improved safety 
performance inherent in the IRIS reactor. A detailed review of the development of the IRIS 
preliminary PRA is out of the scope of the present document and it has been extensively 
reported [I-36 to I-39]; nevertheless, since the PRA is one of the bases for the risk-informed 
methodology previously outlined, it is briefly summarized in this section. 


The starting point for the construction of a PRA model is the identification of the initiating 
events (IE). Due to the innovative safety features of IRIS, principally resulting from its 
integral layout, the standard list of IEs presented in reference documents, such as EPRI 
NP-2230 [I-40], NUREG/CR-3862 [I-41] and NUREG/CR-5750 [I-42], needed to be 
carefully reviewed in order to identify those that are still applicable to the IRIS design. The 
Safety-By-DesignTM approach used by IRIS has in fact led to the elimination of several 
classical event initiators such as large break LOCAs, reactor coolant pump seals LOCAs, 
control rod ejection, all eliminated by the integral IRIS configuration. Other IEs, even though 
not eliminated, have been reduced in frequency or in their impact on the reliability of the 
plant. Table I-4 summarizes all the IE categories retained for the IRIS PRA model 
development. 


For each of the defined initiator categories, the plant response to a reference challenge (i.e., a 
representative of the category) was evaluated with respect to the key safety functions. The 
response of the plant to various combinations of successes and failures of the systems 
supporting each safety function was evaluated to determine whether the postulated 
combination of successes and failures will achieve a safe, stable state or will rather reach a 
core damage state (due to the preliminary nature of this analysis, only a few simplified plant 
damage states have been considered). With the exceptions resulting from the fact that IRIS is 
still in the design phase, the IRIS PRA model has been developed following the guidance of 
the ASME Standard for PRA for NPP [I-43]. 


The ASME PRA standard defines the core damage (CD) as an uncovery and heatup of the 
reactor core to the point that prolonged oxidation and severe fuel damage is anticipated; this 
must involve enough of the core to cause a significant release. In the IRIS PRA this definition 
has been dramatically simplified by assuming CD immediately following the uncovery of the 
top of the active core2. 


                                                 
2  To appreciate the degree of conservatism used in this preliminary evaluation the selected core damage 
definition is so strict that, if applied to classical loop-type pressurized water reactors, would result in all large 
break LOCA events going inevitably to core damage, since the event mitigation following the re-flooding of the 
core through the accumulators would not be credited. 
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TABLE I-4. IRIS INITIATING EVENT LIST 


LOCA from upper part of vessel 


LOCA from lower part of vessel 


Leakages 


Spurious depressurization 


Vessel ruptures 


Interfacing system LOCA 


Steam generator tube rupture 


Transients 


Loss of feedwater 


Loss of condenser 


Loss of support systems 


Loss of offsite power 


Isolable steam line break 


Not-isolable steam line break 


Power excursion 


Anticipated transients without scram (ATWS) 


The failure probabilities of the systems involved in the analyzed sequences were evaluated by 
means of a classical fault tree (FT) analysis. Standard modelling techniques were used to 
develop the FT models for the IRIS safety systems. The models include pumps, valves, heat 
exchangers, motive and control power, and actuation signals. Modelled failure modes include 
demand failures, run failures, standby failures and common cause failures, as appropriate. As 
the preliminary design of the main IRIS safety systems was essentially complete, 
development of the models was straightforward. For the fluid and electrical support systems, 
where only limited design details ware available, the PRA analysts developed simplified 
system design diagrams based on equivalent AP1000 systems. These ‘PRA designs’ were 
reviewed by the system designers to ensure that they were consistent with the designers’ 
understanding of the intended design and operation of the system.  


The IRIS Safety-by-DesignTM effort included conceiving a simple design with minimal 
dependence on human intervention. The human errors considered in the preliminary stage are 
mainly post initiator human errors regarding the emergency response phase. Where the details 
of the design were sufficient, pre-accident human errors related to component mispositions 
induced by the envisioned test and maintenance strategies were also introduced. The 
quantification of the human error probabilities was performed consistently with the 
methodology outlined in NUREG/CR-1278 [I-44]. 


The IRIS PRA used generic data for quantification of the models. The primary data sources 
used were the EPRI PRA key assumptions and ground rules reported in the ALWR URD, and 
the database already used for the Westinghouse AP1000 PRA [I-45]. This information was 
supplemented as needed by data from the NUCLARR database [I-46]. The multiple Greek 
letter approach was used for modelling of the bounding common cause failure (CCF) with the 
appropriate factors again extracted mainly from the AP1000 PRA.  
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The IRIS PRA model is still a work in progress and it will be updated as the design is 
finalized; Table I-5 summarizes the most updated IRIS internal event core damage frequency 
(CDF) results. The current IRIS plant internal CDF has been evaluated to be as low as 
2.38E-08/reactor-year. The 5%-tile is 1.36E-09 and the 95%-tile is 7.48E-08. This yields a 
range factor of 7.4. A sensitivity analysis on the truncation level has been performed to ensure 
that the applied truncation level (i.e., 1.00E-15/reactor-year) reasonably guarantees that all the 
most significant cut-sets have been retained in the evaluation. 


Such a low CDF brought into the light some contributors that were usually not significant at 
all in the current generation of NPP, characterized by a total CDF ranging from the lower 10-5 
to the upper 10-6 orders of magnitude. The clearest example is represented by the vessel 
rupture events. This kind of accident event, classically defined as a LOCA from the bottom of 
the vessel that induces a break flow beyond the capabilities of the safety injection system, is 
usually assumed to lead directly to CD without any credit for any mitigation strategy (i.e., 
conditional core damage probability equal to 1). Consistent with other PRA analysis, the 
suggested IEF, and therefore also the suggested associated CDF, is 1.00E-08. This value is 
seen as a measure of the ignorance of the possible failure modes that could lead to a major 
damage of the vessel rather than an actual evaluation based on analyses and data. 


TABLE I-5. UPDATED IRIS PRA RESULTS 


Initiator CDF % 


Vessel ruptures  1.00E-08 42.00 


LOCA from upper part of vessel  8.55E-09 35.90 


ATWS 1.86E-09 7.80 


Loss of offsite power (LOOP) 1.11E-09 4.65 


LOCA from lower part of vessel  8.86E-10 3.71 


Loss of support systems 6.10E-10 2.55 


Transients  3.74E-10 1.57 


Loss of condenser  1.64E-10 0.67 


Isolable steam line break  1.44E-10 0.60 


Spurious depressurization  6.20E-11 0.24 


Interfacing system LOCA 5.00E-11 0.21 


Loss of feedwater  2.41E-11 0.10 


Not isolable steam line break  2.22E-12 0.01 


Power excursion  1.20E-12 0.01 


Steam generator tube rupture 1.83E-13 <0.01 


Leakages  1.63E-13 <0.01 


Total: 2.38E-08 100 


As it can be seen from Table I-5, such a pre-defined value results in reactor vessel rupture 
being the principal contributor to the IRIS CDF (i.e., contributing for more than 40% to the 
overall plant CDF). This is extremely conservative, also considering that, because of the IRIS 
design features, the vessel rupture definition is not completely applicable to IRIS (which does 
not have a safety injection system); moreover the capabilities of the IRIS safety systems 
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appear to be able to manage some degree of vessel ruptures. Finally, the integral layout of 
IRIS, with internal control rod drive mechanism and the consequent elimination of head 
penetrations, eliminates one of the most feared and actually (nearly) experienced failure 
mechanism of the vessel: the head seal LOCA (à la Davis-Besse). 


A preliminary model has also been developed to have a first order evaluation of the large 
early release frequency (LERF) using as a starting point the NRCs simplified LERF model 
from NUREG/CR-6595 [I-47], which is designed to take maximum advantage of the Level-1 
PRA results. 


Using a simplified IRIS containment event tree, four main categories have been identified for 
release paths in IRIS: 


• CD sequences with containment bypass, 


• CD sequences with containment isolation failure, 


• CD sequences with containment failure at low RCS pressure, 


• CD sequences with containment failure at high RCS pressure. 


Because IRIS is a pressurized water reactor (PWR), these four main categories are not so 
different from the categories historically used for standard PWRs. Nevertheless, the 
contributors for some of them needed to be re-evaluated because of the Safety-by-DesignTM 


approach. A summary of the release categories and of the number of CD sequences enclosed 
in each category can be found in Table I-6.  


TABLE I-6. IRIS PRELIMINARY LERF RESULTS  


Category Sequences % LERF 


Containment bypass  25 15.31 9.38E-11 


Containment isolation failure 178 5.44 3.49E-11 


CD at low RCS pressure 91 16.35 1.05E-10 


CD at high RCS pressure 87 62.93 4.04E-10 


Total 6.42E-10 


The IRIS LERF has been evaluated as 6.42E-10 which is significantly lower than current 
PWRs and around two orders of magnitude less than other advanced designs.  


Obviously, all IRIS PRA results must be considered as preliminary and naturally affected by 
epistemic uncertainties, i.e., the uncertainty due to the still incomplete design or the not yet 
available full set of safety analyses. This last kind of uncertainty has been actively reduced 
during the development and especially during multiple refinements and scope extension (e.g., 
external events screening and qualitative analysis) of the IRIS PRA model, which represents a 
fundamental step within the framework of the risk-informed IRIS design philosophy. 


I-5.3. Release scenarios definition 


The first step of the suggested EPZ re-definition methodology is the definition of a set of 
release scenarios; this is done starting from an adequate grouping of the accident sequences of 
the PRA. Unlike the grouping of IEs performed as one of the initial steps of the IRIS PRA, 
the grouping to be performed in this case is focused upon the presence of common release 
pathways for the off-site dose evaluation, rather then on common mitigation strategies and/or 
plant responses.  
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All the accident sequences analyzed in the PRA, regardless of the success or failure of the 
mitigation strategies, need therefore to be re-grouped according with the new criterion. 


The re-grouping is performed in a double step fashion. In the initial step a set of release 
sequences is defined starting from the accident sequences identified in the PRA; this first step 
takes into consideration deterministic aspects (i.e., the presence of release pathways) as well 
as probabilistic aspects (i.e., containment failure probability from the IRIS preliminary LERF 
analysis). The PRA sequences are then quantified and the resulting frequencies combined in 
order to assign a frequency to each of the release sequences. In the second grouping step, 
conservative assumptions and simplifications are formulated to reduce the number of release 
sequences to a reasonably manageable number which must consider both high unlikely 
releases and low more-probable releases as well. 


It must be underlined that the present work on EPZ redefinition methodology was performed 
in parallel with the continuous updating and development of the IRIS PRA model. As a result 
of this, and in order to have a fixed basis for the probabilistic considerations required for the 
purposes of the present work, the IRIS PRA model was frozen as of August 2005. All the 
following considerations related to the IRIS PRA model are therefore consistent with the 
frozen model and they do not reflect the modifications subsequently introduced. Internal event 
CDF for the frozen IRIS PRA model was 2.79E-08/reactor-years. Figure I-8 is a schematic 
summary of the classification process. 


The release categories addressed during the preliminary IRIS source term and dose evaluation 
analysis [I-48] are considered as starting points for the definition of a first set of release 
sequences. The entire re-categorization process cannot be reported herein due to the 
proprietary nature of some of the details; basically, the release categories have been matched 
with the 418 accident sequences (that are grouped in 5 plant damage states (PDS) categories) 
defined during the preliminary IRIS PRA. 
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FIG. I-8. Accident sequence re-categorization summary schematic. 
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The grouping has been mainly based on the foreseen pathways offered to the radioactivity 
release following both the onsite of the accident and the actuation of the main mitigation 
systems; therefore, the differentiation introduced during the PRA study as a result of 
considerations of single systems success criteria have been removed, also lumping together 
accident sequences originating from different IEs.  


Success sequences are those that present the higher variability in the dose release, due to the 
different kind of IE originating the sequence (e.g., a successfully mitigate SGTR could 
potentially induce an initial higher release outside containment than a successfully mitigated 
LOCA); for this reason they have been modelled in the more detailed way and originate the 
most numerous release categories. As far as CD scenarios are concerned, 4 release scenarios 
have been identified. 


The following step was the computation of their related value of frequency. In case of the 
release scenarios without CD, the overall frequencies are obtained by simple addition of the 
frequencies of all the involved accident sequences grouped in the scenario under evaluation. 
In case of CD scenarios some additional considerations from the preliminary LERF model 
developed for IRIS have been credited.  


Table I-7 summarizes the final list of release scenarios with their frequencies. The grouping 
and the subsequent definition of the release scenarios to be deterministically evaluated, 
consider both the deterministic and probabilistic contributions. Successfully mitigated 
accident sequences have been grouped mainly discerning between high frequency scenarios 
with low expected releases (e.g. first scenario) and lower frequency scenario with the 
maximum expected release (e.g., second scenario). The unique features of the IRIS integral 
design and Safety-by-DesignTM approach have been captured by refining the grouping process 
for the SGTR and secondary line break (SLB; i.e., feed and steam line breaks), with the result 
of having some release scenario, with very few accident sequences involved and a 
correspondent extremely low frequency. 
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TABLE I-7. IRIS RELEASE SCENARIOS 


# Release scenario description 
Involved 


PRA 
sequences 


Overall 
frequency 
[/reactor-


year] 


1 Transients1 successfully mitigated via MFWS* 15 1.14E+00 


2 ATWS successfully mitigated with OTCC* 108 8.00E-07 


3 SGTR successfully mitigated via MFWS 2 1.77E-04 


4 SGTR successfully mitigated via EHRS* 2 1.10E-05 


5 SGTR successfully mitigated via OTCC 2 1.68E-11 


6 Not isolated SGTR successfully mitigated via 
EHRS 


1 1.00E-08 


7 Not isolated SGTR successfully mitigated via 
OTCC 


3 2.41E-13 


8 Steam line break successfully mitigated via EHRS 2 9.68E-04 


9 Steam line break successfully mitigated via OTCC 12 2.90E-08 


10 Small break LOCA successfully mitigated 25 1.02E-03 


11 Early core melt with heat removal capability 2.00E-08 


12 Late core melt with heat removal capability 4.47E-10 


13 Core melt with containment failure3


2112


7.05E-09 


14 Fuel handling accidents N/A4 1.00E-04 
Notes: 
1. Transients include LOOP, loss of condenser, loss of support systems, transients with power 
excursion, loss of main feedwater, transients with main feedwater. 
2. The frequency of CD scenarios is not directly dependant on the number of sequences involved since 
a weight in the frequency is introduced as a result of the simplified LERF considerations. 
3. Late and early core melt scenarios with containment failure are here treated in the same group. 
4. Not included in the at-power Level-1 PRA. 
* EHRS – Emergency heat removal system; MFWS - Main feedwater system; OTCC - Once through 
core cooling 


 


The fuel handling accident (FHA) scenario is obviously treated in a different way, since this is 
not an at-power accident sequence and it is therefore not covered by the Level-1 PRA so far 
developed for IRIS. A FHA is an event where a fuel assembly is mechanically damaged and 
gap activity is released. This accident is not normally accounted for as a significant 
contributor to a plant’s total risk profile in modern low power shut down (LPSD) PRAs. In a 
recent assessment of shutdown risk performed for the PWR owners group [I-49], IEs of most 
interest for a low power PRA have been recognized as those involving loss of cooling 
capability; FHA has not been recognized as a significant initiating event for low power PRA. 
This is consistent with the considerations made on FHA and heavy load handling reported in 
NUREG-1449 [I-50], where compliance of the fuel-handling equipment and procedures with 
specific standards and technical specifications, the shielding effect due to the fact that all fuel 
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handling procedures are carried on under water with an high boron concentration and the 
capability of automatically closing all the penetrations through the fuel handling area are 
listed as reasons why most significant events of concern during low power operation are 
related with loss of cooling to the spent fuel pit. 


Frequency of occurrence of FHA (even though not in correlation with LPSD PRA modelling) 
was addressed many years ago in WASH-1400 (Appendix I, p. I-100, of Reference [I-28]), 
which estimated a frequency of 10-4 event/reactor-year (being this the frequency of events in 
which gap activity is actually released and not the frequency of all events in which a fuel 
assembly is dropped or otherwise mishandled). The same value is also reported in the more 
recent NUREG-0933 document [I-51]. 


I-5.4. Release scenarios dose evaluation 


In the second step of the EPZ redefinition methodology, for each of the 14 release scenarios 
that have been previously identified a deterministic evaluation of the released dose at a set of 
distances of interest must be performed.  


Again, the detailed analysis of the release scenarios in term of dose evaluation cannot be 
reported herein due to the proprietary nature of the design details involved. 


Each of the previously identified release scenario can be modelled through the effect 
superposition of different source terms pertaining to the scenario; each of the source terms 
(developed in accordance with the NRC R.G. 1.183 [I-52]) can be then processed more than 
one time because of the different timing characteristics of each radionuclide group (i.e., 
iodine, alkali and noble gases). 


The NRC RADTRAD code [I-53] used for the preliminary analysis requires dose location 
definition to evaluate the dose in three locations: control room, exclusion site boundary and 
LPZ. For the purpose of the EPZ redefinition methodology herein described, evaluation of the 
dose at the LPZ should be sufficient. Dose evaluation for the LPZ have been calculated using 
on a combination of breathing ratios and atmospheric dispersion factors χ/Q where χ is the 
short term average centreline value of the ground level concentration (thus expressed in terms 
of Curie/m3) and Q is the amount of material released (thus expressed in Curie/s). The 
atmospheric dispersion factors (thus expressed in terms of s/m3) are therefore lumped 
parameters that include considerations on the timing, the elevation of the release and the 
meteorological condition.  


For the current application of the methodology, χ/Q values for distances ranging from the 
fences of the reactor up to at least the distance corresponding to the current EPZ size 
(10 miles) are required. Table I-8 shows the χ/Q values deduced from generic curves 
identified by NRC [I-54] for distances ranging from 200 m up to 15 km. 
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FIG. I-9. Dose versus distance evaluation for IRIS release scenarios. 


 


TABLE I-8. ADOPTED ATMOSPHERIC DISPERSION FACTORS 


Atmospheric dispersion factor χ/Q [s/m3] for different distances [m] Time 


[h] 200 1000 2000 4000 5000 6000 8000 10 000 12 000 15 000


0 1.00E
-02 


6.30E
-04 


2.15E
-04 


8.00E
-05 


6.00E
-05 


4.60E
-05 


3.00E
-05 


2.15E-
05 


1.60E-
05 


1.13E-
05 


8 2.33E
-03 


1.30E
-04 


5.00E
-05 


1.60E
-05 


1.15E
-05 


9.30E
-05 


6.00E
-06 


4.40E-
06 


3.40E-
06 


1.26E-
06 


24 9.00E
-04 


5.20E
-05 


1.16E
-05 


5.30E
-06 


4.00E
-06 


3.05E
-06 


2.00E
-06 


1.20E-
06 


1.11E-
06 


8.00E-
07 


96 2.05E
-04 


1.15E
-05 


3.80E
-06 


1.16E
-06 


9.00E
-07 


6.30E
-07 


4.15E
-07 


3.05E-
07 


2.40E-
07 


1.16E-
07 


720 2.05E
-04 


1.15E
-05 


3.80E
-06 


1.16E
-06 


9.00E
-07 


6.30E
-07 


4.15E
-07 


3.05E-
07 


2.40E-
07 


1.16E-
07 
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Using the χ/Q values summarized in Table I-8 and breathing ratios at different time after the 
accident deduced from comparison with dose evaluation efforts performed for other PWRs, 
the dose versus distance evaluation for the identified release scenarios has been performed. 
Such information has been completed with the information regarding the evolution in time of 
the accident (i.e., the estimated flow rate from one compartment to another). Data from the 
preliminary IRIS design [I-55] safety analysis [I-56] and from the thermal-hydraulic analysis 
performed to support the preliminary PRA (e.g., see [I-57]) have been extensively used. When 
such information was not sufficient to describe the evolution of the scenario, conservative 
assumptions have been adopted.  


Only 12 of the 14 release scenarios identified in the previous step of the methodology have 
been actually modelled and evaluated for the expected released dose; the two omitted 
scenarios being the core melt with late containment failure and SGTR with failure of both 
isolation and EHRS and with successful mitigation through the OTCC strategy. The first case 
has not been evaluated since it is expected to result in a released dose higher than any 
reasonable limiting dose at all distances of interests; the second case has been merged with a 
not isolated SGTR mitigated via the EHRS, due to the extremely low frequency and the fact 
that the expected release dose is also expected to be insignificant.  


The results are summarized in Figure I-9. As expected, all the release scenarios with higher 
frequency (i.e., the success release scenarios) result in the lower released dose; more unlikely 
scenarios (i.e., core melt scenarios) result on the other hand in the higher released dose. As it 
can be seen, the FHA scenario has both intermediate dose release and associated frequency.  


I-5.1. Limiting dose and frequency identification 


Steps 3 and 4 of the methodology address the identification of a limiting dose and frequency 
and are steps for which guidance from the regulatory body is obviously necessary. In this 
feasibility assessment and first application of the methodology the limiting dose D* and the 
limiting frequency f* are proposed for scoping purpose starting from available, pertinent 
literature. The definition of these two parameters is a sensitive issue since they define the 
level of safety that a regulatory body considers as appropriate for a nuclear power plant. 


The U.S. NRC recently addressed a key policy issue to support near term pre-application 
reviews of new reactor designs [I-58]: namely, the minimum level of safety the new plants 
need to meet to achieve enhanced safety. Such an issue is a central point in a more sound 
definition of the defence-in-depth concept and clearly appears to be a pre-requisite for the 
assessment of possible modifications to emergency preparedness requirements. 


The position of NRC looks back at the definition of the qualitative health objectives (QHOs) 
in the Commission’s policy statements on “Safety goals for the operation of nuclear power 
plants” [I-59]. In 1986 the NRC adopted the two following qualitative safety goals for 
operation of nuclear power plants: 


• individual members of the public should be provided a level of protection from the 
consequences of nuclear power plant operation such that they bear no significant 
additional risk to life and health; 


• societal risk to life and health from nuclear power plant operation should be 
comparable to or less than the risks of generating electricity by viable competing 
technologies and should not be a significant addition to other societal risks. 


In order to gauge these two qualitative safety goals (respectively addressing early and latent 
fatalities), the NRC introduced the two following QHOs: 
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• the risk to an average individual in the vicinity of a nuclear power plant of prompt 
fatalities that might result from reactor accidents should not exceed one-tenth of one 
percent (0.1%) of the sum of prompt fatality risks resulting from other accident to 
which members of the US population are generally exposed; 


• the risk to the population in the area of nuclear power plant of cancer fatalities that 
might result from nuclear power plant operation should not exceed one-tenth of one 
percent (0.1%) of the sum of cancer fatality risks resulting from other causes. 


These QHOs have been translated into two numerical objectives, as follows: 


• the individual risk of a prompt fatality from all “other accident to which the member 
of the U.S. population are generally exposed”, such as fatal automobile accident, etc., 
is about 5·10-4 per year3 . One-tenth of one percent of this figure implies that the 
individual risk of prompt fatality from a reactor accident should be less than 5·10-7 per 
reactor year (/ry); 


• the sum of cancer fatality risks from all other causes is taken to be the cancer fatality 
rate in the U.S. which is about 1 in 500 or 2·10-3 per year3. One-tenth of one percent of 
this implies that the risk of cancer to the population in the area near a nuclear power 
plant due to its operation should be limited to 2·10-6/reactor year. 


The above considerations, even though not currently directly concurring in the definition of 
the size of the off-site emergency planning zone, should be considered when identifying the 
limiting values for frequency and dose required for the methodology herein suggested.  


The limiting dose D* is defined considering the indication of the U.S. EPA contained in the 
definition of the PAG. In its more recent version [I-13], a PAG is defined by the U.S. EPA as 
the projected dose to the reference man, or other defined individual, from an unplanned 
release of radioactive material at which a specific protective action to reduce or avoid that 
dose is recommended. 


The protective actions available to avoid or reduce radiation dose can be categorized as a 
function of exposure pathway and incident phase; for example, evacuation and sheltering are 
the principal protective actions for use during the early phase (also referred to as the 
emergency phase), i.e., the period at the beginning of a nuclear incident when immediate 
decisions for effective use of protective actions are required. 


The PAGs do not imply an acceptable level of risk for normal (non-emergency) conditions as 
they do not represent the boundary between safe and unsafe conditions; rather, they are 
approximate levels at which the associated protective actions are justified. Furthermore, under 
emergency conditions, in addition to the protective actions specifically identified for 
application of PAGs, any other reasonable measure available should be taken to minimize 
radiation exposure of the general public and of emergency workers. 


It is important to notice that, according to EPA, it is not appropriate to use the maximum 
distance where a PAG might be exceeded as the basis for establishing the boundary of the 
EPZ for a facility since, for example, the choice of EPZs for commercial nuclear power 
facilities has been based primarily on consideration of the area needed to assure an adequate 
planning basis for local response functions and the area is which acute health effects could 
occur. 


                                                 
 
3 The cancer risk is determined by evaluating the number of latent cancer (societal risk) due to all accidents to a 
distance of 10 miles from the plant site boundary, weighted by the frequency of the accident, dividing for the 
total population to10 miles, and summing over all accidents. 
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The principles for the establishing of the PAG are described in Appendix B of Reference 
[I-59]. Because of the variable time over which a dose may be delivered and to account for 
the different risk characterizing different body parts and different kind of radiations, the PAGs 
are expressed in term of a quantity called the committed effective dose equivalent (CEDE). 


Four principles provide the basis for establishing the numerical values for PAGs: 


• acute effects on health should be avoided; 


• the risk of delayed effects on health should not exceed upper bounds that are judged to 
be adequately protective of public health, under emergency conditions, and are 
reasonably achievable. It is stated that there is no dose value below which no risk can 
be assumed to exist. 


• PAGs should not be higher than justified on the basis of optimization of cost and the 
collective risk of effects on health. That is, any reduction of risk to public health 
achievable at acceptable cost should be carried out; 


• Regardless of the above principles, the risk to health from the protective action should 
not itself exceed the risk to health from the dose that would be avoided. 


Detailed description of how these four basis principles have been reflected in the actual 
definition of the EPA PAGs is beyond the purpose of this document. In Table I-9 the PAGs 
for both the early and the intermediate phase of a nuclear incident, as suggested in [I-13], are 
summarized.  


Consistently with these considerations, a limiting dose value D* of 1 rem appears as a 
reasonable choice. 


It must also be observed that the selected values are not specific and unique to the American 
reality; the IAEA indications [I-29] are of the same order of magnitude.  


As far as the identification of the limiting frequency f* is concerned, which can be a more 
controversial matter, reliance is given on the EPRI literature study [I-5] presented in previous 
sections that identifies 1·10-7/reactor year as a value of general consensus for a meaningful 
decision making process. 
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TABLE I-9. SUMMARY OF EPA PAG 


Protective action PAG (projected dose) Comments 


Early phase (up to 4 days from the onset of the event) 


Evacuation (or sheltering)  1-5rem1


Evacuation (or, for some 
situations, sheltering) 
should normally be 
initiated at 1 rem. 


Administration of stable iodine 25rem2  


Intermediate Phase (up to months after the accident) 


Relocate the general population ≥2rem β dose to skin may be up to 
50 times higher 


Apply simple dose reduction 
techniques <2rem  


Late phase (up to years after the accident) 


Not provided in [I-16] 
Notes: 1. This is sum of the effective dose equivalent resulting from exposure to external sources and the 
committed effective dose equivalent incurred from all significant inhalation pathways during the early phase. 
Committed dose equivalents to the thyroid and to the skin may be 5 and 50 times larger, respectively 
2. Committed dose equivalent to the thyroid from radioiodine. 


I-5.6. EPZ identification 


The last step of the EPZ redefinition methodology is the definition of the EPZ size; this is 
done by investigating each dose versus distance curve evaluated for the identified release 
scenario in order to establish a curve giving the overall frequency of overcoming the limiting 
dose. Figure I-10 shows the IRIS dose versus distance curves reported in Figure I-9 but now 
with the limiting dose D* superimposed; this allows the identification of a set of crossing 
distances xi, which are summarized in Table I-10. 


The information summarized in Table I-10 are combined to obtain the diagram of Figure I-11, 
that identifies the overall frequency of overcoming the limiting dose D* as a function of the 
distance from the plant. When this curve is investigated with the limiting frequency f*, the 
IRIS EPZ can be identified as an area with a radius of 1800 m. 


 


45 







1.00E-05


1.00E-04


1.00E-03


1.00E-02


1.00E-01


1.00E+00


1.00E+01


1.00E+02


1.00E+03


0 2000 4000 6000 8000 10000 12000 14000


distance [m]


Dose [rem]


1.00E-07


1.00E-06


1.00E-05


1.00E-04


1.00E-03


1.00E-02


1.00E-01


1.00E+00


1.00E+01
Dose [Sv]


 
FIG. I-10. Dose vs distance evaluation for IRIS release scenarios with superimposed D*. 


The impact of uncertainties must always be considered in the results of this first application of 
the EPZ redefining methodology to the IRIS plant. As previously underlined, the state of the 
IRIS design is not able to support an exhaustive uncertainty analysis. To have a degree of 
confidence in the above presented results, a set of sensitivity studies have therefore been 
performed for D* and f* which are both the most uncertain and most critical parameters in the 
definition of the EPZ size. 


Various limiting doses D* were investigated ranging from the base case of 1 rem down to 
0.1 rem, in steps of 0.1 rem each. Varying the limiting dose D* means changing the set of 
crossing distances xi in the dose versus distance diagram for all the evaluated release 
scenarios. 


Similarly, various limiting frequencies f* are considered; the interval between 1·10-8/reactor 
year and 1·10-7/reactor year is investigated in steps of 0.1·10-7/reactor year. The higher 
frequencies space has also been investigated, with a coarser approach, up to 1·10-3/reactor 
year.  


Figure I-12 summarizes the results of the sensitivity study, providing a surface that identifies 
an EPZ size for each combination of limiting dose and limiting frequency.  


From Table I-10 and Figure I-12 it is apparent that the contribution of the FHA, relatively 
high both in released dose and in the frequency, is always the one determining the EPZ size; 
at the fixed limiting frequency f*, the EPZ size as a function of the limiting dose D* slowly 
changes following the FHA dose to distance diagram. If, on the other hand, the limiting dose 
D* is maintained fixed, the EPZ size as a function of the limiting frequency shows a dramatic 
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rise around 3·10-8/reactor year, when also the contributions from core melt scenarios come 
into account, it is maintained in a stable plateau between 3·10-8/reactor year and 1·10-3/reactor 
year and than drops to 200 m.  


 


TABLE I-10. CROSSING DISTANCE SET 


# Release scenario description 


Overall 
frequency 
[/reactor 


year] 


D* crossing 
distance [m]


1 Transients successfully mitigated via MFWS 1.14E+00 200 
2 ATWS successfully mitigated with OTCC 8.00E-07 200 
3 SGTR successfully mitigated via MFWS 1.77E-04 600 
4 SGTR successfully mitigated via EHRS 1.10E-05 200 
5 SGTR successfully mitigated via OTCC 1.68E-11 200 
6 Not isolated SGTR successfully mitigated via EHRS 1.00E-08 200 


7 Not isolated SGTR successfully mitigated via 
OTCC1 2.41E-13 N/A 


8 Steam line break successfully mitigated via EHRS 9.23E-04 200 
9 Steam line break successfully mitigated via OTCC 2.91E-08 200 
10 Small break LOCA successfully mitigated 1.02E-03 200 
11 Early core melt with heat removal capability 1.97E-08 11 800 
12 Late core melt with heat removal capability 4.52E-10 10 600 
13 Core melt with containment failure2 6.85E-09 ∞ 
14 Fuel handling accidents 1.00E-04 1800 


Notes:  1. This scenario has not been evaluated and is merged with case 6. 
2. This scenario has not been evaluated and an infinite distance is assumed. 
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FIG. I-11. IRIS EPZ identification. 


From the performed sensitivity analysis it appears clear that the reference case is on a 
relatively stable plateau on the surface identified in Figure I-12. Being reasonably far from 
any areas with significant gradients could be an indication of the soundness of the obtained 
results, especially considering the extremely conservative assumptions both in the 
probabilistic and deterministic parts of the analysis. 


1.0
0E


-08


2.0
0E


-08


3.0
0E


-08


4.0
0E


-08


5.0
0E


-08


6.0
0E


-08


7.0
0E


-08


8.0
0E


-08


9.0
0E


-08


1.0
0E


-07


5.0
0E


-07


1.0
0E


-06


1.0
0E


-05


1.0
0E


-04


1.0
0E


-03


0.1
0.2


0.3
0.4


0.5
0.6


0.7
0.8


0.9
1


0


2000


4000


6000


8000


10000


12000


14000


16000


EPZ [m]


Frequency F*


Dose D* [rem]


14000-16000
12000-14000
10000-12000
8000-10000
6000-8000
4000-6000
2000-4000
0-2000


 
FIG. I-12. Sensitivity analysis on D* and f*. 


Due to the significant importance of the FHA, some additional considerations have been made 
on this scenario. As seen in section I-5.3, the IEF pertaining to a FHA is given in the 
WASH-1400 document (Reference [I-28] Appendix I, section 5.3) as 1.00E-04/reactor year. 
This was estimated considering that accidents that can occur during refuelling result either in 
mechanical damage to the fuel or in inhibiting heat transfer from the spent fuel being handled. 
Thus:  


• Mechanical damage: the probability of release due to mechanical damage will likely 
be dominated by crane failures. Using a crane failure probability of 
3.00E-06/operating hour and assuming 100 hours of crane operation per refuelling 
leads to a prediction of the probability of clad failure due to mechanical damage of the 
order of 1.00E-04/year. 


• Inhibition of heat transfer: calculations indicate that even if a fuel assembly is 
completely withdrawn from the refuelling canal or spent fuel pool, air convection 
cooling is adequate to prevent fuel melting. In addition, plants are designed in such a 
manner that it is physically impossible to completely withdraw a fuel assembly from 
the water using normal refuelling equipment. As a result of these considerations the 
contribution to the FHA IEF coming from inhibition of heat transfer can be ignored. 


In accordance with the previous considerations, issue 192 of NUREG-0933 [I-51] suggested 
an IEF for a FHA event of 1.00E-04/reactor year. The two determinant factors in the 
estimation of the FHA IEF appear therefore to be the hourly crane failure probability and the 
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hours of crane operation per refuelling. The combination of these two factors results in a 
accident probability per refuelling that must be then combined with the fuel cycle (i.e., with 
the number of refuellings per year) in order to obtain the IEF. In this extremely simplified 
approach, the longer fuel cycle envisioned for the IRIS could result in a reduction of the FHA 
IEF. The FHA IEF for the straight burn (4 years) IRIS fuel cycle is: 
 


FHA IEF = (3.00E-06/hour) · (1.00E+02hours)/4years = 7.50E-05/year 
 
Such value must be considered only as a scoping value and must be further discussed and 
studied in more depth, especially considering that the reference values are dating back to a 
1975 document such as the WASH-1400. 


The very conservative evaluation of Figure I-11 does not credit any form of filtering of the 
postulated release; in PRA terms, the FHA scenario so far considered can be summarized in 
an ET with probability 1.0 of unavailability of any form of filtering during the refuelling 
procedure. As previously mentioned, NUREG 1499 lists a comprehensive set of features 
which need to be in place during refuelling procedures (e.g., filters, automatic isolation 
capability of the refuelling area). If filtering availability is credited, a new probability must be 
introduced. 


Qualitative considerations to determine filters unavailability probability are: 


• the filter failure mode involved in this scenario is only the filter misplacement (or the 
lack of filters at all), since filter clogging has a beneficial effect during a FHA;  


• filters misplacement (or lack of filters in selected positions) has few envisioned 
mechanical causes, the main cause for such an event being, reasonably, an human 
error during the filter placement before the actual initiation of the fuel handling phase; 


• a strict refuelling procedure can be envisioned which put confirmation of filter 
positioning as a conditional step for the initiation of the fuel handling procedure; 
moreover, a set of indicators and alarms can be assumed to enforce such a procedure; 


• a human error related to the positioning of the filters is reasonably not related with the 
human error currently envisioned as the cause of the initiation of the FHA scenario 
since the latter is focused on a very specific task (i.e., the handling of the fuel with a 
polar crane).  


Crediting a failure probability for the filtering capability, a new scenario is made possible, 
where the filters are available during the refuelling procedure. The FHA scenario is then split 
into two contributors (i.e., FHA with filtering and FHA without filtering); the deterministic 
evaluation of the newly defined scenario is performed assuming filtering performance 
deduced from existing power plants analysis and is summarized in Figure I-13. 


A quantitative evaluation of the filtering capability failure probability is not part of the herein 
presented study and is currently not performed for IRIS due to early phase in the definition of 
IRIS refuelling procedures and auxiliary building layout with its relationship with the IRIS 
containment. For the purpose of the current analysis, a simple parametric analysis has been 
performed with the probability of filtering failure ranging from 1.00E-01 to 1.00E-04 which is 
within the range of other IRIS safety systems failure probabilities (e.g., the EHRS).  


The updated frequency of overcoming the limiting dose D* as a function of the distance from 
the plant is presented in Figure I-14 for the different filtering capability failure probabilities. 
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With the current limiting frequency, a filtering capability failure probability comprised 
between 1.00E-03 and 1.00E-04 is the threshold below which the IRIS EPZ can be reduced as 
low as 800 m in radius.  
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FIG. I-13. New dose versus distance evaluation: the original FHA scenario (in green) is split 


into two contributions; the yellow one is the new contribution depicting a FHA with 
successful filtering, while the green is the old FHA scenario without filtering capability. 
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FIG. I-14. Frequency of a released dose higher than the limiting dose as a function of the 


distance: base case refers to the results reported in Figure I-11. With a limiting frequency of 
1.00E-07, the EPZ can be reduced up to 800 m when the probability of failure of filtering 


capability is 1.00E-03<PFHA<1.00E-04. 


 


The results herein presented for a possible IRIS EPZ definition must be considered 
preliminary and will be updated as the design progresses. They are nevertheless indicative of 
the effectiveness of the designing philosophy, i.e., the Safety-by-DesignTM approach, which 
has been the basis of this project from its inception.  


These results must also be considered in the framework of the high degree of conservatism 
adopted for some of the most significant assumptions. 


I-6. Conclusions 


I-6.1. Concept and application 


The quality of PRA techniques adopted as the main supporting tool for risk-informed 
applications has been continuously increasing over the past decades. A full power internal 
events PRA standard has been developed by ASME and endorsed by the U.S. NRC [I-60] as 
the basis for evaluating the quality of PRA models and assess their applicability for use in a 
broad spectrum of risk-informed applications. The second revision of the NRC Regulatory 
Guide 1.200 endorses a PRA standard that would merge the at-power internal events standard 
with an American Nuclear Society (ANS) standard on external events PRA and a fire PRA 
standard. Low power PRA and Level-2 PRA standards are currently being developed or 
planned. The maturity of the techniques involved in the risk-informed approach and concept 
suggests now the possibility of considering the extension of the range of potential risk-
informed applications to the last level of the defence in depth philosophy: the off-site 
emergency preparedness. 
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In the present document the current bases for the definition of the emergency planning zone 
have been reviewed with the intent of re-introducing the concept of risk, previously ruled out 
due to technical considerations but especially due to public concern and distorted risk 
perception. A conceptual methodology is then presented, which would allow relating the size 
of the emergency planning zone to the safety performance of a plant design, thus recognizing 
the enhancement in safety attained by new plant designs during the last thirty years (i.e., since 
when the basis for emergency planning have been defined). 


The methodology, which allows for a bridge (i.e., applicable to a relatively early design 
phase) towards the use of a full scope Level-3 PRA as the reference supporting tool in the 
definition and sizing of emergency planning around nuclear power plant, builds on the 
fundamentals of the concept of risk, i.e., a potentially complete probabilistic approach to the 
entire spectrum of accident scenarios and the deterministic evaluation of consequences 
through dose and dispersion analysis. The simplified approach used for the test bed herein 
investigated (the IRIS-like reactor) was geared towards a feasibility and conceptual test of the 
methodology rather than towards the details of the analysis implementation. Nevertheless, the 
very preliminary results show the potential for a significant reduction in the size of the EPZ 
for a small/medium nuclear plant like IRIS.  


I-6.2. Qualitative impact of the EPZ redefinition 


Having so far underlined the potential for EPZ reduction in term of the risk to the population 
(that is actually maintained equal to current PWR), a semi-qualitative example is here 
reported in order to outline the potential benefit that the EPZ reduction could represent in term 
of the burden that an utility has to carry for satisfying the current requirements. This example 
is applied to an Italian site for a general understanding of the potentiality of the methodology. 
Figure I-15 identifies the EPZ size pertaining to an IRIS reactor hypothetically built on the 
site of the Caorso NPP (currently under decommissioning), in northern Italy.  


The outer circle identifies the EPZ size in accordance with the current NRC requirements (i.e., 
10 miles). The two inner circles indicate the IRIS EPZ relative to the Caorso site as identified 
by the herein outlined methodology, which would be reduced to slightly less than 2 km (base 
case) or even 1 km (in case the effect of the FHA can be further reduced). 


A detailed description of the practical aspects involved in the enforcement of the EPZ 
requirements is beyond the scope of the current work. Even without entering in the details, the 
beneficial impact on the economics of the hypothetical utility managing the Caorso IRIS NPP 
is easily understandable noticing the two relatively big population centres of Piacenza and 
Cremona (with up to 180 000 people in these two cities alone) being now excluded by the 
newly defined EPZ.  


While the benefit for such a reduction for the utility and the nuclear industry is apparent, the 
main benefit for the final stakeholder (i.e., the public) is a reduced impact of the presence of 
the NPP from under the economical and social points of view, due to the increase in safety 
and a corresponding reduction of the burden associated with outside emergency planning. 
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FIG. I-15 Hypothetical EPZ for an IRIS located on the Caorso site: Potential reduction 


including or excluding FHA scenarios. 
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ANNEX II 


UPDATE ON THE DESIGN CONCEPT OF A LIFETIME-CORE PARTICLE BED 
300 MW(e) BOILING WATER REACTOR (VKR-MT) 


All-Russian Institute of Atomic Machine Building and Russian Research Centre 
‘Kurchatov Institute’ (Russian Federation) 


II-1. Introduction 


In this paper an updated concept of the VKR-MT vessel-type boiling water reactor with micro 
fuel elements [II-1] is presented.  


The targets of the update development were as follows:  


-  Optimization of core parameters for fuel cycle characteristics and core lifetime 
extension;  


- Increase of micro fuel elements reliability under operating conditions;  


- Optimization of reactor design for core lifetime prolongation without refuelling 
within 25-30 years;  


- Development of a refuelling (reload) technique based on a special refuelling (reload) 
tank without opening the reactor vessel lid during 25-30 years. 


The VKR-MT [II-1] incorporates proliferation resistance features (difficult access to fuel 
during the whole long period of reactor operation) provided by the following engineering 
solutions: 


-  Internal reservoir, intended for fresh micro fuel elements;  


- Internal repository, intended for spent micro fuel elements;  


- Transport equipment of micro fuel elements inside the reactor vessel without power 
reduction or opening vessel lid, intended for realization of gradual core refuelling 
(reload) in accordance with the process of uranium depletion;  


- Container and equipment for micro fuel elements reloading are brought to the site 
after reactor operation during 25-30 years without opening the vessel lid.  


The original VKR-MT reactor design concept [II-1], the fuel assembly and micro fuel 
elements design, and the design of the equipment for gradual core refuelling without power 
reduction and opening of the reactor vessel lid have been modified to realize in full the above 
mentioned features.  


II-2. Reactor design description  


A design concept of the VKR-MT power unit is shown in Fig II-1. The distinctive features of 
the concept are:  


-  Internal reservoir for fresh micro fuel elements in the upper part of the reactor vessel 
under the vessel lid;  


-  Internal repository for spent micro fuel elements mounted on the vessel bottom;  


-  Equipment for micro fuel elements transport inside the reactor vessel;  


-  Transport pipelines for loading of fresh and discharge (out-loading) of spent micro 
fuel elements.  
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1-reactor vessel, 2-fuel assembly, 3-enclosure, 4- jet pump, 5- guiding tube of a cluster, 6- protective tube of the 
bar of a control rod drive, 7- internal metallic shaft, 8- block of protective tubes, 9- anti-holdup device, 10- first-
stage separator, 11- second-stage separator, 12- re-hydrator, 13- vessel lid, 14- control rod drive, 15- internal 
reservoir for fresh micro fuel, 16-weld plug, 17- branch pipe for loading of fresh micro fuel elements, 18 – upper 
block, 19- pipelines for ball transport within the block of protective pipes, 20- ball-stop armature, 21- internal 
repository for spent micro fuel elements, 22- drive rod of ball-stop armature, 23- electric drive of the rod 
24- biological shielding, 25- device for spent micro fuel elements discharge, 26- weld plugs, 27- transport 
equipment.  


FIG. II-1. Reactor design scheme. 


 
The reactor design presented in Fig.II-1 includes the reactor vessel 1, reactor core 2 composed 
of fuel assemblies, enclosure 3, jet pumps 4, guiding tubes 5 of a cluster of control rods, 
protective tubes 6 of the bar of a control rods drive, internal metallic shaft 7, block of 
protective tubes 8, first- and second-stage separator 10 and 11, re-hydrator 12, vessel lid 13, 
electromagnetic drives 14 of control rods, internal reservoir 15 for fresh micro fuel elements, 
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weld plug 16, branch pipes 17 for loading of fresh micro fuel elements, upper block 18, 
pipeline for ball transport 19, ball-stop armature 20, internal repository 21 for spent micro 
fuel elements, drive rod 22 of ball-stop armature.  


145 electromagnetic drives of ball-stop armature for every fuel assembly are located upon the 
reactor vessel bottom. The vent aligned with the discharge ball transport pipeline of 20 mm 
diameter is located in the reactor vessel bottom. It is intended for spent micro fuel elements 
from the internal repository of the reactor vessel discharge.  


The internal reservoir for fresh micro fuel elements is divided into 30 sections. Each section is 
attached to a branch pipe of 20 mm outer diameter for loading of fresh micro fuel elements. 
From below each section is attached to the pipe collector, which distributes micro fuel 
elements among groups of 48-49 fuel assemblies. To provide that, pipelines lay within the 
block of protective tubes and separators. The upper ends of these pipelines are aligned with 
the pipe collectors, while the bottom ends are fixed to the inlet ball transport pipeline in the 
fuel assemblies.  


All of joints are detachable. When it is necessary, the unloading all of internal devices and 
fuel assemblies for a maintenance and re-equipment could be carried out. The ball-stop 
armature in the discharge pipeline inside the reactor vessel is produced in a knee form, where 
the movement of micro fuel elements is possible only by using of hydraulic transport. The 
ball transport pipeline of internal repository of spent micro fuel elements and all of the 
sections of the internal reservoir for fresh micro fuel elements are welded at the reactor 
operation. They are de-capsulated at the core refuelling shutdown, cooling and 
depressurization after 25-30 years of reactor operation. The return valve is located in the ball 
transport pipeline of every section of the internal reservoir, which eliminates the possibility of 
a suck of fresh micro fuel elements from the reactor vessel.  


II-3. Reactor core  


The reactor core consists of 145 square fuel assemblies. A map of the reactor core is shown in 
Fig. II-1. The choice of a square cross section for the fuel assembly is caused by the 
requirement of uniform accommodation and alternation of inlet and outlet coolant collectors 
in the form of truncated cones.  


Research of emergencies and beyond design basis accidents shows a safety and reliability of 
VKR-MT reactor concept [II-2]. For example, maximum core temperature does not exceed a 
value of 700 °C for the accident process caused by the rupture of the reactor vessel bottom. 
This temperature regime practically excludes the zirconium-steam reaction and weakly 
influences the strength of structural material. Therefore it is possible to use zirconium alloys 
as a structural material in the fuel assembly of the VKR-MT reactor. In turn, the application 
of zirconium alloys essentially improves the fuel cycle characteristics, reduces the initial 
enrichment and non-uniformity of fuel burn-up in the reactor core.  


For the core based on micro fuel elements and directly cooled by water coolant-moderator, 
optimal hydrogen-to-heavy metal ratio is essentially higher than the ratio for a reactor core 
based on fuel rods. It is caused by more neutron absorption in the resonance region due to 
more homogenization of neutron-physical properties of the VKR-MT core. Increasing of 
hydrogen-to-heavy metal ratio decreases the probability of neutron absorption by uranium-
238 in the resonance region, increases the multiplication factor, and reduces an initial 
enrichment for the targeted value of average fuel burn-up.  


Increasing of hydrogen-to-heavy metal ratio is possible as follows: by the application of 
additional tubes filled with moderator in the fuel assembly and due to reduction of the 
diameter of uranium dioxide kernel at fixed diameter of the micro fuel elements. The last way 
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is more profitable because the operational reliability of micro fuel elements under deep burn-
up condition increases with the cumulative thickness of a multi-layer coating. Decreasing of 
fuel loading and core lifetime without refuelling (reloading) is compensated by the increasing 
of pebble bed height.  


Therefore a number of tubes filled with water are chosen just taking into account control rods 
efficiency. Geometrical sizes of coolant collector in the fuel assembly are selected such that 
pressure loss in coolant circuit is minimal.  


The measures for decreasing of burn-up non-uniformity along fuel assembly are foreseen. 
Particularly, on the base of the development of a once-through reactor with steam 
superheating [II-2] it is known that diameter of tubes filled with water should be preferably 
equal to 12 mm (radial burn-up peaking factor in the fuel assembly is equal to ~1.06) and 
should not exceed 15 mm (radial burn-up peaking factor in fuel assembly is equal to ~1.2).  


Two operation regimes are provided for the VKR-MT reactor. During the first 13 years of 
operation, (stage 1) fuel transport inside the reactor vessel is not conducted. This operational 
regime is characterized by the high non-uniformity of fuel burn-up along the radius and the 
height of the core and low economic parameters of the fuel cycle. Reactivity margin for fuel 
burn-up in the first operational regime is compensated by using burnable poisons and control 
rods.  


The second operational regime (stage 2) is realized after reactivity margin exhaustion in 
approximately 13 years, and it is characterized by the frequent refuelling in every fuel 
assembly by small batches of micro fuel elements. Refuelling is carried out without opening 
the reactor vessel lid and without power reduction. The electromagnetic drives mounted upon 
the reactor vessel bottom open the ball stop valves in the tail part of every fuel assembly.  


The discharge of spent micro fuel elements from the bottom of the fuel assembly is performed 
in an hourglass mode. Accordingly, the fresh micro fuel elements using the similar mode are 
loaded from the internal reservoir into the upper port of the fuel assembly. Frequent refuelling 
is performed according to a special programme, which will be developed in details later. 
Refuelling rate is inversely proportional to the power of the fuel assembly. Therefore, in the 
second operational regime, a minimal volume burn-up peaking factor and a high quality of 
fuel cycle characteristics are reached. Burnable poison is absent in the reactor core during the 
second operational stage. Specific consumption of micro fuel elements per unit of produced 
power is reduced by half in comparison with the one in the first operational regime. Lifetime 
of the second operational regime is also equal to 13 years.  


After the reserve of the fresh micro fuel elements fresh micro fuel elements in the internal 
reservoir is depleted (via ~26 years), the reactor shuts down and the loading of fresh and 
discharge of spent micro fuel elements is carried out. These operations are performed without 
opening the reactor vessel lid, as follows. The reactor is cooled down and coolant pressure is 
reduced down to 1 bar. The container with fresh micro fuel elements and the hydraulic 
transport are supplied to the NPP. Branch pipes for fresh micro fuel elements loading into the 
internal reservoir are de-capsulated and connected to the supplied container. After that, the 
internal reservoir with fresh micro fuel elements loading is loaded. Further, the empty 
container is connected to the branch pipe for the discharge of spent micro fuel elements from 
the internal repository. The spent micro fuel elements are transferred to the container by 
hydraulic transport. After that, the branch pipes are welded. The reactor is prepared for full 
power operation in the course of the next 13 years and the reactor core is characterized by 
practically equilibrium operating conditions of stage 2 (with internal “on-line” refueling), 
offering improved parameters of the fuel cycle. 


In boiling water reactors, non-uniformity of the neutron flux and, correspondingly, non-
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uniformity of the fuel burn-up is observed because of a high non-uniformity of coolant-
moderator density in the axial direction.  


During stage 2 of reactor operation, when the refueling is performed in an hourglass mode, 
the fresh micro fuel elements having maximum uranium-235 contents and multiplication 
properties enter at the top and are slowly relocated by gravity from the upper parts of fuel 
assemblies simultaneously with the discharge of  the spent micro fuel elements from the 
bottom. Therefore, decreasing of neutron flux in the upper part of the core is advisable and 
can be realized, for example, by means of decreasing the coolant-moderator density. This can 
be achieved in a fuel assembly that includes several axial stages, in which the outlet collectors 
of the first axial stage are connected with the inlet collectors of the second axial stage, and so 
on. Such a technical approach provides a step-type coolant-moderator density decrease from 
the bottom upward in the reactor core. Such design provides an appropriate axial power 
distribution under the stage 2 refuelling conditions. In addition to this, coolant mixing at the 
co-current flow in the collectors makes it possible to decrease the non-uniformity of coolant 
heating. The analyses have shown that three axial stages are quite sufficient for the 
achievement of the requested fuel assembly properties.  


During the first 13 years of operation no movement of micro fuel elements takes place, and so 
the distribution of neutron flux is managed by means of non-uniform accommodation of the 
burnable poison along the fuel assembly height. Ball absorber elements having boron carbide 
kernel and the outer diameter of 1.8 mm are used as a burnable poison. They are required only 
during the first 13 years for stage 1 of the reactor operation. After that, the ball absorber 
elements become unnecessary under the stage 2 refuelling conditions. Main characteristics of 
the reactor core are presented in Table II-1. 


TABLE II-1. MAIN CHARACTERISTICS OF REACTOR CORE 


Characteristic First core 
lifetime 


First regime 
of refuelling 


Second regime 
of refuelling 


1. Number of fuel assemblies   145  145  145  
2. Outer diameter of micro fuel elements, mm  1.8  1.8  1.8  
3. Diameter of UO2 kernel, mm  1.3  1.3 (1/2)  и 1.4 


(1/2)  
1.4  


3. Pebble bed height, mm  4000  4000  4000  
4. Volume of pebble bed in fuel assembly, m2 0.200  0.200  0.200  
5. Porosity of a pebble bed of micro fuel 
elements  


0.4  0.4  0.4  


6. UO2 load, t  70  (70+87.70)/2=
78.8  


87.7  


7. Average/maximum fuel burn-up, % of 
fissile materials 


6/10  6.7 


8. Initial fuel enrichment, weight %  9  9 and 6  6  
9. Core lifetime, years  13  another 14*  another 16  
10. Volume of internal reservoir of fresh 
micro fuel elements, (% of the reactor core 
volume) 


50 50 50 


11. Diameter of UO2 kernels of micro fuel 
elements (when they are in fresh fuel storage), 
mm 


- 1.4  
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II-4. Micro fuel element  


The designs of a micro fuel element are shown in Fig. II-2 and Fig. II-3. The main difference 
of presented design variants from the one used previously [II-1] is that the uranium dioxide 
kernel diameter is decreased to increase fuel element reliability. The resulting loss of uranium 
content is compensated by the increased core height.  


The diameter of uranium dioxide kernel is equal to 1.3 mm for the first core. Its lifetime is 
characterized by absence of the gradual refuelling regime. Such a solution provides fuel 
elements with reliability for maximum fuel burn-up as high as 10% of heavy nuclides. In this, 
the average burn-up is equal only to 6% of heavy nuclides during the first core lifetime. 
Design scheme of a micro fuel element for the first core lifetime is presented in Fig. II-2.  


Diameter of the uranium dioxide kernel for the following lifetimes with gradual (stage 2) 
refuelling regime would be selected as 1.4 mm. In this, the maximum burn-up will equal to 
7% and the average burn-up will be equal to 6%. The design for this operation regime is 
presented in Fig. II-3.  


D=1300 μm, UO2 γ=10.4 g/cm3; 
 
δ=120 μm, Carbon γ=1.0 g/cm3; 
 
δ=5 μm, Carbon γ=1.8 g/cm3


 
δ=125 μm.  SiC γ=3.2 g/cm3


 
  


 


FIG. II-2. Design scheme of micro fuel element for the first core lifetime. 


  


D=1400 μm, UO2 γ=10.4 g/cm3; 
 
δ=100 μm, Carbon γ=1.0 g/cm3; 
 
δ=5 μm, Carbon γ=1.8 g/cm3


 
δ=95 μm.  SiC γ=3.2 g/cm3


  


FIG. II-3. Design scheme of micro fuel elements for the subsequent lifetimes. 
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II-5. Fuel assembly  


Figure II-4 presents a lateral cross section of the group of fuel assemblies. Figure II-5 presents 
a longitudinal section of the group of fuel assemblies. Main characteristics of the VKR-MT 
fuel assembly are presented in Table II-2.  


 
TABLE II-2. MAJOR GEOMETRY AND THERMAL-HYDRAULIC CHARACTERISTICS 


OF THE FUEL ASSEMBLY  


Characteristic 1 axial 
stage 


2 axial 
stage 


3 axial 
stage 


1. Number of fuel assemblies in the reactor  145 145 145 


2. Stage height, mm 1400 1200 1400 


3. Distance between fuel assembly centres, mm 250 250 250 


4. Fuel assembly size, mm 248 248 248 


2. Thermal power, MW 2.05 2.05 2.05 


3. Enthalpy increment, kJ/kg 82 81 81 


4. Coolant flow rate through the fuel assembly, kg/s 25.4 25.4 25.4 


5. Steam fraction at stage inlet, % 0 0 6.25 


6. Steam fraction at stage outlet, % 0 6,25 12,5 


7. Temperature at core inlet, °C 280 295 295 


8. Number of cone collectors  36 36 36 


9. Maximum diameter of collectors, mm 17x0.5 17x0.5 17x0.5 


10. Minimum diameter of collectors, mm 12x0,5 12x0,5 12x0.5 


8. Number of guiding tubes for control rods 25 25 25 


9. Diameter of the guiding tubes, mm 15x0.5 15x0.5 15x0.5 


10. Thickness of duct wall, mm 1 


11. Structural material of the guiding tubes, the 
assembly duct, and the collectors ZrNb1% 


12. Perforation density in the collectors and duct wall 
of the fuel assembly, % 0.05 


13. Average density of coolant in pebble bed, kg/m3 746 637 380 


14. Coolant density in inlet collectors, kg/m3 750 743 531 


15. Coolant density in outlet collectors, kg/m3  743 531 227 


16. Maximum temperature of micro fuel elements, °C 300 300 300 


A three-stage, multi-collector fuel assembly has been selected on the basis of the development 
of a once-through reactor with superheated steam at core outlet [II-2]. The three-stage fuel 
assembly is well suited to the regime of stage 2 (with internal reloading) in a boiling water 
reactor. In this case, fresh micro fuel elements loaded from the core top burn in the region 
with the least coolant density and relatively low neutron flux. Multi-collector design of the 
fuel assembly provides for minimal non-uniformity of burn-up of micro fuel elements. Based 
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on the experience in the development of the once-through reactor it is known that inner 
diameter of the collector and guiding tube should not exceed 14-12 mm in order to reduce the 
non-uniformity of fuel burn-up down to 5-20%.  


 


1-guiding tubes of control rods, 2-inlet collector, 3-outlet collector 


FIG. II-4 Lateral section of a group of fuel assemblies. 


 


Each stage of the fuel assembly consists of 18 inlet and 18 outlet coolant collectors. Inlet 
coolant collectors of a lower stage are in the form of a truncated cone which is repeated in an 
inverted mode in the outer collectors, see Fig. II-5. The three stages provide for satisfactory 
mixing of the reactor coolant and for a decrease of coolant density along the core height. 
Square form of the fuel assembly has been chosen because it is easier and more uniform to 
perform the alternation of inlet and outlet coolant collectors in the square fuel assembly. 
Twenty five guiding tubes of control rods are uniformly accommodated between the coolant 
collectors. The gap between fuel assemblies is 2 mm. The quantity of coolant in the gap is 
nearly equal to that in the peripheral row of the guiding tubes and provides for high 
uniformity of moderator distribution in the lateral section of a fuel assembly. The gap 
between fuel assemblies plays the role of a non-ideal outer collector because the assemblies 
have perforated ducts.  


The geometrical characteristics provide for a hydrogen-to-heavy metal ratio equal to 4.5 at the 
input of the lower stage. This value is 20% greater than the one for a VVER-1000 reactor core 
and it allows increasing the fuel burn-up during the VKR-MT operation in the regime of stage 
2 (with internal refuelling).  
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1-inlet collector, 2-outlet collector of the first stage of a fuel assembly 


FIG. II-5. Longitudinal section of a group of fuel assemblies. 


II-6. Neutron-physical characteristics  


Neutron cross-sections and parameters for modeling of fissile material depletion process were 
provided by the UNK code system [II-3]. UNK has its own library of nuclear data generated 
from the files of evaluated nuclear data ENDF/B, JEF-2.2 and JENDL. The library contains 
89-groups cross-sections of isotopes – 24 groups in slowing down region, and 65 ones in 
thermal region. In addition, resonance region (2.15 eV – 2.15 KeV) is presented in micro-
group form, by about 7000 groups. In this, the fine irregular energy grid is thickened in the 
vicinity of resonances of different isotopes in the reactor cells (including micro fuel elements 
with appropriative faction of surrounding moderator, guiding tube cells, duct wall cells, etc.). 
Calculations are performed using collision probability method or the characteristics method.  
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II-6.1. Calculated neutron-physical characteristics  


Calculation results are presented in Figures II-6 to II-11 and Tables II-3 to II-6. 


Features of the core  


The VKR-MT core is divided into three axial zones with essentially different neutron-
physical properties (see Table II-2). In the lower zone, coolant density has a maximum value, 
hydrogen-to-heavy metal ratio is equal to 4.2 and neutron energy spectrum is most thermal. In 
the middle zone, hydrogen-to-heavy metal ratio is equal to 3.6 due to a decrease of boiling 
coolant density, which hardens the neutron spectrum. In the upper zone, hydrogen-to-heavy 
metal ratio is equal to 2.4 and neutron spectrum is nearly epithermal.  


Multiplication factor of the infinite lattice of the VKR-MT fresh fuel assemblies (without 
control rods) is equal to 1.4250.  


Power distribution and neutron leakage in radial direction in hot condition 


TABLE II-3. RADIAL POWER PEAKING FACTOR IN THE UPPER CORE ZONE.  
Radial neutron leakage (Kinf/Keff-1) = 2.2%  


1.724  1.667  1.537  1.332  1.065  0.753  0.479  
1.667  1.610  1.484  1.284  1.023  0.721  0.457  
1.537  1.484  1.364  1.173  0.927  0.644  0.401  
1.332  1.284  1.173  0.998  0.771  0.518  0.343  
1.065  1.023  0.927  0.771  0.570  0.446    
0.753  0.721  0.644  0.518  0.446      
0.479  0.457  0.401  0.343        


TABLE II-4. RADIAL POWER PEAKING FACTOR IN THE MIDDLE CORE ZONE.  
Radial neutron leakage (Kinf/Keff-1) = 1.4% 


1.809  1.746  1.604  1.379  1.088  0.750  0.420  
1.746  1.684  1.546  1.327  1.043  0.716  0.400  
1.604  1.546  1.414  1.206  0.938  0.633  0.346  
1.379  1.327  1.206  1.014  0.768  0.493  0.270  
1.088  1.043  0.938  0.768  0.547  0.358    
0.750  0.716  0.633  0.493  0.358      
0.420 0.400 0.346 0.270     


TABLE II-5. RADIAL POWER PEAKING FACTOR IN THE LOWER CORE ZONE. 
Radial neutron leakage (Kinf/Keff-1) = 1.2% 


1.827 1.764 1.619 1.391 1.094 0.749 0.405 
1.764 1.702 1.561 1.338 1.049 0.715 0.385 
1.619 1.561 1.427 1.214 0.941 0.631 0.333 
1.391 1.338 1.214 1.019 0.768 0.487 0.252 
1.094 1.049 0.941 0.768 0.541 0.337  
0.749 0.715 0.631 0.487 0.337   
0.405 0.385 0.333 0.252    
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As it can be seen from Table II-3 to II-5, the maximal neutron leakage is observed in the 
upper zone of the reactor core, where neutron spectrum is nearly epithermal.  


Because the maximum of power distribution is in the middle and lower zones of the reactor 
core, radial neutron leakage along all height of the reactor core is averaged at 1.5% for the 
beginning of life and at 2.5% for the end of core lifetime.  


Reactivity effects and worth of the reactivity control system  


Temperature effect of reactivity is defined as the reactivity inserted in reactor core upon 
decreasing the temperature of all materials from the nominal values down to 300 K and upon 
increasing the coolant density from nominal parameters up to 1.0 g/cm3 while taking into 
account the resulting decrease of the neutron leakage. The temperature effect is equal to 
~ 7%∆k/k.  


Xenon poisoning reactivity effect is equal to 2%∆k/k; it was calculated as the variation of the 
multiplication factor caused by small irradiation [about 0.1 MWdays/kg U] of the fresh 
reactor core. The total reactivity effect including temperature effect and xenon poisoning 
effect is approximately equal to 9%∆k/k.  


The worth of the mechanical system of reactivity control was determined by substituting 
water coolant in the guiding tubes with control rods, containing boron carbide. Weight 
content of 10B isotope in the control rod was equal to 1.554 10-02 (barn*cm)-1.  


Calculations were performed for cold (temperature of the reactor core equal to 20°C), 
unpoisoned (by 135Xe) conditions.  


The inner radius of the guiding tubes for control rods is equal to 7 mm. In Table II-6, the 
worth of the reactivity control system is presented for control rods of 4.1 mm and 6.1 mm 
outer radius. The control rod of 4.1 mm outer radius is similar to the control rod used for the 
VVER-1000 type reactor. The control rod of 6.1 mm outer radius is practically the largest 
possible because water gap between the inner surface of guiding tube and the outer surface of 
control rod is in this case less than 1 mm.  


As it can be seen from Table II-6, the worth of the reactivity control system based on the 
control rods with outer radius of 4.1 mm is less than the total reactivity effect, which consists 
of the temperature reactivity effect and the reactivity effect of reactor poisoning by 135Xe. 
Increasing of the outer diameter of the control rod up to 1.22 cm increases the worth of the 
reactivity control system and allows compensating the total reactivity effect from cold to hot 
reactor state.  


TABLE II-6. WORTH OF THE REACTIVITY CONTROL SYSTEM  


Outer diameter of the control rod, cm 0.82* 1.22 


Cladding thickness of the control rod, 
cm 


0.06 0.06 


Reactivity worth, %Δk/k 7.4 10.7 
*- Corresponds to the control rod of the VVER-1000 reactor 


Core lifetime 


In addition to compensation of the overall reactivity effect, the control rods should 
compensate the burn-up reactivity margin, which is essential taking into account the long core 
lifetime (see Table II-1).  
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FIG. II-6. Keff changes with fuel burn-up in VKR-MT core.  


Figure II-6 presents the reactivity change over fuel burn-up cycle in a VKR-MT core without 
burnable poisons, calculated under the assumption that control rods are not inserted. It can be 
seen that the maximum burn-up reactivity to be compensated is around 40 % ∆k/k.  


Calculation of the fuel depletion process is carried out for the representative assembly in the 
infinite lattice, using an average thermal power and nominal temperatures of fuel and 
moderator. Core lifetime is determined by the time point for disappearance of the reactivity 
margin (taking into account radial neutron leakage at the end of reactor operation, see 
Fig. II-6).  


As shown in Fig. II-6, core lifetime is equal to 3900 effective full power days [EFPD], or 
approximately 13 years at the 2.5% of radial neutron leakage.  


As shown in Fig. II-7, maximum value of the axial power peaking factor is equal to 2.15 at 
the beginning of reactor operation, with the most heated point being located in the lower zone 
at the 110 cm height level.  


After that, the power distribution flattens due to non-uniformity of fuel burn-up in the axial 
direction. At 600 effective full power days, the axial power peaking factor goes down to 
approximately 1.5, and the most heated point shifts up to the boundary between the lower and 
the middle zones (135 cm, see Fig.II-7).  


With further burn-up, the most heated point moves to be near to the boundary between the 
middle and the upper reactor zones (250 cm). At the end of reactor operation the axial power 
peaking factor is equal to 1.2.  


In addition to the essential radial and axial non-uniformity of power distribution between fuel 
assemblies (see Table II-3 to II-5), there is power peaking inside the fuel assembly due to 
mainly the impact of the guiding tubes filled with coolant-moderator (in the assumption that 
control rods are not inserted).  
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FIG. II-7. Axial power distribution at different moments of time during reactor operation.  


Figure II-8 presents the variation of the radial power peaking factor in the upper, middle and 
lower zones. Power non-uniformity is caused by the overly thermalized neutron spectrum 
near the guiding tubes filled with coolant-moderator. The value of non-uniformity directly 
depends on the degree of this over-thermalization in comparison with the average neutron-
physical properties of the current axial position inside a fuel assembly. During reactor 
operation the power peaking factor is decreased due to higher rate of burn-up of the micro 
fuel elements located near the guiding as compared with other ones.  


 


    
FIG. II-8. Radial power peaking factor in a representative fuel assembly versus fuel burn-up.  
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Distribution of fuel burn-up in fuel assembly 


On the basis of the reactor thermal power (890 MW), fuel load by heavy metals (67 833 kg) 
and core lifetime (3900 effective full power days) it is possible to determine the average fuel 
burn-up; this value is equal to 51.2 MWday/kg U.  


Axial and radial power peaking produces non-uniformity of the fuel burn-up within the fuel 
assembly. As shown in Fig. II-7, the maximal value of fuel burn-up will be reached in the 
lower zone of the reactor core. Figure II-8 indicates that the maximal fuel burn-up in the plane 
of a fuel assembly is achieved near the guiding tubes which are filled with coolant-moderator.  


Axial distributions of the average and maximal values of fuel burn-up in the plane of a fuel 
assembly are presented in Fig. II-9.  


   
FIG. II-9. Distributions of average and maximal values of fuel burn-up (in the 


plane of a fuel assembly) versus reactor core height.  


As it can be seen from Fig.II-9, the maximum value of fuel burn-up in the representative fuel 
assembly with average power is equal to 7%. The most highly burned point is located on the 
boundary between the lower and the middle zone, near to a guiding tube with coolant-
moderator.  


It should be noted that power non-uniformity in the reactor core also influences the maximal 
value of fuel burn-up. At the beginning of reactor operation, radial power peaking factor of 
fuel assemblies is about 1.8 (see Table II-3 to II-5). Hence, at the end of core lifetime, fuel 
burn-up in the central assembly exceeds the average value by 25-30%.  


Thus, the fuel burn-up of the most irradiated point in the central fuel assembly of the reactor 
core is equal to ~10%.  


Introduction of burnable poison 


Introduction of burnable poison into the reactor core is carried out, firstly, to reduce the burn-
up reactivity margin to be handled by control rods and, secondly, to decrease the axial power 
peaking factor at the beginning of the burn-up cycle (see Fig. II-6 and II-7).  
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FIG. II-10. Axial power peaking factor versus the concentration of B
10


 in the lower zone of 
the reactor core.  


Figure II-10 and Table II-7 present results on Keff change upon the introduction of a burnable 
poison only into the lower core zone which has the most thermal neutron spectrum. At an 
increase of the poison content, the maximum of the neutron flux is shifted to the middle zone 
and the reactivity worth of the burnable poison decreases.  


TABLE II-7. MULTIPLICATION FACTOR VERSUS ISOTOPE CONTENT OF B10 IN 
THE LOWER ZONE OF THE REACTOR CORE  


Concentration of B10 (barn*cm)-1 Keff


0.0 1.42496 


0.5239E-05 1.40572 


1.0239E-05 1.39746 


1.5239E-05 1.39384 


2.5239E-05 1.39053 


0.5239E-04 1.38738 


0.5239E-03 1.38326 


Figure II-11 presents the reactivity change over fuel burn-up cycle in the VKR-MT core with 
burnable poisons, calculated under the assumption that control rods are not inserted. It can be 
seen that the maximum burn-up reactivity to be compensated by control rods is around 15 % 
∆k/k. This requires an initial concentration of 10B equal to 9.0 10-05 (barn*cm)-1 along all 
height of the reactor core.  


Thus, the introduction of burnable poison is effective for the decreasing the burn-up activity 
margin, which otherwise is to be compensated by the mechanical control rods.  
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FIG. II-11. Keff changes versus fuel burn-up in the VKR-MT core with and without 


burnable poison.  


II-6.2. Summary of neutron-physical analysis  


Main results of the neutron-physical analysis of the VKR-MT reactor core can be summarized 
as follows:  


-  Total reactivity effect, including temperature effect and xenon poisoning, is 
9%∆k/k;  


-  The selected locations and dimensions of the guiding tubes make it possible to 
compensate the total reactivity effect only with the maximum possible outer 
diameter of the control rod (1.22 cm); in this, the total worth of the reactivity 
control systems (10.4%∆k/k) is not sufficient to compensate burn-up reactivity 
margin;  


-  Radial power peaking factor of fuel assemblies in the reactor core is 1.83, the 
hottest fuel assembly is the central one at the beginning of life;  


- Axial power peaking factor is 2.2;  
- Radial power peaking factor inside the fuel assembly does not exceed 12%;  
- Core lifetime is equal to 3900 effective full power days (EFPD), or approximately 


13 years; at that, the average fuel burn-up is 51.2 MWday/kg U;  
- The maximum fuel burn-up is equal to ~10%, the highest burn-up point is located 


near to guiding tubes in the central fuel assembly on the boundary between lower 
and middle axial zones;  


- Addition of burnable poison only in the lower zone of the reactor core does not 
strongly affect decreasing of burn-up reactivity margin due to movement of the 
neutron flux from the lower to the middle axial zone;  


- Burn-up reactivity margin (without burnable poison) is ~40%; introduction of 
burnable poison into the core allows decreasing the burn-up reactivity margin 
down to ~14%;  
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- On the basis of the results of neutron-physical analysis it is recommended to 
increase the number of guiding tubes for control rods in each fuel assembly, at 
least, by 2-2.5 times and to find technological solutions for the introduction of 
boron carbide or gadolinium oxide into the reactor core.  


II-7. Proliferation resistance 


The major technical means to enhance proliferation resistance are long-duration of the core 
lifetime and operation without on-site refueling, which contribute to a difficult unauthorized 
access to fuel during the whole period of reactor operation. The VKR-MT design concept 
proposed in this ANNEX increases the core lifetime without refuelling to more than 25 years 
(13 years of stage 1 plus an additional ~13 years of stage 2 (with internal refuelling)). 
Application of the internal repository for fresh and spent micro fuel elements and stage 2 
refuelling of the reactor core without opening of the reactor vessel lid / power reduction 
essentially improves the fuel cycle. In particular, it decreases the initial fuel enrichment and 
fuel burn-up peaking factor.  


The remaining vulnerable feature of nuclear reactors without on-site refueling, potentially 
affecting their proliferation resistance, is the transportation of a reactor with fresh fuel to the 
NPP site. The VKR-MT core with micro fuel elements in a pebble bed form makes it possible 
to perform the refuelling of the reactor without opening the vessel lid, using the ball 
movement in an hourglass mode or fostered by a hydraulic transport.  


Fresh micro fuel elements are delivered to the NPP in a special container. After that, the 
loading of fresh micro fuel elements into the internal reservoir is carried out. Further, the 
empty container is connected to the branch pipe for spent micro fuel elements discharge from 
the internal repository. The spent micro fuel elements are transferred to the container by a 
hydraulic transport. Hydraulic transport equipment is delivered to the NPP site before a 
refuelling and removed immediately after the refuelling. This procedure is repeated only once 
each 25-30 years.  


Long core lifetime, core refuelling without opening of the vessel lid, absence of on-site 
equipment for hydraulic transport of micro-fuel elements, presence of return valve on the ball 
transport pipeline inside the reactor vessel are all intended for the effective application of 
safeguards. From the point of view of proliferation resistance, the proposed refuelling 
technique may be equivalent to once-at-a-time whole core refuelling. 


II-8. Conclusion  


An updated design concept of the VKR-MT reactor has been developed. The concept is 
characterized by maximum use of the possibilities and benefits of a core with micro fuel 
elements in the form of a pebble bed. The design concept provides for the internal (in-vessel) 
repository of fresh and spent micro fuel elements and continuous, “on-line” refuelling of the 
core without power reduction and opening of the reactor vessel lid.  


The selected technical features provide for reactor core continuous operation in the course of 
26 years. For the first 13 years of operation no refueling is performed; for the subsequent 
13 years the refueling is performed “on-line” without opening the reactor vessel lid. After 
that, the operation can be continued within a 13 year burn-up cycle with on-line internal 
refuelling, similar to that performed in the second 13 years of the first core lifetime. 


Incorporation of the internal on-line refueling and substitution of steel with zirconium in the 
fuel assembly structures essentially improved the characteristics of the VKR-MT fuel cycle. 
In the regime of stage 2 (internal refueling), the ratio of the average fuel burn-up to the initial 
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fuel enrichment is not worse than the one for a typical burn-up cycle of the VVER type 
reactors.  


Like in the original VKR-MT, the reactor design concept and the adopted refuelling scheme 
are being configured to enhance proliferation resistance of the power plant and facilitate the 
implementation of necessary safeguards.  
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ANNEX III 


NEUTRONIC LIFETIME ANALYSES OF SMALL AND MEDIUM REACTORS 
WITH TRISO AND CERMET FUEL 


Mohammed V University (Morocco), Hokkaido University (Japan) 


III-1. Introduction 


The Nuclear Physics Laboratory, Faculty of Sciences, University Mohammed V (Rabat, 
Morocco) have studied the innovative small and medium reactors (the AFPR from the USA, 
the FBNR from Brazil, the VKR-MT from the Russian Federation, and the PFPWR50 from 
Japan, see [III-1]) – performing independent neutronics and depletion analyses in 
confirmation of the results from the design teams. These innovative reactors are designed to 
have a long core lifetime and operate without on-site refuelling. Their main design objectives 
are to provide enhanced safety, proliferation resistance and cost reduction. This ANNEX 
presents calculation results of the depletion analyses performed for cells with the two types of 
micro fuel elements (cermet and TRISO1). The results for the benchmark problems cover 
neutron spectrum, neutron multiplication factors versus fuel burn-up and other related 
parameters for all considered reactor concepts. The final results prove that all of the 
considered reactor concepts can achieve long refuelling interval. The focus of the calculations 
performed was on comparing cermet and TRISO fuel options. Specifically analyzed was an 
option to retain long-life core operation in direct transition from a TRISO based to the cermet 
based fuel. More details on the fuel and reactor design and the codes and data libraries used in 
the calculations can be found in Chapter 5 of the report. 


III-2. Unit cell definition for different reactor concepts  


III-2.1. AFPR-100 (USA) 
The AFPR-100 cell was evaluated for moderator conditions of both conventional and 
supercritical states.  


In the conventional moderator conditions, the AFPR-100 cell for the case of coated particle 
fuel is defined by Fig. III-1, III-2 and Table III-1. Power density in the fuel region is 
23.43 W/cm3. A 29 mm diameter water tube of 1.5 mm thickness penetrates the centre of the 
unit cell, and light water flows inside of the water tube. The water density is 0.770 g/cm3. The 
guide tube cladding material is Zircaloy-2. Outside of the water tube is the fuel region. The 
fuel region is filled with a mixture of fuel particles, water and steam. The mixture of water 
and steam has 0.0877 g/cm3 density. The average fuel and water temperature is 287oC.  


Coated particle fuel parameters for the supercritical AFPR version are given in Table III-2. 
The enrichment by 235U is 15%. The fuel region contains fuel particles and supercritical water 
of a 0.450 g/cm3 density. The temperature of water is 380oC. The average temperature of fuel 
is 430oC. In addition, boron carbide, as the control rod, is inserted inside of the guide tube 
instead of water. The guide tube is made of stainless steel. Other parameters are equal to those 
for conventional moderator conditions. 


                                                 
1 TRISO is for tri-isotropic. 
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FIG. III-1: AFPR-100 unit cell plane view. 


 
TABLE III-1: AFPR-100 FUEL PARAMETERS 


Average fuel temperature (℃) 287 
Uranium enrichment (% by weight) 10 
Porosity 0.35 
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FIG. III-2. AFPR-100 coated particle fuel. 
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TABLE III-2: COATED PARTICLE FUEL PARAMETERS FOR SUPERCRITICAL AFPR 


Material Density, g/cm3 Diameter, cm 
UO2, 15% enriched by 235U 10.8 0.35 
PyC (buffer,porous) 1.0 0.37 
PyC (dense) 1.8 0.375 
SiC 3.2 0.395 
NbC 8,2 0.4 


For the cermet micro fuel element [III-2] the fuel parameters and dimensions (given in 
microns) are shown in Fig. III-2: 


 - UO2 micro sphere diameter = 500μm 


 - Micro sphere Zr clad thickness = 25μm 


 - Micro spheres are embedded in Zr with a porosity of 0.40 (60% microspheres + 40% Zr 
matrix, by volume). 


Cermet fuel elements were assumed to replace TRISO coated particle elements in the fuel 
region. The volume ratio of fuel elements to water was assumed to be 60:40. 
 


 


 
 


FIG. III-3: Cermet micro fuel element cell parameters (red circle is fuel region, blue 
annulus is water). 


3  







III-2.2. VKR-MT (Russian Federation) 


The VKR-MT cell for the case of coated particle fuel is defined by Fig. III-4 , Tables III-3 
and III-4.  


 


c 


b 


Fuel region 


Guide tube 


Water 


a 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. III-4: Unit cell of VKR-MT (a=30.31 mm, b=0.5 mm, c=62.5 mm). 
 
 
TABLE.III-3. SPECIFICATION OF MATERIALS FOR VKR-MT CELL WITH TRISO 


FUEL 


 Material Density 
[g/cm3] 


Dimension [mm] 


Fuel kernel UO2 10.4 1.3      (diameter) 
1st coating layer Pyrocarbon 


(porous) 
1.0 0.12    (thickness) 


2nd coating layer Pyrocarbon 
(dense) 


1.8 0.005   (thickness) 


3rd coating layer SiC 3.2 0.125   (thickness) 
Micro fuel element - - 1.8      (diameter) 
Guide tube ZrNb - 0.5      (thickness) 


30.31   (diameter) 
Coolant H2O 0.743 - 


For the cermet fuel case, coated particles in the fuel region of the VKR-MT cell were replaced 
by spherical fuel elements shown in Fig. III-3. 
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TABLE.III-4. CALCULATION CONDITIONS FOR VKR-MT CELL 


Geometry Square 
Boundary condition Perfect reflection 
Enrichment by 235U 10.0 % by weight 
Volume ratio: Water/ Micro fuel elements 39 / 61 
Cell side length, mm 62.5 
System average temperature 280oC 
Linear heating rate 96.3 kW/m 


III-2.3. Fixed Bed Nuclear Reactor – FBNR (Brazil) 


The FBNR cell for the case of coated particle fuel is defined by Fig. III-5, Tables III-5 and 
III-6.  


TABLE.III-5. SPECIFICATION OF COATED PARTICLE FUEL FOR THE FBNR CELL 


Layer Material Density [g/cm3] Dimension [mm] 
Fuel kernel UO2 10.8 2.5     (diameter) 
1st coating layer Pyrocarbon 


(porous) 
1.0 0.1     (thickness) 


2nd coating layer Pyrocarbon 
(dense) 


1.8 0.01    (thickness) 


3rd coating layer SiC 3.2 0.35    (thickness) 
Micro fuel element - - 3.42     (diameter) 


 
TABLE.III-6. CALCULATION CONDITIONS FOR THE FBNR CELL 


Geometry Square 
Boundary condition Perfect reflection 
Enrichment by 235U 5.0 t% by weight 
Volume ratio: Water : Micro fuel elements 32 : 68 
Cell side length 15.796 mm 
System average temperature 308 oC 
System average pressure 16 MPa 
Linear heating rate 8.41 10-5 MW/cm 
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FIG. III-5: Unit cell of FBNR. 


A. Unit cell for homogenized fuel 
composition 


For the calculations presented in this annex, the FBNR core was assumed to be composed of 
spherical fuel elements of a 15 mm diameter made of compacted coated particles embedded in 
a graphite matrix. The volume fraction of fuel particles to the spherical fuel element was 60%, 
and the remaining 40% was graphite matrix. The volume ratio of the spherical fuel element to 
water was 60%. Water is in-between the spherical fuel elements. The water density was 
0.710g/cm3. For the cermet fuel case, coated particles in the fuel region of the FBNR cell 
were replaced by spherical fuel elements shown in Fig. III-3. 


III-2.4. PFPWR50 (Japan) 


The FFPWR50 cell for the case of coated particle fuel is defined by Fig. III-6 and Tables III-7 
through III-12. 


TABLE III-7: PFPWR50 CELL GEOMETRY 


Geometry Hexagonal 
Fuel rod pitch 34 mm 
Fuel diameter 25.9 mm 
Cladding thickness 1.5 mm 
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FIG. III-6: Unit cell of PFPWR50 (coated particles packed in graphite matrix form a fuel 
compact within the conventionally cladded by cylindrical fuel rod). 


TABLE III-8. PFPWR50 CALCULATION CONDITIONS 


Average fuel temperature 280℃ 
Average cladding temperature 265℃ 
Average moderator temperature 250℃ 
Average linear heat rate 9.1 kW/m 


TABLE III-9: PFPWR50 FUEL COMPONENTS 


Material Density (g/cm3) Weight fraction (% 
by weight) 


Volume fraction 
(volume %) 


ThO2 10.00  10 
PuO2 11.46  90 


20 


C 1.70  － 80 


TABLE III-10. PLUTONIUM ISOTOPIC VECTOR FOR PFPWR50 UNIT CELL 


Isotope Weight fraction (% by weight) 
238Pu 2 
239Pu 63 
240Pu 19 
241Pu 12 
242Pu 4 
Total 100 


TABLE III-11. PFPWR50 CLADDING SPECIFICATION 


Number density (×1024/cm3) Material 
Zr 4.2672E-02 
Fe 1.5450E-04 
Cr 9.0126E-05 
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TABLE III-12: PFPWR50 MODERATOR SPECIFICATION 


Temperature 250oC 
Pressure 8.6MPa 


A mixture of thorium dioxide and plutonium dioxide is used for the fuel kernels, see reference 
[III-3]. The ThO2 to PuO2 weight ratio in the fuel kernels is 9 to 1. Th is composed only of the 
isotope 232Th. The 0.5 mm diameter TRISO coated particle is made of the fuel kernel and the 
coating layers of pyrolythic carbon and SiC, as shown in Fig. III-6. The particles are 
embedded in a graphite matrix forming a compact.  


A three region hexagonal cell is adopted as a unit cell. The cladded fuel rod with the compacts 
inside is surrounded by water. The inner diameter of the cladding tube is 25.9 mm, the outer 
one is 28.9 mm, and the cell pitch is 34 mm. The fuel region is inside the cladding tube which 
is loaded with compacts-pellets consisting of the coated particles and graphite matrix. The 
volume fraction of the coated particles in the pellets is 20%. Outside of the cladding tube 
there is a water region. The water density is 0.804 g/cm3. The cladding tube is made of 
Zircaloy. The PFPWR50 fuel element is shown in Fig. III-7. This figure also illustrates 
changes adopted for the model on transition to cermet fuel. 


 


 
FIG. III-7. Micro fuel element (coated particle based version and cermet version (defined 


by ‘changes’)) and cell of PFPWR50. 


III-3. Calculation results for reactor cells. 


III-1. AFPR - conventional 


Figure III-8 shows the kinf versus fuel burn-up plots for the AFPR with cermet and TRISO 
based fuel. It can be seen that that kinf is higher for the cermet based fuel elements than for 
those based on the TRISO coated particles. The difference is bigger at the beginning of cycle 
(BOC) and smaller at the end of cycle (EOC). This difference can be explained by the shape 
of the neutron flux spectrum.  


From Fig. III-9 and Fig. III-10 it can be seen that the TRISO fuel gives harder neutron 
spectrum compared to that of the cermet fuel for both BOC and EOC. 
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FIG. III-8: Infinite multiplication factor versus fuel burn-up for TRISO and cermet based 
fuel in the AFPR. 


 


FIG. III-9: Neutron flux versus energy for cermet and TRISO fuel at BOC in the AFPR. 


 
FIG. III-10: Neutron flux versus energy for cermet and TRISO fuel at EOC in the  AFPR. 
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III-2. AFPR-supercritical 


Figure III-11 shows the kinf versus fuel burn-up plots for the AFPR with cermet and TRISO 
based fuel and supercritical water coolant. It can be seen that that kinf for the cermet based fuel 
elements is higher at BOC and lower at EOC, compared to the TRISO based fuel. This is 
because the gradient of kinf versus fuel burn-up is different for the cermet and TRISO based 
fuel. It can be seen that the TRISO based fuel gives harder neutron spectrum compared to the 
cermet at BOC. Figures III-12 and III-13 show the neutron spectrum at BOC and EOC. From 
these figures it can be seen that the relative shapes of the thermal neutron flux change 
between BOC and EOC. 


 


FIG. III-11: Infinite multiplication factor versus fuel burn-up for cermet and TRISO based 
fuel in the AFPR with supercritical water coolant. 


 
FIG. III-12: Neutron flux versus energy for cermet and TRISO based fuel at BOC in the 


AFPR with supercritical water coolant. 
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FIG. III-13: Neutron flux versus energy for cermet and TRISO based fuel at EOC in the 


AFPR with supercritical water coolant. 


III-3. VKR-MT 


Figure III-14 shows the kinf versus fuel burn-up plots for a VKR-MT unit cell with cermet and 
TRISO based fuel. The ratio of the kinf of the cermet to TRISO variants is 0.9788 at BOC and 
0.9753 at EOC.  


The unit cell using a zirconium-matrix cermet fuel attains a lifetime of 76 GWday/t U while it 
is 80 GWday/t for the TRISO unit cell. This difference is due to moderation effect, see 
Figs. III-15 and III-16. 


Infinite multiplication factor vs. Burnup (MWd/t) (unit cell)


0,8


0,9


1


1,1


1,2


1,3


1,4


1,5


1,6


0 10000 20000 30000 40000 50000 60000 70000 80000 90000


BURNUP [MWd/t]


In
fin


ite
 m


ul
tip


lic
at


io
n 


fa
ct


or


KINF_CERMET
KINF_TRISO


 
FIG. III-14: Infinite multiplication factor versus fuel burn-up for the VKR-MT. 
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FIG. III-15: Spectrum index (ratio of neutron capture on 238U and fission on 239Pu) versus 
fuel burn-up for cermet and TRISO based fuel in the VKR-MT. 
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FIG. III-16: Neutron flux versus energy in the VKR-MT. 


III-4. FBNR 


Figure III-17 shows the kinf versus fuel burn-up curves for the FBNR with TRISO based fuel. 
Different from other considered concepts, the FBNR uses a fixed bed of large, 15 mm 
diameter, spherical fuel elements. The two different computer codes, SRAC95 and APOLLO, 
give reasonably close predictions of kinf, see Fig. III-12. The ratio of the kinf predicted by 
SRAC95 versus APOLLO is 1.002 at EOC against 1.014 at BOC. 
Figure III-18 shows the kinf versus fuel burn-up curve for the FBNR with cermet based fuel. 
Figure III-19 shows the neutron spectrum for the FBNR with cermet based fuel.  
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FIG. III-17: Infinite multiplication factor versus fuel burn-up for the FBNR with TRISO 


based fuel. 
 


 
FIG. III-18: Infinite multiplication factor versus fuel burn-up for the FBNR with cermet 


based fuel. 


 
FIG. III-19: Neutron flux versus energy for the FBNR with cermet based fuel. 
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For the cermet based fuel, a parametric study of the impact of fuel enrichment study was 
carried out to find out the maximum attainable discharge burn-up, see Table III-13. It was 
shown that, to attain a nearly nine-year lifetime, the initial enrichment of 9% would be 
required. 


TABLE III-13: FBNR CORE LIFETIME VERSUS FUEL ENRICHMENT 


Enrichment 5% 6% 7% 8% 9% 


Life period 
(years) 


3.5 4.6 5.8 7.3 8.9 


III-5. PFPWR50 


Figure III-19 shows the kinf versus fuel burn-up curves for the PFPWR50 with TRISO based 
fuel. The fuel kernels of thorium and plutonium oxide mixture are used in the PFPWR50 in a 
cladded fuel pin configuration. It can be seen (Fig. III-20) that the cermet and TRISO based 
fuel have almost the same neutron spectrum spectrum at BOC, but at EOC the cermet fuel 
gives more thermalization compared to the TRISO fuel, see Figures III-20, III-21 and III-22. 
This can be explained by the balance of the νσf and σc cross-sections of the fuel. 


The achievable burn-up predicted in the PFPWR50 cell analysis for the TRISO fuel is by 
almost 8000 MWd/t less compared to that of the cermet based fuel. 
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FIG. III-19: Infinite multiplication factor versus fuel burn-up for the PFPWR50 with cermet 


and TRISO fuel options. 


14 







 
 


Spectrum comparison of TRISO and Cermet Fuel for PFPWR50 Cell


0,0E+00


2,0E-01


4,0E-01


6,0E-01


8,0E-01


1,0E+00


1,2E+00


1,0E-03 1,0E-01 1,0E+01 1,0E+03 1,0E+05 1,0E+07 1,0E+09


Neutron Energy [eV]


N
or


m
al


iz
ed


 S
pe


ct
ru


m


TRISO Particle
CERMET Fuel


 
FIG. III-20: Neutron flux versus neutron energy for the PFPWR50 with cermet and TRISO 


based fuel at BOC. 
 


 
 


 
FIG. III-21: Neutron flux versus neutron energy for the PFPWR50 with cermet based fuel 


at BOC and EOC 
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Spectrum Index comparison for PFPWR50 cell: TRISO vs. CERMET Fuel
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FIG. III-22: Spectrum index versus fuel burn-up for the PFPWR50 with cermet and TRISO 


based fuel. 


III-5. Conclusion 


The calculation analysis performed has shown that all of the considered water cooled small 
reactors without on-site refuelling using particle fuel – either TRISO or cermet based – can 
achieve long operation life, except the cermet-fuelled FBNR. For this reactor it is proposed to 
increase the original 5% enrichment of the cermet based fuel up to 9% in order to attain a 
~9 year refuelling interval. 


For the AFPR it was found that the use of the cermet based spherical fuel elements can extend 
the core lifetime; however, in the case of supercritical water coolant parameters an addition of 
the burnable poison could recommended to maintain the same core lifetime as in the AFPR 
with the coolant of conventional parameters.  


The PFPWR50 cell behaves almost in the same way using either cermet or TRISO based fuel, 
in other words, no additional modifications (such as enrichment increase or burnable poison 
addition) are needed to preserve long-life core operation on transition to the cermet fuel.  


The evaluation of unit cell neutronic parameters reveals a good agreement with the goal of the 
VKR-MT concept. The unit cell using a zirconium-matrix cermet fuel attains a lifetime of 
76 GWday/t U while it is 80 GWday/t U for the TRISO fuelled unit cell. 
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ANNEX IV 


INTERCOMPARISON OF CALCULATIONS MADE FOR RBEC-M 
BURN-UP CYCLE BENCHMARK  


Russian Research Centre ‘Kurchatov Institute’ (Russian Federation)  


IV-1. Benchmark specification 


The RBEC 900 MW(th) reactor facility was proposed for a burn-up cycle benchmark.  


The geometry of the calculation model for the RBEC-M reactor is shown in Fig. S1IV-1. The 
figures denote numbers of physical zones, differing from each other by volume fractions of 
contained materials. The axial dimensions are given in mm. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


FIG. SIV-1. Geometry of calculation model of the RBEC-M reactor. 
The dimensions of the physical zones are given in Table SIV-1. The temperatures of the 
physical zones are given in Table SIV-2. 


TABLE SIV-1. DIMENSIONS OF PHYSICAL ZONES OF THE RBEC-M REACTOR 
MODEL, CM 


Physical zone # Inner 
radius 


Outer 
radius Height 


Core-1 1  86.163 100 


Core-2 2 86.163 131.837 100 


Core-3 3 131.837 148.652 100 


                                                 
1 S means specification. 
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Physical zone # Inner 
radius 


Outer 
radius Height 


Axial blanket of core-1 4  86.163 10 


Axial blanket of core-2 5 86.163 131.837 10 


Axial blanket of core-3 6 131.837 148.652 10 


Lateral blanket 7 148.652 165.342 120 


Top of fuel assemblies (FA) 8  148.652 5 


Gas plenum 9   165.342 50 


Top of assemblies of lateral blanket 10 148.652 165.342 5 


Downcomer 11 165.342 211.262 225 


Chimney 12  165.342 50 


TABLE SIV-2. TEMPERATURES OF PHYSICAL ZONES OF THE RBEC-M REACTOR 
MODEL, K 


Physical zone # Fuel Steel Coolant 


Core-1 1 1200 800 700 


Core-2 2 1100 800 700 


Core-3 3 1000 800 700 


Axial blanket of core-1 4 900/700* 800/600* 800/600* 


Axial blanket of core-2 5 900/700* 800/600* 800/600* 


Axial blanket of core-3 6 900/700* 800/600* 800/600* 


Lateral blanket 7 700 600 600 


Top of fuel assemblies (FA) 8  800 800 


Gas plenum 9  600 600 


Top of assemblies of lateral blanket 10  600 600 


Downcomer 11  700 700 


Chimney 12  800 800 
* - in top/bottom parts of the physical zone 


The nuclide compositions of physical zones are given in Tables SIV-3 and SIV-4, for the 
beginning of irradiation cycle (fresh fuel). 


The fuel material is (U0.863+Pu0.137)N. The isotopic composition of plutonium in fresh fuel 
corresponds to “reactor-grade” plutonium, as extracted from the cooled spent fuel of a typical 
light water reactor, while isotopic composition of uranium corresponds to a depleted uranium 
with 235U content of 0.1 mass% . 


The coolant material is Pb-Bi. 


The structural material is stainless steel (C, Si, V, Cr, Mn, Fe, Ni, Nb, Mo, W). 
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TABLE SIV-3. NUCLEAR DENSITIES OF COMPONENTS IN PHYSICAL ZONES, 
1/(BARN·CM) 


Physical 
zone Core-1 Core-2 Core-3 


Axial 
blanket-1 


Axial 
blanket-2 


Axial 
blanket-3 


 # 1 2 3 4 5 6 


U-235 6.42536E-06 7.61116E-06 1.05343E-05 7.47095E-06 8.84971E-06 1.22485E-05 


U-238 6.35962E-03 7.53328E-03 1.04265E-02 7.36921E-03 8.72919E-03 1.20817E-02 


Pu-238 1.33524E-05 1.58166E-05 2.18910E-05    


Pu-239 6.07226E-04 7.19290E-04 9.95539E-04    


Pu-240 2.43311E-04 2.88214E-04 3.98905E-04    


Pu-241 8.31945E-05 9.85480E-05 1.36396E-04    


Pu-242 4.92603E-05 5.83513E-05 8.07615E-05    


Am-241 8.08633E-06 9.57866E-06 1.32574E-05    


N-14 4.96797E-04 5.88481E-04 8.14492E-04 4.97216E-04 5.88976E-04 8.15178E-04 


N-15 6.87368E-03 8.14221E-03 1.12693E-02 6.87947E-03 8.14907E-03 1.12788E-02 


Bi-209 1.04654E-02 9.59466E-03 7.46809E-03 1.04654E-02 9.59466E-03 7.46809E-03 


Pb-206 2.06859E-03 1.89648E-03 1.47615E-03 2.06859E-03 1.89648E-03 1.47615E-03 


Pb-207 1.89696E-03 1.73913E-03 1.35367E-03 1.89696E-03 1.73913E-03 1.35367E-03 


Pb-208 4.49772E-03 4.12351E-03 3.20957E-03 4.49772E-03 4.12351E-03 3.20957E-03 


C 7.25829E-05 7.75886E-05 8.69743E-05 7.25829E-05 7.75886E-05 8.69743E-05 


Si 2.23105E-04 2.38491E-04 2.67341E-04 2.23105E-04 2.38491E-04 2.67341E-04 


V 3.74360E-05 4.00178E-05 4.48587E-05 3.74360E-05 4.00178E-05 4.48587E-05 


Cr 1.15270E-03 1.23220E-03 1.38125E-03 1.15270E-03 1.23220E-03 1.38125E-03 


Mn 6.44665E-05 6.89124E-05 7.72486E-05 6.44665E-05 6.89124E-05 7.72486E-05 


Fe 8.22862E-03 8.79611E-03 9.86016E-03 8.22862E-03 8.79611E-03 9.86016E-03 


Ni 6.03452E-05 6.45069E-05 7.23102E-05 6.03452E-05 6.45069E-05 7.23102E-05 


Nb 1.75942E-05 1.88076E-05 2.10827E-05 1.75942E-05 1.88076E-05 2.10827E-05 


Mo 4.25946E-05 4.55322E-05 5.10401E-05 4.25946E-05 4.55322E-05 5.10401E-05 


W 1.92638E-05 2.05924E-05 2.30834E-05 1.92638E-05 2.05924E-05 2.30834E-05 


 


TABLE SIV-4. NUCLEAR DENSITIES OF COMPONENTS IN PHYSICAL ZONES, 
1/(BARN·CM) 


 
Lateral 
blanket 


(LB) 


Top of fuel 
assemblies Gas plenum Top of LB 


assemblies Downcomer Chimney 


# 7 8 9 10 11 12 


U-235 1.05171E-05      


U-238 1.03738E-02      


N-14 6.99943E-04      


N-15 9.68440E-03      
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Lateral 
blanket 


(LB) 


Top of fuel 
assemblies Gas plenum Top of LB 


assemblies Downcomer Chimney 


Bi-209 9.46070E-03 9.52768E-03 9.52768E-03 9.46070E-03 1.50701E-02 1.66609E-02 


Pb-206 1.87001E-03 1.88324E-03 1.88324E-03 1.87001E-03 2.97877E-03 3.29320E-03 


Pb-207 1.71485E-03 1.72699E-03 1.72699E-03 1.71485E-03 2.73162E-03 3.01995E-03 


Pb-208 4.06593E-03 4.09472E-03 4.09472E-03 4.06593E-03 6.47671E-03 7.16036E-03 


C 5.88172E-05 7.75886E-05 2.22000E-04 5.88172E-05 6.25714E-05 3.12857E-06 


Si 1.80792E-04 2.38491E-04 2.38491E-04 1.80792E-04 1.92332E-04 9.61659E-06 


V 3.03361E-05 4.00178E-05 4.00178E-05 3.03361E-05 3.22724E-05 1.61362E-06 


Cr 9.34084E-04 1.23220E-03 1.23220E-03 9.34084E-04 9.93706E-04 4.96853E-05 


Mn 5.22401E-05 6.89124E-05 6.89124E-05 5.22401E-05 5.55745E-05 2.77873E-06 


Fe 6.66802E-03 8.79611E-03 8.79611E-03 6.66802E-03 7.09364E-03 3.54682E-04 


Ni 4.89004E-05 6.45069E-05 6.45069E-05 4.89004E-05 5.20217E-05 2.60109E-06 


Nb 1.42574E-05 1.88076E-05 1.88076E-05 1.42574E-05 1.51674E-05 7.58370E-07 


Mo 3.45163E-05 4.55322E-05 4.55322E-05 3.45163E-05 3.67195E-05 1.83598E-06 


W 1.56104E-05 2.05924E-05 2.05924E-05 1.56104E-05 1.66068E-05 8.30338E-07 


B-10   5.08102E-04    


B-11   6.95431E-05    


The reactor operates in an open fuel cycle using reprocessed fuel from light-water reactors 
having a low level of decay heat power.  


Three different depletion problems are specified for the benchmark as follows: 


• Burn-up cycle consists of 1800 effective full-power days (mode 1). 


• Burn-up cycle consists of 900 effective full-power days (mode 2). 


• Fuel burn-up campaign consists of six partial burn-up cycles of 300 effective full-
power days each. The reactor is shut down for refuelling for 60 days. During 
refuelling, 1/6 part of the mass of the fuel and fission products in the core and blanket 
zones is removed, and “fresh” (i.e., corresponding to the beginning of the cycle) fuel 
composition is added (mode 3). 


The pattern of data preparation for mode 3 calculation is as follows: 


• Cycle “i” begins with the initial composition of core zones and blanket zones 
RHO1(i,n), where RHO is nuclear concentration of heavy metals and fission products 
in zone “n” and cycle “i”; 


• After 300 effective full-power days, the composition becomes RHO2(i,n), and after 60 
days of cooling the composition becomes RHO3(i,n); 


• Initial composition for the next cycle “i+1” is calculated as follows: 


RHO1(i+1,n) = RHO3(i,n)*5/6 + RHO(0,n)*1/6, where 


“i” is cycle number, “n” is zone index 


and RHO(0,n) is “fresh” (i.e., beginning of the cycle) composition in zone “n”. 


The reactor thermal power for depletion calculation in modes 1, 2, and 3 is 900 MW(th). 
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To simplify the analysis we consider mode 1 and mode 2 calculations as one cycle with 3 
control points – beginning of the cycle (BOC), middle of the cycle (900 effective full-power 
days- EFPD), and end of the cycle (EOC – 1800 EFPD). 


IV-2. Inventory of results 


Participants for the RBEC-M burn-up cycle benchmark calculations included: 


ANL - Argonne National Laboratory, Argonne, Illinois, USA; 
BARC - Bhabha Atomic Research Centre, Mumbai, India; 
Gidropress – EDO “GIDROPRESS”, Podolsk, Moscow Region, Russia; 
IPPE - Institute of Physics and Power Engineering, Obninsk, Russia; 
ITB – Bandung Institute of Technology (ITB), Indonesia; 
RRC KI – Russian Research Centre “Kurchatov Institute”, Moscow, Russia; 
TokyoTech - Tokyo Institute of Technology, Tokyo, Japan. 


The calculations have been carried out using different code systems with nuclear data derived 
from different libraries. Both deterministic and Monte Carlo methods have been used.  


The aim of the intercomparison study has been to try to identify the sources of the 
discrepancies between the different methods and libraries. 


Table IV-1 shows code systems and nuclear data libraries used by participants of the 
benchmark calculations. 


TABLE IV-1. CODE SYSTEMS AND NUCLEAR DATA LIBRARIES USED 


Participant ANL BARC Gidropress IPPE ITB RRC KI TokyoTech 


Code system 
for cell 
calculation 


MC2-2  GNDL  
 


 SRAC 


Code system 
for criticality 
calculation 


DIF3D, 
TWODANT ERANOS2.0 DIFRZ, 


KINRZ DIFRZ 
SRAC 


FI-ITB-
CH1 


MCNP5 Original 


Code system 
for fuel burn-
up  analysis 


REBUS-3  BURNUPRZD, 
BURNUPRZK BURNUP 


 
ISTAR-2 Original 


Nuclear data 
library ENDF/B-V.2 JEF2 ENDF/B-VI.3, 


ENDF/B-VI.5 
BNAB-


93 JENDL3.3 


ENDF/B-
VI.8, 


ENDF/B-
VII* 


JENDL3.3 


Number of 
energy groups 33 / 230 33 30 26 


 Pointwise 
cross 


section 
data 


21 


* - additional data 


It should be pointed out that all participants have used evaluated nuclear data libraries 
ENDF/B-V/VI/VII, JEF2 or JENDL3.3 (pointwise cross-section data) as their data source. 
Most participants have performed multi-group criticality calculations during the burn-up 
cycles. Multi-group data libraries usually contain several combined fission products – this 
option drastically reduces the number of fission products in the criticality calculation, but can 
produce some additional error, especially, for new reactor type and neutron spectra. The other 
way (chosen by RRC KI) was taking into account fission products in more detail – with about 
100 isotopes in criticality calculations and about 1000 in isotope kinetics, but this makes the 
calculations more complicated and requires significantly longer computer time. 
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Table IV-2 and Figure IV-1 show the evolution of multiplication factor keff on the 1800-day 
cycle at a thermal power of 900 MW.  


TABLE IV-2. EVOLUTION OF KEFF ON 1800-DAY CYCLE AT THERMAL POWER 
900 MW 


Participant ANL (230 groups) BARC Gidropress IPPE ITB RRC KI TokyoTech 


Time, day DIF3D TWODANT ERANOS2.0 DIFRZ KINRZ DIFRZ SRAC MCNP5 Original 


0 0.99781 0.99937 0.99498 1.0076 1.0084 0.99443 1.00361 1.00383 1.0104 


100 1.00118 1.00112 0.99544 1.0077 1.0085    1.0120 


200 1.00260 1.00269 0.99671 1.0086 1.0094    1.0136 


300 1.00383 1.00408 0.99785 1.0093 1.0102 0.99728 1.00697  1.0150 


400 1.00490 1.00530 0.99887 1.0100 1.0109    1.0163 


500 1.00579 1.00636 0.99977 1.0106 1.0114    1.0175 


600 1.00653 1.00725 1.00054 1.0110 1.0120 0.99962 1.01052  1.0185 


700 1.00712 1.00799 1.00121 1.0114 1.0124    1.0194 


800 1.00756 1.00858 1.00176 1.0117 1.0127    1.0201 


900 1.00787 1.00903 1.00221 1.0119 1.0128 1.00073 1.01314 1.01224 1.0207 


1000 1.00787 1.00935 1.00254 1.0120 1.0131    1.0213 


1200 1.00810 1.00962 1.00292 1.0120 1.0132 1.00084 1.01480  1.0220 


1400 1.00788 1.00943 1.00292 1.0117 1.0128    1.0223 


1600 1.00725 1.00884 1.00258 1.0111 1.0122 1.00004* 1.01558*  1.0222 


1800 1.00626 1.00791 1.00192 1.0102 1.0113 0.99853 1.01556 1.01024 1.0218 
* - at 1500 days 
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FIG. IV-1. Evolution of keff on the 1800-day cycle at a thermal power of 900 MW. 


Figure IV-1 shows keff evolution – an increase in the first half of the burn-up cycle and slight 
decrease toward the end. The largest discrepancies occur between TokyoTech and IPPE 
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calculations: ~1600 pcm2 at the beginning of the cycle, and ~2330 pcm at the end of the 
cycle. 


Burn-up calculations presented by ANL and Gidropress were performed using different 
methods (neutron diffusion and neutron transport theory), but used the same nuclear data 
evaluation. The results show that discrepancies in keff have their source in nuclear data rather 
than in methods.  


Table IV-3 and Figures IV-2 through IV-4 display zonal power at BOC, 900 days and 
1800 days of the irradiation. The agreement among participants is quite satisfactory. 


TABLE IV-3. POWER IN ZONES, WATTS 
Time, 
days Zone ANL BARC Gidropress IPPE RRC KI TokyoTech 


Core1 3.31E+08 3.39E+08 3.39E+08 3.38E+08 3.42E+08 3.52E+08 


Core2 3.97E+08 3.95E+08 3.92E+08 3.93E+08 3.98E+08 3.97E+08 0 


Core3 1.50E+08 1.45E+08 1.45E+08 1.45E+08 1.48E+08 1.38E+08 


Core1 3.12E+08 3.35E+08 3.33E+08 3.30E+08 3.39E+08 3.47E+08 


Core2 3.71E+08 3.79E+08 3.78E+08 3.77E+08 3.79E+08 3.78E+08 900 


Core3 1.44E+08 1.41E+08 1.41E+08 1.42E+08 1.42E+08 1.32E+08 


Core1 3.29E+08 3.20E+08 3.19E+08 3.11E+08 3.20E+08 3.28E+08 


Core2 3.79E+08 3.70E+08 3.69E+08 3.69E+08 3.72E+08 3.69E+08 1800 


Core3 1.43E+08 1.42E+08 1.42E+08 1.45E+08 1.44E+08 1.33E+08 
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FIG. IV-2. Power in zones at the beginning of the cycle. 


                                                 
2 pcm is percent per million (10-6) 
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FIG. IV-3. Power in zones at 900 days. 
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FIG. IV-4. Power in zones at 1800 days. 


 


IV-3. Analysis of keff calculations at the beginning of the cycle 
Discrepancies in keff at the start point of the cycle (Table IV-4) when fission products are 
absent, can have its origins in the methods, codes, and nuclear data libraries. Nowadays, for 
the fast reactor criticality calculations both methods and well known engineering codes 
produce very close results (and the good examples are ANL and Gidropress calculations using 
diffusion and transport theory). 
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TABLE IV-4. KEFF AT THE BEGINNING OF THE CYCLE  


Participant Code Nuclear data keff keff
CODE  – keff


RRC KI, pcm 


ANL TWODANT ENDF/B-V.2 0.99937 -446 


BARC ERANOS2.0 JEF2 0.99498 -885 


Gidropress KINRZ ENDF/B-VI 1.0084 457 


IPPE DIFRZ BNAB-93 0.99443 -940 


ITB SRAC JENDL-3.3 1.00361 -22 


RRC KI MCNP5 ENDF/B-VI 1.00383 - 


RRC KI MCNP5 ENDF/B-VII 0.99514 -869 


TokyoTech Original JENDL-3.3 1.0104 657 


Therefore, these are nuclear data libraries and data pre-processing that could be the cause of 
discrepancies in keff. 


IV-3.1. Effects of different nuclear data libraries 


To clarify the effect of different libraries, additional criticality calculations of core1 infinite 
medium at the beginning of the cycle were performed, and neutron balances were obtained 
with MCNP5 using nuclear data from ENDF/B-V (release 2), from ENDF/B-VI, from 
JEF-3.1, and from JENDL-3.3 libraries. The results are shown in Table IV-5. 


TABLE IV-5. NEUTRON BALANCE IN CORE1 INFINITE MEDIUM AT BOC 


 ENDF/B-V ENDF/B-VI JEF-3.1 JENDL-3.3 


Kinf 1.1535 1.1660 1.1663 1.1471 


Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. 


U-235 2 7 18 2 7 18 2 8 19 2 8 19


U-238 1124 118 290 1105 117 294 1111 111 273 1132 112 281


Pu-238 6 9 27 6 9 28 4 10 30 5 9 26


Pu-239 162 677 1983 164 675 1984 169 678 1990 179 682 2002


Pu-240 73 54 156 71 55 157 69 54 158 78 51 145


Pu-241 22 125 372 21 128 379 24 130 388 24 131 391


Pu-242 12 8 22 13 8 22 14 8 22 14 7 20


Am-241 8 1 4 8 1 4 9 1 4 9 1 4


FP      


Struct. 78*  69 67 69**  


Coolant 46*  49 43 37  


Total 1532 1000 2872 1509 1000 2886 1512 1000 2883 1550 1000 2887
*) for Am-241, Bi-209, Ni, Nb-93 and W the ENDF/B-V data could not be obtained and, therefore, the 
information from ENDF/B-VI was used. 
**) for Nb-93 the JENDL-3.3 data could not be obtained and, therefore, the information from ENDF/B-VI was 
used. 
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In this table Capt. denotes capture, Fiss. – fission, Gen. – generation, FP – fission products, 
Struct. – structure isotopes, Coolant – coolant isotopes. 


The discrepancies in neutron multiplication factor (kinf) due to using the various nuclear data 
libraries for core1 infinite medium at BOC are shown in Table IV-6. 


TABLE IV-6. NEUTRON MULTIPLICATION FACTOR KINF FOR CORE1 INFINITE 
MEDIUM AT BOC 


Nuclear data library ENDF/B-V ENDF/B-VI ENDF/B-VII JEF-3.1 JENDL-3.3


Kinf 1.1535 1.1660 1.1559 1.1663 1.1471 


(kinfLIBR - kinfB-VI), pcm -1250 - -1010 30 -1890 


From Table IV-6 one can see that neutron infinite multiplication factor depends strongly on 
the data library is used, and the discrepancy can reach ~1900 pcm. Neutron balances in 
Table IV-5 are useful to illustrate the origins of this discrepancy: 


• ENDF/B-V in comparison with ENDF/B-VI: 


Neutron balance components for heavy isotopes are practically the same excluding U-238. 
Neutron capture on U-238 from B-V is larger than on U-238 from B-VI and the neutron 
generation is smaller. In structural isotopes, neutron capture on Cr and Mo is larger for B-V 
(by +6 and +4 correspondingly) than for B-VI, which reduces kinf. In the coolant, neutron 
capture on Pb for B-V is smaller (-3) compared to B-VI.  


• JEF-3.1 in comparison with ENDF/B-VI:  


Neutron balance components calculated using JEF-3.1 differ slightly from components 
produced by ENDF/B-VI, but the overall parameters are practically the same. Therefore, 
neutron multiplication factors are close. Neutron capture in coolant on Bi and Pb is smaller 
for JEF-3.1 (by -4 and -2 correspondingly) compared B-VI. 


• JENDL-3.3 in comparison with ENDF/B-VI:  


Smaller neutron generation on U-238 and Pu-240 and larger generation on Pu-239 and Pu-241 
(in JENDL-3.3 as compared to B-VI) results in practically the same total generation. But 
larger capture by heavy nuclides, especially on U-238 and Pu-239, results in significantly 
larger total capture and drastically reduces kinf. Neutron capture on Bi and Pb in the coolant is 
smaller for JENDL-3.3 (by -7 and -5 correspondingly) compared to B-VI.  


IV-3.2. Effects of nuclear data pre-processing  


A multi-group approach used by most participants could also be a source of the discrepancies. 
To generate correct multi-group cross section library on the base of a chosen neutron data 
library it is important to select a correct energy group structure and correct neutron spectra for 
the zones with different physical compositions. Usually, it is necessary to do some iteration 
for neutron spectra correction. Using standard (pre-generated) multi-group libraries may 
produce additional discrepancies when standard neutron spectra differ from the spectra in 
zones containing unusual materials – especially for new types of reactors. 


Table IV-7 shows neutron balances in core1 infinite medium at BOC calculated by the 
MCNP5 using ENDF/B-VI and ENDF/B-V libraries and calculated by the ANL using 
ENDF-V.2 based multi-group cross section data generated for each homogenized zone in the 
benchmark [Appendix 1 to Annex IV]. 33-group and 230-group cross section structures were 
implemented for the specified composition as well as component-wise temperatures using the 
MC2-2 code. The ENDF/B-V.2 data was used for all isotopes. For the three core zones, a 
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critical buckling calculation was used with a consistent P1 approximation, and the 
corresponding spectrum was then used for group collapsing. For the remaining compositions, 
a fixed source, derived from the leakage spectrum of an adjacent zone, was used to determine 
the collapsing spectrum. As an example, the leakage spectrum of the core zone was used as a 
fixed source in the adjoining blanket zone to obtain a new collapsing spectrum. The leakage 
spectrum derived from the blanket calculation was then used as a fixed source in the fission 
gas plenum. This process was replicated for all other zones progressing from the leakage from 
the core through all adjoining zones in the domain. 


TABLE IV-7. NEUTRON BALANCE IN CORE1 INFINITE MEDIUM AT BOC (ANL 
CONTRIBUTION) 


 ENDF/B-VI ENDF/B-V ANL 
Kinf 1.1660 1.1535  
Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. 
U-235 2 7 18 2 7 18 2 7 18 
U-238 1105 117 294 1124 118 290 1106 119 326 
Pu-238 6 9 28 6 9 27 6 9 28 
Pu-239 164 675 1984 162 677 1983 161 677 1983 
Pu-240 71 55 157 73 54 156 73 55 163 
Pu-241 21 128 379 22 125 372 22 125 370 
Pu-242 13 8 22 12 8 22 12 8 23 
Am-241 8 1 4 8 1 4 8  4 
FP          
Struct. 69   78   78   
Coolant 49   46   66   
Total 1509 1000 2886 1532 1000 2872 1533 1000 2916 


ANL calculations in comparison with MCNP5 & ENDF/B-V: 


Neutron balance components for heavy isotopes are practically the same excluding U-238 and 
Pu-240. Neutron capture on U-238 from ANL calculation is smaller than on U-238 from 
MCNP using B-V, and neutron generation is larger because the total fission neutron 
production in ANL calculation equals 2.74 while in the MCNP and B-V calculation 
[Appendix 2 to Annex IV] it equals 2.46. Neutron generation on Pu-240 is also larger in ANL 
calculation because the total fission neutron production in ANL calculation equals 2.96 and in 
B-V calculation it equals 2.89. Neutron capture on coolant in ANL calculation is 20 units 
larger than in B-V calculation and practically compensates the smaller capture on U-238. The 
reason of these discrepancies is in using the original nuclear data pre-processing system. 


Table IV-8 shows neutron balances in core1 infinite medium at BOC calculated by MCNP5 
using ENDF/B-VI and JEF-3.1 libraries and calculated in BARC using the JEF2 based multi-
group nuclear data libraries supplied with the code package ERANOS2.0 [Appendix 3 to 
Annex IV]. 


BARC calculation in comparison with MCNP5 & JEF-3.1:  


Practically all neutron balance components for heavy isotopes in the BARC calculation differ 
from JEF-3.1 calculation. Neutron generation on U-238 and Pu-239 is larger in the BARC 
calculation (+27 and +13 correspondingly) because the total fission neutron production in the 
BARC calculation equals 2.74 and in the JEF-3.1 calculation it equals 2.46. Neutron 
generation on Pu-240 and Pu-241 is smaller in the BARC calculation (-4 and -15, 
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correspondingly). Neutron capture on U-238, Pu-239 and the coolant isotopes is larger in the 
BARC calculation (+5, +11 and +23, correspondingly). Total balances differ significantly, 
which may be because of the use of a multi-group nuclear data library pre-processed for 
problems with the different (softer) neutron spectra compared to that of the benchmark 
problem considered. 


TABLE IV-8. NEUTRON BALANCE IN CORE1 INFINITE MEDIUM AT BOC (BARC 
CONTRIBUTION) 


 ENDF/B-VI JEF-3.1 BARC 
Kinf 1.1660 1.1663  
Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. 
U-235 2 7 18 2 8 19 2 7 18 
U-238 1105 117 294 1111 111 273 1116 117 320 
Pu-238 6 9 28 4 10 30 4 9 28 
Pu-239 164 675 1984 169 678 1990 180 682 2003 
Pu-240 71 55 157 69 54 158 73 51 154 
Pu-241 21 128 379 24 130 388 23 126 373 
Pu-242 13 8 22 14 8 22 12 7 21 
Am-241 8 1 4 9 1 4 10 1 4 
FP       
Struct. 69   67 69   
Coolant 49   43 66   
Total 1509 1000 2886 1512 1000 2883 1555 1000 2921 


Table IV-9 shows neutron balances in core1 infinite medium at BOC calculated by MCNP5 
using ENDF/B-VI and JENDL-3.3 libraries and calculated by TokyoTech. Microscopic cross 
sections of each nuclide and energy groups were calculated using the SRAC code system 
originating from JAEA (Japan Atomic Energy Agency). In this system, JENDL-3.3 is used as 
the nuclear data set [Appendix 4 to Annex IV]. 


TABLE IV-9. NEUTRON BALANCE IN CORE1 INFINITE MEDIUM AT BOC 
(TOKYOTECH CONTRIBUTION) 


 ENDF/B-VI JENDL-3.3 TokyoTech 
Kinf 1.1660 1.1471 - 
Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. 
U-235 2 7 18 2 8 19 2 7 18 
U-238 1105 117 294 1132 112 281 1051 127 345 
Pu-238 6 9 28 5 9 26 5 9 27 
Pu-239 164 675 1984 179 682 2002 167 667 1964 
Pu-240 71 55 157 78 51 145 73 54 161 
Pu-241 21 128 379 24 131 391 23 126 374 
Pu-242 13 8 22 14 7 20 13 8 23 
Am-241 8 1 4 9 1 4 9 1 4 
FP          
Struct. 69   69   51   
Coolant 49   37   37   
Total 1509 1000 2886 1550 1000 2887 1430 1000 2917 
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TokyoTech calculation in comparison with MCNP5 and JENDL-3.3:  


Practically all neutron balance components for heavy isotopes in the TokyoTech calculation 
differ significantly from the JENDL-3.3 calculation. For U-238, the total fission neutron 
production in the TokyoTech calculation equals 2.72, and in the JENDL-3.3 calculation it 
equals 2.51. Total balances are larger in the TokyoTech calculation. Using neutron spectra 
different (softer) from that of the benchmark for multi-group microscopic cross sections 
calculation may be the reason. 


Table IV-10 shows neutron balances in core1 infinite medium at BOC calculated by MCNP5 
using the RUSFOND [IV-1] and ENDF/B-VII libraries. 


TABLE IV-10. NEUTRON BALANCE IN CORE1 INFINITE MEDIUM AT BOC 
(ADDITIONAL DATA) 


 ENDF/B-VI RUSFOND ENDF/B-VII 


Kinf 1.1660 1.1603 1.1559 


Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. 


U-235 2 7 18 2 8 19 2 8 19 


U-238 1105 117 294 1114 115 276 1118 114 287 


Pu-238 6 9 28 5 9 27 6 9 27 


Pu-239 164 675 1984 172 677 1987 168 678 1991 


Pu-240 71 55 157 74 53 151 73 53 153 


Pu-241 21 128 379 21 130 394 22 129 383 


Pu-242 13 8 22 14 7 20 13 7 21 


Am-241 8 1 4 9 1 4 9 1 4 


FP          


Struct. 69   69   70   


Coolant 49   48   48   


Total 1509 1000 2886 1412 1000 2877 1529 1000 2884 


The RUSFOND library was released in 2006-2007 and contains the evaluated nuclear data 
files for 653 nuclides. The files contain combinations of the new evaluations and the revised 
data mainly from ENDF/B-VII, JEF-3.1 and JENDL-3.3. For core1 infinite medium at BOC, 
the difference between kinf obtained from ENDF/B-VII calculation and that obtained from 
ENDF/B-VI calculation is about -1000 pcm and the kinf from the RUSFOND calculation is 
between these values. 


IV-3.3. Pb data effect on the criticality calculation 


Reaction rates for the sum of Pb isotopes in a specified group structure, as provided by the 
participants, are shown in Table IV-11. 


The differences are large. However, it should be noted that the definition of transport and 
removal cross sections depends on the type of a neutron transport problem solved, so it is 
difficult to compare these data. Therefore, the MCNP calculations were repeated using 
different data libraries, and their results are shown in Table IV-12. 
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TABLE IV-11. PB NEUTRON REACTION RATES IN 4-GROUP STRUCTURE 


ANL* BOC 
Top energy, MeV Σ-total, 1/cm Σ-removal, 1/cm 
10 5.51E-03 5.94E-04 
0.835 2.81E-02 5.77E-04 
0.115 3.39E-02 7.15E-04 
0.009586 5.93E-03 9.61E-05 
Total 7.34E-02 1.98E-03 
BARC BOC 
Top energy, MeV Σ transport, 1/cm Σ removal, 1/cm 
10 3.70E-02 2.71E-03 
0.821 5.63E-02 4.33E-04 
0.111 9.38E-02 1.95E-04 
0.009118 9.52E-02 0 
Total 2.82E-01 3.34E-03 
TokyoTech BOC 
Top energy, MeV Σ transport, 1/cm Σ removal, 1/cm 
10 5.73E-02 6.56E-03 
0.821 8.38E-02 7.27E-04 
0.111 1.41E-01 1.51E-04 
0.009118 1.48E-01 9.18E-16 
Total 4.31E-01 7.44E-03 


*) Reaction rates were initially obtained in 33-group structure and converted to a 4-group structure using the 
neutron spectrum in core1 infinite medium from the B-V calculation.  


TABLE IV-12. NEUTRON REACTION RATES ON PB FROM MCNP5 CALCULATIONS 
WITH DIFFERENT DATA LIBRARIES 


 Σ total, 1/cm 
Top E, MeV ENDF/B-V ENDF/B-VI JEF-3.1 JENDL-3.3
10 5.52E-03 5.46E-03 4.93E-03 5.09E-03 
0.821 2.83E-02 2.82E-02 2.86E-02 2.88E-02 
0.111 3.39E-02 3.28E-02 3.41E-02 3.30E-02 
0.009118 5.93E-03 6.19E-03 6.65E-03 6.11E-03 
Total 7.37E-02 7.27E-02 7.43E-02 7.29E-02 
 Σ elastic, 1/cm 
Top E, MeV ENDF/B-V ENDF/B-VI JEF-3.1 JENDL-3.3
10 5.01E-03 4.94E-03 4.34E-03 4.60E-03 
0.821 2.83E-02 2.82E-02 2.85E-02 2.87E-02 
0.111 3.39E-02 3.28E-02 3.41E-02 3.29E-02 
0.009118 5.93E-03 6.19E-03 6.65E-03 6.10E-03 
Total 7.31E-02 7.21E-02 7.36E-02 7.24E-02 
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 Σ inelastic, 1/cm 
Top E, MeV ENDF/B-V ENDF/B-VI JEF-3.1 JENDL-3.3
10 5.04E-04 5.20E-04 5.89E-04 4.91E-04 
0.821 2.32E-05 2.76E-05 3.19E-05 2.38E-05 
0.111 0 0 0 0 
0.009118 0 0 0 0 
Total 5.27E-04 5.48E-04 6.21E-04 5.15E-04 
 Σ absorption, 1/cm 
Top E, MeV ENDF/B-V ENDF/B-VI JEF-3.1 JENDL-3.3
10 2.06E-06 2.74E-06 2.36E-06 9.66E-07 
0.821 1.62E-05 1.64E-05 9.50E-06 1.52E-05 
0.111 1.27E-05 1.47E-05 1.45E-05 1.49E-05 
0.009118 2.85E-06 3.85E-06 4.09E-06 3.82E-06 
Total 3.38E-05 3.76E-05 3.05E-05 3.49E-05 


The total neutron capture on Pb in these calculations is larger for B-VI, smaller for B-V, and 
minimal for JEF-3.1. It corresponds with the data in Table IV-5, taking into account that for 
JENDL-3.3 the neutron capture on Bi-209 is also less compared to other data libraries. 


Inelastic scattering cross section is responsible for the removal of fission spectrum neutrons to 
an energy lying below the threshold of the U-238 fission reaction. Maximum contribution 
from this reaction comes from the inelastic scattering cross section in the energy range 1.4 − 
6.5 MeV. A number of papers have considered the effects of uncertainties in the Pb inelastic 
scattering cross section data on calculation results obtained in lead coolant benchmark 
problems [IV-2, IV-3].  


In the RBEC-M benchmark, the homogeneous-composition number density of U-238 is about 
75% of the Pb number density but, none-the-less, Σ inelastic for U-238 in the range 10 – 
0.821 MeV is more than 3 times larger than for Pb (see Table IV-13). Thus, the U238 
macroscopic inelastic cross section (Σ inelastic) dominates that of Pb.  


TABLE IV-13. U-238 Σ INELASTIC FOR CORE1 INFINITE MEDIUM, 1/CM 


U-238 Σ inelastic, 1/cm 


Top E, MeV ENDF/B-V ENDF/B-VI JEF-3.1 JENDL-3.3 ENDF/B-VII


10 1.97E-03 1.93E-03 1.91E-03 1.81E-03 1.86E-03 


0.821 4.10E-03 3.90E-03 3.24E-03 3.54E-03 3.90E-03 


0.111 3.12E-04 3.47E-04 2.95E-04 3.27E-04 3.40E-04 


0.009118 0 0 0 0 0 


Total 6.39E-03 6.18E-03 5.44E-03 5.67E-03 6.11E-03 


To try to understand the effect of inelastic scattering cross section uncertainties on the 
predicted benchmark reactivity it is necessary to consider the overall sum of Σ inelastic for 
U-238 and Pb. Figure IV-5 shows the result. 
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Σ inelastic in range 10 − 0.821 MeV 
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FIG. IV-5. Σ inelastic of U-238 and Pb for the set of nuclear data libraries. 


Variations in the sum of Σ inelastic do not correlate with the variation of kinf (see Table IV-6), 
so at this stage of investigations the effect of Pb inelastic cross section uncertainties on the 
benchmark reactivity cannot be defined. 


IV-4. Analysis of depletion calculations during the cycle 


An important requirement for a correct depletion calculation is correct calculation of power in 
zones during the cycle. Powers in zones for the beginning of cycle, 900 effective full power 
days (EFPD), and the end of cycle (1800 EFPD) are shown in Table IV-3 and in Figures IV-2, 
IV-3 and IV-4. Table IV-14 shows their variations vis-à-vis the RRC KI Monte Carlo result of 
power fractions in zones.  


TABLE IV-14. ZONAL POWER VARIATIONS DURING THE CYCLE 
Time, 
days Zone ANL BARC Gidropress IPPE RRC KI TokyoTech


Core1 -1.1% -0.3% -0.3% -0.4% − 1.2% 


Core2 -0.1% -0.3% -0.7% -0.6% − -0.1% 0 


Core3 0.2% -0.3% -0.3% -0.4% − -1.0% 


Core1 -2.7% -0.4% -0.7% -1.0% − 0.9% 


Core2 -0.9% 0.0% -0.1% -0.2% − -0.1% 900 


Core3 0.2% -0.1% -0.1% 0.0% − -1.0% 


Core1 1.0% 0.0% -0.1% -1.0% − 0.9% 


Core2 0.8% -0.2% -0.3% -0.3% − -0.4% 1800 


Core3 -0.1% -0.2% -0.2% 0.1% − -1.1% 
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For all variants (excluding core1 at 900 days in the ANL calculation) power variations are less 
or about 1%, and in many cases less than 0.5%. All participants calculate nearly the same 
power distributions among zones.  


Figure IV-1 shows the similar types of evolution for keff in the 1800-day cycle among all 
participants’ simulations – slight increase due to breeding in blankets and then decrease due to 
fission products accumulation. Tables IV-15, IV-16, IV-17 and IV-18 show the evolution of 
neutron balances in infinite medium with the composition of reactor core1 at three points of 
the cycle: BOC, middle point, and EOC. 


TABLE IV-15. NEUTRON BALANCE IN INFINITE MEDIUM WITH REACTOR CORE1 
COMPOSITION (BARC) 


BARC BOC Mid point (900 
days) EOC (1800 days) 


Kinf    


Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen.


U-235 2 7 18 1 5 11 1 3 7 


U-238 1116 117 320 1027 110 303 968 105 289 


Pu-238 4 9 28 4 8 23 3 8 22 


Pu-239 180 682 2003 188 725 2132 191 743 2185


Pu-240 73 51 154 76 55 164 80 59 176 


Pu-241 23 126 373 16 87 258 13 70 209 


Pu-242 12 7 21 12 7 21 12 7 21 


Other h. i. 10 1 4 17 3 11 21 5 16 


FP    85   166   


Struct. 69   68   68   


Coolant 66   65   65   


Total 1555 1000 2921 1559 1000 2923 1588 1000 2925


In the BARC simulation one can see burn-up of U-235, U-238, Pu-238 and Pu-241, 
generation of Pu-239, Pu-240 and other heavy isotopes, and accumulation of fission products. 
Pu-239 generation grows during the cycle, which means that the core breeding ratio is greater 
than 1. 


In the RRC KI simulation one can see stabilization of neutron balances (excluding fission 
products accumulation) during the second half of the cycle because the RBEC-M benchmark 
was created on the basis of designing for a core breeding ratio close to 1. 


In the TokyoTech simulation, one can see burnup of U-235, U-238 and Pu-241, generation of 
Pu-239, Pu-240 and slightly other heavy isotopes, and accumulation of fission products. As in 
the BARC simulation, the growing of Pu-239 generation shows that core breeding ratio is 
greater than 1.  
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TABLE IV-16. NEUTRON BALANCE IN INFINITE MEDIUM WITH REACTOR CORE1 
COMPOSITION (RRC KI) 


RRC KI BOC Mid point (900 days) EOC (1800 days) 


Kinf 1.1660 1.1649 1.1517 


Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen. 


U-235 2 7 18 1 5 11 1 5 11 


U-238 1105 117 294 1012 110 277 1007 111 280 


Pu-238 6 9 28 4 7 21 4 7 21 


Pu-239 164 675 1984 172 722 2122 170 721 2120 


Pu-240 71 55 157 72 58 164 72 58 165 


Pu-241 21 128 379 14 87 258 14 86 257 


Pu-242 13 8 22 12 7 21 12 8 22 


Other h. i. 8 1 4 18 4 14 18 4 14 


FP    90   170   


Struct. 69   68   68   


Coolant 49   48   48   


Total 1509 1000 2886 1511 1000 2890 1584 1000 2890 


TABLE IV-17. NEUTRON BALANCE IN INFINITE MEDIUM WITH REACTOR CORE1 
COMPOSITION (TOKYOTECH) 


TokyoTech BOC Mid point (900 days) EOC (1800 days) 
Kinf    
Nuclide Capt. Fiss. Gen. Capt. Fiss. Gen. Capt. Fiss. Gen.
U-235 2 7 18 1 4 11 1 3 7 
U-238 1051 127 345 956 119 324 895 113 307 
Pu-238 5 9 27 4 8 23 4 8 22 
Pu-239 167 667 1964 174 713 2099 176 730 2151
Pu-240 73 54 161 76 58 171 80 62 183 
Pu-241 23 126 374 16 87 258 13 71 212 
Pu-242 13 8 23 13 8 23 12 7 23 
Other h. i. 9 1 4 18 4 12 23 5 18 
FP    90   172   
Struct. 51   49   49   
Coolant 37   36   36   
Total 1430 1000 2917 1433 1000 2921 1462 1000 2923


Table IV-18 shows the participants’ evolution of nuclear density of U-238 and Pu isotopes in 
core1 and lateral blanket at 3 points during the cycle – beginning of the cycle (BOC), middle 
point (900 EFPD), and end of the cycle (EOC, 1800 EFPD). Data for core1 is similar, so 
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similar too are the evolutions of keff during the cycle. For lateral blanket, Pu-239 generation is 
the largest in the RRC KI calculation, and smaller in the BARC and TokyoTech calculations. 


TABLE IV-18. HEAVY ISOTOPE NUCLEAR DENSITY EVOLUTION DURING THE 
CYCLE, 1/BARN·CM  


BARC Core1 Lateral blanket 


Isotope BOC Mid Point EOC BOC Mid Point EOC 


U-238 6.360E-03 5.976E-03 5.629E-03 1.037E-02 1.024E-02 1.010E-02


Pu-239 6.072E-04 6.565E-04 6.711E-04  1.247E-04 2.360E-04


Pu-240 2.433E-04 2.604E-04 2.763E-04  1.791E-06 6.594E-06


Pu-241 8.319E-05 5.867E-05 4.753E-05  1.628E-08 1.109E-07


RRC KI Core1 Lateral blanket 


Isotope BOC Mid Point EOC BOC Mid Point EOC 


U-238 6.360E-03 5.969E-03 5.621E-03 1.037E-02 1.023E-02 1.009E-02


Pu-239 6.072E-04 6.604E-04 6.753E-04  1.288E-04 2.417E-04


Pu-240 2.433E-04 2.552E-04 2.663E-04  1.958E-06 6.877E-06


Pu-241 8.319E-05 5.969E-03 5.621E-03  2.197E-08 1.326E-07


TokyoTech Core1 Lateral blanket 


Isotope BOC Mid Point EOC BOC Mid Point EOC 


U-238 6.360E-03 5.974E-03 5.626E-03 1.037E-02 1.025E-02 1.012E-02


Pu-239 6.072E-04 6.607E-04 6.770E-04  1.094E-04 2.105E-04


Pu-240 2.433E-04 2.598E-04 2.757E-04  1.575E-06 5.948E-06


Pu-241 8.319E-05 5.906E-05 4.869E-05  1.676E-08 1.148E-07


Table IV-19 shows evolution of the fission product parameters in core1 and lateral blanket at 
2 points during the cycle – mid point (900 EFPD), and end of the cycle (EOC, 1800 EFPD). 
The BARC and RRC KI simulations of fission product parameters are very close. 


TABLE IV-19 EVOLUTION OF FISSION PRODUCT PARAMETERS DURING THE 
CYCLE 


RRC KI Core1 Lateral blanket 


Mid point, 900 EFPD ρ, 1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Rare earth sum 1.52E-04 3.38E-05 5.39E-06 2.45E-06


Other fission products 5.38E-04 1.01E-04 1.83E-05 5.33E-06


Total 6.89E-04 1.35E-04 2.37E-05 7.77E-06


EOC, 1800 EFPD ρ, 1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Rare earth sum 2.97E-04 6.27E-05 1.54E-05 5.53E-06


Other fission products 1.05E-03 1.94E-04 5.32E-05 1.36E-05


Total 1.35E-03 2.56E-04 6.86E-05 1.92E-05
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BARC Core1 Lateral blanket 


Mid point, 900 EFPD ρ, 1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Integrated fission product 6.69E-04  2.38E-05  


EOC, 1800 EFPD ρ, 1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Integrated fission product 1.32E-03  6.82E-05  


Tables IV-20 and IV-21 show the evolution of main fission product parameters in core1 and 
lateral blanket at 2 points during the cycle – middle point (900 EFPD), and end of the cycle 
(EOC, 1800 EFPD) in simulations performed by the TokyoTech and RRC KI.  


In core1 the main fission products nuclear density in Tokyo Tech simulation is less than in 
RRC KI simulation and the neutron capture macroscopic cross section Σa is larger. As it was 
noted in section 3.2 ,the reason may be in using the neutron spectra different (softer) from 
those of the benchmark problem in multi-group microscopic cross sections generation. 


TABLE IV-20. EVOLUTION OF MAIN FISSION PRODUCT PARAMETERS IN CORE1 
DURING THE CYCLE 


Core1 RRC KI TokyoTech 


Mid Point, 900 EFPD ρ, 
1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Ru-101 2.14E-05 1.24E-05 1.85E-05 1.12E-05 
Rh-103 2.05E-05 1.18E-05 2.12E-05 1.22E-05 
Pd-105 1.72E-05 1.21E-05 1.61E-05 1.31E-05 
Tc-99 1.95E-05 1.00E-05 2.06E-05 1.09E-05 
Pd-107 1.03E-05 8.20E-06 1.05E-05 9.19E-06 
Cs-133 2.27E-05 7.71E-06 2.22E-05 8.09E-06 
Sm-149 3.96E-06 5.61E-06 3.74E-06 5.86E-06 
Other fission products 5.74E-04 6.74E-05 5.54E-04 7.40E-05 
Integrated fission products     
Total 6.89E-04 1.35E-04 6.66E-04 1.45E-04 


EOC, 1800 EFPD ρ, 
1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Ru-101 3.99E-05 2.29E-05 3.42E-05 2.06E-05 
Rh-103 4.00E-05 2.29E-05 4.38E-05 2.53E-05 
Pd-105 3.20E-05 2.22E-05 2.98E-05 2.43E-05 
Tc-99 3.66E-05 1.87E-05 4.09E-05 2.16E-05 
Pd-107 1.91E-05 1.51E-05 1.95E-05 1.71E-05 
Cs-133 4.35E-05 1.45E-05 4.22E-05 1.54E-05 
Sm-149 6.94E-06 9.66E-06 6.34E-06 9.94E-06 
Other fission products 1.13E-03 1.31E-04 1.09E-03 1.46E-04 
Integrated fission products     
Total 1.35E-03 2.56E-04 1.31E-03 2.80E-04 
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TABLE IV-21. EVOLUTION OF MAIN FISSION PRODUCT PARAMETERS IN 
LATERAL BLANKET DURING THE CYCLE 


Lateral blanket RRC KI TokyoTech 


Mid point, 900 EFPD ρ, 
1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Ru-101 7.40E-07 6.68E-07 8.33E-07 6.81E-07 
Rh-103 6.72E-07 5.87E-07 8.16E-07 6.10E-07 
Pd-105 5.16E-07 5.54E-07 5.84E-07 6.16E-07 
Tc-99 7.08E-07 5.47E-07 8.77E-07 6.14E-07 
Pd-107 2.50E-07 3.09E-07 2.62E-07 3.09E-07 
Cs-133 7.93E-07 4.99E-07 9.44E-07 5.15E-07 
Sm-149 1.58E-07 5.01E-07 1.98E-07 5.06E-07 
Other fission products 1.99E-05 4.11E-06 2.39E-05 4.43E-06 
Integrated fission products     
Total 2.37E-05 7.77E-06 2.84E-05 8.28E-06 


EOC, 1800 EFPD ρ, 
1/(barn·cm) Σa, 1/cm ρ, 1/(barn·cm) Σa, 1/cm 


Ru-101 2.15E-06 1.71E-06 2.15E-06 1.76E-06 
Rh-103 2.06E-06 1.61E-06 2.29E-06 1.71E-06 
Pd-105 1.56E-06 1.48E-06 1.62E-06 1.70E-06 
Tc-99 2.03E-06 1.40E-06 2.31E-06 1.61E-06 
Pd-107 8.08E-07 8.69E-07 8.06E-07 9.49E-07 
Cs-133 2.30E-06 1.20E-06 2.48E-06 1.35E-06 
Sm-149 4.33E-07 1.04E-06 4.80E-07 1.23E-06 
Other fission products 6.82E-05 1.81E-05 6.24E-05 1.17E-05 
Integrated fission products     
Total 6.86E-05 1.92E-05 7.45E-05 2.20E-05 


In lateral blanket the neutron spectrum is softer than in core1, so greater fission product 
generation in the Tokyo Tech simulation causes a greater neutron capture.  


IV-5. Analysis of power distribution during the cycle 


Figures IV-6 to IV-12 show radial and axial power distributions in the RBEC-M model for 
1800 EFPD burn-up cycle, as calculated by the participants. 


The distributions of power calculated by the participants are in very good agreement. As it 
was noted in section IV-4, all participants calculate nearly the same power distribution among 
zones. It can be noted that local power distributions in the core and blankets also were 
calculated in close agreement. It means that the average neutron fluxes and fission power 
release parameters used by the participants are very close. 
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FIG. IV-6. Radial power distributions at core midplane for the 1800 EFPD 


burn-up cycle (ANL). 
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FIG. IV-7. Radial power distributions at core midplane for the 1800 EFPD 


burn-up cycle (BARC). 
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FIG. IV-8. Radial power distributions at core midplane for the 1800 EFPD 


burn-up cycle (IPPE). 
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FIG. IV-9. Radial power distributions at core midplane for the 1800 EFPD 


burn-up cycle (RRC KI). 
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FIG. IV-10. Axial power distributions at core centreline for the 1800 EFPD 


burn-up cycle (ANL). 
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FIG. IV-11. Axial power distributions at the beginning of the burn-up cycle (BARC). 
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FIG. IV-12. Axial power distributions at the end of the 1800 FPD burn-up cycle (BARC). 


 


 
FIG. IV-13. Axial power distributions at the beginning of the burn-up cycle (IPPE). 
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FIG. IV-14. Axial power distributions at the end of the 1800 FPD burn-up cycle (IPPE). 
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FIG. IV-15. Axial power distributions at core centreline for the 1800 EFPD burn-


up cycle (RRC KI). 
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IV-6. Analysis of burn-up cycle with refuelling 


Mode 3 of the burn-up cycle consists of six partial cycles of 300 effective full-power days 
each. The reactor is shut down for refuelling for 60 days. During refuelling 1/6th mass part of 
fuel and fission products in the core and blanket zones is removed and ‘fresh’ (i.e., 
corresponding to the beginning of life) fuel composition is added. Table IV-22 and Figure 
IV-16 show evolution of the multiplication factor keff over time at a thermal power 900 MW, 
as calculated by the participants.  


TABLE IV-22. EVOLUTION OF KEFF DURING BURN-UP CYCLE WITH REFUELLING 


Participant ANL BARC Gidropress IPPE RRC KI 
Time, day Keff Keff Keff Keff Keff 


0 0.9985 0.9950 1.0084 0.9945 1.0038 
300 1.0032 0.9979 1.0102 0.9973 1.0068 
360 1.0019 0.9981 1.0101 0.9970 1.0070 
660 1.0055 1.0017 1.0113 0.9988 1.0084 
720 1.0039 1.0019 1.0109 0.9983 1.0084 
1020 1.0065 1.0037 1.0117 0.9993 1.0094 
1080 1.0047 1.0040 1.0113 0.9987 1.0095 
1380 1.0066 1.0032 1.0116 0.9991 1.0098 
1440 1.0048 1.0043 1.0111 0.9986 1.0097 
1740 1.0063 1.0039 1.0112 0.9986 1.0098 
1800 1.0045 1.0042 1.0107 0.9981 1.0091 
2100 1.0056 1.0035 1.0105 0.9980 1.0093 


0.993


0.995


0.997


0.999


1.001


1.003


1.005


1.007


1.009


1.011


1.013


0 300 600 900 1200 1500 1800 2100


Time, days


Ke
ff


ANL
BARC
Gidropress
IPPE
RRC KI
ANL 2


 
FIG. IV-16. Evolution of keff during burn-up cycle with refuelling. 
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Generally, keff evolution in this brun-up cycle is very similar to the previous one from the  
continuous burn-up cycle – increase in the first half of the cycle (related to the breeding 
process) and a little decrease toward the end (related to the accumulation of fission products). 


In the ANL simulation one can see significant effects (400 ÷200 pcm) of breeding and (about 
-100 pcm) refuelling when more transuranic mass is removed than returned. This effect is 
observed during the total campaign. Therefore, breeding rate in blankets in the ANL 
simulation must be greater than in others. Breeding effect decreases to the end of the 
campaign due to fission product accumulation. Effect of decrease of reactivity when more 
transuranium elements are removed than returned appears in the Gidropress simulation after 
the 2nd partial cycle, in IPPE – after the 3rd, in BARC – after the 4th and in RRC KI – after the 
5th partial burn-up cycle. 


Also, in the Gidropress and RRC KI simulations, decrease of the contribution of fission 
products to reactivity is less than in the ANL and BARC simulations. 


In the IPPE simulation, several mini-time-steps were performed at the beginning of the partial 
cycle, so that one can see the negative neptunium effect (less than 100 pcm). 


IV-7 Conclusion 


1. Inter-comparison of the calculations performed for the RBEC-M burn-up cycle 
benchmark has been performed. Two types of burn-up cycles were analyzed: 


– 1800 effective full-power days cycle without refuelling; 
– fuel campaign of six partial burn-up cycles of 300 effective full-power days each 


and scatter refuelling.  
2. The evolution of neutron multiplication factor keff, zonal and local power distributions, 


the evolution of U-238 and Pu isotopes and main fission product nuclear density, and 
the effect of Pb inelastic scattering cross section uncertainties on the benchmark 
reactivity were compared, and the sources of discrepancies were considered. 


3. The main discrepancies were found in the neutron multiplication factor keff values. The 
trend of keff evolution during the burn-up campaign and other parameters were 
reasonably close in the simulations performed by the participants.  


4. The origins of discrepancies in the RBEC-M benchmark calculations are in using:  


 - different nuclear data libraries; 
 - different nuclear group data pre-processing systems; 
 - different neutron spectra for group data pre-processing. 


4.1. Neutron infinite multiplication factor depends principally on the data library used, 
and the discrepancy is significant – being more than 1.5 % Δ(1/k) (~1900 pcm). That 
is about 2 times larger than the discrepancies in keff at the beginning of cycle.  
4.2. Multi-group neutron cross section libraries generated using neutron spectra 
different from that of the benchmark are the source of additional discrepancies in the 
neutron multiplication factor. For example, most of the multi-group calculations use 
~2.7 for U-238 total fission neutron production whereas the MCNP5 calculations 
result is ~2.5.  


5. The evolutions of keff on a 1800-day campaign in the ANL, BARC, Gidropress, IPPE, 
IBT, RRC KI and TokyoTech simulations are of the same type – slight increase due to 
breeding in blankets and then decrease due to the accumulation of fission products. 
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6. The evolutions of nuclear densities of the U-238 and Pu isotopes for core1 are similar, 
and so is the evolution of keff during the cycle. In the BARC and Tokyo Tech 
simulations the growing of Pu-239 generation shows that breeding ratio is greater than 
1 within the core. For lateral blanket, Pu-239 generation is maximal in the RRC KI 
calculation, lesser in the BARC and TokyoTech calculations. 


7. Simulation of fission product accumulation during the cycle shows that the BARC and 
RRC KI fission product parameters are very close. In the Tokyo Tech simulation, 
number densities of the main fission products in core1 are less than in the RRC KI 
simulation but neutron capture macrosection Σa is larger. The reason may be in using 
neutron spectra different (softer) from that of the benchmark for the generation of 
multi-group microscopic cross sections. In the lateral blanket, the neutron spectrum is 
softer than in core1, so that greater fission product generation in the Tokyo Tech 
simulation causes greater neutron capture. 


8. All participants have calculated nearly identical zonal and local power distributions 
during the cycle.  


9. At this stage of investigations, the effect of Pb inelastic cross section uncertainties on 
the benchmark reactivity cannot be defined. 
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Appendix 1 to Annex IV. ANL analysis method 


The ANL suite of fast reactor analysis codes was used to analyze the RBEC benchmark 
problem. Detailed burn-up cycle analysis was performed using the DIF3D/REBUS-3 code 
system. Multi-group cross section data was generated for each homogenized zone in the 
benchmark using the MC2-2 code based upon ENDF/B-V.2 data. The flux calculations were 
performed using the discrete ordinate transport code TWODANT with comparative results 
generated using the DIF3D finite difference diffusion theory option (DIF3D-FD).  


For each of the 15 homogenized physical zones, 33-group and 230-group cross section 
structures were implemented for the specified composition and component-wise temperatures 
using the MC2-2 code. ENDF/B-V.2 data was used for all isotopes. For the three core zones, a 
critical buckling calculation was used with a consistent P1 approximation and the 
corresponding spectrum was used for group collapsing. For the remaining compositions, a 
fixed source, derived from the leakage spectrum from an adjacent zone, was used to 
determine the collapsing spectrum. As an example, the leakage spectrum from the core zone 
was used as a fixed source in the adjoining blanket zone to obtain a new collapsing spectrum. 
The leakage spectrum derived from the blanket calculation was then used as a fixed source in 
the fission gas plenum. This process was replicated for all other zones progressing the leakage 
from the core through all adjoining zones in the domain.  


For the calculation of resolved resonance integral, the narrow resonance approximation was 
used, and the Doppler broadening, interference scattering, and the effects of overlap with 
neighboring resolved resonances were taken into account. It is noteworthy that an additional 
option is available to use the hyper-fine group integral transport calculation with RABANL, 
in which the Doppler width is divided into a few hyper-fine groups. In the preparation of 
MC2-2 library, wide and extremely weak resonances are pre-processed and represented by the 
ultra-fine-group (2082 group) energy structure of MC2-2. The other resonances are modeled 
by their resonance parameters, and their self-shielding effects are explicitly evaluated in the 
MC2-2 calculation. The unresolved resonance integral calculation was performed with a 
narrow resonance approximation, and interference scattering, the effects of overlap with 
resonances in other spin sequences, and the effects of self-overlap with resonances of the 
same spin sequences were taken into account. The resolved and unresolved energy range used 
is specified by the ENDF data and is unique for each nuclide. The (n,2n) reaction was treated 
as a source term in the ultra-fine-group spectrum calculation. For the secondary energy 
distribution, the tabulated function, the evaporation spectrum and the discrete levels were 
used. The discrete ultra-fine-group (n,2n) scattering source was approximately treated by 
neglecting the energy-angle correlation. 


The flux distributions were derived from the TWODANT transport theory code using the 
33-group cross section set unless otherwise specified. An R-Z computational model was 
employed in these calculations with ~2.0 cm mesh size. For comparison, the finite difference 
diffusion theory option of the DIF3D code was also used. It is noted that DIF3D is a 
collection of modules that provide various solution options for eigenvalue and fixed source 
problems: variational nodal transport (VARIANT), nodal diffusion theory, and finite 
difference diffusion theory options. The power distributions were not obtained along the 
discrete lines specified but instead derived from mesh centered quantities. As an example, the 
first radial mesh was 2.39 cm wide. The power was calculated for the series of meshes from 
the bottom of the core to the top within this first mesh and thus belongs to the volume 
associated with a 2.39 cm wide strip. A similar approach was taken for the radial power 
distributions where the mesh size was 2.5 cm in both cases. 
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The burn-up cycle analyses were performed using the REBUS-3 code, which was developed 
for fast reactor depletion and burn-up cycle analysis. Both the core and blanket zones were 
represented by five axial depletion zones. The zone density iteration was performed with a 
relative convergence criterion of 0.0005 on calculated material densities. That is, the depletion 
calculation for each zone was performed with the average of the beginning and end of time 
interval fluxes. The end of time interval flux was iteratively computed by iteration on the final 
nuclide densities. The depletion calculations were performed using burn-up chains for 
nuclides ranging from U-234 to Cm-246. Capture, (n,2n), and fission reactions were 
considered for all actinide isotopes included in the burn chains. In the capture and (n,2n) 
reactions, short-lived intermediate products were neglected. As a result, the products of 
capture reactions of U-238, Np-238, Pu-242, and Am-243 were represented by Pu-239, Pu-
239, Am-243, and Cm-244, respectively. The capture reaction of Am-241 was modeled to 
yield Cm-242, Am-242m, and Pu-242 with yield fractions of 0.66, 0.20, and 0.14, 
respectively. The products of (n,2n) reactions of Pu-238 and Am-241 were respectively 
represented by N-237 and Pu-240. The (n,2n) reaction of Am-243 was assumed to yield Am-
242m, Pu-242, and Cm-242 with yield fractions of 0.5, 0.086, and 0.414, respectively. Cm-
242 was assumed to yield Am-241 in 99% of its (n,2n) reactions and Np-237 in 1%. It was 
assumed that 37.4% of (n,2n) reactions of Np-237 yield U-236 and the remaining 62.6% yield 
a fictitious dummy isotope. The end products of Cm-246 capture and U-234 (n,2n) reactions 
were represented by a fictitious dummy isotope. Important α and β decays of actinide 
isotopes were also considered. Specifically, α decay was considered for all actinide isotopes 
except for Np-238 and Pu-241. The β- decays of Np-238, Pu-241, Am-242m and the β+ decay 
of Am-242m were also included in the burn chains. The employed decay constants for the β-, 
β+, and α decays of Am-242m were 1.189E-10, 2.487E-11, and 7.225E-13, respectively. The 
fission products were modeled with five lumped rare earth elements and five lumped fission 
products. The cross sections of these lumped elements were generated by weighting the cross 
sections of 180 fission products with fission yields of U-235, U-238, Pu-239, Pu-240, and Pu-
241, respectively. Three dummy isotopes were also used to represent the other end products 
not included in the chains. For full reactor depletion calculations, the lumped fission products 
of U-234, U-235, and U-236 were represented by those of U-235, while the fission products 
of U-237, U-238, Np-237, Np-238, and Pu-238 were represented by those of FP38. The 
fission products of Pu-241 and higher actinides were represented by those of Pu-241. 


A 100-day depletion time interval was used for all calculations. For mode 3, two options of 
the REBUS-3 module were used. The first follows the approach described in the benchmark 
where 1/6th of the core material is replaced with fresh fuel during each shutdown phase. That 
is, 1/6thof each of the once-burned to six-cycle-burned fuels is replaced with fresh fuel. The 
second utilizes the equilibrium cycle option of REBUS-3 where the six-cycle burned fuel is 
replaced with fresh fuel. 
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Appendix 2 to Annex IV. RRC KI analysis method 
At RRC KI, a suite of neutron-physical codes was used to analyze the benchmark problems. 
Criticality calculations were performed with the MCNP5 Monte Carlo code. Neutron data for 
MCNP5 were obtained using code system NJOY99 (version 99.90) from libraries of the 
evaluated nuclear data files ENDF/B, JEFF and JENDL. For each nuclide, the set of data for 
required temperatures was generated with tolerance 0.005.  


The burn-up cycle analyses were performed using the ISTAR-2 code system developed for 
the analysis of fuel cycles of multi-component nuclear power systems with advanced reactors. 
That code system has abilities to perform equilibrium or non-equilibrium cycle calculations 
for the set of processes – reactors, reactor zones, cooling, reprocessing (with or without 
neutron flux) – and nuclide streams between them. The radioactive decay is also taken into 
account. 


Non-equilibrium cycle analyses were performed for the benchmark problems. Each of the 
core and blanket zones was represented as a single depletion zone. In each depletion zone the 
isotope kinetics problem was solved for a united vector of heavy nuclides and fission 
products.  


The volume averaged neutron cross-sections were obtained and transported to electronic table 
from the criticality calculations with the MCNP5 code – for heavy nuclides σ(n, γ), σ(n, 
fission), σ(n, 2n), σ(n, 3n), σ(n, n´+α), νtotal; and for fission products – σ(n, γ). 


Parameters for radioactive nuclides decay – α, β-, β-+n, β- with daughter nuclide in the 1st 
exited state, β+ or EC, isomer transition from the 1st exited state to ground state, isomer 
transition from the 2nd exited state to the 1st exited state, spontaneous fission – were obtained 
and transported to electronic table from the ENDF/B-6 decay data library and the Table of 
Isotopes CD ROM. In general, any other decay type can be included into the electronic table. 


Parameters for generation of fission products were obtained from the ENDF/B-6 fission 
product yield sub-libraries. Special investigations were performed to reduce the size of the 
vector of fission product yields from 1325 to 1098, and the data for seven nuclides from the 
JENDL-3.2 library were added; thus, the resulting nuclide of decay or (n, γ) reaction belongs 
to the same vector of fission products. 


Energy per fission values for certain actinides were recommended by the Monteburns 2.0 
manual. For others, 200 MeV per fission was adopted. 


Probability of Np-236m production in the Np-237(n, 2n) reaction averaged by reactor core 
spectrum was adopted as 0.644. 


Probability of Am-242m production in the Am-241(n, γ) reaction averaged by reactor core 
spectrum was adopted as 0.25. 


With these data the code system ISTAR-2 generates the matrix of isotope kinetics problem 
and uses the LSODES code to solve this problem for a given burn-up interval. 


To increase the accuracy of fuel burn-up calculations, the standard mid-step methodic was 
used. With the MCNP5 code, the volume averaged one-group cross-sections for heavy 
nuclides and fission products were calculated for each zone (cores and blankets). In the same 
calculation, the contribution of each zone to fission (thermal) power was obtained. Then, the 
beginning of time step (BOTS) neutron fluxes were computed with the assumption that the 
cross sections do not change during the burn-up step and the energy production in zones 
during the time step corresponds to zone power at the BOTS. Using these data, the isotope 
kinetics problem was solved for each zone and end of time step (EOTS) nuclear densities 
were obtained. Using the MCNP5 code, the EOTS thermal power of each zone was calculated 
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and mid-step zone power was obtained and mid-step neutron flux was computed. Then the 
isotope kinetics problem once more was solved for the zone and final EOTS nuclear densities 
were obtained. This procedure was used for the next time step and so on. 


In the mode 1 and mode 2 calculations, the employed burn-up interval was 900 days for the 
first and second problems. At the BOTS, volume averaged one-group cross-sections for all 
nuclides were recalculated. Some calculations show that cross-sections vary slowly during a 
100-day burn-up, so that burn-up intervals of 200 days and 300 days can be used in a later 
analysis.  
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Appendix 3 to Annex IV. BARC analysis method 
The European reactor analysis code package ERANOS2.0 was employed to simulate the 
benchmark at BARC.  


The JEF2 nuclear data libraries supplied with the code package were used. The JEF2 libraries 
include adjusted nuclear data values for the main nuclei. The burn-up calculations were 
carried out at the core level with 6 pseudo fission products. The number of energy groups 
used for the core calculations was 33. Fuel burn-up calculations were performed in the 
following way. For a starting concentration of nuclides N0, and using a constant value over 
burnable zones for the flux and cross sections, 


N(t) = exp(Mt) N0,   M = Φ R + D, 


where R is cross section matrix and D is decay matrix.  


In the RZ geometry, the code ERANOS considers each radial and axial zone as a burnable 
zone. Further sub-divisions are possible in axial zones by the burnable zone directive which 
was not used in these calculations. The flux was normalized to the total power produced in the 
reactor including blanket, and the isotopes were depleted by one-group fluxes. 







35 


Appendix 4 to Annex IV. TokyoTech analysis method 
The depletion calculation was performed in each mesh. In the calculation, Runge-Kutta 
method was used for solving the following depletion equation: 
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Microscopic cross sections of each nuclide and neutron fluxes in energy groups were 
calculated by the SRAC code system produced by JAEA (Japan Atomic Energy Agency). In 
this system, JENDL-3.3 is used as the nuclear data set. These cross sections were not renewed 
and used till the end of all calculations. The neutron flux used in the depletion calculation was 
calculated in the previous diffusion calculation. The flux was normalized by the total power 
(900MW(th)). Burn-up chains and fission product yield data were taken from JENDL-3.3. 


After the above mentioned calculations, macroscopic cross sections were calculated using 
nuclide number densities from the depletion calculation and the microscopic cross sections of 
each group. These values were used in the next diffusion calculation. 







ANNEX V 


CONCEPT OF A 10 MW(e) LEAD-BISMUTH COOLED REACTOR WITH LONG 
REFUELLING INTERVAL (SVBR-10) 


OKB Gidropress (Russian Federation) 


V-1.Introduction 


The SVBR-10 reactor concept [V-1 and V-2] was developed as the basic element of a small, 
transportable reactor unit - functionally ready for application, completely factory 
manufactured and delivered to a site by water or heavy track way. It could be applied for 
multiple purposes, such as electricity production, heat supply or seawater desalination. 
Depending on required capacity needed, a single or several SVBR-10s, collocated at the site 
could be deployed.  


Such relocatable power sources are expected to find wide application in Russia, as well as 
abroad – taking into account:  


 -  Broad incorporation of inherent and passive safety features;  


 - Very long core lifetime;  


 - Off-site refueling to enhance proliferation resistance;  


 - Safe transportation of the reactors with ‘frozen’ coolant;  


 - Minimum infrastructure requirements to a NPP site.  


In 2006, EDO Gidropress together with the Joint-stock Company Atomenergo and IPPE (all 
Russian Federation) proposed and investigated a barge-mounted relocatable nuclear power 
plant using two of the SVBR-10 reactor modules. The basic design provisions of a floating 
nuclear power plant (FNPP) on the basis of the SVBR-10 are presented in this annex.  


V-2. Floating nuclear power plant concept 


A floating nuclear power plant (FNPP) with two 12 MW(e) capacity SVBR-10 reactors 
producing up to 50 GCal/hour of the co-generation heat each is intended for the electric power 
and a heat supply of small settlements and industrial enterprises located in the coastal areas. 
The NPP operation would be possible both in a off-grid mode and within a local electrical 
grid structure, together with other power source available in the area.  


The basic concept of a FNPP includes provisions as the following:  


o FNPP construction is carried out at a ship-building enterprise, subject to 
factory acceptance tests of the final product as well as acceptance by the 
customer;  


 o FNPP is transported to the place of operation being fully assembled and 
factory tested and is being rigidly moored to the specially constructed coastal 
engineering structures; the water area where a FNPP is located is isolated from 
the open sea by dams and wavecutters;  


 o  FNPP repair and refuelling operations are carried out at a specialized ship 
repair enterprise, to which the complete FNPP is transported after the end of 
operation or in the case of a malfunctioning.  


General view of a FNPP with the SVBR-10 reactor is shown in Fig. V-1. 
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Use of a fast neutron spectrum reactor with extra long core lifetime (15-20 years) facilitates 
the return of the entire FNPP to the factory for refuelling. It allows to exclude from the FNPP 
structure all refuelling equipment and fuel storages and, therefore, to reduce the sizes and 
weight of the FNPP.  


Navigability and strength characteristics, stability and flooding resistance are provided to 
meet the requirements of the rules of navigation for nuclear ships of the Russian Maritime 
Register. Architecturally, FNPP is a non-self-propelled stake type ship with a double bottom 
and double boards, and with the superstructure developed for accommodation of the power 
equipment. Main characteristics of the hull are as follows:  


o Length 93.3 m 
o Width 21.6 m 
o Height of board 10.3 m 
o Draft in transportation 3.7 m 
o Draft in operation about 4.2 m 
o Displacement (water density of 1025 kb/m3  
 Empty - 6750 t 
 Displacement full - about 8000 t 


V-3.  The power plant  


V-3.1. Modes of plant operation 


The main energy sources on the FNPP are two SVBR-10 reactor plants described in the 
section. Parameters of the generated steam are:  


P = 4,2 MPa,  


T = 410 °C.  


The FNPP can be operated in two modes: electricity production only, and electricity and heat 
production. The outputs are:  


o Maximum electric output (no heat production) 24 MW 
o Co-generation mode: 21.6 m 
 - electric output 12 MW 
 - heat output 50 GCal/hour 


Depending on the conditions of operation and customer requirements, the FNPP can produce 
electricity and heat in various ratios. Potable water and process steam can be produced also. 
The configuration of the power plant and the auxiliary equipment set will vary depending on 
the ratio between the supplied services in energy and/or desalinated water. The FNPP is 
equipped with two auxiliary boilers of 9 MW thermal capacity each, which are the reserve 
energy sources during transportation, start-up, or reduction of the electric power during 
scheduled services and equipment repairs.  


V-3.2. Main components of the power plant 


The main compartments for power plant equipment are:  


o Reactor compartment  


o Compartment of the main turbo-generators  


o Boiler branch  


o Compartment of heaters for network water  
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A general view of the equipment placement is shown in Fig. V-1. The structure of the FNPP 
includes the following equipment: 


o Two SVBR-10 reactor plants  


o Two turbo-generators  


o Auxiliary steam generating facilities consisting of the two horizontal water-tube 
boilers (P = 3.1 MPa) with thermal capacity 9 MW each  


o The reserve diesel - generator of 540 kW capacity  


o Two emergency diesel - generators of 200 kW capacity each  


o Two desalination installations with the productivity of ~20.0 t/day  


o Auxiliary mechanisms and heat exchange equipment serving the power installation  


o Steam heaters for network water 


o Water-water heaters for network water.  


V-3.3. Design philosophy 


The following conservative principles were used as a basis for the SVBR-10 design:  


o Maximum use of those design solutions that have been already validated by operating 
experience;  


o Use of the proven in operation regime parameters in the primary and secondary 
circuits;  


o Reliance on the existing fuel cycle infrastructure and on technological options offered 
currently by the machine-building enterprises.  


The following design features were selected for the SVBR-10:  


o The fast neutron spectrum reactor with chemically inert lead-bismuth coolant and 
integrated configuration of the primary circuit in which the core, the equipment of the 
primary circuit and the modules of steam generator are all placed in a single vessel; 
thus, the primary circuit has no pipelines and valves;  


o Reactor vessel with a safety casing is placed into a water tank of the passive residual 
heat removal system formed by a containment structure;  


o Two-circuit heat removal system and a steam generator operating in a natural 
circulation mode;  


o The layout of the primary and secondary circuits ensuring a high natural circulation 
level sufficient for cooling down the reactor without fatal overheating of the core;  


o The basic reactor components as well as the steam generator components are 
configured as separate modules, facilitating easy replacement and repair;  


o The core design provides for once-at-a-time whole-core refuelling (whole core 
replacement). Refuelling operations are performed only at a factory (once in 15-20 
years);  


o All equipment is located inside the sealed containment, preventing leaks of 
radioactivity under unsealing of the reactor safety barriers in severe accidents. The 
containment is made of tight flat sections. Application of the flat structures designed to 
resist equally both the internal and external event impacts was found to be more 
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rational in the conditions of a floating power plant. The containment is designed for 
static durability at overpressures up to 0.1 MPa, and also for the dynamic loads arising 
from human-induced and natural external events. The containment durability is 
sufficient to preserve tightness even in the failures with FNPP flooding.  


V-3.4. The reactor 


The SVBR-10 has a two-loop configuration for heat transfer from the core. The primary 
coolant is lead-bismuth eutectic alloy (Pb – 44.5 %, Bi – 55.5 %). Protective gas of the 
primary circuit is argon. The secondary coolant is water/ steam. The reactor is a pool type and 
has an integral primary circuit design. Main characteristics of the SVBR-10 are listed in Table 
V-1. 


TABLE V-1. MAIN CHARACTERISTICS OF THE SVBR-10 REACTOR 


Parameter Value 


Electric capacity (gross), MW 12 


Thermal capacity (nominal), MW 43.3 


Steam capacity, tons/hour 56 


Parameters of generated steam: 
- pressure, MPa 
- temperature, °C 
- pressure in the steam separator, MPa 


 
4.2 
410 
4.6 


Temperature of feedwater, °C 105 


Temperature of the primary coolant, °С: 
- core outlet 
- core inlet 


 
480 
320 


Core dimensions D × Н, m 1.086 × 0.9 


Number of control rods,  
Including control rods for transportation 


31 
3 


Fuel: 
- type 
- loading of 235U, kg 
- average enrichment, at. % 


UO2 
755 
18.7 


Core lifetime, eff. hours 135 000 


Operation time of the core, years ~17 


Time between refueling, years ~20 


Design service life of the irreplaceable equipment, years 60 


Number of heat exchange loops  2 


Number of heat exchanger modules 4 


Number of primary circuit pumps 4 


Overall dimensions: 
- diameter, m; 
- height (including control rod drives), m 


 
3.100 
7.100 
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Cross-cut view of the SVBR-10 reactor module is given in Fig. V-2. 
 


 


Full-flow filter 


MHD pump 


Steel reflector 


In-vessel radiation 
shielding 


Steam generator 
module 


Core 


 
FIG. V-2. General cross-cut view of the SVBR-10 (MHD is for magnetohydrodynamic). 


The SVBR-10 reactor unit with auxiliary systems is placed inside a transportable module (see Fig. 
V-3), which is a tight steel vessel. A water tank of the passive heat removal system (PHRS) 
provides emergency heat removal in the long term and is also used as radiation shielding. 
Radioactive waste storage is also placed in the PHRS tank. 
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FIG. V-3. General cross-cut view of the transportable module. 


The reactor control system includes three types of control rods, see Fig. V-4. At the present 
design stage the system is assumed to contain 22 rods for compensation of reactivity loss 
during core lifetime, two control rods for reactor power control, and four control rods for the 
emergency reactor shutdown. 
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FIG. V-4. SVBR-10 core arrangement. 


The absorbing material of control rods is enriched (80% 10B) boron carbide. 


The core is surrounded by a steel reflector. The reflector thickness in the radial direction is 
250 mm. 


Loading of uranium 235U is 755 kg, full loading of uranium – 4046 kg. Three groups of fuel 
rods are used for power flattening in radial direction of the core. The enrichment in radial 
zones grows from core centre to the periphery. The numbers of fuel rods in zones and their 
enrichment are: 


-  Enrichment 16 %- 432 fuel rods; 
- Enrichment 17.2 % - 1164 fuel rods; 
-  Enrichment 19.7 % - 3768 fuel rods. 


The average enrichment in the core is 18.7 %.  


V-3.5. Steam-turbine plant 


A rather simple circuit layout with feedwater heating only in the deaerator has been chosen to 
select reliable operation. Waste steam after the turbine drive is used for feedwater heating in 
the deaerator. Steam extraction from low pressure turbine stages is used for heating up of the 
auxiliary grid water.  


The steam-turbine plant includes the following equipment:  


o Two turbo-generators of 12 MW capacity each;  
o Two main condensers;  
o  Ejectors;  
o Throttling-moistening devices;  
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o  Bearing gear and other equipment.  


Each turbo-generator with serving mechanisms and devices works independently of the 
devices and mechanisms of the other reactor plant. 


V-4. Reactor neutronics 


Table V-2 presents the main neutronic characteristics of the SVBR-10. 


TABLE V-2. SVBR-10 NEUTRONIC CHARACTERISTICS DURING OPERATION 


Parameter Value 
Change of reactivity Δρ(Т), % (βэфф) 7.08 (9.78) 
Average quantity of fission products in fuel rods, g/fuel rod 45.3 
Maximum fuel burn-up, % heavy atoms 8.83  


Maximum power peaking factor (realized at t = 48000 effective 
hours)  
Krmax 
Kvmax 


 
1.276 
1.570 


Maximum neutron flux (all energies) ϕmax, 1/ (cm2⋅s) (realized near the 
end of the core lifetime) 


 
7.35∗1014


Maximum neutron fluence (Еn ≥ 0.1 MeV), 1/cm2 2.0∗1023


Maximum radiation damage of fuel rod claddings, dpa 68.7 


The value of βeff is: 


- In the beginning of core lifetime 0.007245; 
- In the end of core lifetime 0.006185. 


Figure V-5 shows radial power distributions in the reactor core at the moment of time when 
Krmax is realized (black dot indicates the fuel rod with Krmax) 


 


 
 


FIG. V-5. Radial and axial power distributions in the reactor core at the moment 
of time when Krmax is realized (black dot indicates the fuel rod with Krmax). 
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Table V-3 shows 3 main reactivity feedbacks of the SVBR-10 core. 


TABLE V-3. COMPONENTS OF THE TEMPERATURE REACTIVITY FEEDBACK 


Component Value, 
10-5 1/K 


Doppler feedback in temperature interval from 200°C up to 700°C -0.86--0.47 


Axial expansion of the fuel -0.21 


Expansion of the cladding -0.0022 


Expansion of the coolant  -0.046 


Expansion of the bottom grid plate -0.18 


Expansion of the top grid plate -0.43 


Expansion of the radial reflector -0.15 


As it can be seen from Table V-3, all reactivity coefficients are negative. The selected control 
rod system meets all safety requirements and provides reactivity compensation during fuel 
burn-up over the core lifetime. It also provides reactor shut down by the two independent 
control rods groups, including failure of the most efficient control rod. 


V-5. Radiation shielding 


Radiation shielding of the transportable module was selected according to the following 
requirements: 


- The irradiation of the personnel and population in normal operation and in 
accidents shall not exceed the one prescribed by national regulations, namely:  


(a) doses for direct radiation to the public during normal operation and accidents 
should be <0.1 mSv/year; 


(b) operational staff doses during normal operation and in accidents should not 
exceed -5 mSv/year (effective individual dose); 


- During transportation, the radiation conditions shall meet national requirements, 
namely: 


a) the maximum radiation level at any point on any external surface of a 
package should not exceed 10 mSv/h. 


- After plant decommissioning (removal of all transportable modules), the bulk of 
the concrete (constituting the reactor shaft, the reactor building) can be released 
from the regulatory control, as in any conditions of its use the annual effective 
doze would not exceed 10 mkSv. 


Calculation results for the activation dose are presented in Fig. V-6. The results indicate that 
the selected radiation shielding meets the established requirements. 
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FIG. V-6. Effective activation dose around the operating SVBR-10 module, mSv/hour. 


V-6. Decay heat and coolant solidification 


Time dependence of the residual heat in the reactor core after the end of the core lifetime 
(after 150 000 hours of irradiation followed by the reactor shut down) is presented in 
Fig. V-7. 
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FIG. V-7. Dependence of the core residual heat on time. 


At the current design stage the rate of heat dissipation from the reactor vessel during long 
term cooling is estimated at 10-12 kW. It means that the Pb-Bi primary coolant will start 
solidification not earlier than after 1-1.5 years of the reactor after-cooling. Coolant 
solidification in the core will occur after 1.5-2 years. The need to await full primary coolant 
solidification for 1.5-2 years before the plant return to the factory might decrease the 
economic benefits of full factory service. This issue needs a more detailed investigation; 
specifically, the related issues of safety and proliferation resistance need to be addressed. 


V-7. Activity of water in the PHRS tank 


Evaluation of the activity of the PHRS tank water was performed in the following 
conservative assumptions: 


- Water is neither removed nor changed during the whole core lifetime; 


- Corrosion of stainless steel is a constant value ~ 1.68·10-4 g / (m2·h); 


- Content of Со-59 in steel is 0.07 % by weight.; 


- Products of corrosion are present in water in a dissolved form. 


The activity of water was estimated for 55 Fe (T
1/2=2.7 years) - 5.46·103 Bk/l and for 60Со 


(T1/2=5.27 years) - 1.0·102 Bk/l. With these numbers, water of the PHRS tank can be classified 
as low level radioactive waste.
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 V-8. Conclusion 


Preliminary concept of a transportable lead-bismuth cooled reactor SVBR-10 of 12 MW(e) 
was developed. The reactor is designed to operate without on-site refueling and has a 15 to 
20-year core lifetime. The reactor is intended for a floating NPP which would accommodate 
two reactor modules. The floating NPP would be capable of electricity or heat production and 
could operate in a co-generation mode with a variety of non-electrical applications. The use 
of ambient pressure, chemically inert and radiotoxic lead-bismuth eutectics as the reactor 
coolant and fast neutron spectrum in the reactor core may contribute to achieving a high 
safety level and an enhanced proliferation resistance. 


Preliminary core layout was selected. Necessary data for further transient assessments and 
accidents simulations were obtained from the neutronic calculations. 


Radiological hazards were estimated. It was found that the use of low power units can 
provide improved radiological conditions at NPP site after the decommissioning. 
Specifically, the reactor buildings and auxiliary systems can be potentially released from 
regulatory control immediately after the removal of a transportable small reactor. 


Extra long core lifetime and tight equipment arrangement make it difficult to achieve 
coolant solidification (needed for safe transportation of the reactor back to the factory) in 
less than 1.5 years. Long period needed for coolant solidification may have economic 
penalties, and the options to achieve shorter cooling times (less than 1 year) need to be 
examined further. 
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ANNEX VI 


DESIGN OF A MULTIPURPOSE NUCLEAR POWER PACK FOR SATISFYING 
ENERGY RELATED NEEDS OF THE REMOTE INDIAN VILLAGES 


Bhabha Atomic Research Centre (India) 


VI-1. Introduction 


The study aimed to explore the potential of small reactors without on-site refuelling to supply 
electricity to remote villages, islands, and small-scattered communities in India, which are 
located in regions not connected to an electricity grid. The goal of the study was to arrive at a 
feasible design of small portable nuclear power packs, having long core life, passive safety 
and reactor core heat removal features, and not needing skilled man-power for operation. To 
satisfy energy related needs of the regions mentioned above, the unit size of the reactor was 
estimated to be 5 MW(th) [VI-1]. A thermal neutron spectrum reactor configuration with 
thorium based metallic fuel, BeO moderator, BeO and graphite reflector, and molten lead-
bismuth alloy coolant was selected for the study [VI-1]. Specification of the proposed reactor 
is given in Table VI-1.  


TABLE VI-1. BROAD SPECIFICATION OF THE REACTOR 


Attribute Property 
Reactor power 5 MW(th) 
Core lifetime ~ 10 years 
Fuel Metallic 233U+ 232Th +Zr  
Fuel clad Zircalloy 
Moderator BeO 
Reflector material BeO and graphite 
Coolant Pb-Bi eutectic alloy 
Core height 1000 mm 
Core inlet temperature 450°C 
Core outlet temperature 600°C 
No. of fuel assemblies 30 
No. of control locations 31 
No. of fuel pins per assembly 12 
Fuel pin inner diameter 8 mm 
Fuel pin outer diameter 10 mm 
Pitch 140 mm 
Top reflector height 150 mm 
Bottom reflector height 150 mm 
Coolant tube outer diameter 45 mm 
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VI-2. Reactor geometry 
The core of the reactor is based on tri-angular lattice arrangement [VI-1, VI-2]. It contains 
30 fuel assemblies, 12 in the inner ring and 18 in the outer ring. The cross-sectional view of 
the reactor core is shown in the Fig. VI-1. In each fuel assembly, fuel pins are located in 
graphite fuel tubes, which also act as coolant tubes. These fuel tubes are located in moderator 
blocks. These moderator blocks are in turn surrounded by BeO reflector blocks, which also 
contain reactor control devices. There are 7 graphite blocks inside the fuel assemblies and 
24 BeO reflector blocks outside the fuel assemblies. Graphite reflector blocks surround these 
BeO reflector blocks. Core height is 100 cm with additional 15-cm top reflector and 15-cm 
bottom reflector. 


Proposed Core Configuration


One Fuel 
Block


Fuel Tube has 
12 Nos. of 
Fuel Pins


One Fuel Pin


Heat Tr. medium (Pb33%+
Bi33%+Sn33%)


Metallic Fuel (14%U233 
+76%Th +10%Zr)


Clad of Zr-4


Main Reactor Shell
Outer Graphite Reflector


BeO Reflector
Passive Power 


Regulation System


Inner Graphite Reflector


Fuel Compacts
Fuel Tube


Pb-Bi Coolant


BeO Moderator


FIG. VI-1. Configuration of fuel pin, fuel block and reactor core. 
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Cross-sectional view of a fuel pin and the core configuration are shown in Fig. VI-1. The 
reactor physics design of the proposed configuration is presented in [VI-2]. The following 
paragraphs briefly outline the main features of the design:  


a) A lattice pitch of 14 cm was found to be adequate. 
b) Content of 20% of 233U in the alloy ensures a core lifetime of 15 years. However, cold to 


hot swing in reactivity in this case becomes positive, even with Gd added to the core. 
c) With 14% of 233U available, the fuel burn-up is 3000 full power days. 
d) Initial Keff is very large necessitating the introduction of burnable poison into the core. 
e) For this purpose, 300 g of Gd has been mixed with fuel in each of 12 inner fuel assemblies.  
f) To maintain Keff=1 in hot operating condition, all control rods should be 39.5 cm inside 


the core. In this situation, maximum worth of a control rod is 2.9 mk1. 
g) Total 233U inventory in the whole core is 28.88 kg.  
h) Fuel temperature reactivity coefficient at 775°C is negative [-1.695×10-5 per °C], which is 


satisfactory. 
 


1 mk = 10-3k 
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VI-4. Analysis of inadvertent control rod withdrawal incident 


Preliminary point kinetics calculations were performed to analyze the inadvertent withdrawal 
of a maximum-worth control rod. The transient was analyzed with temperature feedbacks; the 
variation of power and temperatures were studied. The calculations were carried out for two 
cases: with the addition of 2.9 mk of reactivity in 5.0 s and in 60.0 s, so as to simulate both 
fast and slow transients. 


Model 


The model used in these analyses is the point kinetics reactor model with temperature 
feedbacks. The transient analyzed was initiated by externally added reactivity owing to the 
inadvertent withdrawal of a control rod of maximum worth at criticality. The variation of 
power and temperatures with time were studied with the MRIF [VI-3] computer code. In the 
code, the fundamental point kinetics equations with six delayed neutron precursors are solved 
taking into account temperature feedbacks.  


Point kinetics set-up with temperature feedback 


The fundamental equations for reactor kinetics in the point reactor model with delayed 
neutron precursors is: 
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If temperature feedbacks are considered, the above equations have to be solved with the 
following heat transfer equations: 
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Here, the subscripts f and c denote the fuel and the coolant, m and c are mass and the specific 
heat. Tf, Tc and Ti are the average fuel, average coolant and inlet coolant temperatures. wc is 
the coolant mass-flow, and h, γ are heat transfer and power normalization coefficients.  


Data used for the analysis 


Basic data used in the analysis is summarized in Table VI-2. 


TABLE VI-2. BASIC DATA USED IN THE ANALYSIS 


Fuel properties 


Mass of 233U 28.88 kg 


Mass of 232Th 156.78 kg 


Mass of graphite 169.62 kg 


Mass of zirconium 20.61 kg 


Mass of gadolinium 3.6 kg in 12 inner fuel assemblies 
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TABLE VI-2. (cont’d) 
Thermal properties  


At 500°C, specific heat of 233U 145 J K–1 kg–1


At 500°C, specific heat of 232Th 176 J K–1 kg–1


At 500°C, specific heat of graphite 1630 J K–1 kg–1


At 500°C, specific heat of zirconium 340 J K–1 kg–1


Coolant properties 


Mass of coolant in one coolant tube  16.826 kg 


Total coolant mass  504.78 kg 


Specific heat of Pb-Bi eutectic   146.5 J K–1 kg–1


Temperatures 


Average fuel temperature, Tf 575°C 


Average coolant temperature, Tc 525°C 


Inlet coolant temperature, Ti 450°C 


Outlet coolant temperature, To   600°C 


Temperature coefficients 


Fuel temperature coefficient – 1.695×10–5°C-1


Coolant temperature coefficient  – 1.0×10–6°C-1


External reactivity 


External reactivity added  2.9 mk 


Power 


Operating power  5 MW(th) 


Point kinetics parameters 


Neutron mean life time (l) 0.46571×10–4s 


Delayed neutron fraction (β) 0.00476 


βi /β 0.06723    0.18908   0.13866    0.28361    0.11344   0.20588 


λi 0.01589    0.03992   0 .14111   0 .35310   0.95636   2.86020 


Numerical results  


In the earlier analysis [VI-4, VI-5] it was found that when all 30 control rods are grouped 
together into one bank, the maximum reactivity insertion due to inadvertent withdrawal of a 
control rod in hot operating condition is of the order of 2.9 mk at criticality. The values of fuel 
temperature coefficient as calculated by the TRIHTR [VI-6] code are given in Table VI-2. 
The calculations of kinetic parameters have been performed with the computer code CLUB 
[VI-7, VI-8] using the 172-group IAEA library obtained from the ENDF/B-VI point data. In 
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this code, the multi-group integral transport equation is solved by a combination of the 
interface current formalism and the collision probability method. The present analysis has 
been carried out using 3 terms in the expansion of angular flux at region interfaces.  


A small code was written to calculate various coefficients required as input to MRIF. The fuel 
(233U+232Th+Zr) and the graphite fuel tubes were considered for the analysis along with the 
coolant. The transient time was taken as 500 s with appropriate time-steps. The results are 
given in the form of three types of plots: power, reactivity and temperatures’ variation against 
transient time, see Fig. VI-2 and VI-3. In all of the plots, the temperatures are in °C.  


The analysis was carried out for the following two cases:  


[i] 2.9 mk positive reactivity is added in 5 seconds, 


 [ii] 2.9 mk positive reactivity is added in 60 seconds. 


As it can be seen from Fig. VI-2, for the first case, when an external reactivity of 2.9 mk is 
added in 5 seconds, power surges to about 4.5 times the initial power for a short time and 
quickly subsides due to negative reactivity inserted by the temperature feedback (Fig. VI-2A). 
The average fuel and coolant temperatures rise to about 742°C and 596°C, correspondingly, 
adding a negative reactivity (Fig. VI-2B). As a result, the power is reduced and stabilizes at 
about 3 times the initial power. The reactivity variation with transient time is shown in 
Fig. VI-2C. 
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FIG. VI-2A. Power variation with transient 
time: addition of 2.9 mk reactivity in 5 s. 


FIG. VI-2B. Temperature variation with 
transient time: addition of 2.9 mk reactivity 


in 5 s. 
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FIG. VI-2C. Reactivity variation with transient 


time: addition of 2.9 mk reactivity in 5 s. 


5 







In the second case, where an external reactivity of 2.9 mk is added in 60 seconds, power 
surges to about 3 times the initial power and stabilizes at this value (see Fig. VI-3A). The 
average fuel and coolant temperatures rise to about 742°C and 596°C, as in the previous case 
(see Fig. 3B). The reactivity variation with transient time is given in Fig. VI-3C. 
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FIG. VI-3A. Power variation with transient 
time: addition of 2.9 mk reactivity in 60 s. 


FIG. VI-3B. Temperature variation with 
transient time: addition of 2.9 mk reactivity in 


60 s. 
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FIG. VI-3C. Reactivity variation with transient 
time: addition of 2.9 mk reactivity in 60 s. 


Summary of the results 


Analyses of the transients resulting from inadvertent withdrawal of a control rod were carried 
out, using the point reactor model. An external reactivity of 2.9 mk, which is equal to the 
maximum worth a control rod in critical configuration, was added in 5 s (fast transient) and in 
60 s (slow transient). The rise in power due to addition of reactivity results in an increase of 
temperature of the fuel and the fuel tube. In both of the considered transient cases, the power 
rises and stabilizes to about 3 times the initial power. More importantly, the averaged fuel 
temperature rises to about 742°C. It may be mentioned that these results were obtained with a 
very basic point reactor model with temperature feedbacks. It would be of interest to analyze 
the considered transients with inadvertent withdrawal of a maximum-worth control rod using 
more accurate 3-D models with detailed feedbacks on thermal-hydraulics. 
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VI-5. Modified thermal hydraulic design of the reactor 


Thermal-hydraulic design of the reactor was modified so as to have a system of insulated 
downcomers for return of the cold coolant from the upper plenum of the reactor to the lower 
plenum. This was needed to provide the necessary driving head for natural circulation. An 
earlier design [VI-2], involving 60 downcomer tubes of required dimension, could not be 
accommodated in the compact core.  


Reactor core


Upper plenum


Lower plenum


Fuel tube


Downcomers  


Coolant path


FIG. VI-4. Simplified geometry of the coolant circulation loop. 
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FIG. VI-5: Variation of core outlet temperature with chimney height for a varying 


number of downcomer tubes. 
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A system based on 36 downcomer tubes was found to be the most appropriate, and the 
thermal-hydraulic analysis was carried out to find the required chimney height. The chimney 
required height was found to be 850 mm instead of 250 mm as analysed earlier [VI-2]. The 
average mass flow rate and average velocity of the coolant in the coolant tube remained same 
as found [VI-2], i.e., 227 kg/s and 47 cm/s respectively. A simplified geometry of the 
modified loop and the results of the analysis are shown above in Fig. VI-4 and Fig. VI-5, 
respectively.  


VI-6. Thermal analysis under normal operating conditions 


A steady state analysis of the reactor was carried out using a finite element method 
considering conduction heat transfer mode in order to determine the prevalent temperatures in 
the various components of the reactor. Utilizing 30° r-θ symmetry of the reactor core, a 1/12th 
three-dimensional sector of the core and reflector was modelled along with the shell for this 
analysis, as shown in Fig. VI-6.  


FIG. VI-6. 30° sector used for the analysis.


A 20-noded element was used. The thermal contact resistance, between the graphite fuel tubes 
and beryllium oxide blocks and between beryllium oxide and graphite blocks, was assumed to 
be negligible. A uniform volumetric heat generation load was applied in each of the fuel tubes 
to simulate the effect of nuclear heat production. An additional 250 kW of volumetric heat 
generation was assumed for the total moderator heat generation rate. Appropriate convection 
heat transfer coefficients were applied to the inner diameter of the fuel tubes. The coolant 
temperature in the fuel tube was assumed to be 450°C at inlet and 600°C at outlet. All other 
surfaces were assumed to be adiabatic. The temperature contours obtained are shown in 
Fig. VI-7. The maximum temperature of the fuel during normal operating conditions is seen 
to be about 1010ºC.  
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FIG. VI-7. Temperature contours (in ºC) calculated under steady state conditions. 


VI-7. Stress analysis of the core components 


Stress analysis of graphite fuel tube 


The temperature distribution obtained in the three-dimensional thermal analysis was used to 
estimate the stresses expected in the fuel tube under normal operating conditions, primarily 
arising from thermal gradients. The analysis has shown that that the maximum principal stress 
in the fuel tube is around 4.2 MPa, which is lower than the allowable stress in the case of 
graphite. Figure VI-8 shows the stress contours for the fuel tube. 


 


FIG. VI-8. Principal stress contours for the fuel tube. 
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Stress analysis of BeO moderator blocks 


From the thermal analysis it is evident that the outer ring moderator block located just above 
the centreline of the core is subjected to the maximum thermal gradients. Initially, the 
individual block thickness was kept at 77 mm. The stresses were calculated and found to be 
higher than desired. Hence, the moderator block thickness was reduced to 50 mm, whereupon 
the first principal stress reduced to acceptable values. The stress contours are shown in 
Fig. VI-9.  


 


FIG. VI-9. Principal stress contour for the BeO moderator block. 


Stress analysis of graphite reflector blocks 


Initially, the outer graphite reflector block of 1300 mm height was considered for the analysis 
as a single piece. In this, the maximum principal stress obtained was found to be higher than 
the allowable one. In the subsequent analysis, the graphite reflector blocks were segmented 
into 6 equal (60º angle) circular sectors. With such as design stage, the principal stresses were 
found to be decreased down to values below the allowable limit. The stress contours are 
shown in Fig. VI-10. 


Stress analysis of BeO reflector blocks 


The block considered in the analysis was selected to be the one with the maximum 
temperature gradient, as obtained from the thermal analysis. The block height was 50 mm. 
Initially, the block was considered as a single piece. The analysis has shown higher stresses 
than desired. Then, the block was segmented into two parts and analyzed again. In such a 
configuration, the stresses were found to be within limits. However, this aspect needs to be 
studied in greater detail in view of all considerations, including the manufacturability of such 
blocks. In the future, alternate designs of BeO reflector blocks will be worked out for further 
analysis. 
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FIG. VI-10. Principal stress contours for graphite reflector block. 


VI-8. Stress analysis of passive power regulation system 


The considered small reactor incorporates a passive power regulation system (PPRS) [VI-2], 
see Fig. VI-11. This system includes a gas header filled with helium gas at moderate pressure. 
The header is attached to a driver tube, which contains lead-bismuth eutectic alloy as the 
driven liquid. The driver tube is housed within a control tube that contains an annular control 
rod made of boron carbide with a material compatible to Pb-Bi at that temperature. The 
annular space between the driver and control tube contains lead-bismuth eutectic, on which 
the control rod floats.  


 


FIG. VI-11. Schematics of the passive power regulation system. 


The space above the liquid level is filled with helium. The PPRS gas header, located in the 
top plenum, is submerged in the coolant and senses the coolant temperature immediately 
downstream of the heat pipes. Under normal operating conditions, the gas header is 
surrounded by coolant at 450°C, the temperature resulting after removal of the reactor power 


Absorber


Pb-Bi eutectic


Driver tube


Control tube


Gas Header


Driver tube


Control tube


Pb-Bi eutectic


Absorber


Helium


11 







by the heat pipes. Any condition (such as non availability of heat pipes), which causes the 
coolant to return at a temperature higher than the normal, would also cause the gas in the gas 
header to heat up. This would lead to a rise in gas pressure in the driver tube and would result 
in a pressure imbalance between the driver and the control tube. This, in turn, would cause the 
level of liquid in the driver tube to go down and that in the control tube to go up. As the 
absorber rod floats on liquid, it would also rise with the liquid level in the reactor core, thus 
inserting negative reactivity. Depending on the temperature rise sensed, the system would 
stabilize at a particular value of reactivity insertion. The PPRS operation was analyzed using 
an in-house developed dedicated computer code. The stress analysis of the PPRS components 
was carried out. The results were found to be within acceptable limits. 


VI-9. Decay heat removal system 


The decay heat removal system consists of a passive means of establishing a low resistance, 
radial heat transport path across gas gaps to the ambient air ultimate heat sink. The system for 
filling the gas gap with liquid metal is shown schematically in Fig. VI-12. Liquid metal is 
stored in an annular reservoir above the upper plenum block. The gas gaps at the radial 
periphery of the reactor are connected to this reservoir by a bank of bent tubes called siphon 
tubes. The gas above the liquid metal in the reservoir communicates with a bulb, which is 
dipped into the coolant in the upper plenum. When all heat removal paths are unavailable, the 
temperature of the coolant will rise. This will cause the gas inside the immersed bulb to 
increase in temperature and, hence, raise the pressure above the liquid metal in the reservoir. 
As a result of this, the liquid metal level in the siphon tube will rise, bend the corner and 
ultimately a siphon is established. As the liquid metal inside the reservoir drops, the pressure 
inside the reservoir decreases, possibly resulting in an interruption of the siphon action. To 
prevent this, a connecting tube is provided. This tube is partially dipped into the liquid metal 
in the reservoir at one end and communicates with the gas tank at the other end. As the liquid 
metal gets transferred from the reservoir, the level in the reservoir drops below the opening of 
the connecting tube, thus equalizing the gas pressure in the gas gap and in the reservoir (the 
gas gaps being also connected to the gas tanks) and, hence, allowing continued transfer of 
liquid metal.  


The height of the siphon tube determines the trigger temperature, - i.e. the temperature at 
which the transfer of liquid metal from the reservoir to the gas gaps is initiated. If the trigger 
temperature is set too close to the core outlet temperature under normal operating conditions, 
it may lead to spurious trigger of the system. Hence, a 100°C margin is provided between the 
trigger temperature and the normal operating outlet temperature. The siphon tubes were 
designed using molten thin (at 600°C) as the working liquid. 


The liquid level was determined by the need to provide adequate inventory of liquid metal in 
order to fill the gas gaps. As the gas gaps get filled up, the difference in liquid metal levels in 
the reservoir and gas gaps decreases, hence, decreasing the driving head of the siphon. It is 
therefore necessary to provide some extra inventory in the reservoir so that adequate level 
difference is maintained as the gas gaps get nearly filled up, thus ensuring their filling in 
reasonable time. In the current design, and excess inventory of 30% has been assumed. 


Dimensions of the reservoir were determined from the consideration of the available space; 
they are ~1000 mm (inner diameter) and ~1550 mm (outer diameter). From a consideration of 
redundancy, the reservoir is subdivided into twelve segments to ensure at least partial filling 
of the gas gaps, if one of them fails. Each of these segments has its won complement of gas 
bulb, siphon tube, connecting tube and siphon tubes and, therefore, can act independently of 
the others. Each reservoir is provided with six sets of siphon tubes in order to ensure an 
optimum flow area. 
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FIG. VI-12. Schematic of decay heat removal system. 


The flow of liquid metal (once the siphon has been established) can be modelled by using a 
one-dimensional form of the momentum conservation equation. In the current study, a finite 
volume methodology has been used to solve the equation while taking care of all minor losses, 
such as bends, entries and exits. The variation of level in the gas gaps, as obtained for the 
current design, is shown in Fig. VI-13 with molten tin at 600°C as the working fluid.  
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FIG. VI-13: Variation of liquid metal level in gas gap with time during operation of the gas 
gap filling system. Level of 1.3 m, corresponding to the height of core and the axial reflector, 


is marked. 
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The level of 1300 mm, which corresponds to the combined height of the core and the axial 
reflectors, is marked. It corresponds to the region from which the removal of heat is most 
critical and is attained in about 7.2 seconds. It may be noted that the equilibrium level is 
attained at a liquid level much higher than 1300 mm, as extra inventory has been provided for 
in the reservoir. 


Temperature distribution during decay heat removal 


When the reactor with irradiated fuel is shut down, decay heat is produced in the reactor, 
which is expected to be initially around 5 – 6% of the reactor power. In the considered reactor, 
a passive system has been incorporated to dissipate the decay heat produced. This system 
involves filling the gas gaps with molten metal, so as to facilitate conduction flow of the 
reactor heat to the outside air ambient heat sink.  


 


 


FIG. VI-14. Temperature contours (in °C) during decay heat removal by the 
gas gap filling system. 
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The analysis was carried out using finite element method considering a conduction heat 
transfer mode in order to determine the prevalent temperatures in the various components of 
the reactor during the reactor shut down. Using 30° r-θ symmetry of the reactor core, a 1/12th 
two-dimensional sector of the core and reflector was modelled along with shells, gas gaps and 
fins. A 4-noded element was used. The thermal contact resistance between the graphite fuel 
tubes and beryllium oxide blocks and between beryllium oxide and graphite blocks was 
assumed negligible. A uniform volumetric heat generation load of 300 kW was postulated for 
each fuel tube to simulate the effect of decay heat. No convection heat transfer coefficients 
were applied to the inner diameter of the fuel tubes. The coolant temperature in the fuel tube 
was assumed to be 600°C. All other surfaces were assumed to be adiabatic. The analysis was 
done with three alternate filling materials in the gas gap, namely, tin, indium, and Pb-Bi. The 
temperature contours so obtained are shown in Fig. VI-14 above. A comparison of the 
temperature profiles for the three molten metals is shown in Fig. VI-15. 
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FIG. VI-15. Temperature profiles for gas gaps filled with the three molten metals. 


VI-10. Design of an interface for heat removal during normal operation 


In order to utilize the produced high temperature heat, a system of heat utilizing interface 
vessels has been incorporated in the design. These vessels are designed to provide appropriate 
interface for the various high temperature heat utilizing systems, such as direct 
thermo-electric conversion systems to produce electricity, hydrogen production system, etc. 
These vessels would be acting as secondary heat exchangers and, thus, would prevent 
contamination of the above-mentioned heat utilizing system components. The vessel basically 
consists of a pool of Pb-Bi eutectic coolant. The pool receives heat from the upper plenum of 
the reactor through a system of the potassium heat pipes. The coolant in the pool can either be 
circulated through an intermediate heat exchanger or, alternately, thermo-electric generators 
can be mounted on the walls of these vessels to produce electricity in a passive mode.  
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In order to transfer heat from upper plenum of the reactor to the heat utilizing vessels, a 
system of liquid metal heat pipes is provided, operating at temperatures of 600°C, positioned 
in vertical direction such that their evaporator end is immersed in the coolant in upper plenum 
and their condenser end is located in the heat utilizing system interface vessels.  


The heat pipe is a very effective passive device for transmitting heat at high transfer rates over 
considerable distances with extremely small temperature drops. Heat pipes have been 
proposed for this reactor to remove heat, under both normal operating conditions and in 
postulated accident conditions. Computer code HPDATA (Heat pipe design and transient 
analysis) had been developed to simulate and carry out heat pipe design and analysis under 
steady state conditions. The heat pipe operation is dependent on various operating limits, e.g., 
viscous limit, sonic limit, capillary limit, boiling limit, and entrainment limit. The HPDATA 
code is capable of calculating the various operating limits for heat pipe operation and 
performing the parametric variation of these limits for various heat pipe diameters and wick 
configurations, based on empirical correlations. It can also predict the temperature drop 
between the heat pipe ends and the vapour pressure profile inside the heat pipe. The main 
advantage of heat pipes is the passive nature of their operation. Heat pipes in the reactor 
considered have been designed to transfer heat at a rate of 100 kW(th) each. The size of the 
heat pipes was optimized by varying parameters of the screen type wick. It was found that for 
heat removal at the temperatures of around 600°C, potassium heat pipes provide optimum 
performance; therefore, heat removal system based on the potassium heat pipes was selected. 
Various safety limits of heat pipes’ performance were ascertained to ensure safe and reliable 
operation. Schematic layout of the components of the considered reactor is shown in Fig. 
VI-16. 


VI-11. Summary 


To satisfy energy related needs of the Indian population residing in areas difficult to be 
connected to the national or a regional grid system; conceptual design of a 5 MW(th) reactor 
with a long core lifetime is being developed.  


The reactor has been designed to have natural circulation of lead-bismuth eutectic alloy 
coolant to remove reactor heat under normal operation. Thermal hydraulic design of the 
reactor was modified to have a reduced number of downcomer tubes. The three dimensional 
temperature distribution of the entire core was simulated. The results were found to be in 
agreement with the 3-D analysis carried out previously.  


The stress analysis of the core components was performed. For the fuel tube, the BeO 
moderator blocks, and the graphite reflector blocks the stresses were found to be within the 
allowable limits. However, the BeO reflector block design would have to be reviewed 
considering higher prevalent thermal stresses.  


Stress analysis of the passive power regulation system was carried out, and the dimensions of 
the components were accordingly modified.  


The design of a passive decay heat removal system design was developed. It was found that 
with this system it was possible to remove decay heat without exceeding the acceptable fuel 
temperature.  


16 







 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


FIG. VI-16: Component layout of the reactor system. 
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A point kinetics based coupled neutronics-thermal analysis code was developed.  


The reactor physics design was studied for inadvertent control rod withdrawal incidents. 
Following points summarize the findings: 


a) An external reactivity of 2.9 mk, which is equal to the maximum worth a control rod 
in critical configuration, was added in 5 seconds (fast transient) and in 60 seconds 
(slow transient).  


b) The rise in power due to addition of reactivity increases the temperature of the fuel 
and of the fuel tube. In both of the considered transient cases, the power rises and 
stabilizes to about 3 times the initial power. The average fuel temperature rises to 
about 742°C. The temperature limits for the fuel and fuel tube are not exceeded. 


It should be mentioned that presented results were obtained using a very basic point reactor 
model with temperature feedbacks. It would be of interest to analyze a given transient with 
inadvertent withdrawal of a maximum-worth control rod using more accurate 3-D models 
with detailed thermal-hydraulics feedbacks. 
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VI-12. Planned future work  


Future activities on design development for the considered reactor will include: 


a) Analysis of the reactor in transient conditions using the developed point kinetics based 
coupled neutronics / thermal analysis code; 


b) Elaboration of an overall layout of the different components of the reactor. 


c) Modification of the design of the BeO reflector blocks 


Acknowledgements 


Acknowledgements are hereby expressed to the staff members of the Bhabha Atomic 
Research Centre (Mumbai, India) who carried out the presented studies and contributed to the 
development of this ANNEX – Messrs. P.D. Krishnani, I.V. Dulera, N.K. Maheshwari, R. 
Dinesh Babu, A. Gupta, B. Chakraborty, A. Kaushik, A. Basak, A. Borgohain, and P.P. 
Kelkar. 


REFERENCES 


[VI-1] MOORTHY, R.I.K., KRISHNANI, P.D., DULERA, I.V., MAHESHWARI, N.K., 
DINESH BABU, R., Requirements of nuclear energy assisted deliverables in Indian 
remote areas/villages, First year progress report of the IAEA CRPI25001 ‘Small 
Reactors without On-site Refuelling’ by BARC (India): 
http://www.iaea.org/NuclearPower/SMR/crpi25001.html   


[VI-2] KRISHNANI, P.D., et al., Design of a multipurpose nuclear power pack for 
satisfying energy related needs for remote Indian villages, Second year progress 
report of the IAEA CRPI25001 ‘Small Reactors without On-site Refuelling’ by 
BARC (India): http://www.iaea.org/NuclearPower/SMR/crpi25001.html  


[VI-3] GUPTA, A., KRISHNANI, P.D., Analysis of inadvertent control rod withdrawal 
incident in 5 MW(th) nuclear pack, Internal report No. RPDD/HTR/25 BARC, India 
(2008). 


[VI-4] CHAKRABORTY, B., GUPTA, A. KRISHNANI, P.D., Introduction of gadolinium 
as a burnable poison in 5 MW(th) multipurpose compact nuclear power pack, 
Internal Report No. RPDD/HTR/017, BARC, India (2007). 


[VI-5] CHAKRABORTY, B., GUPTA, A. KRISHNANI, P.D., Preliminary reactor physics 
analysis of 5 MW(th) multipurpose compact nuclear power pack, Internal report 
No. RPDD/HTR/016, BARC, India (2006). 


[VI-6] JAGANNATHAN, V., JAIN, R.P., Report: BARC-1515, BARC, India (1990). 


[VI-7] KRISHNANI, P.D., Ann. nucl. Energy, 9, 255, Elsevier Ltd., UK (1982). 


[VI-8] KRISHNANI, P.D, Ann. nucl. Energy, 9, 287, Elsevier Ltd., UK (1982). 


18 



http://www.iaea.org/NuclearPower/SMR/crpi25001.html

http://www.iaea.org/NuclearPower/SMR/crpi25001.html





ANNEX VII  


CANDLE AND MODIFIED CANDLE CONCEPTS FOR  
FAST REACTORS WITH HEAVY LIQUID METAL COOLANT 


Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology (Japan), 
Bandung Institute of Technology (Indonesia) 


VII-1. Introduction 


VII-1.1. What is CANDLE burn-up? 


In conventional nuclear reactors, control rods inserted at the start-up of operation are 
gradually extracted during burn-up of fuel in order to maintain the reactor criticality. Contrary 
to that, CANDLE (Constant Axial Shape of Neutron flux, nuclide densities and power shape 
During Life of Energy production) reactors do not need this kind of control [VII-1 and VII-2]. 
As shown in Fig. VII-1, in CANDLE concept the burning region moves, at a speed 
proportionate to the power output, along the direction of the axis of a natural or depleted 
uranium core. The analogy to a candle is evident. 
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FIG. VII-1. CANDLE burn-up strategy [VII-3]. 


VII-1.2. Principles of CANDLE burn-up 


The CANDLE burn-up strategy can be realized when the infinite-medium neutron 
multiplication factor, kinf, satisfies certain characteristics. A typical change of kinf along the 
core axis in CAANDLE burn-up strategy is shown in Fig. VII-2. Here, the left side 
corresponds to fresh fuel, and the right side corresponds to burned fuel (in the figure, the 
amount of burn-up of fuel increases with moving to the right). The kinf value for fresh natural 
or depleted uranium fuel is less than unity. However, after a certain amount of exposure to 
neutron flux leaking from the burning zone, breeding of plutonium will increase local kinf up 
to more than unity to keep the reactor critical. The wave front of burning will move toward 
the zone of newly bred fissile material and away from the burned zone whose kinf value is 
diminished by fuel burn-up and fission product build-up. 
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FIG. VII-2. Change of kinf along core axis. 
In the area where the fresh natural or depleted uranium fuel region changes to the burning 
region, kinf increases with time. Contrary to that, in the area where the burning region changes 
to the spent fuel region, kinf decreases with time (see vertical arrows in Fig. VII-2). Therefore, 
as the burn-up progresses, the burning region slowly moves in the direction toward the fresh 
fuel region. In a quasi-static state, its position constantly shifts toward the left in Fig. VII-2. 


The nuclear deflagration wave moves slowly (~4 cm/year) due to the innate nuclear physics 
characteristics of breeding. In the steady state of CANDLE burn-up, each nuclide density 
distribution does not change but shifts slowly. It means that one fissile atom is produced for 
each atom fissioned – but with a time delay between consumption of the original fissile atom 
and creation of a replacement fissile atom.  


       23.5min 2.35dayU238 n U239 NP239 e Pu239 e− −+ ⎯⎯→ ⎯⎯⎯→ + ⎯⎯⎯→ +   (1) 


The lifetime of neutrons is ~10-6 sec. But the lifetime of creation of a new fissile 239Pu isotope 
is delayed by the 23.5 min half-life of 239U and the 2.35 day half-life of 239Np. Therefore, in a 
transient such as neutron population surge, the nuclide densities deviate from their 
equilibrium values slightly and some effects may appear. These effects may work for a few 
days, but the deviation of reactivity from zero caused by neutron population surge is 
considered small. It is usually compensated by negative power feedback. 


VII-1.3. Early history of CANDLE burn-up 


This type of burn-up was first described for a subcritical system driven by external neutrons, 
where the conversion ratio is high enough to make the system become critical after a certain 
level of neutron bombardment, and then the burning region starts moving axially with no 
assistance from external neutrons. It was referred to as a burn-up wave, a burning wave, a 
nuclear deflagration wave, a criticality wave, etc. [VII-4 to VII-10]. 


Sekimoto and Ryu [VII-1] proposed CANDLE burn-up independently as a long-life, safe 
reactor concept whose design is similar to conventional fission reactors. The CANDLE 
reactor starts from a critical core composed by easily obtainable materials, which simulates 
the equilibrium core. It does not require a strong external neutron source. The core height is 
comparable to the conventional fission reactors. In this concept, when the burning region 
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arrives at the end of the core, then, by means of a refuelling operation, the spent fuel is 
discharged and fresh natural or depleted uranium fuel is charged into the core, as shown in 
Fig. VII-3, and the wave continues to burn. 
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FIG. VII-3. CANDLE burn-up and refuelling scheme [VII-3]. 


Burn-up of the discharged fuel in CANDLE is very high, usually 40% of the initial heavy 
metal (238U) inventory. It means that the speed of the burning region wave is extremely low 
(~several cm/year). Relatively low power density employed for the CANDLE reactor makes 
the speed even lower. The half width of the power density axial distribution depends on the 
neutron diffusion length and the kinf value as a function of neutron fluence, and is typically 
about 60 cm. Therefore, the height of the reactor core for a CANDLE reactor can be kept 
within the typical limits of core height for fast neutron spectrum reactors. 


VII-1.4. Merits of the CANDLE burn-up 


Although CANDLE burn-up can be applied even in thermal reactors with highly enriched 
uranium and burnable poisons [VII-9 to VII-14], it shows better performance in neutron-rich 
fast reactors [VII-1, VII-15]. Merits of the CANDLE burn-up are the following: 


(1) Effective fuel utilization  


Natural and/or depleted uranium is used as fuel, and 40% of the charged fuel is 
fissioned. This is more than fifty times higher than the natural uranium utilization 
efficacy achievable in light water reactors (LWR).  


(2) Simplicity and safety  


(2-1) Control rod withdrawal accident would never happen during normal reactor 
operation.  


(2-2) Power profile and reactor characteristics such as power feedback coefficients do 
not change during burn-up. Reactor operation is simple and reliable.  


(2-3) Transportation and storage of the replacement fuel is safe and simple, as this fuel 
is just natural or depleted uranium.  


(3) Enhanced proliferation resistance  


Neither enrichment plant nor reprocessing plant is necessary once the system is ignited. 


(4) Small volume of waste  


(4-1) The volume (or weight) of spent fuel per unit of energy delivered is 1/10th of that 
in a typical LWR, since CANDLE fuel is burned up about ten times more than LWR 
fuel. 
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(4-2) The amount of minor actinides is also reduced considerably as they are stored 
longer in the core. 


VII-2. Synopses of studies performed at the Tokyo Institute of Technology 


VII-2.1. Parametric studies of fast reactors with different types of fuel and coolant 


This section summarizes the studies on possible fast reactor designs using CANDLE burn-up, 
as performed in the Tokyo Institute of Technology. 


A CANDLE reactor requires an excellent neutron economy, as it should produce enough 
fissile materials to make the quasi-steady state system critical. Only a fast reactor producing 
enough excess neutrons can realize it. A lead-bismuth eutectic (LBE) cooled metallic fuel fast 
reactor, whose fuel volume fraction is ~50%, can be such a reactor. 


In a parametric study, the effects of different fuel materials and coolants were investigated 
[VII-2, VII-16 and VII-17] for a standard reactor design defined by Table VII-1. The standard 
design is a LBE cooled metallic fuelled fast neutron spectrum reactor. The total thermal 
power output is 3 GW. For the studies, the core height was taken large enough so that the 
effects of boundary conditions at the top and bottom core boundaries produce negligible 
impact of the results of the parametric studies results. It actually means the core height was 
selected infinite for these studies. 


TABLE VII-1. DESIGN PARAMETERS OF STANDARD REACTOR DESIGN [VII-2] 


Total thermal output 3000 


Core and reflector 
dimensions 


Core radius 
Radial reflector thickness 


2.0 m 
0.5 m 


Furl pin data Diameter 
Cladding thickness 
Pellet density 


0.8 cm 
0.035 cm 
75% TD1


Materials Fuel 
Cladding 
Coolant 


U-10%Zr 
HT-9 
LBE 


Fuel volume fraction 50% 


In the parametric studies, first, the fuel was changed from metal alloy to nitride and oxide. 
The calculation results are shown in Table VII-2. Only metal fuel shows the effective neutron 
multiplication factor more than unity, although nitride is quite close to criticality. The burning 
velocity and the average burn-up do not change much for different types of fuel. 


___________________________________________________________________________ 
1 TD is for theoretical density 
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TABLE VII-2. EFFECTIVE NEUTRON MULTIPLICATION FACTOR, BURNING 
VELOCITY AND SPENT FUEL BURN-UP FOR DIFFERENT FUEL 
MATERIALS [VII-2] 


Fuel material Metal Nitride Oxide 


Multiplication factor 1.015 0.99 0.926 


Burning velocity (cm/s) 1.2×10-7 1.1×10-7 1.5×10-7


Average burn-up (GW day/t) 426 445 452 


Given metal alloy fuel, Table VII-3 shows the calculation results for different coolants. LBE 
and lead are used in the reflector of the LBE and lead cooled reactor, respectively. Stainless 
steel HT9, which is used as structure and cladding material, is employed in every case. 
Helium shows good performance as comes to neutron economy. Sodium gives the worst 
result from the point of view of neutron economy, but the neutron multiplication factor is still 
more than unity. The burning velocity and average burn-up are not much different for 
different coolants. 


TABLE VII-3. EFFECTIVE NEUTRON MULTIPLICATION FACTOR, BURNING 
VELOCITY, AND SPENT FUEL BURN-UP FOR DIFFERENT COOLANT 
MATERIALS [VII-2] 


Coolant material LBE He Pb Na 


Multiplication factor 1.015 1.035 1.012 1.006 


Burning velocity (cm/s) 1.2×10-7 1.2×10-7 1.3×10-7 1.2×10-7


Average burn-up (GW day/t) 426 413 427 415 


The speed of the burning region is about 4 cm/year. It is small enough for realizing a long-life 
reactor. Even 20 years of operation would require only about 80 cm, which is less than the 
axial length of the burning region. The average burn-up of spent fuel is about 400GW day/t 
which amounts to a very high value equal to about 40 % of the initial natural uranium load. 
Such degree of fuel utilization is much higher than in a typical LWR which can utilize only 
about 1 % of the natural uranium even for the case when fuel reprocessing is employed to 
make use of the plutonium recovered from the LWR’s spent fuel. The utilization of natural 
uranium in the CANDLE concept is comparable to that in a fast breeder reactor (with 
reprocessing, natural uranium utilization in fast reactors is typically 60-70 %). However, 
different from fast reactors, CANDLE needs no fuel reprocessing and is deemed to operate in 
a once-through nuclear fuel cycle. Moreover, once the initial core is started, CANDLE would 
need no enrichment ever. 


VII-2.2. Start-up of the initial core 


The equilibrium core contains a significant inventory of radioactive materials comprised of 
higher actinides and fission products – the amounts that cannot be easily obtained for 
constructing the initial core having the same composition. The construction of the initial core 
is, therefore, a difficult problem; however, several ways could be suggested to solve it. 


The initial core may be realized by supplying enough neutrons from an external neutron 
source as it was already mentioned in Section VII-1.3. However, with such an approach, the 
shape of power changes drastically in the early stage of the first burn-up cycle. The studies 
performed at the Tokyo Institute of Technology [VII-18] revealed an option to construct a 
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critical core using plutonium substituted for the actinides in the equilibrium core. In this 
solution, power profile is similar to the equilibrium one and will evolve to the quasi-static 
equilibrium state without any drastic changes.  


However, the isotopic fractions of plutonium (plutonium vector) vary for different spent fuel, 
and the construction of the first core of CANDLE is not easy when using plutonium from the 
diverse sources of LWR spent fuel. Different from that, the enrichment of uranium can be 
controlled with a good accuracy. The studies performed at the Tokyo Institute of Technology 
[VII-19] proposed a construction of the initial core with enriched uranium substituting for 
actinides in the equilibrium state. The obtained nuclide number densities of 235U and 238U are 
shown in Fig. VII-4. The maximum enrichment is about 13% (shown in this figure around the 
axial position from 350 cm to 400 cm). 
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FIG. VII-4. Nuclide number densities of 235U and 238U on the axis of the initial core [VII-19]. 
Starting from the initial core shown in Fig. VII-4 the effective neutron multiplication factor 
changes as a function of burn-up, as shown in Fig. VII-5. Figure VII-5 indicates that the 
effective neutron multiplication factor oscillates with time in the early stage, but the 
maximum reactivity change shown in the whole transient region is only 0.0008 Δk/k. The 
power density distribution on the core axis for different values of fuel burn-up is shown in Fig. 
VII-6. The power shape remains almost constant but moves at a constant speed in the axial 
direction. 
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FIG. VII-5. Effective neutron multiplication factor versus operation time 
after a start-up with 235U [VII-19]. 


0 


100 


200 


300 


400 


100 200 300 400 500 600


Axial position (cm)


P
o
w


e
r 


de
n
si


ty
 (


W
/
c
m


3
) 


Operating time = 0 day


4000days
8000days 


12000days 


 
FIG. VII-6. Change of power density distribution along burn-up after a 


start-up with 235U [VII-19]. 


VII-2.3. Long-life small reactors 


As LBE coolant is being studied intensively for small reactors [VII-20 and VII-21], options to 
use such a coolant in small CANDLE fast reactors was investigated [VII-22].  


As CANDLE burn-up strategy facilitates designing of a long-life reactor, the Tokyo Institute 
of Technology investigated a long-life CANDLE reactor for different core geometries 
[VII-23]. From the standpoint of neutronics, a very good long-life performance was found. 
Following these studies, a small CANDLE reactor was proposed [VII-23] with the design 
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parameters shown in Table VII-4. The calculated neutronic and thermal characteristics of this 
reactor are shown in Table VII-5. In this concept the power density was chosen lower than in 
the previously considered larger reactors; therefore, the observed burning region velocity is 
also lower. 


TABLE VII-4. CORE DESIGN PARAMETERS FOR SMALL CANDLE REACTOR 
[VII-23] 


Parameter Value 


Total thermal power, MW 200 


Core height, cm 200 


Core radius, cm 100 


Reflector thickness, cm 50 


Coolant channel diameter, cm 0.453 


Cladding thickness, cm 0.035 


Fuel pin diameter, cm 1.132 


Fuel material 
15N-enriched natural 


uranium nitride 


Cladding material HT-9 


Coolant material Pb-Bi (44.5%-55.5%) 


Core inlet temperature, K 600 


Core outlet temperature, K 800 


TABLE VII-5. CALCULATION RESULTS FOR SMALL CANDLE REACTOR [VII-23] 


Characteristic Value 


keff 1.0001 


Burning region velocity, cm/year 0.7 


Core average discharge fuel burn-up, % heavy metals 40.2 


Core average discharge fuel burn-up, GW day/t U 374.2 


Peak fuel temperature 824 


Peak cladding temperature 801 


The simulations of some severe accidents were also performed [VII-24] and the obtained 
results show acceptable performance of this reactor in all accidents considered. 


VII-2.4. Practical considerations 


While from a physical standpoint CANDLE allows attaining up to 40% consumption of the 
feedstock natural uranium without reprocessing, from a material performance standpoint it is 
non-the-less necessary to remove, on a periodical basis, partially burned fuel assemblies from 
the reactor for a re-cladding, before their re-insertion back to the core for the completion of 
the burn-up cycle. This is needed because the accumulated fast neutron fluence on the 
cladding degrades its structural integrity long before a 40% fuel burn-up is reached. 
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An additional practical consideration arises from the power shape shown in Fig. VII-7 (b) for 
the strict CANDLE burn-up strategy. This shape was obtained as the steady-state (converged) 
distribution for an infinite length of the core. As the power density peaks in the centre of the 
core and decreases in the radial direction, the central part goes front and the surrounding 
region follows it. The neutron diffusion effect connects these parts. Every part of the burning 
region moves at the same speed. However, this shape requires a longer core lifetime and a 
lower power density. 


A more recent study by the Tokyo Institute of Technology [VII-25, VII-26] employed 
pin-type fuel with the re-cladding being employed whenever the maximum fast neutron 
fluence attains its maximum allowable value. The amount of discharged fuel was chosen 
properly at each radial position to make radial power distribution flat. Such burn-up cycle was 
called MOTTO (Multi-channel once-through-then-out) cycle. In the case of MOTTO, the 
same fuel utilization characteristics could be achieved with a shorter core, as shown in 
Fig. VII-7(a). 


 


wave motion


             (a) MOTTO cycle           (b) strict CANDLE burn-up 


FIG. VII-7. Power distributions for MOTTO cycle and strict CANDLE burn-up 
[VII-25, VII-26] 


VII-2.5. Evaluation of CANDLE potential 


Nuclear power has certain issues related to safety, waste disposal and non-proliferation. This 
section provides a short summary of how a CANDLE bur-up strategy could facilitate the 
resolution of these issues [VII-3, VII-18]. The summary also touches upon issues of 
CANDLE economy and addresses CANDLE potential in securing sustainability of nuclear 
power in terms of the material resources. 
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Economy 


The CANDLE reactor is essentially simple, which could contribute to lower construction 
costs and lower operation and maintenance costs. 


The fuel cycle for this reactor is also simple and only natural or depleted uranium based fuel 
is required as a reload once the reactor is ignited. This could contribute to lower fuel cycle 
costs for CANDLE reactors. 


At the same time, CANDLE reactors have relatively low average core power density, which 
would result in higher capital cost per unit power rate. Flattening of the radial power 
distribution by applying different fuel pin designs in different radial positions of the core 
could help increase the average core power density and reduce the specific capital cost. 


Simplicity and safety 


Burn-up reactivity control is not required for CANDLE burn-up. Therefore, the reactor 
control becomes simpler. The excess burn-up reactivity becomes zero, and the reactor 
becomes free from reactivity-induced accidents in operating conditions. 


Nuclide density distribution for each nuclide does not change with burn-up in the burning 
region. Therefore, the reactor characteristics, such as power peaking and power coefficient of 
reactivity, do not change with burn-up. Evaluation of the core conditions becomes simple and 
reliable. The reactor operation strategy remains unchanged for different burn-up stages. The 
inaccuracy of present burn-up calculations is much less important for this reactor compared to 
conventional nuclear reactors. 


As the radial power profile does not change with fuel burn-up when shuffling is employed, 
the required coolant flow rate for each coolant channel does not change also. Therefore, the 
orifice control of coolant flow rate versus fuel burn-up is not required. Possible operator 
errors are, in this way, avoided. 


Fresh fuel after the second cycle is either depleted or natural uranium. The risk for criticality 
accident with such fuel during transportation and storage is negligible. 


Proliferation resistance 


From a non-proliferation standpoint, enrichment and reprocessing are generally considered to 
be the most sensitive parts of a nuclear fuel cycle, as both the enrichment and the reprocessing 
plant involve bulk handling of the fissile materials essential to nuclear weapons production. 


Enriched fuel is not required for CANDLE operation except for the very first burn-up cycle. 
After the CANDLE core is ignited, only natural or depleted uranium is being charged into the 
reactor core. If the fuel for the first cycle is available from legacy inventories, neither the 
enrichment nor a reprocessing plant at all would be required, which is a feature contributing 
to enhanced proliferation resistance. 


Radioactive waste 


The amounts of nuclides in the discharged fuel per unit of produced energy are shown in 
Table VII-6, where once-through fuel cycle of a pressurized water reactor (PWR) is compared 
with that of a CANDLE reactor and a fast breeder reactor (FBR) operating in a closed nuclear 
fuel cycle. The amounts specified for a FBR correspond to the equilibrium cycle [VII-27]. 


The present light water reactor (LWR) burns about 4% of the inserted fuel, which is initially a 
~4% enriched uranium. Different from that, the burn-up of the spent fuel for a CANDLE 
reactor is about 40% of the inserted fuel, i.e., ten times higher than that in a LWR. Therefore, 
the spent fuel amount per unit of the produced energy in CANDLE would also be one-tenth of 
that of a LWR. As the burn-up of the discharged fuel in CANDLE is three times as high as in 
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a FBR, the spent fuel amount for CANDLE is one-third of that of a FBR (if one don’t take 
into account the effect of recycling of FBR fuel). 


TABLE VII-6. AMOUNTS OF NUCLIDES IN DISCHARGED FUEL PER UNIT OF 
PRODUCED ENERGY (KG/GW DAY) [VII-27] 


 PWR FBR CANDLE 


Total spent fuel 


Total Pu 
239Pu 


Total minor actinides 


Total fission products 


26.4 


0.25 


0.13 


0.024 


1.02 


7.6 


1.14 


0.65 


0.036 


0.99 


2.6 


0.24 


0.15 


0.009 


0.98 


Total plutonium amount in the spent fuel of CANDLE is the same as for a PWR, but only 0.2 
of that of a FBR. Total amount of minor actinides 0.009 in the spent fuel of CANDLE is 
considerably smaller compared to all other variants, 0.024 of that in a PWR and 0.036 of that 
in a FBR. 


Separation of fission products from spent fuel and vitrification of high-level radioactive waste 
may reduce the amount of high level waste, but the reprocessing steps create a large amount 
of low level radioactive waste (if traditional reprocessing technology based on aqueous 
methods is used). Once-through fuel cycles of CANDLE and PWR avoid such amounts of 
waste. 


Sustainability 


In CANDLE, the discharged fuel burn-up is about 40% of heavy atoms or 400 MW day/t 
heavy metals. It means that 40% of natural uranium gets burned for energy production 
without the need of any reprocessing or enrichment (once the initial starting core is 
constructed). 


The present day once-through fuel cycle based on ~4% enriched uranium in LWR burns for 
energy production only 4% of the inserted fuel, which corresponds to the utilization of about 
0.7% of the original natural uranium whereas about 87% of the original natural uranium is left 
unutilized, as depleted uranium. If this depleted uranium was to be utilized as the fuel for the 
CANDLE reactor, then 35% (=0.87×0.4) of the original natural uranium could be fissioned 
for societal energy use. Therefore, if a LWR has already produced the energy of X Joules, the 
CANDLE reactor can produce about 50X Joules from the depleted uranium stored at the 
enrichment facility for LWR fuel. 


Assume LWRs have already produced energy over 40 effective full power years and the 
nuclear energy production rate will not change in the future. Then, the CANDLE reactors 
could produce the same energy for the next 2000 years by using the depleted uranium 
remaining from fuel enrichment process used to produce fuel for the above mentioned LWRs, 
see Fig. VII-8. In this, there would be no need for further mining or reprocessing of spent 
fuel. 
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FIG. VII-8. CANDLE reactor operation after LWR operation [VII-3]. 


Studies performed at the Bandung Institute of Technology (ITB) focused on the modified 
CANDLE long-life fast reactors. Discussion in the following sections is structured into two 
parts: (1) general description of the modified CANDLE, and (2) ongoing research on the 
modified CANDLE in ITB. 


VII-3. Synopses of studies performed at the Banding Institute of Technology (ITB), 
Indonesia 


VII-3.1. General description of the modified CANDLE [VII-28] 


In previous years, ITB conducted studies of long-life fast reactors in which fuel load is natural 
uranium, but the system is not based on the continuous burning process of natural uranium, 
such as CANDLE. Instead, fuel shuffling was assumed to be performed in the radial direction 
of the core. The motivation for ITB studies of NPP concepts with natural uranium fuel load 
stemmed from the acknowledgement that nuclear fuel enrichment and nuclear fuel 
reprocessing are the two most sensitive issues related to non-proliferation, especially, when 
these fuel cycle components are considered for developing countries. However, without these 
two processes (or, at least, one of them) the optimal nuclear energy utilization is difficult to be 
achieved. 


Studies of the CANDLE type burn-up scheme in ITB started in 2007, in collaboration with 
the Tokyo Institute of Technology. The modified CANDLE burn-up modelling can use 
conventional nuclear reactor analysis tools, i.e., conventional cell homogenization and cell 
burn-up calculation codes combined with a multi-group diffusion calculation of the reactor; 
however, an iteration process is needed to get a proper power distribution for a certain reactor 
configuration. 


In the modified CANDLE burn-up scheme the core is divided into several axial zones of 
equal volume. Then, a refuelling scheme is defined in which the fuel made of natural uranium 
is put initially in the first region for a period of T years, then moved to region 2 also for T 
years, and then is moved to region 3 for T years, and this process is continued until it reaches 
the final region, again for T years of burn-up, see Fig. VII-9. 


As an example, natural uranium is initially put in region 1, after one cycle of 10 years of 
burn-up it is shifted to region 2 and region 1 is filled by fresh natural uranium fuel. This 
concept is basically applied to all regions, see Fig. VII-9. Such a process can be thought of as 
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a lagrangian frame of reference modelling of a particular zone as the burn-up wave passes 
over it. 
 


10 years Cycle I       10 years Cycle I+1 


 


FIG.VII-9. Overview of the modified CANDLE fuel burn-up scheme. 
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The burn-up versus zone information can be used to decide when the fuel should be taken out 
of the core - this is conditioned by the preferred level of fuel burn-up and by a contribution to 
the core criticality. If one needs a high level of fuel burn-up, then the fuel should be allowed 
to stay inside the core as long as possible. On the other hand, if the burn-up level needs to be 
limited, then the policy could be to take out the fuel with a certain level of burn-up and 
re-optimize the core using the previous level of fuel burn-up. 


Calculations were performed using the SRAC-CITATION core system [VII-29]. In the 
beginning the power density level in each region is assumed, and then the burn-up 
calculations are carried out using the assumed data. The burn-up calculations were performed 
using a cell burn-up model in the SRAC code which then gives eight-energy-group 
macroscopic cross section data to be used in a two dimensional R-Z geometry multi-group 
diffusion calculation. The average power density in each region determined from the diffusion 
calculation is then iterated back to the SRAC code for cell burn-up re-calculation. The 
iterations are repeated until the convergence is reached. For safety analysis, methods and 
codes previously developed and upgraded at ITB have been adopted. 


Realization of the modified CANDLE would require high conversion or breeding in the 
reactor core. To achieve the required breeding, high fuel volume fraction in the core and the 
use of dense nitride based fuel were considered (60% fuel volume fraction was selected). The 
core was then optimized to fulfil the criterion of maintaining the criticality during 10 years of 
continuous operation using the proposed refuelling scheme. Table VII-7 shows main 
parameters of the sample designs investigated in the ITB study. Fig. VII-10 shows the infinite 
multiplication factor behaviour versus fuel burn-up. The kinf value is increasing continuously 
up to 32 × 2 = 64 years of burn-up due to the accumulation of plutonium converted from 238U. 
After this period of time, the accumulation of fission products and a significant reduction of 
the amount of 238U result in a decrease of the kinf upon further burning. 


TABLE VII-7: SAMPLE CORE PARAMETERS 
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Parameter Value/description 


Power, MW(th) 800 


Number of equal-volume regions in the core 10 


Sub-cycle length, years 10 


Fuel type Nitride (UN-PuN) 


Fuel volume fraction 60% 


Cladding volume fraction 12.5% 


Coolant volume fraction 27.5% 


Fuel element diameter 1.2 cm 


Coolant type Pb-Bi 


Axial width of each region 17.5 cm 


Active core radius 130 cm 


Reflector radial width 50 cm 


Reflector axial width 50 cm 
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FIG. VII-10. kinf change during fuel burn-up. 


Figure VII-11 shows the effective multiplication factor versus fuel burn-up. It tends to 
increase continuously. 
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FIG. VII-11. keff change during fuel burn-up (time is in 2-year units). 


Figure VII-12 shows the power distribution along the core axis. It can be seen that the power 
output is mainly contributed by the area with high values of the infinite multiplication factor 
correlated to the large amount of fissile inventory. 
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FIG. VII-12. Axial power distribution along the core centreline (W/m3). 


 


15 
 







VII-3.2. Ongoing research activities for the modified CANDLE burn-up strategy 


The ongoing studies of the modified CANDLE burn-up approach in ITB focus on 
optimization of the shuffling scheme to reach a better thermal power distribution 
performance, more flexible maximum burn-up output, and also more flexible size and power 
levels of the reactor. In addition to this, more detailed design considerations are being taken 
into account.  


As an example, Fig. VII-13 and Fig. VII-14 show the performance of a NPP using the 
so-called twin modified CANDLE burn-up strategy, in which the fuel shuffling scheme 
shown in Fig. VII-9 is applied both in axial and in radial directions of the core. 
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FIG. VII-13. Fuel burn-up history for the twin modified CANDLE. 
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FIG. VII-14. kinf changes during burn-up history for the twin modified CANDLE. 


In the original version of the modified CANDLE the maximum fuel burn-up varied between 
~25% of heavy metals and more than 40% of heavy metals. Using the twin modified 
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CANDLE, one can attain a more practical maximum burn-up of 20% of heavy metals, but the 
shuffling scheme becomes more complicated because the core is radially divided into two 
regions, in addition to axial division. 


VII-4. Conclusion 


This ANNEX summarizes the developments of the CANDLE (constant axial shape of neutron 
flux, nuclide densities and power shape during life of energy production) concept of fuel 
burn-up, highlighting both the historical and more recent developments and possible 
applications of this concept to fast reactors with hard neutron spectrum. The focus is on the 
activities carried out in the Tokyo Institute of Technology (Japan) and the Bandung Institute 
of Technology (Indonesia). 


In the CANDLE concept (also referred to as a burn-up wave, a burning wave, a nuclear 
deflagration wave, a criticality wave, etc.) the burning region moves, at a speed proportionate 
to the power output, along the direction of the axis of a natural or depleted uranium core. The 
movement is conditioned by the burn-up of fuel in a relatively thin axial region of the core 
where fissile materials are present at the moment, and by the breeding of new fissile materials 
in the adjacent axial layers of the depleted or natural uranium based core. External load of 
fissile materials is needed only once to ignite the CANDLE core. The CANDLE reactor can 
be started from a critical core composed of external materials such as enriched uranium or 
mixed uranium and plutonium axially distributed in the core to simulate the equilibrium 
CANDLE core conditions. 


To be feasible from a neutronic point of view, the CANDLE concept needs a reactor design 
with high conversion ratio, not less than unity. The studies presented in this ANNEX indicate 
that liquid metal cooled fast reactors with high volume fraction of fuel in the core and with 
dense metallic or nitride fuel are capable of operating in a CANDLE mode from the neutronic 
point of view. 


Burn-up of the discharged fuel in CANDLE is very high, usually 40% of the initial heavy 
metal (238U) inventory. It means that the speed of the burning region wave is extremely low 
(~several cm/year). Relatively low power density employed for the CANDLE reactor makes 
the speed even lower. The half width of the power density axial distribution depends on the 
neutron diffusion length and the kinf value as a function of neutron fluence, and is typically 
about 60 cm. Therefore, the height of the reactor core for a CANDLE reactor can be kept 
within the typical limits of core height for fast neutron spectrum reactors. 


An attractive feature of the CANDLE burn-up strategy is that it has a potential to offer a very 
high degree of utilization of natural uranium (40%) in a once-through fuel cycle with no 
reprocessing of spent fuel. Different from that, the present day LWRs operating in a once-
through fuel cycle utilize only 0.7% of the natural uranium. In this, the enrichment is needed 
only once to ignite the CANDLE core, and later the reactor could operate for many decades 
with only natural or depleted uranium being loaded. Alternately, some legacy fissile materials 
could be used to ignite the first core, and then the enrichment would not be needed at all. 


While from a physical standpoint CANDLE allows attaining up to 40% consumption of the 
feedstock natural uranium without reprocessing, in the current time there are no known 
materials capable of withstanding such burn-ups (fast neutron fluence on the cladding would 
degrade its structural integrity long before a 40% fuel burn-up is reached). To cope with this 
issue, a concept of periodical re-cladding was proposed and examined in the Tokyo Institute 
of Technology. 


In the studies performed at the Bandung Institute of Technology, a modified CANDLE 
concept was considered, in which the core is divided into several axial zones of equal volume. 
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Then, a refuelling scheme is defined in which the fuel made of natural uranium is put initially 
in the first region for a period of T years, then moved to region 2 also for T years, and then is 
moved to region 3 for T years, and this process is continued until it reaches the final region, 
again for T years of burn-up. The modified CANDLE burn-up and, specifically, the twin 
modified CANDLE burn-up (in which the fuel shuffling scheme outlined above is applied 
both in axial and in radial directions of the core) were shown to be able to attain a more 
practical maximum burn-ups of 20% of heavy metals, compared to 40 % of heavy metals in 
the original CANDLE. 
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