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Exploring Student Decision Making Trends in Process Safety
Dilemmas Using the Engineering Process Safety Research
Instrument

Background

Chemical industries have shown a long dedication to process safety because of the severity of
accidents that can impact plants when a process safety incident occurs 2. The scope of
aftereffects of process safety incidents can range from environmental degradation? to injuries
and fatalities*, and to industrial financial losses>®’. In response to and in prevention of these
incidents, companies continue to implement a variety of process safety strategies.

Process Safety Strategies

Chemical industries have a tendency to approach process safety through a combination of two
primary strategies: prevention through design (PtD) and decision making. PtD anticipates
hazards and responds with designing solutions to mitigate those risks®. PtD encompasses a
variety of safety techniques such as personal protective equipment (PPE), proper ventilation,
explosion proof equipment, and sprinkler systems®. However, the effectiveness and capability of
PtD is contingent on process safety decision making®. For example, in 2012 plant operators at
the Chevron Refinery in Richmond, California identified a hydrocarbon process fluid leak. Plant
assessment teams decided to resolve the leak with a repair clamp as the pipe could not be
isolated without halting operations. To find the exact leak location, the Chevron Fire
Department peeled away aluminum insulation from the pipe. In doing so, the leak rate
accelerated, and a white hydrocarbon vapor cloud evolved and soon erupted. In this scenario, the
PtD strategy was to tour the plant for defects which was successful in identifying the leak.
However, the decision was made to continue operating the plant while the leak could not be
isolated; this decision resulted in a disaster where 19 firefighters were in the proximity of a
potentially fatal explosion®. Although PtD may be a successful strategy, human decision
making will limit its effectiveness.

Ness represents the relationship between PtD and decision making with the “Swiss cheese”
model. Each slice of cheese is a method of incident prevention, and each hole in the slice
represents a poor decision. The potential alignment of the holes indicates where a failure might
occurt!, For example, Exxon Mobil’s Baton Rouge refinery suffered an alkylation unit fire in
2016 as a result of a series of poor decisions. The refinery management did not supply plant
operators with written procedures to work around a malfunctioning plug valve gear box; in
addition, the refinery’s safety culture embraced maintenance personnel disassembling the
gearbox to manually open the valve contrary to protocol*2. The combination of two or more
errors, such as in this instance, demonstrate how the Swiss cheese model can be applied to
process safety strategies. Since poor decision making can inhibit the benefits associated with
PtD, this paper will focus on decision making.



Process Safety Instruction

In 1984, the Bhopal Disaster in India® shook industry leaders and educators of the American
Institute of Chemical Engineers (AIChE). To mitigate these types of disasters, AIChE developed
the Center for Chemical Process Safety (CCPS) for manufacturers and government agencies to
share guidelines and process safety methods**. In addition, AIChE expanded into institutions
through the development of the Safety and Chemical Engineering Education (SAChE) group in
1992 which offers free resources to any AIChE member®®. This program provides a variety of
online process safety courses, ranging in difficulty and form, such as presentations, readings,
and videos. The use of these resources is often encouraged as a supplement to a student’s pre-
established institution’s curriculum. Despite these early strides, as of 2009, only 25% of
universities implemented process safety into curriculum?®. After investigating the T2
Laboratories, Inc., chemical explosion, the Chemical Safety Board (CSB) recommended that
ABET begin coordinating with AIChE so accreditation would require hazard education!’; these
requirements were added by 20108, Today, ABET’s desired student outcome item 2 in the
2019-2020 accreditation criteria for engineering states, “students should have an ability to apply
engineering design to produce solutions that meet specified needs with consideration of public
health, safety, and... environmental... factors™?®.

Engineering curricula are already constrained with expectations and deliverables, so it is
difficult to add an entire course dedicated to process safety without further condensing other
core courses?’. Alternatively, process safety can be distributed as a recurring theme in other
courses, as an additional module to a current course®, or as co- or extra-curricular content®,
Outside of the classroom, SAChE offers Process Safety Certificates which can be achieved
through online modules and quizzes®®.

In addition to process safety requirements, ABET’s desired student outcomes item 4 states, “an
ability to recognize ethical and professional responsibilities in engineering situations and make
informed judgments, which must consider the impact of engineering solutions in a global,
economic, environmental, and societal context”®1°; institutions often address this outcome by
including an ethics based course or distributing the topic into other courses. In the context of
process safety, this training is critical in regard to ethical dilemmas observed and discussed in
industry. Although integration of ethics and process safety instruction is common, most often
these units do not place a particular emphasis on the decision-making process and where issues
may occur that could detriment proposed safety strategies. This paper will seek to better
understand how students approach these decisions within a process safety context.

Research Questions

The purpose of this work is to determine how senior chemical engineering students approach
process safety dilemmas and whether they find specific types of dilemmas to be more
challenging for decision making than others. In addition, this work will explore the effects of
process safety curriculum on how students respond to the same dilemmas. The formal research
questions guiding this work are:



1. What types of process safety ethical dilemmas are the most difficult for students to
determine a course of action?
2. How does course instruction in process safety affect decision making approaches?

Methods
Study Design and Data Collection

During the 2019 spring semester, the Engineering Process Safety Research Instrument (EPSRI)
was distributed to 274 senior chemical engineering students from eight ABET-accredited
institutions; the breakdown by institution is shown in Table 1. The instrument was administered
electronically as either an in-class or homework assignment within a senior level course.

Table 1. Distribution of EPSRI Survey Responses based on Institution.
Institution 1 2 3 4* 5* 6* 7* 8*

N (Total 274) 6 53 3 69 97 18 17 11

Institutions with an asterisk provided details regarding their process safety and ethics
curriculum.

The second portion of the study investigated the relationship between an institution’s curriculum
and the students’ responses on the EPSRI. To understand an institution’s curriculum, a survey,
supplementing the EPSRI, was distributed to identify core courses and methods used to
specifically teach process safety and ethics. Of the eight institutions who participated in the
EPSRI study, only five institutions participated in the survey which are marked with an asterisk
in Table 1. This survey specifically sought to obtain information on the following:

e Use of classroom discussion on process safety
e Whether an engineering ethics course was used or a generic ethics course
e Use of a dedicated process safety course versus implementing process safety as a module

Engineering Process Safety Research Instrument

The design of the EPSRI is based on the Defining Issues Test 2 (DIT2)?32® and utilizes levels of
moral reasoning described in Kohlberg’s theoretical framework?’. The goal of the EPSRI is to
investigate how senior chemical engineering students approach process safety decision making
and the level of moral reasoning which they apply when making these decisions. Similar to the
DIT2, the EPSRI has students respond to five ethical dilemmas; however, the EPSRI’s
dilemmas were specifically designed around process safety incidents, such as those published by
the CSB, and were reviewed by chemical engineering educators and researchers and industry
professionals for content validity?®. Table 2 provides an overview of each dilemma to illustrate
the diversity of process safety dilemmas within the EPSRI. Students are asked to respond to
each dilemma by selecting one of three options. Two options are potential solutions to the
dilemma; the third option is “Can’t Decide”. After selecting an option for each dilemma,
students are asked to gauge the importance of considerations relative to their decisions. There



are 12 to 15 of these considerations per dilemma, and they are mapped to Kohlberg’s levels of
moral reasoning?. Although the EPSRI collects data on students’ ratings and rankings of
considerations, only the responses to each dilemma were analyzed as part of this study.

Dilemma

Table 2 Summary of dilemmas in the EPSRI

Summary

The participant is a design engineer in charge of replacing hoses carrying a dangerous
chemical. They must decide whether to use an inexpensive hose that requires monthly
replacements, or an expensive hose that requires annual replacements.

The participant is an engineer for the gasoline industry working at a plant in the suburbs of a
city. A hurricane is forecasted to strike their chemical plant, and they must decide between
soliciting volunteers to manage the plant or relying on plant safety structure.

The participant is a recent graduate working at a start-up company. On the first day of the job,
they witness a leaky valve and are told by a senior engineer not to report it. They must decide
whether to report the leak to the manager or follow the engineer’s suggestion and ignore it.

The participant is an operator at an oil refinery and a hazardous chemical pump valve
malfunctions while in the middle of a process.The test taker must decide between contacting a
supervisor before proceeding or dismantling the top portion of the valve in order to complete
the task.

The participant works as R&D in a small company that relies on an environmentally unfriendly
additive for production and must decide whether to research a replacement chemical or to
warrant that the company’s usage of the additive is insignificant enough to damage the
environment.

Data Analysis

The first research question investigated what types of ethical dilemmas were most difficult for
students to reason through. We selected to analyze at the dilemma level as each situation
provided a unique context for students to reason through what should be done to ensure process
safety principles were followed. We also selected to look at the variability in students who
selected the option of “Can’t Decide” in comparison to those who were able to make a final
decision selection of “Option A” or “Option B”. The rationale behind this data analysis decision
was to look for areas where students may have struggled with selecting one option or another.
Although two options were provided to each dilemma, the option choices didn’t always



specifically align with an existing ethical theory making it difficult to perform comparisons on if
students were favoring one ethical approach to decision making over another. Choosing the
Can’t Decide option is interpreted as potentially being an acknowledgement of complexity since
students couldn’t clearly select one alternative or another. The number of students who selected
Option A or B were tallied together and compared to the number of students who selected Can’t
Decide. A Chi-Square test was used to find if there were any statistically significant differences
between the proportion of students selecting Option A or B in comparison to those that selected
Can’t Decide between pairs of dilemmas. As multiple comparisons were being made, each p-
value was adjusted using the Bonferroni factor to eliminate the increased probability of false
positives®.

The second research question involved determining if the process safety curriculum at each
surveyed institution had an effect on how students made process safety decisions. Table 1
showed that five institutions responded to the curriculum survey; based on these responses, the
EPSRI results could be reviewed to determine the impacts of (1) the use of in-class discussions,
(2) including coursework specifically dedicated to engineering ethics or generic overall ethics,
(3) having a course dedicated to teaching process safety compared with incorporating process
safety modules into other courses in the curriculum, and (4) the use of SAChE resources to teach
process safety. Sample sizes for each comparison are provided in Table 3. For the accuracy of
this analysis, only institutions which definitively stated their instruction approach were counted
towards this analysis; this causes the cumulative sample size per comparison to vary.

Table 3: Population sizes of curriculum analysis.

Type of Process Safety Instruction Institutions Sample Size
In-Class Discussions 45,6 184
1
No Discussions 7,8 28
General Ethics Course 4 69
2
Engineering Ethics Course 58 108
Dedicated Process Safety Course 5,6,7 131
3
Integrated Process Safety Course 4,8 81
Utilization of SAChE Modules 45,8 177
4

No SAChE Modules 6,7 35



Each of the four comparisons looked at the selection of an option versus the selection of Can’t
Decide. Each comparison is made on a per dilemma basis since student responses can vary
across dilemmas. Based on the institution survey answers, the areas of analysis were Discussion
versus No Discussion, Engineering Ethics versus Generic Ethics, Dedicated Process Safety
Courses versus Incorporated Process Safety Courses, and the use of SAChE modules versus no
SAChE modules. Each population of responses was then subject to a Chi-Square test to analyze
significance. Similar to the first research question, a Bonferroni factor®® was used with the Chi-
Square tests to adjust the p-value based on the multiple comparisons being performed.

Results and Discussion

In an earlier version of the EPSRI, a think-aloud protocol was followed to identify holistic codes
for how students reason through dilemmas; one of these codes was an acknowledgment of
complexity®L. This finding inspired further study into what students specifically found to be
difficult when making process safety decisions; the first research question is “What types of
process safety ethical dilemmas are the most difficult for students to determine a course of
action?”. To understand the types of dilemmas which are difficult, the dilemmas themselves
were compared. How students responded to each dilemma is shown in Table 4.

Table 4. EPSRI decision responses.

Dilemma Decision Quantity
Option Aor B 258
. Can't Decide 16
Option A or B 181
’ Can't Decide 93
Option Aor B 262
° Can't Decide 12
Option Aor B 256
) Can't Decide 18
Option A or B 247
° Can't Decide 27

By initial observation, Dilemma 2 has the highest number of student selections of the Can’t
Decide option suggesting it may be more difficult for students to make a decision in this
dilemma in comparison to other dilemmas. To determine if a statistical difference exists
between pairs of dilemmas, a Chi-Square test was performed. Dilemma pairs are made between
any two dilemmas; pairs and Chi-Square results are shown sequentially in Table 5.



Table 5. The results of Chi-Square comparisons including the Bonferroni adjustment
factor. P-values with three asterisks show where there is a highly statistically significant

relationship.
Dilemma A Dilemma B P-value
2 p < 0.001***
3 p=1.00
1
4 p=1.00
5 p = 0.405
3 p <0.001***
2 4 p <0.001***
5 p <0.001***
4 p=1.00
3
5 p = 0.065
4 5 p =0.805

Can’t Decide selections in Dilemma 2 were highly significant in comparison to any other paired
dilemma after applying a Bonferroni adjustment factor for multiple comparisons. Only when a
pair of dilemmas include Dilemma 2 does the pair have a highly significant relationship; any
other compared pairs were found to be not significant. This result shows that there were
significantly more Can’t Decide responses to Dilemma 2 as opposed to Option A or B responses
when compared to other dilemmas in the EPSRI. When seeking to explain why this takes place,
we can look at a summary of Dilemma 2’s prompt for insight:

The second dilemma in the EPSRI places the students into the position of a plant engineer
at a chemical company in the suburbs of a major city. There’s a severe hurricane heading
towards the plant, and if the plant floods, there is the possibility of extreme hazardous
events such as an explosion. It is possible that the storm is not as severe as predicted and
that the plant will not fail, but the student is asked to make the decision. Should they solicit
volunteers to help the plant weather the storm, or should they rely solely on the plant’s
construction and hope it holds out. Students could also choose the Can’t Decide option.



Individuals’ most often make decisions in favor of short-term rewards, in this case, the
avoidance of immediate hazards®. In this dilemma, students are observed to resort to responding
to the dilemma with Can't Decide when neither option seems to provide a way to minimize
leaving a population at risk of associative hazards. Because the EPSRI does not offer a short-
term reward option to eliminate immediate threats, the EPSRI reveals students’ difficulty in
breaking from their trend.

An alternative interpretation is that only the decision of Dilemma 2 directly compares utilitarian
and deontological ethical theories. This comparison is comparable to the controversial trolley-
footbridge dilemma created by Phillippa Foot; this ethical dilemma has been acknowledged as
difficult as the reader is tasked with deciding to save the lives of five by deliberately sacrificing
one*. Dilemma 2 of the EPSRI differs from the trolley-footbridge dilemma by supplying the
Can’t Decide option which provides students with a choice that doesn’t force a decision to be
made. This process can help avoid the debate over which ethical theory should be upheld within
the provided context and allow for students to acknowledge difficulty or complexity associated
with the decision.

The second research question asked, “How does course instruction in process safety affect
decision making approaches?” As discussed earlier in the paper, there are multiple ways to
teach process safety including classroom-based discussions, ethics-based instruction,
incorporation of new coursework, and use of SACHE modules. Using the Chi-Square test, it was
observed that there was no statistical significance between pairs of dilemmas for any of the
teaching approaches investigated.

In the analysis of discussion-based teaching strategies, the majority of p-values ranged between
0.728 and 0.988 with one of 0.152. These results are shown in Table 6. The results suggest no
significant differences between students that couldn’t decide on a decision and those that could
make a choice based on students that had discussions in class and those that did not. This result
comes as a surprise given that discussion is a key component of active learning which has been
studied to show ‘improvements’ for learning in in-person classes®*. Perhaps the discussion in the
process safety courses observed lacked an emphasis on the complexity involved in decision
making. The curriculum survey that was administered only inquired about the existence of
process safety discussions and not the nature or extent of its implementation.



Table 6. Comparison of institutions which reported using classroom discussions as a
method of process safety instruction.

Dilemma Population Decision Quantity P-value
Option A or B 171
Discussion
. Can’t Decide 13 p=0.988
Option A or B 26
No Discussion
Can’t Decide 2
Option A or B 124
Discussion
Can't Decide 60
2 p =0.152
Option A or B 15
No Discussion
Can't Decide 13
Option Aor B 177
Discussion
Can’t Decide 7
3 p =0.952
Option A or B 27
No Discussion
Can’t Decide 1
Option A or B 175
Discussion
Can't Decide 7
4 p =0.944
Option Aor B 27
No Discussion
Can't Decide 1
Option A or B 168
Discussion
Can’t Decide 16
5 p=0.728
Option A or B 25
No Discussion
Can’t Decide 3

With regards to students that received ethics instruction, the p-values ranged from 0.050 for
Dilemma 2 to 0.254 for Dilemma 3 indicative of no statistically significant difference. These
results are shown in Table 7. One notable point of interest was that the students taking the
generic ethics course had a greater ratio of choosing Option A or B over choosing Can’t Decide.
Although there is no significant difference between the two, more students in the generic ethics
courses selected a definitive choice in place of the Can’t Decide option. Preference on the
approach to teaching ethics has been debated. Matteson and Richter suggest that generic ethics
courses are more effective for engineering students because they teach a wider variety of ethical
theories, allowing students to apply the solutions to other applications such as process safety®.



In contrast, Donahue emphasizes the importance of discipline specific ethics as that approach
adds value to the content being discussed®. The results of the analysis best align with the
findings of Walther et al which suggests too many variables exist to evaluate one method as
“better” than another®’.

Table 7. Comparison of institutions which reported using engineering ethics-based courses.

Dilemma Population Decision Quantity P-value
Option A or B 97
Engineering Ethics
Can't Decide 11
1 p =0.070
Option A or B 67
Generic Ethics
Can't Decide 2
Option Aor B 66
Engineering Ethics
Can't Decide 42
2 p = 0.050
Option A or B 52
Generic Ethics
Can't Decide 17
Option A or B 103
Engineering Ethics
Can't Decide 5
3 p = 0.254
Option Aor B 68
Generic Ethics
Can't Decide 1
Option A or B 102
Engineering Ethics
Can't Decide 6
4 p = 0.556
Option A or B 67
Generic Ethics
Can't Decide 2
Option Aor B 94
Engineering Ethics
Can't Decide 14
5 p =0.058
Option A or B 66
Generic Ethics
Can't Decide 3

In the comparison between students with a dedicated process safety course and those where
process safety is incorporated into other core courses, the Chi-Square test showed no statistical
significance between these pairs and the proportion of students choosing Option A or B or
choosing Can’t Decide. P-values ranged from 0.114 to 0.811. The final analysis examined



whether the use of SAChE process safety modules had an impact on the decision choices of
senior chemical engineering students. The p-values for the SAChE process safety module were
also not statistically significant, with a range from 0.390 to 0.697. Although the results do not
show significant differences with the use of either a dedicated process safety course or the
inclusion of SAChE modules, they do not imply these methods are ineffective in teaching
process safety. Alternatively, the EPSRI is focused on observing the nuances associated with
ethical decision making in process safety; whereas the observed methods may have approached
process safety instruction with a focus on prevention through design.

Study Limitations

This study was conducted with 274 second-semester, senior chemical engineering students from
eight institutions. As shown previously in Table 1, the sample size per institution varies from as
few as three to as many as ninety-seven students. This variance suggests the data may have
limited generalizability, particularly in the curriculum analysis since some sample populations
were much smaller than others (see Table 3).

The first study compares the selections of Option A and B to the selection of Can’t Decide on a
dilemma basis and interprets the selection of the latter as an acknowledgment of complexity.
This might not always be the case as students may select Can’t Decide if they are discontent
with the provided two selection options. In addition, students may have selected Option A or B
without devoting ethical reasoning to support their decision following the phenomenon of moral
dumbfounding®®.

Conclusion

The chemical process industry addresses process safety concerns through a variety of strategies
which can be summarized into prevention through design (PtD) and decision making.
Regardless of the industry’s efforts and institutions adaptation of curriculum, process safety
incidents continue to occur. These failures can often be traced back to a series of decisions
which inhibit PtD safety measures; as such, investigating process safety decision making is
critical to mitigate potential future incidents. This study examined student’s difficulty while
decision making when confronted with process safety dilemmas with two potential solutions and
a Can’t Decide option. It was observed that students struggled the most in a dilemma where
both available options left a specific target population in imminent risk. Literature suggests
individuals resort to resolving urgent risks first when making decisions, but since in this
dilemma neither potential solution resolves all threats, the students may be left at a loss of how
to proceed®?. In this situation, the students chose the Can’t Decide option as they were
potentially confounded between the proposed solutions, so choosing Can’t Decide was a way to
acknowledge the complexity of the dilemma, or answer without the discomfort of not fully
resolving the problem.

This study also investigated the effects of an institution’s process safety curriculum on how
students’ make decisions in process safety contexts. In an attempt to better understand how



process safety course instruction affects decision making, the sample population was distributed
based upon approaches to process safety instruction. The results showed no significant
differences amongst the students’ decision making tendencies based on their curriculum such as
dedicated courses to process safety or use of classroom discussions. Process safety instruction
requires layers of strategies for the best outcome, utilizing both PtD and decision making. The
EPSRI only assesses a student’s approach towards process safety decision making, so if their
institution focused on PtD or hazard identification, this process safety knowledge might not be
differentiated in the EPSRI.
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