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Integrated Design Thinking in Chemical Engineering Coursework for
Enhanced Student Learning

Introduction

We are living in a continually evolving world. Globalization and advances in technology demand
the recent chemical engineering graduates be employed in fields that did not exist 10-20 years
ago, such as biotechnology, nanotechnology, product development, and sustainable practices [1].
In response to the above challenges, besides gaining technological knowledge, the students also
need to be emphatic and critical thinkers to become leaders in solving multidisciplinary problems
[2]. Therefore, the traditional teaching techniques need to be improved and upgraded to bridge
the gap between the existing chemical engineering curriculum and what the chemical
engineering graduates need to learn to succeed in their careers [3], [4]. To this end, the graduate
and undergraduate courses in Chemical Engineering at Rowan University have integrated Design
Thinking pedagogy in their teaching/learning process to enhance the student’s understanding of
theoretical concepts via extensive use of Process Systems Engineering (PSE) computational
tools. Design Thinking has attracted widespread attention in the educational community over the
recent decades [5], [6]. In practice, Design Thinking is a process of identifying challenges and
generating potential solutions that are human-centered [7]. It deals with a structured framework
in finding solutions to wicked problems by applying creative strategies. Real-world problems do
not have one definite formulation and can be solved in many ways. In this context, the
implementation of Design Thinking focuses on stakeholder- and community-based thinking to
develop holistic solutions [8], [9].

The Engineering Clinic program is one of the Hallmarks of the Henry M. Rowan College of
Engineering (HMRCoE) that makes our curriculum unique. It is through this endeavor that the
ideas and skills of Rowan students, faculty, and partner industries converge, and students
experience a hands-on approach to learning and problem-solving. The faculty members offer
these clinic projects based upon their research expertise, and the projects are funded by Federal
agencies such as the US EPA (United States Environmental Protection Agency), NSF (National
Science Foundation), and DOE (Department of Energy) and by our industrial partners such as
ACUA (Atlantic County Utilities Authority), and ExxonMobil. Figure 1 illustrates our
undergraduate curriculum and highlights the clinic programs in purple borders. The first year and
sophomore year engineering clinics focus on fundamental engineering skills and include diverse
topics such as creative and scientific writing, technical presentation, convergent thinking,
problem-solving, product development, ethics, engineering design, and statistics. For the
Junior/Senior year the students choose their discipline-specific clinics depending on their
curiosity and area of interest Building on the foundation of PSE and Design Thinking, the
Process Dynamics & Control course and the two elective courses: Process Optimization and
Experimental Methods in Chemical Engineering (highlighted with star markers in Figure 1)
integrate project-based learning and encourage students to develop deeper levels of contextual
understanding.
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Figure 1. Chemical engineering undergraduate curriculum the existing curriculum to combat the
highlighting the courses where Design Thinking is implemented new challenges presented by the

pandemic [10]. The world changed forever with the global pandemic of COVID-19. In the year
2020, the United States experienced a rapid increase of people working from home, from 20% in
March going to 50% in April [11]. In the world of education, this meant a large increase of
instructors and students operating from home using remote technologies and the internet. In a
more technologically advanced country like the United States, the transfer to online learning
happened more smoothly than in other countries, yet there are still some inefficiencies in this
new system [12]. Many institutions around the world have resorted to roughly adapting their in-
person courses into some online format via video conferencing tools like Zoom, Microsoft
Teams, or WebEXx [13]-[15]. The rough adaptation led to a new high stressed virtual
environment for instructors which they were not used to and many struggled with teaching as
well as capturing student attention [16], [17]. This has forced many instructors to re-evaluate
their teaching methods and develop better methodologies to face the new era of hybrid learning.

In this article, we discuss how the novel Design Thinking pedagogy embedded in our
engineering curriculum introduced students to the capabilities of computer-assisted methods in
decision making for real-world problem solutions and applications. Furthermore, it can support
the remote teaching/learning process in response to new needs that have arisen during the public
health crisis.



Teaching methodology

This work proposes an advanced methodology of conducting team project assignments that
would be suitable in the post-COVID-19 era, this involves the five stages of Design Thinking:
(1) Empathize, (2) Define, (3) Ideate, (4) Prototype, (5) Test[18], [19]. Without COVID-19
classroom restrictions, these five stages consist of face-to-face meetings and interactions within
the classroom, interviews, and team interactions. The students start in stage 1 (Empathize) where
they do relevant research and data collection for the team projects. The students have access to
many resources such as peer-reviewed journals and case studies which help the teams form a
problem statement. Once the problem is identified the students move into stage 2 (Define), where
the student team identifies a problem based on the relevant research that is done as part of the
first stage. The first iterations of the solution are done in stage 3 (Ideate). Stage 3 is where
students start to implement their ideas via computational programming tools such as General
Algebraic Modeling System (GAMS), MATLAB, Simulink®, and P-graph® [20]-[22]. If
possible, the students start to compare their solutions with the analytical models they obtained
from the first two stages, and if their models seem accurate, they move onto stage 4. Stage 4
(Prototype) and stage 5 (Test) revolve around established simulation tools such as ASPENPlus®,
SuperPro Designer ®, and GAMS. These simulation tools allow for the students to make
complete virtual representations of the models which were found in the earlier stages.

This novel 5-stage approach allows students to develop many solutions to the same problem and
assess the solutions from different perspectives. The students are encouraged to consider
different viewpoints such as economical, commercial, environmental, social, and political when
developing their problem statements and subsequent solutions [18]. COVID-19 has led to a
decrease in in-person interactions which hinders the process of the five stages of Design
Thinking, however, with some modifications, our proposed approach can be implemented
smoothly into the current online curriculum for chemical engineering students.

To incorporate changes, it was important to understand the challenges and potential
opportunities, so our team, comprising the course instructor and teaching assistants, explored the
existing literature and supporting information prior to developing the modified Design Thinking
approach. Current instructors are seeing a massive difference in the atmosphere between online
and in-person modes of instruction. Many students find the online class settings daunting due to
a lack of social interactions and difficulties concentrating [23]. They face additional challenges
as many instructors are not properly trained to adapt their curriculum to an online setting [16].

To combat inefficient classroom settings many researchers have studied the best practices to use
in an online classroom. The first step is to choose a delivery method of the content in the courses.
From research, it is seen that a majority of students are able to adapt to learning from online
video lectures when synchronous with the recordings posted for future review [24]. At Rowan
University, Zoom™ and Canvas LMS™ (Learning Management System) is chosen to be the
online platform to conform with the online teaching standards and the ease of use of these
programs [25]. Now that the online platforms have been chosen, research is done on how to
effectively teach in an online setting. To have a successful online learning environment the
instructor must have an increased time commitment and virtual presence, include more time into



planning and online course organization [26]. In addition, instructors participating in extra
activities like discussion boards and breakout rooms are shown to provide a good outlet for
socialization between students which is normally missing in an online atmosphere [27]. By using
these good online teaching practices within the online platforms, the team of course instructors is
able to reconstruct the delivery of Design Thinking to students which is suitable in an online
learning environment.

As defined by the Kern Entrepreneurial Engineering Network (KEEN), an
entrepreneurial mindset consists of Curiosity, Connections, and Creating value [28]. In a world
of accelerating changes, it is important that the students are curious and empowered to
investigate a rapidly evolving world. Just reading and learning about new discoveries are not
enough because they will yield insights only when connected with the existing information and
needs of the present world. Moreover, students must be champions at value creation and
contribute towards global needs. To this end, the five stages of Design Thinking are modified to
seamlessly embed them into the online curriculum of the highlighted courses. Through these
modifications, the 5-stages are mapped to the three C’s of an Entrepreneurial mindset [29]. This
provides an effective mechanism to encourage an entrepreneurial mindset about the Chemical
Engineering students via drawing connections between the theoretical principles and real-world
applications. Table 1 shows how the five stages are mapped to the three C’s of KEEN.

Table 1: Mapping of Design Thinking to 3 C's of an Entrepreneurial Mindset
Three C’s of Entrepreneurial Mindset Stages of Design Thinking mapped to 3 C’s

Curiosity Stage 1 & Stage 2 (Empathize & Define)
Connections Stage 3 (Ideate)
Creating Value Stage 4 & Stage 5 (Prototype & Test)

With all the three C’s mapped to the specific Design Thinking stages, we proceeded to find a
method of successfully incorporating each into the online courses. The first step is to introduce
all the students to the ideas of the three C’s [30]. Curiosity is developed through the numerous
discussion boards where students are prompted to answer questions referring to course content.
These questions are phrased to make the students think outside the box about how to incorporate
what they are learning into scenarios outside the classroom. Connections are developed by
showing how the whole course ties together to other courses learned in the Chemical
Engineering curriculum. By showing students how concepts earlier in the semester can tie in
with concepts they are learning in the present, the student can start to form links between all the
course concepts. By doing this, the students see how everything they have learned can be
beneficial and can help them solve problems. Creating Value is developed by having students
solve real-world problems through classwork and lab work. By motivating the students to solve
problems that they observe in everyday life, the students will continue to relate the experience
beyond the course timeframe. The second step is to allow the students to experience the 3 C’s on
their own with moderate support from the instructor [30]. This is done through a term project
which helps the students experience the 3 C’s directly and get the full effect of integrated Design
Thinking. The project rubric is developed from the 3 C’s to give students moderate guidance, but



ultimately this project can take different directions and can involve multiple aspects. The third
step is to allow the students to solve real-world industrial or societal problems using Design
Thinking. This step is structured in a way that resembles a workplace. The students are given
tasks to do and timelines to follow to find solutions to problems that are relevant to the industry,
society, etc. By following these three steps the students enhance their Design Thinking process
allowing them to develop skills that are essential for excelling in the future workplace.

Creative and conceptual thinking through project-based learning

Project-based learning has become a widely used technique in engineering programs [31]. The
Process Optimization course at Rowan University incorporates the term project pedagogy to
mimic the real-world engineering atmosphere and provide students with opportunities to solve
complex problems. Students are provided with the topic selection guidelines and evaluation
rubrics (illustrated in Figure 2) at the initial phase of the semester-long project. They are
encouraged to work in groups of three to four members and decide on a topic by conducting an
extensive literature review and discussions with the instructor. The selected topic has to be based
upon the 3 C’s emphasizing the skills in an entrepreneurial mindset.

Rubric Criteria Design Thinking Stage Student

During the course instruction, the
well-designed computer lab
training provides the students an

" D understanding of selecting
he students present a strong R R
literature review identifying computational tools best suited for
relevant, credible sources, their prOjeCtS. Beyond applylng the
theoretical concepts for solving
realistic and complex problems,
students also enhance their
leadership, critical thinking,
The students present clear Creative Fhln!(lng’ and .
solution with a compelling communication skills by working
explanation for how the solution . .
was reached. in teams. The projects undertaken
by students covered a variety of
topics from traditional chemical
engineering problems such as ‘Optimization of the Production of Bioethanol’ to practical need-
based life examples such as ‘Minimization Of Ventilator Distribution Centers for the treatment
of COVID-19 Pandemic’, and ‘Economics and Sustainability of Wastewater Treatment’. The
following sections provide a detailed discussion of the problem development and their solution
strategies.

Curiosity

Literature
Review Empathize (1)

Define (2)

. Creating Valuc
Conglusion/
Solution Protype (4)

Test (3)

Figure 2. Evaluation Rubric for Optimization Term Project



Term project examples

Minimization of ventilator distribution centers for the treatment of COVID-19 pandemic: In the
spring semester of 2020, a team of four students worked on developing a distribution plan for
ventilators to minimize their cost of delivery to hospitals treating COVID-19. The team arrived
at the idea to combat the current COVID-19 pandemic by trying to minimize inefficiencies in the
delivery of medical equipment. The primary objective was to minimize the cost of distributing
ventilators with a secondary objective of minimizing delivery timelines of ventilators to all
hospitals in New Jersey.

The students formulated the problem as a multi-objective mixed-integer non-linear programming
(MINLP) model in GAMS. At the start of the project, the team’s objective was to solve the
problem by minimizing the distribution costs to all hospitals in New Jersey; yet, due to equation
limitations of the free version of GAMS the students had to simplify the problem to the limited
number of equations. Thus, the students researched ways to simplify the problem and decided to
minimize the distribution costs to the 21 counties in New Jersey (see Figure 3) rather than the
100 plus hospitals. The objective then became to minimize the travel distances and economics by
placing ventilator distribution centers in key counties around New Jersey. The students
accomplished this objective by first making a distance matrix between all the counties. Then the
students used the information they gathered from literature and online sources to make the
equations they would code in GAMS. These equations included distribution center capacity,
transportation cost, and ventilator requirement constraints. The objective function was the
summation of the cost to build a distribution center and the estimated transportation costs of
those distribution centers seen in equation (1)
=n
Objective = 2 Q(i) + Transportation Cost (i) (1)

=1

Q(i) depicts the distribution center cost at a certain county and n depicts the maximum number of
distribution centers. When all the relevant information was put in GAMS, the team found that the
optimal solution was to place five distribution centers in New Jersey. The students identified that
their code still needed to be refined. However, given the limited resources, this was an important
and timely accomplishment by the team.

Economics and sustainability in wastewater treatment: A group of four students worked on the
problem of economics and sustainability of wastewater treatment. Focusing on the Design
Thinking approach, the students were able to emphasize that the global demand for fresh water is
continuously increasing. It is predicted that the global demand for fresh water will increase
availability by 30% by 2030. Therefore, there is a need to resort to wastewater treatment and
reuse to meet the increasing demands. Through an extensive literature review, the students
determined that wastewater is treated in a stage-wise process: the primary, secondary, and
tertiary stages. Various technologies can be used in each of these three stages [22]. However, the
challenge arises when answering the question of which technology to select in each stage of the
treatment so that the purity standards are satisfied and that the treatment cost is minimized.
Moreover, the selected technologies must meet the sustainability goals. Therefore, the students
proposed a methodology based on a superstructure approach (illustrated in Figure 3).




The problem is formulated as a multi-objective optimization problem and gives insights for
selecting a sustainable network for the municipal wastewater treatment case study. In this work
Sustainable Process Index (SPI) was used for evaluating the sustainability of the network. SPI
method evaluates the sustainability of a process based on the total arable land required. A Pareto
chart was developed for the multi-objective optimization approach, and the weighting method
was used for the analysis. Mixed-integer non-linear programming (MINLP) optimization
problem was developed and solved using BARON (Branch-and-Reduce-Optimization-
Navigator) in GAMS. Students developed cost-effective wastewater treatment networks by
considering the trade-offs between total cost and sustainability of the process. The students
identified that the highest cost for the purification process is 13.9 million$ utilizing an area of
8.69E+9 m?, while the lowest cost is 1.4 million$, corresponding to an area of 6.22 E+7m?.
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Figure 3: (a) The stagewise superstructure for municipal wastewater treatment showing all technologies in
all stages, (b) The optimization of COVID-19 ventilators across the counties of New Jersey

Industry or government-sponsored engineering clinic projects

One of the key highlights of the HMRCoE at Rowan University is the Engineering Clinic
program. This is a requirement for each undergraduate student for all four years of their degree
program. In the junior and senior years, the student is required to join a project related to
research offered by the Engineering Professors based on their area of research expertise as well
as federal and industry sponsorship. These projects span from designing phone and computer
applications to testing machinery for use in industry. There is a wide span of projects between all



the different engineering disciplines offered by Rowan University. Within the chemical
engineering department, many projects focus on individual faculty lab research or targeted
research for companies or federal agencies. Most of our projects focus on the use of integrated
Design Thinking to solve real-world large-scale design problems using computational methods.
In addition to offering design projects, we focus on bolstering the teamwork between the
undergraduates by requiring a minimum of four members to be part of each team. In addition,
graduate students partake in the project to simulate a professional working environment with
adequate support by acting as project managers to the undergraduate students. The following
sections show how our team integrates Design Thinking into the clinic programs to strengthen
the undergraduate perception and understanding of complex problems.

Optimization of pipeline flushing operations in lube oil facilities: The project ‘Optimization of
Pipeline Flushing Operations in lube oil Facilities’ is supported by the US. EPA and focuses on
understanding the flushing techniques that are currently being used in lubricant manufacturing
and processing facilities. This project aims to improve the overall greenness of the process and
contribute to the broad goals of pollution prevention by minimizing hazardous waste generation
by implementing novel process optimization techniques. The Department of Chemical
Engineering at Rowan University has had the opportunity to partner with one of the leading
lubricant manufacturing facilities in North America and investigate their lubricant formulation
and blending operations. A typical lube oil blending and packaging facility uses a complex
network of the pipeline system for processing over thousand different products annually. This
requires the manifold system to be reused for multiple operations and must be flushed/cleaned
every time a new product is processed. The current flushing process utilizes a high-value finish
product and leads to the downgrading of the product. Moreover, it also adds to a significant
environmental burden. Therefore, the goal of this project is to minimize the downgrade of lube
oil products, by exploring both engineering design solutions and the chemistry of the flushing
process. The project activities involve the development of novel experimental plans, record
keeping, data analysis, characterization, computer codes, programs, simulations, and the use of
sophisticated computational tools. Building on the concept of Designing Thinking the goal will
be achieved by mimicking the actual plant setup at Rowan lab in the form of a scaled-down
experimental rig. Moreover, the students are involved in regular plant visits as well as weekly
follow-ups through web meetings and group discussions with the academic and industry
partners. Our estimations show that if our novel approach is implemented throughout the EPA’s
Region 2, the measures could save companies around $10 million and reduce waste by as much
as three million pounds. Hence, we believe that the outcomes of this project will help in
developing a systematic approach to understanding and optimizing the flushing processes in the
petroleum and chemical industries.

Roadmap for solvent recovery in industrial manufacturing: The roadmap for solvent recovery is
a US EPA-sponsored project aimed at reducing solvent waste being put into the environment by
providing industries with a software tool to show possibilities of recycling the solvent back into
the process. To build this tool, the students are tasked with using their knowledge from chemical
engineering to develop technology models and make a network of interconnected technologies
which can recycle solvent waste streams. This program has been offered to undergraduate
students since the Fall semester of 2018 for every semester. Currently, the team consists of three
graduate students and four undergraduate students working on developing the tool for use in the




industry. This project focuses on skill development in stages 3 (ideate), 4 (prototype), and 5
(test). This project utilizes many different software including GAMS, SuperPro Designer®,
MATLAB®, and AspenPlus® allowing for creative freedom in the design of the project. With
the weekly video calls, the graduate team can steer the undergraduates towards the correct path
while showing the importance of each stage in Design Thinking. Through these weekly
meetings, the team has successfully arrived at the final stage (test) within three years, while
building the core skills.

Overall outcomes

Students' feedback has shown that they highly valued and benefitted from the Design Thinking
pedagogy in the Chemical Engineering curriculum. The extensive knowledge acquired through
project-based learning helped students in acquiring internships in eminent industries. The clinic
programs helped students to gain valuable research experience at their undergraduate level. This
helped students to develop their critical thinking, problem-solving, communication, and
leadership skills and excel in their role as professional engineers.

Concluding remarks

Due to the adapted teaching methodology, students were able to experience the full benefits of
integrated Design Thinking for problem-solving even in an online learning environment. By
modifying the curriculum to effectively teach the five stages of Design Thinking, the students
have developed a skill set that will be useful during the current and post COVID-19 pandemic.
The students were first introduced to the idea of Design Thinking in the classroom setting and
were encouraged to apply these concepts to broader term projects for courses and engineering
clinic research projects. To this effect, Design Thinking allowed the students to accomplish
large-scale optimization problems referring to industrial pipeline flushing and solvent recovery
operations. From these efforts, many students have responded positively, and have noticed the
development of new skillsets. Various feedback surveys have shown that the students now value
this modified teaching methodology, as it helped them transition smoothly from a student to a
valuable employee in the U.S. workforce.
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