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Abstract. Nuclear safety is a critically important aspect that must be considered in the design of a nuclear facility
in order to ensure the protection of the workers, public and environment. This paper looks at the methodology,
approach and incorporation of this aspect, specifically into the design of a research and development facility. The
Health, Safety and Environmental Basis of Design is an initial analysis of nuclear safety and radiation protection
considerations that is performed during the conceptual design phase and sets the baseline for what the design of
the facility must conform to. It consists of general nuclear safety design principles, such as defence in depth and
optimisation considerations, and a hazard management strategy. Following the Health, Safety and Environmental
Basis  of  Design,  a  Preliminary  Safety  Assessment  Report  is  generated  during  the  basic  design  phase  in
conjunction with various analyses in order to assess the impact of hazards on the workers and members of the
public. This assessment follows a hazard graded approach where the depth of the analysis will be determined by
the impact of the worst case accident scenario in the facility. The assessment also includes a waste management
strategy which is an essential aspect to be considered in the design in order to minimize the generation of waste.
The safety assessment also demonstrates compliance to dose limits and risk criteria for the workers and members
of the public set by the regulatory body and supported by a legal framework. Measures are taken to keep risk as
low as reasonably achievable and prevent transgression of the risk and dose limits. However, a balance needs to be
maintained between reducing these doses further and the cost of such a reduction, which is known as optimization.
It is therefore imperative to have nuclear safety specialists analyse the design in order to protect the worker and
member of the public from unwarranted exposure to nuclear radiation.
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1. Introduction

Nuclear safety is a key aspect in the life of a nuclear facility from its conceptual stage to its operation
and even down to the decommissioning of the facility. It is defined according to [1] as “the achievement
of proper operating conditions, prevention of accidents or mitigation of accident sequences, resulting in
protection  of  the  workers,  the  public  and  the  environment  from  undue  radiation  hazards.”  The
achievement of these proper operating conditions involves nuclear safety considerations throughout the
life of the facility but especially at the conceptual phase of the plant so that safety and operation of the
facility can be optimised. 

Radiation protection involves protecting people from the effects of ionising radiation exposure and the
means for such protection [1]. It covers a spectrum of issues and overlaps with nuclear safety. It also
requires consideration from the conceptual phase of a project, and involves optimising protection [2] of
personnel during operation and any necessary exposure.

The development of a facility in the nuclear industry is typically done in several phases: conceptual
design,  basic  design,  detail  design,  procurement  and manufacturing.  It  is  important  to  identify the
hazards and risks early in the project so that appropriate measures can be incorporated into the design to
eliminate or mitigate such risks and hazards. 

A research and development facility differs vastly to a facility consisting of a nuclear reactor and often
poses a low risk compared to  the  latter.  Many such facilities utilise  natural  uranium for  research
compared to a nuclear reactor where enriched uranium is used and criticality is a necessity. It therefore
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becomes  apparent  that  it  would  not  be  optimal  to  allocate  the  same  amount  of  resources  for
safeguarding these two types of facilities. 

This paper therefore looks at the approach of research and development facilities with respect to nuclear
safety  and  radiation  protection  by  implementation  of  the  hazard  graded  approach  [3] and  the
methodology of incorporating such considerations into the design of the facility, as developed through
experience by the South African Nuclear Energy Corporation (Necsa).

Throughout this paper reference will be made to a uranium enrichment test loop facility employing UF6

gas and hydrogen as process materials as an example of a research and development facility.

2. Approach to Nuclear Safety and Radiation Protection

Nuclear safety and radiation protection interact dynamically with the design of a project, mainly the
conceptual design, in order to optimally design the facility. If such considerations are not taken into
account at this stage, they could arise later during the project, thereby leading to changes and revisions
of the design and causing time delays.  Fig. 1 illustrates the nuclear safety and radiation protection
considerations that are required for the design, and what is derived from the design. Each of these
aspects will be discussed in more detail below.

The  Health,  Safety  and  Environmental  (HSE)  basis  of design  (Section  2.3)  is  developed  using
information from the conceptual design and the basic design is later checked for conformance against
the HSE basis of design. The hazard categorization (Section 2.2) is performed on the conceptual
design and will determine the depth of the accident analysis to be performed on the basic design. The
accident analysis will then establish if further optimisation of the radiation protection is required or if
the design is adequately safe.

Figure 1: Relationship outlining the considerations required as inputs and outputs of a design in order
to achieve optimal radiation protection and nuclear safety.

2.1 Elements of Design

Nuclear safety and radiation protection considerations need to start right at the outset of the design
process to prevent changes being made to the design at a later stage due to a lack of inherent safety.

2



These usually follow a logical sequence from the radioactive material inventory, to conservatism, to
preventive measures to mitigating measures, as discussed below.

Limiting the radioactive inventory in both the process and storage as well as rendering the material
less hazardous by having it in a more stable and less dispersible form is the most effective means of
managing hazards that are inherent in the facility. However, this is not always possible and should be
followed by introducing conservatism into the design, to account for deviations from normal process
parameters. Thereafter preventive measures should be integrated into the design to prevent abnormal
operating conditions from progressing to accidents. This usually involves safety mechanisms that
would return the process to normal conditions or to a safe mode. Lastly, mitigating measures should be
considered, to reduce the consequences of accidents that might still occur despite the integration of the
preceding measures. [4]

Another  important  factor  to  consider  during  the  design  is  the  facilitation  of  deactivation,
decontamination and decommissioning at the end of life of the facility. The design should incorporate
features that aid in the removal of excess radioactive materials, storage tank cleanout, radioactive
waste etc. Furthermore, the design should facilitate efficient decontamination of contaminated areas
and eventual decommissioning of the facility. [4]

2.2 Hazard Graded Approach

When dealing with research and development (R&D) facilities, it  is important to follow a hazard
graded  approach,  where  the  magnitude  of  safety  related  matters  is  dependent  on  the  hazard
categorization of the facility [5]. This is an initial calculation of dose rates that a member of the public
and worker would obtain due to an accident scenario involving an unmitigated release of nuclear
material. 

The reason for this is that R&D facilities are usually not in the same magnitude of risk and hazards as
a nuclear reactor facility and resources can therefore be optimised by not being used in unnecessarily
in-depth safety analyses.  Table 1 below is adapted from [6]  and illustrates the depth of  analysis
required for various aspects of the safety assessment.

Table 1: The depth of analysis recommended for hazard ranks based on the hazard categorisation of a
facility. 

Hazard Rank Low
(low activity inventory)

Medium
(medium activity

inventory)

High
(large activity

inventory)

Examples of
Facilities

Radioisotope Lab
Fuel Fabrication

Facility
Research Reactor

Small Calibration Facility
Waste Treatment

Facility
Large Reprocessing

Plant

Depth of Analysis

Safety Analysis 
Simple

(qualitative to semi-
quantitative)

Intermediate
(semi-quantitative)

Detailed
(quantitative)

Familiarisation Simple, minor effort ↔ Detailed diverse review

Hazard
Identification,

Initiating Events
Selection

Simple systematic or
engineering evaluation

↔
Detailed systematic

review (FMEA,
HAZOP, etc.)

Undesirable End
States 

↔

Detailed development

3



Hazard Rank Low
(low activity inventory)

Medium
(medium activity

inventory)

High
(large activity

inventory)

Examples of
Facilities

Radioisotope Lab
Fuel Fabrication

Facility
Research Reactor

Small Calibration Facility
Waste Treatment

Facility
Large Reprocessing

Plant
Safety Measures

Identification Simple, minor effort

↔ Detailed identification

Safety Measures
Information

↔

Detailed information

Event Grouping Simple grouping ↔ Detailed development

Event Sequence
Modelling

Simple modelling or
engineering evaluation

↔ Complex modelling
(Fault Tree Analysis,
Event Tree Analysis,

etc.)
Human

Performance
Analysis

Simple (judgement)
↔ Detailed Human

Reliability Analysis

Consequence
Analysis Simple analysis

↔

Detailed analysis

Parameter
Estimating 

Few parameters, bounding
case, qualitative

frequencies

↔
Many parameters, best

estimates

Accident sequence
Quantification 

Simple (dose, qualitative
frequency)

↔ Complex (uncertainty
analysis, sensitivity

analysis, distributions)

Documentation Basic ↔ Detailed

2.3 HSE Basis of Design

The HSE basis of design is developed during the conceptual design phase of the project. Its purpose is
to identify  the performance requirements  of  the structures,  systems and components  (SSCs)  of  a
design in order to ensure the facility’s compliance with the statutory safety, health and environmental
requirements. 

It uses the initial Hazard and Operability Study (HAZOP) as its input in order to identify the hazards
in  the  facility  and then requires  careful  consideration  in  order  to  provide  a  hazard  management
strategy that will adequately address each hazard. It further needs to look at the engineering design
safety principles, which are the engineering features considered for incorporation into the design of the
facility in order to minimise the risk to the worker and the public. During such considerations, the
following hierarchy should be maintained with respect to risk minimisation measures:

• Eliminate the hazard where practicable, e.g. the main hazards arising from the enrichment test
loop will be due to the use of UF6, and since this will be essential for the operation of the
isotope separation device being tested, the hazard cannot be eliminated.

• Use passive safety measures, e.g. the primary containment will be a passive safety measure.
• Use  active  engineering  safeguards  (i.e.  protection  systems),  e.g.  over-pressure,  over-

temperature,  and  hydrogen  leakage  trips.  Extraction ventilated  secondary  and  tertiary
containments will be active engineering mitigation measures.
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• Use operational and administrative controls: Operational and administrative controls will be
used for preventing events such as overloading of the process equipment with hydrogen and
UF6, before commencing tests.

It should be noted that the extent to which the engineering design safety principles are applied should
be  justifiable  in  respect  of  the  hazard  graded approach.  E.g.  if  in  the  hazard  categorization  the
enrichment test loop is found to have an inherently low radiological risk, then there will not be a need
to have extensive defence-in-depth measures such as a tertiary containment.

At  the  end  of  the  basic  design  phase,  the  design  should  be  checked  for  conformance with  the
engineering design safety features identified in the HSE Basis of Design. The design should only be
approved if all requirements have been conformed to, unless a valid motivation can be provided for
not incorporating a design safety feature identified earlier in the project.

2.4 Safety Assessment

A safety assessment must be performed on the basic design of the facility and  a report generated
thereof. This is an analysis of the safety of the design and its ability to protect the worker and the
public in the event of an accident. The key aspects of such an analysis that contribute to nuclear safety
are discussed below.

2.4.1 Accident Analysis

Accident analysis is one of the key aspects of a safety assessment because it looks at the impact of
nuclear radiation on the health and lives of the workers and members of the public. The effectiveness
of the accident analysis lies in a comprehensive understanding of the facility and its hazards, and the
hypothesis of feasible and realistic accident scenarios based on experience and accident data available
for similar facilities. Looking at the example of a uranium enrichment test facility, [7] and [8] provides
sufficient data for one to develop a reliable set of accident scenarios. 

The outcome of such an analysis will determine if the basic design conforms to safety standards and
statutory limits for  radiation exposure, or if  it  needs to be reviewed to incorporate further safety
measures.

2.4.2 Optimisation of Radiation Protection

Optimisation of radiation protection involves the implementation of safety measures to provide the
highest level of safety that can reasonably be achieved throughout the lifetime of the facility without
unduly limiting its utilisation [2]. This will include minimising the magnitude of individual doses, the
number of people exposed and the likelihood of incurring exposures by taking into account economic
and social factors so that the net benefit is maximised [9]. Optimisation is necessary because reliance
on dose limits is not sufficient to achieve an acceptable level of protection. In certain cases doses just
below the dose limits can be tolerated if nothing reasonable can de done to reduce them, but in most
cases something can be done and this involves the optimisation process [2].

Optimisation considerations are initially taken into account when developing the design, and then later
once the accident analysis has been performed. Optimisation and reduction in exposure to nuclear
radiation  encompasses  various  aspects  such  as  modifications  to  the  design  of  the  facility,  work
planning and scheduling, specialised training of workers, reducing the time spent in radiation areas,
resource management etc. However, the most effective means, and the one that should be the primary
objective, is to have a design that caters for all the requirements to optimise protection. [2]

An example of optimisation in a uranium enrichment facility would be the addition of a ventilated
secondary containment around the test loop, even though the dose rates during normal and accident
conditions are found to be below the statutory limits. 
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2.4.3 Waste Management 

The importance of waste management considerations in the design of a facility is often underestimated
and can lead to unnecessary nuclear  or  contaminated waste being generated.  Waste management
principles should be considered and incorporated into the design right at the outset of the project
because  one of  the  key  aspects  of  optimising  the  process  is  to  minimise  the  quantity  of  waste
generated. This can be done either by waste prevention, segregation, decontamination or recycling and
reusing [10]. 

Waste prevention might not always be possible in an R&D facility however waste segregation and
decontamination can play a very important role. This is due to the fact that the nature of the research
can lead to  the  generation  of  various  types  of  waste  and if  these  can  be  segregated  to  prevent
cross-contamination then more treatment options can be available for the specific types of waste. E.g.
mixing  of  long  and short-lived  nuclides would  rule  out  the option  of  using decay  as  a suitable
treatment for the short-lived nuclides. 

Waste decontamination can also be very useful in an R&D facility because a significant amount of
contaminated general waste can be generated. If these are decontaminated they can be disposed of as
general waste. 

2.4.4 Human Factors

An  essential  aspect  to  consider  during  the  safety  assessment  of  an  R&D facility  is  the  human
interaction during the operation of  the facility and ways to minimise human error.  Research and
development  facilities usually  involve more human interaction than a nuclear  reactor facility and
although the consequences of a human error will be much smaller than for the latter, the frequency of
error could be higher due to the extent of human intervention.

There  are  many  factors  that  can  contribute  negatively  to  the  action  of  the  operators,  such  as
deficiencies in their training, lack of clarity in their operating procedures, failure of the organisation to
learn the proper lessons from previous incidents, and deficiencies in the design of a control room. [11]

In order to maximize the elimination of human error in the facility, the following should be ensured:

• The facility  must  be  designed to facilitate  uncomplicated  operation  and to  minimise  the
reliance of safety related action on human intervention. 

• The role of personnel must be well defined and their tasks clearly specified.
• The number of personnel, their functions and qualifications must be adequate to fulfil the roles

in the facility.
• Work instructions and procedures as well as training must be provided, which meet the task

performance  requirements  and  are  designed  to  be  consistent  with  human  cognitive  and
physiological characteristics. [11]

Therefore human intervention needs to be considered early in the design in order to eliminate where
possible, or to minimise human error by looking at the ergonomics of the facility during operation as
well as maintenance [12].

3. Conclusion

The nuclear industry involves a unique design process in which nuclear safety and radiation protection
considerations are at the core of the design. Reviewing the design and performing safety analyses are
dynamic  and  iterative  processes  that  are  essential  in  producing  a  design  that  provides  a  safe
environment for the workers and the public. However, in order to optimise the allocation of resources,
the depth of such analyses must be graded according to the hazard categorization of the facility. This
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will significantly reduce the amount of resources required for an R&D facility, which usually has a
low hazard categorization compared to that of a nuclear reactor facility.
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