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ABSTRACT 
Both risk-based and deterministic methods are used for 

regulating the nuclear industry to protect the public safety 
and health from undue risk. The deterministic method is one 
where performance standards are specified for each kind of 
nuclear system or facility. The deterministic performance 
standards address normal operations and design basis events 
which include transient and accident conditions. The risk-
based method uses probabilistic risk assessment methods to 
supplement the deterministic one by (1) addressing all 
possible events (including those beyond the design basis 
events), (2) using a systematic, logical process for 
identifying and evaluating accidents, and (3) considering 
alternative means to reduce accident frequency and/or 
consequences. Although both deterministic and risk-based 
methods have been successfully applied, there is need for a 
better understanding of their applications and supportive 
roles. This paper describes the relationship between the two 
methods and how they are used to develop and assess 
regulations in the nuclear industry. Preliminary guidance is 
suggested for determining the need for using risk based 
methods to supplement deterministic ones. However, it is 
recommended that more detailed guidance and criteria be 
developed for this purpose. 

INTRODUCTION 
A primary purpose for regulation is to protect the public 

safety and health from undue risk. In developing 
regulations, these perennial questions arise: What is undue 
risk? How is a balance between the cost and the benefits 
from risk reduction achieved? 

Regulations should manage risk but should not over-
encumber an activity or industry in an attempt to eliminate 
risk. Both the executive and congressional branches of the 
government have expressed concerns about the excessive 
number of regulations and the tendency to develop even 
more. There is also a desire to reach a balance between level 
of risk and the cost of reducing risk. Recently, Congress 
introduced legislation that requires federal agencies to use 
risk assessment with cost benefit analysis to justify new 
regulations. To help address the question of how to balance 
the costs and benefits of regulation without introducing 
undue risk, it is useful to consider the nuclear industry 
experience. 

THE NUCLEAR INDUSTRY EXPERIENCE 
Currently, two approaches that combine reasoning and 

experience have been used in the nuclear industry to regulate 
activities, address public safety and health, and to achieve a 
balance. Regulation of nuclear facilities to ensure public 
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safety has been accomplished using both deterministic and 
risk-based methods of evaluation. The deterministic method 
is one where performance standards are specified for each 
kind of nuclear system or facility. The performance 
standards address normal operations and design basis events 
that include transient and accident conditions. Over the past 
two decades, many federal agencies have increasingly used 
risk-based methods (NRC, 1992) to assess or modify 
regulations. These methods are both qualitative and 
quantitative in assessing risk and helping shape 
regulations. Probabilistic Risk Assessment (PRA) of 
engineered systems has been used by the nuclear industry to 
assess risks relative to the risks associated w i t h 
other human activities and natural phenomena. The PRA 
method for engineering systems is one which supplements 
the deterministic method by (1) addressing all possible 
events (including those beyond the design basis events), (2) 
using a systematic, rational process for identifying and 
evaluating accidents, and (3) considering alternative means 
to reduce accident frequency and/or consequences. Although 
both deterministic and risk-based methods have been 
successfully applied, there is need for a better understanding 
of their application and supportive roles. 

Deterministic Method 
The deterministic method is the traditional method used 

almost exclusively prior to the Three Mile Island accident in 
1979. The deterministic approach includes the concept of 
defense-in-depfh with multiple barriers against the release of 
radiation and radioactive materials. The objective of the 
defense-in-depth concept is not only to reduce the risk to the 
public but also to preclude or mitigate failures that could 
possibly result in catastrophic consequences. The 
deterministic approach specifies requirements for the 
design, construction, and maintenance of the facility which 
provides for operation without undue risk to the public. The 
requirements are generally expressed in terms of 
performance standards and, more specifically, for transient 
and accident conditions as design basis events with 
stringent radiation and release limits. The design basis 
events are selected to envelope the more probable types of 
accidents and transients which a facility might experience in 
its lifetime. The design basis events are established through 
a process which includes analysis of postulated failures by 
the applicant, industry experience, licensee event reports, 
and independent evaluation by the regulator. The facility 
design is required to address the design basis events with 
safety systems capable of preventing or mitigating the 
consequences to protect the public safety and health. 

The deterministic method requires the application of plant 
operations, plant technical specifications, and national 
codes and standards found in regulatory guides to ensure 

adequate safety margins in the design, construction, and 
maintenance of the facility. Quality assurance measures are 
also specified to ensure that the facility is properly 
designed, constructed, operated, and maintained as intended. 
The deterministic approach restricts radiation and 
radioactive release limits such that there is insignificant 
risk to the public during normal operation or for the design 
basis events. The deterministic method provides specific 
directions, requirements, and limits which simplify the 
regulatory process for implementation, evaluation for 
compliance, and enforcement. 

Risk-Based Method 
The risk-based method supplements the deterministic 

method in that it considers a wide spectrum of accidents 
including low frequency, severe ones. It does not address 
normal operating conditions except when they contribute to 
the initiation of accidents. This approach provides a 
systematic process for assessing nuclear facilities and 
rationalizing regulations for assuring public safety. This 
approach assesses (1) an integrated system model, (2) 
hazards, (3) event or accident frequency, (4) event 
consequences including system response, and (5) risk 
quantification (U.S. Nuclear Regulatory Commission, 
1992). If necessary, it incorporates a detailed assessment of 
systems and their interactions through event and fault trees 
down to the component or parts level. This approach is very 
powerful but can require a substantial database and 
knowledge of the systems for its most comprehensive 
applications. In many cases, there is insufficient or 
scattered data or knowledge on the system which contributes 
to the overall uncertainty in the evaluations. In fact, expert 
judgment and engineering calculations may have to be used 
to perform and complete the evaluations. The method can be 
used to provide guidance for selecting the design basis 
events and the design features needed to ensure low public 
risk. 

The risk-based method results usually characterize the 
public risk for a nuclear power plant through a plot of 
complementary cumulative probability of various accident 
sequences and consequences (ANS/TEEE, 1983). The plot 
typically uses a log-log scale with probability per year on 
the ordinate and public prompt or latent fatalities on the 
abscissa. Figure 1.0 portrays such a curve. This curve 
actually is an envelope of the severe accident events which 
occur at different frequencies or probabilities per year and 
their predicted consequences. Also shown in Figure 1.0 are 
the near-zero consequences associated with the design basis 
events and the margin between these consequences and a 
consequence bound. As shown, the consequences to the 
public are essentially nil for the design basis events for the 
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FIGURE 1.0 TYPICAL PROBABILISTIC RISK ASSESSMENT CURVE AND ITS RELATIONSHIP TO 
ELEMENTS OF THE PRESCRIPTIVE METHOD APPROACH 

nuclear facilities because the radiation or radioactive 
material release acceptance criteria are very stringent for 
these events. A properly designed, constructed, operated and 
maintained facility also has a maximum bound on its 
potential consequences. This bound is established by using 
(1) conservatism in the siting criteria, (2) evaluation of 
design basis events, (3) defense-in-depth provisions, (4) use 
of appropriate materials and design methods to ensure 
margins, and (5) emergency evacuation measures. The risk 
assessment must demonstrate that the incremental risk to 
the public from the plant is very small. In addition, there i s 
an unspecified requirement for the probability of exceeding 
the bounding consequences to be extremely low. This 
requirement for bounding consequences is discussed further 
following some discussion of the use of PRA. 

Performing probabilistic risk assessments on systems as 
complex as nuclear power reactors can be complicated, 
requiring substantial resources. The assessment process 
should be clearly defined and include all physically possible 
events derived by experience and reasonable extrapolation: 
• Arbitrary cutoffs or truncations should not occur, 

particularly when the potential consequence can be 
high or catastrophic. 

• All known data should be included in the assessment 
and used properly. 

• Key assumptions used to perform the analysis should be 
clearly identified and all models used in the assessment 
should be described in appropriate detail. 

• When important, human performance shaping factors 
should be included. 

• Uncertainties should be assessed, particularly if there i s 
an attempt to quantify absolute risk. Uncertainties may 
be present in the methods, data, models and 
assumptions. 

• Sensitivity studies should also be performed to evaluate 
these uncertainties, which risk contributors are most 
important, and where improvements in the assessment 
might be made or be necessary. Sensitivity studies can 
also help identify ways to reduce and mitigate the risk 
and bound the consequences. 

The value in performing a risk assessment is not only in 
estimating the risk but in the process of performing the 
assessment. The systematic and methodical process of 
assessing each system, each piece of equipment and perhaps 
individual components can provide insight to weak links or 
vulnerabilities, probable failures, and potentially high 
consequences which would not otherwise have been 
identified. This approach not only identifies potentially 
significant problems but also may indicate how to improve 



the system to prevent the failure, reduce the failure rate, or 
mitigate the consequence. 

WHEN TO USE RISK-BASED METHOD 
The risk-based method can be a valuable supplement to 

the traditional deterministic methods for to design and 
regulation, but it cannot replace them. The deterministic 
approach to design is a necessary precursor for a 
probabilistic assessment. Even the most advanced systems 
designs use a considerable amount of proven standard 
methods that are prescriptive in their requirements. System 
design depends heavily on experience and much of this 
experience is codified in national consensus standards. This 
experience provides the safety margins based on experience. 
Similarly, regulations rely on the same deterministic 
database and, in many cases, simply convert proven 
standard practice into law or formal regulatory guidance to 
ensure satisfaction of the regulations. Since the design 
process and the regulation of the process can be, and in 
many instances is, completed without recourse to risk-based 
methods, it is important to develop guidance on when the 
cost of this supplementary analysis is beneficial. 

Three characteristics of a system, technology or project 
have been identified for use in testing the need for risk 
assessments: 

1. magnitude of system hazard to the public 
2. the uncertainty in system design and use 
3. risk estimates to support or challenge requirements 
Criteria should be developed to address these 

characteristics and guide the application of risk-assessment 
methods. 

Magnitude of the system hazard to the public 
PRA, as a regulatory tool, has focused on the risk to the 

public health and to a lesser extent the environment. There 
are many items and systems that present little or no hazard 
to the public and therefore require little or no risk 
assessment. A simple example is the common shovel used 
by many people both at work and around the home. 
Although it is not completely free of hazard, experience 
shows that shovels present a very low hazard to the public 
and are primarily controlled by the individual. There is little 
need to regulate the manufacture and use of shovels and, if 
needed, it certainly can be done without a risk assessment. 
There are many items that present little or no public hazard 
and therefore need no PRA for their regulation. In some 
cases, evaluation and regulation of a potential hazard can be 
done on the basis of experience with like items or systems 
and postulating bounding consequences. 

Uncertainty with system design and operation 
A system with uncertain hazard or risk to the public could 

require a PRA. The uncertainty in the public risk may be the 
result of uncertainty in the physical hazard or in the ability 
of the system to control the hazard and preclude public 

exposure. For example, the uncertainty associated with 
predicting earthquakes is inherent in the knowledge base of 
the processes that cause earthquakes. Therefore a system that 
includes a hazard whose potential to impact the public is 
influenced by the occurrence of earthquakes could benefit 
from a PRA. Systems that require a high dependency on 
humans to ensure control of the hazard also have a high 
level of uncertainty and may benefit from PRA. In this case, 
the PRA can be used for guidance, design of procedures, and 
training staff. Uncertainty in accident probability and 
consequences could give reason to perform a PRA or provide 
regulations that have PRA as their basis. 

The deterministic approach does not provide a clear 
picture of the level of protection provided. Probabilistic 
analysis can provide insight to complete the picture for 
comparisons to other risks. In using the deterministic 
method, conservatism and defense-in-depth are known to 
have provided margin but the extent of this margin—and its 
vulnerability to challenges—is subject to question in a 
complex system. The selection of the design basis accidents 
are typically based on experience and judgment supported by 
limited reliability or fault-tree analysis. The independent 
critical reviews of these analyses by the regulator provides 
considerable confidence that both the regulations and the 
design that meet these regulations adequately protect the 
public. However, demonstrating this to a third party such as 
the public, or in the case of new designs the regulator, is 
difficult if the system is as complex as a nuclear power 
plant. The risk-based method can help in providing evidence 
that all significant accident sequences and potential 
interactions have been systematically searched for and an 
appropriate set of design basis events selected. The 
importance of the design and operational features, including 
those providing defense-in-depth and the maximum 
consequence boundary, can also be estimated and assessed. 

Risk estimates to support or challenge 
requirements and regulations 
Situations can arise, either from an unexpected occurrence or 
from questions relating to the basis of a requirement. PRA 
can support judgments on the balance or lack of balance in 
the cost-benefit approach to setting requirements. In 
another example, the deterministic method was used to 
develop regulations that required the rigidity of piping 
systems in nuclear power plants to be increased to improve 
their resistance to earthquake loads. After increasing the 
piping system rigidity, it was observed that the loading 
during normal and transient operations was significantly 
increased causing concerns that the piping would overstress 
and fail. A risk-based study assessed the risks for failure due 
to normal and transient operations compared to earthquake 
loads (Lu and Chou, 1985). The study concluded that the risk 
of failure with the rigid system was significantly greater 
than that of the flexible system because of the low 
frequency of earthquakes in the plant's 



lifetime. In this study, the risk-based method showed that 
the deterministic regulations for the rigid piping system 
decreased safety. The regulations were then changed to 
reduce the risk of failure during normal and transient 
operations. This motivation has been part of the basis for 
draft legislation mentioned previously for requiring risk 
assessments for federal regulations. Without a sound 
experience base, the tendency is to establish safety goals 
which result in overly conservative regulations because they 
are easier to defend and are more readily accepted by the 
public. The concern with overly conservative regulations is 
that the cost of their implementation is increased and with 
very little benefit from the incremental reduction in risk 
(Breyer, 1993). This application of probabilistic methods 
is useful only if one of the previous two conditions are 
present and there is a reasonable basis for performing the 
cost analysis. Otherwise, there are usually simpler and more 
cost-effective arguments for challenging requirements and 
regulations. To effectively apply the risk-based methods to 
the evaluation of regulations, it would be useful to further 
establish specific guidelines for its use. 

CONCLUSIONS AND SUMMARY 
When only the deterministic approach is used, the 

bounding consequences and the level of public risk are 
unclear. The regulations may be too conservative or not cost 
effective. The risk-based approach can be used as a check to 
ensure adequate public protection through reasonable 
regulations. It can support the establishment of 
deterministic regulations which ensure that adequate safety 

features are included in the design. When the results or 
conclusion of the two processes support each other, the 
regulations are probably reasonable and balanced, 
particularly if the public perception also support them. If 
the two approaches are used and don't agree with each other, 
then there is something wrong that requires further 
assessment and perhaps a change in the regulation. The 
combination of the deterministic and risk-based methods for 
safety regulation of the nuclear industry have been proven to 
be effective. Preliminary guidance for determining the need 
for using risk-based methods to supplement deterministic 
ones is suggested. However, it is recommended that more 
detailed guidance and criteria be developed for this purpose. 
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