
Chemical Engineering Education52

ChE classroom

STUDENT PERFORMANCE ON AND      
PERCEPTIONS OF COLLABORATIVE   
TWO-STAGE EXAMS IN A MATERIAL      
AND ENERGY BALANCES COURSE

Justin F. Shaffer
Colorado School of Mines  •  Golden, CO 80401 

© Copyright ChE Division of ASEE 2020

Active learning is a style of teaching in which students 
actively participate and engage in the learning process 
during class through a variety of activities including 

group work, problem solving exercises, the use of student 
response systems, and working through case studies, among 
others.[1]   Evidence shows that the use of active learning 
yields benefits for student learning that surpass traditional 
lecture in a variety of science, technology, engineering, and 
math (STEM) courses.[1,2]  Due to this, active learning has been 
widely promoted in college and university STEM courses, and 
there have been calls to action to promote and use these peda-
gogical methods.[3,4]  The benefits of active learning have also 
been documented for chemical engineering courses, including 
the material and energy balances (MEB) course.[5-7]  Active 
learning is often used in a class session by having students 
work in groups to complete no- or low-stakes formative as-
sessment exercises, such as answering “clicker” questions in 
class, solving open ended problems, and generating concept 
maps, among others.[8]  However, high-stakes summative 
assessment items, such as exams (which could be worth up 
to 90% of a student’s grade or more), are usually taken indi-
vidually and not in groups.  While collaboration, group work, 
and peer instruction have been shown to be strongly linked 
to learning,[9,10] these practices are not typically used during 
individual exams.  One of the goals, therefore, of active learn-
ing would be for students to develop strong conceptual and 
technical skills working in their groups, which then could be 
applied to individual assignments such as exams.

To provide a more direct connection between the benefits of 
collaborative active learning exercises and high-stakes exams, 
two-stage collaborative exams have been developed and as-
sessed in college STEM courses.  In a two-stage collaborative 
exam, “students are given an opportunity to improve their 
understanding of a topic by first taking a test alone and then 
taking the test, or a portion of the test, again while interact-

INTRODUCTION
ing with a peer group.”[11]  Logistically, a two-stage exam 
involves allotting time for students to take the exam on their 
own, which they complete and then turn in to the instructor.  
Next, students form groups (usually of three or four students), 
and the entire exam (or a portion of it, or a modified portion 
of it using isomorphic questions, for example) is passed out 
to the groups.  Since the students have already seen the exam 
during the individual phase, less time is allotted for the group 
component.  Students then complete the group component of 
the exam and turn in a single copy. Grading of the individual 
and group components of the two stage-exam can vary, usu-
ally with 25% of the grade for the group component being 
an upper bound.[12,13] 

Two-stage exams build on the situated framework of learn-
ing wherein students work within a group or community to 
acquire knowledge and learn.[14]  They have been assessed in 
a variety of college STEM courses, with most studies find-
ing them to be strongly favored by students and to provide 
immediate and potentially long-term benefits to student per-
formance.[15]  For example, an analysis of multiple geology 
and oceanography courses found that student performance on 
the group component of two-stage exams was significantly 
higher than individual performance, and that the majority of 
group scores were higher than any individual in the group, 
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suggesting that students worked together to improve their 
answers during the group component.[16]  Similar results were 
found in several types of STEM courses including mechanical 
engineering design,[17] introductory physics (mechanics),[18]  
computer science,[19] introductory geology,[20,21] introductory 
biology,[22] biochemistry,[23] earth and ocean science,[24]  physi-
ology,[23,25-27] and introductory sociology.[28]  While students 
benefit in the moment by taking the group component of the 
exam immediately after the individual component, studies 
have been conducted to determine the impact of two-stage 
exams on longer term retention of knowledge.  Many studies 
have found positive effects of two-stage exams on longer-
term retention;[19,23,26,29,30] however, others have found mixed 
or no impacts.[11,22,31,32]  In addition to performance benefits, 
students demonstrate strong positive attitudes towards the use 
of two-stage exams.[12,13,17]  Based on the literature, it is clear 
that students across a wide range of STEM disciplines gain 
immediate benefits from two-stage exams and are in favor 
of these assessments.

While two-stage exams have been widely and successfully 
used in other STEM disciplines, it is unknown what impact 
two-stage exams would have on the learning and attitudes of 
chemical engineering students.  As active learning has been 
shown to promote student learning in chemical engineering 
courses,[5-7] it is likely that two-stage exams would also yield 
positive benefits.  The goal of this study was to describe and 
evaluate the use of two-stage exams in an MEB course.  
The research questions in this study were:

1. How does student performance on the individual and 
group components of two-stage exams compare in an 
MEB course?

2. How do chemical engineering students perceive two-
stage exams in terms of impacting their learning?

METHODS
Study Population

Undergraduate chemical engineering students (n = 34) 
enrolled in one section of a material and energy balances 
course (MEB) in Summer 2019 were invited to participate 
in this study.  Of these students, 30 (88.2%) consented to be-
ing in this study.  The population demographics were 63.3% 
female and 36.7% male, 46.7% white, 20.0% Asian, 13.3% 
Hispanic, 10.0% international, 6.7% multiple races, and 3.3% 
African American.  This study was determined to be exempt 
by the Colorado School of Mines Human Subjects Research 
Committee.

This summer MEB course was taught in an accelerated 
six-week timeframe as compared to the standard 16-week 
semester.  The course met for three two-hour and 50-minute 
sessions a week.  Topics included process variables, material 

balances for systems with and without reactions, single-phase 
systems, multiple-phase systems, first law energy balances for 
systems with and without reactions, and transient systems.    
Student performance was evaluated primarily by weekly 
homework sets (submitted by groups of students), weekly in-
class written two-stage exams (see more information below), 
and a final exam (taken individually).  The course was taught 
by the author primarily with active learning and a moderate 
structure format,[33,34] which means the course included one 
or more graded review assignments per week in addition to 
using active learning in class.  Specifically, the course included 
optional pre-class reading guides,[35] the use of iClickers 
(Macmillan Learning, New York, NY) for formative in-class 
assessments, and graded weekly homework assignments.

Two-stage Exam Format
Students completed weekly two-stage exams at the start of 

class each Wednesday that assessed the topics from the prior 
calendar week of class (Monday through Friday).  The entire 
exam session took about 60 minutes and was conducted as 
follows.  Students first took the exam individually for 30 
minutes.  Each exam consisted of two open-ended questions 
that covered material from the prior week of class.  Each 
question was intended to take 15 minutes to complete and 
required one or more numerical answers.  Students were 
allowed to use a calculator and were provided with the nec-
essary physical property data.  After 30 minutes, students 
submitted their individual exams and then rearranged their 
desks into groups of three to five students (more information 
on how groups were formed can be found below).  Students 
were given approximately two minutes to discuss the exam 
and then a single copy of the identical exam was distributed 
to each group.  Students then had 20 minutes to complete 
the group exam.  After 20 minutes had passed, students then 
turned in the single group exam, and then the exam solution 
was projected.  Approximately five to seven minutes were 
spent going over the exam solutions, and students were able 
to ask clarifying questions during this time.  The exams were 
graded with identical rubrics, and overall exam scores were 
calculated with 80% weight for the individual component 
and 20% weight for the group component.

 Student groups were formed by the instructor as follows. 
Students completed a brief survey during the first week of 
class where they provided information on what days they 
preferred to complete homework and study and any other 
considerations they wanted to share about working in groups. 
Gender and GPA data were obtained from the Registrar’s 
office.  Custom software in MATLAB was used to generate 
groups of three or four students based on 1) study/homework 
day preference, 2) gender, and 3) GPA so as to provide equi-
table and fair group assignments.[36]  The algorithm formed 
groups based on students’ study day preferences (all with the 
same day preference in a group), ensured gender balance (no 
groups with all males or all females), and ensured GPA bal-
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ance (each group had students with a mixture of high, middle, 
or low GPA and GPAs were binned into tertiles for grouping 
purposes).  From the 34 students in the course, a total of ten 
groups were formed: seven groups of three students, two 
groups of four students, and one group of five students (this 
group was formed due to one student withdrawing early in 
the course and combining two groups of three).  In addition 
to working in their groups on the two-stage exams, students 
also were required to turn in their weekly homework in the 
same groups and were encouraged to work in these groups 
to solve problems during class time.

Data Collection 
Two types of data were collected for this study: 1) per-

formance data and 2) survey data.  Student performance 
on the two-stage exams was collected, and each compo-
nent of the exam (individual and group) was scored as 
a percentage out of 100.  Individual and group portions 
of the exams were graded identically using the same 
rubric.  Additionally, overall student performance and 
final exam performance were collected as a percentage 
out of 100.  The final exam was taken individually but 
mirrored the same general format as the individual and 
group exams (open-ended problems).  During the last 
week of the course, students were asked to complete an 
online survey on Canvas (worth one point towards their 
grade) that asked questions regarding their experience 
in the course, including that with two-stage exams.  The 
survey was designed de novo for this study and included 
Likert-type statements where students rated their agree-
ment with the statements on four levels (strongly agree, 
agree, disagree, and strongly disagree).  Twenty-six 
students (86.7 %) completed the survey.

Data Analysis
Average scores on each individual component of the 

exam were compared to the average scores on each group 
component of the exam using t-tests.  The benefit of group 
exams on individual student performance was calculated as 
the difference between a student’s group exam average and 
individual exam average (G-I difference).  The impact of the 
potential group benefit on individual final exam performance 
(as measured as their total percentage score on the final exam 
out of 100) was modeled (controlling for college GPA as a po-
tentially confounding factor) using multiple linear regression 
in the software package R.[37]  By accounting for college GPA, 
multiple linear regression models allow for more confident 
interpretation of the results.[33,38]  The outcome variable for the 
model was final exam score, and the response variables were 
G-I average and college GPA.  Survey data were compiled, 
and student responses to each question were tabulated as 
percentages out of 100.  All data storage and handling were 
done using Microsoft Excel (Microsoft, Redmond, WA), and 
all statistical tests were done using the software package R.[37]

RESULTS
Student Performance on the Individual and Group 
Components of Two-stage Exams 

Student performance on the individual component of each 
exam was compared to the group component of each exam 
to determine how group performance compares to individual 
performance.  Average student performance on each of the 
individual and group components of the five exams (and 
the overall average) are shown in Figure 1.  Average group 
performance was significantly higher than average individual 
performance for each exam and for the overall average com-
parison (p < 0.01 for each).

Benefit of Group Component on Performance 
While group performance was significantly higher than 

individual performance on each exam, it is likely that some 
students benefited disproportionally more than others on the 
group component.  To investigate this, the individual average 
score (as a percentage out of 100) was subtracted from the 
group average score (as a percentage out of 100) for each 
student (from now on termed the G-I difference).  If the G-I 
difference was positive for a particular student, it means that 
their group score was higher than their individual score.  If the 
G-I difference value was negative for a particular student, it 
means that their group score was lower than their individual 
score.  If the G-I difference was zero, then the group and 
individual scores were equal.  As shown in Figure 2, there 
was a wide range of G-I differences for the students in the 
course, ranging from zero (no benefit from group component) 
to positive 8.8%.  There were no negative G-I differences, 
indicating that no students individually outperformed their 
groups for the average of the five exams.  The average G-I 
difference for all students was 3.1% ± 2.1%.  Out of the 150 

Figure 1: Student performance on individual and group components 
of two-stage exams.  Data are presented as average ± standard 

deviation. All differences were significant (*p < 0.01). 
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Student Perception of Two-stage Exam
At the end of the course, students completed 

an online survey to provide feedback about their 
perceptions of group work and the two-stage 
exams.  As shown in Table 1, students were 
overwhelmingly positive with regards to work-
ing in groups and the two-stage exams.  Notably, 
100% of students agreed or strongly agreed that 
the group component of the two-stage exam 
helped them learn the material more than if only 
an individual component was used.  Addition-
ally, only 3.8% of students agreed that students 
in their groups unfairly benefited from the group 
component of the exam. 

In addition to these items in Table 1, students 
were also asked about other features of two-
stage exams.  All 26 students who completed 
the survey agreed that the two-stage exams 
should be used again in this MEB course, and 
76.9% reported that the instructor should form 
groups (as opposed to students forming their own 
groups).  Lastly, when asked what percentage 
of the grade should be apportioned to the group 
part of the exam, 46.2% said 25%, and 53.8% 
said 20%. No students selected the 15%, 10%, 
or 5% grading options.

total exams given (five exams each for 30 students), the G-I 
difference was negative 13 times (8.6%), equal to zero 19 
times (12.7%), and positive 118 times (78.7%), suggesting 
that the vast majority of the time the group exam scores were 
higher than individual exam scores.

To test whether the benefit that students received from the 
group component of the two-stage exams impacted future 
performance in the course, the G-I difference was compared 

Figure 2: Student benefit from group component of two-stage exams. 
For each student, their individual average exam score calculated based on 
the five exams was subtracted from their calculated group average exam 
score based on the five exams. The positive values indicate that student 

group performance was higher than student individual performance. 
Data are presented as average ± standard deviation.

Figure 3: Impacts of group component of two-stage exam (G-I difference) 
on final exam performance. Each open symbol represents an individual 
student, and the dashed line is a linear regression between the G-I differ-
ence (x-axis) and final exam score (y-axis). The negative slope suggests 
that the students who benefited the most from the group component of the 

two-stage exams had lower performance on the final exam.
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to performance on the final exam (which was purely an indi-
vidual effort).  If there was no relationship between the G-I 
difference and final exam score, this could possibly suggest 
that students were learning from the group testing experience 
and were able to apply this to a future individual effort.  As 
shown in Figure 3, there was a negative relationship between 
a student’s G-I difference and their final exam score (slope 
= -3.9, p = 0.02) , suggesting that students who received the 

most benefit from the group component were not 
able to successfully transfer this benefit to the 
individual final exam.  The average (± standard 
deviation) on the final exam was significantly 
lower than the average of the individual exam 
scores (58.7 ± 18.4 vs 78.8 ± 11.4, p < 0.0001)

To account for possible confounding effects 
of student aptitude on final exam performance, 
a multiple linear regression model was con-
structed using final exam score as the outcome 
variable and student college GPA and G-I differ-
ence as explanatory variables.  The result from 
this model (model intercept = 40.1 ± 16.8 (p = 
0.02), GPA estimate = 11.4 ± 5.9 (p = 0.06),  G-I 
estimate = -3.4 ± 1.5 (p = 0.02), adjusted R2 = 
0.24) was consistent with the linear regression 
shown in Figure 3, suggesting that student G-I 
difference indeed was related to final exam score.
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Instructor Observations of Two-stage Exam
While the individual component of the two-stage exam pro-

ceeded as a normal exam would (very quiet, students focused, 
etc.), the classroom environment was extremely dynamic and 
engaging during the group component of the two-stage exams. 
Students were very enthusiastic and animated, with groups 
seemingly working very well together and fully cooperating 
with each other.  Every student was participating to some 
extent in their groups, and never was a student simply sitting 
idly while the rest of their group did all of the work.  While 
most groups worked together as a team to answer each of the 
two exam questions sequentially, on a few occasions some 
groups ripped the two pages of the exam apart and split into 
smaller groups to work on each problem at the same time. 
Overall, the two-stage exam environment felt very positive 
and logistically proceeded very smoothly.

DISCUSSIONS
The results from this study demonstrate that chemical en-

gineering student performance on the group component of 
two-stage exams in an MEB course were significantly higher 
than individual performance.  However, the increased group 
performance did not seem to translate into later success as 
measured by final exam scores.  Additionally, students felt ex-
tremely positive towards two-stage exams and recommended 
their use in future offerings of this course and others.  These 
findings are in line with the literature on two-stage exams 

TABLE 1
Summary of student survey responses about group work and two-stage exams.

Statement % Strongly 
Agree % Agree % Disagree % Strongly 

Disagree
Working with other students helps me learn. 61.5 34.6 0.0 3.8

I enjoyed working with my group in this course. 50.0 46.2 0.0 3.8
I feel that I have made new friends because of my              
assigned group from this class. 34.6 42.3 19.2 3.8

Assigned groups should be formed in every                    
chemical engineering course. 23.1 57.7 15.4 3.8

The group part of the exam helped me undestand              
the material more clearly than if we did not have                 
the group part of the exam.

73.1 26.9 0.0 0.0

Students in my group unfairly benefited from the 
group part of the exam. 3.8 3.8 69.2 23.1

Everyone in my group contributed equally to the 
group part of the exam. 26.9 73.1 0.0 0.0

Group exams should be used in academic year 
chemical engineering courses. 61.5 34.6 3.8 0.0

used in other STEM disciplines and provide a foundation for 
future assessment of two-stage exams in chemical engineer-
ing courses.

 The findings from this study largely agree with those of 
other studies in that performance on the group component of 
a two-stage exam is higher than individual performance.[16-

28]  While the impacts of two-stage exams have not yet been 
reported for chemical engineering courses, the results of this 
study did match the results from Fengler and Ostafichuk,[17] 

who assessed a mechanical engineering course and found that 
group performance exceeded individual performance.  While 
the reasons for the immediate benefits on the group component 
may vary, it is likely more than groups simply rewriting the 
answers from the “best” student in the group, as many studies 
have reported that groups usually outperform any individual 
in the group.[16-17]  In addition, chemical engineering students 
from this study and mechanical engineering students from the 
Fenger and Ostafichuk study[17] had strong positive attitudes 
towards the use of two-stage exams.  Both MEB and the 
mechanical engineering course from the Fengler and Ostafi-
chuk study[17] were sophomore-level courses, so it would be 
interesting to determine if the positive attitudes are due to the 
two-stage exams being used in lower-division courses (i.e. 
would upper-division students have similar attitudes).  There 
could also potentially be a beneficial longitudinal impact on 
upper-division courses that evolves from the use of two-stage 
exams in lower-division courses, in that students learn to work 
cooperatively and make friends early in a curriculum, and 
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therefore over time improve as students.  As there are clear 
benefits for using two-stage exams in MEB, further use and 
assessment of two-stage exams in other chemical engineering 
courses would be valuable to determine if students benefit and 
have favorable views towards them.

 While there was an immediate benefit of the group com-
ponent on student exam scores, there was not a longer-term 
positive impact with regards to the final exam score.  This 
result is evident from the inverse relationship between final 
exam scores and the difference between group component 
averages and individual component averages: students who 
received the largest benefit from the group component of 
the two-stage exam performed the lowest on the final exam 
(which was entirely an individual effort).  This result is not 
novel, as other studies have also reported mixed results or 
negative results in terms of retention or the ability of students 
to recall knowledge from an earlier point of time to apply it 
during a current assessment.[11,22,31,32]  These studies, however, 
assessed courses that were taught during standard semesters 
and measured retention anywhere from nine days to seven 
weeks after the two-stage exam, and thus the mixed retention 
results or lack of retention could be due to a variety of rea-
sons.  In this case, a possible reason for lack of a longer-term 
benefit of the group component of the two-stage exam is the 
accelerated nature of the MEB course in this study, which was 
taught in six weeks as compared to a typical 16-week semes-
ter.  Students worked together in groups on weekly two-stage 
exams, but even with this intense exam schedule, there may 
not have been enough time for students to transfer the skills 
acquired during the group component of the two-stage exam 
to the individual final exam.  Further research is warranted to 
determine if there are longer term benefits to using two-stage 
exams in a typical 16-week semester MEB course.

 After using two-stage exams in this MEB course, the 
following recommendations can be made for using them in 
other chemical engineering courses.  First, be sure to explain 
to students early in the course about why two-stage exams are 
being used (citing the literature as appropriate).  As student 
buy-in (or acceptance) to active learning is an important 
feature for successful use of these techniques,[39,40] explaining 
the rationale for using two-stage exams will let students know 
why they will be assessed in a unique fashion.  This may also 
improve student attitudes towards the two-stage exams, even 
though the literature shows overwhelmingly positive results 
towards students’ acceptance of two-stage exams.[12,13,17]  The 
timing and logistics of the two-stage exam are critical as well. 
Since the course in this study was taught in the summer, it met 
for three two-hour and 50-minute sessions a week, allowing 
ample time for conducting two-stage exams (each exam took 
about one hour).  However, doing this in a typical 50-minute 
class may be more difficult, as each component of the exam 

would have to be shortened.  If possible, evening exams could 
be held which would allow for more time to implement the 
two-stage exams.[12,13]  Additionally, the group component 
of the two-stage exam could be modified such that students 
only complete a portion of the exam, which would save time. 
Lastly, it is important to observe group dynamics and perhaps 
require group peer evaluations at some point during the course 
in order to promote positive collaboration during two-stage 
exams.  As the groups in this summer MEB course were per-
manent for all six weeks of the course, students completed 
a mid-course group evaluation where they used a rubric to 
assess each other’s contributions to group efforts in-class, on 
homework, and on two-stage exams.  As accountability is key 
for successful group work,[41,42] this type of peer evaluation 
may help all members of a group contribute equally to their 
group.  If the instructor observes, however, through visual 
observation or group feedback that a group is not working ef-
fectively, it is important to intervene and discuss the dynamics 
of that group with the students and offer assistance if needed 
to help the group work more effectively going forward.[43]

Limitations
This study sought to describe and characterize a novel use of 

two-stage exams in an MEB course, but there are some limita-
tions. This MEB course was taught in an accelerated six-week 
summer session while covering the same amount of material 
as in a typical 16-week semester.  Due to the increased pace, 
the results from this study may be different when compared to 
using two-stage exams in a normal semester. In addition, this 
summer course had a lower enrollment than a semester course, 
yielding a small number of students in the study population.  
However, the population demographics were similar to those 
in the academic year MEB course.  While students’ responses 
to working in groups and two-stage exams were extremely 
positive, students worked in permanent groups not only during 
the two-stage exams, but also to turn in weekly homework 
sets and during in-class problem solving activities.  If groups 
are only used during two-stage exams, or if groups change 
throughout the course, students may not be as familiar with 
each other, which could result in two-stage exams being less 
effective.  Therefore, repeating this study with a larger number 
of students during the academic year and with varying group 
structures (rotating groups, groups only used during exams, 
etc.) is warranted to confirm and extend these results.
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