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Abstract

There is a realization that the world is becoming unsustainable because of the technology
developed by engineers. National and international engineering bodies have recognized this
problem and have articulated the need for sustainable engineering. This is creating an increasing
social demand both nationally and globally to graduate engineers who have been trained to respond
to the modern economic and environmental challenges. In a previous work at a large university in
the Southwest, the authors developed an instrument to measure sustainable development literacy
in incoming freshman engineering students. This work demonstrated a lack of understanding about
sustainable engineering among the incoming freshman and led to the development of a module on
sustainable engineering. The student engagement and interest in this module was measured, and
these results have led to the design of a full semester long course titled Engineering for Sustainable
Development for undergraduate students of all majors. The course took a modular approach in its
development with each topical module having clearly defined and measurable outcomes with some
independence. Responding to those demands for a more sustainable engineering practice, the
course involves sustainable circular designs as core promoters of a circular economy. This
innovative design thinking will create a new mentality in engineering students. In this paper, the
authors present the process followed for the design, implementation and assessment of the course
“Engineering for sustainable development” aimed to introduce and integrate sustainability
engineering learning early in the engineering curriculum.

Introduction

The World Commission on Environment and Development (WCED) in 1987, defined sustainable
development as "The technology development that meets the needs of the present for people
without compromising the ability of future generations to meet their own technological needs".
Since the United Nations Conference Declaration in the Human Environment in 1972, and the
subsequent Declaration of Rio de Janeiro in 1992, the topic of education in sustainable
development has been brought into context. Furthermore, The United Nations Educational
Scientific and Cultural Organization (UNESCO), called for a Decade of Education for sustainable
development from 2005 to 2015 [1]. This worldwide reflection is creating a new engineering
education culture. Engineering educators are observing significant shifts in societal expectations
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of the engineering profession to help address immediate and longer-term sustainable development
challenges. According to the World Federation of Engineering Organizations (WFEO),
engineering plays a significant role in planning and building projects that preserve natural
resources, are cost-efficient, and support human and natural environments [2]. The National
Academy of Engineering formulated in 2004 its vision of the engineer of 2020 [3]. This report
outlines a number of aspirational goals where it sees the engineering profession taking a more
central normative role in society, including facilitating design “trough a solid grounding in the
humanities, social sciences, and economics”, rapidly embracing new fields of endeavor “including
those that require openness to interdisciplinary efforts with non-engineering disciplines such as
science and social science and business” and taking a lead in the public domain by seeking to
influence public policy positively. Critically, the report calls for engineers to be informed leaders
in sustainable development and notes that this “should begin in our educational institutions and
be founded in the basic tenets of the engineering profession and its actions”. The NAE, 2004
report suggests that engineering curricula be reconstituted “fo prepare today’s engineers for the
careers of the future, with due recognition of the rapid pace of change in the world and its intrinsic
lack of predictability. ”

Engineering education in sustainable development (EESD) should allow every human being to
acquire the knowledge, skills, attitudes, and values to shape a sustainable future [4]. While campus
sustainability efforts have been made at colleges and universities across the United States of
America, education in sustainable development has yet to be codified into standards for most
engineering disciplines [5]. At many campuses, engineering students can graduate without an
understanding of core sustainability concepts, critical issues, or the change management and
systems-thinking skills necessary to participate in innovative sustainable engineering solutions.

Therefore, higher education institutions are being called upon to help or lead the sustainability
transformation to train the global citizens and leaders of the future [6]. Engineering graduates
skilled on multidisciplinary disciplines across formal engineering education will be able to address
the goals from health and energy to climate change and biodiversity [7].

A small number of universities in the United States have selectively implemented sustainable
development thinking in their formal curricula. However, engineering graduates in the coming
generations will need a more standardized instruction focused on sustainability to allow them
approach holistically problems of society, economy, and environment and graduate with the
foundation and technical skills supported by systems thinking, multidisciplinary training, and
practical engineering application to confront the challenges found in modern engineering practice

[8].

Based on data from our previous work with on measuring literacy in sustainable engineering and
the development and results of one teaching module, we proposed the creation of a course at the
undergraduate level designed to help students develop sustainable thinking in engineering [9]. The
key feature of introducing this course early in the curriculum is to ensure that the students are



trained in integration sustainability in their thinking which will help integrate sustainable
engineering into whichever discipline they choose. The outcomes of this research will help
associate academic needs for faculty training in a way that allows instructors to be prepared to
present lecture materials for fundamentals in sustainable development.

Contributory work at large Southwestern University

The measuring literacy instrument. None of the Sustainable Development Assessment
methodologies developed so far in the United States assesses specific literacy in first year
engineering students. Previous studies performed assessed general sustainability concepts rather
than a more focused assessment relevant to understanding sustainable development from an
engineering point of view, with interest in holistic systems thinking and a design thinking
approach, which would lead to improved sustainable development thinking in the first-year
engineering programs. Regarding the development of an instrument to assess sustainable
development literacy, within the immediate two previous years, the authors have performed prelim
studies to 816 students of the first-year engineering program at a large university in the Southwest
(IRB ID: IRB2018-1594). Table 1 lists details of the questionnaire© [9].

Give the formal definition of sustainable
development.

Explain how the three integral dimensions of
sustainable development can operate in
balance.

Define the Net Present Value of and
engineering project.

Where and when the topic of sustainable
development began being into context?

Why engineering for sustainable
development is a multidisciplinary area.

Explain how the engineer in charge of an
urban development project can incorporate in
the project design process severe weather
disaster prevention measures.

Why are engineering educators observing
significant shifts in societal expectations of
engineering?

Give a formal definition of Design thinking.

What are the five (5) steps of design thinking?

Define the life cycle of and engineering
product.

Name the three fundamental dimensions of
sustainable development.

What is the 6™ factor in the sustainable
analysis of design thinking?

Define sustainable return on investment (S-
ROI) for an engineering project.

Why systems thinking is a powerful tool to
incorporate multidisciplinary analysis with
complex interactions?

Explain how sustainable development can be
embedded into design thinking.

Define Circular economy

Table 1. Preliminary questionnaire©

Proposed work

Course development and assessment.

Having accomplished the initial goals of measuring literacy regarding Sustainable Development
in first year engineering students, we developed a full semester length course in sustainable
development that was offered to sophomore students and seniors. The course had the following
identified learning outcomes:

I.  Explain the definition of Sustainable Development.
ii.  Discuss the most important milestones of the History of Sustainable Development



iii.  Identify People, Profit and Planet as the three fundamental dimensions of Sustainable
Development.

iv.  Discuss the relation of society and the 6" factor (sustainability) in the Engineering Design
process

v.  Recognize the concepts of Profit—Engineering economics

vi.  Recognize the concepts of Planet—Environmental Engineering

vii.  Identify that Society (people), Economics (profit) and Environment (planet) most work
balanced in harmony.
viii.  Discuss Systems thinking for the interdisciplinary approach of Sustainable Development.

ix. ldentify the integrated approach of Sustainable development.
X.  Explain the concept of Net Present VValue for an engineering project.
xi.  Recognize the importance of Climate Change consequences in new urban developments.

xii. ~ Discuss the concepts of Life Cycle of an engineering design and Life cycle assessment
techniques.

xiii.  Explain the concepts of Circular Economy.

xiv.  Explain how artificial intelligence (Al) and internet of things (loT) accelerate circular
economy.

While the course was planned for a face-to-face offering, COVID restrictions changed the
directionality of development from a face to face to a fully online offering of the course. This will
also help in expanding access to other students interested in this topic outside our university.
Additionally, we also feel that offering the course in an online format will help us offer the course
to working engineers in the industry who may be interested or desire to learn more about
sustainable engineering.

For the overall development of the course, we will follow the ADDIE model [10] with the analysis
phases driving content and interaction development. We took a modular approach in the design
and development, which entailed the development of a series of shorter topical modules that were
developed and deployed using a just-in-time delivery model.

The on-line modules were initially planned for a fully asynchronous course, but the need to offer
some live contact to students over summer 2020 resulted in the course being offered in a remote
synchronous format. But all lectures were recorded and made available in the course, ensuring
24x7 availability of the modules without the need for constant human intervention. Design of the
modules followed the principles of multicultural design and andragogy (Parish et. al 2010; Rogers
et. al, 2007) [11], [12], [13], thus maximizing the uptake in a multicultural environment.

To ensure that the modules are engaging and interactive, they were situated in Ohl’s interaction
framework [14], and developed using a combination of interactions developed using specialized
software such as Articulate Storyline to create learning pathways through the content. These
learning pathways were not fully realized due to the shortened timelines for development due to
COVID changes but will be built out more completely for the future offering of the course.
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Figure 1: A generalized schematic for learning pathways in the proposed modules

All the content was delivered using our learning management system and we will leverage the data
Analytics add-on that will enable ease of transactional use for future developments.

Study Population

This study was conducted over a summer course with two sections. One section designated for
senior students and one for sophomore students. Both the courses had the same content,
assessments, and assignments, but the senior students had an additional final project where they
had to integrate principles of sustainable engineering into an engineering project. The study was
equally divided by gender with 7 females and 9 males spread across both the sections.

Methodology for Assessment

We conducted a direct assessment of each defined learning outcome for the course. Each module
has an assessment which is aligned to the learning outcome identified for that module. The student
performance on each individual assessment was mapped to the defined learning outcomes for the
course.

Sustainable Assessment and Sustainable Indicators are framed in the context of sustainable
development as a decision-making strategy introducing both fields as well as several essential
aspects in a comparable and well-structured manner. Sustainability assessment and sustainability
indicators can be powerful decision-supporting tools that foster sustainable development



knowledge in first year engineering programs by addressing three sustainability decision-making
challenges: interpretation, information structuring, and influence [15].

Results
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13

14

Learning Outcome

Explain the definition of Sustainable Development.

Discuss the most important milestones of the History

of Sustainable Development

Identify People, Profit and Planet as the three

fundamental dimensions of Sustainable Development.
Discuss the relation of society and the 6™ factor

(sustainability) in the Engineering Design process

Recognize the concepts of Profit—Engineering

economics

Recognize the concepts of Planet—Environmental

Engineering

Identify that Society (people), Economics (profit) and

Environment (planet) most work balanced in harmony.

Discuss Systems thinking for the interdisciplinary
approach of Sustainable Development.

Identify the integrated approach of Sustainable
development.

Explain the concept of Net Present Value for an
engineering project.

Recognize the importance of Climate Change
consequences in new urban developments.

Discuss the concepts of Life Cycle of an engineering
design and Life cycle assessment techniques.

Explain the concepts of Circular Economy.

Explain how artificial intelligence (Al) and internet of
things (IoT) accelerate Circular Economy.

Assignment
LOis

measured in.

Lecture 1--
HW L-1
Lecture 1--
HW-L-1
Lecture 2--
HW L-2
Lecture 3 --
HW L-3
Lecture 4--
HW L-4
Lecture 5--
HW L-5
Lecture 6--
HW L-6
Lecture 8--
HW L-8
Lecture 9--
HW L-9
Lecture 7--
HW L-7
Lecture 14--
HW L-14
Lecture 10 +
Lecture 11--
HW L-10 &
11)
Lecture 12 +
Lecture 13--
HW L-
12&13)
Lecture 15--
HW L-15

Average
grade

100
90
100
90
100
100
85
90
85
90
100

90

100

90

We found that the students performed very well overall in all sections of the course. Two outcome
measures (#7 and #9) show a lower performance than others. Examination of these outcomes in



showed that students had a harder time when applying the concepts of sustainable engineering in
broad contexts and we plan to modify the content to scaffold broader thinking for the future
versions of the course. An interesting observation to note was that for outcome measures #7 and
#9, female students performed marginally higher than male students.

Histogram of students performance
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Figure 1. The Histogram of student performance depicts the grades obtained among the students
from the indicated material of lectures and assignment. The plot line shows the cumulative
percentage of success relative to the total number of assignments. The Pareto 80/20 analysis shows
that students consistently succeeded in no less than 13 out of the 15 course modules.

Students were evaluated from 15 HW assignments that constituted 205 questions. One midterm
and a final exam. Senior students were additionally evaluated with a final comprehensive project
related to their area of interest. The following project titles were chosen by senior students: 1. Life
Cycle Assessment of electric vehicles (eV). 2. Life Cycle Assessment of Solar Photovoltaics. 3.
Life Cycle Assessment of prefabricated homes. 4. Life Cycle Assessment of Bio Plastic Pipettes.
5. Life Cycle Assessment of Quadrotor Biplanes. All 6 projects received full credit.

Figure 2 depicts the grade distribution between sophomore and senior students in the class.

Sophomore students had slightly lower performance than senior students who showed a continued
interest and great enthusiasm during the senior projects.



End of the semester feedback also indicates that the students overall greatly appreciated their
introduction to the principles of sustainable development and will seek areas for integrating these
concepts throughout their education. One telling comment is given below.

| really enjoyed the Engineering for Sustainable Development course and it fulfilled my
expectations! | learned SO many valuable things that | am really looking forward to applying to a
project someday. I've taken classes that cover environmental sustainability, but I really enjoyed
how this course also covered the economic and social aspects of sustainability. I'd be really
interested to learn in my senior engineering courses how these ESD principles that | have learned
are applied in the engineering area of my interest” (Electrical Engineering Sophomore Student)

STUDENTS PERFORMANCE

DISTRIBUTION
Sophomore students Senior students
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Figure 2. Senior students consistently performed better than sophomore students did. The class
was composed of eight sophomore and eight senior students for sixteen students.

Future work

Based on our analysis of the learning outcomes of the course and student feedback we plan to
update the content to make the assessments in terms of number of questions and difficulty across
the semester. In addition, we are in the process of developing an industry survey to identify
specific industry needs that can be mapped to the current course outcomes. This will enable us to
take existing content and redesign it using adult learning principles and offer it as upskilling
opportunities to industry. In addition, we plan to continue offering the course in Summer 2021 to
continue with the development of the modules that was interrupted due to COVID changes. Some
future work will also entail following up with senior students to gauge the applicability of the
course in their professional lives.



Conclusions.

This paper addresses the identified need for an undergraduate course in Engineering for
Sustainable Development (ESD) inspiring new mentalities in engineering students of all majors.
In addition, the paper also addresses the sustainable engineering education gap that exits for
engineers currently working in the field. The course involves sustainable circular designs as core
promoters of a circular economy. This innovative design thinking will create a new mentality in
engineering students. The outcomes of the course Engineering for Sustainable Development
offered to a balance group of undergraduate engineering students show promising results. This
could be a milestone to incorporate formally Engineering for Sustainable Development (ESD) in
the curricula of all engineering majors.
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