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Abstract: The accident at the Fukushima Daiichi Nuclear Power Station (1FNPS) stimulated the 

consideration of the total risk of accident among PRA analysts. Several solutions have been proposed, 

including the enlargement of the scope of traditional level 3 PRA framework and the consideration of 

multi-unit effects. This study aims to identify foreseen issues arising from these solutions, and to propose 

an alternative approach to evaluate the total risk of accident. Enlargement of PRA coverage can create 

(1) difficulty attributed to multidisciplinary approach, (2) difficulty in acquisition and management of 

excessive amount of data, (3) difficulty in decision-making, and (4) difficulty in communicating with 

stakeholders. An alternative approach is proposed to address these issues. It is better to stick with the 

traditional PRA scope, and cover multi-unit evaluation and consideration of various accident 

consequences by the qualitative or semi-quantitative assessment. All results are put on the table and go 

through deliberation process where all parties gather and discuss the results before making decisions. 

The alternative approach enables the assessment of the total risk of accident without facing all 

aforementioned issues. 
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1.  INTRODUCTION 
 

1.1.  Structure of PRA 

 

It is commonly recognized that a probabilistic risk assessment (PRA) of a nuclear power plant (NPP) is 

divided into three levels [1]. Figure 1 depicts the inputs and outputs of the three levels, and the main 

expertise needed to perform each of them. A level 1 PRA starts from the identification of initiating 

events, and outputs the reactor core damage accidents and their respective frequencies. Since the 

assessment mostly deal with the responses of fuel and coolant within the reactor cooling system in terms 

of temperature, pressure, flow rate, enthalpy and so on, thermal hydraulic engineers play an important 

role in a level 1 PRA. A level 2 PRA uses the core damage accidents delivered by level 1 PRA as its 

inputs, and analyzes the progression of these accidents by considering the response of the containment 

vessel to the accidents. Physical chemists are positioned at the core of level 2 PRA, since the assessment 

has to cover the understanding of the behavior of the radioactive materials in the containment vessel, 

and the estimation of the amount and timing of the radioactive release to the environment (a.k.a. source 

term). Radioactive release accidents are used as the input of a level 3 PRA which assess the 

consequences of these accidents in terms of radiation exposure (and consequent health effects, e.g. acute 

injuries or death, or long-term cancers) and land contamination. The methodology of a level 3 PRA is 

similar to that of the environmental impact assessment (EIA), thus it is normally performed by a team 

of health physicists.  

 

Three levels of PRA have been usually performed separately. Outputs from upstream assessments are 

tailored to fit in with the format of downstream assessments and used as their inputs. Outputs of each 

level are also used for other purposes, e.g. to satisfy regulatory requirements, to justify facility 

modification, or to plan accident management and emergency response strategies. However, this paper 

focuses on PRAs performed as a series of PRAs from level 1 PRA to level 3 PRA, and deliver the  
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Figure 1. Common structure of PRA 

 

accident consequences represented by radiation exposure and land contamination as their outputs. A 

good example of this kind of PRAs is the State-of-the-Art Reactor Consequence Analyses (SOARCA) 

performed by USNRC [2]. This paper will revisit the framework of this kind of PRAs, address important 

foreseen issues during the assessment, and try to propose some solutions to them. 

 

1.2.  Enlargement of PRA Coverage for Evaluation of Total Risk of Accident 
 

The accident at the Fukushima Daiichi Nuclear Power Station (1FNPS) revealed a number of issues of 

PRA. This paper pays particular attention to the effort in PRA to quantify the total risk of accident. The 

1FNPS accident brought about various consequences other than radiation exposure and land 

contamination which are not covered in the traditional level 3 PRA, e.g. psychological burden, 

disruption of communities, societal/political impacts on business continuity of other nuclear power 

plants, economic impacts from evacuation and relocation of people, or harmful rumors regarding 

Fukushima people and products. It could also be observed that an accident in one unit may induce 

simultaneous accidents in adjacent units, which can potentially lead to more consequences and more 

complication in accident management. Many researchers and practitioners have tried to solve these 

issues by enlarging the coverage of the traditional PRA framework. There are a great deal of level 3 

PRA studies on estimation of the economic impacts of accidents (i.e. accident cost) [3], or conversion 

of various accident consequences into monetary values [4], all of which aim to cover broader spectrum 

of accident consequences.  

 

There are also other studies on multi-unit PRA at all PRA levels [5-7] that intend to quantify effects of 

events or accidents in one unit to the adjacent units especially after external events, e.g. earthquake, 

tsunami, flood, in order to complement to the traditional single-unit PRA. Not only do risk scholars seek 

for exploring this new frontier, but also nuclear industry and regulators in some countries have begun to 

work on this issue. For example, CANDU Owners Group published a report on preliminary study for 
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developing a whole-site PRA methodology [8]. Reflecting recent international trends, IAEA also 

officially launched relevant projects including technical consideration and pilot studies for practical 

application of multi-unit PRA [9]. 

 

The ambition to quantify the ‘total’ risk of accident in a nuclear facility, that may seem to make risk-

related decisions easier and more justifiable, would be attractive to both risk assessors and risk managers. 

In general, such effort on illustrating and understanding the total risk of a nuclear power plant accident 

is considered favorable from the aspect of continuous improvement of risk assessment and management. 

On the other hand, this effort which somehow became the mainstream in the PRA community can lead 

to some new issues. The objective of this study is to identify foreseen issues arising from the enlargement 

of PRA coverage, and to propose an alternative approach to tackle the issue on quantification of the total 

risk of accident. 

 

2.  FORESEEN ISSUES FROM THE ENLARGEMENT OF PRA COVERAGE 
 

2.1.  Difficulty Attributed to Multidisciplinary Approach 

 

2.1.1.  Level 3 PRA 

 

A preceding study divided consequences of a nuclear power plant accident into four categories, namely 

health effects, economic impacts, societal impacts and environmental impacts [4].  Evaluations of health 

effects due to radiation exposure, which are included in the traditional level 3 PRA framework, can be 

done by health physicists. A medical doctor may need to be included into the team to be able to correctly 

determine the psychological effects from the accident. The team will also need a social scientist to help 

capture the impacts of the accident to society and communities and identify whether or not they are 

attributed to the accident. It is definitely necessary to have an economist to quantify the economic 

impacts of the accident, or to turn different consequences into monetary values. An ecologist may also 

be added to the team if environmental impact to the biota is of interest. Consequently, a team to perform 

level 3 PRA will have to be considerably large to be able to cover all consequences and come up with 

reasonable results. In reality, a traditional level 3 PRA is normally performed by a team of health 

physicists [10], and ‘new’ level 3 PRAs have been performed by economists [3], and nuclear engineers 

[4], separately. As a result, we obtained a level 3 PRA that incompletely cover all (or more) categories 

of accident consequences, instead of a level 3 PRA that accurately cover the radiation-induced health 

effects. 

 

2.1.2.  Multi-unit PRA 

 

In level 1 and 2 single-unit PRAs, the analysts only needed to have an expertise in thermal hydraulics 

and physical chemistry, respectively. If a multi-unit PRA is going to be performed to justify facility 

modification or to plan the accident management strategy, the analysts may only need additional skills 

in statistics and data analysis. But if the results are to be reflected to the level 3 PRA to help capture the 

total risk of accident, thorough understanding of the downstream assessments are needed in order to 

precisely determine the multi-unit aspects to be taken into account. In other words, a multi-unit PRA 

may not be useful for the quantification of the total risk of accident, if it is not performed by a team of 

analysts that have adequate knowledge of level 3 PRA. 

 

2.2.  Acquisition and Management of Excessive Amount of Data 

 

2.2.1.  Level 3 PRA 

 

Quantification of accident consequences is not an easy task. And what is worse, Estimation of the total 

risk of accident requires quantification of a number of different consequences. Various types of data 

covering several thousands of square kilometers are needed, including meteorological data, population 

data, land use data, economic data, and so on. The acquisition and the processing of this amount of data 

would be time-consuming. Furthermore, management of different types of data within the same 
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framework is also not a simple task. Monetization is a common method for this purpose, but it is often 

confused with the estimation of economic impacts of an accident. A normalized or virtual unit can be 

used as well, but it may not be easily comprehensible to other researchers, practitioners or public. 

Conversion of all data to a common unit will again require tremendous effort. 

 

2.2.2.  Multi-unit PRA 

 

It is widely known that a great deal of data is needed even for each level of a single-unit PRA. If multi-

unit characteristics of the PRA are to be evaluated through the consideration of common cause failures 

for all possible combinations among reactor units in the power station, or even just for two adjacent 

units, the analyst will need to deal with several-fold of data, or in some cases a few orders of magnitude 

greater amount of data. If we want to utilize the results from upstream assessments in downstream 

assessments, grouping of the upstream results in order to match with the sequences to be assessed in 

downstream assessments is needed, and this kind of treatments of large amount of data would require 

tremendous time and resources. In reality, many multi-unit PRAs [5-7] focus on specific parts of the 

nuclear power plant or some specific accident sequences. They are not connected to downstream 

assessments as well, and thus cannot contribute to the estimation of total risk of accident.  

 

2.3.  Difficulty in Decision-Making 

 

As mentioned above, the venture for quantifying total risk of nuclear installations in a thorough manner 

inevitably requires much wider expertise and broader perspective than conventional PRA practices, 

which accordingly means the quality and amount of information to be taken into account by risk 

managers increase dramatically. Even traditional PRAs, with limited scope of level 1 and single unit, 

have been sometimes alienated by decision makers such as corporate managers or regulators who are 

required to make binary administrative decisions due to the difficulty of dealing with error bars and 

uncertainties associated with PRA results [11]. Enlargement of PRA coverage to level 3 and multi-unit 

may have the potential of worsening this gap between risk assessors and risk managers. 

 

Besides, one of the challenges of PRA consists in how to convey presumptions and uncertainties 

inherently accompanied by risk assessment to decision makers in a comprehensible fashion. Indeed, 

PRA could notify risk managers of some kinds of uncertainties by utilizing probability distributions 

which represents the risk assessors’ degree of confidence. Still, it remains difficult to let decision makers 

know directly a series of assumptions and uncertainties accompanied by risk calculations, including 

collecting data and establishing data set, modeling event sequences, defining minimal cut-sets, deciding 

success criteria, and allocating concrete probabilistic numbers to logic trees. Communicating such 

assumptions and uncertainties has been a major challenge in risk-informed decisions. The more 

uncertain and complex results the expanded PRAs produce, the more difficult it must be to ensure 

communication between risk assessor and managers.  

 

2.4.  Difficulty in Communicating with Stakeholders  

 

Recently-proposed risk management frameworks almost exclusively require ensuring communication 

with external and internal stakeholders [12, 13]. Above all, in the post-Fukushima era, we definitely 

need sharing risk information including likelihood of severe accident and possible radiological 

consequences with various stakeholders, such as local communities, for improving nuclear emergency 

preparedness and deepening policy dialogue around nuclear energy use. Despite not a few democratic 

countries who utilize nuclear power have tackled with communicating nuclear risks with local 

stakeholders and the public, these efforts have often faced with several challenges, in particular, how to 

communicate calculated risks with great uncertainties. Some studies suggest one of the possible reasons 

why Japan had been reluctant to implement risk assessment before the Fukushima accident as a fear that 

disclosing PRA outcomes with uncertainty could lead to excessively negative and/or sensitive societal 

reactions, considering the previous official explanation and public mind on the safety of nuclear 

utilization that presuppose deterministic concept of safety [14]. Such difficulty in communication may 

justify the reluctance on PRA practices and result in hindering expeditious and proactive risk 
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management. Increasing uncertainties connoted by the enlarged PRAs implies that communicating risk 

information with stakeholders might be much more difficult. 

 

Risk communication studies and practices have shown that communicators should avoid expert jargons 

and adopt plain terms as far as possible when talking with lay people [15]. On the other hand, over-

simplified argument on complex and intricate PRA could fail to recognize the essence of risk insights 

which are supposed to be gained by risk assessment activities. For example, explaining to the public a 

partial multi-unit PRA as an overall risk of the power plants not only has problems from both technical 

and ethical viewpoints but also may cloud practitioners’ judgment on risk issues. 

 

3.  PROPOSAL OF AN ALTERNATIVE FRAMEWORK 
 

3.1.  Following Traditional PRA Scope 

 

In order to fully utilize the expertise of all PRA analysts, the authors propose to stick with the traditional 

PRA scope and have the specialists improve the elements within their territory. All levels of PRA will 

be performed for a single unit. Level 1 PRA will be performed by thermal hydraulic engineers, and level 

2 PRA will be performed by physical chemists. Level 3 PRA will cover only atmospheric dispersion, 

radioactive material deposition and radiation dose assessment. It can thus still be performed by a group 

of health physicists, without including more members with different expertise or training the health 

physicists to have knowledge in psychology, social science, economics or ecology. The analysts will 

only need to obtain and manage the meteorological data which they are accustomed to. Amount of data 

to be acquired and managed will also be limited since all PRAs are for a single unit. By following the 

traditional PRA scope, teams for respective PRA levels will effectively use their expertise for the 

assessment, and will be able to acquire and manage the data needed for the assessment. Yet the issues 

on the limited coverage of level 3 PRA and on not being able to account for the multi-unit characteristics 

of the accident remain. These will be addressed by the introduction of qualitative or semi-quantitative 

impact assessment. 

 

3.2.  Qualitative or Semi-quantitative Impact Assessment 

 

Evaluation of accident consequences other than radiation-induced health effects and multi-unit 

consideration can be covered by qualitative or semi-quantitative impact assessment. The main difference 

between the introduction of the impact assessment and the scope enlargement of level 3 PRA is that all 

consequences are not necessarily quantified in the former case. Some consequences, e.g. psychological 

burden, social disruption, or impact or energy policy, cannot be easily quantified especially when 

monetary unit is used for the quantification, but it can be properly captured by qualitative assessment 

(e.g. participatory analysis [16], questionnaire survey [16], Delphi method [17], qualitative impact 

assessment protocol [18]) or semi-quantitative impact assessment (e.g. Likert scale [19], overall 

percentage score [19, 20]). Instead of increasing the items to be quantified within the quantitative 

framework of PRA, the authors view as more appropriate to select proper methods for respective 

consequences, put all results in the same showcase, and go through deliberation process which will be 

discussed further in the following section. 

 

For all accident consequences that are not included in the traditional PRA framework, quantifiable 

consequences can be estimated using the most suitable unit. Semi-quantitative methods can be used for 

consequences of which the extent can be easily converted to score. All other consequences are evaluated 

qualitatively. Then all results are put on the table for deliberation. It would also be good to show the 

trade-offs among different consequences, for example, relocation can reduce public radiation exposure, 

though it will increase loss of income and decrease in value of properties. As for the multi-unit 

consideration, the major contribution to the total risk of accident would be the multi-unit influence on 

the source term characteristics which may be worth being quantified. For other contributions, if any, 

quantifiable ones can be quantified, while others can be qualitatively or semi-quantitatively discussed, 

considering the effects of multi-unit consideration on all aforementioned accident consequences. 
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3.3.  Establishing a Deliberation Phase 

 

While it is desired that risk scholars and practitioners make efforts for grasping total risk quantitatively, 

there is a sense of techno-centrism of nuclear experts hidden in the background of such quantification. 

Due to several difficulties mentioned above, the authors cannot agree completely with such endeavors 

for quantifying overall risks and utilizing its results as a tool for public understanding and societal 

justification on nuclear energy use. 

 

Instead, the authors suggest a necessity for paradigm shift from an ambition to aggregate and consolidate 

all the impacts, elements and features of nuclear risks into one quantified risk assessment to a framework 

where risk assessment aims for grasping various aspects of risks as broad as possible, through different 

assessment processes run in parallel in order to provide heterogeneous insights to decision makers. This 

alternative framework requires displaying diverse assessment results from different approaches 

including deterministic analysis, conventional PRAs, economic impact assessment by economists, 

psychological assessment by medical experts and psychologists, qualitative assessment of societal 

impact by sociologists, and so on, and comparing those insights with each other for more sophisticated 

risk decisions. We call this process a “deliberation phase”. 

 

Deliberation phase constitutes an essential part of risk decisions. Recently-proposed frameworks on risk-

informed decision-making highlight the importance of incorporating assorted elements including 

deterministic, probabilistic and other considerations before decision-making [21, 22]. These frameworks 

are underlaid by the concept that PRA should not lead to one specific decision automatically but provide 

insights in conjunction with other assessment results. In a deliberation phase, risk assessors who have 

different backgrounds gather to consider and clarify similarities and differences among their assessment 

results and establish risk advice for decision makers. In particular, one of the practical advices beneficial 

for risk managers could be trade-offs among different assessment results, for instance, a risk 

management option which is cost-justified may cause friction with societal concerns. Through such 

deliberation, risk assessment can sublimate from a method for providing calculated numbers into a 

prudent process of incorporating diverse perspectives and establishing strategic advice for risk 

management. That could be a key for addressing the gap between the expanded risk assessment and the 

risk management. 

 

In this deliberation process, conventional PRA practitioners are required to depart from a sense of 

superiority that quantified assessment always surpasses qualified one, and to discuss among quantified, 

semi-quantified and qualified results in a respectful manner. This is not to underestimate the efforts on 

quantification, but rather to point out that efforts on systematic assessment of quantifiable and 

commensurable impacts may highlight non-quantifiable and non-commensurable impacts at the same 

time. It is the sophisticated quantitative analyses that lead to clarification of the significance of 

qualitative analysis. 

 

4.  CONCLUSION 
 

Foreseen issues, arising from the enlargement of PRA coverage in order to quantify the total risk of 

accident, were identified. Extension of the scope of level 3 PRA to cover various accident consequences 

and introduction of multi-unit PRA at all PRA levels led to a number of issues: 

 

 Difficulty in gathering the team members to cover all consequences and to propagate upstream 

results to downstream assessments; 

 Difficulty in acquisition and management of data of which the amount will significantly increase 

when the scope of level 3 PRA is enlarged or when multi-unit characteristics are taken to 

account; 

 Difficulty in decision-making as the quality and amount of information to be taken into account 

by risk managers increases dramatically; 



 

Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, CA 

 Difficulty in communicating risks with stakeholders as increasing uncertainties connoted by 

enlarged PRAs implies that communicating risk information with stakeholders might be more 

difficult. 

 

An alternative approach was proposed to tackle aforementioned issues. In order to avoid enlarging the 

team or increasing the data amount, it is better to stick with the traditional PRA scope. Multi-unit 

evaluation and consideration of various accident consequences can be covered by the qualitative or 

semi-quantitative assessment. Such impact assessment will be taken into account in conjunction with 

quantifiable elements obtained from PRA during the deliberation process. All parties shall gather and 

discuss the assumptions made in the assessments, the meaning of all results, and the handling of 

associated uncertainties, before making decisions, in order to avoid irrational or illogical decisions. The 

alternative approach enables the assessment of the total risk of accident and addresses all aforementioned 

issues, while making sure that the expertise of the analysts is fully utilized and the results of both 

qualitative and quantitative assessments are precisely informed to the decision makers. 

 

Generally, the essence of map consists in abstraction and highlighting desiderata. The same is true for 

risk assessment. While overlooking necessary risk insights is never allowed, ambition to reproduce all 

the physical phenomena will not serve its original purpose. PRA may lead to prudent decisions when 

allocating limited resources to high priority issues. We can add to risk assessment itself a new 

perspective of deploying assessment resources effectively placing priority on strategic analysis activities. 

 

References 

 

[1] N. Siu, M. Stutzke, S. Dennis, D. Harrison. “Probabilistic risk assessment and regulatory decision 

making: some frequently asked questions (NUREG-2201)”, United States Nuclear Regulatory 

Commission, 2016, Washington DC. 

[2] R. Chang, J. Schaperow, T. Ghosh, J. Barr, C. Tinkler, M. Stutzke. “State-of-the-art reactor 

consequence analyses (SOARCA) report (NUREG-1935)”, United States Nuclear Regulatory 

Commission, 2012, Washington DC. 

[3] Institut de radioprotection et de sûreté nucléaire. “Methodology used in IRSN nuclear accident 

cost estimates in France”, Institut de radioprotection et de sûreté nucléaire, 2014, Paris. 

[4] K. Silva, K. Okamoto. “A simple assessment scheme for severe accident consequences using 

release parameters”, Nuclear Engineering and Design, 305, pp. 688-696, (2016). 

[5] H. K. Lim. “Current Issues for Multi-unit Probabilistic Risk Assessment (ASRAM2017-1031)”, 

Asian Symposium on Risk Assessment and Management 2017 (ASRAM2017), 2017, Yokohama. 

[6] J. Kim, G. Kim. “Identification of Human and Organizational Factors for the Multi-Unit PSA 

(ASRAM2017-1079)”, Asian Symposium on Risk Assessment and Management 2017 (ASRAM 

2017), 2017, Yokohama. 

[7] K. Jin, S. Baek, G. Heo. “A study on multi-unit initiating events analysis (ASRAM2017-1084)”, 

Asian Symposium on Risk Assessment and Management 2017 (ASRAM 2017), 2017, Yokohama. 

[8] J. Vecchiarelli, K. Dinnie, J. Luxat, “Development of a whole-site PSA methodology”, COG-13-

9034 R0, CANDU Owners Group Inc., (2014). 

[9] International Atomic Energy Agency, “NEW CRP: Probabilistic Safety Assessment Benchmark 

for Multi-Unit/Multi-Reactor Sites (I31031)”, International Atomic Energy Agency, 2017, Vienna. 

[10] T. Homma, K. Tomita, S. Hato. “Uncertainty and sensitivity studies with the probabilistic 

accident consequence assessment code OSCAAR”, Nuclear Engineering and Technology, 37(3), 

pp. 245-258, (2005). 

[11] S. Sugawara, K. Juraku, “Bridging the gap between risk assessment and management: Japanese 

experience of PRA and SPEEDI (ASRAM2017-1041)”, ASRAM Asian Symposium on Risk 

Assessment and Management 2017 (ASRAM2017), 2017, Yokohama. 

[12] International Organization for Standardization, “ISO 31000:2009, Risk management – Principles 

and Guidelines”, International Organization for Standardization, 2009, Geneva. 

[13] International Risk Governance Council, “An introduction to the IRGC Risk Governance 

Framework”, International Risk Governance Council, 2008, Lausanne. 



 

Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, CA 

[14] S. Sugawara, T. Inamura, “Development and Application of Nuclear Safety Goals in Japan: 

Lessons learnt from the case of 2003 Draft Safety Goals (Y15016)”, Central Research Institute of 

Electric Power Industry, 2016, Tokyo. (in Japanese) 

[15] US Nuclear Regulatory Commission, “Effective Risk Communication (NUREG/BR-0308)”, US 

Nuclear Regulatory Commission, 2004, Washington DC. 

[16] S. Garbarino, J. Holland. “Quantitative and qualitative methods in impact evaluation and 

measuring results”, Governance and Social Development Resource Centre, 2009, United 

Kingdom. 

[17] N. Dalkey, O. Helmer. “An experimental application of the DELPHI method to the use of experts”, 

Management Science, 9(3), pp.458-467, (1963). 

[18] J. Copestakes, F. Remnant. “The qualitative impact assessment protocol (QUIP)”, University of 

Bath, 2015, United Kingdom.   

[19] Realising European ReSILiencE for Critical INfraStructure. “Qualitative, semi-quantitative and 

quantitative methods and measures for resilience assessment and enhancement”, European 

Commission, 2016, European Union. 

[20] S. Yari, A. Fallah Asadi, S. Varmazyar. “Assessment of semi-quantitative health risks of exposure 

to harmful chemical agents in the context of carcinogenesis in the latex glove manufacturing 

industry”, Asian Pacific Journal of Cancer Prevention, 17(S3), pp.205-211, (2016). 

[21] US Nuclear Regulatory Commission, “A proposed risk management regulatory framework 

(NUREG-2150)”, US Nuclear Regulatory Commission, 2012, Washington DC. 

[22] International Nuclear Safety Group, “A Framework for an Integrated Risk Informed Decision 

Making Process (INSAG-25)”, International Atomic Energy Agency, 2011, Vienna.  

 


