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Dr. Kletz is one the pioneers in the process safety area, known widely for his work on inherent safety design and
loss prevention. He worked 38 years in Imperial Chemical Industries, and became a fulltime researcher only after
his retirement. He published more than 200 papers and 15 books during his retirement. The intellectual basis

(S:é;zifj;fetrics analysis presented in this article shows that he frequently cited his books in his articles, indicating that his in-
Bibliometrics dustrial experience was very influential to his scholarly contributions. Lawley, H.G. was one of the researchers

whose work had most influence on Kletz’s research. Among Dr. Kletz’s publications, the article ‘What You Don’t
Have, Can’t Leak’ has the highest impact, while his most influential book is ‘Process plants: A handbook for
inherently safer design’. The references co-citation network is divided in two clearly connected components: his
earlier work related to infra-red spectra, and his later work addressing process safety related topics, including
inherent safety and hazard and accident analysis. Both his work and that of his followers is rooted in a similar
intellectual basis within process safety research, in which particularly Dr. Kletz’s earlier work forms an influ-
ential original body of knowledge rooted in his industrial experience. His career is a prime example of how
process safety research has been strongly influenced by knowledge from industrial practice, illustrating that a
continued strong connection between industry and academia can lead to very fruitful outcomes. It is hoped that
the presented analysis can inspire especially young graduates with academic interests to first embark on an
industrial career to gain industrial experience before aiming to contribute to academic process safety knowledge.

Citation expansion

1. Introduction

Trevor Kletz (1922-2013) was one of the pioneers in the process
safety area. He has spent his whole life to improve safety in high-risk
industrial sectors. He was interested in chemistry when he was young,
which led him later to study chemistry in Liverpool University, from
which he obtained a BSc degree. After he graduated in 1944, he joined
the research lab of Imperial Chemical Industries (ICI) in Billingham, UK,
where he worked for 38 years until 1982 (Garside, 2006; Flavell-While,
2018). There, he dedicated 8 years to chemistry-focused research,
worked 16 years in production management, and served the last 14 year
as process safety adviser to the Petrochemicals Division (AIChE, 2020).
After his retirement from ICI, he went to Loughborough University and
he became a fellow of the Royal Academy of Engineering. This marks an
important turning point in his career, as he started his second career as a

consultant and prolific writer, commentator, and lecturer on all aspects
of process safety (Public Relations Office, 2006). In 2003, he was
appointed as adjunct professor at the Mary Kay O’Connor Process Safety
Center at Texas A&M University. At that time, his PhD student Mah-
boobul Sam Mannan, another highly influential author in the process
safety domain (Li et al., 2020; Wang et al., 2020), was director and
professor in that center. During his research career, Dr. Kletz published
over 10 books and more than 300 articles on process safety (MKOCPS
Center, 2013), with topics including human error (Kletz, 1990, Kletz,
1993a), accident and disasters research (b, ¢, Kletz, 2001a, b, ¢),
inherent safety (Kletz, 1978, Kletz, 1998a, Kletz and Amyotte, 2010),
and methods such as HAZOP and HAZAN (Kletz, 2006a). He is perhaps
most remembered as being the ‘father of inherent safety’, and for his
contributions to HAZAN and HAZOP (Vaughen, 2012).

There are many articles and reviews published as a tribute to Dr.
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Kletz’s contributions to the process safety domain. For example, in 2012,
Paul Amyotte, Atsumi Miyake and Genserik Reniers co-edited a Special
Issue ‘Happy 90th Birthday, Professor Trevor Kletz’ (Volume 25, Issue 5,
Pages 761-876) in Journal of Loss Prevention in the Process Industries to
celebrate Dr. Kletz’s 90th birthday. There are 17 articles published in
this Special Issue, including a paper contributed by Dr. Kletz himself,
entitled ‘The history of process safety’ (Kletz, 2012). In the same year,
Process Safety and Environmental Protection also opened a Special Issue
‘Celebrating Trevor Dr. Kletz’s 90th Birthday’, edited by David Edwards
and Jai P. Gupta (Volume 90, Issue 5, Pages 341-450), in which 12
research articles were published. In addition, several book reviews
(Galluzzo, 1988; Mooney, 1992; Grossel 2002, 2004) were published to
introduce Dr. Kletz’s works, which further spread his ideas regarding
process safety.

The tributary editorials and research contributions in the above
mentioned special issues focusing on Dr. Kletz’s work mostly concern
personal reflections on his work and career (Crowl, 2012; Gowland,
2012) or involve narrative reviews or perspectives of his work to reflect
on its impact in the process safety domain (Gomez et al., 2012)
(Mannan, 2012; Sanders, 2012).

In this article, a complementary approach is taken. Aiming to obtain
high-level insights in the structure of his scientific work, a quantitative
scientometric analysis is performed. In particular, through performing a
co-citation analysis, insights in the intellectual basis (knowledge sources
used) of Kletz’s work and in the influence his work has had in the process
safety research domain (Kletz’s work as a knowledge source), are ob-
tained. Similar scientometric analyses have been published about the
research work of highly influential academics in various scientific do-
mains, for instance Dr. Sam Mannan in process safety (Li et al., 2020),
Dr. Eugene Garfield in scientometrics (Chen, 2018), and Dr. Keith Pavitt
in science, technology, and innovation studies (Meyer et al., 2004). Of
particular interest in the analysis in this article is how his industrial
experience has influenced his scholarly contributions.

The remainder of this article is organized as follows. In Section 2, the
data collection process and the methodology for analysis is outlined.
Section 3 presents the results. First, the body of literature by Dr Kletz is
quantitatively described in light of significant events in his career. Then,
an overview of the intellectual basis of his work is presented, through a
co-citation analysis. Finally, the cited references by his followers are
analysed through a co-citation analysis, providing insights in the influ-
ence of Dr. Kletz’s work in the process safety research community.
Section 4 summarizes the main findings and concludes.

2. Data and methodology
2.1. Data collection

As mentioned in Section 1, Dr. Trevor Kletz has published more than
300 scientific articles during his research career. In order to obtain an as
complete as possible set of these publications, with additional biblio-
graphic information such as the references cited in these papers, the Web
of Science Core Collections (WoSCC) was selected as a data source in this
study. WoSCC has indexed almost all of the world’s important scientific
publications, including journal and conference papers ranging from the
natural sciences to social science domains. The search strategy for
obtaining Dr. Kletz’s publications is represented below:

o Author: (Kletz T*)

e Timespan: 1900-2019

e Database: Web of Science Core Collection

e Indexes: SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH.

e Science Citation Index Expanded (SCI-EXPANDED): 1900-present

e Social Sciences Citation Index (SSCI): 1900-present

e Conference Proceedings Citation Index- Science (CPCI-S): 1990-
present
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e Conference Proceedings Citation Index- Social Science & Humanities
(CPCI-SSH): 1990-present
e Data retrieval date: 03-29-2020

After a manual check of the resulting data set, performed by
inspecting the titles and abstracts of the dataset retrieved from WoSCC
using the above strategy, a total of 250 records are retained for further
analysis. An overview of the dataset and the dataset of the citing articles,
along with their references, is given in Fig. 1. There are 250 publications
by Dr. Kletz’s, which together include 996 references indexed in WoSCC,
spanning a period from 1947 to 2012. His publications have received
588 citations in total, with 12 publications having received at least 12
citations in WoSCC, leading to an h-index of 12. After retrieving the
papers by Dr. Kletz, the ‘citations expand function’ was used to down-
load the data concerning the articles published by his followers, as
available in WoSCC. This dataset of publications citing Dr. Kletz’s work
contains 469 documents, spanning a period from 1948 to 2020 (until
March 29). Together, these contain 16,734 references, which can
considered to be the knowledge base for the research activities by Dr.
Kletz’s followers. In Fig. 1, the references cited by Dr. Kletz and by his
followers likely partially overlap, and in the latter by definition includes
dataset 1. For simplicity of representation, these dependencies are not
shown.

2.2. Methodology

Three research questions (RQs) are addressed in this article, see also
Fig. 1:

RQ1. What is the evolution of the articles by Dr. Kletz in light of
major events in his career?

RQ2. What are the main research clusters and research fronts
apparent from the intellectual basis (references) of Dr. Kletz’s work?
RQ3. What are the main research clusters and research fronts
apparent from the intellectual basis (references) of the publications
by Dr. Kletz’s followers?

For RQ1, a simple graphical quantitative representation of the evo-
lution of Dr. Kletz’s research output is applied, supported by simple
descriptive statistics and information obtained from the literature.

For RQ2 and RQ3, reference co-citation analysis is applied to map the
structure of the body of knowledge created by Dr. Kletz and his fol-
lowers. The concept of co-citation was first introduced by Small (1973)
and Marshakova (1973) independently from one another in 1973, as a
new method to measure the relationship between two documents. Two
documents are co-cited if they both appear in the reference lists of a
certain paper. The basic hypothesis underlying co-citation analysis is
that the more two documents are co-cited (i.e. the more same references
are included in these documents), the more similar these two documents
are. Hence, highly co-cited documents can be considered to address
similar research problems.

The latest version CiteSpace 5.6 R3 (Chen, 2020) is applied to
construct and visualize the co-citation networks of Dr. Kletz’s publica-
tions (RQ2) and that of the publications by his followers (RQ3). Cite-
Space is developed by Chen (2006), and has been updated over more
than 15 years. Over time, it has become one of the most applied bib-
liometrics mapping analysis tools, with thousands of scientific papers
published using CiteSpace (Li and Chen, 2016). Compared to other
bibliometrics mapping tools such as VOSviewer (van Eck and Waltman,
2010), BibExcel (Persson et al., 2009), or SCI2 (Light et al., 2014),
CiteSpace is particularly suited for a temporal analysis of the co-citation
network of a given set of publications. First, the publication years of the
citing articles are divided into different time slices. Then, CiteSpace
constructs the references co-citation network for each time slice. Finally,
these time slice specific co-citation networks are merged into one
network and a graphical clustering is applied to facilitate the visual
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What is the evolution of the articles by Dr.
Kletz in light of major events in his career?

What are the main research clusters and
research fronts apparent from the
intellectual basis of Dr. Kletz’s work?

What are the main research clusters and
research fronts apparent from the
intellectual basis of the publications by Dr.
Kletz's followers?

Fig. 1. Overview of datasets used for the scientometric analyses and associated research questions

interpretation of the results.

The conceptual model of co-citation analysis in CiteSpace is repre-
sented in Fig. 2 (Chen, 2006). Three sample citing articles are shown at
the top of the figure, which together constitute the research front. The
references of each of these citing articles are represented as black dots
inside the bottom, and together can be regarded as the intellectual basis
of the research domain. In the co-citation network cluster analysis, the
co-citation links between two references are normalized using Cosine
similarity methods (Chen et al., 2010) and the spectral clustering
method is used to divide the references into different groups. To assess
the quality of the clustering and the degree of separation between these,
the Modularity Q (Newman, 2006) and Silhouette metrics (Rousseeuw,
1987) are calculated for the resulting network. The value of the
Modularity Q ranges from O to 1, with larger values corresponding to
better cluster quality. The Silhouette value ranges from —1 to 1, where
the value 0.7 is commonly recommended as a threshold to separate
clusters and to give these different interpretations (Chen et al., 2010).
Furthermore, to facilitate interpretation of the results, the clusters were
labelled with a noun phrase, which is extracted from the title of the
citing articles using the log-likelihood ratio (LLR) algorithm (Dunning,
1993). In Fig. 2, the oval areas represent the clusters in the references
co-citation network, where the small red rectangles are the terms
extracted from the title of the citing articles, and used as labels of the
co-citation clusters.

[ ]
Citing Citing
Article Article

1 Z

\

Cites

Co-citation cluster A

Citing phrase, extracted from °
title of citing paper

Cited references

In the generated co-citation network, the node and label size are used
to represent the number of citations of a reference, and the edges in the
network encode the co-citation links between two references. The colour
in the network provides information about the earliest year in which a
co-citation between two references is detected. Each identified cluster in
the co-citation network is furthermore shaded with a colour represent-
ing the average year of the references within a certain group. These
visual markers are implemented in the visual representation of the co-
citation network to facilitate interpretation of the research evolution.

3. Results
3.1. Evolution of articles authored by Dr. Kletz

There are in total 250 papers authored by Kletz retrieved from
WoSCC, the annual trends of which are represented in Fig. 3. In this
figure, the evolution of his publications is contextualized in light of key
events in his career. The information used for this is based on (Public
Relations Office, 2006; Loughborough University, 2007; Edwards,
2014).

After he graduated from Liverpool University in 1944, he joined ICI
where he worked on chemistry research for 8 years (from 1944 to 1952).
During this period, he published three co-authored articles (Kletz and
Price, 1947; Ashdown and Kletz, 1948; Kletz and Sumner, 1948), of

|
Citing Research
Article Front
3
o
. = Intellectual
Cit ®
i 3 Base
g
[ e h
@

f

Co-citation cluster B

Phrase-to-article

Co-citation links o
citation

Fig. 2. Conceptual representation of the co-citation analysis method implemented in CiteSpace, based on Chen (2006)
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Fig. 3. Evolution trend of Dr. Kletz’s published research articles in context of key events in his career

which two are related to Infra-Red Spectra. He did not publish any paper
during the period 1950-1972, which largely corresponds to the time he
worked in production management in ICI (1952-1968, i.e. 16 years).
From 1969 to 1982 (14 years), he served as process safety adviser to
the Petrochemicals Division for 14 years. Having spent a long time in the
front line of process safety practise, he became very knowledgeable in
process safety practise, and his interest in academia was rekindled.

During his time as a process safety adviser, his publications increased
rapidly from 1973 to 1980. In this time period, he first proposed the idea
of inherent safety in his paper ‘What You Don’t Have, Can’t Leak’ (Kletz,
1978). He was also appointed as a part-time professor in Loughborough
University. It can be said that his long experience in ICI led him to
become a highly productive and prominent process safety researcher.
After his retirement from ICI, he started his second career as a full-
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Fig. 4. Publication trend of Dr. Kletz’s books, summarized from (Vaughen, 2012)
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time scholar in process safety area. As represented in Fig. 3, almost all of
his scientific papers are published after 1982 (213 articles, accounting
for 85.2%). In 1991, when he was 69 years old, his publications reached
the peak of his outputs, amounting to 16 papers published in that year.
Thereafter, his outputs decreased rapidly until 2012, after which he did
not publish anymore. Even in 2012, at the age of 90, he published two
articles (Kletz, 2012; Vaughen and Kletz, 2012).

Fig. 4 shows the books authored by Kletz from 1984 to 2010, sum-
marized based on (Vaughen, 2012). Clearly, Dr. Kletz was not only
highly productive in publishing scientific papers, but also was very
prolific in writing books.

Most scholars perform very little research after their retirement, and
usually publish only a few articles or books during their emeritate.
However, as the current analysis shows, Dr. Kletz has a truly exceptional
career as a scholar. He gained a lot of practical experience from industry
until he retired, and then very successfully embarked on a second career
in process safety research. This shows Dr. Kletz’s passion for process
safety, as he truly devoted his life to it. His career also is a great example
of how a career based in industrial practice can be a very solid basis for
becoming a highly influential academic.

3.2. Clusters and research fronts in the intellectual basis of Dr. Kletz’s
work

The references cited in Dr. Kletz’s publications, especially the highly
frequently appearing ones can be regarded as the intellectual basis of his
research. As found in Section 2.1, there are in total 996 references cited
in his work. In this section, the reference co-citation network analysis is
applied to show the intellectual structure underlying his work.

To construct a clear reference co-citation network, the top-50 ranked
citing papers in terms of citations received are selected as the dataset to
create the reference co-citation network. This leads to a set of 752 ref-
erences selected from the data sample, to which 4404 co-citation links
are associated. The largest connected component of the reference co-
citation network of Dr. Kletz’ s publications includes 614 references
and is shown in Fig. 5. The references with more than 5 citations are
listed in Table 1 and highlighted in Fig. 5. Among these references in
Table 1, there are 10 references authored by Dr. Kletz, with other au-
thors being Lawley H.G., Lees F.P., and Gibson S.B. The timespan of the
references ranges from 1974 to 2003, with 8 out of the 14 cited refer-
ences in Table 1 published before 1990. This shows that Dr. Kletz in his
research relies heavily from insights obtained from industrial practice. It

KLETZ TA (1 7a£m.~rn/\<msw o8
Ve *KLETZ TA (1998)

LAWLEY HG (1974)°

LEES FP (1980) Q38 » .

°

© 0, egKletz TA (2001)p o

- RKLETZ TA'(1993) el o 80 ° . oo
8 BEKLETZ TA (2001)+ BER™ e
L P v so ° .
‘;K\n!zTA!ZODX) °
o ® o
e e . 2
Flai S S e ' .
.
-5 °

1973 [N 2012

Fig. 5. Reference co-citation network and clusters of Dr. Kletz’s publications,
references cited more than 5 times by Dr. Kletz
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also indicates that most of the work influencing his thinking dates from
the early period in the development of process safety research, in which
significant research volumes only became published from the 1990s
onwards (, Li et al., 2020).

In the highly cited references list, the most prevalent topics concern
hazards, accidents, and industrial losses. These highly-cited references
have a significant influence in his research. The most cited reference in
Dr. Kletz’s work was published in 1974, authored by Lawley H.G. The
core topic of that article focuses on ‘hazard analysis’ and ‘HAZOP’, and is
referenced in (Kletz, 1997), where he states that “The first publication on
HAZOP in the open literature was a paper by Herbert Lawley presented at the
1973 AICHE Loss Prevention Symposium™. The second most cited paper
authored by Lawley H.G. is entitled ‘Size up plant hazards this way’,
published in Hydrocarbon Processing (Lawley, 1976). In the list of
Table 1, other influential authors to Dr. Kletz’s work include Lees F.P.
and Gibson S.B. This shows that Dr. Kletz is a true process safety pioneer
as he contributed to the process safety domain on the shoulder of a few
scholars (i.e. Lawley H.G., Gibson S.B., and Lees F.P.), creating a large
body of knowledge based on his own insights. His large reliance on his
own work could also be seen as a weakness, as current research de-
velopments in process safety research shows the value of the diversity in
conceptual and theoretical contributions to the development of a
domain (Li et al., 2020).

In the remainder of the highly cited publications in Dr. Kletz’s
research contributions, there are seven books authored by Dr. Kletz.
These give a systematic introduction to past accidents and losses, and
put forward new insights to advance the understanding of the nature of
errors and accidents. Here, it is noteworthy that his work continues to be
relevant even long after he passed away. This is evident from the recent
publication of a new (sixth) edition of his book “What went wrong?”, in
which co-author Paul Amyotte builds further on Dr. Kletz’s legacy to
provide insights in process plant disasters and how they can be avoided
(Kletz T and Amyotte P 2019).

The reference co-citation network is clustered by the Modularity
method, and a cluster label is selected from the citing publications as
generated by the LLR algorithm, as outlined in Section 2.2. The clus-
tering result of the Modularity Q equals 0.7755, which represents a high
quality cluster.

In total, there are 80 clusters identified from the co-citation network,
where many groups include only very few publications and are not
connected to the largest connect network. The largest connect network
includes 614 members, accounting for 84% of the extracted references.
Hence, in this Section, only the largest connected network component is
clustered and discussed. The clusters of the reference co-citation analysis
are shown in Fig. 6, where clusters are filled with the mean publication
year of the cluster members. Clusters indicated with a shade closer to
yellow are more recent. The clusters members with more than 50 cita-
tions are listed in Table 2, and the references inside the clusters which
received at least 2 citations are shown in Fig. 6. As show in those, the
mean year and co-citation links of the clusters #a, #e and #d are earlier
than other clusters. This indicates that Dr. Kletz’s research associated
with those knowledge bases stems from earlier years. For example, his
research in protecting pressure-vessels from fire, hazard analysis review,
Human Performance Improvement (HPI), and HAZOP olefin plant safety
predates work on loss prevention, human factors, and accident investi-
gation, which he engaged in more in the 1980s and 1990s.

In this context, it is noteworthy that the work by Lawley (1974)
appears to be the earliest document influencing Dr. Kletz’s thinking in a
significant manner. Nevertheless, it is worth pointing out that Dr. Kletz
noted in his own reflections on the origins and history on loss preven-
tion, that events such as the first American Institute of Chemical Engi-
neers annual loss prevention symposium in 1967 and the first European
conference of loss prevention in Newcastle in 1971 were very influential
to establishing a collaborative community of process safety practitioners
and experts, with articles such as (Kletz, 1971) on hazard analysis,
(Stewart, 1971) on high integrity protective systems, and (Bell, 1971) on
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Table 1

References cited by Dr. Kletz more than 5 times
No. First author Year Sources title SC Title phrase Note Reference
1 Lawley H.G. 1974 Chem Eng Prog 18 hazard analysis Lawley (1974)
2 Kletz T. 2001 Learning Accidents 14 learning accidents ] (Kletz, 2001c)
3 Kletz T. 1993 Lessons Disaster Org 12 lessons from disaster ] (Kletz, 1993b)
4 Lees F.P. 1980 Loss Prevention 10 loss prevention [ ]

Lees (1980)

5 Kletz T. 1976 Chem Eng Prog 9 plant modification (Kletz, 1976¢)
6 Kletz T. 1998 What Went Wrong 7 went wrong ] (Kletz, 1998b)
7 Kletz T. 1978 Chem Ind 7 leak Kletz (1978)
8 Kletz T. 2003 Still Going Wrong 7 going wrong ] (Kletz, 2003b)
9 Kletz T. 2001 Eng View Human Error 7 human error n (Kletz, 2001b)
10 Lawley H.G. 1976 Hydrocarb Process 7 plant hazards Lawley (1976)
11 Kletz T. 1977 Hydrocarb Process 7 plant design (Kletz, 1977a)
12 Kletz T. 1998 Process Plants Hdb I 7 inherently Safer Design ] (Kletz, 1998a)
13 Kletz T. 1972 Loss Prevention 6 protective systems Kletz (1972)
14 Gibson S.B. 1976 Chem Eng Prog 6 hazard analysis Gibson (1976)

Notes: SC = self-citations, number of times cited by the papers from 251 publications | m Book.

Table 2
Cluster information of clusters at least with 50 members
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Fig. 6. Reference co-citation network and clusters of Dr. Kletz’s publications, top 2 cited references labelled

ID  Size  Silhouette  Mean LLR Title terms Selected citing
year papers
a 91 0.919 1972 Pressure-Vessel; Fire; (Kletz, 1977a;
Hazard Analysis Kletz, 1982a)
b 77 0.815 1985 Loss Prevention; HPI; (Kletz (1999))
Lesson
[4 67 0.809 1995 Human Factor; (Kletz, 2001a, b)
Accident Investigation
d 60 0.846 1977 Olefin Plant Safety; (Kletz, 1976b;
Preventing Barker et al.,
Catastrophic Accident 1977, Kletz, 1996)
e 52 0.856 1979 HPI; Lesson; Hazop (Kletz, 1976c,
Kletz, 1982a,
Kletz, 1985, Kletz,
1997)
f 51 0.868 1993 Loss Prevention Case- (Kletz, 1976c,

Histories; HPI; Olefin
Plant Safety

Kletz, 1995)

loss prevention in nitroglycerine manufacturing examples of the topics
addresses in such early community building efforts. Discussions in such
symposia were very influential to Dr. Kletz’s thinking as well, and his
influence on contemporary authors is evident for instance from the work
by (Houston, 1971), who acknowledges discussions with Dr. Kletz in his
contribution covering early ideas related to HAZOP, fault trees, and
inherently safe design. This article also highlights the importance of the
work at various divisions of ICI, where Dr. Kletz was then working, as an
important source for collaborative process safety developments, high-
lighting the importance of practical industrial experience in advancing
process safety scholarship.

3.3. Clusters and research fronts in the intellectual basis of the work of
Dr. Kletz’s followers

As shown in Section 2.1, 467 citing papers of Dr. Kletz’s publications
are downloaded from the WoSCC. The reference co-citation network of
Dr. Kletz’s followers is shown in Fig. 7, in which references with more
than 15 citations are displayed. More detailed information about these is
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given in Table 3. From the co-citation network and the highly cited
references, it is evident that the landmark papers the co-citation network
of the intellectual basis of his followers are almost all authored by Dr.
Kletz. Highly influential topics from Dr. Kletz’s publications are related
to inherently safer design, loss prevention, hazard analysis, and infra-red
spectra.

The most highly cited paper, with 58 local citations, is his influential
article entitled “What you don’t have, can’t leak” (Kletz, 1978). This is a
foundational article presenting the concept of ‘inherent safety’ based on
lessons from the Flixborough disaster. Many researchers have referenced
this paper and taken ideas from it, marking it as a highly influential
contributor to the process safety community. Among these, the article by
Faisal Khan and Paul Amyotte entitled ‘How to make inherent safety
practice a reality’ has the highest impact, with 90 citations in WoSCC.
Khan cited the paper as ‘This, in part, led Trevor Kletz of ICI to suggest
inherent safety as an explicit, identifiable component of process safety’ (Kletz
and Amyotte, 2019; Khan and Amyotte, 2003).

In contrast to the co-citation analysis of Dr. Kletz’s papers shown in
Section 3.2, his followers more frequently cited his journal articles than
his books. Nevertheless, his book entitled ‘Process plants: A handbook for
inherently safer design’ also has a high influence among his followers, and
is influential to spreading the ideas related to inherent safety. Apart from
Dr. Kletz’s publications the work by Edwards and Lawrence (1993) on
inherent safety, by Lawley (1974) on hazard analysis and by Gupta and
Edwards (2002) on inherently safer design are also highly impactful
publications for Dr. Kletz’s followers.

The clustered reference co-citation network of the research citing Dr.
Kletz work is shown in Fig. 8, with detailed information of the co-
citation clusters listed in Table 4. The modularity of the network is
0.8277, indicating a high quality of the clustering results. Two clearly
separated components are identified, with the cited references from the
smaller network on the right hand side having been published earlier
than the larger network on the left hand side. The reference clusters on
the left side hand point to Dr. Kletz’s main body of research focusing on
process safety. Key clusters here concern inherent safety, hazard and
safety evaluation, and accident investigation and analysis. This reflects
the more recent research of his followers addressing these topics. The
clusters on the right hand side is are associated with his earlier research
on infra-red spectra, which corresponds to the earlier research of his
followers. The selected key articles by his followers are listed in the last
column of Table 4. The mean year of publication of the references cited
by his followers confirms the evolution of the research dynamics as
earlier described.
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Table 3
References cited by Trevor Dr. Kletz’s followers
No.  First Year Sources Citations  Title phrase ~ Reference
author title
1 Kletz T. 1978  Chem 56 leak Kletz
Ind (1978)
2 Kletz T. 1997  Reliab 31 hazop Kletz
Eng Syst (1997)
Safe
3 Kletz T. 2003 Process 29 inherently (Kletz,
Saf safer design ~ 2003a)
Environ
4 Ashdown 1948  J Chem 19 infra-red Ashdown
A. Soc spectra and Kletz
(1948)
5 Kletz T. 1999  Process 19 Loss Kletz
Saf Prevention (1999)
Environ
6 Kletz T. 1947  J Chem 18 infra-red Kletz and
Soc spectra Price
(1947)
7 Edwards 1993  Process 18 inherent Edwards
D.W. Saf safety and
Environ Lawrence
(1993)
8 Kletz T. 2010  Process 17 inherently Kletz and
Plants safer design ~ Amyotte
u (2010)
9 Lawley H. 1974  Chem 17 hazard Lawley
G. Eng Prog analysis (1974)
10 GuptaJ.P. 2002  Process 16 Inherently Gupta and
Saf Safer Edwards
Environ Design (2002)

4. Conclusions

In this article, a literature analysis is performed of the work by one of
the most famous process safety pioneers, Dr. Trevor Kletz. By providing
insights in his career and the evolution of his research focus areas, the
aim is to help the process safety community, especially the early career
researchers understand and appreciate the work by one of the fathers of
the process safety domain. It is hoped that this can inspire young and
aspiring academics, while also highlighting the importance of a strong
connection between industrial practice and scientific work.

The analysis clearly shows that Dr. Kletz’s career can be divided into
two stages. The first stage spans the period 1944-1982, during which he
worked for ICI. After his retirement, in the period 1982-2013, he
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Fig. 7. Reference co-citation network of the publications of Dr. Kletz’s followers, indicating record with more than 15 citations
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Table 4

Information of main clusters of in the co-citation network of the work by Dr.

Kletz’s followers, clusters with at least 40 members shown

endeavoured into his second career as a researcher, writer, and lecturer
on process safety and loss prevention. Dr. Kletz was not only a knowl-
edgeable employee in the process industry, but became one of the

leading pioneers in the process safety research community. Bridging
industry and academia, he disseminated much of his knowledge to the

ID  Size  Silhouette  Mean LLR Selected citing

year papers

0 104 0.74 2003 inherent safety; fuzzy (Gentile et al.,
logic-based inherent 2003; Khan and
safety index; inherent Amyotte, 2003;
safety practice; inherent  Srinivasan and
safety index Natarajan 2012)

1 67 0.896 1955 n-terminal group; (Ramachandran
infrared spectra; amino et al., 1955;
acid Srivasta, 1970;

Ansari and
Srivastava, 1971)

2 53 0.985 1977 fault tree synthesis; (Barnwell, 1978;
designing safety; Martinsolis et al.,
ethylene plant 1982; Lovati,

1983)

3 52 0.984 1948 carboxylic acid (Bender, 1953;
derivative; addition Campbell et al.,
compound; infrared 1967; Lehenaff,
absorption spectra 1968)

4 49 0.89 1991 weighted hazard index; (Kletz, 1999,
comprehensive hazard Khan and Abbasi,
identification; safety 2001, Khan et al.,
evaluation 2001, Pekalski

et al., 2005)

5 49 0.898 2000 accident investigation; (Kletz, 2002a, b,
risk metrics; Johansen and
occupational safety Rausand, 2014,

Sousa et al.,
2014)

6 41 0.955 1944 aplikace infracervene (Luttke, 1951;
spektroskopie; Pliva, 1951)
ultrarotspektroskopie
als analytisches
hilfsmittel

7 40 0.812 2004 risk management; (Janosovsky
process safety; aspen et al., 2015; Khan
hysy; safety analysis et al., 2015;
automation Mannan et al.,

2015)

process industries, while producing very influential scholarly contribu-
tions, mostly rooted in industrial practice and based on actual needs.

As a process safety scholar, he was highly productive even at an older
age. He authored a very high number of articles, with 250 articles
downloaded from WoSCC. He published 37 papers during his career in
ICI, which accounts for 14.8%. Following his retirement from ICI, he
worked for different universities and institutions, and published 213
papers, accounting for 85.2%. Unlike other scholars, Dr. Kletz started his
full-time academic research career after he was retired at the age 60.
Apart from producing a high number of articles, he also published more
than 15 books as a scholar.

The reference co-citations network and research clusters of Dr. Kletz
show the intellectual basis and structure and evolution of his research.
The highly cited references within his research body are almost all from
his own publications, where especially the books he published on pro-
cess safety and loss prevention are a very important intellectual basis.
Other pioneers, for example Lawley H.G. and Gibson S.B. related to
hazard analysis, are also highly cited in his research. The clusters in the
reference network associated with his work shows that his research is
closely connected, with a focus on process safety related topics,
including pressure vessels, loss and accident prevention, and olefin plant
safety.

In order to obtain insights in the impacts on his followers, a total of
469 papers of his followers were collected from WoSCC. The most highly
cited publications cited by his followers are almost all Dr. Kletz’s
research papers, for example the highly impactful article ‘What you don’t
have, can’t leak’, which can be considered the original source of the
‘inherent safety’ concept. The clustered reference co-citation network of
the work by his followers shows that the largest connected network
primarily focuses on inherent safety, hazard analysis, accident investi-
gation, and risk management for process safety. The second largest
reference co-citation network of the work of his followers relates to his

earlier studies on infra-red spectra. Comparing Dr. Kletz’s reference co-
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citation network to that of the work of his followers, it is interesting that
both research bodies of knowledge are based on Dr. Kletz’s process
safety research, especially related to inherent safety and loss prevention.
However, while Dr. Kletz very frequently cited his own books, his fol-
lowers more frequently cited his scientific articles.

As shown through the various analyses, Dr. Kletz’s impressive aca-
demic contributions are very strongly rooted in his industrial experi-
ence. This is evident mostly because he relied heavily on his books as
knowledge base for his articles. These books were based on his own
experience from industry, and insights developed through discussions
with other process safety pioneers in intellectual exchanges at early
process safety symposia. It is hoped that Dr. Kletz’s example of academic
work rooted in industrial experience can inspire young graduates, also
aspiring academics, to pursue a career in industry to understand the
practices of process safety and the ongoing challenges. The example of
Dr. Kletz’s impressive career clearly shows that a strong industrial basis,
as well as a strong ongoing connection between industry and academia,
can lead to a very fruitful scholarly body of work, which furthermore
impacts industrial environments to this date.
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