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Abstract  

The Sellafield site comprises a wide range of nuclear facilities, including operating facilities associated 
with the Magnox reprocessing programme, the Thermal Oxide Reprocessing Plant (THORP) and a range 
of waste treatment plants.    

The operational life of some of the site facilities currently extends to 2120, requiring the retrieval, 
treatment, consolidation and safe extended storage of a variety of radioactive materials.  Sellafield has 
utilised its existing safety assessment processes to inform and prioritise studies into beyond design basis 
events and resilience evaluation required following Fukushima by UK regulators and industry bodies such 
as WANO. 

There are significant differences between NPPs, for which the ENSREG “stress tests” were originally 
intended, and the Sellafield site which is instead centred around two reprocessing facilities (Magnox and 
THORP), with a supporting infrastructure of waste processing and storage facilities, coupled with a legacy 
of high hazard older facilities.  In the former case the consequences of a catastrophic failure are promptly 
realised, leading to significant problems such as fuel failure / meltdown in AGRs and LWRs respectively 
in the event of complete loss of cooling.  At Sellafield, the processes are carried out at comparatively low 
temperatures and pressures with relatively low rates of change following any loss of cooling.  Instead the 
consequences of catastrophic failure at Sellafield are more directly related to the very large inventories of 
radioactive materials, including high level liquid wastes and unprocessed fuels, present in specific plants 
and to the condition of the ageing assets, holding legacy wastes. 

The paper will consider how a number of analysis techniques have been used to establish a safety case for 
fault and accident conditions, i.e. design basis analysis (DBA), probabilistic safety analysis (PSA) and 
severe accident analysis (SAA)   

DBA is focused on the key safety measures for those initiating faults that are most significant in terms of 
frequency and unmitigated potential consequences  

PSA looks at the full range of fault sequences and allows full incorporation of the reliability and failure 
probability of the safety measures and other features of the design and operations   

SAA considers significant but unlikely accidents where off-site consequences are likely to significantly 
affect the critical group and provides information on their progression, within the facility and also beyond 
the site boundary.  
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The paper will illustrate how these techniques have been utilised to facilitate design, operation, resilience 
evaluation and accident management of facilities supporting long term interim storage at Sellafield.  

1. Background 

The Sellafield site comprises a wide range of nuclear facilities, including operating facilities associated 
with the Magnox reprocessing programme, the Thermal Oxide Reprocessing Plant (THORP) and a range 
of waste treatment plants and interim storage facilities.  Interim storage facilities include fuel storage 
ponds, legacy waste silos, solid intermediate level waste stores and encapsulated waste stores.  

Whilst reprocessing operations are planned to cease in the next five to seven years, the operational life of 
some of the site facilities currently extends to 2120, requiring the retrieval, treatment, consolidation and 
safe extended storage of a variety of radioactive materials.  Sellafield has utilised its existing safety 
assessment processes to inform and prioritise studies into beyond design basis events and resilience 
evaluation required following Fukushima by UK regulators and industry bodies such as WANO. 

There are significant differences between Nuclear Power Plants, for which the European Nuclear Safety 
Regulators (ENSREG) “stress tests” were originally intended, and the Sellafield site which is instead 
centred around two reprocessing facilities (Magnox and THORP), with a supporting infrastructure of waste 
processing and storage facilities, coupled with a legacy of high hazard older facilities.  In the former case 
the consequences of a catastrophic failure are promptly realised, leading to significant problems such as 
fuel failure / meltdown in Advance Gas Reactors (AGRs) and Light Water Reactors (LWRs) respectively 
in the event of complete loss of cooling.  At Sellafield, the processes are generally carried out at 
comparatively low temperatures and pressures with relatively low rates of change following any loss of 
cooling.  Instead the consequences of catastrophic failure at Sellafield are more directly related to the very 
large inventories of radioactive materials, including high level liquid wastes and unprocessed fuels, present 
in specific plants and to the condition of the ageing assets, which hold legacy wastes. 

2. Safety Assessment Approach  

The safety assessment of nuclear chemical plants and support facilities at Sellafield has been developed 
over a number of decades and range of techniques has been applied to ensure high levels of safety for both 
the workforce and the general public. Sellafield has been an active participant in best practice 
benchmarking via peer assists in nuclear operations for a number of years through WANO membership.  In 
addition, Sellafield has been keen to promote good practice in safety assessment of nuclear facilities in 
both national and international fora.  70 

For many years, Sellafield Ltd, formerly British Nuclear Fuels Ltd (BNFL) made use of probabilistic 
safety assessment (PSA) and comparison with a set of radiological risk criteria, as a principle means of 
demonstrating the adequacy of safety of new designs of non-reactor nuclear plant.  The relevant 
radiological risk criteria were defined essentially in such a way that the overall risk from a plant, if the 
criteria were satisfied, would be at the ‘broadly acceptable’ level; there was in addition, an overriding 
obligation to demonstrate that any residual risk was ALARP (as low as reasonably practicable). 

Whilst there had always been an element of deterministic assessment of safety, this had not been by use of 
any formal analysis technique.  However, in the late 1990s, the requirement to demonstrate the adequacy of 
safety by means of a formal and structured deterministic method, in addition to the use of PSA, was 

                                                      
70  CSNI Report,   Use and Implementation of Safety Cases by Regulators and Nuclear Site Operators on Fuel Cycle Facilities in 

NEA Member Countries Jan 2006, CSNI/SEN/FCS(2006)1.   
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addressed.  This highlighted some degree of non-compatibility between the deterministic and probabilistic 
approaches, and identified the need for changes to the method in use for the design of safety measures. 

A previous paper 71 describes the resultant appropriate deterministic analysis technique, and illustrates how 
the requirements of both the deterministic and probabilistic techniques have been integrated within a single 
method for specifying the design requirements for safety measures. 

A guide to the design of safety measures using PSA was in use within Sellafield Ltd (formerly BNFL) for 
several years and has been used on many major projects.   Like other methods of this type, it takes as a 
starting point the list of possible initiating faults which have been identified as having the potential to lead 
to accidents, generally involving a release of radioactivity, and hence result in harm to an individual.  For 
each such initiating fault the method involves determining the severity of the potential accident in terms of 
effective radiological dose to an individual, and estimating the frequency with which the initiating fault 
will occur.  These are illustrated in Figure 1. 

It is generally found that, following use of the method on a typical project, when the full, detailed 
Probabilistic Safety Analysis (PSA) is performed, the probabilistic risk criteria are satisfied.  Note that this 
PSA scheme, whilst specifying the required reliability, makes no stipulation regarding the configuration, or 
actual design, of the necessary safety measures.  Provided the relevant equipment has a suitably high 
reliability, it could be engineered such that it offers only a single line of protection, as opposed to two or 
even three lines.  In the case of a single line of protection, of course, a single failure could prevent the 
safety measure from functioning. 

However, there is a requirement to demonstrate that a design is adequately safe using deterministic criteria, 
in addition to the probabilistic risk criteria.  Doing so leads to safety arguments that are more robust, and 
ensures that there is no over-reliance on the sometimes complex mathematical manipulations required for 
PSA.  The deterministic approach provides a demonstration of adequate degrees of fault tolerance and 
defence-in-depth. 

When faced with the need to incorporate a formal deterministic analysis into an assessment process 
strongly based on PSA, it was found that the deterministic criteria, as originally proposed, were too 
restrictive for application to non-reactor nuclear plant.  A set of deterministic criteria has been produced 
which, whilst still making a valid contribution to demonstrating the adequacy of safety, does not lead to an 
unreasonable level of safety measures being required.  These are illustrated in Figure 1.  The deterministic 
criteria have been in use for several years alongside the probabilistic criteria, and have resulted in 
reasonable and appropriate designs of safety measures to protect against a wide range of initiating faults on 
a wide range of non-reactor nuclear plants.  A very comprehensive overview of the development of safety 
assessment with UK nuclear chemical plant has been published recently72.  

3. Fukushima and Beyond Design Basis Events  

Following the massive earthquake and subsequent tsunami that struck Fukushima Daiichi NPP in Japan on 
11 March 2011, Governments, Regulators and the Nuclear Industry established review programmes to 

                                                      
71

 S Drake, Application of Deterministic criteria in addition to Probabilistic Safety Analysis, OECD Fuel Cycle Safety 
 Conference,  Paris September 2004. 
 
 

72
 PW Ball, Developments in Safety Assessment over the Last Thirty Five Years, The Journal of the Safety and Reliability 

Society, Vol 32 No 4,  
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examine the robustness of their own facilities, and to provide a focus for the learning emerging from 
Fukushima.  In Europe the EC supported the development of “stress tests” by ENSREG which were 
deployed by national regulatory bodies. The output from these ENSREG tests has now been publicly 
reported for UK facilities by the Office for Nuclear Regulation (ONR).   In respect of non-NPP facilities 
e.g. Sellafield, the ONR instructed Site Licence Companies to apply the ENSREG “Stress tests” and to 
report the resultant findings. The ENSREG “stress tests” required evaluation of the resilience of a large 
number of facilities on the Sellafield site and of the integrated site as a whole.  Sellafield has an existing 
programme of safety cases which are subject to regular review and update through the Long Term Periodic 
Review (LTPR) process, a key component of the site licence arrangements.  A safety case is required for 
all high and medium nuclear hazard facilities on the site; safety cases are also prepared for key utilities and 
infrastructure systems.   

To provide a manageable and proportionate basis for applying the ENSREG “stress tests” across a complex 
site such as Sellafield with over two hundred active facilities it was necessary to focus on significant 
plants.  Accordingly all safety cases were reviewed for significant potential fault sequences with an off-site 
consequence threshold of 10 mSv to the critical group.  This threshold is an existing accident risk threshold 
and hence these faults could readily be identified from extant hazard analysis document.  These safety case 
documents had been subject to full internal verification and regulatory review, thus providing a substantive 
foundation for this work.  

To support the requirement to analyse beyond design basis events and the subsequent loss of safety critical 
utilities (as experienced at Fukushima) Sellafield Ltd has developed and applied two further processes, 
Severe Accident Analysis and RESilence Evaluation Process (RESEP), to enable a more developed 
understanding of both potential fault states and the required responses.   These processes use the very 
developed understanding already in place as a result of a comprehensive program of safety cases 
underpinned by extensive DBA and PSA studies.  The focus of the RESEP was to look at prolonged outage 
of services; the SAA focus was to look at plant damage states, this included plant process faults within the 
safety case, and a range of external events. 

4. Severe Accident Analysis  

Severe Accident Analysis (SAA) was developed to allow a comprehensive evaluation of high consequence 
scenarios and provide, when used in conjunction with the outputs of the RESEP process, an enhanced 
understanding of time-related severe emergency management issues for key plants at Sellafield.  This 
understanding will then form a key input to the development of Severe Accident Management Strategies 
(SAMS) for a range of facilities at Sellafield.  These will give strategic guidance on incident response and 
management, inform tactical emergency response instructions, inform the procurement or development of 
equipment specifically required for emergency response and, in addition, develop future emergency 
exercise programmes.  

SAA is hence complementary to existing DBA analysis and PSA techniques and uses a best estimate 
approach to determine the magnitude and characteristics of accident consequences and considers so-called 
‘cliff edge’ effects so as to identify reasonable practicable preventive or mitigating measures for Beyond 
Design Basis Accidents (BDBA) and to provide a basis for emergency plans and Severe Accident 
Management Strategies (SAMS).   

For a diverse and complex nuclear fuel cycle site such as Sellafield, SAMS are key to - 

identifying vulnerable plant areas/systems;  

dealing with external hazards at a site as well as facility level;  
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dealing with domino effects where an incident in one facility/area may have an impact on others; and  

prioritising the response across the site.  

 
As there are common fault initiators, consequence escalation pathways and response strategies, plants have 
been grouped and prioritized, depending on the type, form, magnitude and radiotoxicity of the potential 
release.  The approach to SAA is shown in Figure 1.  In developing the approach to SAA, Sellafield Ltd 
undertook benchmarking visits with EDF (British Energy) who had a well developed and respected process 
for reactors; in addition it reviewed severe accident events in the petrochemical process sector such as 
Deep Water Horizon and Buncefield.  Key to the process is the identification of fault states and the key 
safety functions which have to be maintained to reduce potentially significant offsite doses.  An analysis is 
then carried out of how these key safety functions could be maintained or restored noting any constraints 
(such as high dose rates, the potential for release of contamination or adverse chemical reaction).  These 
modified responses, along with any identified improvements, are then incorporated into Severe Accident 
Management Strategies. A typical output is shown below in Table 1 

Table 1:  Critical Safety Function Identification 

  Shielding Cooling Containment Criticality Control 

Safety Case Bulk shielding 
is robust  

Cooling may 
be lost to the 
vessel if the 
service 
pipework is 
disrupted as a 
result of a H2 
ignition 

Primary containment 
may be lost if vessel 
damaged as a result 
of a H2 ignition 

No issue It may not be possible to empty vessels
using the installed emptying system if 
the vessel integrity is lost.  Large 
volumes of water may be added to 
vessel / cell 

External  
Hazard 

Bulk shielding 
is robust to 
external 
hazards 

The vessel vent 
system is 
vulnerable to a 
seismic event / 
vehicle impact 

Containment is 
robust to external 
hazards 

No issue  No issue 

5. Resilience Evaluation Process (RESEP)  

The RESEP process has been developed as a structured and consistent approach to resilience assessment 
for the Sellafield site that satisfies the requirements of the ENSREG stress tests. Additionally, ENSREG set 
the background scenarios as being, “the most unfavourable operational states that are permitted under plant 
technical specifications” with all plants being simultaneously affected and offsite power assumed to be lost 
for several days, the site isolated from delivery of heavy material for 72 hours and portable lightweight 
equipment for 24 hours. 

RESEP made use of preliminary work undertaken as part of the SAA programme, to develop ‘timelines’ 
for key plants, indicating their dependence on utilities as they are progressively “stressed”, as well as 
assessing the robustness of the emergency arrangements/infrastructure to a severe accident scenario.  The 
plant RESEP process was designed to be carried out in several stages.  Stage one concentrated on the 
individual plants.  Each of the key plants was subject to a plant RESEP which: 

reviewed the robustness of the existing arrangements to prevent/mitigate against the fault. 

“stressed” these arrangements against a number of beyond Design Basis Events (DBE) such as prolonged 
loss of utilities (7 day Site Black Out (SBO), seismic and other signification site wide event such as 
extreme weather) 
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The output from the plant RESEP identified: 

the critical safety functions (CSF) of the plant 

demand on Site Utilities 

demand on central resource such as Sellafield Fire and Rescue Services 

the extent of plant self reliance 

any shortfalls in existing arrangements 

future improvement considerations 

 
The data collected from the individual plant reviews was rolled-up to enable the 'key' plant reliance on site 
utilities i.e. power, water, steam etc and Sellafield Fire and Rescue Services (SF&RS) to be produced and 
therefore, consequently, provide the basis for the next stages of the RESEP process: 

stage 2 of the RESEP process concentrated on Site Wide Utilities  

stage 3 of the RESEP process concentrated on the Communications, Emergency Service and and Site 
control functions   

stage 4 of the RESEP process reviewed the preparedness of the current emergency arrangements when 
challenged with a greater than Design Basis seismic event.   

 
The output from these RESEP stages identified; the “domino” impacts from a loss of utilities, the 
radiological domino impacts and the command and control “domino” impacts.  A key aspect of the RESEP 
approach was to identify the cliff-edge, that point where the Design Basis has been exceeded. 

The key characteristics of this approach are as follows: 

Strong representation from plant operators, coupled with a challenging technical team, who have prepared 
thoroughly 

The process is deterministic (assume that events have happened) and therefore avoids lengthy and complex 
probabilistic analysis, and debate 

Greater emphasis is placed on events and plants with the potential for off-site radiological consequence, 
thus channelling effort to where it can bring greatest benefit 

It is not bounded by the time limits of any regulatory guidance and was applied flexibly.   

Each possible line of defence in the plant is progressively challenged and removed.  This approach 
thoroughly tests the boundaries of each plant’s resilience.  

 
The output from RESEP is being applied to help develop and inform Severe Accident Management 
Strategies (SAMS), by providing timelines which clearly show the timing of degradation in a plant under 
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different challenges.  These timelines will also be adapted for use in emergency control centres.  RESEP 
typically leads to a series of considerations (potential actions which can improve resilience and which 
require further review and justification).   

6. Alignment with UK Regulatory Expectations.  

The primary regulatory expectations are set out within Safety Assessment Principles73.  Three forms of 
analysis can be used to establish a safety case for fault and accident conditions (SAP Fault Analysis FA.1), 
i.e. design basis analysis (DBA), probabilistic safety analysis (PSA) and severe accident analysis (SAA). 

DBA is focused on the key safety measures for those initiating faults that are most significant in terms of 
frequency and unmitigated potential consequences (FA.4 and FA.9);  

PSA considers the full range of fault sequences and allows full incorporation of the reliability and failure 
probability of the safety measures and other features of the design and operations (FA.10 and FA.14); and  

SAA considers significant but highly unlikely accidents where off-site consequences are likely to exceed 
100mSv to the critical group and provides information on their progression, both within the facility and 
also beyond the site boundary (FA.15 and FA.16).  

Sellafield Ltd is satisfied that it has effectively and efficiently met the required standards set out for the 
above analysis, noting that its own SAA criteria has been lowered to 10mSv to take account for variability 
in weather conditions which could give rise variability in off site doses.  Figure 1 illustrates how the 
combination of DBA, PSA, SAA, RESEP and SAMS meet the requirements of defence in depth in nuclear 
safety as highlighted by international best practice such as INSAG 1074.   Sellafield Ltd has placed 
considerable emphasis on maximising learning from Fukushima Daiichi.  This has included significant 
effort in sharing experience with other operators, both nationally and internationally such as: 

Support to a UK Fukushima Working group, sponsored by Safety Directors of all UK nuclear licencees 

Involvement in International Atomic Energy Agency (IAEA) and World Association of Nuclear Operators 
(WANO) conferences  

7. Severe Accident Management Strategies  

A key aspect of the developing phases of an emergency management timeline is that the actual state of 
consequences may be quite difficult to predict in detail. As such, whilst protection strategies for the early 
phase of an incident may be relatively straightforward to characterise and prepare for an identified 
scenario, such strategies following the incident’s onset become increasingly difficult to plan in detail. 
Therefore SAMS are focused at a high level and are to be used primarily to inform strategic response 
planning.  For a large multi facility reprocessing and waste management complex such as Sellafield the 
following factors have to be taken into account. 

 
Complex inter-linked site 

Different risk profile and ageing effects 

                                                      
73 Nuclear Installations Inspectorate, Safety Assessment Principles for Nuclear Facilities (2006 Edition). 
 
74 IAEA,  INSAG 10, Defence in Depth in Nuclear Safety, A Report by the International Nuclear Safety Advisory Group, 1996 
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Strategies for linking plant and waste streams 

Legacy Plants, waste treatment and storage facilities 

Ageing infrastructure  

Budget constraints  

Response strategies could be hampered due to access constraints in a challenging radiological or chemical 
environment. 

Contingency strategies for key risks such as delayed waste disposal routes 

 
Initial combination of these criteria allowed a list of plants to be generated which were then appropriately 
grouped to perform SAA and RESEP studies. A further phase of work will look at the overlaid and 
composite effects to allow response to beyond design basis events on what is a relatively compact site.   

8. Conclusions 

The effective application of resilience learning to spent fuel management facilities presents an unusual 
challenge, as the tests have typically been framed with a Light Water Reactor in mind.  This paper sets out 
the approach taken by a UK operator of spent fuel facilities and highlights some of the approaches used to 
overcome these challenges. To support the requirement to analyse beyond design basis events and the 
subsequent loss of safety critical utilities (as experienced at Fukushima),  Sellafield Ltd has developed two 
further processes, Severe Accident Analysis and Resilience Evaluation, to enable a more developed 
understanding of  both potential fault states and the required responses. These processes use the very 
developed understanding already in place as a result of a comprehensive programme of safety cases.   

These approaches to resilience analysis and improvement have enabled new learning to be derived, whilst 
residing effectively within existing IAEA standards and within the existing national regulatory framework.  
This further demonstrates the effectiveness of both existing standards and regulatory frameworks. The 
techniques developed since Fukushima have been effectively applied to the range of fuel cycle facilities 
covering fuel receipt ponds, reprocessing plants, waste treatment facilities and product stores.  These 
reviews have considered the resilience of complex, diverse fuel management facilities, comprising many 
tens of plants, with different functions. Some plants have already been operated for up to 60 years, and the 
operational life of some of the site facilities currently extends to 2120.   The driving objective was to 
improve protection to the workforce and the public by maximising the learning from Fukushima.  Such 
improved protection only becomes effective if action is taken.  Therefore, the focus was on balancing the 
depth of analysis with the promptness and practicality of action. 
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Figure 1:  Integration of Methods  
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