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INTRODUCTION

HAZards and OPerability (HAZOP) study is a key

safety analysis technique used by chemical engi-

neers to identify and remove or minimize hazards
within a process, as well as improve process effectiveness
and efficiency.!""? In industry, a HAZOP study is conducted
by experienced engineers from different disciplines and ca-
reer backgrounds in a group setting that follows a systematic
manner to identify potential safety issues within a process.
The identified safety issues are then evaluated for their se-
verity and consequences to the process, with recommenda-
tions made regarding the process design as well as control
and operation to eliminate or minimize the safety risk.

An important feature of any chemical engineering degree
is the replication of a HAZOP experience for students as a
vital tool in achieving learning outcomes in understanding
process design, safety, and hazards considerations as well as
evaluation of design options to minimize or mitigate risks.>
In addition, the HAZOP provides students with the ability to
draw on all their acquired knowledge, adapting the present-
ed information to determine variation in operation status and
interpret qualitative process outcomes to identify risks. This
critical analysis has real-world relevance beyond a HAZOP
study ! However, most chemical engineering programs give
HAZOP a passing introduction, due to their complexity and
time-consuming nature.”®) Furthermore, a detailed HAZOP is
limited to senior/final year students due to the need for stu-
dents to have a strong grasp of many chemical engineering
concepts. As a result,a HAZOP is often added onto the cap-
stone design project subject within a chemical engineering
degree -9 taking advantage of the process design work un-
dertaken by the students and building on safety and hazard
learnings from prior subjects. In this manner, the students
undertake HAZOP meetings to review process design draw-
ings, control strategies, and operational procedures, using
defined protocols to methodically evaluate the potential for
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the process to deviate from standard design operations. For
those situations where deviation in operations is determined,
the students then evaluate the risk of occurrence, the conse-
quences of the deviation, and what actions might be taken
to prevent this situation from occurring. As a result, the stu-
dents take the HAZOP outcomes back to their design com-
ponents and improve their process to operate more safely,
replicating the actions arising from a real HAZOP.

Incorporating the HAZOP study as part of the capstone
design project does create challenges that differ from hav-
ing a dedicated HAZOP component in a prior subject.
This is because the design project subject is intended to be
strongly student driven, where students work in a team to
develop a viable process design that depends on the stu-
dents being self-motivated and having a major self-learning
component.® 7 Hence, undertaking a HAZOP in such an en-
vironment without prior knowledge of how to analyze pro-
cess designs for deviation from performance can lead to poor
safety understanding. Compounding this is the expectation
for students to self-organize unsupervised HAZOP meetings
in the tight timeframe and pressures of their design project.
One of the intended learning outcomes of HAZOP studies is
for all students to partake in the meeting and gain experience
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in the various roles, most notably chair and minute taker.
Since meetings are unsupervised, there is the real possibility
that certain students will not gain that experience. Unfor-
tunately, the time constraint of the capstone design project
as well as students being at different stages of their process
design relative to their group members have resulted in sev-
eral incidences where students mutually agreed not to hold a
team HAZOP meeting. Rather, the students have undertaken
an individual HAZOP of their own process, independent
of other students, and submitted the result in the form of
a standard HAZOP. This has meant the intended learning
outcomes have not been achieved and can represent signifi-
cant academic misconduct, given the students are in the final
subject of their degrees.

Hence, this study presents a HAZOP teaching module as
part of a design project capstone subject, designed to en-
sure that students achieved the study’s intended learning
outcomes, as well as a verification tool to establish that the
group work component has been undertaken. The purpose of
this study is to improve the teaching of HAZOP to chemical
engineering students and verify that the intended learning
outcomes are achieved for every student.

LITERATURE REVIEW

The teaching of HAZOP in the chemical engineering de-
gree has been a core component since the late 1990s, as-
sociated with the rise in HAZOP in the chemical industry.
1581 Professional organizations, such as the Institute for
Chemical Engineers (IChemE), have recommended institu-
tions incorporate HAZOP components into multiple subjects
in the degree as an approach to promote safety in design,
with the capstone design project being a core part of this
strategy. For additional learning there are also several short
courses focused on HAZOP run by professional organiza-
tions that provide training for various roles in the process
and the expectation of engineers undertaking a HAZOP.”!
The method in which HAZOP are presented to students var-
ies considerably across institutions, although the profession-
al organizations recommend that HAZOP teaching should
be conducted to mimic the real process, involving teams
of students. The great difficulty in teaching HAZOP is the
need for the students to have a strong grasp of design prin-
ciples as well as an understanding of the process unit(s) un-
der review. To facilitate the learning, some institutions have
developed animated teaching modules based around unit
simulations that enable students to explore the outcomes
of applying guidewords to process parameters, identifying
hazards that arise within the simulation. In particular, the
module developed at The Hong Kong University of Science
and Technology has been well received by both students and
educators.- 1 Similarly, the use of dynamic process simu-
lations has been applied at Singapore Polytechnic with the
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same outcomes. The purpose of these computer simulations
is to enable students to experience guideword outcomes and
the generation of unsafe and hazardous conditions in a pre-
established process. This combination of dynamic simula-
tions with HAZOP procedures represents a strong learning
tool for students.''! However, these education tools do not
replicate a real HAZOP, as an industry-based HAZOP has
project engineers discussing outcomes and recommenda-
tions based on detailed design drawings and their experience
without the presence of simulations tools. Hence, it is bet-
ter to provide students with access to industry experience in
hazard identification, which is achieved through mentoring
the students through the HAZOP process. This is the reason
why the teaching module presented here utilizes industry
consultants.

A major component of HAZOP is the group discussion,
as engineers raise points, analyze outcomes, critique re-
sponses, and approve recommendations among the group.
Students undertaking HAZOP as a group achieve the same
outcomes, as well as reinforce prior learnings and hold each
other to account.'> ! Efforts to ensure that students have
undertaken group work are limited in the literature, as most
groups submit a joint piece of work for assessment. In the
chemical engineering design project, students submit indi-
vidual reports for assessment but with some sections, partic-
ularly the HAZOP, completed via group work. Ensuring the
students have undertaken the work as a group is comparable
to detecting collusion among students, where in this case de-
tection ensures the learning objectives of the HAZOP have
been achieved. There are a range of software tools available
for the detection of plagiarism,'* but collusion is generally
harder to detect, as students rarely directly plagiarize each
other. For mathematical assessments, collusion is generally
identified through students providing the same answers in
assessments as well as the same, or similar, procedure in
deriving the answer.'> For written assessments, collusion is
generally identified through similar turns of phrases and ref-
erences that are identified by educators. These distinguishing
patterns in students’ work can be quantified through various
algorithms that scan student assessments for patterns.!'s:!”
For a HAZOP, because of the specific nature of the activ-
ity, a more robust method of comparing students’ reports is
needed. Taking advantage of the HAZOP tables generated
during the meetings can demonstrate group discussion and
involvement.

RESEARCH DESIGN

The research objective is to evaluate the success of a dedi-
cated HAZOP teaching module in achieving better safety
in design outcomes as well as ensuring that students under-
take all tasks associated with HAZOP learning. Strategies
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to ensure students undertake unsupervised HAZOP meet-
ings are presented, with evaluation and commentary on their
success. This verification tool, based on Zipf’s law, enables
educators to evaluate the reporting of HAZOP to determine
if the work had been undertaken in a group forum. As such,
the outcome of applying this analysis to student HAZOP re-
porting is provided with the objective of demonstrating the
validity of the technique.

Intended Learning Outcomes (ILOs)

A design project capstone subject has many ILOs. These
focus on students conducting process development and
design, technology assessment, and integration; handling
poorly defined design briefs in terms of process and tech-
nology options; and confirming final product state and pu-
rity. The specific ILOs associated with the HAZOP teaching
module within the design project are as follows:

e carry out a preliminary HAZOP on specific process
unit operations, as part of a team.

e conduct the roles and responsibilities of a HAZOP
chairperson and team member.

* undertake the safety problem identification of unit
operations.

e formulate a number of safety solutions for the identi-
fied problem.

e identify the most appropriate safety solution to imple-
ment.

* demonstrate independent thought and self-directed
learning.

*  conduct group critical thought with rational inquiry.

The objective of these ILOs is to ensure students gain a
critical understanding of their process technology and iden-
tify unsafe and hazard operating conditions, resulting in the
students evaluating the best solution to prevent or correct the
situation. Students generally have a strong understanding
of their process equipment and design prior to the HAZOP
meeting, in part due to the wider design project require-
ments.?! However, students generally struggle with formu-
lating solutions to prevent hazard situations, in part because
there are many potentially correct solutions, resulting in stu-
dents over-designing their process and control schemes.

HAZOP Teaching Module

The HAZOP teaching module is run over a one-week pe-
riod, during a 12-week semester. The module is generally
conducted in week nine of the semester, when students have
completed their detailed process and equipment design, de-
signed their process control strategies and operating proce-
dures, and constructed their piping and instrumentation dia-
gram (P&ID). Hence, the timing of the module is chosen to
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provide guidance to students in the week before it is antici-
pated that they will need to conduct their HAZOP meetings
(generally week ten). In this manner, the information is fresh
in students’ memories and easily referred to. Further details
about the overall design project capstone subject structure,
topic breakdown, and assessments can be found in the fol-
lowing reference.”!

Lecture. The module starts with a 1-hour lecture that
introduces the students to the general hazard aspects of a
chemical process and what sections chemical engineers are
responsible for in any plant relative to other types of engi-
neering (e.g., mechanical and electrical). The lecture high-
lights major chemical plant incidents that have led to loss
of life (e.g., Texas City refinery explosion and the Bhopal
disaster), illustrating the consequences of failure to contain
those hazards. Students are introduced to the difference be-
tween an accident and an incident, the importance of iden-
tifying the initiating event or circumstance, and following
the chain of consequences. Concepts of safety in design are
then presented in detail around accident prevention through:

e change in design

e change in process materials
* change in process conditions
e change in operation method

* improvement in integrity of safety systems

Major hazards with lower probability of occurring but with
catastrophic consequences are discussed in terms of loss of
containment and loss of control. This highlights equipment
operating outside of design conditions, inventory overflow/
underflow, incorrect operation, and loss of process control,
topics that the students will encounter during their HAZOP.
Other hazards with higher probability are also introduced,
but due to lecture time limitations are not presented in detail.

Safety in design and the hierarchy of protection for design
equipment (Figure 1) are then further reinforced, building on
a teaching module undertaken earlier in the students’ degree
that looked specifically at process design. The importance of
passive safety design is discussed because from experience,
students favor active safety design; that is, students are more
likely to address a HAZOP deviation through process con-
trols, alarms, and shutdown systems rather than incorporate
a passive design approach.

The HAZOP sequence is then introduced through the de-
termination of a node around sections of a P&ID, the ap-
plication of guidewords to process parameters, examination
of possible causes, examination of consequences, listing ex-
isting safeguards, deciding upon actions, recording discus-
sion, and decisions. The students are then shown a standard
HAZOP meeting reporting table (Figure 2) that clearly has
the guidewords present as well as the necessary divisions to
answer because of considering those guidewords.
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Relief
Valves

Shutdown
Systems

Alarms and Operation

Intervention

Control Systems
(Temperature, Pressure, Level, Flow)

Normal Operation

Figure 1. Hierarchy of protection diagram used in the HAZOP teaching module.

The lecture closes with a simple and
short class exercise of a HAZOP on a
steam-oil heat exchanger to demon-
strate how nodes are chosen, the appli-
cation of guidewords to the respective
nodes, and process changes because of
the outcomes (Figure 3). The timing
of the lecture is based on introducing
HAZOPs and highlighting their impor-
tance in industry (10 minutes), followed
by the safety in design (10 minutes) and
the HAZOP sequence (20 minutes). The
simple HAZOP exercise closes out the
lecture and generally takes ~20 minutes,
dependent on the amount of student en-
gagement. The lecture links the ILOs
on carrying out a preliminary HAZOP,
the roles and responsibilities of HAZOP
team members, safety problem identifi-
cation, and formulation of solutions.

Supervised Group Workshop. To fol-
low up the lecture, each student design
group spends 30 minutes in week nine
of the semester with an industry consul-

HAZOP Report Sheet

| Project:
Design Intent:
Drawing No:

Date:

Leader - |

PRESENT:

Page: 1 of

Line No:
Hazop Acti

Hazop No:

Complet

Sign Indicator

Date

Hazop Leader:

Process Area/Department Manager

#

Deviation

Possible
Causes

Consequences

Safeguards

Action R

t Comments

Overview

Flow

High

Flow

Low/Zero

Flow

Reverse

Pressure

High

Pressure
Temperature

Low
High

Temperature

Low

Impurities

Composition

Instruments

Testing
Startup checks

Operability

Electrical

Materials

Reliability/ Simplicity

Commissioning/Startup

Breakdown, shutdown

Services

Effluent
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Figure 2. Example HAZOP meeting reporting table.
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Figure 3. Example a simple HAZOP on an oil-steam heat exchanger P&ID.

tant to develop the HAZOP learnings further. Student groups
consist of four or five students. The industry consultants are
engineers who have experience and knowledge of the stu-
dents’ design topic. The consultants are paid for their time
and specifically chosen for their knowledge of the design
topic and process units under consideration. The consul-
tants generally have at least ten years of industry experi-
ence, though some are semi-retired. This consultant session
is part of the standard design project teaching, in that each
student group must meet at least once a week with an ad-
visor who helps them with their process design and works
through problems with them.’®) However, in week nine the
consultant session is a workshop focused specifically on the
HAZOP and working through a mock meeting for one of
the students’ P&ID. The following key objectives must be
achieved in this workshop:

e identification of nodes around a process P&ID
e establishment of an order of nodes to consider

e presentation of the control strategy and operational
procedure for Node 1 by a designated student

e consideration of at least two parameters and all the
guidewords for those parameters

The purpose of the consultant workshops is to give each
student team a realistic experience of conducting a HAZOP
guided by an industry advisor so that they understand the
level of analysis needed for each parameter and guideword.
This workshop also helps the students establish the likeli-
hood of a safety issue and its possible consequences. The
workshops are limited to only 30 minutes due to time and
budget constraints, and it is not the expectation that the
industry advisor will run the students’” HAZOP for them.
Rather, the role of the industry advisor is to talk the students
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through the potential for each parameter HAZOP guideword
to occur, the possible causes, and resulting consequences,
indicating the level of detail and analysis required as well
as possible actions available. Guidewords include no or
not, other than, more, early, less, later, reverse, etc., which
are associated with the various parameters of the node. The
workshop addresses the ILOs on identification of safety
problems, formulation of safety solutions, and determin-
ing the most appropriate solution to implement, as well as
reinforcing the ability to carry out a preliminary HAZOP.
These are ensured through the discussion led by the industry
consultant, who is instructed to cover these ILOs, with flex-
ibility in the timing dependent on the student group’s ability
to achieve the individual ILOs in the session.

Student HAZOP Meetings Requirement and Reporting.
As stated, the student groups are expected to self-organize
their own HAZOP meetings and run them independently of
the teaching staff following their supervised group work-
shop. The number of meetings is up to the students, but the
group must ensure that each student fulfills the required
roles and that all major process designs of the team have had
a successful HAZOP undertaken. Generally, the students
require a meeting per team member (e.g., four). To verify
this has occurred, the students are asked, for each P&ID, to
allocate a session chair and minute taker, and neither role
can be filled by the student who designed the process under
consideration. It is also expected that each student has a turn
at being a session chair and minute taker, with the latter role
being responsible for filling out the HAZOP meeting report
table for the specific P&ID during the meeting. The students
are then required to submit as part of their final design report
the HAZOP reporting table of their specific process as well
as the minutes of the meeting which they chaired.
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An example of student
HAZOP meeting minutes is
provided in Figure 4 with
the student names redacted.
This enables comparison of
student design reports, exam-
ining the HAZOP outcomes
for their process as well as
what is stated in the minutes

. Agenda:
of the student who chaired 1.
their process. This verifica- 2.
tion tool establishes that the 3.

student groups have under-
taken a HAZOP meeting. The
HAZOP reporting is designed
to ensure that ILOs on formu-
lation of safety solutions and
identification of the most ap-
propriate safety solution have
been achieved. In addition,
this tool verifies that the ILO
on roles and responsibilities
have been undertaken by all
students and confirms that
independent thought, self-
directed learning as well as
group critical thought ILOs
have been met. These are cor-
roborated through the min-
utes and the linking of the
students’ discussion among
themselves and the deci-
sions presented with the final
HAZOP outcomes presented
in their reports.

HAZOP Examples

HAZOP Meeting Minutes

Attendees: [Students’ Names]
Designer: [Student Name]

Date: 21/10/20

Time Commenced: 15:00 PM
Time Ended: 18:00 PM

Unit: Recrystallization: Crystallizer

Alterations to existing P&ID:

Recommendations by team to consider:

[Student Name] explaining operation, existing process controls and nodes to team
HAZOP analysis of each node
Discussion of alterations and possible recommendations to minimize hazards in P&ID

Include fall close/open and reducers on all control valves

Change CIP gate value to ball valve

Include legends and notes in the P&ID

Include a motor speed indicator as well as a motor stop alarm (MSA) in case motor fails
Add manual globe valve to saturated steam stream for start-up and shut down purposes
Ad flow transmitter and indicators to inlet feed streams to monitor flow from upstream
process units

Add pressure and temperature transmitter to saturated steam stream to monitor quality of
steam from boiler process unit

Incorporate surge control for outlet product stream pump to prevent the possibility of high
pressure resulting in deviations of downstream flow

To ensure riboflavin crystals produced are within the desired quality, consider adding a
sample point at the outlet product stream for operators to retrieve crystallizer sample
Remove the current guided wave level transmitter — place with the conventional displaced
level transmitters as the HCI content in the solution may corrode the probe

Venting of the crystallizer should be directed to a safe place just in case any HCl escapes
Removal of flowrate control loop in the inlet to the crystallizer as well as for the deionized
water as process is operating in a batch

Figure 4. Example of student HAZOP meeting minutes, which is separate from

the HAZOP reporting table.

ILOs had been achieved. The industry consultants also re-
marked that the level of safety issue identification, discus-

The HAZOP teaching module has been applied over
the past three years for several design project topics. The
students submit their detailed design reports as individual
assessments, with the HAZOP component included as
a chapter in that report. The information provided in that
chapter includes the group work component of the generated
HAZQP reporting tables, marked-up P&IDs, and the min-
utes of the HAZOP meetings. Alongside this, the students
provide an individual written component that describes the
HAZOP outcomes for their individually designed major pro-
cess unit and how the HAZOP has improved the safe opera-
tion of that unit.

The HAZOP meeting minutes (Figure 4) produced
HAZQP tables and a written section on HAZOP in the stu-
dents’ final reports that demonstrated the teaching module
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sion, and analysis along with decisions improved notably in
the years when the teaching module had been implemented.

Zipf’s Law Analysis

To verify that student groups have undertaken a group
HAZOP, rather than individually, an additional verifica-
tion tool was applied: Zipf’s law distribution analysis.!'®
This law states that the frequency of any word is inversely
proportional to its rank in a frequency table, and the law is
associated with quantitative linguistics.'*?? Essentially for
any given body of written work, irrespective of language,
the most frequent word will occur by some factor more often
than the second most frequent word, which in turn will occur
by the same factor more often than the third most frequent
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word and so on. This establishes an inverse power law based
on ‘r’th most frequent word having a frequency f(r) given by

1
f(r) OC—a (D
r

where ‘a’ is the power law exponent. For very large docu-
ments, ‘a’ approaches one and essentially demonstrates that
the most frequent word is present at twice the rate of the sec-
ond most frequent word and so on. For smaller documents ‘a’
varies dramatically but can be used to compare documents
and establish fraudulent situations.!': 2! This approach
has been utilized here for analysis of the HAZOP reporting
tables for students from the same group to help evaluate if a
group HAZOP has been undertaken or students have instead
done an individual HAZOP on their own process. The logic
is straightforward; in a group environment the same key
phrases will be used by students to describe outcomes from
the guidewords, irrespective of the drawing under consider-
ation.? These phrases are entered into the reporting tables
for possible causes, consequences, safeguards, outcomes,
and actions required for the various P&IDs and therefore the
frequency of words will be very similar and specific words
will dominate. As a result, the Zipfian frequency distribution
would be very similar between the reported HAZOP report-
ing tables, denoted by the exponent ‘a’ and most frequent
words used. Conversely, when students undertake HAZOP
individually, there is not the same discussion and collabora-
tion, and hence the resulting Zipfian frequency distribution
may not be similar. The value of the Zipf’s Law analysis is
that it presents a rapid quantitative measurement of students’
work in evaluating teamwork objectives and outcomes, rath-
er than relying on educators’ comparative judgement from
reviewing reports.

It should be highlighted that the Zipf’s Law analysis can
only be applied to the HAZOP reporting table that is estab-
lished during the HAZOP meeting and therefore written in a
group environment. Additional discussion about the HAZOP
undertaken by students, for example, describing the changes
to the P&ID they have made because of the HAZOP should
not be considered as this represents individual student work.
Similarly, correlation does not equal causation, and a dif-
fering Zipfian frequency distribution does not in itself in-
dicate that a student(s) undertook the HAZOP individually
nor committed academic misconduct, but it does provide
grounds for further investigation.

RESULTS AND DISCUSSION

Student Grades

The successful implementation of the HAZOP teaching
module can be seen in the improvement in students’ grades

Vol. 57, No. 1, Winter 2023

allocated to that section of the design project report after the
module was introduced. These reports are graded indepen-
dently every year and are given the following weighting for
the various components:

* node determination on P&ID (10%).

e consideration of parameters, guidewords, and causes
(20%).

* identification of parameters, guidewords, conse-
quences, and actions (20%).

* determination of action items, including justification
for refuting actions arising from guideword conse-
quences (20%).

* evidence of change to process design, P&ID, con-
trol scheme and operating procedure because of the
HAZOP (20%).

e  successfully chairing a HAZOP meeting (10%).

This weighting strongly favors consideration of the guide-
word causes, consequences, and actions, as these demon-
strate critical thinking in the students and a deep under-
standing of their process designs. The subsequent HAZOP
grade distribution of students is provided in Figure 5, with
a distinction between those students from years who did not
undertake the HAZOP teaching module (six years of data)
and those students who did (two years). There is separation
in their performance, with the student cohort that undertook
the HAZOP teaching module achieving higher grades (aver-
age of 77) than the student cohort that did not (average 71),
with a less-distributed grading profile. The influence diffi-
culty in design had on grade outcome was not considered a
factor, as each student over the eight years of data designed
for a unique process unit, and such variability in difficulty
will average out in the large student cohort analyzed. The
industry consultants holding a dedicated HAZOP meeting
with the students, as part of the teaching module, was a large
factor in the students’ improved performance; however, in-
dustry consultants were also used for the student cohort that
did not undertake the teaching module. Hence, the imple-
mentation of a dedicated meeting was the key component,
rather than the presence of industry consultants. Direct feed-
back from the students on the HAZOP teaching module was
not forthcoming in the university subject experience survey,
which is conducted at the end of semester. Rather, students
commented upon the overall teaching of the capstone design
project subject, and therefore no impartial independent as-
sessment of student opinions can be presented.

The markers of the student design reports provided feed-
back on the improvement in the HAZOP conducted by the
students, in terms of the procedure presented by the students
being more aligned with industry standards and the level of
hazard analysis being comparable to graduate engineers.
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or action items. Hence, the Zipf law anal-
ysis was limited to the first ~40 words of
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the HAZOP reporting table for comparison
purposes.

To verify that Zipf law analysis can be
used to assess group work in a HAZOP set-
ting, two examples are provided in Tables
1 and 2 of a student group of five members
and a group of four members who under-
took HAZOP meetings observed by the
author. It can be seen within each group
that individual student’s HAZOP report-
ing tables have ‘a’ exponents that are very
similar, while the exponent between the
two groups is different. Statistical analysis
of students Zipf distribution exponents in-
dicate student members within both groups
are well correlated. This outcome is further
supported by the predominance of the first
three-word rankings from their HAZOP
tables, with students demonstrating similar
words and their ranking within both groups.
Note, because the HAZOP tables are gener-
ally written in short statements rather than
100 full sentences, common grammar articles
that would generally dominate a Zipf distri-
bution are present at higher word rankings.

Figure 5. HAZOP grades as a function of the student cohort who have under-
taken the HAZOP teaching module (bars) and the previous years’ student cohort

who have not (solid line).

Verification of Zipf Law Analysis

The Zipf law analysis of the students’ HAZOP is a tool to
verify that group work has been undertaken, as the under-
lying words and phrases used by the students are recorded
in the resulting HAZOP reporting tables. Deviations in the
Zipf law analysis between student members, in terms of the
‘a’ exponent and words most frequently used, may be an
indication that students did not undertake the activity as a
team. The analysis of HAZOP reporting tables first requires
verification that the word frequency arising from the meet-
ings follows a Zipf law’s distribution, which is illustrated in
Figure 6 for an example of a student’s reporting table. For all
student HAZOP tables, the word ranking and corresponding
frequency strongly follows a power law distribution for the
first ~40 words present within the reporting table, with an
exponent of 0.595 determined for the example provided in
Figure 6. The distribution does break down at larger word
rankings, due to the HAZOP table being a brief document
that has a lot of designation words, such as valve number-
ing, that are only used a few times in causes, consequences,
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Further verification of the approach is
demonstrated by student groups that were
known to the author not to have conducted
a group HAZOP meeting, with Tables 3
and 4 providing the outcome of Zipfian dis-
tributions for two groups of five students,
where the fifth student (E), due to special consideration, was
granted an exemption to undertake their HAZOP individu-
ally separate from their group. For both groups, it can clearly
be observed that the fifth student’s HAZOP Zipf exponent
differs from the other four students in their group. In Table
3, Student E’s exponent is 0.612, compared to an average
of 0.44 for the four students who undertook the HAZOP
as group, which corresponds to student E’s exponent be-
ing 530 from the group’s mean. In Table 4, Student E’s
exponent is 0.934, compared to the group’s mean of 0.46,
which is 140 from the mean. These results indicate there is
a statistically significant deviation in the Zipfian distribution
for the student (E) who conducted their HAZOP separately
from the group work. This is further supported by the
prevalence of keywords in the distribution ranking, with the
student (E) not sharing similar words with the other students
in both tables.

A third example of a group not undertaking a combined
HAZOP meeting is provided in Table 5, where a group
of four students needed to be split into two groups of two
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Figure 6. Example of a Zipfian distribution analysis of a student’s HAZOP reporting table.

TABLE 1
Zipf distribution analysis of student group observed to undertake
a HAZOP meeting in person.

Student A B C D E
Exponent ‘a’ 0.308 0.350 0.358 0.380 0.370
1st Word None None Flow Control Low
2nd Word Same Same Low Flow None
3rd Word Pressure | Temperature | Temperature Low Temperature
TABLE 2

Zipf distribution analysis of student group observed to undertake
a HAZOP meeting in person.

Student A B C D
Exponent ‘a’ 0.443 0.437 0.407 0427
1st Word Pressure Pressure Regular Flow
2nd Word Flow Flow Maintenance Operation
3rd Word Add Add Pressure Maintenance
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students midway through the se-
mester due to antisocial behavior
among team members (A and B
separated from C and D). The re-
sulting Zipf analysis indicates that
A and B students have very simi-
lar exponents and key words, im-
plying that they worked together
on their HAZOPs. In contrast, C
and D students have different ex-
ponents from each other and from
students A and B. This demon-
strated that the two student groups
split from the original group pro-
duced different HAZOP phrases
from each other, even though they
were analyzing the same overall
process. Furthermore, the expo-
nent difference between C and D
students suggest they undertook
their HAZOP individually. This is
supported by the lack of keyword
similarities between students C
and D.

An example of Zipf’s law ex-
posing HAZOP academic mis-
conduct is provided in Table 6
for a group of five students who
have very different exponents
that lack statistical similarity, and
the keywords differ significantly
among the five students. When
approached by the author, these
students admitted to having un-
dertaken their HAZOP individual-
ly, with no input from their fellow
team members, due to time limita-
tions during their design project.
Hence, this outcome demonstrates
that Zipfian distribution analysis
can be applied to chemical engi-
neering student HAZOP meetings
reporting as a tool to verify group
work has been undertaken and
ILOs achieved. However, before
Zipfian distribution analysis can
be widely adopted as a verification
tool, more statistical analysis must
be undertaken on a large data set
of HAZOP reporting tables so that
the level of deviation in exponent
and keyword distributions that in-
dicate individual rather than team
activity can be identified.
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TABLE 3

Zipf distribution analysis of HAZOP reporting tables for a student group
where student E undertook their HAZOP separately as an individual.

Student A B C D E
Exponent ‘a’ 0.427 0.488 0419 0.424 0.612
Ist Word None Pump Fermenter | Stream | Required
2nd Word Pump Installed | Control | Control Action
3rd Word Control Control None Loop Pipeline
TABLE 4

Zipf distribution analysis of HAZOP reporting tables for a student group
where student E undertook their HAZOP separately as an individual.

Student A B C D E
Exponent ‘a’ 0.500 0.477 0422 0.459 0.934
1st Word Control See Flow See High
2nd Word See High See Level Gas
3rd Word Pressure Reflux High Pressure | Alarms
TABLE 5

Zipf distribution analysis of HAZOP reporting tables for a student group
where students A and B were instructed to work separately from students

who conducted the activity individually.

C and D.
Student A B C D
Exponent ‘a’ 0.408 0.352 0.129 0.611
1st Word Pressure Indicator Closed None
2nd Word None Flow Required Valve
3rd Word Indicator None Flow Pressure
TABLE 6

Zipf distribution analysis of HAZOP reporting tables for a student group

Student A B C D E
Exponent ‘a’ 0.498 0.470 0.241 0.305 0.616
1st Word Control Required Air Valve None
2nd Word | Temperature |  Action None None Pipe
3rd Word None Water Installed | Flowrate | Boiler
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Implementation of Zipf Law
Analysis

There exist freely available algorithms
that will construct Zipf law distributions
for written text that can be utilized for the
analysis presented here. These algorithms
are generally associated with the market-
ing industry rather than engineering but
have reasonable compatibility with engi-
neering text, based on the author’s expe-
rience. These algorithms can readily be
adapted to analyze student reports, but
linking the HAZOP text with the under-
lying code and presenting the resulting
distribution will require an interface to
be constructed. For the analysis present-
ed here, this was achieved by the author
through their own code. The comparison
of the Zipf law exponent and distribu-
tion table will be the task of the educa-
tor, as the data set is not sufficiently large
enough to quantitatively establish when
individually HAZOP have been under-
taken. Ideally, Zipf law analysis will be
implemented in academic software, such
as Turnitin™, that is already designed to
detect academic misconduct, such as pla-
giarism. These software tools access large
databases of student work and therefore
can more readily construct Zipf distribu-
tion parameters and identify deviations
from them. This will bring additional
utility to these software packages, as Zipf
law distribution can be another technique
to identify collusion among students,
which for many assessment situations is
serious academic misconduct.

CONCLUDING REMARKS

The teaching of HAZOP principles to
chemical engineering students is a vital
component of their degree, and the teach-
ing module presented here focuses on
ensuring that the ILOs are successfully
implemented. The outcome is chemical
engineering graduates who better un-
derstand HAZOP and the importance of
hazard analysis and safety in their profes-
sion. A key component is the incorpora-
tion of the HAZOP into the design project
capstone subject of the students, taking
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advantage of their considerable prior design work and un-
derstanding of their process. The combination of a lecture
followed up with a workshop supervised by an industry ad-
visor ensures the students gain a greater understanding of
HAZOP requirements, as evidenced by an improvement in
the students’ grades for this component of their design proj-
ect. The expectation for students to conduct their HAZOP in
a self-organized group setting does present a challenge for
educators, especially in identifying that all ILOs have been
achieved. There is a tendency for students to avoid group
work and undertake the HAZOP as an individual if they are
under time pressures or are behind fellow group members
in the progress of their section’s process design. Hence, this
prevents the full learning associated with HAZOPs from be-
ing achieved. However, to prevent an individual HAZOP,
it is necessary to confirm collusion among the students in
their presented reports. The Zipfian distribution analysis of
HAZOP reporting tables arising from students’ meetings
represents a verification tool that can be used to establish
that a group HAZOP has occurred. The frequencies and
specific words between student members’ HAZOP tables
result in similar Zipfian distributions and therefore presents
a method to establish that the students worked together as a
team on their HAZOP. Student reporting tables that deviate
from their fellow group members under Zipfian analysis may
indicate that a group HAZOP was not undertaken. Instead,
students undertook the process in smaller groups or as indi-
viduals. This is the first verification tool tested for student
HAZOP analysis and presents a new approach to analyze
student group work, when one of the ILOs is group critical
thinking and student-led self-learning. However, more sta-
tistical analysis of a larger data set of student HAZOP needs
to be undertaken to establish the parameters that can be used
to verify the difference between a group and individual out-
come. To conclude, the teaching of HAZOP ILOs to students
is of vital importance for the profession, and verification that
students have learned these ILOs is an ongoing challenge
to educators. The teaching module and Zipfian distribution
strategy presented are procedures to achieve this objective.
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