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MOTIVATION

The COVID-19 pandemic created numerous chal-
lenges but also created opportunities for innovation. 
A “natural pseudo-experiment” was created, wherein 

students in Senior Unit Operations Lab were supported with 
different digital tools over time (walkthrough pre-lab videos 
and 3D models of the experimental equipment). We want to 
understand the effectiveness of these digital tools in support-
ing student learning, their attitudes about these tools, and 
how they might be improved.

RESEARCH QUESTIONS

Is there a significant difference in the performance of 
students in creating a Process & Instrumentation Diagram 
(P&ID) when supported by different digital tools? Can ac-
cess to the experimental equipment be replaced by these 
digital tools? What are student attitudes towards these digi-
tal tools? How can their overall lab experience be supported 
through the use of, and the improvement of, these digital 
tools? Are there specific weaknesses in student learning that 
are encountered when physical tools are replaced with digi-
tal tools?

STUDY CONTEXT

At Clemson University, a main feature of the Unit Opera-
tions Sequence is that students are trained to write their own 
procedures for experiments. We consider this an important 
part of training them for industry, as many process engineers 
will be responsible for writing standard operating proce-
dures for front line operators. The sequence includes train-
ing in creating a schematic to accompany the procedure. For 
the Junior Unit Operations Lab, this schematic is generally 
considered a ‘user schematic’ that is physically representa-
tive of the equipment on the floor, and that helps the user un-
derstand the connectivity of the process elements and how to 
execute the procedure. For the Senior Unit Operations Lab, 
the schematic is required to be a P&ID.

To support students in their efforts to understand the 
equipment and write their procedures, we have introduced 
different methods over time. The digital tools studied in-
clude recorded videos of faculty explaining the equipment 
and 3D computer models of the equipment (walkthrough 
pre-lab videos). However, the pandemic introduced a new 
variable, in that some students were prevented from physi-
cally accessing the lab to study the equipment.  

This study examines the P&IDs produced by students with 
varying digital tools and varying access to the experimental 
equipment. Further, we were able to hold focus groups with 
students who were able to experience lab in varying modali-
ties as the university went through various responses to the 
pandemic. Their receptiveness to the digital tools and the 
task in general is reported here.

The demographics of the department at Clemson Univer-
sity over the study period are shown in Figures 1 and 2. The 
data show that the department is majority white and majority 
male (averages over the study period, 80% and 70%, respec-
tively) with declining trends over time.
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Students in the Unit Operations Sequence are assigned to lab 
groups (generally 3 or 4 students), which they stay with for the 
duration of the semester. During the study period, the proce-
dures and P&IDs produced were submitted by an individual 
on behalf of the team. So while one student would receive an 
individual grade for the submitted work, they had the support 
of the team during its preparation.  

METHODS

This study was conducted under an approved research 
protocol IRB2021-0132.

Defining Groups
Initially students met in-person with faculty in the lab, 

where the faculty would discuss different features of the 
equipment, and the students were allowed to ask questions. 
Students also had physical access to the lab, meaning they 
could spend time studying the equipment. For the purposes 
of this article, we will refer to this group of students, and 
the work they produced, as being in Group 1. The study 
started with 20 student submissions in Group 1, which 
were submitted between 2013 and 2017.  

As technology became more available, it was determined 
that the discussion by the faculty could be done more ef-
ficiently if it were a recorded video. These walkthrough 
pre-lab videos ensured a more consistent discussion of the 
apparatus and experiment, saved faculty time and effort, 
and further enabled students to begin their study of the 
equipment prior to a meeting with the faculty mentor and 
to review the information as needed during their project. 
During this period of time, students also had physical ac-
cess to the lab. For the purposes of this article, we will 
refer to this group of students, and the work they produced, 

as being in Group 2. There 
were 20 student submis-
sions in Group 2, which 
were submitted between 
2018 and 2019.  

When the COVID-19 
pandemic shut the univer-
sity, the faculty began to 
work on how to overcome 
challenges posed by the 
Unit Operations Sequence. 
In the Fall 2020 semester, 
the Chemical & Biomo-
lecular Engineering De-
partment was set to offer 
Unit Ops in person and on 
campus for all students who 
wanted to come to campus 
and take the course. How-
ever, at the last minute, the 
university administration 
determined that the CO-
VID testing protocols were 
not sufficient to ensure the 
safety and well-being of 
campus and kept campus 

Figure 1. Gender breakdown of the undergraduate students in 
the Chemical Engineering Department at Clemson during the 

Study Period.

Figure 2. Racial / Ethnicity breakdown of the undergraduate students in the 
Chemical Engineering Department at Clemson during the Study Period.
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shut for an additional month past the traditional start of 
classes in August. This forced a change in modality for one 
of the experiments that was planned for the semester; stu-
dents were still required to create procedures and P&IDs for 
the experiment, although they would not be able to execute 
the experiment. Instead, they were evaluated on the proce-
dure but provided with a data set that was generated by the 
faculty for the purposes of analysis. To support the students 
in this task, they were provided with a 3D computer model 
of the equipment, in addition to the walkthrough pre-lab vid-
eo of the faculty discussion of the experiment, but they were 
not allowed physical access to the lab at all. We will refer to 
this group of students, and the work they produced, as being 
in Group 3. There were 13 student submissions in Group 3, 
all submitted in Fall 2020.

We collected the P&IDs created by students from these 
three different groups and stripped the P&IDs of identify-
ing information. A masked evaluation was done of the sub-
missions before sort-
ing the evaluations 
into the three groups 
described above. All 
student submissions 
were for the same ex-
periment that involves 
the use of membranes 
to separate a com-
pressed air stream 
into one stream en-
riched in oxygen 
and another stream 
enriched in nitrogen 
(Figure 3). The ex-
perimental equipment 
involves complex pip-
ing, four flowmeters, 
four pressure regula-
tors, a pressure gauge 
mounted to a manifold with five different connection points 
to various measurement locations, an oxygen sensor and lo-
cal display, two membrane separation modules, and three 
four-way valves, as well as a large number of other valves.

Students from Group 3 were later able to finish Fall 2020 
in person and had prior experiences in Junior Unit Ops Lab 
in previous semesters, parts of which were unaffected by 
the pandemic; during these times, they had access to the 
equipment as an aid to understanding the experiment. We 
conducted focus groups with volunteers that helped put the 
results into context and provided valuable feedback on the 
tools provided. Three groups of students who had been in 
a lab group together participated in separate focus groups 
(12 total students). Focus groups were conducted via Zoom® 
with a prepared, preapproved set of questions that prompted 

the discussion, but the conversation was allowed to evolve 
during the meeting. Zoom recorded the meetings and pre-
pared a transcript of the discussion that was then reviewed 
and corrected. We then read the transcripts and conducted a 
thematic analysis to identify common themes.

P&ID Evaluation
The evaluation of laboratory reports is an ongoing chal-

lenge. At Clemson the experimental objective given to stu-
dents is not always the same, and so students are continually 
challenged in writing procedures. Therefore, a truly “stan-
dard” procedure is elusive. Also, the P&ID is not evaluated 
separately from the procedure itself. Thus, a standard meth-
od of evaluating only the P&ID was created for this study.

This evaluation method cannot be considered a grading 
rubric. The feedback generated was not meant for students 
and does not describe the criteria across different perfor-
mance levels.[1, 2] Instead, this evaluation generally counted 
the number of occurrences of flaws, while also incorporating 
a limit for deductions for a particular flaw; the magnitude of 
the deductions represents the importance of the flaw. This 
makes the evaluation tool closer to a frequency scale, as de-
scribed by Brookhart.[3]

The evaluation was created with input from two other in-
structors who were familiar with teaching the lab and expe-
rienced in evaluating P&IDs created by students. This evalu-
ation was broadly broken into three sections:  Connectivity, 
Elements, and Legend.

•	 Under Connectivity, student submissions were evalu-
ated to make sure they had the process lines connected 
correctly. It was also important that they showed direc-
tionality to process lines and that their formatting for 
showing pipes that go in front of / behind each other 
was correct.

•	 Under Elements, student submissions were checked to 
ensure that they included all process elements that are 
part of the apparatus, and further, that they used ap-
propriate symbols for all elements.  

•	 Under Legend, the legend that accompanies each 
P&ID was evaluated. We instruct students to give each 
process element a name that describes the function of 
the element.  

The most common errors in student submissions were:
•	 Lack of directionality displayed on process lines
•	 No change of formatting for static lines
•	 Missing process elements
•	 Incorrect symbols for process equipment, such as pres-

sure regulators
•	 Names assigned which do not correctly indicate the 

function of the process element

Figure 3. 3D Computer Model of 
the Gas Membrane Separations 

Experiment.
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Statistical Methods
For each student submission the number of deduc-

tions in each category was tallied separately, and the 
total number of deductions was also tallied. Outliers, as 
determined from the total number of deductions, were 
removed from the study; outliers were removed if they 
were outside of the expected quartiles of the boxplot. This 
resulted in two submissions being removed from Group 
1 and one submission being removed from Group 2. This 
left a study population of 18 submissions in Group 1, 19 
submissions in Group 2, and 13 submissions in Group 3. 
Figure 4 shows a boxplot of the groups, based on the total 
number of deductions.

FINDINGS

Figure 4 shows the results of the evaluation of the 
P&IDs produced by the students.  After the outliers were 
removed, we used Analysis of Variance (ANOVA) to test 
the null hypothesis that there was no difference between 
the three groups. For the total deductions we found no 
evidence of a significant difference among the three 
groups (p = 0.663, alpha = 0.05).

Similarly, we found no evidence of significant dif-
ference among the three groups in the categories of 
Connectivity (p = 0.315, alpha = 0.05) or Elements                           
(p = 0.892, alpha = 0.05). However, there is evidence of                                       
a statistically significant difference in the category of 
Legend (p = 0.002, alpha = 0.05); the boxplot for this cat-
egory (which had the outliers removed prior to analysis) 
is shown in Figure 5. The number of deductions in the 
category of Legend for Group 3 was significantly fewer 
than the other groups in this dimension. This suggests 
that students in Group 3 were better able to understand 
the function of the experimental equipment and assign 
appropriate names to them than students in other groups. 
However, the power of this conclusion is small, due to 
the non-normality of the deductions in this group and low 
discrimination in the data. The category of Legends gen-
erally saw fewer deductions than other categories. The 
result is that a statistically significant difference in this 
category did not also result in a significant difference at 
the total deductions for the groups.

Due to the non-normality of the data, we also performed 
Kruskal-Wallis[4] nonparametric comparison on the data.  
This was performed on the entire data set, including out-
liers which had been removed for ANOVA analysis. We 
also performed a Mood’s median nonparametric analy-
sis.[5] Both of these techniques showed the same results; 
the groups showed no statistically significant differences 
based on total deductions, Connectivity, or Elements, and 
showed a small but significant difference in the category 

Figure 4. A boxplot of the student submissions, based on total 
deductions. The middle line represents the median, the edges 
of the box represents the upper and lower quartiles, the ends of 
the whiskers represents the minimum and maximum data points 
which were kept in the study, and the asterisks represent the outli-

ers which were removed from the study.

Figure 5. A boxplot of the student submissions in the category of 
Legend, showing the median and quartiles. The middle line rep-
resents the median, the edges of the box represents the upper and 
lower quartiles, and the ends of the whiskers represents the mini-

mum and maximum data points which were kept in the study.

of Legend. The non-normality in the data set originates in the 
point values assigned in the evaluation tool used for the P&IDs. 
The tool listed points for deductions for each flaw, and so the 
measurement of deductions is limited to the precision of those 
point deductions, resulting in non-normal data sets and low dis-
crimination. Figure 6 shows all of the data and illustrates how 
similar the Groups are in each category.

Focus groups provided valuable feedback on tools and meth-
ods. Students appreciated aspects of both in-person walkthrough 
meetings and pre-lab video recordings. Being in person made 
it easier to ask questions, and students felt they could get more 
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in-depth explanations. However, video discussions made it 
possible to prepare questions in advance of meetings with 
faculty mentors and to review the discussion multiple times.  

“…easier to ask our questions to [the faculty mentor] 
right there, while we were looking at the equipment.  
It was more helpful to see it in person and to actu-
ally see the things that you would be turning and how 
they’re connected.”

“…rewatching the video because sometimes it’s hard 
to get down all the notes like when you do ask your 
questions in person it’s hard to write or remember ev-
erything that they say so having that video as a refer-
ence would definitely help a lot …”

“… a pro of online learning is being able to go back 
and relisten if you miss something”

They voiced frustrations when the walkthrough pre-lab 
videos didn’t exactly match the equipment in the lab, which 
gets minor improvements on an ongoing basis. Students also 
thought that the videos didn’t always clearly show all aspects 
of the equipment and that having access to both the videos 
and the 3D models would provide the best understanding.

“… some of those [videos] are a little dated … equip-
ment has been updated … so they’re not exactly a 
replica of what’s in the lab.”

“I think the video walkthrough is nice before you go 
into the lab where you can kind of get an overview, 
but then I also think it’s very important to be able to 
actually see the equipment for yourself and be in the 
lab with it.”

The students pointed out two significant 
ways that the walkthrough pre-lab videos could 
be improved. The discussion with the faculty 
has always been done with the equipment com-
pletely de-energized. This was the practice due 
to scheduling issues and also to avoid showing 
the students parts of the procedure that they 
should be writing. However, that made the dis-
cussion of some aspects of the experiment very 
abstract; for example, we had to discuss flood-
ing in a column without an example of a flood-
ing column. This is in-line with the findings of 
Wang and Ren,[6] who found that recorded “pre-
lab” activities allowed for clearer and more fo-
cused images than might be possible in other 
settings. Students pointed out that the videos 
could include footage of the experiment opera-
tion, making concrete those things that were 
previously vague.  
“ Oh, this is what column flooding looks like 
…because I think that’s something that’s dif-
ficult whether you’re in person or online”

The students also indicated that connecting the videos with 
the 3D model (editing the video to include the 3D model 
showing the same features) would make the model more 
useful.  

“I thought the videos were very helpful, but my big-
gest complaint with them is sometimes it’s hard to see 
the equipment on them if the cameras in the wrong 
spot or there’s a valve around back so maybe … if you 
continue to use the 3D CAD models … and made like 
an extra little blurb…. That way, you can show like 
this is what this does.”

The pre-lab walkthrough videos have been re-done to 
include footage of interesting experimental features (like 
flooding) and incorporate the 3D models. This is in-line 
with the suggestions of Koretsky,[7] whose meta-analysis of 
COVID-related literature supports considering the contin-
ued use of technology tools implemented during the pan-
demic to improve student learning after the resumption of 
in-person learning.  

During the focus groups, students were asked to consider 
what they would conclude about the study if no evidence of 
significant differences were found. Students pointed out that 
the amount of effort required to complete the task could be 
very different between the groups. They argued that having 
physical access to the lab made the task easier, although they 
also admitted that being able to access the 3D model could 
save time in commuting, parking, etc.  

“…as a very stubborn person I’m going to try to un-
derstand the process …if I’m in person or I’m online;  
granted I might be pulling out my hair lot more if its 
online with that 3D schematic…”

Figure 6. The study data, including breakdowns into categories; each dot 
represents a student submission’s score in the category. Visualizing the 
spread of the data provides context to the differences between the groups.
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“Especially in an engineering group I feel like people 
were able to you know adjust when we switched from 
in person to CAD so I wouldn’t be surprised if there 
was no statistical difference.”

“… objectively grading the schematics doesn’t really 
take into account the amount of effort that it takes to 
produce the same schematic.   You know, so if, like you 
know you have some straight A student who is going 
to put in whatever it takes to make sure they get an A 
on the assignment, it may be far easier for them to do 
it in person than with the [3D model] or vice versa.  
But the grading doesn’t necessarily reflect that.”

“…after talking through the advantages and disad-
vantages of each, I could see how different students 
would function better, with different [tools], and so I 
guess it would not surprise me (if there were no sig-
nificant differences between Groups).”

“I think that the end result may be not statistically 
different between the groups, but I think the actual 
process of doing it is very different in terms of what 
the student actually does to create it.”

“Especially for those people who have to drive to 
campus or have more strict schedules, they kind of 
have to go in at semi normal hours or they have to 
make a huge effort to go in and see something, where 
if it’s online there is that accessibility and advantage 
of being able to look at it for longer and whenever 
you need to.”

Students also brought up the usability of the 3D model.  
Early versions were models rendered in high resolution.  
These models required a lot of computing power and would 
often “crash” the files, causing frustration among the stu-
dents and causing them to use the models less than they 
might have otherwise.  

“It was running really slow on my computer and I’d 
have pipes that would disappear … it would crash, 
and pipes would disappear and it was really frustrat-
ing just dealing with it … I think as a tool is prob-
ably really good and whether it’s as a supplement to 
actually going in the lab or a replacement, I think 
you could draw a perfectly fine schematic off of it. 
But my problem with it was actually dealing with it 
technically and I don’t know if that’s my computer or 
the format.”

Newer, more stable versions of the models, rendered in low-
er resolution, have been created in response.  

Students also raised the nuanced idea that while a stan-
dardized evaluation might be used to evaluate their perfor-
mance on a task, it does not evaluate what they absorb from 
the experience. They argued that the in-person experience 
was important for their long-term retention.

“I personally think a grade doesn’t really define how 
much you’re actually learning or like I feel like it’s 
hard to tell how much you actually are taking away 
from the class”

While conducting lab in-person during Fall 2020, the 
faculty took precautions to help protect the safety and well-
being of the campus community. One of these involved 
limiting the number of students who could be in the lab at 
any one time. To accomplish this, we asked student groups 
to work in shifts. Most experiments can be accomplished 
by two people, and for years, we have observed less than 
full participation by all members of a four-person lab group 
during the experiment. Asking students to work in shifts in-
creased the participation in the experimentation by all mem-
bers of the group and reinforced the importance of a properly 
written lab procedure without increasing the time and effort 
required from the faculty and staff. Students added that they 
thought this made the lab less fun, and slightly more stress-
ful; however, they had no comments about the effect on their 
learning, if any.

“…it made it a little bit more stressful when it was 
only two of us, and we were like running back and 
forth, and like trying to get everything done”

“I get the skill that’s like comes along with that, but it’s 
just like …We actually had some fun in lab together”

“I think it does increase appreciation for those who 
write the procedure and can motivate the procedure 
writing to be more clear”

“I honestly kind of like the shift work. I felt like [when 
there were four people in the lab] really only two peo-
ple were doing stuff everyone else was kind of like 
standing around watching”

The faculty created the walkthrough pre-lab videos in part 
in response to a frustration with students coming to meetings 
unprepared. To combat this, pre-quizzes have been added to 
the Junior Unit Operations course that must be completed 
before an in-person meeting and are aligned with the infor-
mation in the walkthrough pre-lab videos. This incentivizes 
students to prepare for their discussions with the faculty.  
These quizzes include the calculations that are germane to 
the experiment as well as issues involving the operation of 
the equipment. These assessment quizzes point out short-
comings in understanding to the students, which can be ad-
dressed at in-person meetings, and are similar to techniques 
reported by Wang and Ren.[6]

In general, these comments echo what has been found in 
other studies of digital tools. The advantages of flexibility, 
timesaving, and the ability to review and replay support stu-
dents in their learning and are viewed as beneficial,[8] while 
the need to improve reliability remains. The suggestion that 
the in-person experience was critical for long-term retention 
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and understanding may also be related to the suggestion of 
Vigeant and Golightly[9] that the in-person experience may 
provide a more meaningful learning experience. However, 
this may simply reflect student preferences, as reported    
elsewhere,[6, 10-13] whereas this study seems to reflect a very 
small positive effect on student performance in the online-
only modality. Anecdotal evidence at Clemson also backs 
up the preference for in-person experiences; when given the 
choice to attend lab in-person, or to remain online, the ma-
jority of students (52 of 58 in Senior Lab and 17 of 17 in 
Junior Lab) chose to attend in person in Fall 2020.

“Obviously I would prefer the in person, just for me, 
but I feel like I’m going to do the same either way, 
like my I would get the same score and my schematic 
would end up looking about the same either way.”

SIGNIFICANCE TO THE 
CHEMICAL ENGINEERING COMMUNITY 

The quantitative evaluation of students’ abilities to cre-
ate P&IDs shows that the lack of access to the experimen-
tal apparatus does not hinder their performance on the task. 
However, students feel that they absorb more, and work 
more efficiently, when they have access to the experimental 
equipment. Given a situation like the pandemic, it is pos-
sible that a pervasive “Whatever It Takes” attitude drives 
students to similar levels of performance as during more 
normal periods, regardless of the tools or challenges.  

Students gave good input on how to improve learning 
tools. Improvements to the course sequence have included 
pre-quizzes prior to in-person meetings, more robust and 
user-friendly 3D models, and new walkthrough pre-lab vid-
eos that include highlights of important operating conditions 
and incorporate the 3D model with the video.

The study data show that physical access to equipment can 
be adequately replaced by a digital tool, if required. A very 
small positive effect was detected in the data in the ability of 
students to understand the function of experimental equip-
ment and assign appropriate names to it. Students tend to 
appreciate aspects of each modality to learning; for digital 
tools, the convenience in access and review receives posi-
tive focus, while the in-person access to the equipment is 
perceived to provide a more meaningful learning experience 
and is generally preferred by students.

The study data reveal no significant impact on student 
performance when using walkthrough pre-lab videos when 
the students also have access to the equipment. In this case, 
there is a clear benefit in terms of faculty time.[14] Further, the 
data cannot shed any light on whether certain demographics 
have different learning experiences when encountering these 
digital tools. It is possible, for social or economic reasons, 
that different groups would have different responses to the    

inclusion of more digital tools in the learning process; this 
study cannot make comments on such potential differences.
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