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Abstract

Current production and consumption patterns are unsustainable, causing
irreversible damage to the environment and human health and well-being.
Designers play a vital role in resolving this problem — their decisions affect
product manufacturing, distribution, use, and disposal —and hence they
must be aware of the positive and negative impacts of their design deci-
sions. Sustainable product design education is key to developing the knowl-
edge, skills, and responsibility required for future generations of product
designers and their educators to make informed and responsible decisions
within their practice, and also enhance the social and environmental per-
formance of their creations and effectively communicate the value of such
decisions within a commercial context. In this article, we present insights
and challenges in contemporary sustainable product design education in
higher education. We document the experiences of six academics involved in
teaching and researching sustainable product design in the United Kingdom,
Australia, Denmark, the Netherlands, and the United States. We hope to pro-
vide a useful reference for academics seeking to adopt sustainable product
design practices in their existing programs, develop new sustainable product
design education programs, or reflect on their own existing product design
practice.
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Introduction

Today’s global production and consumption patterns are causing irreparable
social and environmental damage. Vast inequalities exist between developed
and developing countries. Unless such patterns are rapidly addressed, the
negative consequences will be irreversible.! Design plays a critical role in
helping to reduce negative social and environmental impacts because de-
signers’ decisions are responsible for the impact of the goods and services we
consume. Around 80% of the environmental impact of a product is defined

at the early (design) stages of the product development process.? Designers
are responsible for specifying products’ material compositions, how their

raw materials are processed or formed (manufactured), and how products

are packaged, distributed, used (to a certain extent) and eventually disposed
of. Every decision made during the design of a product or product-service
system will have a direct (negative or positive) social and environmental
impact upon people and our planet. Sustainable product design (SPD) is
situated in the context of increasing concern for the degradation of the planet,
the availability of resources for future generations,® and the impact of these
phenomena on humans and on society. Its roots lie in the early environmental
movement heralded by Rachel Carson’s Silent Spring,* but its remit includes
the wider social concerns Victor Papanek asserted in his seminal wakeup call
for designers Design for the Real World,® as well as in Tomas Maldonado’s early
work,® and later work by Carlo Vezzoli and Ezio Manzini.” Sustainable product
design thus uses a holistic and evolved approach. The early notions of environ-
mentally responsible design—design for the environment, eco-design—are
components of the approach, but it also takes wider societal needs and im-
plications into concern. Sustainable product design uses a triple bottom line®
approach—its 3Ps are “planet, profit, and people,” balancing environmental
concerns, with societal responsibility and economic profit. This is consistent
with the goals explored by Our Common Future,? the UN’s Decade of Educa-
tion for Sustainable Development 2005-2014,'® and more recently its Sustain-
able Development Goals (SDGs)."

Sustainable product design education is vital at all stages of design educa-
tion but particularly in higher education (HE), where training, educating, and
instructing students takes place prior to their commencing design careers in
industry. While there are countless studies on sustainable product design ed-
ucation, and its implementation via different methods,'® researchers typically
tend to focus on single institutions or specific course design.’® We take a more
holistic approach in this article, presenting the individual experiences, opin-
ions, and challenges expressed by experienced academics at different insti-
tutions and countries. All are active in both research and teaching in the area
of sustainable product design. Our aim is to provide an overview of current
sustainable product design practice (teaching and research) to academics and
academic departments wishing to implement, develop, or reflect on sustain-
able product design in their programs and courses. We reveal the differences
in the types of skills and knowledge required for sustainable product design
education, versus those taught generally in product design. To teach these
competencies, specialist academic educators must effectively communicate
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and assess complex subject knowledge with suitable rigor. A challenge in

HE is ensuring that academics and teaching staff are employed, or suitably
trained, to deliver such content. Furthermore, a higher priority must be
placed on including sustainable product design education in design curricula
overall, to ensure that it is effectively resourced and not minimized or other-
wise dumbed down due to a lack of specialized knowledge or staff.

Methodology

We used a multiple case study approach' in this article, and adopted quali-
tative research methods to draw insights from academics representing six HE
institutions (Nottingham Trent University, Cranfield University, Dartmouth
College, Technical University of Denmark, Technical University of Delft,
and University of New South Wales) from five countries (the UK, Australia,
Denmark, the Netherlands, and the USA). To identify academics who could
provide insight and expertise in sustainable product design, we used the
following selection criteria:
i Atleast eight years’ experience in sustainable product design in
teaching and/or research
ii A breadth of experience in HE teaching, encompassing both under-
graduate and postgraduate courses
iii Representation from more than one country or continent
iv Relevant publications within the field of sustainable product design

Next we will introduce each institutional case study.

Nottingham Trent University (NTU) — UK

This case study, considers the teaching of sustainability to undergraduates
on a BSc product design degree, engineering students undertaking an
Erasmus semester, and related content in doctoral supervision. In the BSc
course, teaching is predominantly delivered through two studio projects
the 2nd year (n ~ 40 students) and a final year capstone project (n ~ 40
students) applying the theory taught across all three years of the course.
The 2nd year projects feature social and environmental considerations and
approaches, with at least one project completed for each, typically a life
cycle assessment (LCA) redesign project and another concerning design for
the developing world addressing aspects of the SDGs. Capstone projects are
largely selected by students from a wide range of briefs, but these typically
address aspects of the SDGs and specific sustainability assessment criteria.
The Erasmus semester is delivered to European exchange students as part
of the European Project Semester,' and includes a compulsory element on
sustainability. Content is delivered to multidisciplinary groups of design
and engineering students (n ~ 30 students), who consider the redesign of
an existing electromechanical product using sustainable design strategies
and LCA tools. Furthermore, academics have experience in supervising
numerous doctoral students all with a sustainability focus, that have close
alignment with industry.
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Cranfield University— UK

This case study considers the content of teaching delivered to students of the
Master’s in design thinking at the Centre for Competitive Design (C4D)."® The
program aims to develop future design leaders by equipping them with the
skills and competencies they need to make a valuable contribution to future
societal challenges. The program has a specific “Whole Systems Design”
module, which introduces students to strategies and tools that enable inte-
grated, sustainable, circular product development. Tools taught in this module
include life cycle thinking, circular design, circular business models, design
for sustainable behavior, social sustainability, and systems thinking. Students
gain experience from real-life scenarios requiring a holistic approach to design
for improved sustainability; they are expected to complete an industry-led
group project and an individual project. The group project trains students in
teamwork and asks them to develop non-technical skills as part of the taught
program. The individual project encourages students to develop their research
capability, depth of understanding, and ability to provide world-class solu-
tions to real problems through design strategy and leadership.

Dartmouth College— USA

This case study is focused on the postgraduate industrial ecology engineering
module: one of two sustainable design/engineering electives available at
Dartmouth with approximately 12-18 students per year. This module on
sustainable design engineering also includes sustainable design entrepreneur-
ship and business model design. This course includes a range of sustainable
design tools and addresses key areas such as energy effectiveness, circularity,
product-service systems, materials selection, biomimicry, design for behavior
change, and end of life perspectives. The module is project-based, requiring
student teams to work with an external business and a business school team to
develop a product using relevant sustainability tools and methods. Assessment
takes place through team-based project presentations and reports. Course
redevelopment was partly funded by a VentureWell grant, a non-profit organi-
zation that encourages entrepreneurship in engineering students.

Technical University of Denmark (DTU) —Denmark

An undergraduate bachelor’s course entitled “Product Life Cycle and Envi-
ronmental Issues,” established over two decades ago at DTU, was our focus
for this case study. The course is offered to students in a wide range of en-
gineering programs at the university; in 2020 there were 150+ students
enrolled across seven engineering programs (such as BSc Design & Innova-
tion, BSc Architectural Engineering, BSc Mechanical Engineering, and BSc
Strategic Analysis & System Design). The course starts with an overview of
the key trends shaping sustainable design (the circular economy, or the SDGs
for instance) and an overall discussion of the need to consider sustainability
during the early stages of the design process. This is supported by the use of a
reference model' for sustainable design, which introduces a number of tools
and approaches to guide the design process towards more sustainable prod-
ucts. The final assignment of the course is a design project: students are asked
to plan the eco-design process for a given product, select the most appropriate
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methods and tools, identify the key environmental impacts along the product
life cycle, and identify design guidelines and associated sustainability perfor-
mance indicators to guide the design process.

Delft University of Technology (TU Delft) —The Netherlands

Our Delft case study examined the compulsory “Design for Sustainability”
module for second-year undergraduates in industrial design engineering
(~ 350 students). It is one of six sustainable design/engineering modules
available in the department, but most others are elective or postgraduate
modules. This module includes content on the UN SDGs; the Triple Bottom
Line; design for sustainable behavior change; material selection; material
recovery strategies; LCA; and the economic, technical, and environmental
feasibility of using renewable energy (in particular solar energy) for pow-
ering products. This module is team-taught by four instructors, alongside
several coaches and teaching assistants, with each instructor leading a
two-week portion of the course. The class is theory-based; it consists of for-
mative group-based (non-graded) homework assignments and quizzes, with
an individually-graded final exam. On completion, students are encouraged
to apply sustainability tools and methods in future projects and modules,
and future course revision is planned to further strengthen this connection.

University of New South Wales (UNSW) — Australia

The case study covers the teaching of design for sustainability within a

3-year Bachelor of Industrial Design degree with an additional 1-year honors
option. The program is mid-sized by Australian standards, with ~ 50 students
enrolled each year, 40% of which are international. Standard courses run
over a 10-week trimestral term, typically with 3 or 4 hours of face-to-face
contact every week. Design studio courses are regarded as the backbone of
the degree, with theory courses and skills courses complementing the studio
courses. Students are required to complete 8 studio courses during the 3-year
degree. Since 2013, design for sustainability has been the focus of at least

one design studio in the second and third years. Projects in these year levels
encompass various aspects of environmental sustainability and social sustain-
ability, such as the Australian National Packaging Targets (100% reusable,
recyclable, or compostable packaging by 2025), the UN Decade of Healthy
Ageing 2021-2030, the SDGs of 2015-2030, and the 2000-2015 Millennium
Development Goals that preceded the SDGs. The range of topical design chal-
lenges offered in these studio classes has included collaborative consumption,
sustainable product-service systems, circular economy, crime, disaster resil-
ience, developing world, and biomimicry. In the honors year, students align
their capstone projects with the research interests of academic staff, and each
year a few project themes are offered in design for sustainability topic areas.

Data Collection

We gathered insights from the answers to a series of six open-ended ques-
tions which were delivered in a semi-structured interview format to gather
responses on the breadth, content, and style of the instructor’s teaching of
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Table 1 Types of modules including sustainable product design content.
Practice Theory
Undergraduate - Final year projects (capstone) - Final year dissertations
- Technical thesis - Biomimicry course
- 2nd-year studio projects - Product life and environmental issues
- Erasmus exchange group projects
- Design and innovation
Taught Postgraduate - Circular design models and business models - Dissertations
- Group projects - Industrial ecology
- Individual projects - Systems thinking
- Design for social sustainability
- Design for sustainable behavior
- Life cycle assessment
Other - Doctoral supervision

sustainable product design. These responses were used as a starting point for
further comparison and discussion with the academics to distill the key points
for inclusion in this article.

The rationale for this data collection method was to enable rich qualitative
data to be captured —that is, informed by experienced academics in sustain-
able product design, from differing higher education systems. The following
six questions were asked to each academic:

1 What are the key competencies sustainable product designers gradu-

ating in 2025 should have, and why are they of value?

2 What concepts and skills do you teach to develop these competencies?

3 What teaching pedagogies do you use to facilitate learning these

competencies?

4 What practices should sustainable product design instructors acquire?
What are the challenges you face for teaching the way you do?

6 What can program directors do to support instructors in acquiring
these teaching practices?

9]

The responses to each question from the six participants were collated, first
as individual cases, then clustered together using thematic analysis and
discussed (results and discussion section). The responses from each partic-
ipant were based on their personal experiences from instructional didactic
teaching and/or Socratic supervision methods in the sustainable product
design-related programs shown in Table 1.

Results and Discussion

The key findings from the case studies are summarized and detailed in this
section. We organized our analysis and discussion of each case around five
themes:

i Knowledge and skills of future sustainable product designers;

ii Methods, tools, and topics used to teach sustainable product designers;

iii Practices sustainable product design educators should acquire;
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iv Challenges of teaching sustainable product design; and
v How can program directors help sustainable product design educators
teach sustainable product design?

Knowledge and Skills Required by Sustainable

Product Designers

The knowledge and skills required by product designers can be classified into
two main groups (Table 2): generic knowledge and skills applicable to the
design discipline, and specific knowledge and skills required in relation to
sustainable product design.

The generic knowledge and skills requirements are common core content
and are typically applicable to any design-based program. The second section
represents knowledge and skills unique to sustainable product design. These
skills require specific, often extensive (technical) knowledge and abilities that
is to be acquired during a course, demanding greater time allocation within
the curriculum. Some of the additional knowledge and skills also require
design students to have a more technical, broader mindset or background,
because they require that the designer masters new technical concepts/
methods from environmental science, design engineering, and business disci-
plines. This led the authors to assume that the Bachelor of Science and Bach-
elor of Engineering Design courses, and their students, might be more suited
to sustainable product design education than less technically/science-ori-
ented product design courses.

Generic Knowledge and Skills

Communication skills are considered vitally important, not only to exchange
information with other team members or tutors but also to convince or make
a case for the adoption of their ideas/designs to business management.

“Communication skills are important, both for external communication to sell
ideas to executives or customers and for interpersonal communication to build
high-performing teams.”—Respondent 4

“Communication skills (oral, written) are necessary for any discipline, but
even more so for sustainable product designers, who will have to convince
wary businesses to commercialize sustainable (high-risk, unproven) products,
which often implies compromises and changes in the way an industry
works.” —Respondent 2

Independent lifelong learning and self-management were also considered
important since such skills are becoming crucial in the digital age, given
students’ instant access to a wide range of online material. Enabling students
to learn independently and helping them develop skills that will be useful
throughout their lives through continuous professional development to
ensure ongoing employment in a fast-changing world.

“Students need to adopt a flexible approach to design, with boundaries between
design disciplines such as product design, graphic design, and user experience
design becoming increasingly blurred due to increasing digitalization. In the
future, students will need to traverse such boundaries more seamlessly to pro-
duce sustainable solutions of value. A willingness and ability to do so will drive
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Table 2 Knowledge and skills required by sustainable product designers: General knowledge and
skills are highlighted in grey and specific knowledge and skills are highlighted in white.

Knowledge and Skills NTU Cranfield Dartmouth DTU TU Delft UNSW
Generic Skills Communication — visual & verbal, CAD . . . . .
sketching, modelling, presentation skills
Commitment to lifelong learning . . . .
Critical thinking ° o ° ° o °
Problem solving . . . . . .
Management —time, project, and self ° . . . .
Materials and manufacturing processes ° . ° o °
Teamwork . . . .
Negotiation .
Product costing . . .
Collaboration —group, team, or . . . . .
multidisciplinary
Risk taking o
Creativity . . . . . .
Modelling or simulation skills . . . .
Empathic user-focused understanding & . . . .
observation (user-centered design)
Design, development, prototyping, and . o . o .
testing of solutions
Interdisciplinary design across subdomains . . . . .
Engineering-related knowledge of how the . o . o
product functions
Failure mode and effects analysis (FMEA) . . . .
and maintenance methods
Decision making and trade-offs in design
L) L] L) L] L]
processes
Sustainable Product Methods and tools to assess environmental . o . . o
Design — Specific impact: life cycle analysis (LCA), checklists
Eco-design/sustainable product design
K R R . ° . . . .
strategies and application
Design of product-service systems (PSS) ° . ° . . °
Sustainable/circular business models . . . . .
Systems thinking . . . . . .
Knowledge on sustainability and circular
L) L] L) L] L] L)
economy
Life cycle design . . . . . .
Sustainable product design methods/
L) L] L) L] L] L)
process
Holistic understanding of sustainability
. . . L] L] L] L] L] L)
including social aspects
Reverse logistics & logistics —supply chain, . .
manufacturing, repair
Dematerialization, design/component . o . o
simplification
Product teardown and sustainable product . o . o

redesign

Design of digital circular logistics systems . .
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innovation and help to speed up dematerialization. However, failure to embrace
this fluidity will perpetuate the current insistence on unsustainable models of
product ownership and material-based product outcomes, and may result in a
lack of employment opportunities for students.” —Respondent 1

Traditional design engineering methods such as FEA (finite element anal-
ysis) and FMEA (failure modes effect analysis) are also useful for the design,
validation, optimization, and simulation of products to ensure that they are
durable and use the optimal amount of material. Such techniques can blend
with sustainable product design requirements to adhere to resource (material)
efficiency and design for durability principles. The rise in the integration of
digital technologies also has implications for the circular economy, so there is
also a need to teach how new digital technologies—such as digital passports,
which track a product’s life cycle and provide product-related data—can be
used to support sustainable and circular product solutions.

Specific Knowledge and Skills

Knowledge regarding sustainable product design strategies and the most
appropriate ones to select and apply for individual design situations was
universally identified as a key skill. With a range of specific strategies being
noted, including dematerialization, sustainable material selection, design for
end of life, design for repair/reuse/remanufacture/recycling, circular design,
design simplification, biomimicry, design for sustainable behavior change,®
and design for durability, which were confirmed by an earlier study.'®

“Students should design appropriately for end-of-life destinations in line with
circular economy considerations, for example, specifying materials depending
on the length of use of the product ... permitting short-lived products to be
biodegradable and low in embodied energy, while designing in the potential
for high embodied energy products to have extended lives through upgrad-
ability.”—Respondent 1

The importance of not only being aware of sustainable product design strat-
egies but of knowing how to select and apply the most suitable depending on
the design problem was also emphasized.

“Broad understandings of sustainable product design strategies—strategies for
enhancing the sustainability performance of a product, at a design level —are
important for students. It is important that they learn how to select the most
suitable strategies, according to the sustainability profile of the product under
development.”—Respondent 5

Knowledge about sustainability and the circular economy are important

if product designers want to understand how their design decisions may
affect natural and social environments. Product designers need a basic un-
derstanding of how these environments (i.e., systems) work, and how the
introduction of new products may affect their functioning and balance. This
introduces great complexity to sustainable product design education, re-
quiring an extensive range of topics to be introduced that are not included in
traditional design education.
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“The students must understand the overall concept of sustainability (the social,
economic and environmental dimensions) and how it has been operationalized
in industry over the last 30+ years (from passive approaches and cleaner pro-
duction to eco-design and sustainable design).” —Respondent 5

The ability to be able to develop a sustainable business model was noted as
a core skill for future students. This is important because sustainable design
solutions will be adopted by industry only if students can integrate them
within a business model— otherwise, their designs risk being dismissed by
industry.

“Despite a high sustainability awareness in all spheres of society (including civil
society, NGOs, public and private sector), sustainable design will not be suc-
cessful and broadly implemented if there is no business case for its implementa-
tion. The students should have the skills to both calculate and sell the business
case for sustainable design.”—Respondent 5

The design of product-service-systems (PSS) was also seen as an important
skill for students to master. Sustainable solutions, which create services in-
stead of, or in conjunction with products, are becoming commonplace. This
shift has several potential benefits. It may

i Help to dematerialize products

ii Facilitate the recovery of the product at the end of life

iii Facilitate maintenance and upgrade of the product

iv Incentivize renting/leasing a product/service instead of buying it

(versus ownership).

Because of the potential environmentally-related benefits, sustainable product
designers should become increasingly familiar with designing PSS. According
to one respondent, this means

“Developing integrated systems, services, and business models that connect
users (businesses and consumers), products and data in more cost effective,
resource productive ways; and transforming current models of ownership and
consumption.”—Respondent 3

A systems thinking approach was also recognized as an important skill for
sustainable product designers. Sustainability is a complex issue that requires
an understanding of systems complexity and the relationships involved. It is
important to help students understand that any design decision —selecting

a specific coating, say— during the process will ultimately exert positive and
negative effects on the broader system. This is why sustainable product design
students need to be experts in their subject discipline while at the same time
having a broad understanding of other disciplines such as systems thinking
and industrial ecology. This is often described as T-shaped education, where
students have in-depth expertise in one area, while having a general breadth
of knowledge of a range of other disciplines in an interdisciplinary manner.2°
While T-shaped education is important in any design discipline, it is essential
in sustainable product design, which requires designers to demonstrate com-
prehensive, sound knowledge on relevant social and environmental issues and
their assessment.
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“Knowledge about systems thinking allows designers to have a holistic view of
how every design decision may affect larger systems (it shows them that every-
thing is interdependent). Sustainable issues involve large systems, which are
interrelated, so it is important to understand how the designed products may
affect those systems.”—Respondent 2

Life cycle design is another essential skill, and one related to systems thinking.
It asks designers to consider the entire product life cycle—stages include
materials extraction, manufacturing, distribution, product use, and end of
life—during the design phase. This is because the total impact of a product is
the accumulation of the impact in each of its life cycle stages as noted:

“It is key that the students understand the different life cycle phases and get
a clear understanding that design decisions in one phase can have an impact
(both positive and negative) in other phases. A systems perspective is required
when doing sustainable design.”—Respondent 5

The circular economy (CE) aims to decouple value creation from resource
consumption. In traditional linear economic models, products are manufac-
tured, used, and disposed of, thus losing the value of the resources contained
in the products after they are discarded. In a circular economic model, prod-
ucts are manufactured, used, repaired, reused, refurbished, remanufactured,
and recycled —to conserve the resources used (and value generated) by the
product for as long as possible. Knowledge of CE principles and available

CE product design strategies are necessary for students to be able to design
circular products.

Methods and tools to assess the environmental and social impact (such
as LCA?" software) of product design solutions were widely recognized as a
required skill for sustainable product designers. But in order to effectively
use such tools, an understanding of materials, manufacturing, use phase
considerations, and logistics (such as reverse logistics) is required to ensure
informed and accurate decisions, as earlier studies have confirmed.?? This
also highlights the importance of understanding the functional unit when
making direct comparisons in LCA software to compare the environmental
impact of product or design feature options. Using the same functional
unit ensures that both products will be compared objectively —apples with
apples, in other words. The demand for comprehensive knowledge and skills
from sustainable product designers means that teaching isn’t straightforward
or discipline specific.?® Teachers must invest significant time if they are to
familiarize themselves with new knowledge and tools. To teach this mate-
rial requires prior learning that teachers must undertake on behalf of their
students.

Sustainable product design is a complex practice. It requires that stu-
dents cultivate elasticity in their thinking and learn to be comfortable with
non-absolutes, hold key principles in tension with one another, and recog-
nize the trade-offs between design decisions that may perhaps conflict with
their traditional design training. The design process always involves making
conflicting design decisions—one design decision may satisfy one specifica-
tion (lightweight, for example), but conflict with another specification (re-
duced durability). In sustainable product design, this situation is even more
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common, since there are additional (sustainability-related) design require-
ments in the product specifications and added complexity within the field of
sustainability itself. Students must learn to recognize and manage these addi-
tional and sometimes contradictory sustainable design requirements. Making
design decisions in contexts that are increasingly uncertain. In addition, the
use of additional tools (such as LCA) and methods to assess the sustainability
of design options during different stages of the process can also complicate
the design process, making it less agile and more rigid.

Other important knowledge and skills for students relate to the social
impact dimension of sustainable product design?* —including the domains
of social justice and fair working conditions, among other issues. These relate
more broadly to the SDGs?® and involve wider, less clearly defined issues,
thus benefitting from more exploratory forms of learning.2® Such issues are
typically addressed through projects that focus on the needs of marginalized
communities, through real-world briefs and competitions in partnership
with charities and NGO’s, who often provide realistic and immersive project-
centered resources; a good example is the Engineering for People design
challenge hosted by Engineers Without Borders.?”

Methods, Tools, and Topics Used to Teach Sustainable
Product Designers

The methods and tools used to teach sustainable product designers can be
generic,?® applicable to any design discipline in higher education (grey cells,
Table 3), as well as specific to sustainable product design education (white
cells, Table 3).

Project-based learning is the most common teaching method within the
product design and design engineering disciplines, permitting the develop-
ment and reinforcement of multiple skills at the same time through practice.
It can be further enhanced by focusing on live briefs increasing the learning
curve and outcomes further, through giving the students opportunities to
work on real-life projects simulating real-life industry work.?? As one partici-
pant mentioned,

“The most ideal teaching method is project-based learning in interdisciplinary
teams, partnering with a manufacturer or other external stakeholder (govern-
ment, non-profit or local community group). It not only gives the students ex-
perience with real-world constraints and priorities, but even more importantly,
the students educate the company representatives. This is important because
even if students have perfect sustainability skills and graduate today, it will be
years before they are in positions powerful enough to apply those skills. We also
need to educate those managing product development today, who will never go
back to school, and partnering student groups with manufacturers is one way
to do this.”—Respondent 4

Videos and online material were also considered important. Video-based
resources have great potential to elicit deep learning and enhance students
understanding of the complexity of sustainability as noted in the literature.®°
Digital resources foster greater flexibility and a variety of learning formats
and environments, including flipped and blended learning to permit students
learning and development outside of the traditional classroom activities (at
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Table 3 Methods and tools used to teach sustainable product designers.
Methods, Tools, Topics NTU Cranfield Dartmouth DTU TU Delft UNSW

Generic Skills Project-based learning . o . . . .
Videos . . . . . .
Online material . . . . . .
Seminars . . . . .
Reading lists . . . . . .
Lectures . . . . . .
Flipped classroom and blended learning o . . o . .
Tutorials . . . . . .
Case studies . . . . .
Student presentations . . . . . .
Workshops ° . . . .
Constructivist approach . . . .
Industrial visits . . . .
Design and prototyping of 3D solutions . . . .
Failure modes and effects analysis (FMEA) . o °

Sustainable Product Design and prototyping of PSS solutions . . . .

Design — Specific

Tools/methods to assess the environmental
impact of products (e.g., LCA, Sustainable . . . .
Minds, Ecolizer, SimaPro)

Eco-design and sustainable product design

K ° ° ° ° . °
strategies and how to apply them
Circular design (methods and indicators) . . . . . .
Historical context of sustainability and/or o . . o .
circular economy
Sustainable/circular business models o o o o o
Techniques/technologies that can enable

L] L] L] L] L] L]

circular economy

their own pace) and encourage discussion and facilitate group work. As one
participant mentioned, the flipped classroom offers many benefits, because it
allows staff to

“Give formative feedback to students not just about their understanding of the
topic but also about their research skills, their self-management, their negotia-
tion of the topic, their independent enquiry, their ability to be self-critical, and
their perception of the system perspective to the topic.”—Respondent 3

Seminars are also used frequently for teaching, with the format permitting
the presentation and interactive discussion of a topic, improving students’
retention of knowledge, and cultivating their critical thinking skills. As one
participant mentioned,

“Debate and discussion are often good techniques to exercise students critical
thinking and argumentation skills, both of which are key professional skills
required of sustainable product designers.”—Respondent 5
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Industrial case studies,®' although mentioned less often, are also used to show
how sustainable solutions have been implemented in real-life situations by
industry.

“[We use] industrial case studies, where students can see examples of the implemen-
tation in real-life of sustainable solutions/designs. After the presentation, the bene-
fits, and challenges (lessons learned) of the project are discussed.”—Respondent 2

Although many of the teaching methods and techniques mentioned (e.g., semi-
nars, workshops, flipped classrooms, lectures) are commonly used in traditional
design programs (not focused on sustainability), the topics/content of the
methods and techniques mentioned here are focused specifically on enabling the
learning of sustainable product design-related topics.

Teaching related to sustainable product design can be typically grouped into 3

main categories:

i Eco-design and sustainable product design tools/methods used to assess
the circularity and environmental and social impact, and to drive design
improvements, or compare solutions/design options.

ii Eco/sustainable/circular product design strategies to design solutions with
low environmental-social impact.

ili General knowledge about sustainability-related topics.

The first category of tools and methods centers on the assessments of specific
products or comparison between design options for the same product. This in-
cludes tools such as life cycle assessment (LCA) software-based tools®? (e.g.,
SimaPro,*? Sphera Gabi,?** SolidWorks Sustainability,** or Sustainable Minds.)3®
These may also come in the form of material selection tools (Ansys Granta
EduPack,?” for example), other non-software-based tools (OVAM Ecolizer

2.0 tables;® VentureWell Tools for Design and Sustainability),3® and various
checklists.

The second category includes sustainable product design strategies such
as design for disassembly, design for repair, dematerialization, design for lon-
gevity, design for upgrade, design for reuse, design for recycling, circular product
design,*° and design for sustainable behavior approaches.

The third category involves teaching specific knowledge and background in-
formation about topics related to sustainability like the circular economy, systems
thinking, social justice, and ecology.

Some topics are taught less frequently, depending on the program type and
level. These include: sustainable business models; tools and technologies to
enable the circular economy; skills such as design and prototyping of PSS solu-
tions; and modelling and simulation techniques, sometimes including finite
element analysis.

Practices Sustainable Product Design Educators
Should Acquire

There are two types of practices that sustainable product design educators must
learn and develop: those used by every higher design educator in general (grey
cells, Table 4), and those specific to sustainable product design educators (white
cells, Table 4).
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Practices sustainable product design educators should acquire.

Practices

NTU Cranfield Dartmouth

DTU TU Delft UNSW

Generic

Encourage good communication between

teachers and learners ¢ ° ¢ ¢ ¢ ¢
Industrial networking to inform real-world o . o o . o
industrial student projects
Encourage interaction/participation among o o o o . o
learners

Sustainable Product Balance creativity (design) with

Desig n— Specific environmental assessment methods . . . . . .
(science) in their teaching
Demonstrate an awareness of current
and emerging knowledge and practice in . . . . . .
sustainable product design
Be active in sustainable product design

R ° ° ° ° ° .
research and practice
Help students to recognize and identify
genuine sustainable product design from . . . . . .
greenwashing
Awareness of the current complexities
L] L] L] L]

related to sustainability in the industry

Generic Practices

Encouraging discussion and debate among students is particularly beneficial

when addressing sustainability-related topics. The exchanges can be deeply

personal for staff and students, building empathy, motivation, and interest in

sustainability-related subjects.

It is important that educators establish good connections with industry so
they can connect student’s assignments and project briefings with real-world
projects and experiences. As one academic mentioned,

“Instructors should reach out to manufacturers (or other stakeholders) to find
partners for their student teams. This requires learning to network and pro-
mote classes effectively, and also being able to manage expectations so that the

partners who participate are satisfied ... and educators avoid derailing student
teams with expectations misaligned with class deliverables.”—Respondent 4

The key professional competencies specifically related to sustainable product
design that instructors must cultivate are:
i Abalance between teaching creativity (design) and environmental
assessment methods (science).

ii An ongoing awareness of current and emerging knowledge and practice

in sustainable product design.

iii Being active in sustainable product design research practice and/or

design practice.

One of the challenges in teaching sustainable product design is that students
have to assess the environmental-social impact of their design decisions,
through the use of specific methods and tools. The application of these
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methods and tools needs to be considered carefully to ensure they do not
constrain the creative design process. As one respondent noted,

“Instructors should learn to balance the creativity of design innovation with the
methodical analysis of environmental and social impacts. As part of this, they
should drive students toward open-ended problems, to foster critical thinking
and reflection.” —Respondent 4

Educators ought to have an awareness of the current state-of-the-art of sus-
tainable product design research and practice.*' This can be achieved through
being an active researcher and/or practitioner in sustainable product design.
Educators cannot hope to provide high-quality, relevant teaching content
unless they stay current with relevant work in the field.

The Challenge(s) of Teaching Sustainable Product Design

We asked the academics about the challenges they had encountered teaching
sustainable product design. The responses were grouped into two categories:
general design-related challenges, and challenges specific to sustainable product
design.*?

. Challenges applicable to teaching any design-related subject

~.

 Grading project-based modules/courses;

* Personalizing teaching and learning with limited resources;

* Finding a balance between handholding of students and self-learning to
develop life-long learning skills;

* Engaging students in critical thinking within a practice module;

* Finding time to work with colleagues to analyze the curriculum, share
learnings, prioritize, and organize;

* Dealing with the limits of modularity, which can lead students to only
utilize or apply content within a specific module (aka “the box-in
syndrome”);*?

* Keeping up to date and mastering new online teaching-learning tools; and

* Finding the right balance between theory and practice throughout the course.

ii. Challenges specific to teaching sustainable product design

 Fully integrating sustainable product design into the core curriculum as
standard, not as an elective subject;

* A higher volume of content related to basic environmental literacy;

* Alack of general consensus about metrics to quantify social and environ-
mental impacts;

* Finding sufficient time to cover the broad holistic nature of this discipline
in a culture of reducing contact hours and growing pressure from other
aspects of the curriculum;

* Access to enough quality data for sustainability (environmental and social
impact assessment) calculations;

* Alack of open-access databases to carry out environmental-social impact
assessments;

* A need for more prescriptive resources to teach sustainable/circular busi-
ness models;
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* A focus on teaching limited aspects of the discipline (such as material
selection only), rather than taking a holistic approach;

* The lack of an informed, general appreciation for sustainable product
design within the broader discipline of design;

* Handling misconceptions about what sustainable product design and
design for the circular economy are within a discipline-specific context at
an institutional level; and

* Obtaining the resources and support to find industrial partners who want
to collaborate in sustainable product design projects

Assessment is more challenging because projects have to be assessed on
additional criteria (environmental-social impact), which is typically diffi-
cult to do with accuracy. Due to the shorter timeframes involved and lack of
manufacturing development, there is often insufficient information or data
to carry out an accurate or complete environmental-social impact assessment
of students’ products or project proposals, which can mean that is difficult for
the teacher to evaluate or grade the environmental-social impact claims in the
students’ projects. Additionally, there is a lack of consensus about social (and
to some degree environmental) harmonized metrics and standards used for
assessment and comparisons. There are too few extensive, reliable databases
to inform LCAs (detailed and simplified), meaning that assumptions have to
be made, impacting on the reliability of the results. This can make assessment
of a product’s potential environmental and social performance challenging.

Simplified LCAs are often used in an educational setting, where full de-
tailed LCAs are too complex and time-consuming to be used within students’
projects short time frames. Furthermore, students’ projects do not provide
enough information to carry out a complete LCA, since there are no manufac-
tured outcomes in undergraduate and postgraduate project work. Simplified
tools, however, are less accurate and can provide misleading results, so more
user friendly, complete, and accurate tools are needed. In addition, educa-
tors must have specialist knowledge about impact assessments to be able to
determine whether students have used the software correctly and accurately.
Assessing whether inputs and outputs, used in the assessments, are accurate
can take a considerable amount of time and expertise—without the requisite
expertise, educators will not be able to assess the work fully. Therefore, it is
important to recruit staff that are specialists in sustainable product design or
provide training and opportunities for staff to develop the required skills to
permit accurate assessments.

Respondents pointed out some other key challenges.

“I think that the biggest challenge with project-based courses is grading, both in
relation to different group members, and to the trade-off between evaluating
the learning process and the outcome.”—Respondent 5

“Project-based learning is extremely time-intensive to grade, especially LCAs
of new products and new design ideas for products. It is hard to foist this duty
onto Teaching Assistants/Associate Lecturers, because grading of LCAs requires
technical knowledge of manufacturing and materials as well as environmental
impacts on top of attention to detail and critical thinking.”—Respondent 4
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One key challenge noted was the lack of integration of sustainable issues as
a core component of product design programs. This restricts the time alloca-
tion within the curriculum for dedicated sustainable product design issues,
which can result in incomplete education focused on single issues. Mere
material-selection exercises make it difficult to properly teach or cover this
complex and comprehensive subject, for example, and providing sustainable
product design courses as electives runs the risk of students adopting box-in
syndrome,** only applying their sustainability teaching during the sustain-
ability module and not thereafter in their other studies.

In addition to this, there is a growing need for readily accessible teaching
material —sustainable business models, open-access LCA databases, case
studies about sustainable product implementations, and environmental
literacy, to better inform teaching.

How Can Program Directors Help SPD Educators Teach
Sustainable Product Design?

The ideal opportunities for investment or development we have identified
are below, followed by a discussion of some practical applications.

e Invest in developing or redeveloping classes, or support research or other
learning activities for staff to develop sustainable product design knowl-
edge and resources.

e Promote the demand for sustainability skills in graduates in industry.

* Enhance faculty or institutional focus on sustainability issues within the
product design curriculum.

* Encourage visits to recycling centers for real-world perspectives.

¢ Involve academic staff and students in campus wide sustainability initia-
tives and strategic sustainability plans of the university such as greening
the campus facilities, procurement, and operations.

* Encourage educators to attend conferences and training programs, and
to network with other academics and practitioners working in sustain-
able product design, to improve their practice mutually and increase and
update their knowledge.

 Allow greater flexibility in the teaching of the curriculum.

* Encourage holistic, multidisciplinary design approaches and outcomes
where relevant, to prevent a focus on single issue outcomes— by limiting
a sustainable design project to a material-based product outcome can be
too restrictive and retrograde, for example.

Crucial to the integration of sustainable product design knowledge and
practice in HE is high-level endorsement (in the form of resources) from
heads of schools/departments to facilitate the adoption and promotion of
sustainable product design education courses into the standard design cur-
riculum. Earlier research has also pointed to the need to integrate sustain-
ability issues in design-based curricula.*® Nevertheless, it is still a problem
that needs to be addressed. It is necessary to provide the knowledge and
skills, and incentives, to product design educators unaware of (or unwilling
to adopt) sustainable product design principles, methods, and tools, so
they can upgrade their knowledge and inform their teaching practice. It is
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also important to promote the discipline among students and industry (via
university marketing) to inform them about the benefits for companies and
society.

To increase the knowledge of sustainable and non-sustainable product
design educators, heads of departments could encourage (and support)
attendance at sustainable product design events— conferences, seminars,
exhibitions—and visits to companies involved with sustainability.

Some potential solutions to these issues were suggested by one respondent.

“The lack of knowledge can be solved by sending faculty to train-the-trainer
classes in sustainability, providing online repositories of curated curricula, and
building networks for faculty to support each other. A lack of perceived business
demand can be solved by partnering with companies on projects; if the compa-
nies pay to participate, this can also help solve the lack of funding and lack of
interest by other faculty.”—Respondent 4

Flexibility within the curriculum is also key; permitting students to explore
non-physical solutions to design problems (such as PSS) can be disruptive.

It stretches the boundaries of the product design discipline often through
dematerialization, diverging into new territory such as new combinations of
products and services, but is an important aspect of fostering design thinking
approaches for sustainable solutions that also prepares students more effec-
tively for breadth in their future careers.

Limitations of This Study

First, this research was conducted, analyzed, and largely written prior to the
Covid-19 pandemic and should be read and understood accordingly, outside
of the restrictions and subsequent significant online developments in teaching
and learning in HE globally.

One of the key potential limitations of this study is in the number of
case studies considered. While all the academic respondents had broad and
significant expertise in sustainable product design and research, the study
represents only six institutions from five countries. Further studies on this
topic should obtain responses from a larger number of case studies, from a
greater geographical region to validate and build on these results. A larger
sample would allow pattern identification (common answers among partici-
pants), and reveal possible distinct geographical variances. Furthermore, the
countries represented typify a predominantly Western, Eurocentric model of
education and design, and future research could benefit from a wider geo-
graphical sample.

Another limitation is that the responses may have not captured the full
spectrum of teaching practices at each institution, since key knowledge may
have been accidentally omitted or implied, and the responses noted don’t
make up the entirety of product design or design engineering provision in
these institutions. Other academics within the same institution may have
alternative or additional perspectives. Each respondent was given the oppor-
tunity to review this article, however, and add additional missing information,
particularly in relation to the content presented in Tables 2—-4. The review
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enabled them to recognize aspects from other respondents that they may have
forgotten to include from their own experience initially. Furthermore, a large
survey based on a closed-ended questionnaire could be developed focusing
on the study of the key issues or topics identified in the initial findings of this
qualitative multiple case study, to confirm or refute the findings.

Conclusion

This article has discussed current practice in sustainable product design
education from six academics working in six universities across five countries,
with experience in education and research in this area. The key insights reveal
that sustainable product design education and teaching requires additional
knowledge and skills related to sustainability, beyond the typical knowledge
and skills sets expected of traditional product designers. These additional
skills include being able to select and use methods and tools to assess the
social and environmental impact of the design decisions they make, having

an understanding of sustainability and circular economy issues, and famil-
iarity with life cycle design. We also point out that students need a sound
understanding of systems thinking, which requires greater critical thinking
and handling of complexity than typically required in traditional product
design practice. Finally, we found that a deeper understanding of sustainable
or circular business models is needed so that students know how to make a
business case for sustainable products. Sustainable product design educators
should master the above mentioned knowledge and skills in order to be able to
teach them to students, who will become the sustainable product designers of
the future. But for this to happen, those in leadership at universities, schools,
and departments, where product design educators work, must recognize the
importance of this discipline and fully support its full integration into the cur-
riculum, not as an elective course, but as an integral part of the program. This
would enable them to dedicate the resources required to deliver this complex
subject fully and comprehensively. It would also ensure that all product design
students are trained appropriately, and enable all product design educators to
upgrade their knowledge and skills to be able to teach and assess this subject,
thus increasing literacy and expertise in this area, which would improve the
quality of sustainable product design education overall.
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