
 

 

 

INTERNATIONAL BIOSPHERE MODELING ACTIVITIES 
APPLICABLE TO HIGH-LEVEL RADIOACTIVE WASTE 

MANAGEMENT REGULATORY PROGRAMS  

 

Prepared for 

 

U.S. Nuclear Regulatory Commission 
Contract NRC–02–07–006 

 

Prepared by 

 

Patrick LaPlante1 
James Durham1 

Secil Davis2 

 
1Center for Nuclear Waste Regulatory Analyses 

San Antonio, Texas 

2Southwest Research Institute® 
San Antonio, Texas 

September 2011 



ii 

ABSTRACT 

International programs involved in licensing high-level radioactive waste disposal facilities have 
conducted biosphere modeling as part of performance assessments to evaluate long-term 
safety of proposed repositories.  Past and present international scientific collaborations provide 
insights to the scientific bases, uncertainties, and challenges associated with established 
biosphere modeling practices and methodologies.  This report provides summaries of biosphere 
modeling efforts in international programs of nine countries and collaborative international 
technical activities that support biosphere modeling.  A brief update on recent recommendations 
of the International Commission on Radiological Protection is also provided.  Review of 
international activities related to biosphere modeling broadens the information base to 
support staff evaluation of potential technical and regulatory issues applicable to future 
U.S. Nuclear Regulatory Commission waste management regulatory programs. 

  



iii 

CONTENTS 

ABSTRACT ................................................................................................................................... ii 
FIGURES ..................................................................................................................................... iv 
ACKNOWLEDMENTS .................................................................................................................. v 

1 INTRODUCTION ................................................................................................................ 1-1 

2 BIOSPHERE MODELING IN INTERNATIONAL HIGH-LEVEL RADIOACTIVE WASTE 
MANAGEMENT PROGRAMS ............................................................................................ 2-1 
2.1 Belgium ...................................................................................................................... 2-1 
2.2 Canada ...................................................................................................................... 2-4 
2.3 Finland ....................................................................................................................... 2-6 
2.4 France ..................................................................................................................... 2-11 
2.5 Germany .................................................................................................................. 2-12 
2.6 Japan ....................................................................................................................... 2-13 
2.7 Switzerland .............................................................................................................. 2-15 
2.8 United Kingdom ....................................................................................................... 2-16 
2.9 Sweden .................................................................................................................... 2-18 

3 INTERNATIONAL TECHNICAL COLLABORATIONS ON BIOSPHERE MODELING ....... 3-1 

4 RECENT RECOMMENDATIONS OF THE INTERNATIONAL COMMISSION ON 
RADIOLOGICAL PROTECTION ........................................................................................ 4-1 

5 SUMMARY AND CONCLUSIONS ...................................................................................... 5-1 

6 REFERENCES ................................................................................................................... 6-1 
 

 
 

  



iv 

FIGURES 

Figures Page 

2-1 Model of the Biosphere for the Mol-Dessel Nuclear Zone Showing Exposure 
Pathways of Humans Following the Transfer of Radionuclides From the Aquifer to 
the Biosphere ................................................................................................................. 2-5 

2-2 The Full Reference Area with Locations of Lakes and Mires Selected as Reference 
Objects.  The Model Area Refers to the Area Included in the Terrain and Ecosystem 
Development Model, and the Dependent Radionuclide Transport Model ...................... 2-8 

2-3 Conceptual Model for the Radionculide Transport and Exposure Pathways to 
Calculate Dose Conversion Factors in Two Well Scenarios ........................................ 2-10 

2-4 Conceptual Model of Transfer Processes of the Japan Nuclear Cycle Development 
Institute Biosphere Model ............................................................................................. 2-14 

2-5 Conceptual Representation of the NAGRA TAME Biosphere Model  
Exposure Pathways ..................................................................................................... 2-17 

4-1 Continuous Neutron Radiation Weighting Factor Recommended by ICRP in 2007 ...... 4-2 

  



v 

ACKNOWLEDGMENTS 

This report was prepared to document work performed by the Center for Nuclear Waste 
Regulatory Analyses (CNWRA®) for the U.S. Nuclear Regulatory Commission (USNRC) under 
Contract No. NRC–02–07–006.  The activities reported here were performed on behalf of the 
USNRC Office of Nuclear Material Safety and Safeguards, Division of High-Level Waste 
Repository Safety.  This report is an independent product of CNWRA and does not necessarily 
reflect the view or regulatory position of USNRC. 

The authors wish to thank James Durham and Razvan Nes for their technical reviews, 
James Winterle for his programmatic and editorial reviews, and Arturo Ramos for his 
administrative support. 

QUALITY OF DATA, ANALYSES, AND CODE DEVELOPMENT DATA 

DATA:  No CNWRA-generated original data are contained in this report.  Sources of other data 
should be consulted for determining the level of quality of those data.   

ANALYSES AND CODES:  No CNWRA-generated code runs or results are included in this 
report.  Other sources of analyses and codes are described and the referenced sources should 
be consulted for determining the level of quality of those analyses and codes.   



1-1 

1 INTRODUCTION 

The U.S. Nuclear Regulatory Commission (NRC) site-specific regulations for licensing a 
high-level radioactive waste (HLW) repository in 10 CFR Part 63 require the applicant to 
conduct a repository performance assessment that considers biosphere and receptor 
(i.e., the reasonably maximally exposed individual) characteristics to evaluate the safety of a 
proposed facility over long future time frames.  International programs involved in licensing 
HLW disposal facilities have also applied performance assessment methods to evaluate the 
safety and effectiveness of proposed repositories to isolate wastes from nearby populations and 
the environment.  Although the depth of biosphere analyses can vary depending on the specific 
program and regulations, programs that involve dose calculations to evaluate facility 
performance typically consider some form of biosphere modeling that considers receptor and 
biosphere characteristics and the environmental pathways that lead to exposure from future 
releases of radioactive materials.   

If future NRC HLW management regulatory programs continue to include dose calculations, 
these efforts may benefit from understanding how other international waste management 
regulatory programs presently consider and implement biosphere modeling in safety evaluations 
of proposed facilities.  Additionally, understanding the focus of past and present international 
scientific collaborations provides insights to the scientific bases, uncertainties, and challenges 
associated with established biosphere modeling practices and methodologies.  Technical 
challenges associated with modeling complex environmental systems and the potentially 
voluminous data and input parameter requirements have motivated past biosphere modeling 
practitioners to participate in these collaborative scientific activities and consortia to enhance 
consistency, resolve complex technical and policy issues, and leverage scarce resources.  

Biosphere modeling in HLW regulatory programs typically involves the portion of a total-system 
performance assessment model that uses biosphere and receptor characteristics to calculate 
receptor doses from estimated radionuclide releases following environmental transport modeling 
of releases to the environment (biosphere) where the receptor is assumed to live.  The broad 
concepts of receptor and biosphere are typically reasonably conservative hypothetical 
generalizations and/or representative simplifications of actual site conditions that allow a degree 
of quantification for radiation protection purposes of the environmental and societal factors that 
can contribute to radionuclide exposures from postulated or estimated future facility releases.  

The following chapters of this report provide summaries of biosphere modeling efforts in 
international programs of nine countries and collaborative international technical activities that 
support biosphere modeling.  A brief update on recent recommendations of the International 
Commission on Radiological Protection (ICRP) is also provided.  Review of international 
activities related to biosphere modeling broadens the information base to support staff 
evaluation of potential technical and regulatory issues applicable to future NRC waste 
management regulatory programs.
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2 BIOSPHERE MODELING IN INTERNATIONAL HIGH-LEVEL 
RADIOACTIVE WASTE MANAGEMENT PROGRAMS 

Spent fuel management programs in nine countries were reviewed to understand the current 
status of biosphere modeling activities with emphasis on those aspects that have the potential 
to inform future NRC waste management program activities.  The following sections summarize 
applicable available information provided by each country that was identified in the review.  The 
broad scope of the review limited the depth of information that could be practically presented for 
each program; however, the summaries and cited references are expected to provide a means 
to pursue additional details, if needed.   

2.1 Belgium 

Overview of Program 

The Belgian Agency for Radioactive Waste and Fissile Materials (Organisme National des 
Déchets Radioactifs et des Matières Fissiles/Nationale Instelling voor Radioactief Afval en 
Splijtstoffen or ONDRAF/NIRAS) was established in 1980.  The agency is responsible for 
short-term and long-term radioactive waste management including accounting, transporting, 
processing, storing, and disposing of wastes.  The agency manages the Belgian Nuclear 
Research Center (SCK•CEN) in their efforts to define solutions for the long-term management of 
radioactive wastes.  Belgium reprocesses its commercial spent fuel and vitrifies the resulting 
HLW and is studying the geologic disposal option for the final disposition of this vitrified waste.  
The long-term management of spent-fuel-derived waste is still in the research and development 
stage (ONDRAF/NIRAS, 2001). 

The Belgian long-term HLW management program includes support for safety studies that 
involve performance assessment modeling and biosphere modeling.  Objectives of the research 
being conducted by SCK•CEN include (i) enhancing competence in the understanding of the 
behavior of radionuclides in the biosphere; (ii) developing a groundwater-soil-vegetation transfer 
model to assess the long-term impact of perennial vegetation systems on the dispersion of 
radionuclides and contamination of the food chain; (iii) improving knowledge, expertise, and 
international recognition in the research domain of biological effects induced in plants by 
radiation, radionuclide uptake and mixed contaminant conditions; and (iv) developing and 
improving tools and models for assessing the radiological impact on humans and the 
environment (SCK•CEN, 2011). 

Regulatory Framework 

The design and methods of construction, operation, and closure of a deep geologic repository 
must conform to the Belgian and international legislative and regulatory framework governing 
this type of installation, which is both an underground facility and a nuclear facility.  The 
regulations are summarized by five types of requirements addressing: 

 Short- and long-term radiological safety 

 Nonradiological protection of humans and the environment 

 Nuclear safety 
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 Conventional safety, including requirements associated with the construction and 
operation of underground facilities 

 Civil liability 

Belgian radiological protection regulations are based on established principles of radiological 
protection and conform to European directives.  The safety standards for protection of the health 
of workers and the general public include an effective dose limit of 1 mSv [100 mrem] per year 
for individual members of the public from all controllable practices and sources.  The most 
recent Belgian safety assessment compares modeling results with the ICRP recommended 
maximum permitted dose for a deep repository of 0.3 mSv [30 mrem] per year.  
(ONDRAF/NIRAS, 2001) 
 
The research and development program to date (including biosphere related research and 
analyses) has been focused on long-term radiological safety (ONDRAF/NIRAS, 2001). 

Assessment Approach 

As with other international programs, the Belgian approach to biosphere modeling aims to 
assess the radiological impact of radionuclides released from the disposal system into the 
biosphere.  The calculated individual radiological impact metric is the annual effective dose 
for an individual of a reference group.  The reference group is defined as a group 
comprising individuals whose exposure to a source is relatively homogeneous and 
representative of individuals who, among the population, are more exposed to that source 
(ONDRAF/NIRAS, 2001).  

Within the context of the performance assessment model, doses are calculated based on 
different source term models for each of the three waste classes considered, namely, vitrified 
waste, spent fuel, and hulls and endpieces.  In the model, released radionuclides migrate within 
the near field and in the Boom Clay and the activity flux at the interface between the clay and 
the Neogene Aquifer is calculated.  Radionuclide migration in the Neogene Aquifer is modeled 
to calculate the concentrations of radionuclides in the water (i) taken from a well that pumps 
water from just above the disposal facility and (ii) in hydrologically connected rivers.  These 
calculations are identical for the three waste classes evaluated.  The radionuclides then 
transport within the biosphere and the doses are calculated (ONDRAF/NIRAS, 2001). 

The Belgian biosphere assessment approach applies concepts from large-scale international 
projects (the BIOMOVS and BIOMASS programs of the IAEA) that have created a systematic 
methodology for developing conceptual and mathematical models of the biosphere.  The 
scenario development process applied by ONDRAF/NIRAS (2001) involved an analysis of 
applicable features, events, and processes (FEPs) that could influence the long-term evolution 
of the disposal system.  The analysis considered the international list of FEPs developed by 
Nuclear Energy Agency (2000) and eliminated FEPs that had no relevance to safety.  The 
analysis resulted in development of a normal evolution scenario and eight altered evolution 
scenarios (of which six were evaluated qualitatively and two awaited further evaluation).    

The biosphere assessment approach for the normal-evolution scenario assumed the biosphere 
characteristics were constant and do not evolve over time.  The normal-evolution scenario 
involved calculating the dose to an individual of the reference group based on radionuclide flows 
and concentrations in aquifers adjacent to the proposed site.  Given the long assessment 
periods, the biosphere model includes an assumption that the ratios of concentrations in the 
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various compartments of the biosphere remain constant (i.e., equilibrium model), or are an 
average value over time for variable parameters.  

The conceptual model of the biosphere considers radionuclides released by the disposal system 
that are transported by the groundwater until they reach receptors within the biosphere.  For the 
biosphere modeling of the Mol–Dessel nuclear zone, radionuclides can enter the biosphere via 
the following three transport pathways: 

 Wells assumed drilled into the aquifer downgradient from the disposal facility at the point 
of maximum radionuclide concentration 

 Waterways that disperse the contamination 

 Soil penetrated by the roots of plants 

Following transport of radionuclides to the receptor location, the radionuclides in the model 
continue to disperse into the biosphere by transfer to other media, either naturally or as a result 
of human intervention, and become the sources of exposure for humans.  The principal modes 
of transfer within the biosphere at the receptor location include: 

 Contaminated well water used as a source of drinking water, for irrigating crops and 
pastures, and for watering livestock 

 Contaminated water in waterways ingested by fish or that deposit to bottom sediments 

 Radionuclides deposited to contaminated soils from groundwater or irrigation that are 
ingested by livestock or absorbed by the roots of plants that are subsequently ingested 
by livestock or humans 

Finally, the main pathways of radiological exposure are: 

 Ingestion of contaminated drinking water and foods (e.g., fruit, vegetables, milk, 
meat, fish) 

 Inhalation of dust in suspension in the air above contaminated fields and radon exhaled 
by the soil from radium-bearing waste 

 External irradiation of individuals from direct ground surface radiation on contaminated 
fields or riverbanks containing contaminated sediments 

The concentrations of radionuclides in all applicable compartments of the biosphere are used to 
calculate the resulting exposure and the individual dose.  Transfer factors between the various 
compartments of the biosphere (e.g., soil to pasture, cow to milk, etc.), are used to calculate the 
concentrations of radionuclides in the exposure media as a function of the concentrations in 
the receptors.  

Biosphere doses to individuals of the reference group are calculated using the dose coefficients 
recommended by the ICRP as follows: 

 The ingestion dose is the product of the concentrations in drinking water and food, the 
quantities of food consumed annually, and the applicable ingestion dose coefficients 
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 The inhalation dose (only used for farmers in their fields) is the product of the airborne 
radioactive material concentrations, the quantities of contaminated air inhaled annually, 
and the applicable inhalation dose coefficients 

 The external dose (used for farmers in their fields and fishermen on riverbanks) is the 
product of the soil or sediment concentrations, annual exposure times, and the 
applicable external dose coefficients 

The final results of these calculations are expressed as dose conversion factors (i.e., the annual 
maximum dose for a given concentration in the wells, water courses, or soils) 
(ONDRAF/NIRAS, 2001).  Figure 2-1 shows the conceptualization of the biosphere model.  

2.2 Canada  

Overview of Program 

The Nuclear Waste Management Organization (NWMO) is the Canadian agency established to 
implement a long-term strategy for management and eventual disposal of Canada’s nuclear fuel 
wastes.  NWMO is implementing a flexible long-term approach to nuclear fuel waste 
management involving public engagement in three distinct phases of site selection and 
development, culminating after many decades with the construction and operation of a deep 
geologic repository for disposal of the entire Canadian inventory of used fuel.  The first phase of 
the plan, now in progress, is to identify an informed and willing community to host a long-term 
waste management facility. 

Regulatory Framework 

The Nuclear Safety and Control Act of 1997 and the Nuclear Fuel Waste Act of 2002 are the 
main laws that apply to Canada’s long-term management of nuclear fuel waste.  The Nuclear 
Safety and Control Act replaced Canada’s original Atomic Energy Control Act of 1946, and the 
act replaced the Atomic Energy Control Board (AECB) with a new regulatory authority, the 
Canadian Nuclear Safety Commission (CNSC), which licenses all nuclear facilities.  Licensing 
actions for new nuclear facilities (including deep geological disposal) are also subject to 
provision of the Canadian Environmental Assessment Act of 1992.   

All Canadian radioactive waste is subject to the Nuclear Safety and Control Act and its 
regulations (CNSC, 2004).  This includes radiation protection regulations that limit the annual 
effective dose to workers {50 mSv [5 rem]}, pregnant workers {0.04 mSv [4 mrem] for duration 
of a pregnancy}, and non-workers {1 mSv [100 mrem]} (Department of Justice Canada, 2011).  

Assessment Approach 

The objective of the Canadian repository safety program is to evaluate the operational and 
long-term safety of any candidate deep geological repository in order to assess and improve the 
safety of the proposed facility.  In the near-term, before any candidate site has been proposed, 
the safety objective is addressed through case studies, and through improving the 
understanding of important FEPs. 

The relevant FEPs are defined by the context for the safety assessment.  The assessment 
includes consideration of both normal operation and accidents during facility operation, and of  
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Figure 2-1.  Model of the Biosphere for the Mol–Dessel Nuclear Zone Showing 
Exposure Pathways of Humans Following the Transfer of Radionuclides From the 

Aquifer to the Biosphere (ONDRAF/NIRAS, 2001) 
 

both normal and disruptive scenarios for postclosure performance.  It includes assessment of 
potential impacts on workers and public, and on biota, through both radioactive and chemical 
hazards, as well as conventional risks during operations. 

Consistent with the nature of the hazard and the containment capabilities of geological 
repositories, safety assessments are typically carried out for time scales of 1 million years and, 
therefore, FEPs that could affect these attributes are evaluated on such a timescale 
(NWMO, 2009). 

During past glacial cycles, much of Canada was covered by kilometer-thick ice sheets.  In the 
Canadian case studies completed so far, the effects of glaciation on the safety case have been 
qualitatively but not been quantitatively evaluated in terms of potential contaminant release to 
the environment.  Consequently, the NWMO is presently evaluating a “Glaciation Scenario” 
within the context of the hypothetical Third Case Study site on the Canadian Shield.  The 
purpose of this case study is to quantitatively assess the long-term dose implications of glacial 
cycles for a deep geological repository, and to understand the key factors involved  
(NWMO, 2009; Lum and Garisto, 2008; Garisto, et al., 2004). 

Potential public doses were most recently calculated using the AMBER compartmental model 
(Lum and Garisto, 2008).  The model calculates doses based on the radionuclide flux to the 
biosphere, the habits of people in the different climate periods, and the amount of water flowing 
through the surface environment.  A glaciation scenario was evaluated considering two receptor 
groups:  a self-sufficient farmer during the temperate climate state and a hunter-gatherer during 
the permafrost climate state (both receptor groups use the lake as their source of water).  
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Humans are assumed to be absent during time periods in the model when ice covers the 
repository site. 

Biosphere related research in the Canadian program has focused on geochemical properties 
that affect retention of radionuclides in soils (NWMO, 2009; Sheppard, et al., 2006; Sheppard 
and Thibault, 1990).  Recent work has focused on the elements of iodine and selenium that 
have been found to be important in past Canadian analyses of long-term dose impacts.  In 
particular, regarding iodine, a literature review was completed in 2002 and key biosphere model 
parameters were updated (Sheppard, et al., 2006; 2002).  Data has been limited because of 
difficulties in measuring iodine in the biosphere using standard analysis procedures.  In 2006, a 
technique was demonstrated that allowed natural iodine levels to be measured using standard 
equipment.  The use of natural iodine as an analogue provided an opportunity to improve the 
I-129 dataset by looking at the natural distribution of iodine.  In 2007, this new approach was 
used to measure key transfer factor data and obtain other ancillary media parameters in the 
aquatic and terrestrial ecosystems, which are of interest for safety assessment case studies 
(e.g., fish, wild game, berries).  In 2008, the analysis was extended to include farm 
environments and domestic animals, as well as a small sampling of tundra ecosystem biota 
(relevant to periglacial conditions).  Areas within a representative portion of the Canadian Shield 
were subdivided into distinct sampling zones to ensure the survey represented the 
physiographical variation within the larger sampling area.  Initial results show agreement 
between measured transfer factor results and plant/soil concentration ratios for iodine compared 
to those of Sheppard, et al. (2002).  A multi-year (2007–2009) sampling campaign was 
conducted of a variety of media and regions, including agricultural meat samples.  This data has 
allowed, for example, updating of the iodine transfer factor database from water to fish. 

Based on its properties in the environment including mobility, nutritive value, and the transfer to 
humans and biota, selenium in the biosphere is considered an important element in Canadian 
repository safety assessments (NWMO, 2009).  In particular, Canadian researchers have 
focused recent work on reducing the uncertainty in the understanding of selenium volatility.  In 
the modeling, if selenium is considered volatile, the air pathway can be important (e.g., allowing 
for a significant reduction in soil and sediment concentration via airborne releases over time).  
The results from an extensive literature review of selenium volatilization indicate the major 
factors affecting the volatilization of selenium from soils are microbial activity, soil moisture 
content, and soil pH.  The literature indicated inorganic selenium is considered nonvolatile; 
however, selenium-methyl complexes are volatile and, therefore, microbes have to be present 
and functional to methylate the inorganic selenium and make it volatile.  Regarding soil 
conditions, drier soil was found to allow volatile Selenium to pass through the soil pore spaces 
faster and come from deeper depths, but also to have an adverse effect on microbial 
populations.  In contrast, moist soil favors the microbial habitat and the continual decomposition 
of organic matter that provides the substrate required by the microbes to function; however, 
volatile Selenium at depth will become trapped.  Similarly, the pH of the soil also controls which 
microbial species are allowed to flourish, which could significantly affect the rate of volatilization. 

2.3 Finland 

Overview of Program 

Posiva Oy (Posiva), established in 1995 by the two Finnish nuclear power companies, is the 
license applicant responsible for implementing the spent nuclear fuel disposal program in 
Finland.  This responsibility involves conducting the related research, the technical design, and 
development of the proposed repository.  The licensing authority is the Radiation and Nuclear 
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Safety Authority (STUC).  The proposed repository is to be constructed at a depth of about 
400 m [1,312 ft] in the crystalline bedrock at the Olkiluoto site.  Posiva is currently preparing for 
the next step of the nuclear licensing of the repository, which involves submitting the 
construction license application for the proposed spent fuel repository by the end of 2012.  An 
operating license application is planned by 2018.  Posiva will produce a safety case to support 
this license application, as previously documented (Posiva, 2010; Hjerpe, et al., 2010).  

Regulatory Framework 

The regulatory criteria for protection of the public and the time period for the biosphere 
assessment are stated as follows:  “In any assessment period, during which the radiation 
exposure of humans can be assessed with sufficient reliability, and which shall extend at a 
minimum over several millennia:  (i) the annual dose to the most exposed people shall remain 
below the value of 0.1 mSv [10 mrem] and (ii) the average annual doses to other people shall 
remain insignificantly low.”  No specific dose limit has been set for larger groups of exposed 
individuals but the acceptability of the doses depends on the number of exposed people, and 
doses shall not exceed values from one hundredth to one tenth of the constraint for the most 
exposed people (Posiva, 2010).  

Guide YVL E.5 identifies the potential exposure environments and pathways to be considered 
(Posiva, 2010).  The dose assessment in general may assume that climate, human habits, 
nutritional needs, and metabolism remain unchanged, however, reasonably predictable 
environmental changes should be evaluated, such as those that “arise from changes in 
ground level in relation to sea.”  According to the guide, the following exposure pathways shall 
be considered: 

 Use of contaminated water as household water, as irrigation water, as animal water 

 Use of contaminated natural or agricultural products originating from terrestrial and 
aquatic environments 

Assessment Approach 

Posiva describes the biosphere assessment as a key component of their safety case.  The 
overall aims of the biosphere assessment are (i) to describe the future, present, and relevant 
past conditions at, and prevailing processes in, the surface environment of the Olkiluoto site; 
(ii) to model the transport and fate of radionuclides hypothetically released from the repository 
and the geosphere through the surface environment; and (iii) to assess possible radiological 
consequences to humans and other biota.  Posiva has implemented a graded approach to dose 
assessment based on three tiers.  Tiers 1 and 2 involve conducting generic evaluations to 
screen out radionuclides that have insignificant radiological consequences.  Tier 3 is based on 
site-specific state-of-the-art radionuclide transport modeling and dose assessment 
(Posiva, 2010; Hjerpe, et al., 2010). 

The biosphere assessment is based on ecological conditions in Finland that include forests, 
surface water lakes and rivers, coastal marine systems, and mires (bogs).  The site area 
includes a boreal coniferous forest zone with cool temperate, moist climate, short growing 
season, and wintertime snow cover.  The climate, soil types, and low population pressure result 
in a landscape that is dominated by forests and mires (i.e., peat bogs) (Hjerpe, et al., 2010).  
Figure 2-2 depicts the general regional characteristics surrounding the site (the site is located 
within the model area).  Changes in the landscape with time are evaluated using terrain and  
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Figure 2-2.  The Full Reference Area with Locations of Lakes and Mires Selected 
as Reference Objects.  The Model Area Refers to the Area Included in the Terrain 
and Ecosystem Development Model, and the Dependent Radionuclide Transport 

Model (Posiva, 2010). 
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ecosystems development modeling.  For example, land-uplift-driven changes and other 
changes to terrestrial and aquatic systems in the biosphere throughout the time period of 
interest are modeled by a geographical information system (GIS) toolbox.  This toolbox provides 
biosphere evolution information to the biosphere and surface water models and is planned to 
pass similar information as boundary conditions to the deep groundwater model in the future. 
(Posiva, 2010).  

Posiva has developed a prospective deterministic dose assessment, based on the ICRP 
concept of assessing doses to the representative person.  Exposure characteristics in this 
assessment are based on site-specific conditions and regional land use characteristics.  The 
assessment includes evaluation of local FEPs in matrices that inform the selection and 
development of site-specific models.  For example, the number of exposed persons is limited by 
the site-specific capabilities to produce food and drinking water.  The biosphere assessment 
model calculates doses to current and future generations that may be exposed from postulated 
repository releases.  The time period of concern for the biosphere assessment is from the year 
2020 to the year 12,020 (Posiva, 2010; Hjerpe, et al., 2010). 

Based on the regulatory guidelines, the biosphere modeling assumes the most exposed 
individuals live in a self-sustaining family or small village community in the vicinity of the 
disposal site, where the highest radiation exposure occurs from various biosphere pathways.  A 
small lake and shallow water well are assumed to exist in the receptor environment.  Average 
doses are calculated for larger groups of people that are assumed to live by a regional lake or at 
a coastal site that is contaminated by transported radioactive materials (Posiva, 2010). 

The well scenario is based on mixing the annual releases from the geosphere with the water in 
a well.  An adult male is assumed to obtain his annual demand for drinking water from the well.  
The agricultural well scenario is an extension of the well scenario that considers additional 
farming pathways.  The agricultural well is assumed to have a yield sufficiently high for human 
consumption, watering of livestock, and for irrigation of crops.  Additional exposure pathways 
(Figure 2-3) include the consumption of irrigated crops and animal products.  The radionuclides 
in irrigation water contaminate the crops, and thus also the animal fodder, both by direct uptake 
of surface deposited activity and by secondary uptake via the roots.  The radionuclides in the 
well water also contaminate animal products through livestock water consumption 
(Posiva, 2010). 

The dose calculation method applied follows the concept described in Avila and Bergström 
(2006), based on values of food and water intake provided by the ICRP for Reference Man 
(ICRP, 2002; 1975).  The doses from intake of contaminated water and food, inhalation of 
contaminated air, and external exposure from contaminated areas are calculated using dose 
coefficients.  The dose coefficients used for ingestion and inhalation are based on the values 
recommended by (ICRP, 1996) for adults.  The dose coefficients used for external radiation are 
the values for radionuclides uniformly distributed to an infinite depth and to an effectively infinite 
lateral extent of the contamination in soil (EPA, 1993). 

Posiva refers to diet, occupancy, and other information needed to estimate exposure as habit 
data.  When assigning the exposure characteristics, Posiva exercised caution to prevent 
excessive conservatism.  The key features in the selected exposure characteristics, and the  
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Figure 2-3.  Conceptual Model for the Radionuclide Transport and Expoure 

Pathways to Calculate Dose Conversion Factors in Two Well Scenarios 
(Posiva, 2010) 

 
selection of habit data, are summarized by Posiva (Hjerpe, et al., 2010; Posiva, 2010) 
as follows: 

 Exposure characteristics are selected to be reasonable and sustainable, consistent with 
the concept of assessing doses to the representative person (ICRP, 2007a) 

 All primary exposure pathways are considered:  ingestion of food, ingestion of water, 
inhalation, and external exposure 

 The number of exposed individuals is limited by the capability of the biosphere objects to 
produce food and drinking water, by the size of suitable residential areas from a 
present-day perspective, and by present demography 

 Average present-day intake rates are assumed for the representative person 

 Cautious assumptions are made for occupancy data (e.g., time spent outdoors) 

 A very cautious assumption is made for usage of local resources (i.e., all foodstuffs and 
water originate from contaminated areas) 

 Exposed individuals have no preferences regarding food 

 Human habits are based on current conditions and do not evolve over time 
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2.4 France 

Overview of Program 

France is planning to dispose of all of its vitrified HLW and long-lived intermediate level waste 
(LL-ILW) in a deep geologic repository.  The bulk of the waste is generated from reprocessing 
spent nuclear fuel from 58 nuclear reactors and from other sources including wastes from 
military activities.  L’Agence Nationale de Gestion des Déchets Radioactifs (ANDRA) is the 
national agency for radioactive waste management.  In 2010, following publication of ANDRA 
research results, the government approved a zone of interest for detailed reconnaissance 
(ZIRA) near Bure for siting a repository.  In 2012, ANDRA is scheduled to publish its principal 
repository documentation, which will form the basis for its request to obtain a construction 
authorization and for public debate.  By 2014, following public debate, a license application is 
expected.  During 2015–2016, regulators plan to review the license application and could grant 
a license authorization by the end of 2016.  If a license is granted, the facility would be 
constructed during the following decade and pre-commissioning of the repository could take 
place in 2025. 

Regulatory Framework 

The repository impact on humans and the environment must be compared with the dose 
threshold established by the Basic Safety Rule of 0.25 mSv/yr [25 mrem/yr].  This radioactive 
dose corresponds to one fourth of the regulatory limit for public exposure of non-natural origin 
and approximately one tenth of the annual dose due to natural radioactivity.  The calculated 
impact is the individual dose received by a group consisting of most exposed persons.  For this 
purpose, “hypothetical critical groups representative of individuals susceptible of receiving the 
highest doses, including individuals living in at least partial autarky” have been adopted 
(Basic Safety Rule RFS III.2.f).  The dose calculated for the proposed facility is compared with 
the threshold value of 0.25 mSv/yr [25 mrem/yr] for the first 10,000 years, as specified in Basic 
Safety Rule RFS III.2.f.  This threshold is used as a reference value for the entire 1 million year 
calculation period (ANDRA, 2005a). 

Assessment Approach 

ANDRA biosphere modeling considers the normal evolution scenario (SEN) calculation, which 
includes calculation of the individual dose evaluated for a critical group in a biosphere informed 
by international practice.  The critical group is located in the vicinity of biosphere compartments 
expected to experience the greatest impacts (i.e., concentrations of radioactivity).  The group’s 
nutritional habits and lifestyle are derived based on current knowledge of the daily habits of the 
population living in the region.  This critical group lives in a biosphere that comprises the surface 
environment of the receptor location.  Applicable regulatory standards introduced the concept of 
standard biospheres to limit the uncertainties and challenges in modeling the evolution of the 
biosphere characteristics over long periods.  As such, the standard biospheres are based on 
lifestyles that are consistent with current conditions.  Evolution of the biosphere over time is not 
considered because such futures cannot be reliably predicted.  However, the major 
determinants of climate change and surface geodynamic evolution, to the extent that they can 
be predicted by models, are considered when defining the model (for example, allowance is 
made for the possibility of cold periods and the natural evolution of the surface hydrographic 
system) (ANDRA, 2005b). 
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To address uncertainties and variabilities in possible lifestyles, ANDRA has chosen to use an 
adult agriculturalist receptor group that is expected to receive maximum exposure in accordance 
with the concept of critical group.  The lifestyles of the critical group are based on the current 
habits of local populations.  A safety margin is incorporated to increase the degree of 
self-sufficiency.  The representative individual in the critical group is based on current farming 
practices, but the individual is assumed to obtain most of their diet from the farm.  A group of 
farmers is considered to be living mainly from their own harvest, drinking water from their own 
wells, irrigating a vegetable garden, and watering and raising livestock from their own cereal 
harvest.  ANDRA considers this group to be subjected to the greatest number of exposure 
pathways from radionuclides present in water.  Food consumption is based on surveys.  
Although unrealistic, ANDRA also evaluated the influence of total self sufficiency on dose 
results to address uncertainties regarding future changes.  Additional alternatives and more 
specialized critical groups were also evaluated including beef and dairy farmers, sheep farmers, 
pig farmers, fowl breeders, grain producers, and hunter/gatherers but were found to encompass 
fewer exposure pathways than the more broadly defined agriculturalist group that was selected.  
ANDRA also tested the possibility that children or infants would be exposed and recognizes that 
although younger individuals are more sensitive to radiation effects, their food consumption is 
less, and therefore considers the adult a conservative choice (ANDRA, 2005b).  

The critical group is assumed to live in a temperate climate, consistent with current conditions.  
ANDRA describes projected climatic changes marked by alternate temperate and cold or even 
glacial periods.  They consider the glacial periods would be less conservative with regard to 
biosphere dose calculations because the cold climate incites the population to lead a nomadic 
life and leave the valleys for plateaus, thus increasing dilution and reducing periods of exposure 
relative to the selected agriculturalist biosphere conditions and exposure scenario 
(ANDRA, 2005b). 

Biosphere compartment transfer calculations are conducted using the AQUABIOS computer 
code.  ANDRA tested and qualified the code, including comparisons with other codes.  The 
definition of the transfer factors is derived from the methodology developed as part of the 
international BIOMASS exercise organized by the International Atomic Energy Agency (IAEA).  
The values used are regularly compared to the international level BIOPROTA and EMRAS 
exercises (see Section 3.0).  These parameters were subjected to sensitivity studies, which 
enabled ANDRA to understand the effect of uncertainties of the parameters on dose results 
(ANDRA, 2005b). 

ANDRA notes the biosphere is one of the areas of the calculation that can present a priori, the 
greatest uncertainty because of the large number of parameters that characterize it and the 
multitude of its possible evolutions.  They further state that these uncertainties are, however, 
bounded by making standard choices, which are accepted at the international level, and which 
restrict the domain of investigation.  However, the remaining uncertainty in biosphere modeling 
results is as high as a factor of 10 for certain radionuclides (ANDRA, 2005b). 

2.5 Germany 

Overview of Program 

The Gorleben salt dome was chosen from over 140 salt domes in Germany as a potential 
repository for heat-generating waste in 1977 and was explored until the year 2000.  In 2001, a 
moratorium on further exploration for up to 10 years was implemented and was recently lifted in 
2010 by implementing a phased approach to further exploration.  The moratorium was 
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implemented to allow further safety analyses of that site for suitability as a repository prior to 
expending additional resources on below-ground exploration.  If the site is found to be suitable, 
then an approval process would follow, including an environmental impact assessment and 
public involvement.  

Regulatory Framework 

Germany requires a HLW facility to be licensed by the federal government.  The licensing 
process requires a demonstration of safety that includes consideration of design basis 
accidents.  The dose limit for the public from nuclear facilities is 1 mSv/yr [100 mrem/yr].  A 
maximum effective dose of 50 mSv [5,000 mrem] is allowed for worst case accident conditions.  
Siting a facility involves evaluating safety after closure to ensure that dose limits applicable to 
operating facilities are met.   

Assessment Approach 

The preliminary safety assessment of the Gorleben site was started recently and therefore no 
further information on the safety assessment approach nor any related biosphere analyses 
were identified.  

2.6 Japan 

Overview of Program 

Japan relies on reprocessing and storage of wastes as part of their spent fuel management 
program.  The Japanese concept for HLW disposal is called the Cavern Retrievable (CARE) 
system in which vitrified HLW containers will be placed in massive steel casks, called 
overpacks, and surrounded by a clay buffer, disposed in caverns at about 300 m [980 ft] in a 
chemically reducing, hydraulically saturated stable bedrock.  The Specified Radioactive Waste 
Final Disposal Act of 2000 established the Nuclear Waste Management Organization of Japan 
(NUMO) as the implementer organization and required that it look for a volunteer site to build a 
deep geologic repository for HLW.  The search for a suitable volunteer repository site is ongoing 
and construction is not expected to begin before 2030.  Operation of a repository site is not 
expected before 2035.  The Japanese program is conducting research and development and 
engaging stakeholders in the search for a volunteer community that will host a repository site. 

Regulatory Framework 

Regulations are under development and specific licensing regulations for a repository have not 
been finalized.   

Assessment Approach 

During the feasibility assessment phase of the Japanese HLW management program, the 
Japan Nuclear Cycle Development Institute (JNC) published a safety analysis in the H12 report 
(JNC, 2000) that documented a safety assessment of geologic disposal in Japan considering a 
variety of geologic environments and repository designs.  The safety analysis includes 
consideration of biosphere transport (Figure 2-4) and exposure scenarios involving three 
separate receptor groups.  These analyses were conducted prior to the establishment of a 
regulatory agency, HLW disposal regulations, or a specific repository site.    
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Figure 2-4.  Conceptual Model of Transfer Processes of the Japan Nuclear Cycle 
Development Institute Biosphere Model (JNC, 2000) 

 
The JNC modeling approach applies the reference biospheres methodology developed by the 
BIOMASS international collaboration and the international FEPs list developed by the 
BIOMOVS II international collaboration (see Section 3.0).  JNC considered the assessment 
context and potential environments and human lifestyles applicable to Japan to select 
applicable FEPs and conceptualize the biosphere and receptor groups that would be applicable 
for dose modeling.  Interactions among FEPs were evaluated to refine the understanding of the 
systems that would need to be modeled.  The resulting conceptual model for biosphere 
transport processes is shown in Figure 2-4.  The biosphere and exposure scenarios are based 
on current environmental and social conditions that are assumed to be constant with time for the 
purpose of analysis.  The result is a series of interconnected biosphere compartments with 
mass transfer functions that regulate the flow of transported radionuclides among 
compartments.  The JNC biosphere includes transport from groundwater to surface soil and 
surface and marine waters with interchange between water and sediments.  The exposure 
(receptor) groups include farming, freshwater fishing, and marine fishing with each consuming 
locally produced food and the two freshwater groups consuming local drinking water from 
contaminated sources. 

The JNC mathematical biosphere model was implemented using the AMBER software 
(QuantiSci, 1998).  The AMBER software was included in a code comparison as part of the 
BIOMOVS II collaboration (see Section 3.0) and has been used in a variety of countries 
and programs. 

Dose results indicate the farming exposure group doses were the highest of the three groups 
evaluated except for one radionuclide (Po-210) where uptake in freshwater crustaceans results 
in a higher dose for the freshwater fishing exposure group.  Dose results by radionuclide and 
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exposure pathway show drinking water and crop ingestion are the predominant pathways for 
most radionuclides.  Exceptions include significant pathway doses from meat ingestion (Se-79), 
dust inhalation (Th-229), and external exposure to the ground surface (Sn-126, Nb-94).  

2.7 Switzerland 

Overview of Program 

Under a revised Nuclear Energy Act in 2005, the Swiss federal government and supporting 
supervisory authorities are responsible for managing nuclear materials and waste.  The National 
Cooperative for the Disposal of Radioactive Waste (NAGRA) conducts and manages extensive 
research and development programs for developing repository sites.  In 2002, NAGRA 
published a report that evaluated the feasibility of disposal of spent fuel, vitrified HLW, and 
intermediate-level waste in a deep repository in clay.  The federal government reviewed and 
approved this feasibility study in 2006.  The radioactive waste management concept in 
Switzerland plans for two repositories in clay for low and intermediate-level waste and for spent 
fuel and HLW generated from reprocessing of spent fuel and long lived intermediate-level 
waste.  In 2008, NAGRA submitted a three-stage Sectoral Plan for siting, selecting, and 
licensing a deep HLW/spent fuel/intermediate-level waste repository in clay in northern 
Switzerland that was approved by the government in 2010.  The implementation of this plan 
could take an estimated 10 to 12 years.  The long siting and licensing process and the 
necessary cooling time of spent fuel and HLW at surface storage facilities prior to underground 
disposal suggest a repository for spent fuel/HLW is unlikely to operate in Switzerland 
before 2040. 

Regulatory Framework 

The Swiss regulatory guideline for radioactive waste disposal states that the release of 
radionuclides from a sealed repository subjected to processes and events reasonably expected 
to happen, shall at no time give rise to individual doses which exceed 0.1 mSv/yr  
[10 mrem/yr] (NAGRA, 2002).  Therefore, safety assessments for radioactive waste repositories 
in Switzerland must calculate dose rates for comparison with the regulatory guideline. 

Assessment Approach 

The NAGRA reference scenario (NAGRA, 2002) calculates the deep groundwater transport of 
radionuclide releases from a deep geological repository through the geosphere to the 
biosphere.  The conceptual model of the biosphere, referred to by NAGRA as a stylized 
approach, includes a river valley system where surface water and soils that support human 
agricultural use are connected to groundwater beneath the repository.  Radionuclides that enter 
the biosphere aquifer from the aquifer beneath the repository are distributed in the near-surface 
environment, which is modeled as a network of different compartments reflecting different 
biosphere subsystems.  The biosphere subsystems include shallow groundwater, surface water; 
aquatic sediments, top soil (root zone), and deep soil (below the root zone).    

Doses to humans are calculated considering ingestion of radionuclides in all drinking water and 
food, external irradiation of the receptor from radionuclides in soil, and inhalation of 
radionuclides on airborne dust particles.  Food products include vegetables, grain, fruit, eggs, 
milk, meat, and fish.  Livestock raised in the local area are also assumed to obtain all food from 
local contaminated sources.  To model these exposure pathways, NAGRA assumes 
present-day human behavior and habits, however, all food and drinking water is assumed to be 
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produced in the area where radionuclides are released, and humans are assumed to spend 
their entire life in the area where radionuclides are released (NAGRA, 2002). 

NAGRA evaluates various modeling cases based on variable geomorphology and climate 
states.  Four geomorphologies are considered including eroding river, sedimentation area, 
wetland, and a spring seep from valley wall.  Four climate states are also evaluated, including 
three interglacial (present day, dry, wet) and periglacial.  Therefore, eight combinations of river 
morphology and climate produce different modeling cases that are evaluated (NAGRA, 2002). 

The mathematical models used to calculate the biosphere transport and exposure 
pathway results are included in the Terrestrial Aquatic Model of the Environment (TAME) code 
(Klos, et al., 1996).  The TAME code is a dynamic compartment model of the biosphere with 
transfer functions based on first order kinetics and an equilibrium approach for exposure 
modeling.  The model was developed based on a review of FEPs applicable to Swiss 
biospheres.  Figure 2-5 shows the conceptual representation of the exposure pathway model in 
the TAME code.  

2.8 United Kingdom 

Overview of Program 

Following a realignment of previous waste management efforts and after evaluating a range of 
options, the United Kingdom government’s independent advisory committee, the Committee on 
Radioactive Waste Management (CoRWM), recommended in 2006 that long-term storage and 
geologic disposal be considered as viable options (CoRWM, 2006).  The government adopted 
the CoRWM proposals and prepared implementation plans.  In 2007, a new CoRWM was 
reconstituted to oversee the radioactive waste management program and to continue to provide 
advice to the government.  The adopted United Kingdom plan consists of interim storage 
followed by a phased geological repository.  Responsibility for implementing the plan was given 
to the Nuclear Decommissioning Authority (NDA) and responsibility for regulating the disposal to 
the Environment Agency.  In 2007, NDA established the Radioactive Waste Management 
Directorate (RWMD) to take responsibility for the geological disposal facility program.  NDA and 
RWMD are making  

plans for a deep Geological Disposal Facility (GDF) for disposal of high and intermediate-level 
wastes from new nuclear facilities as well as legacy waste from existing facilities and from sites 
undergoing decommissioning.  A site selection decision might be expected around 2025.  The 
GDF is expected to be built around 2040, and closed around 2100.  The NDA is looking to 
identify volunteer sites at this time (NDA, 2010; DEFRA, 2008). 

Regulatory Framework 

The Health and Safety Commission (HSC) is responsible for overseeing health and safety 
regulation in Great Britain.  The Health and Safety Executive (HSE) is the enforcing authority 
that works in support of the HSC.  The Nuclear Installations Inspectorate is a part of HSE’s 
Nuclear Directorate responsible for regulating the safety of nuclear installations in Great Britain.  
This includes granting nuclear site licenses, attaching appropriate conditions to the licenses, 
granting permissions, exercising other controls, and making judgments on the acceptability of 
responses made by licensees to the requirements of those conditions (HSE, 2006). 
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Figure 2-5.  Conceptual Representation of the NAGRA TAME Biosphere Model 
Exposure Pathways (Klos, et al., 1996) 

 
The HSE role in licensing geologic disposal includes review of safety assessments based on 
their safety assessment principles for nuclear facilities (HSE, 2006).  In assessing the safety of 
nuclear facilities, inspectors would examine the safety case to judge whether the applicant 
would meet targets and comply with legal limits.  The targets and legal limits are expressed as 
dose limits, frequencies, or risks.  The targets and legal limits are defined for normal operations, 
design basis analysis, individual risk and societal risk.  Compliance with targets is not required; 
rather, the targets are guides to inspectors to indicate where there may be a need for 
consideration of additional safety measures.  The legal limits established in the Ionizing 
Radiation Regulations of 1999 are legal requirements.  For example, the legal radiation 
exposure limits for normal operations limit the annual effective dose to radiation workers as 
20 mSv [2 rem] and any person off-site as 1 mSv [100 mrem] (HSE, 2006).   

Assessment Approach 

Review of a recently published NDA schedule for the geologic disposal of higher activity waste 
(NDA, 2010) suggests the recently reconstituted waste management program for HLWs in the 



2-18 

United Kingdom has not progressed to a point where safety analyses associated with the new 
program would have been published.  The 2006 CoRWM reassessment of waste management 
options (CoRWM, 2006) considered safety studies from other European programs and a prior 
United Kingdom generic performance assessment for geologic disposal of intermediate and low 
level wastes (Nirex, 2003).  The latter report includes a biosphere analysis and is the most 
recent dose calculation for geologic disposal in the United Kingdom that was identified for 
this report.  

The biosphere analysis in the Nirex generic performance assessment (Nirex, 2003) is based on 
an analysis of FEPs that was initially developed for the Sellafield site but was then broadened to 
apply to a generic site (Nirex Limited, 2003).  The model adopts an approach of calculating the 
dose to an adult representative individual of a potentially exposed group.  The potentially 
exposed group is represented by a farming community that exists in the area of highest 
radionuclide concentration discharging to the biosphere from the repository through 
groundwater.  Various human characteristics were considered including diet, occupation, and 
lifestyle.  The potentially exposed group is assumed to exhibit high usage of local resources 
obtaining all food and water from the local environment (Nirex Limited, 2003). 

Environmental attributes of the biosphere included soil movement and cycling that contributes to 
redistribution of radionuclides in the environment.  Nirex specifically did not use the reference 
biospheres approach developed by the BIOMASS international collaboration (see Section 3.0), 
claiming the BIOMASS approach is highly simplified and idealized (Nirex Limited, 2003).   

Climate conditions considered in the biosphere model are for a temperate climate based on 
analyses that concluded the highest doses were calculated under such conditions relative to 
cooler climates (Nirex Limited, 2003).   

The Nirex performance assessment calculations, including biosphere, are implemented in the 
MASCOT code (Nirex Limited, 1995).  The MASCOT code is a multicompartment model where 
transfer functions control the transport of radioactive materials among compartments that 
compose the performance assessment (including the biosphere).  In the Nirex generic 
performance assessment, radiation dose is calculated in MASCOT for the following pathways 
including:  

 Drinking water 
 Ingestion of crops grown in soil contaminated by irrigating with groundwater 
 Ingestion of milk and meat from livestock that consume contaminated fodder and water 
 Ingestion of soil that contaminates food products, such as vegetables 
 Ingestion of fish from local streams and rivers 
 Inhalation of dust from resuspended soil 
 External exposure to contaminated ground surface  

2.9 Sweden 

Overview of Program 

The Swedish nuclear waste disposal program has progressed further than all the other 
programs described in this report.  SKB submitted a license application in March 2011 for 
constructing a deep repository in granitic rock near the town of Forsmark.  The Swedish 
Radiation Safety Authority (SSM) is currently developing its plans for review of the license 
application, and estimates that it will take 2 to 3 years to complete its safety review.  The SSM 
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plans to use a panel of external experts to assist in completing its review.  If a license is 
granted, construction of the repository could begin in 2015. 

Regulatory Framework 

The Nuclear Activities Act of 1984 and the Radiation Protection Act of 1988 and related 
amendments are the main radioactive waste-related laws in Sweden.  An annual risk limit of  
10–6 is specified—with a dose to risk conversion factor of 0.073 per Sv [7.3 × 10−4 per rem].  
Quantitative assessments including risk to individuals and collective dose must be evaluated for 
1,000 years.  However, a safety assessment must be performed for as long as barrier functions 
are required (to the time of peak risk) but not less than 10,000 years.  The regulatory 
requirements emphasize that consequences should be calculated for a representative individual 
in the group exposed to the greatest risk (the most exposed group).  SSI’s general guidance 
indicates that the group should be defined to include the individuals that receive a risk in the 
interval from the highest risk down to a tenth of this risk (SKB, 2006).  Uncertainties in barrier 
functions, scenario definitions, models, and their parameters must be reported.   

Assessment Approach 

The assessment approach of the SKB biosphere model (SKB, 2006) begins with the potential 
discharge points in the biosphere and ends with the calculation of landscape (i.e., biosphere) 
dose factors that are used to calculate the potential doses to humans and biota.  The modeling 
is informed by an understanding of the historical and projected future site conditions starting at 
the time of the latest glacial thaw in 8,000 BC and ending at approximately 20,000 AD.  Site 
conditions are further evaluated based on the results of a shoreline displacement model.  
Conditions during periods of permafrost and altered future climatic conditions due to the 
influence of greenhouse gases released by human activities are also considered.  The modeling 
time frame encompasses a glacial cycle of 120,000 years and includes periods of glacial ice 
margin, interglacial, permafrost and glacial conditions.  Interglacial periods are represented by 
the current interglacial as 8,000 BC to 10,000 AD.  The different periods are integrated over the 
glacial cycle according to present knowledge of the Wechselian cycle.  In addition, a 
greenhouse variant-affected future climate was modeled by prolonging interglacial conditions 
until 50,000 AD followed by the same evolving conditions after 50,000 AD. 

The major ecosystems found in the Forsmark area addressed by the biosphere model include 
coastal marine, lake, streams, mire, forest, and agricultural.  An ecosystem exposed to 
radionuclides is the smallest unit within the biosphere dose model.  The model evaluates the 
biogeochemical cycling of the ecosystems successional development and resulting evolution of 
ecosystems through time.  A radionuclide transfer model is used for each ecosystem to model 
radionuclide transport and accumulation.  The landscape model describes the spatial 
distribution, connectivity, and succession of ecosystems in the landscape.  The spatial extent of 
the landscape model is delimited by a number of potential discharge points, originating from a 
deep repository, at the regolith surface.  These potential discharge points are used to identify 
the specific ecosystem associated with radionuclide release in the landscape.  The model 
connects ecosystems using a hydrological model that evaluates transfer between ecosystems.  
As the shoreline displacement model evolves the landscape over time, the modeled description 
of the landscape is updated for each 1,000-year step within the interglacial period together with 
criteria describing ecosystem succession.  During this process, an ecosystem in the model may 
change from one ecosystem type to another (e.g., a marine basin can become a lake) and is 
accordingly assigned new parameters, such as area, water depth, and water volume.  Thus, the 
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model provides the dose model with radionuclide recipients (ecosystems), ecosystem spatial 
connectivity, successional development, and ecosystem-specific descriptions (SKB, 2006). 

Dose modeling in the SKB biosphere model calculates effective doses to humans considering 
concentrations of radionuclides in environmental media (i.e., air, water, food, soil) and site 
specific data on environmental conditions and human practices.  The biosphere food intake 
calculations are based on an assessment of caloric intake.  The model assumes humans will 
fully exploit the contaminated biosphere for food, thereby eating all potential edible food 
produced within the ecosystem.  The model considers the most commonly grown crops and 
livestock forage, cattle, wild game, fish, berries, and fungi (i.e., mushrooms) as sources of food.  
The number of persons sustained by an ecosystem in the model is constrained by the annual 
productivity of edible products and the size of the ecosystem.  The production of natural food 
products is limited by the primary production of the site and is assessed separately.  The 
adopted approach allows estimates of the effective dose rate to individuals using a particular 
ecosystem, and the number of individuals that the ecosystem can fully support.  Doses are 
calculated for external exposure, ingestion, and inhalation.  To avoid underestimation of dose, 
the maximum dose coefficient is used for any of the age classes considered (SKB, 2006). 

The SKB biosphere model calculates radiological impacts for constant unit release rates of 
radionuclides to the surface environment.  Biosphere dose conversion factors (what SKB calls 
landscape dose factors, represented by the effective dose rates for unit flux of each 
radionuclide) are calculated by the model and are multiplied by radionuclide fluxes from the 
geosphere to calculate the dose.  The biosphere dose conversion factors are calculated for the 
full time period of interest with a minimum time step of 1,000 years.  A cautious approach is 
applied where the maximum radionuclide-dependent dose to the representative individual over 
the period of release for the most exposed group is selected as the biosphere dose conversion 
factor for each radionuclide.  For example, the model evaluates an evolving landscape where 
radionuclides can accumulate in marine or lacustrine sediments, and then contribute to an 
increased dose when shore level displacement causes the sediments to be converted to 
agricultural land (SKB, 2006).
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3 INTERNATIONAL TECHNICAL COLLABORATIONS ON 
BIOSPHERE MODELING 

Challenges associated with biosphere modeling arise in defining the natural and human 
systems to be modeled (e.g., boundary conditions and conceptual models), compiling data for 
large sets of input parameters that can influence modeling results, enhancing confidence in 
models and results, and reducing uncertainties throughout the modeling process.  During the 
past two decades, a number of international collaborative technical activities on topics of 
interest to biosphere modeling practitioners have been conducted.  The following descriptions 
summarize these efforts.  

Biospheric Model Validation Study (BIOMOVS I and II) 

BIOMOVS was an international cooperative study to test models designed to quantify the 
transfer and bioaccumulation of radionuclides and other trace substances in the environment.  
The first phase, BIOMOVS I, began in 1985 and was completed in 1990 (SSI, 1993).  The 
emphasis of BIOMOVS I was to test models of contaminant behavior in soils and the terrestrial 
and aquatic food chains (areas that had not been a focus of prior model testing).  At the 
completion of BIOMOVS I, unexplained differences in model predictions, the need to test 
additional pathways and scenarios, and a need to address issues of interest of other 
international programs resulted in the second phase of work.  The second phase, BIOMOVS II, 
began in 1990 and was completed in 1996 after publication of 17 separate reports (SSI, 1996).  
The focus of model testing in BIOMOVS II was to test the accuracy and explain differences in 
environmental model predictions.  Testing included both the comparison of model results with 
environmental data and model intercomparison exercises.  Other topics of interest included 
uncertainties, validation, use of post-Chernobyl data, risks from uranium mill tailings, and 
reference biospheres methodology.  The BIOMOVS collaborations overlapped with and 
considered results of the validation of model predictions (VAMP) collaboration described below.   

Validation of Model Predictions (VAMP) 

In response to the availability of environmental data from the Chernobyl accident in 1986, the 
IAEA developed a coordinated research program on the validation of environmental model 
predictions.  This effort focused on testing models for radionuclide transfer in terrestrial, aquatic, 
and urban environments by comparing model results with measured environmental data.  A 
series of reports were produced comparing the results of different models applied to the same 
scenarios and environmental data and explaining the reasons for observed differences 
(IAEA, 1995).  Results of the multi-pathway modeling comparisons focused on the effect of 
three key elements that affected the deviations in model results from the measured data:  
(i) model user, (ii) model, and (iii) scenario.  Impacts of the model user on results involved 
differences in judgments, level of experience, and misinterpretations or errors introduced.  
Impacts of the model included a tendency for most models to overpredict results and 
identification of shortcomings in specific types of models that did not perform well.  Impacts of 
the scenario included a general lack of site specific information and data leading to differences 
in how model users parameterized the scenario.   

Biosphere Modeling and Assessment (BIOMASS) 

Launched in 1996 by the IAEA, the objective of the BIOMASS collaboration was to develop and 
improve capabilities to predict the transfer of radionuclides in the environment.  Theme 1, 
radioactive waste disposal, was focused on developing the concept of a reference 
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(i.e., standard) biosphere for assessment of the long term safety of repositories for radioactive 
waste.  Task groups under Theme 1 focused on the principles for defining critical and other 
exposure groups, principles for applying data to assessment models, considering alternative 
assessment contexts, biosphere system identification and justification, biosphere system 
descriptions, and model development.  Theme 2, environmental releases, focused on 
retrospective dose reconstruction and the efficacy of remedial measures.  Theme 3, biosphere 
processes, was focused on improving capabilities to model the transfer of radionuclides in 
important portions of the biosphere exhibiting gaps in modeling approaches.  The BIOMASS 
collaboration was completed in 2002 and produced a variety of technical reports that are 
available on the IAEA website (IAEA, 2011a).  One key lasting contribution of this collaboration 
was the development of the reference biospheres approach and a recognition that has lasted 
to the present of a need for standardization of methodologies to facilitate consistency in 
modeling efforts.  

Environmental Modeling for Radiation Safety (EMRAS I and II) 

Following the BIOMASS collaboration, the IAEA launched EMRAS in 2002 to continue model 
testing, collaboration, and consensus building activities.  Theme 1, radioactive release 
assessment, included revision of the IAEA Handbook of Parameter Values for the Prediction of 
Radionuclide Transfer in Temperate Environments (TRS-364) (IAEA, 1994)—an extensive 
decade long scientific literature review and documentation effort.  Other topics addressed in 
Theme 1 included model testing of I-131 countermeasures from the Chernobyl accident, tritium 
and carbon models, and models of radionuclides in freshwater and coastal areas.  Theme 2, 
remediation assessment, tested models for remediation of the urban environment and modeled 
transfer of radionuclides from naturally occurring radioactive material.  Theme 3, assessment 
related to protection of the environment, reviewed data and tested models for transfer of 
radionuclides to nonhuman species.    

The EMRAS I collaboration was completed in 2007 and IAEA launched EMRAS II in 2009.  
While continuing similar model testing objectives from past collaborations, EMRAS II is focused 
on addressing specific emerging issues of importance to participating organizations.  In 
particular, developing reference (i.e., standardized) approaches for dose modeling, improving 
modeling of emergency situations, modeling of naturally occurring radioactive materials, and 
biota dose assessment.  A human dose working group on reference models for waste disposal 
continues a focus on developing standard approaches for calculating doses from waste disposal 
over very long time frames.  Working group activities are planned to continue through 2011.  
Progress, notes from meetings, and reports are available on the IAEA website (IAEA, 2011b).  A 
major accomplishment of this collaboration was the publication of the revision to the 
IAEA transfer factor handbook and the accompanying technical support document  
(IAEA, 2010, 2009). 

Key Issues in Biosphere Aspects of Assessment of the Long-Term Impact of Contaminant 
Releases Associated with Radioactive Waste Management (BIOPROTA) 

The stated general purpose of the ongoing BIOPROTA collaboration is to provide a forum to 
address uncertainties in the assessment of the radiological impact of releases of long lived 
radionuclides in the biosphere (BIOPROTA, 2011).  The effort aims to make available the best 
sources of information to justify modeling assumptions made within radiological assessments 
constructed to support radioactive waste management.  Particular emphasis is placed on key 
data required for the assessment of long lived radionuclide migration and accumulation in the 
biosphere, and the associated radiological impact, following discharge to the environment or 
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release from solid waste disposal facilities.  The project is driven by assessment needs 
identified from previous and ongoing assessment projects, including the BIOMASS 
collaboration.  BIOPROTA schedules an annual information exchange meeting, holds 
workshops on special topics, and provides a mechanism for setting up collaborative projects.  
Specific modeling issues considered include the treatment of various FEPs of the systems 
under investigation, the development of conceptual models that correspond to an adequate 
approximation to those systems, mathematical representation of those conceptual models, and 
the choice of parameter values to adopt within those mathematical representations. A variety of 
reports on specific topics are available on the BIOPROTA website (BIOPROTA, 2011).  

Examples of past and current BIOPROTA work programs include:  

 Developing a database of input parameter data on biosphere FEPs  

 Irrigation modeling  

 Soil accumulation modeling 

 Effective Kd approach  

 Inhalation of resuspended particles  

 Analysis of unique biosphere modeling issues associated with individual radionuclides 
such as Se-79, I-131, Cl-36, and Ra-226  

 U-238 decay series biosphere modeling considering disequilibrium of daughters  

 C-14 modeling  

 Developing a reference approach for the human intruder scenario  

 Identifying natural analogs  

A Future for Radioecology in Europe (FUTURAE)  

The FUTURAE collaboration is a response to declining European funding for radioecology over 
the past decade and declining numbers of radioecologists.  As described on the FUTURAE 
website (SCK•CEN, 2011), a need has been identified to ensure that the discipline is maintained 
across Europe and beyond.  The collaboration claims some member states may not be able 
adequately to respond to future large scale accidents or to address knowledge gaps in respect 
to new regulatory requirements.  Because radiation protection in Europe is a cross-boundary 
concern, FUTURAE suggests collaboration to make efficient use of the remaining limited 
European radioecological expertise and resources, and ensure an appropriate future for 
radioecology in Europe.  The primary stated objective of this collaboration is to evaluate the 
feasibility of network(s) to maintain and enhance competence and to enhance sustainable  
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collaboration in the field of assessment and management of the impact of radionuclides on 
humans and the environment.  Proposed tasks include: 

 Evaluating the status of radioecology research in Europe and beyond 

 Interaction with end-users representing national bodies, competent authorities, industry, 
and scientists to assess the present and future needs in radioecology 

 Evaluating the capacity to support future needs and identifying and prioritizing new 
challenges considering potential avenues for better collaboration in broader areas of 
environmental sciences 

Participants in FUTURAE include the Institute for Radiological Protection and Nuclear Safety, 
France; the Swedish Radiation Protection Authority; the Centre for Ecology and Hydrology, 
United Kingdom; the Belgian Nuclear Research Centre (SCK•CEN); the Research Centre in 
Energy, Environment and Technology, Spain; the University of Antwerp, Belgium; the Radiation 
and Nuclear Safety Authority, Finland; the Jozef Stefan Institute, Slovenia; and the Norwegian 
Radiation Protection Authority.  
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4 RECENT RECOMMENDATIONS OF THE INTERNATIONAL COMMISSION 
ON RADIOLOGICAL PROTECTION 

Dosimetry Coefficients 

In 2007, the ICRP issued new recommendations on radiological protection in ICRP publication 
103 (ICRP, 2007b).  The ICRP had previously issued recommendations on radiological 
protection in 1990 (ICRP, 1991).  Some of the recommendations directly affect the dosimetry 
coefficients used in biosphere modeling.  Changes of importance to dosimetry coefficients 
include changes in the radiation weighting factors, changes in tissue weighting factors, and a 
change in the definition of the exposed individual. 

Radiation Weighting Factors 

The radiation weighting factor is used to account for the difference in damage caused by 
different types of radiation for equal amounts of radiation energy deposited.  The 2007 
recommendations affect the radiation weighting factor for protons and neutrons.  The radiation 
weighting factor for protons was reduced from 5 in the 1990 recommendations to 2 in the 2007 
recommendations.  The 1990 recommendations stated that the radiation weighting factor for 
neutrons should be a stepwise function.  Specifically, for neutrons below 10 keV and above 
20 MeV, the recommended radiation weighting factor is 5.  For neutron energies between 
10 keV and 100 keV and between 2 MeV and 20 MeV, the recommended radiation weighting 
factor is 10.  For neutrons between 100 keV and 2 MeV, the recommended radiation weighting 
factor is 20.  A continuous function is identified in the 2007 recommendations and appears in  
Figure 4-1. 

The impact on biosphere modeling from the new ICRP radiation weighting factor 
recommendations is expected to be minimal to none.  Neutron and proton radiation is not 
emitted by radionuclides in high-level radioactive waste streams in significant quantities and is 
primarily a concern in operational health physics at nuclear facilities.  High-level radioactive 
waste streams typically emit alpha, beta, or gamma radiation and the weighting factors 
applicable to these emissions were not changed in this revision by the ICRP.  Therefore, the 
dose coefficients used in biosphere modeling for high-level radioactive waste disposal 
performance assessments will not change because of the new recommendations. 

Tissue Weighting Factors 

The tissue weighting factor is used to account for the difference in radiation response of 
different organs for equal amounts of radiation energy deposited in the organ.  The 2007 
recommendations affect the tissue weighting factor for several organs.  The largest change 
occurred in the tissue weighting factor for the gonads, which dropped from a recommended 
value of 0.20 in the 1990 recommendations to 0.08 in the 2007 recommendations.  The tissue 
weighting factor for the breast increased from a value of 0.05 in the 1990 recommendations to 
0.12 in the 2007 recommendations.  Other changes include a slight reduction in the tissue 
weighting factor for the bladder, esophagus, liver, and thyroid from 0.05 in the 1990 
recommendations to 0.04 in the 2007 recommendations, the addition of a tissue weighting 
factor for the brain and salivary glands of 0.01 in the 2007 recommendations, and an increase in 
the tissue weighting factor for the remainder tissues from 0.05 in the 1990 recommendations to 
0.12 in the 2007 recommendations. 
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Figure 4-1.  Continuous Neutron Radiation Weighting Factor Recommended by 
ICRP in 2007 

 
The impact on biosphere modeling from the new ICRP tissue weighting factor recommendations 
could be significant.  Depending on the radionuclide and its chemical form, the new radiation 
weighting factor recommendations could increase the dose from the ingestion pathway by up to 
a factor of 2. 

Exposed Individual 

In the 2007 ICRP recommendations, a system of protection is proposed that uses individual 
dose criteria.  Because doses to individual members of the public cannot be measured directly 
or at all, and because doses to an individual depend on the age, location, and lifestyle of the 
individual, the ICRP defined the “Representative Person.”  In the 1990 recommendations, the 
ICRP defined “The Critical Group.”  In the 2007 recommendations, the ICRP recognizes that the 
term “critical” has the connotation of a crisis and that the use of the word “group” is confusing 
because the assessed dose is the dose to an individual.  Thus, the 2007 recommendations 
define the representative person.  The representative person is conceptually analogous to the 
critical group concept and represents an individual of the most highly exposed group in 
a population. 

The impact of this change in definition is not expected to affect biosphere modeling.  
However, the term representative person may be used in the descriptions that document 
biosphere modeling.



5-1 

5 SUMMARY AND CONCLUSIONS 

Review of the waste management programs in nine countries indicate international programs 
involved in licensing HLW disposal facilities have applied performance assessment methods 
including biosphere analyses to evaluate the safety and effectiveness of proposed repositories.  
For the nine countries evaluated, the status of repository licensing programs varies.  Four 
countries (Finland, France, Germany, and Sweden) are evaluating specific sites or regions 
where a repository might be located and the remainder have decided to pursue geologic 
disposal and are looking for sites or volunteer communities or are in the early stages of 
research and development.  All programs evaluated are located in temperate climates that 
include biosphere characteristics that are generally more diverse than in the arid or semi-arid 
conditions at sites studied in the United States.  Despite some differences, this report focuses 
on those aspects of the international programs that are considered most applicable to U.S. 
waste management regulatory programs. 

While a detailed regulatory review of each program was not conducted for this report, the 
review of biosphere modeling documentation of the programs identified only three programs 
(France, Finland, and Sweden) with specific requirements for biosphere modeling other than the 
dose constraints that the facility must meet.  The biosphere requirements identified for the three 
programs are very general and do not introduce new concepts that necessitate further 
discussion or analysis.  The lack of discussion of specific requirements for other programs may 
be the result of the early phase status of the remainder of programs (i.e., detailed regulations 
not yet developed) or a current regulatory framework that has more generalized facility 
requirements applicable to a variety of facilities.   

Technical documentation of biosphere modeling analyses was identified for eight of the nine 
programs reviewed.  While each biosphere analysis differs in specific details, most of the 
biosphere calculations share some general characteristics in methodologies applied.  This 
general consistency may be the result of participation or awareness of past and ongoing 
international collaborations on biosphere modeling.  Areas of agreement in the analyses include 
efforts to review site conditions and data to evaluate local FEPs that support the development of 
conceptual models of the biosphere and the selection or development of applicable 
mathematical models.  As such, most if not all of the programs have added a measure of site 
specific applicability to their biosphere calculations (e.g., data for parameter values, the 
specific configuration of model components) despite the common practical simplifications and 
adoption of somewhat stylized modeling approaches.  Documentation from six programs 
(Belgium, Canada, Finland, Japan, Switzerland, and the United Kingdom) explicitly mentioned 
considering or evaluating FEPs as part of their scenario development efforts.  Most of the 
biosphere models used for the analyses reviewed involved simple equilibrium compartment 
models where radionuclide transport among biosphere compartments is controlled by transfer 
factors and rate constants.  A representative individual or critical group approach to define the 
receptor was also frequently used in many of the analyses.  Most of the analyses evaluated an 
agricultural exposure scenario with local production of livestock and crops that were considered 
to be conservative based on the larger number of pathways relative to alternative scenarios.  
Another common approach was to avoid speculating about future human lifestyles and 
behaviors in favor of lifestyles based on current conditions to define the characteristics of the 
receptor group.  Similarly, many aspects of the biospheres that were modeled were assumed to 
be static with time; however, attributes that were known to evolve with time, such as climate, 
were commonly evaluated for their effects on biosphere dose calculations.  The SKB biosphere 
model of the Forsmark site in Sweden (Section 2.9) and the Posiva biosphere model of the 
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Olkiluoto site (Section 2.3) have considered more complex biosphere evolutions with time 
including geophysical, ecological, and climatic changes. 

International biosphere modeling efforts indicate that a range of widely studied and commonly 
used methods, data, and models exist that can be applied to specific sites supplemented with 
site information and data to allow practical implementation of biosphere calculations for the 
purpose of radiation protection.  A series of continuous international collaborations on biosphere 
modeling over the past two decades and in-depth study and recommendations of the ICRP on 
all aspects of radiation protection foster a level of standardization and consistency that is 
evident in the biosphere modeling studies that were reviewed.  Despite general consistencies, 
some specific differences in scope and depth of assessment approaches were identified, for 
example, regarding whether and how to account for the evolution of the biosphere with time. 

Technical challenges remain and will continue to be the subject of further research and of 
additional international collaborations that can inform future U.S. and other programs.  Such 
challenges represent opportunities for gradual improvement in methods, models, and data to 
advance the state of the science, enhance standardization, and reduce uncertainties and 
variabilities in modeling results.  A potential obstacle to continued progress in research 
applicable to biosphere modeling is the reported decline in radioecological research, funding, 
and practitioners in Europe that could slow progress on technical advances relative to 
past decades.   
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