




















9.3.5. Human Exposure 
Radiation doses to humans can occur via any of four exposure modes:  
• ingestion; 
• inhalation; 
• external irradiation; and  
• by transfer of radionuclides through the skin, by puncture or absorption.   
 
Although, all four modes can be considered, the fourth one is not usually considered on the 
basis of its low significance [BIOMOVS II, 1996b].  Humans living in a contaminated 
environment can receive a radiological dose via a multitude of exposure pathways (see for 
example Figure 9.9) depending on the characteristics of the release, the biosphere media, and 
the human habits.  As noted in Section 9.2.2, assumptions also have to be made concerning 
the particular behaviour of the individuals or populations for whom a calculation of health 
impact is required.  Of special interest are the assumptions for the behaviour of groups 
whose exposure is representative of the highest that may be expected, commonly referred to 
as the critical group (see Section 3). 
 

Figure 9.9: Example Exposure Pathways for Humans [Kountzman and Tucker, 1989] 
 

 



In addition to the calculation of exposure of humans, consideration in some assessments is 
being given to the impact of exposure on non-human biota (see Section 3).  For example 
there is the FASSET programme of the European Commission that has the aim of providing a 
reference set of models, dosimetric factors, etc, for generic organisms and ecosystems [Strand 
and Larsson, 2001].  

9.4. Mathematical Models 
Mathematical models that have been developed to represent biosphere transport and exposure 
processes range in complexity from simple expressions to highly complex mathematical 
algorithms [Torres and Simón, 1997].  The models can be split according to their degree of 
complexity in two categories. 
 
Mechanistic Models.  They describe processes in a physically realistic manner and are 
normally specific to a given process (e.g. erosion of soil).  For example, in the case of 
erosion, they would calculate the flux of radionuclide from the source to the atmosphere, and 
then let this material be dispersed according to typical fluid motions.  In most cases, 
mechanistic models are quite complicated and reflect the state of the art knowledge about the 
process.  This often makes them specific, and not always applicable to a large range of 
processes.  For example, UK Nirex have developed the SHETRAN code [Thorne, 1995] to 
model the migration of radionuclides within a hydrological catchment area within three 
dimensions.  Such codes tend to be resource intensive and their contribution to an 
assessment of a facility is restricted to increasing the understanding of certain processes 
which can then be incorporated into the more simplified code used for the assessment. 

 
Transfer Coefficient Models. Simple transfer coefficient models do not describe the 
physical processes in a detailed mechanistic way, but instead are based on measurements 
made of contaminants in two different media. The transfer coefficient is then inferred from 
these relationships. Although this approach is often not scientifically rigorous it considers 
many parts of a process implicitly, it is simple, and it is usually based on real data. Thus, it 
can be appropriate for assessment purposes especially given the considerable uncertainties 
associated with the future evolution of the biosphere.   
 
The focus of the following sections is on the transfer coefficient models. 

9.4.1. Transfer between Physical Media 
Most of the biosphere assessment models are based on linear donor-controlled compartment 
models (see for example NEA [1993] and BIOMOVS II [1996c]).  Such models assume that 
a system may be represented by breaking it down into compartments, each of which may 
represent a medium which is distinct from other associated media. It is assumed that, as soon 
as material (in this case radionuclides) enters a compartment, instantaneous mixing occurs so 
that there is a uniform concentration over the whole compartment. Each compartment must 
be chosen to represent a region of the environment for which this assumption is reasonable.  
Figures 9.10 and 9.11 show some example compartments.  The regional and global 
compartments shown in Figure 9.10 are generally only necessary if it is intended to calculate 
collective doses over large populations.  Special models have been developed for this 
purpose specifically for very long lived and mobile radionuclides such as I-129 [Smith and 
White, 1983]. 
 
Radionuclides in one compartment may be transferred to another by various processes. The 
transfer is described by transfer coefficients that represent the fraction of the activity in a 



particular compartment transferred from that compartment to another one in unit time.  
Radionuclides can also be lost from the system altogether (by radioactive decay).  
 



Figure 9.10: Compartments from a Generic Biosphere Model used for the Calculation 
of Collective Doses [Lawson and Smith, 1985] 

 
 
 
The mathematical representation of the intercompartmental transfer processes (shown 
graphically in Figures 9.10 and 9.11) takes the form of a matrix of transfer coefficients that 
allow the compartmental amounts to be represented as a set of first order linear differential 
equations.  For the ith compartment, the rate at which the compartment inventory changes 
with time is given by: 
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where: 

Ni is the activity of radionuclide N in biosphere compartment i, Bq, 
Mi is the amount of radionuclide M in biosphere compartment i (M is the 

precursor radionuclide of N in a decay chain), Bq, 
Si(t) is an external source term of radionuclide N to compartment i, Bq y-1, 
λN is the decay constant for radionuclide N, y-1, 
λji is the transfer coefficient to compartment i from compartment j or to sinks, y-1

 
The solution of the matrix of equations given above provides the time-dependent inventory of 
each compartment. Assumptions for compartment sizes then result in estimates of 
concentrations in the corresponding media.  
 
The transfer coefficients can represent the single or multi-phase movement of radionuclides.  
Some examples are given below based on information given in IAEA [2002c].  Further 
examples are provided in publications such as IAEA [2002c], and BIOMOVS II [1996c]. 
 



Figure 9.11: Example Local Biosphere Model used for the Calculation of Individual 
Doses [Lawson and Smith, 1985] 

 
 
 

9.4.1.1. Example of Liquid Phase Transfer 
The transfer of radionuclides to the sub-soil compartment from the surface soil compartment 
due to infiltration (and other downward processes), λD [y-1], is given by: 
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where  D is the volume of recharge from the surface soil compartment [m3 y-1] 

R is the retardation coefficient for the surface soil compartment [-] 
θ is the water filled porosity of the surface soil compartment [-] 
V is the volume of the surface soil compartment [m3] 

 
The R term is calculated using the following equation: 
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where  θt is the total porosity of the surface soil compartment [-] 

ρ is the grain density of the surface compartment [kg m-3] 
Kd is the sorption coefficient of the soil in the surface soil compartment [m3 kg-1] 

 
 



9.4.1.2. Example of Solid Phase Transfer 
The transfer rate of radionuclides from the surface water compartment of the lake to the 
sediment compartment of the lake due to sedimentation, λhL [y-1], is given by: 
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where: KdLb is the sorption coefficient of the soil in the lake bed compartment [m3 kg-1] 

hL is the gross sedimentation rate from the water compartment to the associated 
sediment compartment [kg m-2 y-1] 

AreaL is the area of the lake [m2] 
αLs is the suspended sediment load in the surface water compartment of the lake 

[kg m-3] 
VLs is the volume of the surface water compartment of the lake [m3] 

 
 

9.4.1.3. Example of Multi-phase Transfer 
The transfer rate of radionuclides from the river compartment to the lake, λSRL [y-1], is given 
by: 
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where: 
SRL is the discharge rate from the river to the lake [m3 y-1] 
VR is the volume of the river compartment [m3] 

9.4.2. Transfer to/within Flora and Fauna 
For the purposes of long-term assessments of radioactive waste disposal, as opposed to the 
short-term routine/accidental discharge assessments [IAEA, 2001], concentrations of 
radionuclides in certain biosphere media (for example crops and animals) can often be 
assumed to be in equilibrium with their donor media and their concentrations are assumed to 
be a linear function of the concentration in the donor media.  Therefore, they and their 
associated FEPs do not need to be modelled dynamically using the first order differential 
equation given in Section 9.4.1, instead this equilibrium assumption is sufficient.  For 
example, the concentration in a crop grown in the soil can be assumed to be in equilibrium 
with the concentration in the soil and any irrigation water applied. This approach is valid 
because the processes affecting the concentrations in such media are rapid compared with 
those affecting concentrations in the donor media, particularly because of the long-term 
nature of the release.   
 
Thus it is helpful to distinguish, at both the conceptual and mathematical model level, 
between media for which the temporal variation of radionuclide concentration needs to be 
calculated using the first order differential equation given in Section 9.4.1 (i.e. dynamic 
media – the “primary media” in Figure 9.12), and those for which the radionuclide 
concentration is a linear function of the concentration in the dynamically modelled media (i.e. 
equilibrium media – the “secondary media” in Figure 9.12).  Data for the derivation of this 
linear function are often derived from models and monitoring of current day releases into the 
environment. 
 



Figure 9.12: Example Model of Radionuclide Transport Pathways in the Biosphere and 
Associated Exposure Mechanisms [Little et al, 1993] 

 

 
This approach has been used in a large number of biosphere modelling studies, for example 
IAEA [2002a] and BIOMOVS II [1996c].   Two examples are given below, based on IAEA 
[2002c], for the calculation of radionuclide concentrations in flora (crops) and fauna (fish).  
 

9.4.2.1. Example of Concentration in Flora 
The radionuclide concentration in the edible part of the crop, Ccrop [Bq kg-1 (fresh weight of 
crop)], is calculated using the following equation: 
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where Fp2 is the fraction of the internal contamination associated with the edible part of 

the plant at harvest that is retained after food processing has occurred [-] 
CFcrop is the concentration factor from root uptake to the edible portion of the plant 

[Bq kg-1 (fresh weight crop)/Bq kg-1 (dry weight soil)] 
Fp1 is the fraction of external soil contamination on the edible part of the crop 

retained after food processing [-] 
Soilplant is the soil contamination on the crop [kg (dry weight soil) kg-1 (fresh weight 

of crop)]  
Cs is the radionuclide concentration in the soil compartment [Bq m-3] 



 
This particular model assumes that: 
 
• the crop can be contaminated due to internal uptake of contaminants from the surface soil 

compartment into the crop via the roots (represented by the 
ρθ )1( t

scropCCF
−

term); 

• the crop can be contaminated due to external contamination of the crop due to deposition 
of re-suspended sediment from the surface soil compartment (represented by the 

ρθ )1( t

splant CSoil
−

 term); 

• contamination can be lost due to food preparation (represented by Fp1 and Fp2 terms). 
 
Extra terms can be added to represent other sources and losses of radionuclides such as 
contaminated irrigation water (see for example IAEA [2002c]). 
 

9.4.2.2. Example of Concentration in Fish 
The radionuclide concentration of the aquatic food, Caqfood [Bq kg-1], is calculated using the 
following equation: 
 

aqfoodLsLsaqfood CFCFFC =  
 
where  FFLs is the fraction of activity in the filtered lake water [-] 

CLs is the radionuclide concentration in the surface water of the lake  
[Bq m-3] 

CFaqfoodis the concentration factor for the aquatic foodstuff [Bq kg-1 (fresh weight of 
edible fraction)/Bq m-3 (filtered water)] 

 
The FFLs term is calculated using the following equation: 
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where  KdLb is the sorption coefficient for the lakebed sediment [m3 kg-1] 

αLs is the suspended sediment load in the surface water compartment of the lake  
[kg m-3] 

9.4.3. Dose Calculations 
Having determined radionuclide concentrations in the various media, it is possible to 
calculate the associated dose using equations of the form: 
 

D = C  U  DCF 
 
where  C  is the radionuclide concentration in the environmental media that acts as the 

source of contamination 
U  is a use factor that describes the utilisation rate of the media by human 



DCF  is a dose conversion factor for the radionuclide and any shorted lived 
daughters2. 

 
Examples for ingestion, inhalation and external irradiation are given below based on IAEA 
[2002c].  Other examples are given in IAEA [2002c] and BIOMOVS II [1996c].    

 

9.4.3.1. Example of Ingestion  
The annual individual dose from the consumption of a crop is given by: 
 

cropingcropcrop CDCINGD =  
 
where  Dcrop is the individual dose from consumption of the crop [Sv y-1] 

INGcrop is the individual ingestion rate of the crop [kg y-1] 
DCing is the dose coefficient for ingestion [Sv Bq-1] 
Ccrop is the radionuclide concentration in the edible part of the crop  

[Bq kg-1 (fresh weight of crop)] 
 

The annual individual dose from the consumption of fish is given by: 
 

aqfoodingaqfoodaqfood CDCINGD =  
 
where Daqfood is the individual dose from consumption of the aquatic foodstuff [Sv y-1] 

INGaqfoodis the individual consumption rate of the aquatic foodstuff [kg y-1] 
Caqfood is the radionuclide concentration of the aquatic food [Bq kg-1] 
 

9.4.3.2. Example of Inhalation 
The annual individual dose from the inhalation of dust, during occupancy of the soil 
compartment, is calculated for both normal and dusty conditions using: 

 
airssinhdust COBRDCD =  

 
where  Ddust is the individual dose from the inhalation of dust [Sv y-1] 

DCinh is the dose coefficient for inhalation [Sv Bq-1]  
BR is the breathing rate of the human in the soil compartment [m3 h-1] 
Os is the individual occupancy in the soil compartment [h y-1] 
Cairs is the radionuclide concentration in the air above the soil compartment  

[Bq m-3] 
 

9.4.3.3. Example of External Irradiation 
The annual individual dose from external irradiation from soil/sediment, during occupancy of 
the soil compartment, is given by: 

                                                 
2 As noted in Section 9.3, daughter radionuclides with a half-life less than 25 days are often assumed to be in secular 
equilibrium with their parents. Their radiological effects, e.g., the dose per unit activity ingestion, are taken into account by 
adding them to those of their parents. 



 
sextssexsoil CDCOD =  

 
where  Dexsoil is the individual dose from external irradiation from the soil [Sv y-1] 

DCexts is the dose factor for external irradiation from soil [Sv h-1/Bq m-3] 
Cs is the radionuclide concentration in the soil compartment [Bq m-3] 

9.5. Computer Codes 
Computer codes for the solution of the above mathematical models have been in existence 
since the late 1970’s and early 1980’s  (see for example Bergstrom et al [1982], Lawson and 
Smith [1985] and Grogan [1985]).  Some of the codes were originally relatively simple 
extensions of codes developed for other purposes, such as estimating the consequence of 
routine discharges from nuclear power plants. In addition, further codes have been developed 
and applied for routine and accidental discharges from nuclear facilities (see for example 
IAEA [1993]), and relevant experience has been transferred across to the codes used for 
waste disposal assessment.  Projects such as BIOMOVS [BIOMOVS, 1993; BIOMOVS II, 
1996d], BIOMASS [IAEA, 2002a, b, c] and the Level 1B exercise of the PSACOIN 
(Probabilistic Safety Assessment Code Intercomparison) [NEA, 1993], have contributed to a 
greater understanding of relevant long-term processes and how to model them.  Therefore an 
increasing number of codes have been developed specifically for the biosphere assessment of 
radioactive waste disposals.  See for example Table 9.1 taken from IAEA [2002d]; further 
examples are given in BIOMOVS II [1996c].  

 
Table 9.1: Some Computer Codes Used for Biosphere Modelling (based on information 

in IAEA [2002d]) 
 

Cod
e 

Description Reference 

AMBER AMBER is a flexible windows-based application, which allow users to 
build their own dynamic compartment models to represent the migration and 
fate of contaminants in a system, using an intuitive Graphical User Interface.  
Radioactive and non-radioactive contaminants in solid, liquid and gaseous 
phases can be considered.   AMBER can be used to assess routine, 
accidental and long-term contaminant releases.  It can be used to represent 
the near-field and geosphere, as well as the biosphere. 

Enviros 
QuantiSci and 
Quintessa [2002] 

GEN
II 

GENII calculates radiation doses for acute and chronic releases to air 
and water, from ground level and stacks, and includes doses due to initial 
contamination of soil and surfaces. It evaluates exposure pathways via air 
immersion, water immersion, ground surface (surface and buried sources), 
inhalation, and ingestion. 

Napier et al 
[1988] 

RES
RAD 

RESRAD uses a pathway analysis method in which the relation 
between radionuclide concentrations in soil and the dose to a member of a 
critical population group is expressed as a pathway sum, which is the sum of 
products of "pathway factors". Pathway factors correspond to pathway 
segments connecting compartments in the environment between which 
radionuclides can be transported or radiation emitted. Radiation doses, health 
risks, soil guidelines and media concentrations are calculated over user-
specified time intervals. The source is adjusted over time to account for 
radioactive decay and ingrowth, leaching, erosion, and mixing. RESRAD uses 
a one-dimensional groundwater model that accounts for differential transport 
of parent and daughter radionuclides with different distribution coefficients. 

Yu et al 
[1993] 



TAME TAME comprises two distinct sub-models - one representing the 
transport of radionuclides in the near-surface environment and one for the 
calculation of doses to individual inhabitants of that biosphere. 

Klos et al 
[1996] 

 

9.6. Data 
The broad range of data required to allow the modelling of the biosphere is described in 
Section 4.5.   The specific parameters for which data need to be obtained will depend upon 
the precise models that are used but typically include: 
• compartment characteristics (dimensions, porosities, bulk densities) 
• water and sediment flow rates; 
• human and animal habits including ingestion rates of water and foodstuffs; 
• radionuclide distribution coefficients; 
• radionuclide transfer factors; 
• radionuclide half-life; 
• radionuclide dose coefficients. 
 
IAEA [2002d] provides example compilations of such data.  Further example data are 
provided in IAEA [2002c and e]. 

 

9.7. Summary 
The biosphere includes the physical media (atmosphere, soil, sediments, surface waters) and 
the living organisms (including humans) that interact with them. Most of the end-points that 
are considered in safety assessments require the modelling of the migration and accumulation 
of radionuclides in the biosphere.  Thus it is necessary to analyse and quantify the transport 
and radiological impact of radionuclides released from the disposal facility into the biosphere 
in order to demonstrate the acceptability of radioactive waste disposals. 
 
When analysing and quantifying such releases, the assessor is faced with a number of 
challenges that need to be addressed:   
• the biosphere can be subject to change, even over relatively short timescales; 
• biosphere modelling potentially requires consideration of the future activities and 

behaviour of humans over timescales of many thousands of years  
• there are many potential interfaces between the biosphere and the other components of 

the disposal system (i.e. the near-field and the geosphere).  It is particularly important to 
ensure that there are consistent boundary conditions at the interface.   

 
When considering biosphere transport and exposure processes, it is helpful to distinguish 
between: 
• transport in surface waters; 
• transport in soils; 
• transport in the atmosphere; 
• transport with and between flora and fauna; and 
• resulting exposure of humans. 
 
The mathematical models that have been developed to represent biosphere transport and 
exposure processes range in complexity from simple expressions to highly complex 
mathematical algorithms.  However, most of the biosphere assessment models are based on 



linear donor-controlled compartment models that use transfer coefficients.  Such models 
assume that a system may be represented by breaking it down into compartments, each of 
which may represent a medium which is distinct from other associated media. The models 
estimate the transfer between compartments and then derive concentrations in the various 
environmental media to which humans are exposed.  These concentrations are then used to 
calculate resulting doses.    
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10. ANALYSIS OF RESULTS AND UNCERTAINTIES 

10.1. Aim 
This section considers the analysis of results and uncertainties within the safety assessment 
approach, and the subsequent evaluation of the adequacy of the assessment.  In particular, it 
considers: 
• the process of analysing results (Section 10.2); 
• the sources of uncertainties (Section 10.3); and 
• the management of uncertainties (Section 10.4); and 
• the evaluation of the adequacy of the safety assessment (Section 10.5). 

10.2. Analysis of Results 
Once the calculations have been undertaken (Step 5 of the ISAM Safety Assessment 
Approach – see Figure 2.1), the results need to be collated and interpreted (Step 6), and 
compared against the relevant assessment criteria (Step 7).  This represents the first 
opportunity for the assessor to examine quantitative results from the modelling of scenarios.  
When analysing the results, the assessment context should be reviewed since it will provide 
guidance on a number of factors that influence the analysis of the results, namely: its purpose; 
its audience; its regulatory framework; its philosophy; its timeframes; and, most importantly, 
its end-points (see Section 3).  The end-points might include a range of relevant safety 
indicators, such as fluxes, concentrations, doses and risks.  For example, a variety of results 
from the safety assessment of the Drigg disposal facility are given in BNFL [2000]. In 
addition, it is necessary to review the various scenario, modelling and data assumptions that 
have been adopted during the assessment and assess the significance of their impact on the 
results. 

10.2.1. Interpretation 
At the results’ interpretation step, it is important to ensure that an understanding of the results 
from each component of the disposal system (near-field, geosphere and biosphere) is 
developed to help: 
• ensure that physically consistent models of the system and its components have been 

developed; 
• build confidence in the results; and 
• develop an understanding the system and its key processes.   

 
In order to do this, intermediate calculation outputs should be analysed, as well as those 
relating to end–points such as dose and/or risk.  This process is illustrated below using results 
for the liquid release calculations from the ISAM Vault Test Case Design Scenario [IAEA, 
2002a].  When interpreting the results from this test case, it was considered helpful to 
analyse: 
 
• the flux of radionuclides from the disposal facility to the unsaturated zone (Figure 
10.1); 
• the flux of radionuclides from the unsaturated zone to the saturated zone (Figure 10.2); 
• the concentration of radionuclides in the groundwater (Figure 10.3); and 
• the annual individual dose resulting from the use of well water (Figure 10.4). 
 



Figure 10.1 shows that the radionuclides fall into two broad categories.  First there are those 
that have a peak flux during the first thousand years.  These radionuclides have low 
distribution coefficients and/or relatively short half lives (H-3, Ni-63, Sr-90, Tc-99, I-129, Cs-
137, Pu-238, Pu-241 and Am-241) and so their peak fluxes are rapidly reached.  The second 
category is those that have a peak flux after the first thousand years.  These have higher 
distribution coefficients and longer half lives (C-14, Ni-59, U-234, U-238 and Pu-239) and 
therefore their peak fluxes are reached less rapidly. 

 
Figure 10.1: Radionuclide Flux from the Disposal Facility to the Unsaturated Zone for 

the ISAM Vault Test Case (after IAEA [2002a]) 

 
Comparison of Figures 10.1 and 10.2 shows that the unsaturated zone (about 50 m thick) 
delays and attenuates the flux of radionuclides due to sorption onto the unconsolidated 
material and the slow infiltration rate of water.   Only five radionuclides  (C-14, Tc-99, I-129, 
U-234 and U-238) have a peak flux in excess of 100 Bq y-1 (compared with the 12 
radionuclides from the disposal facility to the unsaturated zone).  These are long lived 
radionuclides and/or mobile radionuclides.  Even for the most mobile (Tc-99), the peak flux 
is not reached until 2500 years, and for the less mobile U isotopes, the peak flux is not 
reached until around 50,000 years.   
 
From comparison of Figures 10.2 and 10.3, it can be seen that the geosphere does not 
significantly retard the key radionuclides (C-14, Tc-99, I-129, U-234 and U-238).  The timing 
and relative magnitude of the peak fluxes to the saturated zone and the peak concentrations in 
the well water are broadly the same.  This is because of the relatively rapid assumed transit 
time of water along the fracture (less than two years) and the low distribution coefficients for 
these radionuclides in the geosphere (see Appendix D).  The peak concentrations for the Pu-
238, U-238 and U-234 chain decay products (Th-230, Ra-226, Pb-210, and Po-210) are 



slightly later than their parents (by a factors of about two) due to their generally higher 
distribution coefficients and the time required for them to in-growth. 
 

Figure 10.2: Radionuclide Flux from the Unsaturated to the Saturated Zone for the 
ISAM Vault Test Case (after IAEA [2002a]) 

 
 

Figure 10.3: Concentration of Key Radionuclides in Well Water for the ISAM 
Vault Test Case (after IAEA [2002a]) 



Since drinking water doses scale directly with the well water concentrations, the same time 
history can be seen for concentrations and doses (Figures 10.3 and 10.4).  However, due to 
different dose coefficients for ingestion, the relatively importance of Tc-99 and I-129 is 
reversed. Tc-99 has the highest well water concentration (it is about an order of magnitude 
than I-129), but the dose from the ingestion of I-129 (the dominant radionuclide in terms of 
dose) via the drinking water pathway is about an order of magnitude higher than that from 
Tc-99.   

  
Figure 10.4: Individual Doses from Key Radionuclides from Use of Well Water for 

the ISAM Vault Test Case (after IAEA [2002a]) 
  

  

10.2.2. Comparison 
Comparison of the results against the relevant assessment criteria must be taken with care for 
a number of reasons.   
• It is important to recognise that there are a number of sources of associated uncertainty 

that must not be ignored (see Section 10.3).  Because of this, the results should not be 
seen as absolute values and any comparison against regulatory criteria and any 
subsequent decisions should be undertaken with this firmly in mind.  As ICRP [1998] 
notes, demonstration that radiological protection criteria will be met in the future is not as 
simple as straightforward comparison of estimated doses/risks with the relevant dose or 
risk constraints.  Proof that the disposal system satisfies the criteria cannot be absolute 
because of the inherent uncertainties, especially in understanding the evolution of the 
geologic setting, biosphere, and engineered barriers over the long term.  

• It is also important to recognise that any decision-making process should be multi-
faceted and therefore should not be made on the basis of the safety assessment results 



alone.  Several varied and sometimes competing factors must be brought together and 
reconciled to reach a decision as to whether the system and safety assessment are 
adequate (see Section 10.5).   

 
The comparison process is illustrated below using information from the Vault Test Case 
[IAEA, 2002a].  The principal assessment end-point considered in the Vault Test Case is 
individual effective dose.  Results (expressed in terms of individual effective dose) associated 
with the Design and Human Intrusion Scenarios are summarised in Table 10.1. 
 

Table 10.1: Individual Effective Peak Doses and Time of Peak for the Design and 
Human Intrusion Scenario Calculations for the Vault Test Case (after IAEA [2002a]) 

 
Scenario 

Design 
 

Liquid Release Gas Release Solid Release 
Human Intrusion 

Peak Dose 
(Sv y-1) 

3E-5 2E-3 2E-2 1E-3 

Time of 
Peak (y) 

8E+3 1E+6 1E+6 3E+2 

 
For the liquid release calculations, the peak dose summed across all pathways and 
radionuclides is about an order of magnitude below the dose constraint of 3E-4 Sv y-1.   
 
For the gas release calculations, the peak dose summed across all radionuclides is about an 
order of magnitude above the dose constraint and is comparable with the dose from 
background radiation.  However, it should be recognised that this dose does not occur until 
106 years.  As IAEA [1994] states, the reliability of dose as an indicator of safety decreases 
with time and over timescales such as this, dose calculations must be seen, at best, as only 
illustrative.  Furthermore, the calculations are highly cautious in that it is assumed that there 
is no loss of activity from the waste except by decay and gaseous emissions, and after 3000 
years the cover over the waste is removed by erosion (and subsequent to this the waste is not 
affected by erosion).  In practice, losses might be expected to occur due to leaching and, once 
the cover has been eroded, erosion.  Indeed if the erosion rate of 6.7E-4 m y-1 is assumed all 
the waste will have been eroded by around 16400 years.  At this time the total dose is 2.3E-4 
Sv y-1, just below the dose constraint and an order of magnitude below the dose from 
background  radiation. 
 
For the solid release calculations, the peak dose summed across all radionuclides is about two 
orders of magnitude above the dose constraint and is an order of magnitude above the dose 
from background radiation.  It should be recognised that this peak dose does not occur until 
106 years, however a dose of 1E-2 Sv y-1 occurs at 3000 years.  Again, it can be argued that 
the calculations are highly cautious since it is assumed that there is no loss of activity from 
the waste except by decay, even after 3000 years when the cover over the waste is removed 
by erosion.  In practice, losses might be expected to occur due to leaching and, once the cover 
has been eroded, erosion.  Indeed, if the erosion rate of 6.7E-4 m y-1 is assumed all the waste 
will have been eroded by around 16400 years.  At this time the total dose is 7E-3 Sv y-1, 
which is still more than an order of magnitude above the dose constraint and around a factor 
of three above the dose from background  radiation.   
 



For the human intrusion scenario, consistent with the latest recommendations from ICRP 
[ICRP, 1998], a dose limit of around 1E-2 Sv y-1 is used as a generic reference level below 
which intervention is not likely to be justifiable.  The total dose calculated is about an order 
of magnitude below this level.  Table 10.2 shows a comparison of the measured background 
U and Th element concentrations at the disposal site and the estimated soil concentrations 
resulting from the excavation of radionuclides from the disposal facility.  It can be seen that 
the calculated concentrations are below the measure concentrations by more than an order of 
magnitude for U and seven orders of magnitude for Th. 
 

Table 10.2: Comparison of Measured and Calculated Element Concentrations for the 
Human Intrusion Scenario for the Vault Test Case (after IAEA [2002a]) 

 
Element Units Mean Measured 

Concentration 
(range in brackets) 

Calculated Concentration  

U in soil mg kg-1 4.1E+0 
(2.6E+0 – 7.6E+1) 

1.8E-1 

Th in soil mg kg-1 2.6E+1 
(1.6E+1 – 4.2E+1) 

3.1E-6 

 

10.3. Sources of Uncertainties 
Uncertainties can be considered to arise from three inter-linked sources (future, model and 
data/parameter) [IAEA, 1993; ICRP, 1998] (Figure 10.5). In addition, IAEA [2002b] suggests 
that a further type of uncertainty, subjective uncertainty (uncertainty due to reliance on expert 
judgement can also be considered.  Each of these is discussed and illustrated below. 
 

Figure 10.5: Sources of Uncertainty 

 

10.3.1. Future Uncertainty 
Future uncertainty is uncertainty associated with the evolution of the disposal system over the 
timescales of interest.  A major source of uncertainty in the assessment of a disposal system is 



the future evolution of the system, for example the future habits and behaviour of people and 
the natural and human induced disruptive events and processes.  The description of the 
disposal system and its future behaviour is considered in safety assessments through the use 
of scenarios (see Section 5). Figure 10.6 illustrates the variation in dose for a range of 
different scenarios for a hypothetical near-surface disposal facility. 
 

Figure 10.6: Doses for Different Scenarios for a Hypothetical Near Surface Disposal 
Facility [Little, 1999] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To investigate the issue of uncertainty over the future evolution of the biosphere, specific 
studies have been performed within BIOMASS Theme 1 with regard to the release of four 
radionuclides (Nb-94, Tc-99, I-129 and Np-237) to two Example Reference Biosphere 
Biospheres (ERBs) [IAEA, 2002c].  ERB 2A considers an agricultural well under constant 
biosphere conditions with unit concentration in the aquifer. ERB 2B considers a natural 
groundwater release into agricultural and semi-natural environments under constant biosphere 
conditions and with unit concentration in the aquifer. A comparison of the calculated doses to 
the candidate critical groups from these four radionuclides reveals that: 
• Ingestion exposures from irrigated agricultural land (ERB 2A) are about five times 

higher than from drinking water alone; for Nb-94 the external irradiation doses are very 
much higher than those due to ingestion. This leads to the conclusion that consideration 
of the drinking water pathway alone may result in underestimation of the critical group 
doses for certain radionuclides.  

• Ingestion exposures for the natural discharge example (ERB 2B) are within an order of 
magnitude of those for the irrigated agricultural land example (ERB 2A).  

• In the natural discharge example (ERB 2B), exposures due to ingestion of wild foods are 
significant.  In part at least, this may be because lack of data (on radionuclide uptake 
factors for fungi for example) makes it necessary to adopt cautious assumptions for 
parameter values. 
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• For the four radionuclides that are considered in both examples, the doses to the various 
candidate critical groups vary by less than a factor of four. 

 



10.3.2. Model Uncertainty 
Model uncertainty relates to the uncertainty in the conceptual, mathematical and computer 
models used to simulate the behaviour and evolution of the disposal system.  Various 
international exercises have considered the importance of model uncertainty in safety 
assessment.  For example, the INTRAVAL international project [Larsson et al, 1997]. The 
objective of INTRAVAL was to increase the understanding of models that describe various 
geophysiscal, hydrogeological and geochemical processes of importance in the safety 
assessment. This was dealt with by using information from laboratory and field experiments 
and from natural analogue studies. A range of different conceptual, mathematical and 
computer models were used.  A general conclusion was that simple and robust concepts and 
models were able to adequately describe the long-range migration processes. It was found 
that no one model performed consistently better than any other model. In principle, increased 
detail in model structure should have increased the accuracy of the estimations. However, in 
many cases this was counterbalanced by the fact that the effects of characterisation 
uncertainty had a greater impact on model estimations than the differences in the way the 
models conceptualise the system. This is considered to be one reason why one dimensional 
models often can perform as well as, or sometimes even better, than two or three dimensional 
models. 
 
All models will encompass some simplification of reality, and there will be choices 
concerning model types (deterministic or probabilistic), processes to be included, their 
sophistication, and state variables (block averages or point values). This results in conceptual 
model uncertainty. The conceptual model should be as complete and as appropriate to the 
scenario as possible, based on the information and data available, and on previous 
experiences with similar types of problems. The formulation of the conceptual model can lead 
to uncertainty in a number of ways [BIOMOVS II, 1993]: 
• not all relevant pathways and processes may be included in the model; 
• the model may contain some pathways or processes that are not relevant; 
• the state of the system maybe poorly known; and 
• the spatial variability and the future evolution of the system are likely to be poorly 

understood. 
 
Mathematical model uncertainties can arise from: an incomplete knowledge of the FEPs 
associated with the phenomena to be modelled; the inability to express many of the FEPs in 
exact mathematical terms; errors made in the development of the mathematical model.   
 
Computer model uncertainties can arise from errors in the computer code used to develop the 
model, input data errors, misapplication of the code (for example through application of the 
code to problems beyond the range for which the code was developed), and approximations in 
the solution of the mathematical model (for example due to discretisation of a domain when 
solving a differential equation through a numerical method such as the finite difference or 
finite element method).   
 
Figures 10.7 and 10.8 illustrate the range of results obtained by participants in the IAEA CRP 
on the Near-Surface Radioactive Waste Disposal Safety Assessment Reliability Study 
(NSARS) [IAEA, 1995].  In this CRP participants used a range of models to represent two 
test cases (vault and trench).  It can be seen that the results typically ranged over two orders 
of magnitude, although sometimes there are significant outliers.  In Figures 10.7 and 10.8, 
each symbol for a radionuclide represents the result from one participant. 

 



Figure 10.7: Maximum Release Rates from Vault and Associated Timings for the 
NSARS Vault Test Case [Hossain and Grimwood, 1997] 

 
 

Figure 10.8: Maximum Release Rates from Trench and Associated Timings for the 
NSARS Trench Test Case [Hossain and Grimwood, 1997] 

 

 
 

10.3.3. Data/Parameter Uncertainty 
Data/parameter uncertainty relates to uncertainty in the data (i.e. directly measurable 
quantities) and parameters (i.e. quantities derived from direct measurements) used as inputs in 
the modelling process. These can arise from a number of sources: lack of sufficient data; 
instrument errors (mainly caused by the imprecision and malfunctioning of the available 
measuring devices); human errors (for example, incorrect or misapplied measuring techniques 
and systematic errors such as measurements taken on disturbed samples, because in situ 
measurements are impossible); and the data used to derive a parameter may not be 



representative of the parameter due to scale and geometric effects.  Figure 10.9 show the 
impact on dose of sampling input data for the BIOMOVS II complementary studies exercise 
[BIOMOVS II, 1996a]. 

 
Figure 10.9: Dose Resulting from Np-237 Discharged from an Aquifer into a River 

(limits of the plots show the 5th and 95th percentiles, μ denotes the arithmetic mean, g the 
geometric mean and O the 50th percentile) [BIOMOVS II, 1996a] 

 
 

10.3.4. Subjective Uncertainty 
In safety assessments the assessment team may need to rely on expert judgement at many 
stages of the assessment due to a variety of reasons such as a lack of knowledge concerning 
current and future conditions, conceptual models and data/parameter values (and 



distributions).  The effect of subjective uncertainty is illustrated by the user interpretation 
exercise in BIOMOVS II [BIOMOVS II, 1996b].  The exercise involved giving participants 
the same three scenarios and the same computer codes to analyse the scenarios.  For any set 
of calculations, it was found that the variation in best estimates was greater than an order of 
magnitude and most calculations showed order of magnitude differences when best estimates 
were compared with the actual measured values (Figure 10.10). In the BIOMOVS II user 
interpretation exercise, it was found that the choice of parameter values contributed most to 
user-induced variability, followed by scenario interpretation, and to a lesser extent user error. 
The contribution due to code implementation was low [BIOMOVS II, 1996b]. 
 

Figure 10.10: Example Results from the BIOMOVS II User Interpretation Exercise 
[BIOMOVS II, 1996b] 

 

10.4. Techniques to Manage Uncertainties 
Section 10.3 has shown that a range of uncertainties exists in safety assessments.  In order to 
build confidence in an assessment and to assist the decision-making process, it is important 
that these uncertainties are identified and managed appropriately.  Indeed, the ICRP 



recommends that “uncertainty analysis should be an integral part of the dose or risk 
calculation process and that whenever possible, reported results should include ranges of 
possible values rather than a single point value” [ICRP, 1998].  ICRP [1998] goes on to note 
that the uncertainty analysis should be adequate for the purpose of the assessment. 
 
It is impossible to guarantee with any absolute certainty that the “correct” decision has been 
taken.  However, the probability of making an appropriate decision can be improved by 
identifying and managing the uncertainties.  When doing this, what is important is whether 
uncertainties in the assumptions, models and parameters used in the assessment can affect the 
decision on the regulatory compliance of the disposal system adversely [Kozak, 1997].  There 
is consequently a considerable difference between a numerical uncertainty analysis as 
practised in many branches of science and engineering, and uncertainty analysis in the 
assessment of radioactive waste disposal sites.   
 
The management of uncertainties has four main components [Savage, 1995]. 
 
• Awareness - Uncertainties cannot be managed if they are not known about.  A safety 

assessment should identify all major potential sources of uncertainty (see Section 10.3).  
 
• Importance - Some uncertainties have significant effects on the safety case, whilst many 

others are unimportant.  Before attempting to reduce uncertainties it is first necessary to 
determine whether the uncertainty has a significant effect on the overall outcome of the 
safety assessment.  This can involve the use of scoping calculations (see Section 6.7) and 
sensitivity analysis (see below). 

 
• Reduction - Having ascertained the importance of particular uncertainties, measures can 

then be undertaken to reduce them (see below). 
 
• Quantification - The effect of uncertainties on the final safety assessment needs to be 

quantified using uncertainty analysis.  Some uncertainties are more difficult to quantify 
than others, but an attempt should be made to quantify the most important uncertainties 
(see below).  

 
As with other aspects of the safety assessment approach, it is important to ensure that a level 
of effort is given to the management of uncertainties that is appropriate to the purpose of the 
assessment and the resources and skills available.  Furthermore, consideration should be 
given to the presentation of the results of the uncertainty management process to the various 
stakeholders. 
 
The relative importance of the sources of uncertainty can vary from assessment to 
assessment.  In the generic safety assessment that was undertaken to derive activity limits for 
the disposal of radionuclides to near surface disposal facilities [IAEA, 2002d], the results 
obtained for the post-closure period were analysed to assess the relative importance of these 
sources of uncertainty.  It was found that: 
• uncertainty associated with the future evolution of the disposal system typically ranged 

between three and five orders of magnitude; 
• uncertainty associated with conceptual, mathematical and computer models was 

generally less than an order of magnitude; and 
• uncertainty associated with the data/parameters sometimes exceed more than four orders 

of magnitude. 



 
A similar analysis was also undertaken for the ISAM Vault Test Case [IAEA, 2002a] but 
restricted to the future and model uncertainty.  Model uncertainties appeared to result in 
smaller differences in doses (one order of magnitude) than future uncertainties (three orders 
of magnitude). 
 
Depending on the source of the uncertainty, different techniques can be used to manage them.  
These are considered below.  Further information is provided in BIOMOVS II [1993]. 

10.4.1. Management of Future Uncertainty 
The approach commonly used to manage uncertainties associated with the future evolution of 
the disposal system is scenario analysis.  As noted in Section 5, scenarios are descriptions of 
alternative, but internally consistent, future evolutions and conditions.  They handle future 
uncertainty directly by describing alternative futures and allow for a mixture of quantitative 
analysis and qualitative judgements. Essentially, the main purpose of scenario generation is 
therefore to use scientifically informed expert judgement to guide the development of 
descriptions of the disposal system and its future behaviour. It does not try to predict the 
future; rather, the aim is to identify salient changes, based on analysis of trends, within which 
variants are explored to investigate the importance of particular sources of uncertainty. The 
emphasis is therefore on providing meaningful illustrations of future conditions to assist in 
the decision-making process [Watts et al, 2001].  
 
For the treatment of future uncertainties, there is a need for a consistent approach for 
identifying the relevant assumptions and hypothesis. The IAEA’s BIOMASS programme has 
recommended the use of a well defined Assessment Biospheres1 (with associated exposed 
humans) for estimation of radiation doses arising from long-term releases of radionuclides to 
the environment [IAEA, 2002c, e, f]. The methodology for the development of Assessment 
Biospheres has been developed to be practical and to be consistent with recommendations 
from ICRP on radiation protection and disposal of long-lived solid radioactive wastes, 
notably in ICRP Publication 81 [ICRP, 1998].  The main steps in the methodology are: 
• development and confirmation of the assessment context; 
• biosphere system identification and justification; 
• biosphere system description; 
• identification of representative exposed population groups, including hypothetical critical 

groups;  
• conceptual and mathematical model development for radionuclide migration and 

accumulation, and consequent radiation exposures; 
• calculation of assessment end-points (e.g. doses) and confirmation, normally by iteration 

of some or all of the above steps, of the characteristics of the hypothetical critical groups. 
 
BIOMASS methodology has been developed and demonstrated through the construction of 
set of examples, each of them increasing in complexity and chosen to be as widely relevant as 
possible, taking into account diverse regulatory requirements and the interests of different 
assessment groups.  The Example Reference Biospheres are: 

                                                 
1 An assessment biosphere is defined in BIOMASS as “the set of assumptions and hypotheses that is necessary to provide a 
consistent basis for calculations of the radiological impact arising from long-term releases of repository-derived radionuclides into 
the biosphere” [IAEA, 2002??]. 



• ERB 1A: a drinking water well under constant biosphere conditions with unit 
concentration in the aquifer supplying the well;  

• ERB 1B: a drinking water well under constant biosphere conditions with unit activity 
release rate to the aquifer;  

• ERB 2A: an agricultural well under constant biosphere conditions with unit concentration 
in the aquifer;  

• ERB 2B: natural groundwater release into agricultural and semi-natural environments 
under constant biosphere conditions and with unit concentration in the aquifer; and 

• ERB 3: trial applications of the BIOMASS Methodology for the consideration of 
biosphere change.  The trial examples are designed to address issues related to biosphere 
system change. By reference to two site specific cases and one generic case, ERB 3 
demonstrates the use of the BIOMASS Methodology when (a) land elevation due to 
glacial rebound and (b) global climate are drivers for biosphere change. The 
Methodology helps to identify the initial conditions and the types of biosphere system 
and time periods likely to be important. 

 
Further details on scenario development and justification are provided in Section 5 and so are 
not be considered further in this section. 

10.4.2. Management of Model Uncertainty 
Conceptual model uncertainty can be reduced through additional modelling studies and 
data collection which allow better defined conceptual models of the disposal system to be 
developed [Savage, 1995; IAEA, 1999]. The use of tools such as Interaction Matrices and 
Process Influence Diagrams can also help through providing a graphical representation of the 
conceptual model and its associated processes (see Section 6.3). 
 
Certain measures can be taken to facilitate the assessment of conceptual model uncertainty.  If 
models are elicited explicitly, with lists of assumptions made, then their comparison may at 
least provide a qualitative understanding as to why various results differ, and which are the 
critical decisions.  Conceptual model uncertainty can be treated via a bias audit of all 
conceptual decisions made.  All alternative decisions can be considered, employed, or ruled 
out (for what ever reason), and estimates for potential shifts, or biases, in the result which 
would follow from the adoption of alternatives considered. The main objective of this audit is 
to follow through the modelling assumptions adopted and provide a quantitative estimate of 
the representativeness of the associated results.  For each decision made in specifying 
conceptual models, there are at least two issues to be considered:  
• how correct are the assumptions that are being made? and  
• how much impact would these have on the assessment results if they were shown/found 

to be incorrect? 
 
The task of answering these questions should lie with experts or expert groups.  It is 
important to recognise that the information elicited from experts will be subjective and so it is 
suggested that experts could be asked to formulate their decisions in such a way that 
individual decisions made are made explicit and the experts’ confidence in each measured. 
 
Mathematical and computer model uncertainties, as well as conceptual model uncertainty, 
can be addressed through model verification, calibration and validation.  Verification is 
achieved by solving test problems designed to show that the equations in the mathematical 
model are solved satisfactorily [IAEA, 1999].  Calibration is performed by comparing model 
predictions with field observations and experimental measurements [IAEA, 1999].  It is a site 



specific procedure, whereby a set of site specific input data is used to compare model 
calculations and observations at that site.  IAEA [1999] states that, in contrast to calibration, 
validation has more to do with producing credible results at a variety of different sites or 
under a wide range of conditions.  The advantages and disadvantages of verification, 
calibration and validation are considered in the section on confidence building (Section 11).   
 
Mathematical and computer model uncertainty can also be managed by, where possible, using 
a range of models and codes.  For example in the BIOMOVS II model complexity exercise a 
range of models of differing complexity were used to represent the same scenario 
[BIOMOVS II, 1996c].  For some end-points the models gave similar results, for others the 
range was several orders of magnitude (Figure 10.11). 

 
Figure 10.11: Example Results from the BIOMOVS II Model Complexity Exercise 

[BIOMOVS II, 1996c] 
 

 
 
 

10.4.3. Management of Data/Parameter Uncertainty 
Uncertainty in the quality and accuracy of data and parameters can often be considerably 
reduced in safety assessments, by collecting further field data and applying suitable quality 
assurance procedures during the collection and manipulation of the data. However, it is 
impossible to eliminate data and parameter uncertainty completely from safety assessments, 
especially since site characteristics can change over the timescales of the assessment and so 
parameter values might not appropriate for future conditions.   
 



Five approaches can be used to handle the resulting data/parameter uncertainty, noting that 
these approaches can also be used to address future and model uncertainties [Savage, 1995]. 
 
• Conservative/worse case - In the conservative approach, an attempt is made to be 

pessimistic about parameter values and thereby overestimate the impact of a disposal 
facility.  There is a danger that if pessimistic values are taken for all parameters then the 
resulting estimate of impact is so pessimistic as to be worthless and misleading, 
especially if the assessment purpose was to optimise design or to improve the safety of 
the disposal system.  In certain cases it becomes difficult to define the worst value, and 
prove that this is the worst one.  Also, there can be technical difficulties in some cases, 
since it is not always obvious what is conservative for a particular combination of 
parameters, exposure pathways and radionuclides.   

 
However, there can be times when the approach is useful.  For example, in some cases it 
might be simpler and more pragmatic to take a conservative approach for certain aspects 
of the disposal system than to model them in detail, especially if they have a minor 
impact on the overall performance of the disposal system.   

 
• Best estimate and what if - In the best estimate approach, a central (“best estimate”) set 

of parameter values is chosen to be representative in some sense that is often difficult to 
define precisely. There can be a tendency to err on the side of conservatism when 
choosing the values to be used, but this is not transparently consistent with the normal 
meaning of “best estimate”.  This kind of confusion can lead to serious problems in 
explaining the results.  Furthermore, uncertainty/variability in parameter values is 
ignored. 

 
To overcome this problem, the best estimate approach is often coupled with the use of 
“what if” calculations to explore other (more extreme and less likely) possibilities. This 
approach has the problem that the status of “what if” calculations is not clear - if they 
give unacceptable consequences then what does this imply?  Also, it invites a view that 
each “what if” calculation represents a situation that is equally likely to occur.  To 
counter this, a clear decision should be made.  If a “what if” calculation relates to a 
physically possible situation, then the conditions for that possibility should be defined 
and the likelihood considered.  If the scenario is not physically realistic, then the 
reasoning should be given and no calculations made. 

 
• Sensitivity analysis – this allows the effect of perturbations in the values of input 

parameters to be investigated.  Such perturbations could arise from data/parameter 
uncertainties but also future and model uncertainties.  The overall robustness of the 
disposal system to changes in parameter values (and changes in scenarios and models) 
can be assessed.  This in turn allows attention to be focused on improving those aspects 
of the assessment that have the greatest impact on the model output.  However, it must be 
recognised that different models might have sensitivity to different parameters, 
depending upon the structure of the model. 

 
IAEA [1999] emphasises the important role of sensitivity analysis.  It suggests that single 
parameter variation or variation of combinations of a few parameters should be 
considered as a starting point.  Different methods for varying parameter values can be 
used for this task, but the analysis should be structured with care to ensure that the 
combinations that are chosen by the computer code are not physically unrealistic.  In 



addition, the output from the exercise should be structured to preserve the information 
needed to determine the sensitive combinations and to identify sensitive parameters. 

 
• Probabilistic – With this approach, all uncertain and variable parameters are given 

probability density functions (PDFs) to characterise their uncertainties and variability2 
(Figure 10.12).  Advice on constructing PDFs is provided in BIOMOVS II [1993] and 
Mishra [2002].  A rigorous mathematical approach based on the Monte Carlo method 
with random sampling techniques (such as Simple Random Sampling and Latin 
Hypercube Sampling) is then used to analyse the parameter uncertainty and variability 
and generate PDFs for the results.  Following the same logic, scenarios and conceptual 
models can be given PDFs. Difficulties with the probabilistic approach include: requiring 
more computational effort and more man-time to set up, interpret and present the 
calculations than a deterministic approach; being less transparent for non-technical 
audiences than a deterministic approach; needing to recognise correlations between 
parameters otherwise physically unrealistic combinations of parameter values might 
occur; and needing to be able to justify the chosen probability distributions for each 
sampled parameter. More fundamentally, the use of probability theory may be 
inappropriate for the types of uncertainty that are to be addressed.  Often it is the experts 
rather than the parameter values that are uncertain.  Thus, the uncertainties are largely 
subjective and not well characterised by probabilities.  Such problems are compounded 
by the fact that regulatory targets are usually expressed as deterministic rather than 
probabilistic numbers. 

 
• Possibilistic/Fuzzy – This approach uses fuzzy set theory and is suitable for the treatment 

of non-stochastic (subjective) uncertainties [Robinson and Cooper, 1995].  Possibility 
distributions (membership functions) for each parameter are combined to give a 
possibility distribution for a calculated result.  The combination rules for possibilities are 
different from those for probabilities – minima and maxima are used in place of products 
and sums.  Apart from these differences, the fuzzy approach can be undertaken in a 
similar manner to the probabilistic approach.  Kato et al [2001] present a unified 
methodology to handle variability and uncertainty by using probabilistic and possibilistic 
techniques respectively for the safety assessment of radioactive waste disposal (Figure 
10.13). Uncertainties associated with scenarios, models and parameters were defined in 
terms of fuzzy membership functions derived through a series of interviews with the 
experts, while variability was formulated through the use of PDFs based on available data 
sets. The exercise demonstrated the applicability of the approach and, in particular, its 
advantage in quantifying uncertainties based on expert opinion and in providing 
information on the dependence of assessment results on the level of conservatism. 

                                                 
2 It is important to distinguish between variability and uncertainty.  Variability arises from the stochastic nature 

of the processes and features considered, e.g., the temporal distribution of drum corrosion times and the spatial 
heterogeneity of a host geological formation.  Uncertainty arises due to incomplete or imprecise knowledge of the 
processes and conditions expected in the future, e.g., uncertainty in the estimation of solubilities and sorption 
coefficients for important radionuclides. 
 



Figure 10.12: Graphical Representation of the Probability Distribution of a Parameter 
[Lapin, 1987] 

 

 
 

 
 

Figure 10.13: Radionuclide Release Rate from the Near-field (left) and Dose (right) 
Calculated for each Level of Plausibility [Kato et al, 2001] 

 

 

10.4.4. Management of Subjective Uncertainty 
Subjective uncertainties can be managed in three main ways.  First, through the use of fuzzy 
set theory (see Section 10.4.3).  Second, as suggested in BIOMOVS II [1996d], two or more 
independent teams can be used to assess the same problem.  This approach has been used in a 
number of assessments of near surface disposal facilities, but unfortunately, to date none have 
been published.  The third approach is to ensure that a systematic and transparent approach, 
such as the approach discussed in these notes, is used for the assessment.  This should allow 
all subjective judgements to be document, justified and quantified (as far as possible). 

 



10.5. Evaluating the Adequacy of the Safety Assessment 
Figure 2.1 shows that once the results (and associated uncertainties) have been analysed, there 
is a need to determine the adequacy of the safety assessment.  This should be based on 
reasonable assurance rather than on an absolute demonstration of compliance [ICRP, 1998]. 
Therefore a decision should not be based on a straightforward comparison of calculated dose 
or risk with the associated constraints. Any decision requires a certain latitude of judgement.  
The dose/risk constraints provide a basis for such judgements but they are not the only factors 
that should be considered.  Therefore, numerical compliance alone should not determine 
acceptance of a safety assessment; other factors need to be considered.  In particular, there is 
a need to ensure that the assessment:  
• presents a logical chain of technical arguments, demonstrating sound and sufficient 

scientific understanding of the behaviour of the disposal system; 
• is clearly, logically and comprehensively documented; 
• is appropriately quality assured;  
• uses data of appropriate quality;  
• uses stylised approaches and reasonably conservative assumptions as appropriate;  
• addresses uncertainties by means of suitable presentations of their results (e.g. as ranges 

of numbers or bounding estimates);  
• presents multiple lines of reasoning and multiple safety indicators to demonstrate safety; 

and  
• has been peer reviewed by experts. 
 
By the same token, transgressions of constraints do not necessarily mean that the safety 
assessment should be rejected, merely because their value is estimated to be exceeded.  In 
such cases, the conservatism likely to be incorporated into the assessment should be 
recognised.  Furthermore, as the time frame increases, ICRP [1998] suggests that some 
allowance should be made for assessed dose/risk exceeding the dose/risk constraint.  ICRP 
[1998] states that this must not be misinterpreted as a reduction in the protection of future 
generations, but rather as an adequate consideration of the uncertainties associated with the 
calculated results.  However, any transgression must be justified and the reasons for the 
transgression must be evaluated to determine if additional safety measures would result in 
improved protection. In addition, other evidence (for example the evidence from natural 
analogues, or the comparison of the remaining hazard potential of a disposal system with the 
risks imposed by other natural or human-induced sources) should be used to demonstrate the 
system’s safety. 
 
If it is considered that the assessment is not adequate, further iteration of the entire process or 
parts of the process can be undertaken to improve its adequacy.  Such iteration can be used to 
identify possible modifications that could be introduced to reduce the impacts (for example 
through the adoption of less cautious assumptions) and to investigate the degree of 
uncertainty and caution associated with the results.  These modifications may include changes 
to:  
• the facility design;  
• the waste acceptance criteria;  
• the scenario assessed; and  
• the models and data used.   
 
 



10.6. Summary 
Once the scenarios, and associated conceptual and mathematical models have been developed 
and implemented in computer codes and the associated data collated, four types of 
calculations can be undertaken to assess the impacts of disposal facility (scoping, bounding, 
deterministic and probabilistic).  On completion of the calculations, the results need to be 
collated and analysed.  The results should be compared with calculation end-points identified 
when developing the assessment context.  When analysing the results it is important to 
recognise that there are a number of sources of associated uncertainty that must not be 
ignored (future, model, data/parameter, and subjective uncertainties).  Because of this, the 
results should not be seen as absolute values and any comparison against regulatory criteria 
and any subsequent decisions should be undertaken with this firmly in mind. 
 
Depending on the source of the uncertainty, different techniques can be used to manage them.  
The uncertainty management process should provide a variety of useful insights including: 
• an appreciation of the overall degree of variability and uncertainty and the confidence 

that can be placed in the analysis and its findings; 
• an understanding of the key sources of variability and uncertainty and their impacts on 

the assessment; 
• an understanding of the key assumptions and their impact on the assessment; 
• an understanding of the unimportant assumptions and why they are unimportant; and 
• an understanding of the extent to which plausible alternative assumptions or models 

could affect any conclusions.  
 
Once the results (and associated uncertainties) have been analysed, there is a need to 
determine the adequacy of the safety assessment.  This should be based on reasonable 
assurance rather than on an absolute demonstration of compliance. If it is considered that the 
assessment is not adequate, further iteration of the entire process or parts of the process can 
be undertaken to improve its adequacy. 
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11. CONFIDENCE BUILDING 

11.1. Aim 
This section considers the confidence building process within the safety assessment approach.  
In particular, it: 
• introduces the need for and key activities contributing to confidence building (Section 

11.2); and  
• considers the role of each activity (Sections 11.3 – 11.10). 

11.2. Introduction 
Safety assessments involve estimation of the consequences of uncertain future events.  
Therefore, the only realistic objective is a reasonable degree of assurance of safety, based on 
evaluating all appropriate evidence, including professional judgements and mathematical 
modelling, that the disposal facility will perform within acceptable bounds [IAEA, 1999].  It 
is particularly important therefore, that all stakeholders (including those internal to and 
external from the organisation undertaking the assessment) should have confidence in the 
information, insights and results provided by a safety assessment.  The assessor will often 
wish to develop not only technical confidence in the safety assessment with stakeholders such 
as the regulatory body, but also societal confidence with stakeholders such as the public.  
 
This section considers what can be done to ensure that the results of a safety assessment (and 
the wider safety case) command a suitably high degree of confidence in all stakeholders.  
Activities contributing to confidence building include:  
• use of a systematic approach 
• peer review; 
• quality assurance; 
• verification, calibration and, if possible, validation of models;  
• consideration of relevant analogues;  
• involvement of stakeholders; 
• consideration  and treatment of uncertainties; and  
• presentation of the assessment and its results. 
 
Each of these activities are considered in turn below. 

11.3. Use of a Systematic Approach 
Safety assessments are not just based on scientific facts.  A very large element of expert 
judgement enters into virtually all aspects of the chain of reasoning leading to an estimate of 
the safety of the disposal facility.   This can range from the assumed future human behaviour 
to assumptions about the range of values for unmeasured, and sometimes unmeasurable, 
parameters used radionuclide transport models.   A key component in the confidence building 
process is therefore to follow a structured safety assessment approach such as the ISAM 
approach described in these notes.  The approach should: 
• ensure that each stage of the assessment process, and its associated decisions, are 

appropriately documented;   
• be rigorous and based on methods that are scientifically and technically justifiable 
• allow multiple lines of reasoning (i.e. a diversity of arguments) to be used since no 

individual line of reasoning will necessarily be sufficient for any given assessment; and  



• allow iteration so that disposal facility plans can be implemented in a step-wise manner, 
thereby enhancing confidence. 

11.4. Peer Review 
Peer review is a key component in building confidence [IAEA, 1999].  The most rigorous 
form of scrutiny is to carry out independent assessments and to use a variety of approaches 
and models.  However, the necessary resources might not always be available to allow 
independent assessments, nor might it be appropriate for the purpose of the assessment.  
Nevertheless, it is recommended that some form of peer review should be undertaken to 
ensure that the assessment meets certain requirements such as the use of: good science; 
transparent and logical reasoning; factual data; appropriate quality assurance; multiple lines 
of reasoning; clear presentation of results. 
 
Peer review can take a number of different forms. 
 
• Regulatory peer review - regulatory agencies can peer review the work of implementing 

agencies both by the conventional approach of commenting on reports, see for example 
Streatfield et al [2002] (Figure 11.1), and also by carrying out independent research and 
assessments, see for example Ashworth et al [1997].  Indeed, IAEA [1999] notes that “the 
regulatory body should develop an independent capability for reviewing safety 
assessments”.   

 
Figure 11.1: Outline of the Review Methodology Used by the Environment Agency of 

England and Wales for BNFL’s 2002 Post-Closure Satety Case  
(after Streatfield et al [2002]) 

 
• International peer reviews – in some cases the operator of the disposal facility can 

organise, or the competent authorities can organise, critical reviews by independent 



international bodies.  Such bodies can include the Nuclear Energy Agency (NEA) of the 
Organisation for Economic Cooperation and Development (OECD) and the International 
Atomic Energy Agency (IAEA) (see for example Sorlie and Stranden [1997]). 

 
• Other peer reviews – various peer reviews can be undertaken.  One example is academic 

peer review since there are many places where the work of radioactive waste safety 
assessments touches established academic disciplines.  Here the normal professional 
process of peer review comes into play to build confidence by engaging a wider circle of 
experts into the debate through publication of work in the open natural and social 
scientific literature. 

11.5. Quality Assurance 
Quality assurance is a planned and systematic set of procedures to document the various steps 
in a process and to provide confidence that the results of the process are of good quality 
[IAEA, 1999].  Quality assurance and quality control1 (QA/QC) procedures have been or are 
being introduced into many areas of radioactive waste management (see for example IAEA 
[1995] and IAEA [1996a]).  The need to generate confidence in the results of safety 
assessments requires that quality assurance procedures be applied to the various stage of the 
assessment approach, and in particular to data acquisition (Table 6.3), design activities, 
development of models, methods of calculation and documentation of the assessment (Table 
11.1), from the earliest stage.  The quality assurance approach should provide a framework in 
which safety assessment activities are performed and recorded, attesting to compliance with 
the procedures.  In this way it can be shown that reliable and traceable sources of information 
have been used.  As a result, confidence in the results of the safety assessment will be 
enhanced.   
 
However, as IAEA [2002a] notes, it must be remembered that the use of QA does not 
necessarily ensure that the results of the safety assessment are correct, and the application of 
QA procedures and standards uses resources.  The organisation undertaking a safety 
assessment must therefore decide on the level of certification required for different tasks and 
at various stages of the safety assessment. 
 
It is now generally accepted that formalised QA procedures are essential in safety 
assessments, although the development of formalised QA standards and systems suitable for 
projects is a relatively recent development [IAEA, 2002a].  Many organisations now have a 
quality policy and quality manual which can be used for safety assessment (see for example 
Pillette-Cousin [1997] and Errera [1997]).  For most countries, there is no clear difference 
between the QA for the safety assessment and the QA for design, construction and operation 
of disposal facilities. Usually, safety assessment is one task in the overall project to establish 
a near surface disposal facility, which means that the project to prepare a safety assessment 
adopts the QA procedures for the whole project.  However, work on the safety assessment 
can begin well before the design and construction tasks, which means that the assessment can 
be under way before the overall QA system and procedures are developed. Clearly, it is 
important to ensure that the safety assessment is prepared under a QA system that will satisfy 
the QA criteria required for licensing the disposal facility. 

                                                 
1 Definitions for all terms appearing in italics are given in the glossary to these notes.  Only terms that have not been used in 
previous sections are italicised in this section. 



Table 11.1: ISAM Document Review Record [IAEA, 2002a] 
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IAEA [2002a] suggests that any safety assessment, no matter how preliminary, should have 
sufficient QA to ensure that: 
• all input data is properly checked, validated and documented (including provision of 

information concerning its source), 
• scenario selection and development is documented, 
• computer models are validated, audited to confirm reproducibility and documented. 
 
IAEA [2002a] notes that most of the QA standards used in safety assessment are traceable to 
ISO 9001 [ISO, 2000] and/or the IAEA Code on Quality Assurance [IAEA, 1996b].  The 
standards in the ISO 9000 family are based on the understanding that all work is 
accomplished by a process that has inputs and outputs. A product is the result of activities or 
processes. The ISO 9000 family of standards provide a generic core of quality system 
standards applicable to a broad range of industry and economic sectors. The original ISO 
9001 standard was issued in 1987 and this has been followed by updates in 1994 and 2000.  
The IAEA Code on Quality Assurance provides the basic requirements for establishing and 
implementing quality assurance programmes for the stages of siting, design, construction, 
commissioning, operation and decommissioning nuclear power plants.  
 
In addition, there are several standards on QA that have taken been developed in the United 
States of America that are relevant to near surface disposal facilities.  These standards include 
[Wilde et al, 1997]: 
• 10CFR50 Appendix B; 
• NUREG 1293. Quality Assurance Guidance for a Low Level Radioactive Waste Disposal 

Facility; 
• NUREG 1383. Quality Assurance for Characterising LLRW Disposal Sites; and 
• ASME NQA-1-1989. Quality Assurance Program Facilities for Nuclear Facilities. 
 
However, none of the above standards or codes are specific to safety assessment, and 
therefore the use of these standards requires some care when they are implemented in a safety 
assessment to ensure that procedures and controls are focused on important issues and do not 
unnecessarily restrict progress.   

11.6. Verification, Calibration and Validation of Models 
Safety assessments are based on models of the disposal system (see Section 6).  These models 
are used to represent the evolution of the system and to provide an indication of the 
consequences of a number of scenarios.  The modelling effort comprises the development of 
conceptual models and mathematical models and the corresponding computer codes or other 
methods of calculation.  IAEA [1999] notes that confidence in the modelling results depends 
on two questions: 
• does the method of calculation solve correctly and accurately the mathematical equations 

that constitute the model?  The process of verification can be used to answer this question.   
• does the model reproduce field and/or experimental results with sufficient accuracy?  

Calibration and validation using different data sets can be used to answer this question. 
It is important to recognise that the conceptual and mathematical models, as well as the 
computer codes in which they are implemented, should be included in the verification, 
calibration and validation process as far as possible. 

11.6.1. Verification 
Verification of the method of calculation is achieved by solving test problems designed to 
show that the equations in the mathematical model are solved satisfactorily in the associated 
computer codes [IAEA, 1999].  Through the use of test problems and feedback from 
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diversified use of the method, it is possible to reach a high level of confidence in the 
correctness of the mathematics and that the equations are correctly encoded and solved.  
Comparison of the results of different methods solving the same problem and using the same 
input parameters is also an effective approach.  Therefore, verification of the methods of 
calculation is feasible and should be used for confidence building in safety assessments.  
Indeed, a minimum level of verification must be achieved before any code results are trusted 
or used in an actual assessment [Savage, 1995]. 
 
It is important to recognise that verification of a code is only half of the effort needed to 
ensure that correct results are obtained - the data input in a particular case must also be 
checked.  In addition, verification is an on-going process especially since a code can only be 
verified for the specific test problems to which it has been applied. 

11.6.2. Calibration 
Calibration is performed by comparing model or sub-model predictions with field 
observations and experimental measurements [IAEA, 1999].  Calibration is, therefore, a site 
specific procedure, whereby a set of site specific input data is used to compare model 
calculations and observations at that site.  Calibration can be undertaken by modifying input 
data and boundary conditions for the mathematical model as implemented in the associated 
computer code.  It can also be undertaken by modifying the underlying conceptual and 
mathematical model.  Calibration is often undertaken for flow models, see for example Figure 
11.2, although calibration of transport models can also be undertaken using tracer tests (for 
example Visser et al [1991]) and lysimeters (see for example BIOMOVS II [1996]). 
 

Figure 11.2: Calibration of Groundwater Heads [Lietava et al, 2001] 

 
 
In practice, if a model can be calibrated successfully for a variety of site specific conditions, 
an increased level of confidence can be placed in the model’s ability to represent those aspects 
of system behaviour and therefore to estimate their effects in situations in which they cannot 
be measured.  However, one difficulty that is often encountered in the calibration process is 
that different conceptual models and their associated sets of input data produce results that 
show equally good agreement with the observed data.  Furthermore, a model can only be 
calibrated for the temporal and spatial scales of the field observations and/or experimental 
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measurements and so there is a need to consider the applicability of such observations and 
measurements to the temporal and spatial scales considered in the safety assessment. 

11.6.3. Validation 
As far as possible, modelling output should be shown to be valid, that is, to correspond to 
empirical data obtained in an actual situation [IAEA, 1999].  In contrast to calibration, which 
is a more site specific model adjustment process, validation has more to do with producing 
credible results at a variety of different sites or under a wide range of conditions [IAEA, 
1999].  Although the validation of models for the long term evolution of a specific site is not 
possible over the relevant timescales, limited validation may be possible through the use of 
data from natural analogue studies or climate analogues.  It may also be useful to compare 
modelling outputs with observations concerning the behaviour of certain components of the 
disposal system, for example, data sets obtained with in situ experiments, or with 
measurements performed during site characterisation and during the facility’s operational 
phase (see for example Figure 8.4).  In addition, it can be helpful to compare the results with 
previous assessments of the same or similar disposal systems, although care must be taken to 
ensure that like is compared with like.  It is especially important to note that a model validated 
at one temporal and spatial scale cannot be considered to be validated at other scales [Larsson 
et al, 1997]. 
 
Wingefors et al [1999] provide a helpful review past validation exercises and put forward 
ideas on a validation approach from the regulatory perspective. They conclude that full 
validation is not an achievable objective but that validation exercises should be seen as a 
contribution to the process rather than the whole story.  The report also sets out a six step 
approach for developing confidence in models (Figure11.3). 

11.7. Consideration of Relevant Analogues 
Natural and man-made analogues to disposal systems and/or components of disposal systems 
have been studied so that the results of observations may be compared with the performance 
of disposal facility components or processes expected to take place in a disposal system (see 
for example IAEA [1989] and Miller et al [2000a]).  Clearly, the very nature of the similarity 
between the such analogues and disposal systems means that analogues are a potentially 
useful means of making non-technical, as well as technical, demonstrations of disposal system 
behaviour to support the overall safety case because many audiences may find the concepts 
and conclusions from a safety assessment credible only if provided with parallels for 
comparison.  Therefore the use of information derived from analogue studies can be 
particularly useful for increasing technical and non-technical stakeholder’s confidence in the 
assessment.   
 
Analogues can be used for a number of purposes  [Miller et al, 2000b]. 

 
 
Highlighting the similarity of materials, radionuclides and processes between the disposal 
system and analogue systems thereby demonstrating that none of the components of a 
disposal system are beyond man’s experience.  For example Hadrian’s Wall (built almost 
2000 years ago by the Romans in the northern England) provides qualitative evidence for the 
stability of cementitious structures but at the same time provides an historical (time) context 
[Miller et al, 2000a] (Figure 11.4).  Likewise, collections of Roman nails (e.g. those 
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discovered at Inchtuthil in Scotland) provide simple illustrations to show that iron (steel) need 
not corrode rapidly if large masses are present to buffer the redox conditions [Miller et al, 
2000a]. The details of the chemistry are not required for the demonstration, the very existence 
of the well preserved nails alone is a good illustration, again with a clear historical timeframe.  
A further example is Silbury Hill in Wiltshire, England, which acts as an analogue for the 
longevity of vegetated earth mounds (similar to final covers placed over disposal sites).  It is 
about 4000 years old and has dimensions of 40 m high, 160 m basal diameter, and 30 m 
diameter across its flat top.  Its importance as an analogue comes from the fact that it appears 
to have lost very little of its original volume by weathering and no surface sliding appears to 
have occurred (Figure 11.5). 

 
Figure 11.3: Regulatory Strategy for Developing Confidence in Models  

(after Wingefors et al [1999]) 
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Figure 11.4: Hadrian’s Wall, England 
 

 
 
 

Figure 11.5: Silbury Hill, England 
 

 
 
 

• Presenting the expected evolution of the disposal system.  Qualitative arguments stating 
how the expected evolution has been developed can be based on an understanding of 
analogues. 
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• Justifying the choice of features, events and processes (FEPs) and scenarios analysed in 
the assessment. A frequent criticism of scenario analysis is that no specific account is 
given to suggest how the appropriateness of scenarios is determined.  Reference to 
analogue systems is a useful means of justification for the scenarios chosen to indicate 
that they relate to real conditions and events that may possibly affect a disposal system. 

 
• Aiding in the development of conceptual models and associated processes because, by 

investigating the processes that operate in analogue systems, it is possible to learn about 
the key processes which can influence radionuclide behaviour, and which should therefore 
be represented in assessment models. 

 
• Providing quantitative data to satisfy the parameter (data) requirements of the codes; 

although very few quantitative data are actually provided by analogue studies for directly 
input to the models they do often provide numbers which can be used to provide bounding 
limits and confidence in the data acquired in the laboratory. 

 
• Acting as test-beds for model validation by providing sites with relevant physico-chemical 

conditions where the codes can be used in a realistic fashion in attempts to simulate actual 
measured conditions. 

 
However, as IAEA [1999] notes that the analogy between analogues and a waste disposal 
facility is not perfect since in most cases only the end results of the naturally occurring 
processes can be observed, and there is significant uncertainty about initial conditions and 
their evolution over time.  Therefore, to date, it has proven difficult to use such analogue 
studies in a quantitative way to provide values for the parameters used in models and/or to 
calibrate/validate models.  However, some relevant processes such as weathering of package 
materials, wind resuspension, radionuclide transport by groundwater or transfer of elements 
from soil to biota can be investigated in appropriate analogues with an adequate level of detail 
and with sufficient control of boundary conditions to allow some model testing.   
 
Miller et al [2000b] note that when using analogues it is important to adopt the following 
guidelines: 
• analogues alone should never be presented as ‘proof’ of facility safety and no analogue 

should ever be overinterpreted; 
• any message should be presented as simply and as unambiguously as possible to avoid 

confusion; 
• the messages should address the real concerns of the various stakeholders; and 
• any analogue presentation should form a coherent part of the multiple lines of evidence 

presented in the safety case. 

11.8. Involvement of Stakeholders 
IAEA [1999] recognises that for the purpose of obtaining the confidence of the various 
stakeholders, the various of stages in the development of a waste disposal facility should 
incorporate a number of features aimed at providing openness, stakeholder involvement and 
the dissemination of information.   
 
In many countries, such as the France, Spain, Sweden and the United Kingdom, there is an 
on-going technical dialogue between the operator of a disposal facility and the regulatory 
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body (see for example Streatfield et al [2002]).  This helps to ensure that the concerns of the 
regulatory body are adequately addressed by the operators in their assessments.  In addition to 
this, there is now a growing recognition of the need to move away from a “Decide, Announce, 
Defend” approach towards an approach that engages other stakeholders (such as the public 
and decision makers) in the development and running of radioactive waste disposal facilities 
(see for example Andersson [2001], Canadian Low-level Waste Siting Task Force [1995], 
Hooft [1999], NEA [2000] and UKCEED [1999]).  Miller et al [2000b] note the only way to 
determine the most appropriate methods to increase confidence in the safety of a disposal 
facility for stakeholders is to engage in dialogue with them.  An objective of such a dialogue 
is to learn the nature of the issues that are of most concern to them and then ensure that the 
safety assessment addresses these concerns. In so doing, this may increase the sense of 
involvement and empowerment in the decision making process amongst the different 
stakeholders through both passive and active involvement.   
 
Non-technical stakeholders typically have a range of concerns that extend beyond regulatory 
interests.  Miller et al [2000b] identify a number of issues that might be identified by non-
technical stakeholders.   
 
• Concerns over the effectiveness of the disposal technology. The durability of the waste 

containers and other physical barriers, and the stability of the rock and the site are 
important issues for some audiences. 

 
• Mathematical modelling of events far into the future is unconvincing for many 

stakeholders. Those stakeholders will be looking for practical demonstrations of the safety 
of disposal rather than theoretical arguments. 

 
• Confidence is increased for some stakeholders if it can be shown that if something ‘goes 

wrong’ then mitigating actions can be taken. This places increased emphasis on 
monitoring and retrievability issues and the multiple barrier concept. 

 
• Arguments for safety need to be expressed simply, without jargon and mathematical 

equations, so that they can be readily understood by a range of non-technical audiences. 
 
• There is a greater emphasis placed by some stakeholders on safety in the immediate to 

near-future (up to one hundred years or so) which reflects their own lifetime and those of 
their children and grandchildren. This contrasts with the very long timescales typically 
considered in safety assessments. 

 
• Issues or events typically not considered in a safety assessment can be of concern to many 

people, particularly those local to the proposed disposal facility, even if their impacts are 
not significant in terms of the overall impact of the disposal facility. 

 
A number of methods can be used to involve stakeholders.  Examples from the Drigg low 
level radioactive waste disposal facility in the United Kingdom include the following [BNFL, 
2000]. 
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• The Sellafield Local Liaison Committee and regular meetings with the Drigg and Carlton 
Parish Council. Information of interest is provided to representatives of the local 
community. 

 
• The Sellafield Visitor’s Centre is permanently open and provides information and 

presentations specifically on LLW treatment and disposal. Visits to the Drigg Visitor’s 
Centre and site tours are also available on request. 

 
• Leaflets, brochures and the BNFL web site. A Drigg site information brochure has been 

produced and is provided to site visitors and other interested parties. The BNFL web site 
also contains information on Drigg, LLW treatment and disposal. 

 
• Weekly Sellafield Newsletter and monthly BNFL News. Freely available in local libraries 

and sent to the local media, local organisations and other relevant bodies. 
 
• Low level radioactive waste management fora. Periodic seminars organised by BNFL to 

promote dialogue between waste consignors, waste management organisations, regulatory 
organisations, local community representatives and BNFL as the Drigg disposal site 
operator. 

 
• Environmental performance data. Results of Drigg environmental monitoring are provided 

to the regulators on a monthly basis and this information is available to the public. The 
annual Company report on discharges and monitoring of the environment also contains 
information on Drigg disposals, discharges and environmental monitoring results. 

11.9. Consideration  and Treatment of Uncertainties 
As noted in previous sections, there are significant uncertainties associated with any 
assessment of a radioactive waste disposal facility.  It is important for the building of 
confidence in the assessment that the various sources of uncertainty are identified and 
managed.  Techniques for doing this have already been discussed in Section 10.3 and 10.4. 
 

11.10. Presentation of the Assessment and its Results 
The presentation of safety assessment and its results is important for a number of reasons. 
 
First, decision-making based on the assessment and its results requires the development of a 
logical chain of arguments and its presentation in a manner that can be understood by 
everyone who will have an influence on the decision (see Section 10.5). This requires the 
work to be presented using a variety of techniques appropriate to the varied stakeholders. 
Thus it is important to ensure that the safety assessment and its results are presented in an 
understandable manner to meet the needs of the relevant stakeholders.  For example in 
Canada, there is a requirement for two safety assessment reports to be produced: one for the 
regulatory body; the other for the public.  
 
Second, as noted in Section 10, the results from safety assessments are subject to uncertainties 
and therefore are only indicators of what might happen under certain conditions, they are not 
actual predictions.  Conveying this and the associated complexity of a near surface disposal 
system composed of both natural and engineered components to the different stakeholders is 
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very important; therefore, presentation of results and the support work should be carefully 
undertaken.   
 
Third, good presentation gives added confidence in the professionalism of the work to the 
stakeholders. 
 
Despite this, as Miller et al [2000b] note, the end result of some multi-million dollar, multi-
year safety assessments can be little more than a log-log plot of individual dose against time. 
These are often taken directly from computer output without much thought as to how they 
would be understood by a wide audience.   
 
A number of ways can be used to improve the presentation of a safety assessment and its 
results.  
 

1. The use of multiple lines of reasoning and the calculation of multiple end-points can 
help ensure that the varied interests of stakeholders are addressed in a manner that can 
be understood from a number of perspectives.   For example, IAEA [1999] suggests 
that the results of a safety assessment should be presented in a way that provides a 
demonstration of the performance of individual system components and their expected 
time evolution.  Showing the behaviour of each component and the iterative 
improvement in component design or knowledge of the component’s expected 
behaviour, to ensure its effective performance, also has the benefit of increasing the 
level of confidence in the performance of the whole system.  IAEA [2002b] presents 
results comparing calculated radionuclide concentrations in groundwater and soil with 
background concentrations from the site being assessed for the Vault Test Case (Table 
11.2).  

 
Table 11.2. Comparison of Measured and Calculated Radionuclide/Element 

Concentrations for the Liquid Release Pathway from the ISAM Vault Test Case [IAEA, 
2002b] 

 
Calculated Concentration Radionuclide/ 

Element 
Units Mean Measured 

Concentration 
(range in brackets) 

Participant A Participant B 

Ra-226 in groundwater Bq m-3 4.0E+2 

(1.0E+1 – 5.7E+3 

2.8E+0 1.4E-1 

U in groundwater mg m-3 5.0E+1 

(2.0E+0 – 2.5E+2) 

8.8E+0 4.4E+0 

U in soil mg kg-1 4.1E+0 

(2.6E+0 – 7.6E+1) 

- 1.6E-1 

Th in soil mg kg-1 2.6E+1 

(1.6E+1 – 4.2E+1) 

- 1.7E-8 
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IAEA [2000] suggests that the values of a number of safety indicators over a range of 
timeframes could be presented. Such a presentation can be particularly useful because 
it allows stakeholders to focus attention onto the safety indicators and timeframes of 
most interest to them. An example table for the presentation of indicators is given 
below (Table 11.3). Values for dose, risk, flux and concentration may be given in 
actual units but this may be confusing for some stakeholders unused to radiological 
concepts. An alternative may be to express the repository values as a proportion of the 
natural values as indicated in Table 11.3.  

 
 
 

Table 11.3: Relative Values of Various Safety Indicators in Different Timeframes 
(Fictitious Values) [IAEA, 2000] 

 
Ti

me period 
Dose Risk Concentration in 

soil 
(e.g. U) 

Flux  
(e.g. total activity) 

 N
atural 

Di
sposal 

Facility 

Re
gulatory 

limit 

N
atural 

Di
sposal 

Facility 

Re
gulatory 

limit 

N
atural 

Di
sposal 

Facility 

N
atural 

Di
sposal 

Facility 
0

-103
1 0 0.

1 
1 0 0.1 1 0 1 0 

1
03-104

1 0.
05 

0.
1 

1 0.0
1 

0.1 1 0.
1 

1 0.
01 

1
04-105

1 0.
1 

0.
1 

1 0.0
3 

0.1 1 0.
2 

1 0.
03 

1
05-106

1 0.
02 

0.
1 

1 0.0
2 

0.1 1 0.
1 

1 0.
02 

 
2. The effective documentation, presentation and communication of the safety 

assessment can be undertaken using a variety of techniques tailored to the needs of the 
various stakeholders.  As part of the IAEA’s ISAM programme, a questionnaire was 
sent to ISAM participants asking them to provide information concerning the 
communication techniques that were used in their countries [IAEA, 2002a].  16 
responses were received and are summarised in Tables 11.4 and 11.5.  It can be seen 
that a range of techniques (such as written material, videos, presentations, CD-roms, 
web pages) are used and are often targeted for certain audiences.  

 
Table 11.4: Communication Techniques and their Use for a Range of Stakeholders  
(% of ISAM questionnaire respondents using each technique for each stakeholder) 

[IAEA, 2002a] 
Stakeholder  Communic

ation technique Reg
ulatory 
bodies 

Acade
mic and 
scientific 

organisations 

Pu
blic 

M
edia 

Gover
nment bodies 

Non- 
Governmental 
organisations 

Pamphlets, 
brochures, leaflets 

44 56 88 69 56 81 

Video tapes 25 31 63 44 25 38 
Visitor 

centres, facility 
tours, 

19 56 69 69 50 50 

Presentatio
ns at schools 

0 25 56 0 0 0 
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CD-roms 6 13 31 13 13 0 
Web pages 50 63 63 63 50 63 
Technical 

papers 
94 94 19 19 69 44 

Progress 
reports for 
governments 

50 38 6 6 81 19 

Paid 
advertisements 

6 6 19 25 6 13 

Press 
conferences 

6 0 19 75 6 13 

Others 19 31 13 19 25 25 
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Table 11.5: Communication Techniques and their Relative Efficiency for a Range of 
Stakeholders (ranked on a scale from 1 to 5, 5 being the most effective) [IAEA, 2002a] 

Stakeholder  Communic
ation technique Reg

ulatory 
bodies 

Acade
mic and 
scientific 

organisations 

Pub
lic 

M
edia 

Gover
nment bodies 

Non- 
Governmental 
organisations 

Pamphlets, 
brochures, leaflets 

2 2 4 3 2 3 

Video tapes 2 3 3 3 2 3 
Visitor 

centres, Facility 
tours, 

2 3 4 4 3 4 

Presentatio
ns at schools 

1 3 3 1 1 1 

CD-roms 3 3 3 2 2 2 
Web pages 2 2 3 3 2 2 
Technical 

papers 
4 4 1 2 3 3 

Progress 
reports for 
governments 

4 3 1 3 4 2 

Paid 
advertisements 

2 2 3 3 1 3 

Press 
conferences 

2 2 3 4 2 2 

 
3. IAEA [1999] notes that presenting and explaining the complex models that are often 

used to represent the disposal system may be difficult, particularly when addressing 
with non-technical stakeholders.  Therefore efforts should be made to supplement the 
sophisticated modelling approach with a less complex model for explanatory 
purposes.  As IAEA [1999] notes, a well designed safety assessment using simple, 
robust safety assessment techniques applied to an adequately grounded model may 
help foster public understanding and acceptance of the disposal facility.  While 
simplification may cause loss of detail, demonstration of equivalence of simple and 
complex methods may be possible if it can be shown that simplification has actually 
focused the safety assessment on the critical factors related to system safety.  Such 
simplified models should be demonstrated to bound the system behaviour.  
Satisfactory simplification generally requires very good understanding of the disposal 
system and its performance and so needs to be supported by more detailed models. 

 
Examples of recently published safety assessments for near surface disposal facilities which 
address the issues discussed above include the Drigg (UK) [BNFL, 2000], IRUS (Canada) 
[Dolinar et al, 1996] and SFR (Sweden) [Andersson et al 1998a and b] assessments. 

11.11. Summary 
It is particularly important that all stakeholders should have confidence in a safety assessment.  
A range of activities can contribute to the building of such confidence; these have been 
discussed and illustrated above. As shown in Figure 2.1, it is important to recognise that 
confidence building is a process that should be followed through all steps of the safety 
assessment approach. It is not merely to be applied once results have been obtained from the 
assessment.  It should be an incremental process as the assessment passes through each step of 
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the assessment process.  Each iteration of the assessment process should also build further 
confidence in the assessment. 
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