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Abstract: Sustainable design methods and tools abound, but their implementation in practice
remains marginal. This article brings together results from previous literature reviews and analyses
of sustainable design methods and tools, as well as input from design researchers and professional
practitioners to identify the needs and gaps in the area. It results in a shared vision of how
sustainable design methods and tools can be more tightly integrated into mainstream product
design and development, as well as the current state of practice and research in relation to four
central questions: What are the needs and values of industry regarding sustainable design? What
improvements in sustainable design methods and tools would most drive industry forward? How
should researchers move forward with developing more useful sustainable design methods and
tools? How can sustainable design be more effectively integrated into industry? A roadmap for the
international sustainable design research community is proposed with descriptions of short-,
medium-, and long-term tasks for addressing each question. The purpose is to support collective
progress and discussions on method and tool development and adoption, and to enable more
tangible success in mainstreaming sustainable design practices in industry.

Keywords: sustainable design; design methodologies; product development; design methods and
tools; research agenda; industry adoption

1. Introduction

1.1. Context and Motivation

Sustainable design (SD), also known as design for sustainability or sustainable product
development, aims to transform product development practices to enable all species to flourish for
all time. This is often operationalized as optimizing the environmental and social wellbeing that
results from the life cycle impacts of products, systems, and activities [1-3]. Sustainable production,
use, and end-of-life begins with sustainable design, considering its three pillars, namely
environmental (e.g., through eco-design), economic (e.g., through design for green profit), and social
(e.g., through design for social sustainability). The United Nations’ Sustainable Development Goals
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(SDGs) [4] provide one framework, with targets and metrics for the year 2030. Particularly relevant
are SDG 12 and SDG 9. SDG 12 is “Responsible consumption and production,” including the
following targets: “by 2030, achieve the sustainable management and efficient use of natural
resources,” “encourage companies to adopt sustainable practices and to integrate sustainability
information into their reporting cycle,” and “develop and implement tools to monitor sustainable
development impacts.” SDG 9 is “Industry, innovation and infrastructure,” including the targets:
“promote inclusive and sustainable industrialization” and “by 2030, upgrade infrastructure and
retrofit industries to make them sustainable, with increased resource-use efficiency and greater
adoption of clean and environmentally sound technologies and industrial processes.” These goals
were intended to drive government legislation and company policies, but even if such legislation
were enacted, how could these goals be achieved?

Academics, activists, and proactive companies have suggested SD practices for fifty years or
more [5,6]. Since the 1990s, practitioners in academic, corporate, governmental and non-
governmental roles have developed a broad but disjointed collection of SD practices with different
motivations, scopes, and applicability. Recent surveys identified over 600 unique eco-design tools or
methods [7,8]. These eco-design, circular or sustainable design, and other “design for X” approaches
have been developed and extensively reviewed by scholars [9-18]. They include a broad variety of
practices, including multi-step methods, software tools, simple activities, broad mindsets, and
checklists of goals; for inclusivity, this project refers to all of these practices as “sustainable design
methods and tools” (SDMTs). Among these SDMTs, no clear, ubiquitously adopted SD practices have
emerged. Rather, every designer or team seems to take a unique approach to design that aligns with
their work structure, values, domains, and expertise. In addition, different companies and work
cultures make their own tools while scholars and graduate students develop other new methods and
tools, often without company contact or testing. This leads to redundancies, wasted time, and likely
sub-optimal practices. Despite the proliferation of SDMTs through a wide variety of forms
(guidelines, checklists, software, cards, mindsets, etc.), their uptake by industry has been relatively
low [11,18-20].

With this lack of uptake in mind, the Design Society’s Sustainable Design Special Interest Group
(SD SIG) held a workshop at the 2017 International Conference in Engineering Design (ICED) to
discuss SD challenges, opportunities and directions. This meeting of 40-50 participants from the
design research community concluded with several broad goals for the future of research in SDMTs,
including the following: create a consolidated database of existing tools for supporting future
research, reach consensus on which tools and models to ground future research, publish tools and
case-studies in open-access or popular outlets, and define and improve user-friendliness and ease-
of-adoption of tools. A working group of international scholars formed afterward, with the mission
to build on existing efforts and guide the future of SDMT development.

1.2. Objectives

This article proposes a new research roadmap to provide vision and guidance for SD research,
to help drive sustainable design into ubiquitous use and create global-scale change in how products
are created, used, and managed at all life-cycle stages. Its goals are to increase the impact of SD
research by driving company adoption and integration of sustainability into standard product
development processes. This work brings together previous reviews and analyses of SDMTs to
identify areas of consensus and suggest future research and development directions. The roadmap is
intended to guide the next decade of SD research by galvanizing the international research
community toward common goals of developing and integrating SD principles, methods, and tools
into mainstream product development.

The roadmap’s primary audience is academics researching design in industry practice.
Government and non-governmental organizations (NGOs) sometimes take roles similar to industry
or academia, so the roadmap may also contribute to their work and vice-versa. They create
guidelines, tools, and regulate systems. This roadmap uses the terms “industry practice” and
“academic research” because they are the most prevalently researched to date, and because industry
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is the main producer of physical products and many services. Writing a roadmap for government,
NGOs, and other audiences should be done by experts in those fields, but we hope these findings
may be useful to anyone who influences the design of products and systems to lead society toward a
healthy, just, and abundant world for all.

This research roadmap takes the form of key research questions for design-related academics
and others to pursue, broken down into more specific subtopics and into short-, medium-, and long-
term tasks. Each task may be a Ph.D. thesis, sponsored project, or other collaboration between
universities and companies to ensure the design and development of sustainable products and
services. This article’s structure focuses more on the roadmap than an extensive literature review.
The following sections describe the methodology in detail, then results are subdivided into the vision,
baseline situation (listing most literature), and the roadmap itself; a discussion follows, including
limitations, and lastly the conclusion suggests next steps.

2. Methodology

To establish a structured, evidence-based roadmap for SDMTs, several steps were taken to
understand the state of the art, gather expert feedback, generate ideas, and refine a path forward.
This paper reports findings from a combined descriptive and prescriptive study, inspired by the
Design Research Methodology [21]. The roadmap was formulated using the “backcasting”
methodology from the Framework for Strategic Sustainable Development [22] or The Natural Step
[23], which starts with a vision, compares it to the current reality (the baseline), ideates solutions, and
chooses a path forward (the roadmap). This process was also informed by roadmap development
guidelines of Simonse [24] and especially Kim’s guidelines for developing roadmaps in a “volatile,
uncertain, complex, and ambiguous” world [25]. Figure 1 provides an overview of the major phases
of this process, which includes five high-level steps: problem definition, needs and gaps
identification, roadmap scoping, roadmap definition, and expert feedback.

1. PROBLEM IDENTIFICATION
* Preliminary discussions, ICED 2017
* Sustainable design SIG discussions
Plan to develop roadmap

v

2. NEED & GAP IDENTIFICATION

2a. Validate needs, expectations | | 2b. Literature review

from industry & researchers + Review of reviews & case
- Industrial workshops studies on sustainable design
- SIG discussions metheds & tools

Known needs, barriers, & levers I

3. FORMULATE KEY QUESTIONS
- Formulate questions to improve effectiveness & adoption of — ]
sustainable design methods & tools in industry
« Expert feedback during DESIGN 2018

Research questions

4. BACKCASTING

4a. Vision 4b. Baseline
definition description
A A
4c. Concept
generation
5. EXPERT
I FEEDBACK

« External feedback
from expert reviewers

+Refine & revise
roadmap

4d. Roadmap definition

Call for research
following roadmap

Figure 1. Overview of the methodology.
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This research was conducted by an international working group formed at the ICED 2017
workshop. The roadmap developed over two years through the combination of 39 one-hour working
group meetings to share, critically evaluate, synthesize and curate the results of 2-6 weeks of
individual work between meetings. The working group consisted of 8 academic and industrial
researchers who hold PhDs and practice in the field of sustainable design. The team brought unique
insights and diverse perspectives, including;:

e  Global work experiences in Canada, Denmark, France, Hong Kong, the Netherlands, Sweden,
the United Kingdom, Singapore, and the USA

e  Complementary positions including assistant and associate professors, industry researchers,
and postdoctoral researchers

e Diverse areas of expertise including circular economy, eco-design, design for sustainable
behaviour, design optimization, environmental assessment, environmental management,
sustainability certifications, sustainable product development, system modeling, mechanical
engineering, and user-centered design.

2.1. Step 1: Problem Definition

The first task was to identify and establish the overarching goals of the sustainable design
research community. During ICED 2017, the SD SIG convened a workshop of 40-50 design
researchers and professionals to brainstorm and synthesize a list of challenges and goals for the
community, summarized in Table 1. This collective description of the goals for the sustainable design
community was synthesized and later expanded by the working group into a vision of an ideal future,
which describes a world where sustainable design is a widespread practice in industry (Figure 1(4a),
detailed in Section 3). Similarly, the collective description of the current sustainable design situation
led to the description of the baseline situation (Figure 1(4b), detailed in Section 4).

Table 1. Collective description of the state of sustainable design from ICED 2017 SD SIG workshop.

Situation Goals

e There are many SDMTs, most of which havelow e The SD community should create a 10-year

adoption rates in industrial or business practice. vision, with consensus goals that direct work and
e DPractitioners do not have access to or awareness avoid redundancies.
of all of the academic tools. ¢ Companies should be able to easily adopt, modify
¢ Different companies or cultures might prefer and combine tools.
adopting different tools or developing theirown e SD practices must take into account and
in-house tools. accommodate needs for diversity.
e There is a general lack of resources for practical e The SD SIG should increase education and
SDMT implementation (e.g., human resources, training about sustainable design.
tools to invest in, access to experts). ¢ Industry should have easy access to the tools and
e Case studies have historically enabled adoption. understand the criteria for when and where to use
e Many challenges inhibit companies from them.
embracing sustainability, including how to e Tools should be easier to apply and compatible
quantify, what to measure, and how to with existing business and design methods and
communicate. processes.
e Companies have difficulties translating SD to e The SD SIG should increase the uptake and
monetary business needs. appropriate use of SDMTs in industry.

e SDMTs should be developed and framed in ways
that contribute to the UN SDGs.

2.2. Step 2: Need and Gap Identification

The second step in the process (Figure 1(2)) was to identify the needs and gaps related to SDMT
development and use as they relate to both industry practice and academic research (Figure 1(2a)).
This corresponded to step one of Kim’s roadmapping process: data gathering [25]. The working
group reviewed the literature individually, compiling papers under categories of review papers and
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case studies in shared folders and into an annotated bibliography spreadsheet. The findings were
discussed as a group to synthesize and expand (Figure 1(2b)). Initial papers reviewed knowledge and
methods in sustainable design, but expanded as each member independently responded and linked
papers in the spreadsheet to the research questions through an iterative process from Step 3 (Figure
1). Each member of the working group contributed review papers on SDMTs with which they were
familiar, approximately 25 unique papers, and additional articles were found through searches in
Web of Science, Science Direct, and Google Scholar, as well as papers that either cited or were cited
by those that were already part of the review, resulting in over 100 papers. Many search terms were
used, including “sustainable design methods,” “green design guides,” “eco-design tools,”
“sustainable product development practices,” “integration of sustainability into design strategy,”
and more, including variations thereof. Literature was selected if it related to improving sustainable
development of products and services, or barriers to that development; literature on government
policy, environmental science, finance, marketing, supply chain management, and other disciplines
were not selected unless they also related directly to the practice and management of design. From
this review of reviews, key knowledge gains and gaps emerged, as detailed in the Baseline (Section
4).

2.3. Step 3: Key Questions Formulation

The third step (Figure 1(3)) synthesized needs of researchers, industry, the planet, and society
into key research questions to pursue. This corresponded to step two of Kim’s roadmapping process,
extracting core design principles. While substantial advances in sustainable design practices have
been made in recent decades, open questions remain about how to implement large-scale
improvements across the diverse spectrum of industries. Starting with the list of goals from the ICED
2017 workshop (Table 1), each group member used their individual expertise, the literature review
and discussions, to generate research questions. Combined, this individual brainstorm resulted in 17
key questions, presented in Appendix A. These 17 questions were synthesized and reduced to more
essential questions through discussions with experts at the DESIGN 2018 conference, and five
subsequent working group meetings to yield six more focused questions: three about the nature of
industry practice, and three about the state of research practice, presented in Appendix B. Finally,
during the roadmap definition process (Step 4, below), these were refined into four interrelated
research questions to structure the roadmap:

RQ1: What are the needs and values of industry regarding sustainable design?
RQ2: What improvements in SDMTs would most drive industry forward?
RQ3: How should researchers move forward with developing useful SDMTs?
RQ4: How can sustainable design be more effectively integrated into industry?

2.4. Step 4: Roadmap Definition Using a Backcasting Approach

Next, the roadmap was designed using backcasting (Figure 1(4)), inspired by the “ABCD”
method in the Framework for Strategic Sustainable Development [22]. This approach takes four steps:
(A) Aspirational vision for success in the system; (B) Baseline—describe current conditions and the
gaps between them and the aspirational vision; (C) Creative solutions to bridge the gaps; and (D)
Decide on which creative solutions to use and connect as paths forward from the baseline to the
vision. The final set of paths are the roadmap. Each working group member was assigned two of the
six research questions and tasked with applying the ABCD approach. Each question had two
members assigned to collaborate, writing a two-page evidence-based argument, with a third member
to review in detail. The results were presented, evaluated, and discussed in working meetings.

Backcasting was preferred to other roadmapping processes because of the priority placed on a
specific outcome, the sustainability vision. It was similar to Kim’s roadmapping process steps two
through five, as they identified common themes, narrowed focus, prioritized features that support
core values of the proposals, considered how solutions would be applied to meet needs, and laid out
roadmap goals in timelines according to their dependencies.
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2.5. Step 5: Expert Feedback

The final step (Figure 1(5)) was to elicit external feedback from expert reviewers on the complete
draft of the roadmap article. Feedback was received on the roadmap from six professors and
researchers in sustainable design with experience as practitioners and researchers in Canada, the
Netherlands, and Sweden. The working group incorporated this feedback to refine the roadmap.

3. Vision: Where We Want to Be

The first step of the ABCD backcasting method is to envision an ideal future with high ambitions,
rather than safe achievable goals. Our aspirational vision is that all companies have a long-term
sustainability strategy that is deeply integrated into their product development and other business
practices so that their products and services enhance the environmental and social health of the world
more than they damage it. They work in line with the SDGs, in particular SDG 12 and SDG 9 that
champion responsible consumption and production along with sustainable industrialization.
Corporate sustainability strategies are enabled and accelerated through well-established and widely
practiced SDMTs, and these practices lead to real systemic improvements in the SDG targets and
metrics. Researchers and developers of SDMTs work closely with companies for a deep
understanding of their needs, and they continuously improve SDMTs to solve evolving challenges
and deliver both sustainability and business value. This does not replace independent practitioners
creating or modifying SDMTs informally and improvisationally, but heightens the quality of SDMTs
by professionalizing the field. Professional designers, engineers, and managers are thoroughly versed
in sustainable design practices, as design engineering degrees have deeply embedded sustainability
in their curricula; both students and professionals advance their use of and proficiency in these tools
through continuing education.

New and updated support tools are easily discovered, built upon, learned, and chosen for
relevant use by industry. There exists a consistent and up-to-date means of learning about and
contributing to the body of existing SDMTs; one concrete example could be a public database of
SDMTs. SDMTs are distinguished based on characteristics such as their objectives, values for
sustainability, business benefits such as innovation or cost-cutting, related methods, as well as when
and where the SDMT is appropriately applied. SDMTs are tested and rigorously documented by
empirical studies of business practice. SDMTs can easily be updated, combined, and supplemented.

The results from the latest developed or improved SDMTs are regularly shared across industry
and provide both sustainability and business advantages. In many cases, SDMTs are accompanied
by illustrative case studies that help companies understand the benefits and update their
sustainability practices. The SDMTs guide companies in developing sustainable innovations, even
restorative innovations, and they also support the creation of strategic roadmaps for sustainable
development solutions that integrate perspectives from all departments within companies. There is
a clear incentive for management and companies to collaborate frequently with researchers on
SDMTs, specifically using action research and case studies. Figure 2 presents a summary systemic
diagram of this vision and how the research questions fit into the elements and connections in the
vision.

Ideally, this vision will be realized by 2030, aligned with the timeline of the SDGs. We recognize
that this is ambitious for many of the tasks and objectives described in this article, but swift action is
necessary for the health of the planet and society, and there are no inherent technical barriers, only
market and institutional inertia. New laws and other external pressures are likely required to
motivate industry, though those are outside the scope of this roadmap. Similarly, it is unlikely that
all companies will meet these conditions, but the vision is intentionally ambitious, representing an
ideal future state. Incomplete achievement of a challenging goal often drives more progress than
success at an easy goal.
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communicate
with and provide
input to

Design researchers
and tool developers

generate and
advance

provide
training to

Industry Sustainable design
practitioners provide value to methods and tools

integrated into
the strategies and
objectives of

enable the
satisfaction of

Sustainable Development
Goals (SDGs)

Figure 2. Systemic diagram of future vision, with research questions (RQs) mapped among the nodes
and links.

4. Baseline: Where We are Today

To achieve the vision, the sustainable design community must build from the current state of
practice and research. The current reality is not completely antithetical to the vision put forward in
Figure 2, but it requires dramatic improvements. The four RQs in this article represent the main
barriers that separate the current reality from the future vision. This section presents where we as a
sustainable design community are today with respect to the four RQs—referred to as the baseline
situation—setting the stage for the research roadmap in the following section.

4.1. RQ1: What are the Needs and Values of Industry Regarding Sustainable Design?

Although the research community has formulated a wide range of SDMTs, checklists and
guidelines are the most often used in industry, if sustainable design is practiced at all [26]. Regulatory
guidelines or guidelines from non-governmental organizations often drive SD action or inaction, due
to a mix of monetary or reputation incentives and clear goals/codification [27-29]. Life cycle thinking
methods are sometimes employed in the early stages of design, but life cycle assessment (LCA)
methods are mostly relegated to material changes and late-stage design, when the design freedom is
already rather constrained [11,30]. Rossi et al. [13] reviewed eight categories of SDMTs and identified
cost, lack of knowledge, and over-formalization of methods as key obstacles that limit
implementation and effectiveness in industry. Lindahl [31] interviewed 12 designers about their
experiences and preferences with SDMTs and concluded that tools are generally used when they are
simple to use and satisfy the requirements of the organization. Faludi and Agogino [26] interviewed
27 designers, engineers, and managers, finding sustainable design methods are almost never
practiced in their entirety, though a few are perceived as useful for innovation in addition to
sustainability. Van Hemel and Cramer [32] surveyed 77 small and medium enterprises to understand
their use and perceptions of 33 eco-design strategies; they found that non-environmental or
customer-demanded benefits guided strategy selection.

Knight and Jenkins [33] assessed the applicability of various eco-design tools and identified that
many tools are not adopted due to the need for process-specific customization. According to Wallace
[34], in most cases, there is a missing link to concretely transfer design methods into practice. To help
with this transfer problem, Zhang et al. [19] developed a navigation framework to align operations,
tactics and strategies regarding sustainability integration, finding a gap between corporate
performance and product-level sustainable design coordination. Pigosso et al. [12] demonstrated that
suitability of different SDMTs depends on competency, or “ecodesign maturity”, of project
management. Ahmad et al. [16] also state that the maturity of SDMTs must be improved, including
being easy to use, resource and time efficient, and able to provide guidance to make sustainability
improvements. Faludi [35] tested three sustainable design methods with over 500 professionals and
students to find that they valued parts, but not all, of each method, suggesting great room for
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improvement and cross-fertilization of SDMTs. Kwok and Hallstedt [36] found that inadequate
communication between design teams and consumers cause product developers to inadequately
understand consumer needs, and cause consumer confusion about product sustainability and the
complexity thereof [37].

4.2. RQ2: What Improvements in SDMTs Would Most Drive Industry Forward?

Some of the common themes from the literature and discussions were that SDMTs often fall
short in ease of implementation, provision of specific actionable recommendations, rigor of methods
and results, transparency of methods, alignment with business incentives, and accompaniment of
suitable training in universities and companies to foster industry adoption (see Section 4.4). In
analysis of successful environmental regulation, Roxas and Coetzer [29] found that successful
sustainability action requires an alignment of a firm’s social norms, opportunity to innovate,
codification (often provided by regulation), and cognitive beliefs. Rossi et al. [13] identified a need to
resolve “the over-formalization of methods and tools in comparison with the complexity of the
product development processes, and the consequent divergence between the academic method and
the real industrial and designer’s need.” Robert et al. [10] studied the application of SDMTs and their
interrelationships and found that companies often have objectives that are too vague for
sustainability efforts, and they apply tools detached from a systems perspective or comprehensive
strategic planning. Several studies found that most SDMTs are too time-consuming or cost-intensive
to learn or perform [38-40], or that they do not fit with existing company practices [32,33].

Consequently, tools with a combination of practical value and a low implementation cost are the
most successful. Sustainability is often treated as a bonus feature, thus SDMTs are often only used
when time and resources allow. When sustainability practices cut costs significantly, they are often
reclassified as value engineering, not sustainability, such as Lean manufacturing [41], or general
strategy and innovation [27]; this inadvertently classifies sustainability only as practices that are
unprofitable. Certain practices have been identified as “low hanging fruit”, and have seen increasing
implementation, such as Lean manufacturing, the use of recyclable materials, or meeting eco-label
standards [42,43]; these are likely popular because of a combination of their clarity of environmental
solutions and their proven economic business cases.

To be effective, SDMTs must change to better balance incentives (such as regulation or business
cases), ease of implementation, substantive sustainability improvements, and specificity to the
companies’ design challenges. Easy-to-implement SDMTs are often based on generalized rules of
thumb rather than precise data, making their guidance questionable [44]. These easier SDMTs still
suffer from a lack of clear actionable recommendations: general principles such as “eliminate
toxicity” can be difficult to apply when qualifying options are rare or unknown, and complex
tradeoffs must often be made between energy use, resource consumption, toxicity, and social impacts
[45]. This makes simple vague guidelines harder to implement despite their simplicity, and can
hamper substantive sustainability improvements. Ease of implementation is further reduced when
SDMTs are not aligned with business incentives, i.e., sustainability measures can add cost or impair
other factors [39]. Even if companies do allocate resources for sustainable design, selecting and
organizing SDMTs to support corporate strategy is still challenging, due to complex contexts [46].
Practitioners’ lack of access to the relevant literature or SDMT training can also hamper adoption, as
can the complexity of collaboration among stakeholders during product development [19,38,47,48].
To be integrated into product development, SDMTs must also accommodate a company’s
organization, internal processes, and roles [49].

4.3. RQ3: How Should Researchers Move Forward with Developing Useful SDMTs?

Despite the fact that hundreds of SDMTs have been presented in the design and management
literature, there is a lack of connection and long-term follow-through between researchers and
industry to provide consensus on how to choose the right tool for a project and its context. Without
such criteria, researchers cannot consistently evaluate and judge the suitability of tools that they
develop. As a result, most SDMTs are created in a vacuum, disconnected from industry realities. In
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addition, there is duplication of development effort in addition to gaps of unmet needs. For example,
as most tools focus on environmental indicators, there are few social sustainability tools or methods
[50]. There are no widely accepted best practices for creating effective SDMTs, nor is there a common
resource to help industry choose among existing SDMTs.

To help choose the right tool for a project, several studies have reviewed the available eco-design
tools and proposed different taxonomies for characterizing and choosing from among them
[8,11,14,15,17,46,51,52]. Some of the main criteria for differentiating among these tools include, for
example, difficulty level and time required [11], product development process phases and support
processes [12,15], economic activities, and departments in companies [8]. By organizing these eco-
design tools, many of these studies draw conclusions regarding the ways that different tools can and
should be used as well as the needs for future eco-design tool development [10,15,53]. Some have
also empirically tested design methods to obtain feedback on what practitioners do and do not value
in them [15,51,54,55] (see RQ1 above), but so far this research has been largely disconnected from the
process of developing new design tools or methods, or recommending the right tool for a project.

4.4. RQ4: How CAN Sustainable Design be More Effectively Integrated into Industry?

To effectively integrate SDMTs in a company, the tools must be industry-ready as in RQ2 and
the company must be inclined to adopt them. It may be the case that existing methods and tools are
sufficient already, but they are insufficiently publicized, adopted, required by regulations, or
otherwise integrated into industry’s cognitive beliefs and social norms of practice. This hypothesis is
evinced by studies continuously improving managerial competency and matching SDMTs
accordingly [12], and accounting for cognitive and social beliefs in firms when creating regulations
and guidelines [29].

Currently, in the authors” experiences, most education for sustainability comes from certification
programs or research programs at universities whose graduates are hired to work in consultancies
or in dedicated internal sustainability roles. Many of these roles are in departments related to
marketing or business strategy and analytics instead of technology and design. The lack of integration
of sustainability into engineering and design professions then reinforces the lack of integration of
sustainability into standard engineering and design education [56]. There are some media outlets and
organizations sharing news and methods for these sustainability practitioners, such as GreenBiz, the
Ellen MacArthur Foundation, or Sustainable Brands. There are also some industry focused groups,
such as GreenBlue, whose Sustainable Packaging Coalition markets the “How to Recycle” label and
engages in U.S. recycling research. Industry associations, such as the International Electronics
Manufacturing Initiative, are also actively involved in research and tool development. Achieving
widespread adoption requires an education, outreach, and implementation plan. From an education
standpoint, it is important to create a pipeline of engineering graduates who are familiar with
sustainable design and able to implement best practices and the latest methods and tools. Current
industry practitioners must also be made aware of and trained in these techniques, as today’s trained
graduates can take ten years or more to rise to positions of adequate authority in companies to make
change.

To address this issue, actionable and easy-to-adopt processes are needed to facilitate uptake by
industry. In recent years, researchers have started to investigate organizational barriers and
incentives for sustainability implementation from the perspectives of risk assessment [57,58],
portfolio management [59,60], product requirements [61], sustainable policy, regulation [62], and
overall company vision and mindset [63]. Further investigations are still needed to deepen our
understanding of sustainability implementation in organizations or companies [64].

5. Roadmap: How to Achieve the Vision

To move the design research community from this baseline toward the desired vision, a
roadmap is suggested, setting a course in four parallel and intersecting paths associated with the four
research questions (RQs). Because the goal is for industry product developers to adopt these SDMTs
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within design contexts at scale, an analogy is drawn between the four research questions and the
Design Thinking, or Human Centered Design, process [65], shown in Figure 3.

Industry needs are clarified and met by improved SD methods, developed by improved processes, which drive industry adoption.

RQ1 RQ2 RQ3 RQ4

l

Empathize
Deploy
Define
Problem Srotolype &
Scale

Figure 3. The vision and research questions mapped onto the Human Centered Design / Design
Thinking process; graphic based on d.school [65].

These four research paths are shown in Figure 4, with each path further divided into themes.
Each theme is addressed through short-term, medium-term, and long-term tasks in Figures 5-§;
detailed explanatory text follows each figure. There is no fixed timeline associated with these tasks,
because they could be implemented iteratively in multiple cycles rather than linearly, and ambitious
research groups could push progress in one area faster than other areas. Each theme might be a Ph.D.,
or each task might be a master thesis, depending on depth. However, to accomplish all the tasks by
2030 would suggest achieving the short-term tasks in 2—4 years, the medium-term tasks in 5-7 years,
and the long-term tasks in 7-10 years. Because the goals are ambitious, real timelines may be longer,
but due to the urgency of many sustainability challenges, faster progress is preferred.

Research Questions Themes Tasks

* Existing tools & indusiry needs > Shorlziois

RQ1: Needs & Values of Industry  * Industry applicability & differences * Medium-term

* Digitalization * Long-term

» New design methods & tools eiShortitern

RQ2: Improvements in SDMTs * New business infegration * Medium-term

* New communication support « Long-term

Vision
* Collaborative human-centered design approach ¢ Short-term
8 * Industry-driven (integrated) approach " S
RQ3: How to develop SDMTs <long fem Implemaridion Medium-term
*» Consolidate tools & methods * Long-term

* Implement in organisations
* Incentivize tool adoption

RQ4: Integration into industry « External systemic aids * Medium-term
* Knowledge dissemination & industry fraining
* Education - industry collaboration

* Shori-term

* Long-term

Figure 4. Summary of roadmap, listing research questions and themes of the tasks for research and
development of sustainable design methods and tools. For lists of tasks, see Figures 5-8.

5.1. RQ1: What are the Needs and Values of Industry Regarding Sustainable Design?

The first step toward achieving the future vision of sustainable design outlined in Section 3 is to
clarify the needs and values of industry. This will help ensure that future development efforts of
SDMTs focus on understanding the roles of the users and decision-makers, and meet their needs
without compromising sustainability imperatives. From the literature discussed in the baseline
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(Section 4), it is clear that deficiencies of SDMT coordination and access are hindering industry
understanding, communication, and adoption. Three main themes are proposed for this RQ: (i)
making sense of existing tools and knowledge about industry needs; (ii) increasing industry
applicability of SDMTs and adapting to industry differences; and (iii) digitalizing sustainable design
resources and making the most of digitalization. These themes and the research guidance proposed
for these themes are summarized in Figure 5 and further described below.

Theme

1.1
Existing tools &
industry needs

1.2:

Industry
applicability &
differences

1.3:
Digitalization

RQ1: Needs and Values of Industry

Short Term Tasks

Classify known industry
needs in an open digital
platform

(RQ1, RQ2)

Survey industry on how
SDMTs fit existing workflows
(RQ1, RQ3)

Identify opportunities for SD
integration into digitalized
products / processes

Medium Term Tasks

Deconstruct existing
methods into components,
identify their value

(RQ1, RQ2)

Test workflows across many
company & individual
attributes

(RQ1)

Prototype & test SD
integration into digitalized
products / processes

Long Term Tasks

Scale up digital platform for
specificity & company
attributes.

(RQ1, RQ2)

Define best practices for
SDMTs driving sustainability &
business value in different
contexts

(RQ1, RQ2, RQ4)

Define best practices for SD
integration into digitalized
products / processes

Vision:
Academia deeply
understands
industry

needs and values,
and provides
industry with
helpful
recommendations
and fraining, to
support and
increase SDMT
business value.

(RQ1, RQ4) (RQ1, RQ3, RQ4) (RQ1, RQ3, RQ4)

Figure 5. Research roadmap for RQ1: What are the needs and values of industry regarding sustainable
design?

5.1.1. Theme 1.1: Existing Tools & Industry Needs

The short-term goal is to classify known industry needs for SDMTs, and what SDMTs are
currently used successfully, in an openly accessible platform. This could be a centralized database or
distributed forums, or collections of media, as long as it is easy for researchers and practitioners to
access and contribute. It should include working with regulators, NGOs and, communities to
understand their needs as well, since they often provide incentives and drivers for industry. Here,
researchers should update literature reviews to collect, synthesize, group, and make findings
available to help align the research community. This should include successfully-met needs as well
as unmet needs. This includes what industry values and criticizes in existing SDMTs, especially in
the context of:

e impact assessment and sustainability performance indicators

e  goal setting and guiding solution development (e.g., Sustainability Design Space approach by
Hallstedt [64])

e ideating

e  comparing alternatives (deciding among tradeoffs)

e  redefining problems

e communicating the value of sustainability (e.g., Life Cycle Costing)

¢  balancing environmental, social, and economic factors

The medium-term goal is to deconstruct existing methods into components and identify their
value. This should involve breaking down SDMTs into component activities, mindsets, and tools,
and then assessing:

e  components that are most valued for goal-setting, ideation, and other business benefits (e.g.,
cost-saving, innovation, quality)

e  components that are most valued for sustainability

e  types of perceived sustainability value (e.g., energy efficiency, circularity)
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e  how perceived value compares to empirical assessments of using different design practices
e disadvantages or criticisms of components

All of these factors should be tested across a wide variety of industries, company types, and job
roles, to determine if and how these circumstances influence the results.

The long-term goal is to scale up the digital platform from the short-term goal to include the
specificity and industry data gathered in the medium-term goal. The result should make SDMT
recommendations and learning widely accessible to and easily understandable by industry
designers, engineers, and managers. It should also include concrete examples of cases and any
important differences by company attributes.

5.1.2. Theme 1.2: Industry Applicability & Differences

The short-term goal is to survey multiple industries about how existing SDMTs currently fit into
existing workflows, regulatory compliance, and organizational structures. As with the classification
of SDMTs described above, this includes both successful implementations and unmet needs. It also
includes what design team capabilities are needed on different organizational levels.

The medium-term goal is to empirically test SDMTs in workflows across a wide range of
companies and decision-makers with different attributes to improve SDMTs’ generalizability or
specificity, as mentioned in Theme 1.1. This will help identify which SDMTs and industry needs are
generalizable versus which require customization. These should examine differences in company
types (e.g., manufacturer, consultancy), company sizes (large, medium, and small), industry sectors
(e.g., electronics, apparel, furniture), job roles (e.g., designer, engineer, manager, sustainability
specialist), individual demographics (e.g., gender, age, nationality), and geographic and/or political
context.

The long-term goal is to investigate and define evidence-based, generalizable best practices for
how SDMTs can drive sustainability and business value in different industry contexts. This uses
results from short- and medium-term studies to show demonstration cases of where and how
sustainability can reduce costs, increase margins, increase product quality, reduce risk, ease
manufacturing and control of the supply chain, and increase innovation.

5.1.3. Theme 1.3: SDMT Digitalization

As industry moves to more digitalized product development practices, SDMT development
must take into account these changes and the needs that evolve along the way. The short-term goal
is to identify opportunities to integrate sustainability data and SDMTs into digitalized products and
design processes. As digitalization becomes more ubiquitous, the amount of data, and data from
many sources, need to be managed, sorted, and tracked for the product’s life cycle [66]. Integrating
data and analytics into design processes to facilitate product traceability and exchange data between
stakeholders can drive system sustainability [18]. One example is the potential for integration of value
and sustainability assessment in design space exploration by machine learning [67].

The medium-term goal is to clarify industry needs, opportunities, and barriers around
sustainability in digitalized products and design processes, by prototyping and testing integrations
of SDMTs. This includes developing concrete cases with industry relating to SDMTs in digitalized
product development.

The long-term goal is to define evidence-based, generalizable best practices for integrating
digitalized sustainability data from SDMTs into product life cycle management systems, to enable
traceability of sustainability data and a cyclic usage of technical and natural resources. This includes
tracking ecological and social responsibilities, both direct and indirect, for material extraction,
manufacturing, transportation, usage, and end-of-life.

5.2. RQ2: What Improvements in SDMTs Would Most Drive Industry Forward?

RQ2 addresses the question of where industry needs are already known but unfulfilled, or where
business needs are met but sustainability is weak. In this aspect of the vision, companies have a set
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of SDMTs that product development teams use regularly, integrated into their standard product
development process, and these practices provide both substantive sustainability improvement and
other business benefits, such as innovation or cost-cutting.

Sustainable design methods, tools, or other practices should be developed to meet one or more
of the following criteria: (i) easy to implement but rigorous whole-system view of sustainability, (ii)
provide decision support, (iii) provide business value, (iv) help practitioners select and/or customize
tools for their needs, and (v) support communication about sustainability between product
developers and customers. All of these factors could be addressed in parallel, or in various orders. A
timeline is suggested below to help set priorities. Three main themes are proposed for this RQ: (i)
new SDMTs to meet the current and new demands; (ii) new approaches to integrate with business
strategy and values; and (iii) new approaches to support communication about sustainability (See
Figure 6).

RQ2: Improvements in SDMTs

Theme Short Term Task Medium Term Tasks ong Term Tasks

Scale up industry testing of
SDMTs & demonstrate
business value across

Develop decision rubric for  Prototype improved SDMTs

ik recommending SDMTs by for system-level benefits;

New design

sustainability value test with companies A s &
methods & tools (RQ1, RQ2, :QA) (RQ1, RQ2, RQpa, RQ4) :J:g\zp:gn)cﬂnbutes Vision:
’ Companies
regularly use SDMTs,
- ) Prototype improved Scale up industry testing of integrated into
2.2 DA de(;;mogDn:AbTmi)for integrgﬁon o?SDMTs into iniegrotrijon & d;ymonstrgote standard product
New business f‘;ﬁggsgdgg SBY pusiness strategy; test with  business value across development
integration (RQ1, RQ4) companies company attributes processes.
: (RQ1, RQ2, RQ4) (RQ2, RQ4) These practices
provide both
substantive
23: 2 5 5 Model information Develop tools supporting SD SUS?.G'nOb'my O'."d
New Ident_xfy o 1rqce loformation flow in SDMTs and communication between business benefs.
specific to different SDMTs 8
communication (RQ1, RQ4) stakeholder perceptions developers & customers
support * (RQ2, RQ4) (RQ2, RQ4)

Figure 6. Research roadmap for RQ2: What improvements in SDMTs would most drive industry
forward?

5.2.1. Theme 2.1: New Design Methods and Tools

The short-term goal is to develop a decision rubric for choosing SDMTs to use under given
design scenarios, to optimize sustainability value. Tools of this kind exist in the form of lists or
classification schemes, but they are scattered, contradictory, and not comprehensive. The research
needed here is to harmonize existing classification schemes and gather comprehensive data on
enough SDMTs to help practitioners choose the best design practice(s) for their circumstances. This
could use data from Theme 1.1 on successful SDMTs and from Theme 1.2 on successful integration
into workflow. This tool may recommend an SDMT, or components thereof, by characteristics such
as product development stage (e.g., research, ideation, detailed design), short-term versus long-term
perspective, qualitative versus quantitative requirements, and other differences. It should be
affordable and widely available, ideally free and open access online. It should enable product
development teams to discover and learn new design practices with minimal effort. Likely no such
tool will ever capture all SDMTs, especially not those informally created or improvised by individual
practitioners, but it should help practitioners find SDMTs proven to be effective and inspiring to
industry. It should also encourage product development teams to communicate feedback on real-
world testing, use, and implementation of the design practices, to support continuous improvement
of the practices.

The medium-term goal is to prototype easy-to-implement but rigorous SDMTs, both
environmental and social, that improve whole-system impacts, not improving one part to the
detriment of the whole. Researchers and the research community should test and iterate on SDMTs
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with multiple companies in different industries, for a balance of project manageability with
generalizability. It may be possible for the community to define standard test cases used for
comparing SDMTs, as is practiced in optimization research and computer science code development.
While older SDMTs and improvised ones will still exist, these new SDMTs should raise the level of
available tools. They will do so by meeting one or several of the following criteria:

e  Be accessible to non-experts (list actionable conclusions, not merely display data)

e  Be rigorous, data-driven, and transparent about sustainability impacts, enabling users to
understand the reasons for the actionable “answers” by examining the data. This includes
accompanying uncertainties, assumptions, and choices.

e Integrate well with existing workflows.

e  Provide advice relevant to the job at hand, not just generic guidance.

e Beinexpensive or free, to maximize adoption.

e  Be easily available and accessible, requiring minimal to no installation.

e Integrate environmental, social, and economic factors in concrete ways providing specific design
recommendations.

e  Enable comparisons among different design options, for decision-making.

e  Enable comparisons of tradeoffs or synergies between different metrics (e.g., environmental
harm versus social good, or identifying environmental benefits that also save money) at the level
of the whole system. Tradeoff analyses should also enable modeling of rebound effects (e.g., cost
savings from energy efficiency causing customers to use the product more, unintentionally
causing increased energy use)

e  Some design practices should combine forecasting (which is commonly seen) and backcasting
(which can better help accomplish bold goals)

e  Suggest not only design decisions, but also business model decisions, because many designs are
economically non-viable without an enabling business model.

The long-term goal is to scale up the testing and iteration to dozens or hundreds of companies
across the wide variety of company attributes listed in Theme 1.2. This will enable researchers to
assess the generalizability of value (both for sustainability and business) in SDMTs or their
components, and how to maximize value by combining or customizing SDMTs by industry,
company, or other context. These results should be used to update and expand the decision rubric
developed in the short-term goal.

5.2.2. Theme 2.2: New Business Integration

The short-term goal is to develop a decision rubric for choosing SDMTs by their potential
business value in a company workflow. These rules would be most effective if they used data from
Theme 1.2 on successful integration into workflow. They would also be most effective if they were
incorporated into the tool described in Theme 2.1, including data and recommendations for business
value, and if they included recommendations not just of standalone SDMTs, but where and when
they best integrate into existing company product development practices.

The medium-term goal is to prototype integration of SDMTs into business strategy, relating low-
level decisions to whole system impacts, balancing trade-offs, and suggesting business models to
align profits with environmental and social benefits. Such integration is needed because many of the
most important sustainable design decisions are made by business managers, before design teams
are even assigned. Designers and engineers may be able to influence business strategy later, but must
find ways to integrate such changes. Researchers should work with industry to prototype different
integrations into business strategy, portfolio development, and product development workflows.
These should meet one or several of the following criteria:

e  Bring sustainable design options and thinking into pre-design business strategy decisions, so
executives consider sustainability from the very beginning.

¢  Show design teams how detailed decisions change overall whole system impacts, and suggest
design decision(s).
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e  Align low-level tactics / operations with the company’s high-level global strategy.

e  Provide business benefits with low sustainability risks, e.g., save money, increase profit margin,
ease regulatory compliance, reduce lawsuit risk, improve marketing, enhance innovation.

¢  Demonstrate business value to design teams and executives, to drive adoption and integration.

. Communicate value to the customer, to drive market success.

Researchers should test and iterate prototypes of business integration with at least 3-5
companies in different industries, for a balance of affordable/manageable projects and
generalizability. Prototypes with promising test results should be added to the tool that recommends
design methods/tools via a decision rubric, to publicize them to interested practitioners.

The long-term goal is to scale up industry testing to refine integration into business strategy and
demonstrate how sustainability can also provide business value, generalized across different types
of companies. As with testing SDMT value, researchers should continue testing their integration into
company business strategy, but scale up the testing and iteration to dozens or hundreds of companies
across a wide variety of company characteristics. This data on the generalizability of SDMTs should
be used to update and expand the decision rubric developed in the short-term goal, which
recommends when and where to use each SDMT. Direct feedback on the decision rubric from
practitioners can also be combined with other research to drive progress.

5.2.3. Theme 2.3: New Communication Support

The short-term goal is to identify and trace relevant sustainability information specific to
different sustainable design processes, bridging the communication gap that exists between product
designers and their customers [68]. Researchers here would identify the information customers need
to understand a product’s or service’s sustainability benefits and tradeoffs, as well as the information
product developers need to understand customer preferences. Researchers would also create or
suggest information management tools to help companies track this information, to support strategic
decision-making by designers and customers.

The medium-term goal is to model sustainability information flow in relation to sustainable
design processes and various stakeholders’” perceptions. Researchers would identify the
sustainability needs and preferences of customers, supply chain vendors, marketing, management,
legal department, and other stakeholders. Researchers would then create models of how these needs
and preferences relate to one another and affect decisions in different stages of product design,
development and consumption. They would also model how sustainability benefits, trade-offs, and
suggested usage are communicated from design teams to customers to drive more sustainable
purchasing and lifetime usage patterns, as well as communicated to supply chain vendors,
marketing, management, and others, to ensure proper implementation of design intent and to
harmonize with company business strategies.

The long-term goal is to develop SDMTs to support communication about sustainability
between product developers and customers. SDMTs would be developed to support communication
about sustainability between product developers and customers. They should meet one or more of
the following criteria:

e  Communicate sustainability information to customers and users, to demonstrate the value of the
sustainability strategies or accomplishments embodied in the product [36,37,69].

e  Act as decision support for customers and users, educating and motivating them to make more
sustainable purchasing and usage decisions.

e  Provide feedback from customers and users to design teams, enabling design teams to better
meet their needs and values while continuously improving sustainability.

5.3. RQ3: How Should Researchers Move Forward With Developing Useful SDMTs?

RQ3 addresses the question of how researchers should interact with industry to find needs,
prototype new SDMTs or consolidations of existing SDMTs, and user-test them for improvement. In
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this aspect of the vision, researchers work closely with companies to iteratively co-create practices
that enhance sustainability and business value.

RQ3 builds on RQ1 and RQ2. It both uses RQ149s understanding of needs and values of industry
and provides a means to deepen that understanding through a human-centered design approach [70]
to design methods [71]. It provides a method for the development of SDMTs described in RQ2, and
also treats RQ2’s methods and tools as prototypes for user testing and iteration, proposing cycles of
continuous improvement and co-creation with industry. This should enable the development of more
relevant, usable, and useful tools. Four main themes are proposed for this RQ: (i) a human-centered
design approach, co-creating with industry practitioners; (ii) researching and developing not only
tools and methods themselves, but their integration into industry practice; (iii) how SDMTs succeed
in the long term in industry practice; (iv) consolidating today’s excess of SDMTs by identifying

redundancies or synergies (See Figure 7).

RQ3: How To Develop Useful SDMTs

Theme Short Term Tasks Medium Term Tasks Long Term Tasks
é;ilobmuﬁve Establish network Use human-centered design gre;giecse‘;:giirgfnme Dest
human- ;?:gﬁ;xggz;ﬁs;c:;hers :: dc:g;gevelop SRt development of SDMTs with Vision:
centered design industry Researchers
(RQ1, RQ3, RQ4) (RQ2, RQ3, RQ4)
approach (RQ2, RQ3, RQ4) ensure the value &
3 : ‘4 7 : lasting integration
32 Quantify usage of SDMTs Enhonge integration of Defmg & dlssgmmote' best of SDMTs info
| % SDMTs into company practices for integration of > z
LRI (IO SRS iy, workflow using human- SDMTs into company industry practice
(integrated) with reasons why 3 ti
Shbiaaeh (RQ1, RQ2, RQ3, RQ4) centered design workflow by co-creating
’ £ ' (RQ2, RQ3, RQ4) (RQ2, RQ3, RQ4) them with
: > 2 companies.
3a: Study longevity of SDMTs Prototype long-term SngCZSdfzsgr?:g?;$92?s' ET\'\DITICfOI S;‘édlei.
.3: S = o eedback,
Long term & reasons for falling into updatability & tunability of system (policy, markef,

implementation

disuse
(RQ1, RQ2, RQ3)

SDMTs and test in industry
(RQ2, RQ3, RQ4)

culture, etc)
(RQ3, RQ4)

iteration, & easy
access to best
practices drive
SDMT

] Identify overlaps / Prototype & test Define & disseminate best
%:;\soll date redundancies between consolidations of SDMTs with  practices for consolidating development.
existing SDMTs industry SDMTs

tools & methods

(RQ2, RQ3) (RQ2, RQ3, RQ4) (RQ2, RQ3, RQ4)

Figure 7. Research roadmap for RQ3: How should researchers move forward with developing useful
SDMTs?

5.3.1. Theme 3.1: Collaborative Human-Centered Design Approach

The short-term goal is to establish a formal open network connecting SD researchers and
industry practitioners. To test or co-create SDMTs using a human-centered design process,
researchers must work with relevant industry participants; a network enables this. The network
should be open and should include designers, engineers, and managers from a wide variety of
industry sectors and company types, to enable generalizable solutions. Such a network will also
provide industry practitioners with connections to academia, which may assist RQ4 through added
training.

The medium-term goal is to iteratively co-create new, updated, and combined SDMTs with
industry. Human-centered design would be used to target top-priority industry needs from RQ1, and
treat existing SDMTs as prototypes to test, recombining the best aspects to form new or updated
SDMTs in an iterative process, involving industry at every step. Also, remembering that practitioners
generally do not practice SDMTs as taught, but use some components without others, research would
investigate how mixing and matching components from different methods can add value. This could
consolidate and streamline existing SDMTs, or customize them by context.

The long-term goal is to define and disseminate evidence-based, generalizable best practices for
co-development of SDMTs with industry. The short-term and medium-term tasks would establish
ample evidence of how the human-centered design process can improve SDMTs, and customize them
by context. Once established, sharing best practices with researchers and industrial practitioners
would help catalyze the dissemination of such practices into the mainstream of as many industries
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as possible, also aiding RQ4. Definitions of best practices should be continually updated with
additional research that accounts for changes in industry.

5.3.2. Theme 3.2: Industry Driven (Integrated) Approach

The short-term goal is to quantify actual usage rates of SDMTs in diverse companies, with
rationales for that usage behavior, via global surveys. Such surveys are important to quantify what
is working now and qualitatively find the reasons. Identifying failures, limitations, and barriers to
existing SDMTs (e.g., [13]) should be included, but the focus should also be on best practices and
examples of what is working well. This would be investigated across multiple company and
individual attributes, including job role (e.g., designer, engineer, manager, sustainability specialist),
company type (manufacturer or consultancy), company size, company longevity (startup versus
established), product sector (e.g., consumer electronics, apparel, furniture), and even individual
demographics like gender and age. Specific company design and production processes may also be
important variables.

The medium-term goal is to test and enhance integration of SDMTs into company workflow
using human-centered design. Researchers would use the same human-centered design approach
described above to treat different integrations of SDMTs into company workflow as prototypes.
Testing and iterating these prototypes can produce new and better integrations of SDMTs into
workflows. It can also help customize them by industry, company, individual, or other
circumstances. Such co-creation of SDMT integrations would not only help meet industry’s needs
better, but also build buy-in and help address unforeseen obstacles.

The long-term goal is to define and disseminate evidence-based, generalizable best practices for
integrating SDMTs into industry product development practice. Similar to Task 3.1, this would build
on the short-term and medium-term tasks that illuminate how the human-centered design process
can improve SDMT integration in different contexts. When these best practices are shared with
researchers and industrial practitioners, they will be disseminated into the mainstream of as many
industries as possible, also aiding RQ4.

5.3.3. Theme 3.3: Long-Term Implementation

The short-term goal is to study longevity of existing SDMTs, and reasons why they fall out of
practice. Researchers should not just consider short-term trials of SDMTs in industry, but further
quantify the longevity of SDMTs, and qualitatively find the reasons why some slip out of practice,
while others continue long-term. Such studies would also benefit from individual and company
attribute specificity mentioned above.

The medium-term goal is to prototype a means to make SDMTs updatable to fit company needs
in the long term and tunable to fit needs of different groups or individuals in a company, testing with
industry case studies. Because development of SDMTs often stops after the exploration stage, most
SDMTs stop being used after brief trial periods. Therefore, in these cases, much of the work
developing SDMTs is wasted. Researchers can multiply their impact by leveraging existing
foundations to continue refining, developing, and implementing SDMTs. This includes both research
into updating and tuning existing SDMTs and research into how to make SDMTs inherently
updatable and tunable without external support by researchers.

The long-term goal is to define and disseminate best practices for creating SDMTs to be
updatable, tunable, and generally sustainable for long-term implementation. The short-term and
medium-term tasks would provide data to establish what provides the most leverage in updating
and tuning SDMTs. These can be used to develop a framework for how to make SDMTs updatable
and tunable. This framework of best practices would then be disseminated to the research community
and industry, both to drive better SDMTs and to drive the process of developing SDMTs from the
“one-shot case study” to more long-term sustainable implementation.
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5.3.4. Theme 3.4: Consolidate Tools and Methods

The short-term goal is to identify overlaps and redundancies between existing SDMTs to avoid
continually reinventing the wheel, as has so often been done in SDMTs. This may include
categorizing and sorting SDMTs, connecting with RQ1’s short-term goal to classify known industry
needs in an open digital platform (centralized database, media forums, or other), and RQ2’s short-
term goal to develop a decision rubric for when and where to use specific SDMTs. Then, all new
SDMTs could be framed with their commonalities to other existing SDMTs as well as their unique
contributions. This would make it easier for companies to adopt, modify, and combine SDMTs, and
help integrate them into existing workflows.

The medium-term goal is to prototype and test consolidations of existing SDMTs to streamline
them, using human-centered design approaches with industry. As mentioned above, this approach
treats existing SDMTs as prototypes for user testing and iteration; in product design, this process
drives consolidation of many initial prototypes into one best product, or a few best products for
different companies or circumstances. This process can also drive consolidation of today’s vast array
of SDMTs into a smaller set of more effective tools. This research should combine with RQ1 and RQ2’s
open-access platforms to list and recommend existing SDMTs for different industry needs. The
prototyping and testing should employ empirical case studies testing a broad range of company
attributes and should include challenging test cases that exemplify obstacles to adoption.

The long-term goal is to use the short- and medium-term results to define and disseminate best
practices for consolidating some SDMTs and framing others in the context of the suite of available
SDMTs. These best practices should include accommodation to different industries, companies,
individuals, or other circumstances. This framework of best practices should, as with this topic’s
previous tasks, use RQ1 and RQ2’s open platform to be disseminated to researchers and industry.
The goal is to avoid over-proliferation of new but ineffectual SDMTs and instead drive fewer SDMTs
that are widely adopted and deeply integrated into standard industry product design to create large-
scale tangible sustainability benefits.

5.4. RQ4: How can Sustainable Design be More Effectively Integrated Into Industry?

The vision of this article includes a future in which companies integrate sustainability thinking
deeply throughout their entire product and service development processes [72], helped by the latest
academic research in the field, to achieve measurable lasting change at a global scale. A timeline is
presented in Figure 8 to show the five themes and corresponding research guidance for achieving
this vision. This requires a clearer understanding of the (i) implementation of SDMTs in organizations
and their product development practice, (ii) alignment of SDMTs with business incentives and
barriers, and (iii) interactions with external systemic factors. Additionally, researchers need to be able
to effectively (iv) train industry practitioners and disseminate knowledge in the latest SDMTs, and
(v) open doors for education-industry collaboration, to facilitate impactful and lasting change.



Sustainability 2020, 12, 8174 19 of 28
RQ4: Integration into industry
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(RQ4) (RQ4)

Figure 8. Research roadmap for RQ4: How can sustainable design be more effectively integrated into

industry?

5.4.1. Theme 4.1: Implement in Organizations

The short-term goal is to collect and consolidate existing research findings on SDMT
implementation in organizations and companies. Continued investigations are needed to deepen our

understanding of sustainability implementation in relation to risk assessment, portfolio

management, and product requirements. Specific topics include:

What are the primary barriers to industry integrating SDMTs? What are the primary drivers?

e What are the main differences in integrating SDMTs across company attributes and
circumstances? (E.g., small vs. large organizations; manufacturer vs. consultancy; industry
sector; geographic, cultural, or political context; and sustainability maturity.)

e What constraints must be worked within, and what constraints can be overcome?

The medium-term goal is to build on this knowledge to develop and test theoretical models and
operational frameworks for integrating SDMTs in business goals and workflow, despite
organizational barriers. Psychology research has shown that humans usually consider risk and
reward not by statistics but by their ability to remember relevant instances [73]. Therefore,
publications of success stories can play a powerful role in driving future SDMT adoption, which
would require more studies of successful integrations. This would help overcome the bias toward
status quo product development practices [74].

The long-term goal is to establish evidence-based, generalizable best practices for SDMT
implementation. This includes successful cases that connect to stakeholder values and solve real
world problems effectively. These would apply various academically grounded lenses, such as
business models, risk management, portfolio management, and product requirements.

5.4.2. Theme 4.2: Incentivize Tool Adoption

The short-term goal is to encourage companies or organizations to adopt SDMTs by
consolidating existing research findings on business cases, such as:

¢  How much does trustworthiness play a role in decisions to use a tool (or not)?

e  What can we learn from existing successful business cases of SDMT implementation?

e  How can we modify business accountability methods to include a full vision of the value created
by a business, rather than purely focusing on financial profits?

¢  How can companies assess the rebound effects of their design decisions?



Sustainability 2020, 12, 8174 20 of 28

The medium-term goal is to demonstrate successful business cases that adopt SDMTs.
Theoretical models, organizational change strategies, and operational frameworks on these topics can
be developed for integrating SDMTs into business workflow, incentives, and disincentives.

The long-term goal is to establish evidence-based, generalizable best practices for incentivizing
SDMT adoption from within companies. This includes disseminating business cases that balance
short-term profits and long-term sustainability goals for scaling up the integration of SDMTs. These
best practices should include accommodation to different company attributes or other circumstances.

5.4.3. Theme 4.3: Aid with External Systemic Factors

The short-term goal is to consolidate existing research on how external systemic factors such as
government regulations affect SDMT implementation. For example, this may include investigating
how SDMT integration is driven or hampered by national or local government policies, NGOs, local
communities, industry certifications, market trends in demand, cultural values, and other factors.

The medium-term goal is to use the consolidated knowledge of external systemic factors to
develop programs that drive adoption and implementation of SDMTs in companies. This may
include prototyping and testing of legislative policies, certifications, marketing campaigns, lawsuits,
or other external factors.

The long-term goal is to establish evidence-based, generalizable best practices for incentivizing
SDMT adoption in companies through external systemic factors. This may include case studies of
successes in markets, government policies, lawsuits, social and cultural changes, or may include
actual legislation, marketing campaigns, and other initiatives.

5.4.4. Theme 4.4: Industry Training

The short-term goal is to review the state of the art in industry training of sustainable design, to
support more effective training that leads to higher adoption and more lasting implementation of
SDMTs. This will provide an evidence-based foundation to build upon for training industry
practitioners on SDMTs.

The medium-term goal is to test and enhance best practices for industrial training on SDMTs for
lasting integration. Industry training best practices would be systematically tested for their
effectiveness in researcher-led training sessions as well as self-training modules. This step would
gather further evidence on the effectiveness of the leading approaches to training from the literature,
by studying participant attitudes as well as longitudinally tracking changes in sustainable design
practices. This would test both in-person training methods and self-guided online training methods.
SDMT education would be provided not only for future designers and engineers, but also
management professionals. This would be facilitated through workshops and other communication
channels, with the goal to make people aware that sustainable design is more than eco-design but
also social sustainability, management, and decision-making, and that SDMTs can be applied not
only in the product design stage but on a strategic level. Digital and information technology tools are
potentially effective means to ease SDMT knowledge dissemination and to support industry self-
training.

The long-term goal is to use the results of the short- and medium-term tasks to develop best
practices for industry practitioners teaching SDMTs to themselves and one another, in order to scale
SDMT training to reach all industries globally. To truly integrate SDMTs into product development,
we cannot be limited by the number of academics teaching; rather, we need professionals to also train
themselves and one another. Online training tools should be updated and posted to a centralized and
publicized repository, and teacher guides for in-person training should be disseminated widely.

5.4.5. Theme 4.5: Education-Industry Collaboration

The short-term goal is for academic researchers to influence practitioners towards the use of
SDMTs through academia-industry collaborations. Academics frequently perform class projects or
case studies that apply SDMTs to real industry problems, which not only trains students but also
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provides direct sustainability recommendations to industry. In addition, as the students learn SDMTs
and apply them to the product, their communication with company liaisons teaches SDMTs to the
industry professionals to some extent. Currently, there are no best practices for how to perform such
projects or studies, so existing research should be reviewed in the near term to compile generalizable
findings.

The medium-term goal is to test the best practices for academia-industry collaboration, to find
which approaches lead to measurable sustainability improvement in company products, stronger
cooperation and collaboration, industry influence, and training of professionals in SDMTs through
student partnerships. For example, open-ended student research projects may give more influence
than structured class projects in certain circumstances, but vice-versa in other circumstances.

The long-term goal is to continuously update evidence-based best practices through the iterative
process of designing education-industry collaboration, testing, and enhancing practices.

6. Discussion

The long list of research questions (RQs), themes, and tasks above may seem overly ambitious
for the time desired, but any one of the roadmap tracks could be easily achieved with a motivated
academic team and company partners. Whether all of the roadmap items are achieved in time simply
depends on how many academics and companies are active, and how well they collaborate. For
example, if one graduate student focused on each short-term task, all tasks could be achieved to an
adequately useful degree in two to four years with 15 students, some with several industry partners.
Indeed, fewer researchers are likely needed, because of the many overlaps among tasks. Performing
these tasks and building the necessary industry connections would prepare researchers to scale up to
medium and long term tasks, and evaluate their probability of success. Progress on tasks can be
accelerated and fostered through cross-institute collaborations and idea sharing within the
sustainability and design research communities.

Because all the research tasks are intertwined, achieving a task in one theme of one research
question usually helps achieve tasks in other themes of the other research questions. To help the
reader navigate through the roadmap and understand how different RQs and their subtopics are
intertwined, a dependency structure matrix (DSM) is provided in Figure 9 to link the 15 themes of
the roadmap. It was generated by one author, then all other authors checked it independently, then
the group used one videoconference to collectively edit and finalize it. The DSM enables a clear and
concise representation of complex systems or development processes [75]. The MICMAC (matrix
impact cross-reference multiplication applied to a classification) method [76] was used to show the
degree of connection between the themes and tasks of the roadmap as follows: one dot “*” for a
potential connection, two dots “**” for an indirect/implicit connection, and three dots “***” for a
direct/explicit connection. For instance, the key themes 2.2 “new business integration” and 3.2
“industry-driven approach” are directly intercorrelated (strong mutual connection) because 3.3’s
human-centered design process will naturally lead to 2.2’s outcomes of having tested new or
modified SDMT prototypes with industry and assessed improvements, and achieving 2.2’s outcomes
will require at least a roughly human-centered design approach. Accomplishing tasks in the themes
2.2 and 3.2 could also be catalyzed to different degrees by achieving the tasks respectively from
themes 1.1 “existing tools and industry needs”, 1.2 “industry applicability and differences”, and 1.3
“digitalization of SDMTs”. In turn, accomplishing 2.2 and 3.2 would catalyze theme 4.1 “implement
in organizations” by both improving the value of SDMTs and by the process of working with
companies to improve SDMTs. Such interconnections and positive feedback loops will help build
momentum for sustainable design researchers following the roadmap. Such interconnections also
mean that coordination among researchers will help drive progress substantially.

In general, the short-term tasks emphasize collecting and consolidating information and
previous work consistently and transparently. Many of these tasks address multiple research
questions (RQs), because advancing SD requires a cross-cutting approach; however, they were
presented in this paper by their primary RQ association. To clarify the needs and values of industry
(RQ1), the short-term tasks involve classifying known information, surveying practitioners, and
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identifying digitalization opportunities for SDMTs. To advance development of SDMTs (RQ?2), the
short-term tasks include identifying sustainability information that would be important to
communicate between designers and customers, and developing decision rubrics to help
practitioners identify the most appropriate SDMTs for their business and sustainability needs. To
advance the SDMT development process (RQ3), short-term tasks establish an open network among
diverse SD professionals, quantify usage rates and longevity of SDMTs, and identify redundancies
in existing practices. Finally, to promote industry integration (RQ4), the immediate tasks are to
consolidate information on implementation practices, case studies, and training.

RQ1: Industry |[RQ2: Improved RQ3: How to RQ4: Integrate SDMTs
needs SDMTs develop SDMTs into industry
10112 (13)21 12223 (3.1 13233 (34]4.1 42|43 |44 |45
RQ1 [ 1.1
1.2
13 o | @
RQ2 [ 2.1 [ eee [ eee | o
22| oo (000 | @
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32| oo [eee | o |oeoe | eoe ooe
33 ooe oo | 000 | oo ooo
3.4 | eoe | oee ooo oee | o
RQ4 | 4.1 ooe eoe o [eoe| oo | oo
42| oo o | oo [eee| oo ooe
4.3 oo | oo | oo
4.4 . oo | oo oo oo [ooe | oo
4.5 . o | o . eoe | oo

Figure 9. Dependency structure matrix (DSM) of the themes and tasks of the SDMTs roadmap, where
one dot indicates a potential connection, two dots indicate an indirect/implicit connection, and three
dots indicate a direct/explicit connection.

These short-term tasks will help the research community ramp up to larger and more influential
medium-term tasks, improving SDMTs and their adoption with industry stakeholders. To better
understand the values of industry (RQ1), these medium-term tasks will deconstruct and analyze
SDMTs to identify core components of value, and they will test the integration of SDMTs and
digitalization approaches within existing industry workflows. To drive SDMT development for
practitioners (RQ2) and the processes by which researchers develop them (RQ3), the medium-term
tasks include prototyping and testing SDMT innovations, consolidations, and integrations into
company practices; modeling information flows in SD processes; and using human-centered design
for co-development of these SDMTs. To advance industry integration (RQ4), the medium-term tasks
will identify and develop drivers for SDMTs, and they will demonstrate and test best practices for
SDMT dissemination and integration.

Finally, the long-term tasks that will lead to achieving the vision of ubiquitous sustainable
design primarily involve scaling up industry SDMT deployment and testing, as well as defining,
testing, and disseminating best practices. To solidify a common understanding of the needs and
values of industry (RQ1), the long-term tasks will create a full-scale digital platform that contains
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existing SDMTs and needs, sortable by specific characteristics. Additionally, best practices will be
refined and put forward to enable SDMTs to drive business value and integrate into increasingly
digitalized design and manufacturing environments. To promote stronger SDMT development
(RQ2), we suggest scaled-up industry testing of improved SDMTs to demonstrate and document
business value across company attributes and circumstances. To better enable sustainable design that
meets customer needs, communication tools should be developed and deployed that enable
bidirectional feedback between product developers and their customers. To improve the means of
developing SDMTs (RQ3), long-term tasks will define and disseminate best practices to enable co-
development, integration with company workflows, long-term implementation, and improvement
and consolidation of SDMTs. To deeply integrate SDMTs into industry (RQ4), the long-term tasks
will define and disseminate best practices to drive industry integration and scaling, handle variability
in external factors, and infuse SD into education. To ensure that these results are sustainable in the
long-term, a feedback system is recommended to continuously update these best practices with new
research findings.

The scope of this research roadmap is limited to focus on the academic study of developing and
integrating improved SDMTs, which are intended for use by industry practitioners. There are
certainly other sources, users, and drivers of SDMTs, such as governments, nonprofits, and
community organizations. The current findings can also be used by NGO and government
practitioners, and we hope that other researchers will continue to explore unique aspects and
opportunities of NGOs and government in the development and application of SDMTs. Furthermore,
there are economic and cultural factors that significantly contribute to SDMT adoption and success,
which are also outside the scope of this work. A roadmap for other stakeholders and disciplines, and
their relationships with sustainability-focused decision support tools, would be a useful future
exercise, and the authors recommend that such efforts be undertaken in collaboration with relevant
non-academic and non-designer stakeholders.

Nevertheless, the scope is quite ambitious for the limited time before 2030, and the academic
community will face challenges in achieving these goals and visions. Much of the success of achieving
this roadmap relies on ample and effective communication—both among the research community
and between researchers and practitioners. Organizations like the Design Society, ASME, and others
can play a key role in providing or facilitating communication hubs, events, and publications. This
can help share knowledge and SDMTs, reduce redundant research, and enable different research
groups to more efficiently build on the recent work of others. While this research roadmap has the
potential to raise the degree to which SDMTs drive substantive sustainability, business viability, and
creative inspiration, we expect that informal, improvised SDMTs will continue to exist, and not every
SDMT will meet all of the criteria laid out in this vision.

7. Conclusions

Industry must reorient itself for sustainability, and design is a key enabler to do so. While
hundreds of sustainable design methods and tools (SDMTs) have been made available by the design
research community, industry has not yet embraced sustainable design as common practice. There
are several well-documented reasons for the low adoption of SDMTs, including the decentralized
nature of research, its disconnection from industry, and the misalignment of SD with business
strategies. A new strategy for more effective research and development is required.

The research roadmap presented in this paper was generated through a multi-year process with
an international team of academic and industrial researchers that included a review of existing
practices and theory, elicitation of expert knowledge, structured brainstorming, and iterative
development of an overarching vision and specific tasks. It offers a new strategy for more effective
SDMT research, development, and implementation. Its pathway will resolve four high-level research
questions through 15 themes, each with multiple tasks, which contribute to achieving a future vision
in which sustainable design is ubiquitously and consistently practiced in industry. In the context of
academic training, each of these themes alone might inspire an entire or partial PhD dissertation, or
individual tasks may be master’s thesis projects. Given the scope and breadth of the suggested work,
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it will take the efforts and expertise of many research teams to accomplish these goals. The tasks are
organized to include immediately actionable short-term tasks, built upon by medium-term tasks, and
finally crowned by long-term tasks to attain the ideal vision described in Section 3.

This research roadmap is intended to enable more tangible success in mainstreaming sustainable
design practices in industry, ensure that such practices provide more sustainability and business
value, and facilitate academia in better understanding the needs of design tool users and creators. It
should also help academics decide what projects or research questions to pursue, both for developing
better methods or tools and for recommending existing ones more effectively. While the overarching
goal is to transform industry, the roadmap is aimed at the design research community. It assists in
prioritizing future research tasks, strategically planning research projects, and strategically planning
funding applications. The roadmap can aid in identifying discussion and interest groups for
international collaborations, enabling less redundancy and more efficiency across the research
enterprise. The roadmap can also be used in discussions with industry and policymakers, to help
structure and unify views on the necessary steps to convert industry production and consumption to
sustainability. A concrete roadmap such as this can help the design community turn visions of
sustainability into reality.
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Appendix A

Discussion questions for experts at DESIGN 2018 conference
For industry practitioners:

1. Inyour practice, what design methods, activities, or mindsets do you get the most value from?
Why do you (not) get value from these methods, activities, or mindsets?

3. Inpractitioners opinions, which of the design method’s activities or mindsets improved product
sustainability?

4.  Inpractitioners opinions, did anything in the design method provide any other value, not related
to innovation or sustainability?

5. What are practitioners expecting of eco-design methods and tools in the next few years? (e.g.,
computer-based, open source, more integrated, etc.)

6. In practitioner’s experience, what effect does sustainability usually have on design? (Checklist:
increases/decreases legal risk, increases/decreases design process cost, increases/decreases final
product cost, restricts/enhances creativity, decreases/increases your motivation,
complicates/eases manufacturing, decreases/increases product quality, decreases/increases
product marketability)

7. What prevents practitioners from using sustainable tools?

8.  What makes practitioners use/implement tools more?

For design method creators/researchers:

1.  Are you currently working on the experimentation (of existing) or development (of new) eco-
design tools?

2. If so, according to you, what are missing to meet your specific needs? (please be precise about
these needs, e.g., industrial application, learning purposes)

3. Would it be of interest to have a road map to guide researchers of which areas to focus on in
order to develop/improve sustainable design support tools in future?
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4. Have you any ideas of what are some gaps today in relation to sustainable design tools?

5. What do professionals value in existing green design methods?

6. Specifically, where do they find sustainability value, innovation value, and other business value?
(cost, legal risk, other design process, etc.)

7. What do they want that existing methods don’t provide?

8. What outcomes result from different methods?

9. How can design methods align business incentives with environmental & social impacts?

Appendix B
Primary research questions leading into ABCD methodology

1. Inindustrial practice, what design methods, activities, or mindsets do businesses/designers get
the most value from? Why?

2. What do industrial practitioners/businesses want that doesn’t exist?

3.  How does industry receive education/training and start using tools?

4. What knowledge is missing to meet your specific needs in tool development and
experimentation?

5. What do you think needs to change about the way we create tools and methods?

6. What are some gaps today in relation to sustainable design tools?

References

1.  McLennan, J.E. The Philosophy of Sustainable Design; Ecotone Publishing Company LLC: Bainbridge Island,
WA, USA, 2004.

2. McAloone, T.C; Bey, N. Environmental Improvement through Product Development: A Guide; Danish
Environmental Protection Agency: Copenhagen, Denmark, 2009.

3. Ceschin, F.; Gaziulusoy, I. Evolution of design for sustainability: From product design to design for system
innovations and transitions. Des. Stud. 2016, 47, 118-163.

4. United Nations Environment Programme. Embedding the Environment in Sustainable Development Goals;
UNEP: Nairobi, Kenya, 2013.

5. Fuller, R.B. Utopia or Oblivion: The Prospects for Humanity; Bantam Books: New York, NY, USA, 1969.

6.  Papanek, V.; Fuller, R.B. Design for the Real World; Thames and Hudson: London, UK, 1972.

7. Oehlberg, L.; Bayley, C.; Hartman, C.; Agogino, A. Mapping the life cycle analysis and sustainability impact
of design for environment principles. In Leveraging Technology for a Sustainable World; Springer:
Berlin/Heidelberg, Germany, 2012; pp. 221-226.

8.  Rousseaux, P.; Grémy-Gros, C.; Bonnin, M.; Henriel-Ricordel, C.; Bernard, P.; Floury, L.; Staigre, G.;
Vincent, P. “Eco-tool-seeker”: A new and unique business guide for choosing ecodesign tools. J. Clean. Prod.
2017, 151, 546-577.

9.  Ramani, K.; Ramanujan, D.; Bernstein, W.Z.; Zhao, F.; Sutherland, J.; Handwerker, C.; Choi, ].-K.; Kim, H.;
Thurston, D. Integrated Sustainable Life Cycle Design: A Review. J. Mech. Des. 2010, 132, 091004.

10. Robert, K.-H. Tools and concepts for sustainable development, how do they relate to a general framework
for sustainable development, and to each other? J. Clean. Prod. 2000, 8, 243-254.

11. Bovea, M.; Perez-Belis, V. A taxonomy of ecodesign tools for integrating environmental requirements into
the product design process. J. Clean. Prod. 2012, 20, 61-71.

12.  Pigosso, D.C.; Rozenfeld, H.; McAloone, T.C. Ecodesign maturity model: a management framework to
support ecodesign implementation into manufacturing companies. J. Clean. Prod. 2013, 59, 160-173.

13. Rossi, M.; Germani, M.; Zamagni, A. Review of ecodesign methods and tools. Barriers and strategies for an
effective implementation in industrial companies. J. Clean. Prod. 2016, 129, 361-373.

14. Telenko, C.; O'Rourke, ].M.; Seepersad, C.; Webber, M.E. A Compilation of Design for Environment
Guidelines. |. Mech. Des. 2016, 138, 031102.

15. Faludi, J. Recommending Sustainable Design Practices by Characterizing Activities and Mindsets. Int. ].
Sustain. Des. 2017, 3, 100-136.

16. Ahmad, S.; Wong, K.Y; Tseng, M.-L.; Wong, W.P. Sustainable product design and development: A review

of tools, applications and research prospects. Resour. Conserv. Recycl. 2018, 132, 49-61.



Sustainability 2020, 12, 8174 26 of 28

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Saidani, M.; Yannou, B.; Leroy, Y.; Cluzel, F.; Kendall, A. A taxonomy of circular economy indicators. J.
Clean. Prod. 2019, 207, 542-559.

Kim, H.; Cluzel, F.; Leroy, Y.; Yannou, B.; Bris, G.Y.-L. Research perspectives in ecodesign. Des. Sci. 2020,
6, E7.

Zhang, F.; Zwolinski, P. Toward unified environmental activities in enterprise. In Proceedings of DESIGN
2012, the 12th International Design Conference, Dubrovnik, Croatia, 21-24 May 2012.

Pigosso, D.C.A.; McAloone, T.C.; Rozenfeld, H. Characterization of the State-of-the-art and Identification
of Main Trends for Ecodesign Tools and Methods: Classifying Three Decades of Research and
Implementation. J. Ind. Inst. Sci. 2015, 95, 405-428.

Blessing, L.T.M.; Chakrabarti, A. DRM, a Design Research Methodology; Springer: London, UK, 2009.
Broman, G.; Robert, K.-H. A framework for strategic sustainable development. J. Clean. Prod. 2017, 140, 17—
31.

Robert, K.-H. Educating A Nation: The Natural Step. In Context 1991, 28, 10-15.

Simonse, L. Design Roadmapping: Guidebook for Future Foresight Techniques. BIS Publishers: Amsterdam, The
Netherlands, 2018.

Kim, E.; Beckman, S.; Agogino, A. Design Roadmapping in an Uncertain World: Implementing a Customer-
Experience-Focused Strategy. Calif. Manag. Rev. 2018, 61, 43-70.

Faludi, ].; Agogino, A. What Design Practices Do Professionals Use for Sustainability and Innovation? In
Proceedings of DESIGN 2018, the 15th International Design Conference, Dubrovnik, Croatia, 21-24 May
2018.

Nidumoluy, R.; Prahalad, C.K.; Rangaswami, M.R. Why sustainability is now the key driver of innovation.
Harv. Bus. Rev. 2009, 87, 56-64.

Ramanathan, R.; He, Q.; Black, A.; Ghobadian, A.; Gallear, D. Environmental regulations, innovation and
firm performance: A revisit of the Porter hypothesis. J. Clean. Prod. 2017, 155, 79-92.

Roxas, B.; Coetzer, A. Institutional Environment, Managerial Attitudes and Environmental Sustainability
Orientation of Small Firms. . Bus. Ethics 2012, 111, 461-476.

Ullman, D.G. The Mechanical Design Process; McGraw-Hill: New York, NY, USA, 1992; Volume 2.

Lindahl, M. Engineering designers’ experience of design for environment methods and tools—
Requirement definitions from an interview study. J. Clean. Prod. 2006, 14, 487-496.

Van Hemel, C.; Cramer, ]. Barriers and stimuli for ecodesign in SMEs . Clean. Prod. 2002, 10, 439-453.
Knight, P; Jenkins, ].O. Adopting and applying eco-design techniques: A practitioners perspective. J. Clean.
Prod. 2009, 17, 549-558.

Wallace, K. Transferring Design Methods into Practice. In The Future of Design Methodology; Birkhofer, H.,
Ed.; Springer: London, UK, 2011; pp. 239-248.

Faludi, J. Golden Tools in Green Design. Ph.D. Thesis, UC Berkeley, Berkeley, CA, USA, 2017.

Kwok, S.Y.; Hallstedt, S.I. Towards Strategic Sustainable Product Development: Challenges and
Opportunities for Communicating Sustainability in a Value Chain. In Proceedings of the International
Design Conference NordDesign 2018, Linkdping, Sweden, 14-17 August 2018.

Kwok, S.Y.; Harrison, D.; Malizia, A. Designing individualisation of eco information: a conceptual
framework and design toolkit. Int. J. Sustain. Eng. 2017, 10, 302-312.

Saidani, M.; Cluzel, F.; Leroy, Y.; Auclaire, A. Time-efficient eco-innovation workshop process in complex
system industries. In Proceedings of the 14th International Design Conference, Dubrovnik, Croatia, 16-19
May 2016.

Souto, J.E.; Rodriguez-Lépez, A. The problems of environmentally involved firms: innovation obstacles
and essential issues in the achievement of environmental innovation. J. Clean. Prod. 2015, 101, 49-58.
Charter, M.; Woolman, T. Lessons Learnt Supporting SMEs in Eco-Innovation; Centre for Sustainable Design:
Farnham, UK, 2012.

Womack, J.P.; Womack, J.P.; Jones, D.T.; Roos, D. The Machine That Changed the World; Simon and Schuster:
London, UK, 1990.

Thegersen, ]. Promoting “Green” Consumer Behavior with Eco-Labels. In New Tools for Environmental
Protection: Education, Information, and Voluntary Measures; Dietz, T., Stern, P.C.,, Eds.; The National
Academies Press: Washington, DC, USA, 2002; pp. 83-104.

Cohen, M.A,; Vandenbergh, M P. The potential role of carbon labeling in a green economy. Energy Econ.
2012, 34, S53-563.



Sustainability 2020, 12, 8174 27 of 28

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Cloquell-Ballester, V.-A.; Cloquell-Ballester, V.-A.; Monterde-Diaz, R.; Santamarina-Siurana, M.-C.
Indicators validation for the improvement of environmental and social impact quantitative assessment.
Environ. Impact Assess. Rev. 2006, 26, 79-105.

Wisthoff, A.; DuPont, B. A method for understanding sustainable design trade-offs during the early design
phase. In Sustainable Design and Manufacturing; Springer: Berlin/Heidelberg, Germany, 2016; pp. 271-280.
Zhang, F. Contribution to methods and tools supporting eco-design practises in companies. Ph.D. Thesis,
Université de Grenoble, Grenoble, France, 2014.

Asadi, N.; Guaragni, F.; Johannknecht, F.; Saidani, M.; Scholle, P.; Borg, J.; Panasiuk, D. Success factors of
an IPD based approach in a remote multidisciplinary team environment —Reflections on a case study. In
Proceedings of the 21st International Conference on Engineering Design (ICED 17), Vancouver, BC,
Canada, 21-25 August 2017.

Rio, M.; Reyes, T.; Roucoules, L. FESTivE: an information system method to improve product designers
and environmental experts information exchanges. J. Clean. Prod. 2014, 83, 329-340.

Hallstedt, S.I.; Thompson, A.W.; Lindahl, P. Key elements for implementing a strategic sustainability
perspective in the product innovation process. J. Clean. Prod. 2013, 51, 277-288.

Missimer, M.; Robert, K.-H.; Broman, G. A strategic approach to social sustainability —Part 1: Exploring the
social system. ]. Clean. Prod. 2017, 140, 32-41.

Lofthouse, V. Ecodesign tools for designers: defining the requirements. J. Clean. Prod. 2006, 14, 1386-1395.
Moreno, M.A; Rios, C.D.L.; Rowe, Z.; Charnley, F. A Conceptual Framework for Circular Design.
Sustainability 2016, 8, 937.

Buchert, T.; Kaluza, A.; Halstenberg, F.A ; Lindow, K.; Hayka, H.; Stark, R. Enabling Product Development
Engineers to Select and Combine Methods for Sustainable Design. Procedia CIRP 2014, 15, 413-418.
Collado-Ruiz, D.; Ostad-Ahmad-Ghorabi, H. Influence of environmental information on creativity. Des.
Stud. 2010, 31, 479-498.

Saidani, M.; Yannou, B.; Leroy, Y.; Cluzel, F. How to Assess Product Performance in the Circular Economy?
Proposed Requirements for the Design of a Circularity Measurement Framework. Recycling 2017, 2, 6.
Faludi, J.; Gilbert, C. Teaching Environmentally Responsible Inventing: Higher Education Environmental
Landscape Research and Analysis Phase I; The Lemelson Foundation: Portland, OR, USA, 2018.

Rodrigues, V.P.; Pigosso, D.C.A.; McAloone, T.C. Measuring the implementation of ecodesign
management practices: A review and consolidation of process-oriented performance indicators. |. Clean.
Prod. 2017, 156, 293-309.

Schulte, J.; Hallstedt, S.I. Sustainability Risk Management for Product Innovation. In Proceedings of
DESIGN 2018, the 15th International Design Conference, Dubrovnik, Croatia, 21-24 May 2018.

Brook, J.W.; Pagnanelli, F. Integrating sustainability into innovation project portfolio management — A
strategic perspective. ]. Eng. Technol. Manag. 2014, 34, 46-62.

Villamil, C.; Hallstedt, S.I. Sustainability product portfolio, a review. In Proceedings of the 6th International
Conference of Sustainable Development, Rome, Italy, 12-13 September 2018.

Watz, M.; Hallstedt, S.I; Watze, M. Profile model for management of sustainability integration in
engineering design requirements. J. Clean. Prod. 2020, 247, 119155.

Hoffenson, S.; Soderberg, R. Taxation and Transparency: How Policy Decisions Impact Product Quality
and Sustainability. J. Mech. Des. 2015, 137, 101702.

Hallstedt, S.I. Sustainability criteria and sustainability compliance index for decision support in product
development. J. Clean. Prod. 2017, 140, 251-266.

Senge, P.M. The fifth discipline, the art and practice of the learning organization. Perform. + Instr. 1991, 30,
37.

D-school. An Introduction to Design Thinking: Process Guide; Hasso Plattner Institute of Design at Stanford:
Stanford, CA, USA, 2010.

Isaksson, O.; Hallstedt, S.; Ronnbéck, Anna. Digitalisation, sustainability and servitisation: Consequences
on product development capabilities in manufacturing firms. In Proceedings of the International Design
Conference NordDesign 2018, Linkdping, Sweden, 14-17 August 2018.

Bertoni, A.; Hallstedt, S.I.; Dasari, S.K.; Andersson, P. Integration of value and sustainability assessment in
design space exploration by machine learning: an aerospace application. Des. Sci. 2020, 6, E2,
doi:10.1017/dsj.2019.29.



Sustainability 2020, 12, 8174 28 of 28

68.

69.

70.

71.

72.

73.

74.

75.

76.

Kwok, S.Y.; Hallstedt, S.I; Boeva, V. Understanding customer preference: Outline of a new approach to
identify prioritised sustainability product information. In Sustainable Design and Manufacturing 2020.
Proceedings of the 7th International Conference on Sustainable Design and Manufacturing (KES-SDM 2020),
Vienna, Austria, 9-11 September 2020; Smart Innovation, Systems and Technologies book series; Scholz, S.G.,
Howlett, R.J., Setchi, R., Eds.; Springer: Singapore, 2020; Volume 200, pp. 27—40.

Kwok, S.Y.; Harrison, D.; Qin, S. Designing an Individualised Eco Information System: A Conceptual
Framework. In Proceedings of the 19th DMI: Academic Design Management Conference: Design
Management in an Era of Disruption, London, UK, 2-4 September 2014.

Boy, G.A. (Ed.) The Handbook of Human-Machine Interaction: A Human-Centered Design Approach; CRC Press:
Cleveland, OH, USA, 2017.

Endsley, M.R. Designing for Situation Awareness: An. Approach to User-Centered Design; CRC Press: Cleveland,
OH, USA, 2016.

Victorino, L.; Field, J.M.; Buell, RW.; Dixon, M.; Goldstein, S.M.; Menor, L.J.; Pullman, M.; Roth, A.V.;
Secchi, E.; Zhang, ].J. Service operations: what have we learned? J. Serv. Manag. 2018, 29, 39-54.

Tversky, A.; Kahneman, D. Availability: A Heuristic for Judging Frequency and Probability. Cogn. Psychol.
1973, 5, 207-232.

McCray, G.E.; Purvis, R.L.; McCray, C.G. Project Management under Uncertainty: The Impact of Heuristics
and Biases. Proj. Manag. ]. 2002, 33, 49-57.

Eppinger, S.D.; Browning, T.R. Design Structure Matrix Methods and Applications; MIT Press: Cambridge,
MA, USA, 2012.

Godet, M. Creating Futures: Scenario-Building as a Strategic Management Tool; Economica-Brookings: Paris,
France, 2001.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



