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Abstract – Within the UK regulatory regime, assessment of risks arising from licensee’s activities are 
expected to cover both normal operations and fault conditions. In order to establish the safety case for fault 
conditions, fault analysis is expected to cover three forms of analysis: design basis analysis (DBA), 
probabilistic safety assessment (PSA) and severe accident analysis (SAA). 

DBA should provide a robust demonstration of the fault tolerance of the engineering design and the 
effectiveness of the safety measures on a conservative basis. 

PSA looks at a wider range of fault sequences (on a best estimate basis) including those excluded from the 
DBA. 

SAA considers significant but unlikely accidents and provides information on their progression and 
consequences, within the facility, on the site and off site. The assessment of severe accidents is not limited 
to nuclear power plants and is expected to be carried out for all plant states where the identified dose 
targets could be exceeded. 

This paper sets out the UK nuclear regulatory expectation on what constitutes a severe accident, 
irrespective of the type of facility, and describes characteristics of severe accidents focusing on nuclear fuel 
cycle facilities. Key rules in assessment of severe accidents as well as the relationship to other fault 
analysis techniques are discussed. The role of SAA in informing accident management strategies and off-
site emergency plans is covered. The paper also presents generic examples of scenarios that could lead to 
severe accidents in a range of nuclear fuel cycle facilities. 

1. Introduction and relationship to other fault analysis techniques 

The Office for Nuclear Regulation’s (ONR) Safety Assessment Principles (SAPs, Ref. 0) and their 
supporting Technical Assessment Guidance are used by the ONR inspectors to guide their regulatory 
decision making. Underpinning such decisions is the legal requirement on nuclear site licensees in the UK 
to reduce risks so far as is reasonably practicable, and the use of SAPs should be seen in that context. The 
SAPs also provide nuclear site duty holders with information on the regulatory principles against which 
their safety provisions will be judged. However, they are not intended or sufficient to be used as design or 
operational standards, reflecting the non-prescriptive nature of the UK’s nuclear regulatory system. This 
section explains a brief background and justification for the Numerical Targets and Legal Limits provided 
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to inspectors as guidance in SAPs in order to provide clarification for use of these limits and targets in 
relation to severe accidents. 

The Basic Safety Levels (BSLs) and Basic Safety Objectives described in Safety Assessment Principles 
translate guidance in the Health and Safety Executive’s (HSE) Reducing Risks Protecting People (R2P2, 
Ref. 0) into a framework and guide for decision making by inspectors. HSE policy is that the BSLs 
indicate doses/risks which new facilities should meet and provide benchmarks for existing facilities. BSOs 
are set at a level where HSE does not consider seeking further improvements to be consistent with a 
proportionate regulatory approach. The numerical targets described in SAPs are for guidance only except 
for those identified as authorised limits in Ionising Radiation Regulations 1999 and Radiation Emergency 
Public Preparedness Information Regulations, REPPIR (2001).  

In contrast, licensees have a duty to consider whether they have reduced risks to as low as reasonably 
practicable (ALARP) on a case by case basis irrespective of whether the BSOs are met. As such, it will in 
general be inappropriate for licensees to use the BSOs as design targets, or as surrogates to denote when 
ALARP levels of dose or risk have been achieved. 

Assessment of risks arising from licensee’s activities are expected to cover normal operations and fault 
conditions. In order to establish the safety case for fault conditions, fault analysis should cover three forms 
of analysis: design basis analysis (DBA), probabilistic safety assessment (PSA) and severe accident 
analysis (SAA). The purpose of this paper is to cover severe accidents with a special focus on nuclear fuel 
cycle facilities.  

The 2006 SAPS (Para 543) defines a “severe accident” to be: “…a fault sequence which leads either to 
consequences exceeding the highest radiological doses given in the BSLs of Target 4, or to a substantial 
unintended relocation of radioactive material within the facility which places a demand on the integrity of 
the remaining physical barriers. A substantial quantity of radioactive material is one which if released 
could result in the societal risk target (Target 9 – Para 623f)…”. This means where such a beyond design 
basis fault sequence can be identified with consequences greater than those in Target 4 (i.e. >500mSv on-
site and >100mSv off-site), then severe accident analysis is expected to have been carried out. This is 
expected to include determination of the magnitude and characteristics of the radiological consequences, 
including societal effects (see SAPs Para 622ff); and a demonstration that there is no sudden escalation of 
consequences just beyond the design basis (“cliff edge”). SAPs Para 544 states “Rigorous application of 
DBA should ensure that severe accidents are highly unlikely. Nevertheless suitable and sufficient severe 
accident analysis is still required to ensure that risks are reduced so far as is reasonably practicable.”  

As a whole, the three form of analysis listed in para. 0 (DBA, PSA and SAA) should provide qualitative 
and complementary inputs to the design, operation and emergency preparedness of the facility. 

DBA should provide a robust demonstration of the fault tolerance of the engineering design and the 
effectiveness of the safety measures on a conservative basis. PSA looks at a wider range of fault sequences 
(on a best estimate basis) including those excluded from the DBA. 

SAA considers significant but unlikely accidents and provides information on their progression and 
consequences, within the facility, on the site and off site. Therefore, the analysis contributes to 
identification of any additional reasonably practical preventative or mitigating measures. Furthermore, it 
provides information needed to support the development of severe accident management strategies and 
emergency preparedness plans. However, in SAA (unlike DBA) a best estimate approach should be used 
so far as is reasonably practicable.. 
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For reactor facilities, severe accident analysis is an established concept but there are other nuclear facilities 
that have the potential for a severe accident, and where this is so then SAA should be expected to form part 
of the facility’s risk assessment. ONR’s SAPs (Para 549) provides a list of applications where information 
obtained from SAA could be used:  

•  to assist in the identification of any further reasonably practicable preventative or mitigating 
measures beyond those derived from the design basis. (This is generally most relevant for a 
new build); 

•  to form a suitable basis for accident management strategies; 

•  to support preparation of emergency plans for the protection of people; and; 

•  to support the PSA of the facility’s design and operation. 

2. Basis and characteristics of severe accident analysis in the context of UK regulatory regime 

The general features of SAA as described in this Section can be applied to the analysis of severe accidents 
in a wide spectrum of facilities. There are 3 types of scenarios that can be addressed by SAA. These are: 

i. Low frequency / high consequence events beyond design basis; 

ii. Design basis events but where the safety provisions are assumed to fail; and; 

iii.  Scenarios omitted from the safety case such as malevolent acts (or known exclusions outside 
of the duty holder’s control or additional scenarios excluded inadvertently). 

 

Analysis of all these events will be addressing “level 4” in the defence in depth levels of protection and is 
expected to provide answers to questions such as “How quick is the accident progression?” and thus “What 
accident management strategies work best?”.  

The key rules to bear in mind for analysis of severe accidents are: (a) that possible initiating events should 
not be ruled out just because they are of very low frequency and (b) the focus should be on conceivable 
plant states not on fault sequences. Thus, the analysis should provide information on “what could happen if 
the control of a hazard were lost and who should be protected”. 

As discussed earlier, the basis for the analysis of the magnitude and characteristics of radiological 
consequences and of failure modes in barriers or shielding should normally be on a best estimate basis 
supported by sensitivity analysis. A key objective of sensitivity analysis is to check that there is no sudden 
escalation of consequences just beyond the design basis (“cliff edge effect”). If there are significant 
uncertainties that might undermine confidence in the results then a more conservative or bounding case 
approach should be considered. 

It is the necessity of realism that distinguishes SAA from the analysis of transients or fault conditions 
within the plant design basis. Incorporation of conservatism into the analysis of design-basis faults adds a 
measurable margin to calculated results. This is possible because the effects of bias in selected values of 
modelling parameters or other claims in the analysis on plant response can be demonstrated with 
confidence to produce “bounding” or more restrictive outcomes. Such trends can rarely be demonstrated in 
severe accident analysis as each scenario could potentially be unique. Furthermore, Interactions among 
operating phenomena are often diverse, complex and counter-intuitive, and situations may occur in which a 
“conservative” assumption in one area produces a non-conservative outcome in another area. Indeed, what 
is “conservative” in DBA may become “non-conservative” once the accident is happening. As a result, 
each analysis should be approached with the intention of evaluating the progression of events in as realistic 
a manner as possible.  
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3. Severe accident analysis for nuclear fuel cycle facilities 

There is much greater variability in the types of severe accident that could occur in nuclear chemical plants 
(compared with reactors), since the process and technologies are much more varied. Severe accident 
analysis carried out for reactors is generally concerned with core damage and often a change of phase of 
materials (e.g. fuel melt and gaseous release of fission product, pond fire etc). The resulting severe accident 
analysis has to deal with significant uncertainties in the basic physical and chemical properties of damaged 
fuel and core components in addition to the range of potential damage states that containment systems may 
suffer. For nuclear fuel cycle facilities, severe accident could be high-energy driven faults that lead to 
release or unintended relocation of nuclear material. Because of the nature of the processes involved, there 
is a lower degree of uncertainty associated with physical and chemical properties of the material that could 
be released. 

The general principles for analysis of severe accidents discussed in Section 3 equally apply to nuclear fuel 
cycle facilities. One approach that could be adopted in determining candidate scenarios for severe 
accidents is considering the critical safety functions and determining which is relevant to the process. 
Using the screening criteria discussed in Para. 0, conceivable plant state that could result in a release 
approaching Target 4 doses could be identified. The next steps are to analyse the escalation, determine how 
the safety functions can be affected and what further control measures could be put in place in support of 
the safety function(s). A key factor of the analysis is establishing the amount of material that could be 
released from the process containment systems (leakage or airborne). It should be noted that because of the 
variety in processes and technologies in nuclear chemical plants, there may be a need for further research 
to determine effective control measures.  

The reactivity of released materials also should be considered; e.g. the potential for reaction between acidic 
liquors and cements used in construction materials. Some indication of the mobility of the material (e.g. 
sludge/ supernate) should be provided to assist with determining recovery plans. 

Another important factor is establishing the degree of conservatism in the assumptions used and the extent 
of simplifications made for deriving parameters such as the time to respond to temperature or pressure 
rises. In a safety case, these could be based on bounding arguments and are therefore not suitable for use 
when decisions need to be made based on realistic data to determine what measures or actions are need to 
be taken.  

In multi-facility sites, an event in one plant can have an effect on surrounding facilities (domino effects). 
The primary event may not be in itself a nuclear accident but could lead to an event in other facilities on 
site with potential for consequences exceeding severe accident dose targets. Particular care should be given 
to identification of such scenarios to ensure these events can be dealt with in a coordinated manner. 
Therefore, consideration should be given to establishing a central site-wide control centre to coordinate 
response to emergencies and severe accidents.  

Resilience to loss of services is one of the most discussed topics in recent months following the events in 
Fukushima. As for any multi-facility site, consideration should be given to scenarios where loss of services 
in isolation or combined with other faults, could affect a number of plants within the site. SAA supported 
by PSA would enable identification of common emergency equipment relied upon by various facilities on 
site and aide development of an appropriate strategy for deployment of these equipment. 
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4. Generic examples of potential severe accidents in nuclear fuel cycle facilities 

The aim of this section is not to consider details of a particular design but to focus how severe accident 
analysis could be performed to determine conceivable plant states following loss of a critical safety 
function. 

Loss of cooling in processes involving high-level waste  

High-level waste is a type of nuclear waste created by reprocessing of spent nuclear fuel and exists in two 
main forms; raffinate (and other waste streams) or vitrified solid waste. The focus of this example is the 
raffinate form. High-level waste contains many of the fission products and transuranic elements generated 
in the reactor core. It is very active and requires shielding during handling and transport as well as cooling 
as it is self-heating. 

As discussed, storage and processing of highly active raffinate requires cooling. As for any hazardous 
nuclear process, there are protective measures to insure cooling is maintained and identification of these 
measures is part of the design basis accident analysis. Considering that total loss of cooling could lead to a 
release exceeding the dose targets described in Section 0 , consideration should be given to severe accident 
analysis to determine whether further measures could be put in place to mitigate the consequences and 
terminate the release. Modelling and simulation of behaviours of raffinate in time and availability of other 
plant systems or services that may be needed for recovery at each point of the accident progression time 
line is part of the analysis. These could range from removal of raffinate to another location where cooling 
is available, provision of temporary hoses to deliver cooling water from other sources or any suitable 
combination of these measures. The affect of such an event on other areas of the plant or, in the case of 
multi-facility sites, other plants on the site would be considered as part of the analysis.  

Runaway reactions 

In the following generic scenario the aim is to draw attention to both on-site and off-site consequences. 
Where reprocessing of raffinate involves operating below the atmospheric pressure, a runaway reaction can 
occur following a pressure surge (loss of depression within the process vessel and immediate reinstatement 
to the required pressure whilst other process parameters remain unchanged). This could result in eruption 
of superheated raffinate and it’s relocation to a vessel not intended for its containment. This means that 
some of the design parameters such as shielding or provision of cooling within the secondary containment 
may not be adequate with the potential to lead to significant doses to workers (>500 mSv) or members of 
the public (>100 mSv). This and similar scenarios are most akin to the second criterion for assessment of 
severe accidents discussed in para. 0. This is where there are adequate measures in place to prevent the 
fault but the severity of consequences warrant further analysis to determine what additional measures may 
be needed to mitigate the consequences. Again, the analysis would provide information to answering 
questions such as what could be the effect on other facilities or operations on site.  

5. Conclusions 

The background to risk assessment within the UK regulatory regime, the definition and purpose of severe 
accident analysis and its relationship to other fault analysis techniques is discussed in this paper.  

SAA should provide information on survivability, vulnerability, withstand and location of safety 
equipment. Furthermore, the analysis helps identifying additional reasonably practicable measures that can 
be put in place to mitigate the consequences of severe accidents. Similar to other kind of analysis 
techniques, the focus of SAA should be protecting people and the environment rather than meeting a 
specific target and therefore it is a technology-neutral analysis tool that can be used for all types of nuclear 
facilities. 
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