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ABSTRACT

This paper reviews the status of researches on the application of human reliability analysis methods at nuclear 
industry and its evolution along the years. Human reliability analysis (HRA) is one of the elements used in 
Probabilistic Safety Analysis (PSA) and is performed as part of PSAs to quantify the likelihood that people will 
fail to take action, such as errors of omission and errors of commission. Although HRA may be used at lots of 
areas, the focus of this paper is to review the applicability of HRA methods along the years at nuclear industry, 
especially in Nuclear Power Plants (NPP). An electronic search on CAPES Portal of Journals (a bibliographic 
database) was performed. This literature review covers original papers published since the first generation of 
HRA methods until the ones published on March 2017. A total of 94 papers were retrieved by the initial search 
and 13 were selected to be fully reviewed and for data extraction after the application of inclusion and exclusion 
criteria, quality and suitability evaluation according to applicability at nuclear industry. Results point out that 
the methods from first generation are more used in practice than methods from second generation. This occurs 
because it is more concentrated towards quantification, in terms of success or failure of human action what 
make them useful for quantitative risk assessment to PSA. Although the second generation considers context 
and error of commission in human error prediction, they are not wider used in practice at nuclear industry to
PSA.

1. INTRODUCTION

As modern industrial systems have become larger and more complex, the prevention of 
accidents is highly emphasized, and the interest in the predictive error analysis, specifically 
Human Reliability Analysis (HRA), has increased [1]. Since the Three Mile Island (TMI)-2 
accident, human error has been recognized as one of the main causes of Nuclear Power Plant 
(NPP) accidents, and numerous studies related to HRA have been carried out [2]. It has been 
reported that 70-80% of significant accidents in high-risk industries, such as nuclear power 
plants (NPPs), are human-related accidents that can be attributed to human errors. Thus, a 
human error has been emphasized as an important issue to achieve system safety [3].
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The HRA in the context of a Probabilistic Safety Assessment (PSA) is an attempt to model 
human interactions (HI) and predict the impact of such interactions on the system's safety and 
reliability. When it comes to complex systems such as NPPs that involve a large number of 
human interactions in every phase of the plant operations, the HRA becomes an extremely 
important element of PSA for a realistic assessment of plant safety [4]. PSA for NPPs 
identifies and evaluates the risk of an uncontrolled release of radioactive materials from all 
potential fault scenarios that can be associated with the nuclear plant [5].

For a number of years, there has existed a distinction between first and second generation 
HRA methods. The guidance for classifying a particular method as first or second generation 
has not been entirely consistent. For example, Hollnagel's Cognitive Reliability Error 
Analysis Method (CREAM) HRA method in 1998 [6] makes a strong argument for 
considering the HRA methods' use of cognitive factors. Hollnagel argues that the so-called 
first generation HRA methods did not consider cognition among their performance shaping 
factors (PSFs). More modern methods—the so-called second generation HRA methods— 
explicitly consider and model cognitive PSFs. In contrast to the cognitive focus of CREAM, 
ATHEANA [7] has in practice developed a new differentiation between first and second 
generation HRA methods. In ATHEANA, context becomes the key to demarcate the 
boundary between first and second generation HRA. First generation methods largely failed 
to consider the context in which humans made errors, while, second generation methods 
carefully consider and model the influences of the context on the errors. Other distinctions 
have been drawn based on the consideration of errors of commission in second generation 
methods, as opposed to a heavy focus on errors of omission in first generation methods. More 
generally, the HRA community has been inclined to refer to the HRA generational gap simply 
in terms of chronology. The oldest, first developed HRA methods are colloquially considered 
first generation methods, while subsequent methods—the descendants of the previous 
methods—are considered second generation methods [8].

Independent of HRA methods classification as cognition, context, commission or chronology 
the purpose of this paper is to present a systematic literature review that aimed to identify and 
analyze HRA methods applied to nuclear industry with focus to PSA of NPP. Beside this, it 
proposes review the evolution, advantages and disadvantages.

2. METHOD

2.1. DataBases and Search

It was performed an electronic literature search on CAPES Portal of Journals, where several 
databases can be researched at the same time. The search terms relating human reliability 
analysis and nuclear power plants were undertaken from 1980 to 2017. Initially we consider 
all databases from CAPES Portal in order to cover all papers possible related to research. 
Among databases which had its papers selected there are: Elsevier, IEEE Xplore, Wiley 
Online Library, Springer, Directory of Open Access Journals (DOAJ), Computers & Applied 
Sciences Complete and Emerald.

2.2. Research Question
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We collected, classified and analyzed in this literature review works related to the topic of 
human reliability analysis in probabilistic safety analysis. The following research question 
motivated this review: What are the contributions, advantages, and disadvantages of Human 
Reliability Analysis Methods which are applicable to Nuclear Industry or simulator 
experiments?

2.3. Selection Criteria

This literature review covers original journal papers published since 1980 until the papers 
published on March 2017. It was chosen this time frame, because the first HRA method 
published was Technique for human error-rate prediction (THERP) with the publication of 
NUREG/CR-1278 in 1983 [9] and in order to cover recent contributions and the current 
status of research related to our topic. Books, chapters and reports have not been included in 
this literature review.

On CAPES Portal of Journals we have searched six times with different fields where terms 
should be searched, comparison constraint, words, Boolean operators and topics. We had four 
different options “where terms should be searched”: Any, In title, As author, On the subject. 
“Comparison constraint” options are: Contains, It's (exact), Begins with. “Boolean operator” 
options: AND, OR and NOT. The topics are in accordance to subject of research.

Table 1 shows that all searches used “Contains” as Comparison constraint. The words used 
were “Human Reliability Analysis”, “Human Reliability Assessment” and “Nuclear Power 
Plants”. Boolean operators were “AND” or “OR”. Where the term should be searched were 
“In title” or “On the subject”. Given the fact that HRA may be used at lots of areas, when the 
words “Human Reliability Analysis” and “Human Reliability Assessment” were used on the 
same search, it was necessary select the topic that was “Nuclear Power Plants”.

Table 1: Summary of searches

Search Number 1 2 3 4 5 6
Where the term 

should be 
searched

In title In title In title On the 
subject

On the 
subject

On the 
subject

Comparison
constraint Contains Contains Contains Contains Contains Contains

Words or Phrase 
searched

Human
Reliability
Analysis

Human
Reliability
Analysis

Human
Reliability
Assessment

Human
Reliability
Analysis

Human
Reliability
Analysis

Human
Reliability
Assessment

Boolean operator AND OR AND AND OR AND
Where the term 

should be 
searched

In title In title In title On the 
subject

On the 
subject

On the 
subject

Comparison
constraint Contains Contains Contains Contains Contains Contains

Words or Phrase 
searched

Nuclear 
Power Plants

Human
Reliability
Assessment

Nuclear 
Power Plants

Nuclear 
Power Plants

Human
Reliability
Assessment

Nuclear 
Power Plants

Topic - Nuclear 
Power Plants - - Nuclear 

Power Plants -
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Other criteria of inclusion or exclusion were implemented after the exclusion of repeated 
papers, papers without complete text and papers that are not written in English language.This 
was consider the first step.

Exclusions on the second step, “Selected after title and abstract reading, n”, was based on 
how titles and abstracts of papers indicated relations with the topic of this literature review.

The inclusion criteria are: literature reviews; studies that apply HRA methods on simulator 
experiments, or others related human reliability analysis studies; studies that show HRA 
methods performed on Probabilistic Safety Analysis at Nuclear Power Plants; studies that 
validate HRA methods.

The exclusion criteria are: studies that do not address any of the research questions; studies 
that just present a method without application or propose new methods.

On the third step, inclusion and exclusion criteria were applied and scores from 1 to 5 for 
each aspect was given, where 1 corresponds to “strongly disagree” and 5 “strongly agree.” 
The sum of the scores determined their methodological quality and suitability to research 
question as follows:

• High, 75%-100% met
• Medium, 50%-74% met
• Low, 0%-49% met

The researchers applied the inclusion and exclusion criteria and performed the assessment of 
methodological quality of the selected papers. After reading the papers, each researcher has 
given the final score for each criterion. The final score for each paper is the average value of 
researchers' scores. A study proceeded to data extraction when it met a score of at least 50% 
on methodological quality.

3. RESULTS

Initially the authors have searched according to table 1. These searches were organized in 
spreadsheets, resulting in 187 papers on total, from these papers, we could see that 84 were 
repeated, 6 have not been written in English language and 3 do not had the complete text on 
CAPES Portal. After removing these 93 papers, the authors had 94 papers available for 
selection. The second step was based on how titles and abstracts of papers indicated relations 
with the topic we explored in this literature review.

Table 2 presents the results from first and second steps that were “Selected after 1st selection” 
and “Selected after title and abstract reading, n”. The sequence of “Search number” are the 
same to table 1 and 2, the difference is that on table 1 the main focus is in how the search was 
done on CAPES portal and on table 2 the focus is the result of these searches.
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Table 2: Summary of search results

Search
Number

Words or Phrase 
searched

Boolean
operator

Words or Phrase 
searched

Selected after
1st selection, n

Selected after tile and 
abstract reading, n

1 Human Reliability 
Analysis AND Nuclear Power 

Plants 12 4

2 Human Reliability 
Analysis OR Human Reliability 

Assessment 21 18

3 Human Reliability 
Assessment AND Nuclear Power 

Plants 2 0

4 Human Reliability 
Analysis AND Nuclear Power 

Plants 38 14

5 Human Reliability 
Analysis OR Human Reliability 

Assessment 14 7

6 Human Reliability 
Assessment AND Nuclear Power 

Plants 6 2

Total 94 45

On second step, 45 papers were selected for full reading. Among these, 13 met the inclusion 
and exclusion criteria as presented on table 3. Even though, it was not selected specifics 
databases, the databases of 13 papers selected are considered relevant when it comes to 
number of cites and impact factor. Table 3 do presents the results of paper selection steps and 
the distribution of the papers across the various databases and journals.

Table 3: Summary of search results by Journal

Database Journal
Selected after 

title and abstract 
reading, n

Selected after 
full reading, n

Percentage of 
selected papers by 
Journal from the

Total(94), %
Elsevier Annals of Nuclear Energy 6 2 2,1
Elsevier Applied Ergonomics 1 1 1,1

SpringerLink Cognition, Technology & 
Work 1 1 1,1

Elsevier Fuzzy Sets and Systems 1 0 0,0

Wiley Online 
Library

Human Factors and 
Ergonomics in
Manufacturing

2 0 0,0

IEEE Xplore IEEE Transactions on
Nuclear Science 1 1 1,1

Computers & 
Applied
Sciences
Complete

International Journal of 
Performability Engineering 1 0 0,0

Elsevier Journal of Loss Prevention in 
the Process Industries 2 1 1,1

Elsevier Nuclear Engineering and 
Technology 2 1 1,1
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Elsevier Reliability Engineering & 
Systems Safety 20 4 4,3

Wiley Online 
Library Risk Analysis 3 2 2,1

Elsevier Safety Science 3 0 0,0
Directory of
Open Access 
Journals (DOAJ)

Science and Technology of 
Nuclear Installations 1 0 0,0

Emerald Insight 
(Emerald)

The International Journal of 
Quality & Reliability 
Management

1 0 0,0

Total 45 13 13,8

Table 4 summarizes the key elements of these selected papers. All papers listed in Table 3 
reached 50% or more on the score for methodological quality.

Table 4: Summary of papers selected after full reading

Authors Summary

Kirwan et al provide details of a Human Reliability Assessment (HRA) carried out over a 
period of two years as part of a Nuclear Power Plant Probabilistic Safety Assessment (PSA) in 
the United Kingdom (UK). According to Kirwan et al one trend in the past few years has been 

Kirwan et the switch from certain human error probabilities (HEP) quantification techniques such as 
al [5] THERP and the Success Likelihood Index Method (Embrey et al, 1984), to the more resource- 
(1996) efficient technique Human Error Assessment and Reduction Technique (HEART) [10] and has

become the most prevalent technique in use in the UK.

Moieni et al 
[4] (1994)

Jung et al 
[11] (2007)

Hickling et 
al [13] 
(2013)

Moieni et al summarize the importance of human reliability on the safe operation of NPPs, as 
well as the need for advancement of the state-of-the-art in HRA, EPRI launched a human 
reliability program in 1982. This program has covered important areas of development of a 
structured HRA framework to be used in PRAs, a benchmark of the framework, and HRA 
quantification methods. These developments were supported by multi-year data collection 
efforts and development of computer software to facilitate both the processing of data collected 
using NPP training simulators and assessment of human reliability.

Jung et al present a human performance analysis of the emergency tasks for nuclear power 
plants (NPPs) to support an HRA. Using the full-scope simulator of a reference plant, more 
than 110 simulator records with six emergency scenarios were gathered and analyzed to 
generate an operators’ performance time such as the time taken to diagnose what event has 
occurred, and the time to execute a procedural step or a task. According to the result of Level 1 
PSA for Ulchin unit 3&4, whose HRA was undertaken based on a modified method of ASEP 
HRA [12] and THERP, a human error was a major contributor to the plant’s safety.

Hickling et al describe a Generic Design Assessment (GDA) of two nuclear power station 
designs for prospective construction in the UK by the UK Office of Nuclear Regulation (ONR), 
as a review of the Human Reliability Assessments (HRAs) submitted as part of the probabilistic 
safety assessments (PSAs). The HRAs submitted for GDA applied the Technique for Human 
Error Rate Prediction, THERP, ASEP, and SPAR-H [14], which is the Standardized Plant 
Analysis Risk Human Reliability Method. The aims of the work described were to establish the 
validity and applicability of the databases contained within THERP, ASEP and SPAR-H to 
human-computer interfaces.
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Authors Summary

Gore et al 
[15] (1997)

Liu et al 
[16] (2014)

Preischl et 
al [17] 
(2016)

Zou et al 
[18] (2017)

I. S. Kim 
[19] (2001)

P. Le Bot 
[20] (2004)

Vaez et al 
[22] (2013)

Gore et al present a limited assessment of the conservatism of the Accident Sequence 
Evaluation Program Human Reliability Analysis procedure. This limited assessment addresses 
the postaccident, postdiagnosis, nominal ASEP procedure as applied to the performance of 
tasks by individuals. This assessment is of interest because human error is an important 
contributor to the risk of nuclear power plant operation and because ASEP is frequently used to 
estimate human error probabilities, which are one component of probabilistic risk assessments 
(PRAs). The data for this study were compiled from the simulator portion of U.S. Nuclear 
Regulatory commission operator requalification exams performed between February 1991 and 
December 1992. During these simulator exams, operators were rated on their performance of a 
number of Individual Simulator Critical Tasks (ISCTs), which are tasks having safety 
significance.

Liu et al investigate the effects of performance shaping factors (PSFs) and their 
interrelationships and combined effects on the human error probability. The PSFs involved 
were task complexity, time availability, experience, and time pressure. The empirical data 
obtained were compared with predictions by the SPAR-H method and data from other sources. 
The participants performed an artificial emergency operating procedure (EOP) in a microworld 
simulator.

Preischl et al presents a project that aimed to collect human reliability data from the operational 
experience of German nuclear power plants and a comparison with the THERP database, since 
the German guideline for PRA in the context of periodic safety reviews of nuclear power plants 
recommends THERP as the primary method to be employed in the HRA part, the main goal of 
the data collection projects reported in the present paper and check whether the THERP data 
base is in accordance with the operational practice of German nuclear power plants.

Zou et al in this project had three purposes. The first was to establish a methodology and model 
of HRA for digital control system (DCS) + state-oriented procedures (SOP). The second was to 
identify possible new human reliability issues and to determine potential unknown risks for 
operators under accident conditions. The last purpose was to propose an HRA model for the 
LingAo II NPP and to complete the HRA. The HRA report for the LingAo II NPP for the 
construction design phase used the SPAR-H method.

Kim discusses the applicability of human reliability analysis to support the design review 
process of advanced computer-based man-machine interface (MMI). Both the first generation 
and the second generation HRA methods are considered focusing on a couple of promising 
HRA methods, i.e. ATHEANA and CREAM, with the potential to assist the design review 
process.

Bot aims is to provide a panorama of Human Reliability data used in Electricite de France 
(EDF) Safety Probabilistic Studies. Apply the concept of human error to that of systemic failure 
in the operation of systems such as a nuclear power plant. These concepts were implemented in 
the MERMOS [21] Human Reliability Probabilistic Assessment methods used in the latest EDF 
Probabilistic Human Reliability Assessment.

Vaez et al proposed for analyzing the reliability and hence the likelihood of success, of Detailed 
Action Plans (DAPs). The Reliability Block Diagram technique is utilized for modeling the 
reliability of integrated automatic-operator emergency actions. The focus is on incorporating 
operator's operational and cognitive errors in the process/equipment reliability analysis. For 
this purpose, the human reliability analysis method SPAR-H is utilized.
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Authors Summary

Zhang et al were requested by Qinshan NPP in 2001, the authors took on the responsibility of 
the HRA in PSA of Qinshan NPP, in which HCR [24] model was selected to quantify the 
cognitive part of the human operations and THERP method to quantify the action part of human 

Zhang et al operations. Although HCR model has not been validated and even may lack of the theory basis, 
[23] (2007) it is still a widely used HRA method in PSA area and as such has been selected for the Quishan 

HRA. As part of HRA project, we carried out experiments into the reliability of operators on the 
full-size simulator in Qinshan NPP.

Shirley et
al [25] 
(2015)

Shirley et al assess the requirements for a simulator study validation of the THERP, a 
foundational HRA method.

From the resource question, selection criteria and search, it is possible to present an overview 
of selected publications.

Moieni et al [4] summarize the importance and need for advancements of the state-of-the-art 
in HRA, HCR method was revised and operator reliability experiments (ORE) project 
objective was to examine the validity of HCR model. Bot [20] objective is to provide a 
panorama of Human Reliability data used in EDF's Safety Probabilistic Studies. He applies 
the concepts of human error in the MERMOS Human Reliability Probabilistic Assessment 
methods used in the latest EDF Probabilistic Human Reliability Assessment. These authors 
clearly deal with literature reviews studies that apply HRA methods on simulator 
experiments.

Hickling et al [13] established the validity and applicability of the databases contained within 
THERP, ASEP and SPAR-H to human-computer interfaces. Shirley et al [25] assess the 
requirements for a simulator study validation of the THERP, a foundational HRA method. 
These two papers have studies that validate HRA methods.

Gore et al [15] present an assessment of the conservatism of the ASEP HRA procedure and 
the data for this study were compiled from the simulator portion of U.S. Nuclear Regulatory 
commission operator requalification exams. Liu et al [16] investigate the effects of 
performance shaping factors (PSFs) and their interrelationships and combined effects on the 
human error probability (HEP). The empirical data obtained were compared with predictions 
by the SPAR-H and data from other sources using a simulator. Preischl et al [17] present a 
project that aimed to collect human reliability data from the operational experience of 
German nuclear power plants and a comparison with the THERP database. Assessment, 
comparison and use of simulators are the scope of these studies.

Kim [19] discusses the applicability of human reliability analysis to support the design 
review process of advanced computer based man-machine interface (MMI). Two promising 
HRA methods, i.e. CREAM and ATHEANA, have greater potential. Vaez et al [22] analyzed 
the reliability, and hence the likelihood of success, of Detailed Action Plans. For this purpose, 
the human reliability analysis method SPAR-H is utilized. Applicability of HRA methods is 
one of the focuses this literature review.

Kirwan et al [5] provide details of a Human Reliability Assessment as part of a Nuclear 
Power Plant Probabilistic Safety Assessment in the UK where it was used THERP and Heart 
was considered a trend in 1996. According to Kirwan the HRA and PSA worked well 
together. Zhang et al [23] as requested by Qinshan NPP in 2001, the authors took on the
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responsibility of the HRA in PSA of the plant, in which HCR model was selected to quantify 
the cognitive part of the human operations and THERP method to quantify the action part of 
human operations. Zou et al [18] propose an HRA model for the LingAo II NPP and to 
complete the HRA. Jung et al [11] presented a human performance analysis of the emergency 
tasks for nuclear power plants (NPPs) to support an HRA, which was based on ASEP and 
THERP methods using the full-scope simulator of a reference plant. These authors have done 
or study HRA into PSA to NPP that is one of the more complex and important part of this 
study.

4. DISCUSSION

The 3 journals that presented more search results initially were Reliability Engineering & 
System Safety (44 publications), Annals of Nuclear Energy (11 publications) and Applied
Ergonomics (4 publications), these 3 journals are from Elsevier - ScienceDirect database.
The table 3 shows that 7 of 14 journals and 9 of 13 papers selected after full reading are from
ScienceDirect database shown the relevance of this database. Although the journal Risk 
Analysis had 3 publications on search results initially, 2 were select in the final assessment, 
what can show the interest of these publications on the HRA area.

Table 2 shows that the number of papers selected after 1st selection were 94, this is too 
restrictive given the fact that the first HRA method is from 1983. In order to improve this, 
another words can added as “Probabilistic Safety Analysis”, “Risk Assessment” and “Human 
Error” to words or phrase searched.

From the results considering all inclusion criteria the authors had that THERP method was 
used in 6 papers. It is important consider the use of THERP in PSA of Qinshan NPP together 
with HCR, the study of THERP and HEART in PSA in the United Kingdom, HRA of the 
Ulchin 3&4 PSA was performed based on THERP together with ASEP HRA. SPAR-H 
method was used in 4 papers.The HRA report for the LingAo II NPP for the construction 
design phase used SPAR-H method. SPAR-H was compared with THERP and ASEP in order 
to be used in a Generic Design Assessment of two nuclear power station designs with 
prospective construction in the United Kingdom. Finally ASEP was used in three papers and 
in PSA of Qinshan NPP. In a smaller amount other methods were applied as MERMOS, 
ATHEANA and CREAM.

These results are in accordance with others studies that do not appear on this systemic 
literature review, but can be found in open sources as the PSA of the Ignalina NPP where a 
combination of ASEP and THERP was applied [26]. Another example is the HRA of Angra 1 
where it was used HCR/ORE and Cause-Based Tree Method (CBDTM) [27] to cognitive 
phase and THERP to executive phase [28]. In Finland the PSA of Loviisa plant, the pre
accident errors were quantified using a shortened version of the THERP procedure. In 
Hungary PSAs were conducted by VEIKI Institute for Electric Power Research, pre-accident 
errors were analyzed by using a modified ASEP procedure and the basic human error 
probabilities (HEP) estimates were derived mainly from the THERP Handbook and from the 
ASEP procedure guide. In Italy, ENEL has performed a number of PSAs for all of the Italian 
Nuclear Power Plants. ENEL has performed the Human Reliability Analysis mainly based on 
United States developed methods, THERP and the EPRI method based on simulator exercise. 
In Netherlands, for both the Dutch nuclear power plants full scope, Borssele PSA, for the pre

INAC 2017, Belo Horizonte, MG, Brazil.



accident human interactions THERP was used and the main method of HRA for the post- 
initiating event EOP based human actions was the so-called HCR-ORE model as developed
for Electric Power Research Institute (EPRI) [29].

5. CONCLUSIONS

This literature review deals with HRA, the importance of model human interactions and 
predict the impact of such interactions in the context of a PSA. These are reasons to HRA 
practitioners have tried to evaluate HEPs for many decades. Papers selected for review have 
shown that the first-generation HRA methods are still used for a while in the NPP industry. 
This occurs because it is more concentrated to calculate the probability of success or failure 
in the execution phase of human interaction, or human action, what make them useful for 
quantitative risk assessment to PSA.

Papers selected have shown THERP, SPAR-H and ASEP methods with more expressive 
results than other methods. THERP was selected in more papers and in a longer time frame 
than the other methods, 20 years, from 1996 to 2016. This shows the predominance of this 
method that is the oldest method. ASEP that is an abbreviated and slightly modified version 
of THERP was the third method more selected. The time frame of ASEP was from 1997 to 
2013 between the papers selected.

SPAR-H was the second method more selected on the search and the time frame was from 
2013 to 2017. This can be explained because is considered a recent method that was updated 
in 1999. This expressive use on the papers selected can be because SPAR-H considers 
cognition as CREAM method and is a recent method. However, SPAR-H is a method 
indifferent to errors of omission and commission, beside this do not consider context.

ATHEANA, CREAM and MERMOS that were selected in a smaller amount are 
representatives of second generation methods. This second generation has capabilities to 
identify errors of commission, context or cognition. These methods are so complex that still 
have some obstacles to be applied in a conventional HRA. MERMOS is the only second 
generation method applied in practice, however this method is not available and is used only 
by Electricite de France (EdF) where it was developed.

An opportunity for further studies would be to expand the search to include other 
contributions of PSA, Risk Assessment or Human Error. Other opportunity is use another 
databases.
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