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Preface  

The Low Level Waste Repository (LLWR) is the United Kingdom’s principal facility for 
the disposal of solid low-level radioactive waste.  The LLWR is owned by the Nuclear 
Decommissioning Authority (NDA) and operated on behalf of the NDA by a Site 
Licence Company (SLC) – LLW Repository Ltd. 

We, LLW Repository Ltd, are committed to operating the LLWR as a safe and 
efficient facility that provides a continuing option for the disposal of low-level 
radioactive waste in the UK.  This will be achieved consistent with good practice for 
the near-surface disposal of radioactive waste, in accordance with environmental and 
health and safety regulation and guidance, and in compliance with the terms of our 
Nuclear Site Licence and Permit to dispose of radioactive waste. 

This report is one of a series of reports that present the evidence underpinning the 
2011 Environmental Safety Case for the LLWR – the 2011 ESC.  The report has 
been prepared by the Environmental Safety Case Project and is issued under the 
authority of the Managing Director of LLW Repository Ltd. 

ESC objectives  

Under the terms of our Permit granted by the Environment Agency, we are required 
to submit an Environmental Safety Case (ESC) for the LLWR no later than 1st May 
2011 and at intervals thereafter as requested by the Agency.  The ESC:   

• presents the arguments and evidence concerning the environmental safety of 
disposals of solid radioactive waste at the LLWR, at present and in the future, 
consistent with the Agency’s Guidance on Requirements for Authorisation;  

• provides a basis for the environmentally safe management of the site by the SLC, 
and regulation of the site by the Agency, including setting of conditions on its 
future management and acceptance of waste. 

The ESC is addressed primarily to the Agency and is intended to inform and enable 
their regulation of the LLWR.  It also provides a plan for the future management of 
the LLWR and a baseline against which proposed changes in the plan for the 
development of the facility can be tested.  As such, it will be of interest to our other 
stakeholders, both local and national. 

ESC document plan  

The ESC consists of documents at two levels: 

• A single ‘Level 1’ report outlines the plan for the development of the LLWR and 
the main arguments concerning environmental safety and how this is achieved. 

• A series of ‘Level 2’ reports present the evidence that underpins our safety 
arguments, including descriptions of our management framework, system 
understanding, design and management choices, and assessments. 

This is a Level 2 report.  The ESC Level 1 and 2 reports are listed in the table at the 
end of this Preface, which also shows for the Level 2 reports the set of arguments for 
which each report mainly provides evidence.  The ESC is supported by a large 
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number of technical and scientific reports and references that we refer to as ‘Level 3’ 
documents. 

 

The ESC documentation concept 

Scope and audiences 

The 2011 ESC is based on an optimised ‘Site Development Plan’ developed under 
our Environmental Safety Strategy.  The Plan sets out our proposals and 
assumptions on operations, remedial activities, vault design, capacity and future 
waste disposal practice, closure design and management up to the end of 
management and regulatory control.  It provides a basis for our quantitative 
assessments.  The Plan is flexible, however, and will be amended as necessary in 
the light of UK radioactive waste management needs, operating experience, results 
of monitoring, future iterations of the ESC, regulatory and planning guidance and 
decisions, and stakeholder views. 

The safety arguments set out in the Level 1 report comprise arguments concerning 
the development and safety of the Site Development Plan.  The Level 1 report 
focuses on the arguments in principle, referring to the more detailed and quantitative 
evidence that is presented in the Level 2 reports.  The main features and findings of 
the supporting reports are presented, demonstrating that the Site Development Plan 
is optimised, and that the assessed safety is consistent with the regulatory guidance 
over the lifetime of the facility, including after closure.  The Level 1 report is intended 
to be complete enough to inform managers from the Environment Agency, 
Government ministries and local government representatives and officials on the 
environmental safety of disposal of radioactive waste at the facility.  It is also 
intended to be an entry point to the safety case for the Agency’s technical staff and 
assessors. 

The Level 2 reports present the evidence that underpins our safety arguments, 
including descriptions of our management framework, system understanding, 
optimisation, assessments and proposed conditions for acceptance of waste.  The 
Level 2 reports are primarily addressed to the Agency’s Nuclear Regulator for the site 
and technical staff, and may be of interest to experts in specific technical fields.  To 
fully satisfy themselves, however, for example, to find supporting information and 
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details of the model formulations and data used, technical specialists and reviewers 
in specific topic areas may need to refer to Level 3 documents. 

We have also produced a Non-technical Summary of the ESC, to help a wider group 
of stakeholders understand its nature, conclusions and implications. 

 

Level 1  

The 2011 Environmental Safety Case – Main Report [1] 

Level 2  

Management and 
dialogue 

Management and Dialogue [2] 

System 
characterisation 
and understanding  

 

Site History and Description [3] 

Inventory [4] 

Engineering Design [5] 

Near Field [6] 

Hydrogeology [7] 

Site Evolution [8] 

Monitoring [9] 

Optimisation and 
Site Development 
Plan  

Optimisation and Development Plan [10] 

Assessments  Environmental Safety During the Period of Authorisation [11] 

Assessment of Long-term Radiological Impacts [12]  

Assessment of Non-radiological Impacts [13] 

Assessment of Impacts on Non-human Biota [14] 

Waste Acceptance [15]  

Assessment of an Extended Disposal Area [16] 

Audit  Addressing the GRA [17] 
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Executive Summary  

This is a 2011 ESC report that presents the Long-term Radiological Assessment 
(LTRA) for disposals at the LLWR within a Reference Disposal Area.  

Objective and background 

The objective of this report is to assess the radiological impacts to humans that may 
occur in the long term, as a result of disposal of solid radioactive waste at the LLWR.  
By ‘long-term’ we mean at all times after the completion of disposal and after the end 
of management control of the site.   

The primary goal is to show that, accounting for all relevant uncertainties, the 
assessed radiological impacts are consistent with Requirements R6 and R7 of the 
environment agencies’ Guidance on Requirements for Authorisation for near-surface 
facilities for disposal of radioactive waste (the GRA).  That is, the Requirements on: 

– risk guidance level after the Period of Authorisation (PoA); 

– human intrusion after the PoA.  

The LTRA builds on and develops previous long-term, or post-closure, radiological 
assessments carried out by the LLWR site operator in support of the 2002 Post-
closure Safety Case (PCSC) and the 2008 submission against Requirement 2 of 
Schedule 9 (R2S9).  It takes account of comments by the Environment Agency (the 
Agency) on these earlier assessments and, also, of views expressed during our 
ongoing dialogue with the Agency.  

Qualitative understanding and safety functions 

In support of our ESC and LTRA, we have developed a thorough, scientifically-based 
understanding of the evolution and performance of the existing disposal facility and 
its planned development in terms of the: 

– potential radiological and non-radiological hazards;  

– safety functions, e.g. isolation of the waste, containment of contaminants and 

attenuation of releases; 

– the features, events and processes that provide, promote or reduce those 

functions.   

This has supported our consideration of options and definition of an optimised Site 
Development Plan (SDP) and provided the basis for quantitative modelling and 
assessments presented in this LTRA.  

Quantitative analysis and modelling 

To provide clear, quantitative understanding of the key processes and results 
relevant to long-term radiological performance, we develop separate models to 
assess different ‘pathways’ by which contaminants are released, migrate and give 
rise to exposure:  

– migration in groundwater;  

– migration in gas;  
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– natural disruption and dispersion (coastal erosion);  

– human intrusion.  

Each of the pathways is analysed and modelled independently, taking account of the 
range of uncertainties for the defined scenarios and uncertainties related to the 
contaminant release, migration and exposure processes for each pathway.  Models 
are developed to present a cautiously realistic representation of relevant processes.  
That is, we apply our knowledge to develop models of physical and chemical 
processes that are realistic where data and understanding permits, but where there 
are uncertainties that are not quantifiable, we adopt cautious data and model 
representations.  

Uncertainty management 

Uncertainty originates from lack of knowledge of parts of the studied system and from 
the random nature of some phenomena.  This lack of knowledge can arise from 
limited measurements, uncertainty in interpretation of measured data, insufficient 
understanding of processes, spatial variability and the uncertain occurrence of 
events.  In the context of the LLWR and its assessment, uncertainties arise from:  

– uncertainties concerning past and future waste disposal operations, e.g. the 

radiological inventory, future engineering and waste management choices;  

– uncertainties in the characteristics of the waste disposal facility and its 

environment, e.g. due to measurement uncertainty, measurement interpretation 

applicability of literature values rather than measured values, variability of 

parameters in time and space;  

– uncertainties about the long-term evolution of the waste disposal facility and its 

environment and concerning future events that may have an impact on the 

disposal facility and its environment;  

– uncertainties concerning future human actions. 

We have treated uncertainties in the LTRA according to the conventional assessment 
formulation of:  

– scenario uncertainty – defining a sufficiently complete range of possible 

evolutions of the disposal facility and its environment; 

– model uncertainty – using models, and if needed alternative models, to describe 

the features and processes at appropriate temporal and spatial scales;  

– parameter uncertainty – variations of the parameter values within ranges that 

encompass the uncertainty in process understanding and variability at 

appropriate scales.   

Radiation doses and risks in the long-term 

We have assessed the radiation doses and risks to potentially exposed individuals in 
the long term (after the period of management control) for the pathways listed above, 
including natural degradation and release pathways, and human intrusion.   

The assessments focus on a broadly expected evolution of the local environment 
taking account of uncertainties: 
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– in future climate and sea-level, and local erosion processes;   

– in the properties of the wastes, engineered barriers and hydrogeology;  

– in radionuclide release, migration and exposure processes;   

– in future human actions that could disturb the repository (human intrusion). 

We have considered a range of cautiously-defined potentially exposed groups, so as 
to identify the persons representative of those at greatest risk or who could receive 
the doses in the event of human intrusion.   

Consistency with Requirement R6: Risk guidance level  

The GRA requires that after the PoA, the assessed radiological risk from a disposal 
facility to a person representative of those at greatest risk should be consistent with a 
risk guidance level of 10-6 y-1 (i.e. 1 in a million per year).  

Table ES.1 presents a summary of the assessed risk via each of the ‘natural’ 
pathways, which may be compared with the risk guidance level of 10-6 y-1.  Results 
are presented for the groundwater well probabilistic case and for reference 
deterministic cases and exposed groups.  Human intrusion is assessed against a 
dose guidance level range and not included in the table.  

Table ES.1 Summary of assessed radiological risks from reference cases 

Risk, y
-1

  

Trenches Vaults 

Time 
approximate 

year (yPVC
1
) 

Key radionuclides 

Groundwater 

Well – probabilistic case 1 10
-7

 2230 (150) C-14 / Cl-36 

Well – deterministic case 4 10
-8

 2250 (170) Cl-36 / C-14 / I-129 

Marine release 2 10
-9

 2220 (140) C-14 

Estuary release 2 10
-9

 2220 (140) C-14 

Stream release 5 10
-10

 3180 (1100) Cl-36 / Ca-41 / Mo-93 

Carbon-14 labelled gas 

9 10
-7

 4 10
-5

 2180 (100) C-14 

4 10
-7

 5 10
-6

 2280 (200) C-14 Smallholder 

3 10
-7

 2 10
-6

 2380 (300) C-14 

Coastal erosion 

Local recreational         
beach user 

1 10
-6

 7 10
-7

 

3700 for 
trenches 

3260 for 
vaults 

Th-232 for trenches 

Ra-226 for vaults 

Coastal occupational user 7 10
-7

 3800 Th-232 / Ra-226 

Marine foodstuffs 7 10
-7

 3400 Ra-226 (Pb/Po-210) 

1
 yPVC is years after closure of the final vault of the RDA, which occurs at 2080.  
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For the well, probabilistic case, the risk is the result of a PRA that takes account of 
parameter variability.  For the well, deterministic case, the risk is a calculation of risk, 
should a water abstraction well be present, multiplied by the annualised probability of 
a well in the area between the site and the coast.  For all other cases, this is the 
‘conditional risk’, which is the annual dose for the case multiplied by the risk 
coefficient recommended by the HPA of 0.06 per Sv, i.e. the risk conditional on the 
various assumptions and parameter values of the case, or the risk assuming a 
probability of one for the case.   

In each case, the risk is calculated to individuals with location and habits such that 
they are estimated to be representative of those at greatest risk.  

If the impacts from the trenches and vaults occur at a different time or place then the 
impacts can be resolved, and separate values of assessed risk are given in the table.  
If the risks occur at the same time and place, the impacts are not resolved and, in 
any case, are due to the same individual and added within the models.   

For releases in groundwater and for coastal erosion, the assessed risks and 
conditional risks are consistent with the risk guidance level of 10-6 y-1.  For the 
groundwater pathway Marine, Estuary and Stream release cases the assessed risks 
are small fractions of the risk guidance level.   

We currently calculate levels of C-14 labelled gas flux from the vaults at 100 years 
after completion of disposals that would imply a conditional risk to a self-sufficient 
smallholder that is substantially above the risk guidance level.  There are, however, 
overly-cautious assumptions in our current models, and we believe that through 
improved modelling we will be able to substantially reduce our current estimate of 
risk.   

The only action required to prevent the exposure pathway, and hence the risk, would 
be to place restrictions on the use of the cap for agriculture or kitchen gardening.  
This could be achieved through land ownership and land covenants.  

Consistency with Requirement R7: Human intrusion 

The GRA requires that human intrusion into a near-surface disposal facility after the 
end of management control of the site is to be assessed on the basis that it occurs, 
and against a dose guidance level in the range of around 3 mSv y-1 for exposures 
continuing over a period of years to around 20 mSv y-1 for exposures that are of 
limited duration.  

We have identified a range of possible human intrusion events and more prolonged 
exposure situations, based on geotechnical practices and credible future uses of the 
site, assuming the site is no longer protected under planning procedures and/or the 
presence and nature of the disposal facility is forgotten.  We have assessed these 
qualitatively and selected for quantitative assessment those that we consider are 
representative and have potential to cause radiological exposures.  This includes 
events that occur while the repository is still intact, and events that could occur when 
the facility is eroding and wastes are more directly accessible at the coast. 

For events that may occur after the end of management control of the site, but before 
erosion of the site begins, exposure situations fall into two groups.   
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• For those involved in geotechnical investigations, calculated doses are typically 
less than 0.05 mSv, and even making pessimistic assumptions on location of 
intrusion not higher that 0.5 mSv.   

• For those that occupy a house, or a dwelling and agricultural smallholding, based 
on land that has been contaminated by spoil from a prior excavation, calculated 
annual doses are in the range 0.5 to 4.0 mSv depending on the location over the 
vaults.  Doses over most of the trench area are zero since the cap and profiling 
material is sufficiently thick to prevent any excavation penetrating to the waste.   

For events in which wastes exposed during coastal erosion are intruded into the 
calculated doses are less than 3 mSv y-1, and would typically be less than 
0.1 mSv y-1, whether to the individual inspecting the cliff or to the contractor 
recovering materials.  

Thus for realistic and foreseeable human intrusion events, we calculate doses to the 
intruders and those exposed in the longer term as a result of prior intrusion events 
that are consistent with the dose guidance level range of 3 to 20 mSv y-1.  
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1 Introduction 

1.1 Objectives  

This report presents the Long-term Radiological Assessment (LTRA) in support of 
the 2011 ESC for the LLWR [1].  

The objective of this report is to assess the radiological impacts to humans that may 
occur in the long term, as a result of disposal of solid radioactive waste at the LLWR.  
By long-term we mean at all times after completion of waste emplacement and 
closure engineering is completed.  

The focus of the report is the assessment of radiological impacts after the end of the 
period of management and regulatory control, termed the Period of Authorisation 
(PoA).  To accomplish this, however, it is also necessary to understand the evolution 
and performance of the disposal system after completion of waste emplacement and 
closure engineering but before the end of the PoA.  

The primary goal is to show that, accounting for all relevant uncertainties, the 
assessed radiological impacts are consistent with Requirements R6 and R7 of the 
environment agencies’ Guidance on Requirements for Authorisation for near-surface 
facilities for disposal of radioactive waste (the GRA) [18], see below.   

6.3.9 For any time after closure of the facility where the developer/operator does not 
claim, or we do not accept, that there will be active institutional control, our 
regulatory approach will be to apply a risk guidance level (see Requirement R6) 
and, for human intrusion, a dose guidance level (see Requirement R7). 

Requirement R6: Risk guidance level after the period of authorisation 

6.3.10 After the period of authorisation, the assessed radiological risk from a 
disposal facility to a person representative of those at greatest risk should be 
consistent with a risk guidance level of 10-6 per year (i.e. 1 in a million per year).  

Requirement R7: Human intrusion after the period of authorisation 

6.3.36 The developer/operator of a near-surface disposal facility should assess the 
potential consequences of human intrusion into the facility after the period of 
authorisation on the basis that it is likely to occur.  The developer/operator should, 
however, consider and implement any practical measures that might reduce the 
chance of its happening 1.  The assessed effective dose to any person during and 
after the assumed intrusion should not exceed a dose guidance level in the range of 
around 3 mSv/year to around 20 mSv/year.  Values towards the lower end of this 
range are applicable to assessed exposures continuing over a period of years 
(prolonged exposures), while values towards the upper end of the range are 
applicable to assessed exposures that are only short term (transitory exposures).  

 

                                                
 
1
  Reducing the likelihood of human intrusion is discussed in this report, but dealt with 

primarily in the Level 2 report ‘Optimisation and Site Development Plan’ [10].  
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1.2 Scope  

This report assesses the radiological impacts to hypothetical persons or groups such 
as may be present in the future and are representative of individuals that could be 
most exposed, or at greatest risk, as a result of the disposal of radioactive waste at 
the LLWR.   

The report, first, sets out the context for and approach to the post-closure radiological 
assessments consistent with the environment agencies’ Guidance on Requirements 
for Authorisation (the GRA) [18].  

Then, based on the detailed characterisation and understanding of the LLWR and its 
future evolution as set out in other volumes of the 2011 ESC, especially 
references [3,4,5,6,7,8], this report presents a synthesis of our understanding of the 
LLWR and the evolution of the facility and its environment at a level needed to 
understand the scenarios and cases that we then analyse.   

The radiological performance of the LLWR is analysed in terms of different 
mechanisms by which contaminants may be released, migrate or give rise to 
exposure to humans or presence of contaminants in the biosphere, which we term 
pathways.  Four pathways are considered – groundwater, gas, natural disruption 
(coastal erosion) and human intrusion; interactions between pathways are also 
considered.  

For each pathway, a set of models, assessment cases and calculations is described 
that explores the uncertainties about the characteristics and future evolution of the 
LLWR and its environment, and thus the long-term radiological performance of the 
LLWR.  Thereby, we calculate the range of radiological impacts such as may 
realistically or cautiously occur due to disposal of solid radioactive waste at the 
LLWR.  The estimates are compared with the guidance levels set out in the GRA, 
see Subsection 1.1, and the important uncertainties and their influences are 
explored.   

This report is not concerned with non-radiological impacts or impacts to non-human 
biota, which are assessed separately [13,14].  The report is companion to a separate 
but compatible assessment of environmental safety during the PoA [11].  The report 
does not address waste acceptance [15], although Waste Acceptance Criteria (WAC) 
are derived using the same models and reference assessment assumptions as 
presented in this report.   

The models, analyses and calculations summarised in this report are described in 
more detail in of a series of supporting assessment calculation reports, notably in 
references [19,20,21,22,23,24].  

This report presents the long-term radiological assessment for the Site Development 
Plan considering development of the Reference Disposal Area (RDA) (see 
Glossary [1]); assessments of an Extended Disposal Area (EDA) are presented in the 
‘Assessment of an Extended Disposal Area’ report [16].   
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1.3 Structure 

In this report:  

• Section 1, this section, has introduced the objectives and outlined the scope of 
the report. 

• Section 2 describes the long-term (post-closure) radiological assessments of the 
LLWR submitted in 2002 and 2008, and the Environment Agency’s key 
comments in response to these.  It then sets out our approach to long-term 
radiological assessment in support of the 2011 ESC; this includes the approach 
to assessment, and discussion of assessment endpoints and calculation 
methods.  

• Section 3 provides an overview the LLWR facility and its environs, the SDP, the 
radioactive inventory, and an integrated description of the evolution of the LLWR 
and its environment, at a sufficient level of detail to understand the motivation for 
the scenarios and cases that are assessed in subsequent sections of the report.  

• Section 4 outlines the selection of radionuclides to be considered in the 
assessment calculations in previous assessments.   A compilation of reference 
radiological data and a model of radiological hazard are described.  This leads to 
a list of radionuclides to be included in the assessment calculations described in 
Sections 5 to 8.   

• Section 5 presents the background, approach to assessment, models and data, 
case selection, and assessment calculation results for the groundwater pathway.  
A complete description of these elements is presented in reference [20].  The 
final subsection provides an assessment of the results against the regulatory 
guidance.    

• Section 6 presents the background, approach to assessment, models and data, 
case selection, and assessment calculation results for the gas pathway.  A 
complete description of these elements is presented in references [21] and [22].  
The final subsection provides an assessment of the results against the regulatory 
guidance.  

• Section 7 presents the background, approach to assessment, models and data, 
case selection, and assessment calculation results for coastal erosion.  A 
complete description of these elements is presented in reference [23].  The final 
subsection provides an assessment of the results against the regulatory 
guidance.     

• Section 8 presents the background, approach to assessment, models and data, 
case selection, and assessment calculation results for human intrusion.  A 
complete description of these elements is presented in reference [24].  The final 
subsection provides an assessment of the results against the regulatory 
guidance.   

• Section 9 presents an assessment of the disposal of low-activity sources and an 
assessment of criticality. 

• Section 10 first sets out our position on the core deficiencies of the 2002 PCRSA 
as identified by the Environment Agency, and confirms that we have addressed 
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the Environment Agency’s recommendations based on the 2008 PA Update.  The 
section then summarises the assessed radiation risks and doses and their 
consistency with the GRA Requirement R6 and R7.  Finally, it identifies key 
uncertainties that could most affect the outcome of our assessments.  

A list of acronyms used in the report is given in Appendix 1.  A general glossary for 
the ESC is appended to the ‘Main Report’ [1]. 
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2 Background and Approach  

This section outlines the long-term (post-closure) radiological assessments of the 
LLWR submitted in 2002 and 2008, and the Environment Agency’s key comments in 
response to these.  It then outlines our approach to long-term radiological 
assessment in support of the 2011 ESC.  This includes setting out our approach to 
assessment, and discussion of assessment endpoints and calculation methods.   

2.1 Previous Submissions and Key Comments from the 
Agency  

2.1.1 Previous Submissions and Relation to the Current LTRA  

The previous Site Licence Company (SLC), British Nuclear Fuels plc (BNFL), 
completed operational and post-closure safety cases (2002 OESC and 2002 PCSC) 
for the LLWR in 2002 [25,26].  The 2002 PCSC was centred around a Post-closure 
Radiological Safety Assessment (PCRSA) [27,28].  Broadly speaking:  

– the 2011 ESC is the successor to the 2002 OESC and PCSC;  

– the present report, presenting the LTRA in support of the 2011 ESC, is the 

successor to 2002 PCRSA.  

The 2002 OESC and PCSC were reviewed by the Environment Agency, and 
following a period of consultation, a new Authorisation was granted, encompassing 
all aspects regulated by the Agency under Radioactive Substances Act 1993.  Under 
EPR 2010, this has been replaced by a Permit that carries forward identical 
terms [29].   

The Authorisation, now Permit, is split into a number of schedules, of which 
Schedule 9 is a list of improvements and additional information that the operator 
must supply.  The SLC (British Nuclear Group Sellafield Ltd (BNGSL), now 
succeeded by LLW Repository Ltd) have put in place and are carrying through a 
programme of work to address the requirements of Schedule 9.   

On 1st May 2008, we made a submission against Requirement 2 of Schedule 9 
(R2S9) that documented in five volumes an outline of our approach to developing an 
Environmental Safety Case (ESC) and the work in hand in support of that approach.  
The submission included, in Volume 5, a Performance Assessment Update [30], 
hereafter referred to as the 2008 PA Update.  This can be regarded as an interim 
step towards the LTRA described in this report.  

The 2011 ESC is a submission against Requirement 6 of Schedule 9, which requires:  

‘The Operator shall update the Environmental Safety Case(s) for the site 
covering the period up to withdrawal of control and thereafter’, 

with a completion date of the 1st May 2011 (and at such intervals thereafter as the 
Agency specifies in writing).  The present report documents the LTRA in support of 
the 2011 ESC and is one of the Level 2 reports, as listed in the Preface.  
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The LTRA builds on and develops the long-term, or post-closure, radiological 
assessments carried out in the 2002 PCRSA and the 2008 PA Update.  Importantly, 
it takes account of comments by the Agency on these previous assessments and, 
also, of interim views expressed during our ongoing dialogue with the Agency.  

2.1.2 The 2002 PCSC and PCRSA  

The Environment Agency undertook a thorough review [31] of 2002 OESC, PCSC 
and PCRSA which, together with input from public consultation, informed its Decision 
Document for future regulation of the LLWR [32] issued in 2006.  

We have studied the Environment Agency’s review in detail and taken steps to 
address all the review comments in our work programme since 2006.  The detailed 
tracking of this process is documented in reference [33].  Here, it is pertinent to note 
the summary view of the Agency and key deficiencies that the Agency identified.  
These are recorded in the Explanatory Document to assist the public 
consultation [34] as follows.  

‘ § 8.2  We have concluded that all the time the repository site is being 
managed in compliance with our regulatory controls, the impact from all the 
disposals on the LLWR will be very low.  

§ 8.3  We also consider that the 2002 PCRSA provides a more thorough 
evaluation of the potential future impacts of the LLW repository than previous 
post-closure assessments. We believe that the assessment provides a broad 
indication of the impact of the repository.  However, we have concluded that 
the 2002 safety cases fail to make a robust argument for continued disposals 
of LLW because:  

(i)  Estimates of doses and risks from existing disposals to members of the 
public in the future significantly exceed current regulatory targets;  

(ii)  The assessment predicts that the repository could be destroyed by coastal 
erosion in 500 to 5,000 years; and  

(iii) The 2002 safety cases include insufficient consideration of optimisation 
and risk management, to demonstrate that impacts will be as low as 
reasonably achievable (ALARA).’ 

To address point (iii), we have carried out substantial work to develop an optimised 
approach to risk management of the past and future disposals, leading to the 
development of an optimised Site Development Plan (SDP) as described in 
reference [10].   

Points (i) and (ii) are addressed in this LTRA report.  We present our summary 
position on these points in Subsection 10.1.1; the substantiation for our position is 
given throughout the body of the report.  

Underlying the point (ii), are two aspects: (a) a point of principle as to the 
acceptability of a coastal repository and (b) concern over the thoroughness of the 
evaluation of coastal erosion, and consideration of options for reducing the peak risks 
arising from coastal erosion.  Since 2002, the Agency has given a formal view on 
point (a), stating that providing the requirements of the GRA are met (including that 
the radiation dose constraint and risk targets to the public are met and the risks 
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presented by the site are optimised), the potential for disruption of the site by coastal 
erosion at some point in the future is an acceptable risk [35].  

In summary, we believe that the 2011 ESC satisfies the Agency’s concerns on all 
three points.  

2.1.3 The 2008 R2S9 Submission and PA Update 

The Environment Agency also undertook a formal review of the 2008 R2S9 
submission, including of the PA Update [36,37].  The review considered the 
submission primarily against:  

– Schedule 9 Requirement 2;  

– the April 2008 consultation draft of the GRA (see Subsection 2.1.4), as an 

indication of progress towards meeting Schedule 9 Requirement 6; 

– the issue assessment forms (IAFs) from the review groups participating in the 

Agency’s review of the 2002 PCSC.  

Recommendations were made to LLW Repository Ltd, which were categorised to 
assist in the prioritisation of action.  Here we mention only higher-level 
recommendations based on the Agency’s review of the R2S9 Volume 5, PA Update.  

The Agency observed that Volume 5 was not intended to present a full environmental 
safety case (ESC), but considered that the submission presented a good opportunity 
for the Agency to review and comment on LLW Repository Ltd’s progress towards a 
full ESC due in 2011.   

As a general observation, the Agency noted that an ESC must provide adequate 
evidence that any model used in the assessment is fit for the particular purpose to 
which it is put and that the results from the model can therefore be considered to be 
meaningful.  Noting the interim nature of the 2008 PA Update, the Agency found a 
lack of evidence of model quality in the submission and advised that this should be 
remedied in the assessments in support of the 2011 ESC.   

Other higher-level recommendations drawn out by the Agency were as follows:   

a) To provide details of the proposed strategy and approach for addressing 
uncertainty in the ESC.  In the absence of such information, the Agency cannot 
with confidence agree or disagree with the claim that the performance update 
results are generally cautious.   

b) Given the fundamental shift to an assumption that the facility will be eroded within 
a few thousand years, to provide a more carefully justified and robust 
assessment of the exposures that could arise when that erosion takes place.  

c) To provide updates to describe the proposed modelling approach and early 
indications of likely results (e.g. from preliminary calculations) for the scenario 
reflecting the formation a barrier-lagoon and/or expanded Ravenglass Bay.  

d) While considering it reasonable to focus on risks and doses up to the expected 
time of erosion, the Agency will also expect assessment of the effects of a delay 
in erosion – for a modest time, a very long time or indefinitely.  This consideration 
should be proportionate, given that such a course of events is of low likelihood.  
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e) Further attention should be given to the well pathway in the groundwater 
scenario.  The assessment of this pathway must provide a reasonable and robust 
indication of the risk associated with this possibility.   

f) To review the accuracy of the current characterisation of future waste streams to 
obtain as reliable a picture as possible of which waste streams are likely to 
present challenges to the ESC by virtue of their long-lived radionuclide content.  

g) The assessed doses for human intrusion scenarios cannot be excluded from the 
assessment of radiological capacity, but radiological capacity should not be 
constrained by the inclusion of improbable or worst cases.  Therefore, the LLWR 
should propose appropriate cases to be assessed in the 2011 ESC, for the 
Agency to consider and approve, in good time before the full ESC is submitted.   

These recommendations have been fulfilled, in part, by studies presented to the 
Agency and dialogue before the submission of the 2011 ESC, and also in some 
cases by work described in other ESC reports.   

We summarise our actions in response to the recommendations in 
Subsection 10.1.2.  

2.1.4 Developments in Regulatory Guidance  

The regulatory guidance has developed between submission of the 2002 and 2011 
safety cases.   

The 2002 OESC and PCSC were developed against environment agencies’ 
Guidance for Requirements for Authorisation (GRA) issued in January 1997 [38].  
The 1997 guidance was developed mainly in the context that UK Nirex Ltd were 
preparing to bring forward a proposal for the development of a deep underground 
repository.  It was applied by the Agency in their review of the 2002 cases, and was 
found to be broadly applicable, although with some reservations as to its application 
to disposals made under previous regulatory guidance.  

The 2008 PA Update was developed during a period in which the environment 
agencies were undertaking a review of the 1997 guidance with a view to bringing 
forward revised guidance for consultation.  This eventually emerged as separate 
guidance documents for near-surface and for deep geological disposal facilities.  
Drafts of the guidance became available only in the last month before issue of the 
2008 PA Update, and the Update was aligned against criteria based on our 
anticipation of revised guidance, but not exactly matching the draft guidance that 
emerged.  

The new GRA for near-surface facilities – the GRA [18] – was published in February 
2009.  Our 2011 ESC, including this LTRA, is fully aligned with the 2009 guidance.  

  



 

The 2011 ESC   Assessment of Long-term Radiological Impacts 

 

LLWR/ESC/R(11)10028 Page 23 of 250   

 

2.2 Assessment in Support of the 2011 ESC  

2.2.1 The 2011 ESC 

The objectives and scope of the 2011 ESC are laid out in the ‘Main Report’ [1].   

The GRA defines environmental safety case as  

‘a set of claims concerning the environmental safety of disposals of solid 
radioactive waste, substantiated by a structured collection of arguments and 
evidence.  It should demonstrate that the health of members of the public and 
the integrity of the environment are adequately protected.’  

Under the terms of the Permit granted by the Environment Agency [29], we are 
required to submit an Environmental Safety Case (ESC) for the LLWR no later than 
1st May 2011 and at intervals thereafter as requested by the Agency.  The ESC will 
present: 

• our plan for future management of the site including arguments on site capacity 
and conditions on future waste acceptance at the site;  

• the arguments and evidence concerning the environmental safety of the planned 
management and disposal of solid radioactive waste at the site, at present and 
into the future, consistent with the GRA.  

The aim is to provide a sound basis for future management of the site by the SLC, 
and regulation of the site by the Agency, including setting of conditions on its future 
management and acceptance of waste and other conditions that are necessary.   

2.2.2 Role of Assessments in Support of the 2011 ESC 

As described in the ‘Main Report’ [1], our objective, defined within the NDA National 
Strategy for LLW and consistent with Government Policy, is to promote the optimal 
use of the LLWR.  This means developing plans for the safe and optimised use of the 
LLWR for disposal of LLW and implementing those plans, subject to necessary 
planning approval(s) and regulatory permit(s).  

Consistent with the high-level goal of optimising radioactive waste management in 
the UK, our ‘goal’ is to develop the LLWR to:    

• maximise the capacity of the facility to accept LLW requiring vault disposal 
consistent with the characteristics of the site,   

• while optimising the environmental performance of the disposal facility both 
during operations and in the long term.  

In particular, we must demonstrate that the assessed impacts on people and the 
environment are consistent with regulatory guidance levels at all times.  

To this end, we have carried out a comprehensive evaluation of options to arrive at 
an optimised Site Development Plan (SDP) for the LLWR [10].  We have then 
assessed the environmental safety of the SDP, to show that impacts are 
appropriately low and consistent with regulatory guidance.  Using our assessments, 
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we have determined the radiological capacity of the facility and conditions under 
which waste may be safely accepted and disposed.  

This report is the assessment of the long-term radiological safety of the SDP.  

2.2.3 Safety and Environmental Safety 

The International Atomic Energy Agency (IAEA) Safety Glossary [39] defines ‘safety’ 
as the protection of people and the environment against radiation risks, and the 
safety of facilities and activities that give rise to radiation risks.   

Achieving protection of workers, members of the public and the environment, is 
central to our Environment, Health, Safety and Quality (EHS&Q) Policy [40].  With 
respect to protection of workers and maintenance of safe working conditions, we 
report to and comply with the guidance and regulation issued by the NII of the HSE 
under the terms of the nuclear site license.   

The 2011 ESC is a submission under the terms of the Permit issued by the 
Environment Agency, and will be judged against the GRA [18].  Therein it is stated: 

The fundamental protection objective is to ensure that all disposals of solid 
radioactive waste to facilities on land are made in a way that protects the 
health and interests of people and the integrity of the environment, at the time 
of disposal and in the future, inspires public confidence and takes account of 
costs.  

This fundamental protection objective should be met following four Principles set out 
in the GRA, which state that solid radioactive waste shall be disposed of in such a 
way that:  

1. The level of protection provided to people and the environment against the 
radiological hazards of the waste both at the time of disposal and in the future is 
consistent with the national standard at the time of disposal.  

2. The radiological risks to individual members of the public and the population as a 
whole shall be as low as reasonably achievable under the circumstances 
prevailing at the time of disposal, taking into account economic and societal 
factors and the need to manage radiological risks to other living organisms and 
any non-radiological hazards.  

3. The level of protection provided to people and the environment against any non-
radiological hazards of the waste both at the time of disposal and in the future is 
consistent with that provided by the national standard at the time of disposal for 
wastes that present a non-radiological but not a radiological hazard.  

4. Unreasonable reliance on human action to protect the public and the environment 
against radiological and any non-radiological hazards is avoided both at the time 
of disposal and in the future.   

This LTRA is concerned with quantifying the level of protection provided to people 
against the radiological hazards in the future and thence demonstration of 
consistency with the required standards (cf. Principle 1 above).  This is in the long-
term, when no or only very limited reliance is placed on human action to avoid the 
hazard presented by the disposed wastes (cf. Principle 4 above).    
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2.2.4 Assessment of Environmental Safety 

Environmental safety assessment is the process of systematically analysing the 
hazards associated with the facility and the ability of the waste form, the design of the 
facility and site to provide protection of members of the public and the environment 
both now and in the future.   

This includes quantifying the overall level of protection of members of the public and 
the environment, analysis of the associated uncertainties, and comparison with the 
relevant regulatory guidance levels.  Equally important, safety assessment includes 
the marshalling of qualitative arguments concerning processes, their relative 
importance, and assumptions that underpin and focus the quantitative analyses.  

The aim of our assessments in support of the 2011 ESC is to provide a clear 
demonstration of consistency with the GRA [18].  Our assessments must thus: 

• provide comprehensive evidence in support of our ESC arguments, including 
consistency with risk and dose guidance levels, see Subsection 1.1;  

• provide a sound quantitative basis for future management of the LLWR;  

• align to Agency’s views and perspective, e.g. taking account of guidance in the 
GRA and dialogue with the site regulator.  

It is important that our assessments are:  

• proportionate and fit for purpose in the light of the hazards that are being 
assessed (cf. paragraph 3.5.3 of the GRA);   

• pragmatic, allowing flexibility to apply different approaches within different areas 
of the assessment best matched to the available data and information;   

• well-presented so as to provide a clear understanding of the hazard, the level of 
protection provided, and how this has been assessed against the regulatory 
guidance.   

2.2.5 Scope of Assessments in this Report 

This report presents assessments of the long-term radiological impacts to 
hypothetical persons or groups who may be present in the future and are 
representative of individuals that could be most exposed, or at greatest risk, as a 
result of the disposal of radioactive waste at the LLWR.   

The report focuses on the assessment of radiological impacts after the end of the 
period of management and regulatory control, termed the Period of Authorisation 2, 
see Figure 2.1.  

                                                
 
2
  That is the period during which the operator holds an Authorisation, now Permit, granted 

by the Environment Agency.   
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Figure 2.1 Periods of applicability for the dose constraint and the risk 
guidance level, based on reference [18] 

To accomplish this it is also necessary to understand the evolution and performance 
of the disposal system at times following completion of waste emplacement and 
closure engineering but before the end of the PoA.  The goal is to show that, 
accounting for all relevant uncertainties, the calculated radiological impacts are 
consistent with Requirements R6 ‘Risk guidance level’ and R7 ‘Human intrusion’ of 
the GRA, see Subsection 1.1.  Environmental safety during the PoA, which is 
assessed against a dose constraint as set by GRA Requirement R5, is addressed in 
the ‘Assessment of Safety During the Period of Authorisation’ report [11].   

This does not imply a discontinuity or change in safety standards.  Doses, or other 
impacts, that may occur during the period of active management and regulatory 
control may be calculated using models but, importantly, can be monitored and if 
necessary actions taken to control discharges, change practices or remediate 
conditions [9,11].  For the period after the release of the site from regulatory control, 
doses can only be estimated prospectively, based on quantitative models that include 
the relevant uncertainties.  For this period, the environment agencies prefer to apply 
a risk guidance level, i.e. taking account of the probability that a given dose level may 
be received.   

In practice, the estimation of probability and incorporation of related uncertainties into 
the assessment calculations is one of the most challenging aspects of long-term 
environmental safety assessments.  The environment agencies also make specific 
comments on the types of uncertainty that they consider it is appropriate to include in 
risk calculations.  For this reason, to illustrate the performance of the disposal 
system, we choose to present some results as annual doses that may occur for a 
specific case or set of circumstances.  Then, if warranted, a conversion to 
radiological risk is applied (see Subsection 2.4).   

2.3 Assessment Approach 

2.3.1 Assessment Framework 

We follow the well-established approach to long-term assessment of radioactive 
waste disposal facilities, as described by the Nuclear Energy Agency (NEA) [41] and 
by the IAEA [42,43].  This includes activities that are interlinked:  
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1. acquisition of information and data, and development of understanding of the 
disposal system and the uncertainties present, including those related to waste 
form, site characteristics, engineered structures and their evolution;  

2. identification of the pathways potentially leading to the transfer of radionuclides 
from the repository to humans and the environment, and refinement/definition of 
those pathways taking account of system-specific understanding and data;  

3. definition of the broad scenarios for the long-term evolution of the disposal 
system and its environment, and identification of the cases that should be 
assessed taking account of the model capability;  

4. developing and testing of conceptual and mathematical models of the behaviour 
of the disposal system and its components, and implementation in quality 
assured numerical models and codes;  

5. application of all of the above in structured and comprehensive analysis to yield 
the required assessment endpoints for comparison to regulatory requirements, 
including assessment of the relevant uncertainties;  

6. evaluation of the robustness of the analysis and its results, and identification of 
key uncertainties that have bearing on the interpretation of the results and 
conclusions that should be drawn from the assessment.  

The acquisition of information and development of understanding (item 1) is set out in 
other ESC reports [3,4,5,6,7,8,9].  The application in analysis and evaluation (items 5 
and 6) are described in Sections 5 to 10 of this report.  In the following subsections, 
we outline our approach to treatment of uncertainties, identification of pathways, 
identification of scenarios and cases, and achieving model quality.  Assessment 
endpoints and calculation methods are discussed in Subsection 2.4.   

2.3.2 Uncertainty and its Treatment  

As discussed in the GRA paragraphs 6.3.23 to 29 and 7.3.8 to 20, uncertainties, their 
representation and their management are central to the long-term radiological 
assessment and the wider ESC.  

Sources of uncertainty 

Uncertainty originates from lack of knowledge of parts of the studied system, from the 
random nature of some phenomena, and from approximations included in the models 
and tools we use to represent the system.   

Lack of knowledge can arise from limited measurements, uncertainty in interpretation 
of measured data, insufficient understanding of processes, spatial variability and the 
uncertain occurrence of events.  In the context of the LLWR and its assessment, 
uncertainties arise from:  

• uncertainties concerning past and future waste disposal operations, e.g. the 
radiological inventory, future engineering and waste management choices;  

• uncertainties in the characteristics of the waste disposal facility and its 
environment, e.g. due to measurement uncertainty, uncertainty in interpretation, 
applicability of literature values, and variability of parameters in time and space;  
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• uncertainties about the long-term evolution of the waste disposal facility and its 
environment and about the future events that may have an impact on the 
disposal facility and its environment;  

• uncertainties concerning future human actions and behaviour. 

It is necessary to characterise the relevant uncertainties and analyse them to the 
extent needed to guide the development of the facility and assure its safety and 
consistency with regulatory requirements.  The treatment of uncertainty may, 
however, be constrained by limited data and the models that are available.   

Our goal for treating uncertainty  

Our goal within the LTRA is to present qualitative understanding of the key 
uncertainties, and quantitative illustrations of the effects of quantifiable uncertainties, 
such as to inform both our own and the Environment Agency’s judgement as to 
whether our assessment results are consistent with the risk and dose guidance 
levels.  In addition, we identify priorities for further work by which key uncertainties 
might be reduced.   

Some uncertainties will remain unresolved, but this does not prevent an assessment 
of the safety of the LLWR taking account of the uncertainties.  As stated in the GRA, 
paragraph 7.3.8: ‘Uncertainties themselves are not obstacles to establishing the 
environmental safety case, but they do need proper consideration and including in 
the structure of the environmental safety case as appropriate.’   

Approach in this assessment  

We adopt the classification of uncertainties that is conventional in radioactive waste 
disposal assessment, focusing on their mode of treatment in the safety assessment, 
thus:   

• Scenario uncertainty – definition of a scenario, or scenarios, sufficiently broad to 
represent the possible evolutions of the disposal facility and its environment;  

• Model uncertainty – models, including alternative model assumptions, that 
adequately represent the features, events and processes (FEPs) that are 
important to radionuclide release, transport and exposure to humans;  

• Parameter uncertainty – variation of model parameter values within their realistic 
or possible ranges.  

Within the 2011 LTRA, we have: 

– identified the pathways leading to the transfer of radionuclides from the repository 

to humans and the environment (Subsection 2.3.3) and characterised the 

uncertainties for each pathway;  

– identified a broadly expected scenario for the future evolution of the natural 

environment and a less likely alternative scenario, and identified cases for 

assessment within each (Subsection 2.3.4); 

– developed sound conceptual models of the pathways, including considering 

alternative assumptions, and implemented the models in  quality assured codes 

(Subsection 2.3.5);  
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– applied these models to analyse and assess each of the pathways including 

taking account of alternative assumptions and parameter uncertainty (Sections 5 

to 8). 

– established a FEP and uncertainty tracking system, which indicates how 

uncertainties have been addressed within the models and cases analysed in the 

LTRA (Subsection 2.3.6).  

With regard to parameter uncertainty, in most cases parameter values are drawn 
from standard sources or established by recorded judgements.  For key parameters 
that are important to the assessment of the groundwater pathway, we have 
undertaken formal elicitations [44].  

2.3.3 Pathways  

At any time many processes may be occurring and radionuclides or other 
contaminants may be being released, migrating, accumulating and giving rise to 
exposure by multiple routes and to multiple receptors.   

To provide representations that provide clear understanding of the key processes 
and results, and also to make the analysis tractable, we choose to develop separate 
models to examine characteristically different pathways by which radionuclides or 
contaminant may be released, migrate or give rise to exposure.  We identify four 
pathways:  

– migration in groundwater;  

– migration in gas;  

– natural disruption and dispersion;  

– human actions.  

We recognise that there is interaction, and also the potential for addition, between 
the pathways.  For example, changing vault or environmental conditions will 
simultaneously affect release and migration in more than one pathway, and it is 
possible that an individual could be simultaneously exposed to more than one 
pathway.   

The potential interactions are considered and taken into account in the uncertainties 
that are represented in the assessment of each individual pathway.  We also 
compare assessment results from each pathway, the timing and location of impacts, 
and hence consider whether an individual could be exposed via multiple pathways.  
In general, we find that this is not the case because of differences in timing of peak 
impacts via different pathways, and because the cautious assumptions on human 
habits make it unlikely that an individual could simultaneously be undertaking the 
assumed activities or habits assumed in assessing each pathway.   

Details of the assessment of each of these pathways for the LLWR are set out in the 
main technical sections of this report (Sections 5 to 8).   
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2.3.4 Scenarios and Cases  

General definitions 

We define scenarios thus:   

Scenarios are the broad alternative future events, circumstances, conditions 
or their evolution, that are characteristically different and provide a framework 
for analysis that is useful in providing an understanding of the environmental 
safety of the disposal system.   

Scenario is a high-level term denoting a substantial difference of site development or 
long-term evolution.  We acknowledge that circumstances that are intermediate 
between the selected scenarios may occur, but analysis of performance under the 
selected scenarios is designed to provide representative illustrations on which an 
analysis of environmental safety can be based.   

There may be relatively few scenarios.  On the other hand, a large number of 
calculation cases may be required to adequately explore all aspects and 
uncertainties within a scenario.  Thus:  

A calculation case is a specified combination of events, circumstances, 
conditions or their evolution, including specification of model boundary 
conditions and data, which represents a particular realisation of the disposal 
system, its evolution and radionuclide or contaminant release path of concern.  

Alternative calculation case are defined to investigate the effect of particular 
assumptions or uncertainties, or combinations of assumptions, e.g. of near field 
evolution, geosphere path, characteristics of potentially exposed groups, etc.   

Scenarios and cases for the 2011 ESC  

To establish the capacity of the LLWR for disposal of LLW, we assess radiological 
impacts assuming development of the facility according to an optimised Site 
Development Plan (SDP), see Subsection 3.3, accommodating currently disposed 
and emplaced waste, plus estimated future arisings of LLW in the UK, see 
Subsection 3.4.   

This report considers the SDP applied to accomplish disposals of LLW within an area 
that we term the RDA, which corresponds to the area formerly known as the 
‘consented area’.  An assessment of the case in which disposals of LLW are 
continued within an EDA is presented in the ‘Assessment of an Extended Disposal 
Area’ report [16].   

We assess alternative inventory cases that take account of uncertainty over future 
nuclear build, waste volume arisings, and use of alternative disposal routes for some 
categories of LLW.   

For the assessments in support of the 2011 ESC, we define a single Expected 
Natural Evolution Scenario that encompasses the broad expectation for evolution of 
the disposed wastes, engineered barriers and natural environment.  This is based on 
our characterisation and understanding of the wastes, engineered barriers, 
hydrogeology of the site and environmental processes and their impacts [8].  
Uncertainties within this broad scenario are treated by alternative assessment cases, 
appropriate to each of the pathways (see Subsection 2.3.3).   
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Within the Expected Natural Evolution Scenario, we expect the LLWR to be disrupted 
and waste dispersed by coastal erosion processes within a period of a few hundred 
to a few thousand years after present [8].  We also assess a Delayed Coastal 
Erosion Scenario, in which we explore the proposition that the site will not be eroded 
within this time frame.  We consider this scenario is unlikely, but it is useful to 
examine the longer-term performance of the engineered barriers, and also to 
examine the long-term in-growth of radioactive daughter radionuclides.  

Human intrusion events are a special set of cases that we assess taking account of 
the broadly expected evolution of the site, and for the scenario in which the site 
exists over a longer time.  

2.3.5 Assessment Models  

General 

An assessment model is the assembly of features, events and processes (FEPs) and 
interactions that are treated in a given case or set of assessment cases.  The 
conceptual model is the descriptive presentation of the model.  The numerical model 
is the model as implemented by given equations or software.    

Specification of an appropriate conceptual model demands an understanding of 
underlying science and characterisation of the relevant features and processes as 
they are present and operate for the disposal system and its environment.   

For key parts of the disposal system or environment we develop detailed models that 
are intended to be as realistic as we can achieve within the limitations of 
understanding and available data.  Such models use measured data as input, for 
calibration, or in their derivation.  The prime examples are: 

– modelling of the regional and local and groundwater flows including through the 

facility [7];   

– modelling of the spatially variable biogeochemical evolution of the trenches and 

vaults [6];  

– modelling of photosynthetic uptake of C-14 labelled gas into plant material for 

varied plant canopy types and conditions [21]; 

– use of extensive UK data sets to derive empirical relations between radon in 

dwelling and radium and radon in local soils [45].  

For other parts of the disposal system, and for overall assessment models for each 
pathway, we may use models that include a higher degree of spatial and/or temporal 
approximation.  Generally, the input data are the result of spatial or temporal 
averaging of measured data.  The models may omit some processes that are of 
lesser importance, or combine processes, e.g. representing sorption processes using 
a linear equilibrium sorption coefficient (Kd).  The models are generally simplified, 
and some data may cautiously selected, so that assessment calculations will not 
underestimate the radiological impacts.   

Conceptual model quality  

The first requirement is that the conceptual model includes the relevant features, 
events and processes, and incorporates a correct understanding of the important 
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interactions at an appropriate scale.  This is a matter of sufficient information, 
scientific understanding and judgement.  Development of conceptual models may be 
iterative and generally includes stages of discussion and review.  Scoping 
calculations and results from model testing may also reveal where attention should 
be focused to improve a model, and focus it to the assessment in hand.   

Program quality and implementation 

When judging the suitability of a program (code) for use in a safety assessment, it 
must be demonstrated that the program is suitable for its purpose, has been used 
properly, the code development process has followed appropriate procedures, and 
that the program produces accurate results.   

Key assessment programs used in the 2011 LTRA are GoldSim, which has been 
used within the assessments of the groundwater, gas, coastal erosion and human 
intrusion pathways, and CONNECTFLOW and GRM, which have been used for 
detailed modelling of groundwater flow and near-field biogeochemistry, respectively.  
In using these programs, each assessment contractor has verified the suitability of 
the programs and checked the implemented models for accuracy using appropriate 
procedures.   

GoldSim  

The pedigree of the GoldSim software is evident based on its development and use 
over a period of almost 20 years (see www.GoldSim.com). GoldSim has been used 
by and/or for a diverse set of customers and clients, including government agencies 
in over ten countries (such as the US Department of Energy, NASA, the Nuclear 
Regulatory Commission), research laboratories (including Sandia National 
Laboratories, Los Alamos National Laboratory, the Paul Scherrer Institute, and 
Massachusetts Institute of Technology), and commercial organisations worldwide. 

Released versions of GoldSim are verified by the program developers.  During 
verification, many test problems are executed and the results compared to expected 
values.  Extensive documentation and user guides are available for the 
software [46,47].  

Each contractor developing a GoldSim model implementation (or using any other 
program) follows a rigorous process of specification of the mathematical model, 
implementation and testing. GoldSim implementations are generally developed in 
stepwise fashion with testing of component elements, arithmetic and sense checks to 
verify that the model is behaving as expected.  The final model implementation is 
subjected to comprehensive verification checks to systematically verify the 
implementation of the specified mathematical model.   

Quality assurance procedures are in place to ensure traceable and transparent 
selection of data in the model based on reliable data sources, or where based on 
modeller judgment to explicitly record that judgement.   

CONNECTFLOW 

CONNECTFLOW [48] is the suite of Serco Ltd's groundwater modelling software that 
includes the NAMMU continuum porous medium (CPM) module and the NAPSAC 
discrete fracture network (DFN) module.  CONNECTFLOW is also the name given to 
the concept of nesting NAMMU and NAPSAC sub-models into a combined 
CPM/DFN model.  CONNECTFLOW is 3D finite element groundwater flow and 
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transport program.  It is very flexible and able to model both fractured and porous 
media on a variety of scales.   

CONNECTFLOW has been developed by Serco (and previously by AEA 
Technology) over the last 15 years.  It is developed under a rigorous quality system 
that conforms to the international standards ISO 9001 and TickIT.   

The CONNECTFLOW model for the 2011 ESC and its implementation are described 
in reference [7].  

GRM  

GRM is a reactive-transport model, coupling biogeochemical processes with 
advective groundwater transport.  It was developed by BNFL for studies of the 
biogeochemical evolution of the LLWR trenches and vaults.  It has also been applied 
to modelling Eh, pH and gas generation processes in LLW disposal facilities in 
Finland, and concepts for ILW facilities in France.   

The GRM program [49] has been verified and validated against a comprehensive set 
of test cases, which include: 

– verification against numerical solution of the transport and reactive processes 

modules. 

– inter-code comparisons of the transport and chemical speciation models. 

– models of experimental data, including large scale experiments of gas 

generation. 

The GRM model for the 2011 ESC and its implementation are described in 
reference [6].  An overview of the program is given in Figure 5.2.  

2.3.6 FEPs and Uncertainty Tracking 

Identification of the features, events and processes (FEPs) relevant to the 
assessment of a disposal system, and assurance that the important processes and 
uncertainties have been adequately represented is central to confidence in the 
completeness of safety assessments.  In the case of the LLWR, a high level of 
understanding of the relevant FEPs has been developed through iterative 
assessments and supporting studies carried out over the past decade, and the 
pathways that are to be assessed are well known.   

Thus, we considered it most appropriate to develop a list of FEPs, and trace of how 
each FEP and related uncertainties is treated, based on the conceptual models 
actually envisaged in the LTRA.  This approach ensures that those FEPs included in 
the models and cases of the LTRA are identified, while also giving scope to identify 
and record FEPs that are not directly represented in those models and cases.  It 
avoids the complexity of the 2002 LLWR FEP list [50], which contained over 1400 
FEPs many of which were not actually modelled.  It also ensures that the FEP list is 
closely linked to the assessment calculations.  The current list of about 300 FEPs is 
structured by pathway and model domain.  It has been audited against the 2002 FEP 
list to check that all relevant FEPs from the 2002 FEP list have been considered [51].   

The FEP and uncertainty tracking system is implemented as a Microsoft ExcelTM 
spreadsheet including screens and macros to assist in the management of the FEPs 
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and associated uncertainties [52].  The system includes the record of how each FEP 
is treated.  The system also provides a means by which significant uncertainties can 
be identified, rated according to expert judgement on the importance to sub-system 
performance.  

The FEP and uncertainty tracking system was initially populated based on knowledge 
of previous conceptualisation and preliminary assessment work.  Following 
completion of all assessment calculations, the tracking system has been updated so 
that it describes treatment of each FEP and related uncertainty within the 2011 
LTRA.   

The tracking system provides the basis for compilation of a register of significant 
uncertainties (cf. GRA paragraph 7.3.10), which identifies key uncertainties and the 
extent to which further data gathering, calculations or decisions are needed.   

2.4 Endpoints and Calculation Methods  

In our assessments we present a variety of calculated endpoints focused on 
illustrating the long-term performance of the LLWR and providing the output required 
for comparison to the guidance levels set by the GRA [18].   

2.4.1 Radionuclide Concentrations 

Concentrations of radionuclides in various media are calculated as intermediate 
parameters within our assessment models and are presented in order to give 
understanding of the model, or to provide values that might usefully be compared 
with some measure, e.g. levels of naturally-occurring radionuclides in the same 
media.   

GRA paragraph 6.3.21 states:  

‘In setting up a risk assessment, in general the developer/operator should aim 
for data and assumptions that represent realistic or best estimates of the 
system behaviour.  However, where the data do not support this approach or 
where the assessment can usefully be simplified, the developer/operator may 
choose some data and assumptions to be conservative as long as the 
requirements are still shown to be met.’   

Consistent with this, where the necessary understanding and data permit, we aim to 
calculate concentrations of radionuclides in relevant media that are realistic.  There 
are, however, significant uncertainties in many physical and chemical processes.  
These include uncertainties in the modes of radionuclide release from wastes of 
uncertain characteristics, sorption and retardation processes, and resuspension/ 
deposition of sediments, that we only approximate by our models.  In cases where 
the uncertainty is difficult to characterise or treat robustly, cautious input parameter 
values are selected in order that the concentrations of contaminants in environmental 
media will not be underestimated.   

We also apply our models to calculate environmental concentration (and doses, see 
below) for alternative assumptions, model conditions and parameter values.  That is 
the calculated environmental concentrations are intended to be ‘realistic’ for the 
defined input conditions that are themselves uncertain.   
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2.4.2 Doses and Annual Doses  

Based on the concentrations of radionuclides in accessible media we calculate 
radiation doses or annual radiation doses 3.  For external exposure, inhalation of 
dusts, gases or aerosols, and inadvertent ingestion of contaminated material, the 
calculation involves assumptions of factors such as dust loadings, breathing rate etc., 
but importantly it also involves dosimetric assumptions that relate absorbed dose rate 
to effective dose rate and intakes of radionuclide to committed effective doses.  
There are uncertainties in this conversion, especially related to dose per unit intake 
of radionuclides.  We adopt the standard values as derived by the International 
Commission on Radiological Protection (ICRP) and the US National Commission on 
Radiological Protection (NCRP ) that are intended for use in such calculations, see 
Subsection 4.2.  

In calculating doses due to the consumption of contaminated foodstuffs, we generally 
do not take account of uncertainty in biological uptake values.  Rather, we take 
values from standard tabulations such as developed by the IAEA for the 
purpose [53], or from review of alternative authoritative sources.  In the case of 
radionuclides of particular concern, specific side studies have been made to ensure 
the values adopted are appropriate to the modelled and local conditions, see 
reference [54].  For the analysis of the uptake of C-14 labelled gas into vegetation 
and human foodstuffs a specific model has been developed [21].  

In many cases, however, the greatest uncertainty in proceeding from radionuclide 
concentrations in the environment to annual doses to an individual residing in, or 
visiting, that environment or consuming local water or foodstuffs, is the uncertainty 
over human habits and consumption rates.  

GRA paragraph 6.3.30 states:   

‘Risk assessments will need to consider different groups of people that could 
be at risk of exposure (potentially exposed groups) in order to identify a 
person representative of those people at greatest risk at a given time.  There 
is a range of possible doses that each group might receive and, for each 
dose, an assessed probability of their receiving that dose.’   

In order to ‘identify a person representative of those people at greatest risk at a given 
time’ we define potentially exposed groups (PEGs) that make reasonable maximum 
use of the potentially contaminated local environments [55].  This includes, for 
example, residing in the specific environment (if credible) or visiting those areas, 
using well water for drinking and watering crops, and consuming local foodstuffs.  
When defining potentially exposed groups in the future, it is appropriate to consider 
both generic and local behaviour as the characteristics of the site and local behaviour 
could change.  

We do not feel able to justify calculation of the range of possible doses for each PEG 
or the assessed probability of receiving a dose.  Rather, we select parameter values 

                                                
 
3
  The quantity annual dose is calculated as the sum of effective doses received from 

external sources in a year, together with the sum of committed effective doses incurred 
from intakes (ingestion and inhalation) during the same year.  
In some cases we calculate dose from the event, by which we mean the sum of 
effective doses from external sources during the event, plus the sum of committed 
effective doses from intakes arising from the event.   
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that imply occupancy and consumption rates towards the upper end of the range of 
observed or possible behaviours.  It follows that the dose and risk values calculated 
are representative of only a very few individuals who might have such cautiously 
defined habits, although there may be a larger group of individuals who partake in 
similar occupancy, activities or consumption, but not at such high rates.   

2.4.3 Risk and Annual Risk 

The concept of radiological risk is applied by ICRP to potential exposure situations, 
i.e. situation in which an exposure may or may not occur, or the dose that could be 
received is uncertain reference [56].   

GRA paragraph 6.3.13 states:  

‘The assessed radiological risk associated with a potential exposure situation 
corresponds to the product of the estimated effective dose that could be 
received, the estimated probability (as a quantified uncertainty …) that this 
dose will be received and the estimated probability that detriment would occur 
as a consequence to the person exposed (see para. 6.3.15).  For comparison 
with the risk guidance level, assessed risks must be summed over all 
situations that could give rise to exposure of the same person to radiation.’ 

The GRA further states in paragraph 6.3.15:  

‘For annual effective doses below 100 mSv, HPA (see below) recommends 
the use of the detriment-adjusted risk coefficient and that a rounded value of 
0.06 per Sv be used for waste management assessments.’  

and in paragraph 6.3.17: 

‘Making use of the risk coefficient of 0.06 per Sv, a dose can be calculated 
that gives rise to a risk of 10-6 per year.  This calculated dose is around 
20 microSv/year and represents the situation where the dose has been 
received, that is to say the probability of receiving the dose is one.’  

In our assessments, we calculate the annual dose for a given assessment case (see 
Subsection 2.3.4), if this dose is multiplied by the risk coefficient recommended by 
the Health Protection Agency (HPA) of 0.06 per Sv, the product is the ‘conditional 
risk’ for the case, i.e. the risk conditional on the various assumptions and parameter 
values of the case, or the risk assuming a probability of one for the case.  GRA 
paragraph 6.3.17, above, indicates that for this circumstance, we may compare to a 
dose of 20 µSv y-1.   

2.4.4 Assessing Against the Risk and Dose Guidance Levels  

Alternative methods 

As stated by paragraph 6.3.13: ‘For comparison with the risk guidance level, 
assessed risks must be summed over all situations that could give rise to exposure of 
the same person to radiation.’   

One method of achieving this is to carry out a probabilistic risk analysis (PRA).  In 
PRA, the assessment model is run many times in order to simulate multiple possible 
realisations for the future performance of the disposal system for input parameters 
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values sampled from appropriately derived probability density functions (PDFs).  In 
this case, annual risk is calculated as the mean of annual dose as a function of time, 
multiplied by the risk coefficient.  This method requires:  

– confidence that the model can adequately represent ‘all situations that could give 

rise to exposure of the same person to radiation’, i.e. adequately capture all 

future evolutions and relevant uncertainties concerning the release pathway and 

exposure situation; 

– confidence that PDFs can be derived that properly capture the uncertainties that 

each sampled parameter is designed to represent.   

This can be very challenging in input data requirements and places practical 
constraints on the models applied, e.g. demanding simplifications in order that the 
model can be run probabilistically.  

An alternative method based on ‘deterministic analysis’ is to:  

– run models for a range of separately defined assessment cases that span 

uncertainty in starting conditions and evolution, to yield a number of dose or dose 

vs time results conditional on each specified case definition; 

– from the ensemble of results, define the key uncertainties and choose a case, or 

a weighted sum of cases, that is judged to best represent a reasonably expected 

result for the pathway and scenario.  

This method may be more appropriate where there are discontinuities or step 
changes in outcomes that are not easily captured in a single model or simulation 
specification, or where probabilities cannot be confidently assigned to key 
parameters or conditions.  

Approach in the 2011 ESC 

In the 2011 ESC, we only undertake a probabilistic risk analysis for the groundwater 
pathway for radionuclides released via a water abstraction well.  This is because the 
groundwater well is the limiting biosphere release path for the groundwater pathway, 
the pathway is amenable to probabilistic analysis, and probability of a well is intrinsic 
to the analysis.  The results are presented as annual risk for comparison to the risk 
guidance level.  

The probabilistic risk analysis is preceded by a suite of deterministic calculations to 
separately investigate the impacts of alternative near-field models, assumed forward 
inventory, different biosphere release paths, and alternative data assumptions, e.g. 
for solubility limits and sorption parameters.  Results from these deterministic 
calculations are presented as conditional risks, for consistency with the results of the 
probabilistic risk analysis that follows.  

For the gas and coastal erosion pathways, we calculate results for defined 
deterministic cases.  This is because in each case there are uncertainties that are not 
readily quantified at the present state of knowledge over:  

– forward inventory waste characteristics, and C-14 release and gas generation 

processes, for the gas pathway; 

– future global CO2 emissions and sea-level rise, and local erosion under future 

sea-level rise conditions, for coastal erosion.   
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We present results for these pathways primarily as annual dose to emphasise that 
the cases relate to conditions or evolutions, the probabilities of which are not 
quantified.  We identify, however, the cases that we consider most representative or 
‘central’ and therefore most appropriate to compare to an annual dose of 20 µSv, i.e. 
a dose corresponding to the risk guidance level.   

For human intrusion cases, we calculate doses for comparison to the dose guidance 
range of around 3 mSv y-1 to around 20 mSv y-1, as specified in GRA 
paragraph 6.3.36.  We calculate dose from the event for short-term exposures such 
as received by persons directly engaged in the event, and annual doses to persons 
exposed over longer times to environmental contamination arising from the event.   
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3 The LLWR and its Evolution  

Other reports provide detailed descriptions of the characteristics and understanding 
of the; 

– LLWR site and its history [3];  

– inventory already disposed or emplaced and future inventory [4];  

– engineering design for future vaults and closure [5];  

– near-field system and its evolution [6];  

– hydrogeological system and its evolution [7];  

– natural evolution of the site, including the impacts of climate change, sea-level 

rise and coastal erosion [8].   

The process by which an optimised Site Development Plan (SDP) has been arrived 
at is described in reference [10].  Drawing on these reports, this section provides an 
overview the LLWR facility and its environs, the SDP, the radioactive inventory, and 
an integrated description of the evolution of the LLWR and its environment, at a 
sufficient level of detail to understand the motivation for the scenarios and cases that 
are assessed in subsequent sections of the report.   

Descriptions of some aspects, notably the near-field and hydrogeological systems 
and their evolution, are not included here but rather discussed within assessment 
sections.   

3.1 History and Description of the LLWR  

The site of the LLWR was first developed in 1939 as a Royal Ordnance Factory 
(ROF) for the production of TNT.  Ownership later passed to United Kingdom Atomic 
Energy Authority, which in 1957 was granted planning consent for the disposal of 
waste in the northern 40 ha of the site.  The first Certificate of Authorisation for 
disposal of LLW was granted in 1958 and disposal operations commenced in 1959.  

Further information on the history of the LLWR can be found in the ‘Site History and 
Description’ report [3].  

Figure 3.1 shows the LLWR site in March 2011 – Vault 8 in foreground, Vault 9 in 
beyond and the temporary cap over the trench area to the left of both.  This report 
presents the long-term radiological assessment of disposals within the RDA – centre 
and foreground.  

The LLWR receives wastes from a range of consignors, including nuclear power 
stations, fuel cycle facilities, defence establishments, general industry, isotope 
manufacturing sites, hospitals, universities and from the clean-up of historically 
contaminated sites.   
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Figure 3.1 The LLWR site in March 2011: view looking south  

For the first thirty-six years of operation, disposals were by tumble tipping of 
drummed, bagged and loose wastes into trenches within the ‘consented area’ (see 
above).  The first trench followed the course of a railway cutting through the northern 
part of the site associated with the ROF.  Subsequently, five wider and deeper 
trenches were purposely excavated parallel and on either side of Trench 1 so that 
their bases should lie within low-permeability clay at a depth of 5 to 8 m below 
ground level.  A final trench, Trench 7, of irregular shape was excavated to fully use 
the site area to its north-eastern boundary.  All trenches have a north to south fall, to 
facilitate the collection of leachate at the southern end of each trench.   

During disposals, waste was covered by soil at the end of each day and, periodically, 
a hardcore layer placed to facilitate tipping operations.  The Trenches were in 
operation until 1995; disposal of loose waste in Trench 7 being completed in parallel 
with disposal of containerised waste in Vault 8, see below.  

From 1987 onwards, disposal operations were upgraded with the aims of making 
more efficient use of space and improving the visual impact of disposal operations.  
Remedial work was also carried out on the trenches; this included installation of a 
low-permeability cut-off wall (to limit lateral movements of groundwater and 
radionuclides) to the north and east of the trenches, interim capping of the filled 
trenches and refurbishment of the leachate drainage system.  

A concrete disposal vault was constructed, Vault 8, which allowed the orderly 
emplacement of containerised waste within a concrete structure according to modern 
disposal standards.  The emphasis of the Vault 8 design was largely on operational 
aspects of waste emplacement and storage.  The vault has surface water drains to 
collect rainwater from the surface of the base slab, while an under-slab drainage 
blanket and perimeter drains collect groundwater from beneath and around the vault.   

Vault 8 commenced operation in 1988, the first seven years of its operation 
overlapping with that of Trench 7.  Most wastes are received within steel half-height 
ISO containers or third-height ISO containers, which are filled with cement grout and 
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then stacked within the vault.  Larger items are placed or grouted directly into the 
vault within specific areas of the vault.  The introduction in 1995 of waste monitoring 
and high-force compaction at the WAMAC (Waste Monitoring and Compaction Plant) 
facility at the Sellafield site has significantly improved the waste loading of the ISOs.  

Construction of Vault 9 commenced in September 2008 and was completed in July 
2010.  The Modular Vault design formed the basis for the construction, although 
more recent work for the 2011 ESC has led to design modifications related to long-
term passive leachate management.  

Vault 8 is now almost full.  A small amount of space is being kept to dispose of items 
that cannot be stored in containers in Vault 9.  The central bay of Vault 8 is being 
used to store ISO containers stacked up to an additional two units high, above the 
disposed containers stacked four high.  These higher-stacked containers were 
placed in Vault 8 before Vault 9 became available.  The intention is to leave these 
containers in place if permission is obtained to continue disposal at the LLWR.  

3.2 Environmental Context of the LLWR 

The Low Level Waste Repository (LLWR) is located on the West Cumbrian coastal 
plain, about 0.5 km inland, to the west of the B5344 Seascale to Holmrook road, 
close to the village of Drigg and approximately 5 km south-east of the Sellafield 
nuclear site.  Apart from the nearby nuclear site, the area is predominantly rural.   

The topography surrounding the site varies from 20 m AOD to the north-east and 
west of the site to less than 5 m AOD at the south-eastern site boundary.  To the 
west of the site, the topography gently undulates towards a small cliff line marking 
the edge of the Drigg Beach.  The surface of the interim cap that covers the trench 
area is around 25 m AOD. 

The site is enclosed by a boundary fence, which is to prevent unauthorised access.  
Along the north-eastern boundary is the Whitehaven to Barrow-in-Furness railway 
line, a siding from which enters the site for the delivery of containerised waste and 
other items and materials.  

The site is mainly surrounded by grazing land, but some cereal crops are grown in 
fields to the east.  The area along the coast adjacent to the site is designated as a 
Site of Special Scientific Interest (SSSI), known as the Drigg Coast SSSI.  The area 
is also a candidate Special Area of Conservation (SAC) under the European Habitats 
Directive.  The western boundary of the area of the site currently used for waste 
disposal and storage borders the SSSI.   

The Drigg Stream flows through the site roughly parallel with the western site 
boundary.  Towards the centre of the site, the Drigg Stream is joined by the East-
West Stream, which originates off site to the northeast, draining farmland and also 
taking water from the railway drain.  The Drigg Stream leaves the site to the south 
and discharges into the River Irt, which is tidal at that point.  The Irt forms the 
northern arm of an estuary complex, known as the Ravenglass Estuary, comprising 
also the Rivers Mite and Esk, which discharges to the sea opposite the village of 
Ravenglass.   

Further information on the environmental context of the LLWR can be found in the 
‘Site History and Description’ report [3].  
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Figure 3.2 The LLWR site and its immediate environs   

The geological structure in the region of the LLWR consists of Quaternary age 
deposits (up to 2.6 million years old) overlying older bedrock.  Quaternary deposits at 
the LLWR site are a result of complex glacial processes, which were responsible for 
the deposition of a sequence of deposits of clay, sands and gravels up to 60 m thick.  
The Quaternary deposits overly Triassic Ormskirk Sandstone (around 240 million 
years old) in the vicinity of the LLWR site.  

In the vicinity of the LLWR site, groundwater generally flows from the Lake District 
hills towards the coast.  Groundwater observations have allowed the identification of 
an Upper and Regional Groundwater.  The Upper Groundwater is present within the 
upper Quaternary deposits and overlies the Regional Groundwater.  It is most 
evident in the north-west and central parts of the site, where it has a groundwater 
flow pattern that is distinct from that of the Regional Groundwater.  The Regional 
Groundwater is observed in the Quaternary drift deposits and in the underlying 
Ormskirk Sandstone.  The groundwater flow direction in the Regional Groundwater at 
the LLWR is generally to the south-west (towards the coast), where it discharges to 
the inter-tidal zone and off-shore.  Towards the south-east boundary of the site, the 
direction of groundwater flow in the Upper Groundwater merges with that in the 
Regional Groundwater and the two cannot be differentiated in this area.  A 
component of the Regional Groundwater passing under the south-eastern part of the 
site discharges to the River Irt and the Ravenglass Estuary.   

Further information the geology and hydrogeology in the vicinity of the site is given in 
the ‘Hydrogeology’ report [7].  

The LLWR site lies mainly between about one half to one kilometre from the coast.  
At its north-western corner the LLWR site is only about 400 m from the high water 
mark, so that the site is vulnerable to sea-level rise and coastal erosion.  Thus, 
consideration of sea-level rise and coastal processes and assessment of their effects 
are significant aspects of the ESC.  Based on qualitative and quantitative evidence, 


































































































































































































































































































































































































































