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Abstract

As the urgency of tackling global issues as climate change, resource depletion and biodiversity loss
becomes apparent, manufacturing companies are among many other actors in attempting to find new
approaches to create economic and societal value, whilst eliminating adverse environmental impact.
Circular economy proposes an innovative alternative approach to counter these negative global effects,
by offering the opportunity to manufacturing companies to explore how to capitalize on retaining the
value embedded in products and operations for longer, thus optimizing the economic and environmental
costs and benefits. This notion of ‘circularity’ has made circular economy attractive for many businesses,
who increasingly see circular economy practices as a means towards achieving greater sustainability
benefits. While academic studies provide heterogeneous findings, regarding whether and to what extent
circular economy brings positive economic and environmental gains, a comparatively underrepresented
contribution to social sustainability is widely acknowledged. Considering the rapid uptake of circular
economy by the manufacturing industry, it is imperative to support the early stages of circular economy
development by integrating economic, environmental and social considerations for a holistic sustainability
decision-making process.

Within this context, this research aims at proposing a sustainability screening framework for circular
economy. The framework acts as a decision support to enable integration of economic, environmental
and social aspects of the triple bottom line perspective into the early stages of circular economy
development within the manufacturing industry. The framework constitutes several fundamental
elements, such as a leading indicator approach to measuring sustainability performance, a structured
procedure to select relevant indicators for sustainability screening of circular economy initiatives and a
trade-off navigation framework to support decision making between conflicting sustainability indicators
within the screening. The ultimate goal is to support the early development stages by enabling a
comparison of circular and non-circular initiatives, integration of improvements and further development
of an initiative with the highest sustainability potential.

In this PhD thesis, a leading performance indicator approach is used as a theoretical foundation to
support measurement of potential economic, environmental and social performance, due to its
usefulness in the early development stages. This theory supported the development of an indicator
database and a procedure for systematic selection of indicators for corresponding circular economy
initiatives. The challenge of making trade-offs, observed during empirical work in manufacturing industry,
led to the proposal of the trade-off navigation framework, which aims at supporting sustainability
screening by providing a structured approach to navigating conflicting sustainability indicators and
facilitating decision analysis of the proposed initiatives and decision objectives.

The research is built on three studies that were conducted to respectively address: i) leading
performance indicators as a support for early stage performance measurement for economic,
environmental and social aspects, including their applicability for circular economy measurement (Study
A); ii) proposal and evaluation of the indicator selection procedure and a user guide for the measurement
of circular economy initiatives from the triple bottom line perspective (Study B); iii) proposal and



evaluation of the trade-off navigation between conflicting sustainability measures (Study C). This research
and corresponding studies were designed following Design Research Methodology (DRM), which provided
a framework to carry out design-oriented practical research, combined with a theory-driven approach for
the analysis and development of the theory within the field.

The main results from the thesis, documented both in the main body and in the four appended papers,
include: i) a database of more than 270 leading performance indicators classified according to economic,
environmental and social aspects, business processes and circular economy strategies (Study A); ii) a
structured procedure for indicator selection and a user guide to support the measurement of circular
economy initiatives from a triple bottom line perspective (Study B); and iii) a structured approach to
support decision analysis and trade-off navigation between conflicting sustainability measures (Study C).
These results were integrated as key elements in the framework for sustainability screening of circular
economy initiatives, which is expected to support a ‘hands-on’ approach to measuring sustainability
performance of the proposed initiatives and integrating sustainability considerations early in business
activities alongside other ‘traditional’ criteria. Overall, the main aim is to support the design and selection
of the circular economy initiative that maximizes beneficial outcomes within all dimensions of
sustainability.

Sustainability screening for circular economy is a first attempt to support circular economy
development using triple bottom line measures, laying the foundation for necessary future work, to
further ensure its usability for uptake by industries in both technical and bio-economic sectors.

Keywords: circular economy, sustainability screening, triple bottom line, early development, decision
support, manufacturing industry
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Dansk resume

Globale udfordringer sasom klimaaendringer, udtgmning af ressourcer og tab af biodiversitet er blandt de
stgrste udfordringer, som i stigende grad pavirker det globale samfund. Fremstillingsvirksomheder, blandt
gvrige aktgrer, har brug for alternative Igsninger, der kan skabe vardi for egen forretning og for
samfundet, uden at forgge den negative pavirkning pa miljget. Cirkuleer gkonomi har et keempe potentiale
som en ny gkonomisk model, der har til hensigt at opretholde de vardifulde ressourcer, der indgar i
produkter og deres indholdsstoffer, i kontinuerlige kredslgb, hvilket kan hjzaelpe fremstillingsvirksomheder
til at skabe en positiv miljpmaessig og samtidig profitabel gkonomi. Derfor er cirkuleer gkonomi for alvor
kommet pa dagsordenen i mange virksomheder, der sidestiller de cirkulzere Igsninger med forgget
baeredygtighed. Der findes dog delte meninger, iseer i den akademiske verden, om hvorvidt de cirkulzere
Igsninger fgrer til positive miljgmaessige og skonomiske virkninger, samt i hvilket omfang og under hvilke
omstaendigheder. Samtidig er der enighed om at der mangler bevis for at cirkulzere Igsninger kan bidrage
til gget social bzeredygtighed. For at imgdekomme den stigende interesse for cirkuleer gkonomi i
industrien og sikre at cirkulzere Igsninger bidrager til baeredygtighed, er der behov for at understgtte
virksomheder i udvikling af cirkulaere Igsninger. Dette skal ske i de tidlige udviklingsfaser med inddragelse
af et holistisk syn pa baeredygtighed, det vil sige med fokus pa de sociale, gkonomiske og miljpmaessige
aspekter.

Dette forskningsprojekt har derfor til formal at udvikle et rammevaerktgj for beeredygtighedsscreening af
cirkulzere Igsninger. Rammevaerktgjet inddrager flere grundlaeggende elementer, sasom en metode til
vurdering af sociale, gkonomiske og miljgmaessige aspekter baseret pa indikatorer, en procedure til
systematisk udvaelgelse af relevante indikatorer for de respektive cirkulaere Igsninger og en teknik for
handtering af beeredygtighedsmaessige trade-offs, der kan opsta mellem modstridende
baeredygtighedsaspekter. Hovedmalet er saledes at understgtte de tidlige udviklingsfaser, hvilket giver
mulighed for at sammenligne forskellige cirkuleere og non-cirkulzaere Igsninger, introducere forbedringer
og videreudvikle de Igsninger der har det hgjeste baeredygtighedspotentiale.

Bzaeredygtighedsvurderingen tager et teoretisk udgangspunkt i ’leading performance indicators’, der
seerligt er brugbare til at understgtte vurdering af sociale, gkonomiske og miljgmaessige aspekter i de
tidlige udviklingsfaser. Denne teori har saledes bidraget til udarbejdelse af proceduren til systematisk
anvendelse af relevante indikatorer for de respektive cirkuleere Igsninger og guiden til
baeredygtighedsscreening. Trade-off udfordringen, der blev identificeret under anvendelsen af
indikatorer med virksomhederne, har fgrt til udarbejdelse af teknikken for handtering af
baeredygtighedsmaessige trade-offs. Trade-off teknikken understgtter afvejning mellem modstridende
baeredygtighedsaspekter og kan derfor ses som et af de grundlaeggende elementer af
bzeredygtighedsscreeningen.

Projektet indeholder tre studier der blev gennemfgrt for: i) at undersgge anvendeligheden af ’leading
performance indicators’ som grundlag for at vurdere de sociale, gkonomiske og miljgmaessige potentielle
virkninger af cirkulaere Igsninger i de tidlige udviklingsfaser (Studie A); ii) at undersgge anvendeligheden
af en struktureret baeredygtighedsvurdering af cirkuleere Igsninger, baseret pa de udvalgte ’leading
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performance indicators’ (Studie B); iii) at udvikle og evaluere en teknik til handtering af
baeredygtighedsmaessige trade-offs (Studie C).

Forskningsprojektet bestar af tre studier som er bygget op i helhold til de forskellige faser i Design
Research Methodology (DRM), der har skabt en ramme for forskningen i forhold til planlaegning,
metodevalg og evaluering, ved inddragelse af bade teoridreven og empirisk undersggelse.

Disse studier fgrte til resultater, som blev dokumenteret i artiklerne 1 til 4 og er prasenteret i denne
afhandling som fglgende: i) en database med mere end 270 ’leading performance indicators’ der er
opstillet efter de sociale, pkonomiske og miljgmaessige aspekter, forretningsprocesser og strategier inden
for cirkuleer gkonomi (Studie A); ii) en procedure til systematisk udvaelgelse af relevante indikatorer for
de respektive cirkulzere lgsninger og en brugerguide til baeredygtighedsscreening (Studie B); iii) en teknik
for systematisk handtering af trade-offs mellem de baeredygtighedsmaessige aspekter (Studie C). Disse
resultater indgik i rammevaerktgjet for baredygtighedsscreening af cirkulaere Igsninger, hvis formal er at
understgtte praktisk evaluering af baeredygtighedspotentialet for de cirkuleere Igsninger. Det
overordnede formal er at yde stgtte til beslutningstagere under udvikling og gennemfgrelse af cirkulaere
Igsninger, der leder til forbedret baeredygtighed.

Baeredygtighedsscreening af cirkulaere Igsninger er et af de fgrste forsgg pa at muligggre evaluering af
cirkulzere Igsninger, i forhold til baeredygtighed, ud fra sociale, gkonomiske og miljgmaessige aspekter. Ud
fra forskningsresultaterne blev der pavist dennes positive potentiale; ikke desto mindre kan fremtidigt
arbejde fokusere pa at forbedre anvendeligheden, for lettere anvendelse i industrien, bade til udvikling af
biologiske og teknologiske produkter.

Nggleord: cirkulaer skonomi, baeredygtighedsscreening, den tredobbelte bundlinje, tidlige udviklingsfaser,
beslutningsstatte, fremstillingsindustri.
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Preface and acknowledgments

In distant 2005 my journey towards obtaining a Bachelor of Science in Environmental Engineering
started. During a course of 4 years, | learned about the issues of air, water and land pollution, solid and
liquid waste generation. | and my classmates spent many hours concentrating on the design of treatment
and pollution prevention technologies to address these issues. At that time, it seemed as one of the right
things to do — dealing with the damage that was unavoidable. But was it unavoidable after all? The answer
| found during the Masters’ program in Environmental Studies with specialization in Environmental
Management and Sustainability Science. It broadened my view on the environmental and social issues —
certainly, they could be avoided if business actors were helped with introducing and following
environmental and social management practices. ldentification of significant environmental and
sustainability issues, setting goals and action plans, and monitoring changes to drive continuous
improvements could indeed show how businesses acted in environmentally and socially acceptable
manner. Yet again, it seemed right, but was it enough? Was the firm-centric approach sufficient to steer
the progress towards sustainable development? And there was |, who, in 2017, with this question in mind,
applied for a PhD position in Sustainability and Circular Economy at the Section of Engineering Design and
Product development at DTU. The beginning of the PhD journey was a real roller coaster: the confusion
about circular economy as a concept (what else could it be if not remanufacturing and recycling?), the
uncertainty about the difference between sustainability and circular economy (isn’t circular economy
inherently sustainable?) and the prominent role of business modelling and product development in
defining the sustainability potential of a business and product (moving away from a firm-centric view?)
were all a part of a steep learning curve. With all the climbs and loops, the dives were full of excitement
as | continued discovering new knowledge and gaining experience related to the interplay of sustainability
and circular economy. This thesis tries to bring clarity about the questions | asked myself at the beginning
of this journey and hopefully will inspire more studies supporting circular economy development towards
better sustainability. This could bring advances in both scientific domains: for circular economy -
addressing the conceptual uncertainty (what is it?) and related methodological challenges (how to
measure it and what for?); for sustainability assessment — improving measurement approaches able to
capture the sustainable ‘more good’ intention along the ‘doing less bad’ perspective of the triple bottom
line approach.

None of the brilliant insights, state of the art knowledge and remarkable experiences | gained
throughout this 3-year long PhD journey would be possible without thought-provoking dialogues,
invaluable feedback and guidance, and tremendous support from a number of people | am grateful for
being surrounded by. Therefore, | would like to express my very great appreciation to:

... my supervisors from DTU Tim McAloone and Daniela Pigosso for providing continuous professional
and personal support throughout the whole journey. Your profound knowledge of eco-design and
sustainable product and service development has strengthened my understanding of the importance of
integrating sustainability as early in the decision process as possible. | feel lucky about having had time
with you for scientific discussions, but also for informal chats during the lunch breaks. | truly admire your
balance of professional and personal approach, which shows appreciation for a PhD researcher as a
colleague and as an individual.



Tim McAloone, | am grateful for your considerate and genuine guidance, which always helped me to a
see a bigger picture — it helped me to turn many challenges into opportunities and become sharper about
my research direction and contribution. Daniela Pigosso, a sincere thank you for being supportive and
always encouraging me to move forward. You have this extraordinary ability to explain complex
phenomena using simple terminology and visualization. Your passion for research and teaching,
sustainability and circular economy is unique and has inspired me in so many ways.

... my colleagues from CIRCit project for the lively discussions we had together shedding the light into
the dark corners of circular economy. A mix of backgrounds, cultures, ages, genders and experiences —
that is what made the CIRCit experience truly exceptional. | had a pleasure to meet many of you in person
and experience the dynamics and diversity of your thoughts and suggestions. | thank all and each of you -
Fenna Blomsma, Marina Pieroni, Sasha Shahbazi, Eivind Kristoffersen, Jutta Hildenbrand, Jingyue Li, Carina
Wiik, Anna Runa Kristinsdottir, Anna-Karin Jonbrink, Kjartan Due Nielsen, Helena Soimakallio, Johan
Dahlstrom, Sandra Jungner, Lone Groes Hede, Lena Kristina Carlberg and many others - for your
enthusiasm and valuable contribution to CIRCit project and to my PhD. | am grateful for the financial
support from NordForsk, Nordic Energy Research, and Nordic Innovation for jointly funding CIRCit project,
and a part of my PhD project, under the Nordic Green Growth Research and Innovation Programme.

Likewise, a great appreciation goes to the industrial partners of CIRCit project. Without your time and
effort, | would not obtain the valuable insights and results for my research. Thank you for showing your
interest in sustainability screening for circular economy and letting me in to observe your work, and
appreciate your intentions and ambitions for making the world a better place.

... the scientific community | had a pleasure to be engaged with: Design Society, CIRP, ERSCP. Valuable
dialogues, useful critiques and curiosity from the community helped me to position my research within a
wider spectrum of research areas and approaches. This made me confident in disseminating my research
to larger audiences within and outside the research community.

.. my colleagues from K&P and other institutions, with special thanks to Herle, Nicklas F., Sania,
Lorenzo, Gianmarco, Marina, Mikhail, Ugo, Maria S., Camilla, for the wonderful time in the office, and in
the online environment.

.. my former colleagues from E&M team at UCN in Aalborg. All of you made me feel respected,
competent and welcomed at my first workplace in Denmark. | extend my appreciation to John Midtgaard,
who, as a team leader, has always shown a great trust in my abilities, valued my personal and professional
skills and believed in my potential. All of this made it harder to leave E&M to pursue this PhD — one of the
conflicting decisions | had to make.

On this note, my gratitude goes to Andrew Cass, who has always been supporting me as a colleague
and friend at UCN and after my leave. Andrew, you have this amazing personality, which is reflected in
everything you do — from the unique ideas you get, to their distinctive execution to bringing talented
people in, among whom | had a pleasure to be. Thank you for believing in me, following me along the
journey and showing proudness in my achievements.

... my wonderful family and friends. To my parents, grandparents, relatives and friends, and my Dmitri,
thank you for being by my side and continuously supporting my endeavours. | love you with all my heart
and | am proud and lucky to share this experience with you!



Research framing within the Nordic project, CIRCit

This PhD project was conducted within a larger Nordic research project CIRCit, which influenced
the PhD research context, focus and the boundaries. “CIRCit: Circular Economy Integration in the
Nordic Industry for Enhanced Sustainability and Competitiveness”, was a part of the Nordic Green
Growth Research and Innovation Programme funded by NordForsk, Nordic Energy Research, and
Nordic Innovation (CIRCit, 2020). The CIRCit research consortium consisted of a joint collaboration
between the project lead Technical University of Denmark (DTU), Research Institutes of Sweden
(RISE), Norwegian University of Science and Technology (NTNU), Innovation Center Iceland (ICl), and
the Technology Industries of Finland (TiF). Bringing together academic and consultancy actors allowed
securing a transdisciplinary research approach. Additionally, the project ensured engagement of
partners from SMEs and large organizations from the Nordic region to assist research co-creation and
evaluation, thus ensuring the practical validity of the outputs.

The main objective of the CIRCit project was to conceptualize, develop and implement a set of tools
and approaches to enable the Nordic Industry to accelerate the transition towards a sustainable
society by means of a circular economy. The project comprised six research focus areas, which aimed
at contributing to the overall research objective. The focus areas represented the knowledge fields
required to support the transition to a circular economy, such as business model innovation, product
design and development, digital technology, end-of-life operations, value chain collaboration, and the
topic of this thesis — sustainability screening. While all the other areas focused on developing support
for the exploration of new ideas fit for circular economy, proposing concepts (e.g. product design for
repair and maintenance) and analysing their feasibility (e.g. technological, financial, legal, etc.), the
sustainability screening was designed to support assessment of the conceptualized solutions. The
objective is to support the early development stages by enabling comparison of circular and non-
circular initiatives based on their sustainability performance, allowing identifying improvement
opportunities and adjusting the solution to improve its sustainability potential before developing it
further. On these premises, the sustainability screening did not focus on supporting creation of the CE
solution alternatives, but on assessing these in their early development stages, to guide decisions for
their improvement and potential implementation.

Influenced by the focus areas, the sustainability screening took into account a business process
perspective, considering business model development, product development, production and
operations, after-sales service and end of life operations, as key processes to be assisted with
performance indicators. Additionally, the collaboration of the researchers across the six focus areas
in CIRCit helped to develop ‘CE strategies framework’, which was needed to support circular economy
innovation process, when targeting the manufacturing industry. A series of workshops between CIRCit
research actors were held to conceptualize and develop a framework, which was subsequently applied
and evaluated with stakeholders from the Nordic industry. Consequently, the framework was
improved and the results were published in a journal article (listed as Paper B). The CE strategies
framework aimed at supporting a circular economy innovation processes through: 1) creating a
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comprehensive understanding of circular strategies; 2) mapping strategies currently applied; and 3)
finding opportunities for improved circularity across a range of business processes (Blomsma et al.,
2019). As a result, the CIRCit CE framework accommodated a number of strategies spanning from
dematerialized and multifunctional offers to sharing schemes to remanufacturing, recycling and
recovery strategies. Therefore, it was chosen as one of the backbones for the development of the
sustainability screening for circular economy initiatives to address several methodological challenges,
as highlighted in the upcoming chapters.

Due to the geographical scope of CIRCit project being concentrated in the Nordic region, the PhD
research was conducted and tested with Nordic manufacturing companies, which expressed their
interest in applying sustainability screening to the CE initiatives already proposed, either as an
outcome of work with other CIRCit focus areas or through own development activities. Consequently,
CIRCit project has influenced this PhD research in terms of the conceptual approach to circular
economy, focus on operational business processes, and empirical investigations limited to the Nordic
region context.
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Paper 2

Paper 3
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Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C. (2019). Towards the ex-ante
sustainability screening of circular economy initiatives in manufacturing companies:
Consolidation of leading sustainability-related performance indicators. Journal of
Cleaner Production. Vol. 241, 118318 https://doi.org/10.1016/j.jclepro.2019.118318

Author contribution

This paper presented results of a systematic literature review aimed at consolidating
leading performance indicators for triple bottom line dimensions of sustainability. Main
author carried out a systematic literature review, analysed results and composed the
manuscript for the initial review and final publication.

Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C. (2020). A Procedure to Support
Systematic Selection of Leading Indicators for Sustainability Performance Measurement
of Circular Economy Initiatives. Sustainability. 12(3), 951
https://doi.org/10.3390/su12030951

Author contribution

This paper presented an indicator selection procedure and results of its application in
case studies. Main author carried out the development of the procedure, conducted
case studies and analysed results, and composed the initial and final manuscript.

Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C. (2020). DEVELOPING A TOOL TO
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UNDERSTANDING NEEDS AND CRITERIA. Proceedings of the Design Society: DESIGN
Conference, 1, 265-274. https://doi.org/10.1017/dsd.2020.137

Author contribution

This paper described the results of literature review aimed at investigating criteria to
support development of a trade-off analysis. Main author conducted the review,
analysed results and composed the final publication, which was ranked as one of the
top best papers.

Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C. (In Review). A trade-off navigation
framework as a decision support for conflicting sustainability indicators within circular
economy implementation in the manufacturing industry

Author contribution

This paper focused on the presentation, application and evaluation of the trade-off
navigation framework. Main author conceptualized the framework, evaluated it with
industrial and academic experts and prepared a full manuscript.

Reprints were made with permission from the publishers
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Publication-based research outputs, not included in the thesis
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Author contribution
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indicators as a foundation for sustainability screening of circular economy initiatives.
Main author carried out the data collection and contributed to the proposal of the
conceptual framework. Carried out the writing and integrated improvements after the
peer-review process.

Blomsma, F., Pieroni, M., Kravchenko, M., Pigosso, D., Hildenbrand, J., Kristinsdottir, A.
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Author contribution

The paper is a joint contribution of all partners in CIRCit project. As a third author, the
contribution related to the development of the conceptual framework described in the
paper. Third author supported writing of the paper parts focused on sustainability and
business process. Contributed to the review of the paper in draft and final forms.

Kravchenko, M., Hjort Jensen, T., Pigosso, D.C.A., McAloone, T.C. (2020). Circular
Economy Sustainability Screening: CIRCit Workbook 1, ISBN: 978-87-7475-600-2,
Technical University of Denmark, 44 p.
https://orbit.dtu.dk/files/210454846/WB1_CIRCit_double.pdf

Author contribution

This workbook is one of the outcomes of CIRCit project. Main author carried out the
writing utilizing own conceptual framework and results of empirical investigation with
manufacturing companies. The workbook was used during dissemination activities in
CIRCit webinars and workshops.

Kravchenko M., McAloone, T. C., & Pigosso, D. C. A. (2019). Stay in the loop: the role of
indicators in supporting decisions for circular economy strategies aiming at extending
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Consumption and Production: Circular Europe for Sustainability: Design, Production and
Consumption (Vol. |, pp. 406-422). Institute for Sustainability Science and Technology,
Universitat Politécnica de Catalunya - BarcelonaTech (ISST-UPC).
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supporting-decisions-f
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all the writing and elaboration of the case example.
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Author contribution

This paper addressed the review of indicators for circular economy and the extent to
which they address triple bottom line aspects. Main author performed a literature
review and conceptualized the paper.

Kravchenko, M., Pigosso, D.C.A., McAloone, T.C. (2020). Circular economy enabled by
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Proceedings of the Design Society: NordDesign Conference, Technical University of
Denmark, 14 p. https://doi.org/10.35199/NORDDESIGN2020.4
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This paper explored key sustainability aspects important to take into account for
developing circular economy enabled by additive manufacturing. Main author was
responsible for data collection and conceptualization of the paper.

Laurent, A., Owsianiak, M., Dong, Y., Kravchenko, M., Molin, C., Hauschild, M. Z. (2020).
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Conference (LCE2020), 90, 148-153 https://doi.org/10.1016/j.procir.2020.01.077
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This paper presented results of the course about SDGs assessment of the student’s
research projects. Main author’s project was selected as a case example. Main author
analysed own project on its contribution using an exemplary case, the results of which
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Thesis overview

Overall, the thesis consists of five chapters, as shown in Figure 1, aiming at presenting the research in
details. This thesis is paper-based, with four key papers embedded as parts of Chapter 3: Results and
reflections. Additionally, the research contributed to other publications, listed as supplementary.
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Figure 1. Paper-based PhD thesis outline
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“The real act of discovery consists not in finding new lands, but in seeing with new eyes.”

~ Attributed to Marcel Proust ~
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1. Introduction

This introductory chapter presents the overall context and theoretical background supporting the
development of this PhD thesis, highlighting research gaps and presenting motivation for the research.
The chapter then presents the research aim, objectives and research questions employed throughout the
research, as well research delimitations and target audience.

1.1. Context and motivation

Resource scarcity, climate change and rapidly changing demographics have been since 2010 the top
three megatrends reported to shape global society in the upcoming decades (Retief et al., 2016),
influencing all major areas of human activities from economics and education to agriculture and tourism.
Understanding megatrends allows introducing adaptation and innovation plans and strategies to steer
the development of these major areas. For a growing population, the strategies should focus on ensuring
the provision of food and water, healthcare, housing and education, for resource scarcity — via ensured
resource efficiency, preservation and recirculation (OECD, 2016). The approach to these actions requires
a systems perspective, focusing on intermediate and long-term economic, social and environmental
benefits delivered at local and global levels, thus contributing to ‘sustainable development’ (EEA, 2019).

The manufacturing industry plays a key role in the world’s economy, contributing to one-third of the
gross economic output in Europe alone by providing jobs and ready goods for society and other industries,
including transportation and service (EEA, 2013). At the same time, the industry directly contributes to
one-third of total greenhouse gas emissions locally in Europe and is responsible for emissions, resource
and labour exploitation and waste generation associated with upstream and downstream activities,
globally (Parrique et al., 2019). Industrial actors can create value for sustainable development by
addressing these and other sustainability issues in several way: firstly, by maintaining own sustainability,
i.e. introducing and improving corporate strategies and practices, such as minimization of energy and
material use, increasing work safety and satisfaction, reducing pay inequality; secondly, by contributing
to the ‘world’s’ sustainability, i.e. engineering and introducing new technologies for sustainability, such
as renewable energy, medical aid devices, or by a combination of these (Massa and Tucci, 2013). Notably,
which practices are considered for implementation by every single company is determined (constrained
or aided) by particular organizational contexts, constructed by internal (organizational) capabilities and
external (legal, political, natural, cultural) circumstances and resources, forming a natural-resource-based
view of the firm (Hart, 1995).

1.1.1. Industrial approaches to sustainability challenges and the role of a Circular
Economy

Following the natural-resource-based view, four types of corporate approaches to address
environmental and sustainability challenges can be distinguished: (i) end of pipe treatment; (ii) pollution
prevention; (iii) product stewardship; and (iv) sustainable development (Hart, 1995).



Since the early 1970’s, the introduction of environmental regulation, facilitated largely by the EU
environmental policy, has forced the manufacturing industry to control its pollution output, in order to
retain a ‘licence to operate’ (Lukman et al., 2016). This led to the adoption of (i) ‘reactive’, end of pipe,
and later in mid-80’s (ii) ‘preventive’, pollution prevention, strategies to reduce and treat emissions and
waste at the source to comply with environmental regulations (Buysse and Verbeke, 2003). While
pollution control and treatment (the ‘end-of-pipe’ approach (i)) requires additional equipment, hence
necessitates costs, the pollution prevention (ii) approach could lead to cost savings and drive profits, due
to efficient resource use, hence providing competitive advantage (Hart, 1995). The pollution prevention
strategy goes beyond legislation and introduces cleaner production for better utilization of by-products
and waste, minimization or elimination of toxic substances, and continuous improvements to drive eco-
efficiency from the production process (Lukman et al., 2016). Eco-efficiency contributes to relative
resource decoupling, i.e. decline of emissions and waste per unit of economic output, however it does not
lead to absolute decoupling, which results in an increased total resource consumption and emissions, due
to the increased total production output (Parrique et al.,, 2019). Despite the rise of preventive
environmental management initiatives in the early 90’ with more focus on both production and non-
production activities, none of the strategies took into account upstream and downstream activities, thus
risking exacerbating issues outside the firm (Kgrngv et al., 2007). Consequently, the awareness of the
problems outside the firm advanced the shift towards product-oriented environmental (late 90’s) and
social (early 00’s) initiatives, referred to as (iii) product stewardship (ibid.). As a proactive strategy it
broadened the scope to include ‘life cycle thinking’, which considers all the upstream and downstream
activities associated with a product (Finkbeiner et al., 2010), thus providing a holistic understanding of not
only environmental, but also social impacts and economic contribution. Product stewardship does not
only allow improving products and processes from an environmental and social point of view (Bhander,
Hauschild and McAloone, 2003), it can also assist development of products with lower life cycle costs
(Buysse and Verbeke, 2003). Due to the ‘beyond compliance’ logic, the strategy can drive competitive
advantage through product differentiation and collaboration with stakeholders (Hart, 1995). Eco-design,
cradle-to-cradle, design for sustainable behaviour, design for the base of the pyramid (Ceschin and
Gaziulusoy, 2016) are a few of the approaches to a proactive product development that integrate
environmental (eco-design focus) and sustainability-related considerations early in the process with the
aim to improve the performance of products and related processes (Hallstedt, 2017; McAloone and
Pigosso, 2018). A desire to increase customer satisfaction and potential to reduce environmental impact
(Tukker, 2004) led to an increased number of product service solutions since the early 00’s (Haase, Pigosso
and McAloone, 2017). The key principle of a product service system is to build business on the value of
utility of the product and services rather than on the value of the transfer of product ownership (Bey and
McAloone, 2006). The ability to collaborate with stakeholders and identify relevant sustainability issues
allows to introduce combinations of practices along the life cycle, seeking to promote user and employee
health and safety, decent work conditions, eco-efficiency, waste minimization, remanufacturing, recycling
at the end of life and more (Azapagic, 2003). Finally, the (iv) sustainable development strategy aims to
minimize the burden of firm growth and increase sustainability of the systems (Hart, 1995; Loorbach et
al., 2010), which requires a long-term commitment to develop and implement changes with actors and
across levels (Bocken et al., 2014). This requires special capabilities to plan how the company does
business, with whom and what sustainability benefits would be achieved on the systems level (ibid.).
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The sustainable development approach includes strategies for sustainable value creation (Bocken,
Rana and Short, 2015), sustainable supply chain management (Stindt, 2017), design of products,
technologies and services for sustainable innovation and transition (Ceschin and Gaziulusoy, 2016).
Importantly, high awareness of sustainability issues and collaborations across stakeholders facilitates
innovation for sustainability, thus advancing the evolution from one strategy to another (Bocken et al.,
2014), although a company can pursue several strategies concurrently to minimize risks, manage tensions
and build capabilities needed for the advancement (Loorbach et al., 2010). This typology of the corporate
approach to sustainability is often used to assess the level of sustainability maturity in companies, i.e.
what principles and at what scale does the business integrate sustainability into business activities
(Gouvinhas et al., 2016).

The overview of the approaches provides an insight into how corporate actors respond to basic needs
and bring a better quality of life by managing social, economic and environmental dimensions in a holistic
way so not to jeopardize the needs of further generations, which complies with the core aim of sustainable
development (Lukman et al., 2016). Different from a non-corporate perspective, corporate sustainability
is about managing business to comply not only with the TBL responsibilities, but also benefit from
competitive advantage in short and long term (Bocken et al., 2014), which requires industrial actors to
continuously work towards finding new approaches to collaborate and co-create with suppliers,
customers and other stakeholders (Elkington, 1998).

1.1.2. The emergence of Circular Economy as a means to sustainability

A Circular Economy (CE) in this sense could be seen as a new approach to foster such collaboration to
create economic value while aiming at reducing environmental burden (Lieder and Rashid, 2016). CE is
often referred to as a new economic model that envisions waste minimization and resource value
preservation for a more resource effective and efficient production and consumption system (Murray,
Skene and Haynes, 2017). Although there are various definitions of CE (Kirchherr, Reike and Hekkert,
2017), the way it combines knowledge from different fields such as industrial ecology, eco-efficiency,
cradle-to-cradle design, the performance economy, natural capitalism and more (Korhonen, Honkasalo
and Seppald, 2018), offers a promising potential to engage business actors in transforming linear systems
to circular ones (Berndtsson, Drake and Hellstrand, 2017).

CE solutions require redesign of business models, products and supportive networks (e.g. supply
chains) to allow businesses to be a part of the CE system (Geissdoerfer et al., 2018). Dematerializing
products, offering shared, access or performance-based product service solutions (PSS), providing
upgrade and repair service, facilitating remanufacturing and recycling are a few examples of CE strategies
relevant for the manufacturing industry (Blomsma et al., 2019). CE strategies are denoted as “principles”
of CE (NuBholz, 2017), and can be viewed as “how to” for CE by proposing a range of activities with an
objective of enhancing eco-effectiveness (Kalmykova, Sadagopan and Rosado, 2017), seeking to maximize
the ecological and economic benefits for the system rather than relying on reducing resource use and
pollution to sustain production output, as in the narrower eco-efficiency view (Niero et al., 2017). As a CE
model envisions a shift towards more resource effective production and consumption systems (Lieder and
Rashid, 2016), manufacturing industries are required to go beyond firm-centric operational logic and
create new ways to generate value (Pieroni, McAloone and Pigosso, 2019). The CE emphasises practices
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for extension of resource life through product, component and material reuse, remanufacturing,
refurbishment, repair and recycling combined with principles of cleaner production, eco-efficiency and
performance economy (Korhonen, Honkasalo and Seppald, 2018), enabled by business model innovation,
circular product design and digital technologies (Blomsma et al., 2019). The opportunity to capitalize on
retaining the value embedded in the products or operations for longer, as well as to optimize the
economic and environmental costs and benefits, has made CE attractive for many businesses (Velenturf
et al., 2019).

Due to the large focus of a CE model on reducing environmental pressure and creating economic
benefits, it is considered as one of the key strategies to enhance sustainability performance of businesses
(including their products and operations) (Bakker et al., 2014; Ghisellini, Cialani and Ulgiati, 2016). It has
been shown that some CE strategies can help companies to minimize use of resources and optimize cost-
effectiveness of their solutions (Velenturf et al., 2019): Agrawal et al. (2012) report about economic
benefit and lower environmental impact of a leasing model for printers compared to a sale model; Sundin
and Lee (2012) report reduction of a total carbon footprint by one third as a result of a remanufacturing
activity for inkjet cartridges. A decreased consumption of chemicals of 30%, reduced costs and improved
working conditions in the food processing sector are reported by Schwager, Decker and Altenegger (2016)
as a result of purchasing a Chemical Leasing service. Chemical Leasing business model relies on generating
profits based on chemicals’ functionality rather than on the volume of chemicals sold (ibid.).
Unsurprisingly, a generation of new revenue streams, improved social relations between industrial actors
and local societies, increase in efficiency and productivity of processes, improved public environmental
awareness and image of a company are a few of the anticipated benefits of CE implementation (Rizos et
al., 2016; Kumar et al., 2019).

Despite the reported benefits, not all CE strategies (and not in all circumstances) can bring the
anticipated economic and environmental gains (Tukker and Tischner, 2006; Allwood, 2014), yet alone
simultaneously contribute to the TBL dimensions of sustainability (Kirchherr, Reike and Hekkert, 2017;
Murray, Skene and Haynes, 2017). Accordingly, Agrawal et al. (2012) conclude that leasing for carpets is
economically beneficial, however environmentally worse (as opposed to the findings for printers); Lonca
et al. (2018) report that use of re-treaded tyres increases fuel consumption of the vehicle due to a higher
rolling resistance. A reuse strategy for electronic and electric goods might not always be beneficial from
energy consumption point of view, due to the fact that older equipment might not be as energy-efficient
as new one (Cooper and Gutowski, 2017); furthermore, reuse might not always lead to the replacement
of a new product and does not offset the demand for production, as found by Makov and Font Vivanco,
(2018) for the case of smartphone reuse. Replacing virgin material sources with recycled materials offers
a great opportunity within CE to minimize the overall environmental impact (O’Connor et al., 2016),
however the issues of resource intensity of the recycling processes, the quality of a recycled material
(Allwood, 2014) and the social responsibility of recycling practices (e.g. e-waste recycling practices in
developing countries) (Giurco et al., 2014) highlight the importance of a ‘case-by-case’ assessment
(Schaubroeck, 2020).

Although the existing literature offers an antagonist view of whether the inherent objective of a CE is
economic or environmental prosperity (see Ghisellini, Cialani and Ulgiati, 2016 and Kirchherr, Reike and
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Hekkert, 2017 for opposite findings), the missing link to the social dimension is widely acknowledged
(Murray, Skene and Haynes, 2017), thus questioning the CE benefits for the holistic triple bottom line
perspective of sustainability (ibid.). Even with a narrower economic and environmental perspective, more
publications argue that not all CE practices (and not in all circumstances) contribute to boosting economic
prosperity and minimizing environmental impact (Agrawal et al., 2012; Allwood, 2014; Kjaer et al., 2018).

These examples emphasise the need to raise the question, whether CE inherently fosters sustainable
development without delivering a positive contribution on the TBL dimensions (Kalmykova, Sadagopan
and Rosado, 2017; Murray, Skene and Haynes, 2017). Notwithstanding, any strategy or initiative is unlikely
to deliver a positive contribution to sustainability unless it considers a TBL perspective as a decision-
making strategy and not only as an add-on element in reporting and communication (Waas et al., 2014).
Integrating sustainability into decision-making involves identifying sustainability issues, defining
sustainability objectives and assessing sustainability potential of current or proposed initiatives (ibid.).

The importance of measuring CE benefits before, during and after implementation has been
highlighted by various authors (Elia, Gnoni and Tornese, 2017; Potting et al., 2017). Importantly, the
benefits of any other sustainability-oriented initiative should also be supported by performance
measurements and assessments for an informed decision-making process for sustainability (Waas et al.,
2014). While assessment methods such as life cycle assessment (LCA) (for measuring environmental
impact) or performance metrics (used for corporate reporting) have become some of the dominant
approaches to measuring environmental contribution of proposed initiatives (Lozano, 2019;
Beemsterboer, Baumann and Wallbaum, 2020), there seems to be no unified approach to measuring CE
environmental and economic benefits, nor the performance from the TBL perspective (Kristensen and
Mosgaard, 2020). Moreover, a number of theoretical and practical questions about suitability of the
‘conventional’ methods (e.g. LCA) for CE measurements still remain (Elia, Gnoni and Tornese, 2017),
requiring attention to their ability to address various CE practices (ibid.), applicability to support early
development stages (Sassanelli et al., 2019), and include social and economic evaluations (Kristensen and
Mosgaard, 2020).

1.1.3. Metrics, indicators and assessment techniques in a Circular Economy context

In addition to overall CE frameworks and CE strategies, metrics, indicators and assessment techniques
are a strong focus of a CE research (Elia, Gnoni and Tornese, 2017; Linder, Sarasini and van Loon, 2017).
Metrics, indicators and assessment techniques are proposed to guide the planning of affirmative action,
monitoring of the transition to CE and measuring its effects (Potting et al., 2017). Focused on the
manufacturing industry (micro level of a CE transition), a number of approaches have been proposed. The
Material Circularity Indicator (MCI) proposed by the Ellen McArthur Foundation measures a product level
circularity by accounting for the percentage mass of a product that is reused and recycled, complemented
by the factors for recycling efficiency and product lifetime (EMF - Ellen MacArthur Foundation, 2015). MCl
is seen as a decision support tool for product designers (ibid.). Linder, Sarasini and van Loon (2017)
developed a cost-based approach for measuring product circularity by accounting for products’
composition in terms of virgin and recirculated materials and the activities required to recirculate
materials. The indicator can be used by procurement managers to inform their procurement choices, as
well as to benchmark companies (ibid.). The Circular Economy Toolkit (CET) proposed by Evans and Bocken
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(2017) aims to guide CE design and development by offering a qualitative assessment of business
opportunities of certain CE practices (e.g. maintain/repair, remanufacture), thus combining business and
product development choices. Azevedo, Godina and Matias (2017) developed the Sustainable Circular
Index (SCI) to support corporate managers in assessing their company level of sustainability and
circularity. SCI is based on the aggregation of operation-centric economic, social and environmental
indicators pre-selected from the Global Reporting Initiative and ISO 14031 (ibid.).

Despite the growing field of research on metrics and assessment techniques for CE, the literature
reports a lack of an overall assessment framework, able to support the early stages of CE development,
whilst simultaneously considering the holistic sustainability perspective (Kalmykova, Sadagopan and
Rosado, 2017). Furthermore, concerns are raised about whether the proposed measures and tools are
adequately capturing all the important aspects within the narrower environmental or economic
perspectives and how to combine them to enable an integrated assessment (Saidani et al., 2017). The
challenges of the proposed metrics and assessment techniques are manifold:

#1. Firstly, the diversity of approaches and the level of metric aggregation complicate comparison
between products or companies (Pauliuk, 2018). The challenge might be related to the construct of a
CE, which is still an emerging field with no standardized set of corresponding strategies or harmonized
terminology (Kirchherr, Reike and Hekkert, 2017).

#2. Secondly, material flows are the dominating parameters of measurements in CE models, with non-
material flows being underexposed (Blomsma and Brennan, 2017). This narrow scope of the
measurement flows is often linked to the historical focus on recycling, which was seen as a way to
close the resource loop in a CE system (Potting et al., 2017). However, more attention should be given
to quantifying non-material flows of separate and of combined CE strategies (Blomsma and Brennan,
2017).

#3. Thirdly, design, development and implementation of CE initiatives often requires synchronizing
decisions across business processes (Bocken et al.,, 2016), which means that decisions about
identifying, implementing and leveraging key design and implementation criteria need to be made
concurrently to operationalize CE strategies. This requires the support tools and measurements to
reflect on the specifics of those decisions and provide decision support without increasing the
complexity of the tools and the results of their application (Blomsma and Brennan, 2017).

Additionally, the applicability of existing sustainability assessment techniques and methods poses
another challenge for the measurement and decision support of CE from a TBL perspective (Azevedo,
Godina and Matias, 2017; Elia, Gnoni and Tornese, 2017). Several gaps can be highlighted, including:

#4. Existing impact assessment methodologies (e.g. LCA, MFA) do not allow measuring CE strategies
focused on dematerialization and service provision (Elia, Gnoni and Tornese, 2017); furthermore, their
focus on quantity and quality of non-material flows (e.g. land use, water, toxicity) is limited (ibid.).

#5. Life cycle assessment (LCA) is a widely adopted methodology to measure an environmental impact
(Beemsterboer, Baumann and Wallbaum, 2020). While being widely adopted, it only focuses on the
environmental dimension; furthermore, the results are presented as impact category indicators (e.g.
climate change, acidification), which are not easily interpreted by industrial practitioners, thus hinder
their inclusion into early stages of decision-making (Bengtsson, 2001; McAloone and Pigosso, 2018).
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#6. Among all the performance indicators proposed for the manufacturing context, indicators for the
social dimension of sustainability are often under-prioritized (von Geibler et al., 2006); this results in
sustainability assessments being condensed into the environmental dimension only (Gagnon, Leduc
and Savard, 2012).

#7. Indicator-based and other performance measurement frameworks (e.g. OECD indicator
framework (OECD, 2003)) provide simple lists of indicators with little or no guidance on how to select
relevant indicators (Arena et al.,, 2009; Issa et al., 2015), thus failing to incorporate the user
perspective (Matschewsky, Lindahl and Sakao, 2015) and support cross functional teams (Dekoninck
etal., 2016).

#8. Many measurement and assessment frameworks do not support the interpretation of results and
provide no guidance about how to navigate complex decisions in sustainability trade-off situations,
which are inherent in evaluations involving multiple sustainability criteria (Gibson et al., 2005; Byggeth
and Hochschorner, 2006; Buchert, Halstenberg and Stark, 2017; Salari and Bhuiyan, 2018).

Therefore, many of the abovementioned challenges and gaps need to be addressed in order to support
sustainability-informed CE initiative development, the lack of which can lead to unintended consequences
of CE implementation, later on (Matschewsky, 2019). With a view to addressing several of these
challenges, a particular approach to early stage sustainability assessment, called ‘a leading performance
indicator approach’, was chosen as the fundamental theoretical foundation. The potential of this
approach in supporting early stages of assessment as well its contribution to a trade-off challenge is
discussed next.

1.2. Theoretical underpinnings for the early stage sustainability assessment

Early stage, or ex-ante, sustainability performance assessment is a technique with the overall aim of
integrating sustainability issues into early decision-making, by identifying and assessing sustainability
performance of solutions and initiatives and providing better insights to enable more balanced and
informed decision-making (Waas et al., 2014). In light of the abovementioned challenges related to
sustainability assessment and performance measurement, methods and techniques that produce
complex results or are characterized as time-consuming and costly, hindering the integration of
sustainability into early decision-making (Hallstedt, 2017; Brambila-Macias, Sakao and Lindahl, 2018). Yet,
decisions made early in the development process (e.g. especially in the early stages of product
development) determine the (sustainability) consequences of proposed solutions (Ulrich and Eppinger,
2012; Sihvonen and Partanen, 2017).

To ensure the sustainability assessment can be performed by practitioners and the results are
employed for decision-making, it should rely on simple metrics (McAloone and Pigosso, 2018) and support
a structured and contextually-based assessment (Keeble, Topiol and Berkeley, 2003). Therefore, a leading
indicator approach for sustainability performance assessment can be considered as a powerful approach
that allows measuring sustainability performance using information available in the early development
stages (Epstein and Roy, 2001). Leading performance indicators are an input type of indicator, because
they can be used early (i.e. lead) in the design and development stage and are often measuring
information used by planners and designers routinely (Pojasek, 2009; McAloone and Pigosso, 2018).
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Leading indicators serve as preventive signs due to their ability to provide information about causes of
the performance in an understandable for the decision-maker manner ex-ante, thus allowing to introduce
improvements to the (design) solution as early in the process as possible (Pojasek, 2009). In contrast,
whenever lagging indicators are employed, the assessment provides information about impacts or past
performance of actions, and often in a compounded manner, which may not offer useful information
about the exact causes of such performance, thus may not be effective for decision-making early in the
design process (McAloone and Pigosso, 2018).

Accordingly, this PhD research uses a leading performance indicator approach as a theoretical
foundation for the measurement of potential economic, environmental and social performance to
support decision-making in the early stages of CE development.

Essentially, any design and development activity is a decision-making activity involving prioritization of
(design) solutions that satisfy key (design) decision criteria (Hansen and Andreasen, 2004). While
indicators enable assessment and comparison of circular and non-circular initiatives based on their
performance within economic, environmental and social dimension, this type of assessment leads to an
increased complexity of the decision-making process (Hannouf and Assefa, 2018). This is associated with
the number and diversity of indicators (or criteria) to be considered during decision-making (Gibson et al.,
2005; Ulrich and Eppinger, 2012). Aside from the ‘traditional’ criteria, the challenge is related to the
uncertainty in selecting and balancing relevant indicators for measuring economic, environmental and
social performance simultaneously (Dekoninck et al., 2016) as well as assessing the social dimension, often
characterized by its qualitative nature (Bhamra, Lilley and Tang, 2011). The holistic integration of
indicators from the triple bottom line perspective often results in trade-offs, which are common in
decision-making (Gibson et al., 2005). Trade-offs are situations characterized by conflicts between the
desired performance indicators (Byggeth and Hochschorner, 2006), where it is impossible to satisfy all
performances simultaneously (Dutta et al., 2016). Subsequently, decision-making for sustainability should
not only take into account the performance evaluation, but also analysis of decisions between conflicting
performance indicators (Byggeth and Hochschorner, 2006; Held et al., 2018). A trade-off decision support
is needed to help structuring the decision process by making trade-off explicit and by supporting and
tracing justifications behind designers’ choices (Buchert, Halstenberg and Stark, 2017; Held et al., 2018).
Therefore, sustainability trade-off theory is another theoretical pillar this PhD research relied on in the
proposal of decision-making support in the early stages of CE development.

1.3. Research aim and objectives

In view of the abovementioned challenges and gaps, and supported by the theoretical underpinnings,
this PhD research intended to investigate solutions to support decision-making for the early stages of CE
initiative development from a holistic TBL perspective with the overall aim to:

- support the design and selection of the circular economy initiative that maximizes beneficial
outcomes on all dimensions of sustainability

To contribute to the aim, the research objective was to conceptualize, develop and evaluate a
framework for sustainability screening in the context of a circular economy development within the
manufacturing industry. To achieve the objective, this research consisted of three studies, Study A, B and
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C, each aiming at addressing major research gaps presented earlier. Following the theoretical lens of
leading performance indicators, Study A focused on understanding what environmental, social and
economic indicators exist and how they can be used to support CE measurement. Study B was geared
towards understanding how to support a systematic selection of indicators for corresponding CE
initiatives. Study C focused on investigating how to support decisions between conflicting sustainability
indicators. Each study contributed with the results, which supported the proposal of the sustainability
screening framework. Overall, the framework constitutes several fundamental elements such as an
approach to measuring sustainability performance that relies on leading performance indicators and a
procedure for a systematic indicator selection for corresponding circular economy initiatives. Additionally,
it encompasses a trade-off navigation framework to support decision-making between conflicting
sustainability indicators in a transparent and structured manner. The purpose of the framework is to
advance the discussion on the need to support manufacturing companies in measuring the sustainability
performance of alternative CE initiatives in their early development stages, thus allowing for the
adjustment of a candidate initiative to improve its performance, before detailing and implementation
(Figure 1).

Sustainability
screening

Circular economy -
development Ideatclion Conceptu - _ _
through business an_ i —r— Detailing Testing Execution )
processes planning 8 e ‘ - F
A A

Figure 2. Sustainability screening as an early stage decision support

The research questions were formulated to reach the research objective and guide the Studies that
contributed to the development and execution of the research.

1.4. Research questions

The research was driven by the main research question (MRQ) and supporting sub-questions (RQ) as
presented:



Study A

Study B

Study C

MRQ: How to provide decision-making support for manufacturing companies’ in sustainability
screening of circular economy initiatives in the early stages of development?

RQ.1: What leading performance indicators exist, to measure economic, environmental and
social aspects of sustainability?

RQ.1 was formulated to help systematically investigate the existing leading performance
indicators for manufacturing industry that are proposed for ex-ante measurement of economic,
environmental and social performance. This, firstly, addresses challenge #5 by proposing measures
useful for early stages of decision-making; secondly, it deals with challenge #6 of prevailing focus
on environmental indicators by collecting indicators for environmental, economic and social
dimension to enable an integrated TBL screening.

RQ.2: How to categorize indicators to enable meaningful selection of indicators for early
development stages of CE initiatives?

RQ.2 was tailored to challenges #2 and #4 of too narrow coverage of CE strategies by
considering a number of strategies spanning from dematerialized and multifunctional offers to
sharing schemes to remanufacturing and recycling strategies. Additionally, it was necessary to
address the specifics of the decisions across a number of business processes to support
synchronized design and implementation of CE initiates (challenge #3). Subsequently, RQ.2 guided
the indicator categorization process, needed to ensure its consistency and allow replication by
other studies.

RQ.3: How to support a systematic selection of relevant sustainability performance indicators
for early stage sustainability screening of CE initiatives?

RQ.3 was driven by gap #7 related to the indicator selection process. There was a need to
develop a procedure to assist selection of relevant indicators, with the aim to apply it with
manufacturing companies to identify the strengths and weaknesses and improve its usefulness and
usability. This highlighted the importance of formulating the guidelines to ensure the procedure
and the database can be systematically applied by practitioners to perform sustainability screening
of their CE initiatives, allowing to introduce improvements and set benchmarks (challenge #1).

RQ.4: How to support decision-making when trade-offs arise between sustainability
performance indicators?

Since sustainability screening aims at supporting selection of the circular economy initiative that
maximizes beneficial outcomes on all dimensions of sustainability, it was necessary to ensure that
the decision process is supported after relevant indicators are selected and applied. Therefore,
RQ.4 was formulated with the aim to support decisions between conflicting sustainability
indicators, so to encourage analysis of and reflection on the decision (challenge #8). Firstly, RQ.4
assisted investigation of the criteria to be considered for the development of a trade-off support,
and secondly, guided its development and evaluation.
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1.5. Research delimitations

This chapter presents the delimitations of this research in light of the aforementioned research
objectives and overall research framing within CIRCit project. First, this research focuses on sustainability
screening as an approach to support early stage CE initiative development — for that, a CE initiative needs
to be detailed at a conceptual level. Therefore, the scope of the present research does not support a CE
initiative development in terms of the analysis whether and which areas of the business to engage in CE,
neither which CE initiatives are technologically feasible and financially viable to develop. Major focus is
placed on offering an approach to understanding the potential sustainability performance of CE initiatives
conceptualized during five operational business processes, in line with the focus areas of CIRCit project.
Additionally, this research supports the development of the concepts through the TBL lens rather than
the management of the processes, for which another approaches exist (Rodrigues, Pigosso and McAloone,
2016). This further condenses the focus of this research on the level of products and processes rather
than on organizational or systems’ level. Furthermore, the sole focus of this research is on the triple
bottom line indicators and not on indicators and metrics that were specifically developed for a CE context.

In terms of the approach to CE, a framework of CE strategies developed by the CIRCit research team
was used to frame CE and locate thirteen CE strategies to support classification of leading performance
indicators. The strength of selecting a framework with a broad spectrum of CE strategies lies in addressing
CE strategies beyond recycling. This research, although contributing to the methodological facet of CE,
does not engage in the analysis of the ‘circularity degree’ or circular economy performance of proposed
CE initiatives (examples of which are discussed by e.g. Saidani et al., 2019). Following the geographical
scope of CIRCit, the empirical investigations in this PhD research were limited to the Nordic region context,
which is known for its high awareness of environmental issues and proactive approach to corporate
sustainability (Short et al., 2012; Salo, Suikkanen and Nissinen, 2019). Therefore, the validity of this
research should be supported by testing it in the context outside of the Nordic region with different or
lower level of sustainability maturity.

1.6. Target audience

This research and its findings are of value to a variety of actors. First, it is of interest to the research
community exploring approaches to support CE initiative development using sustainability lens. With the
point of departure in the manufacturing industry, this work may be relevant to scholars focusing on this
industry or other economic sectors (e.g. construction, service), to investigate how a similar research
approach might apply there. Similarly, this work might inspire studies investigating sustainability
indicators for CE at meso (industry level) or macro (systems and regions) levels. Second, it is of interest to
practitioners seeking support for developing CE initiatives using the sustainability lens. This work is,
therefore, relevant for practitioners working with business modelling, product development, production
planning, and service support as well as environmental and sustainability managers. Additionally,
consultancy agencies may benefit by learning how to perform the sustainability screening for CE initiatives
and consult industries regarding potential improvements based on the results of the screening.
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2. Research Design and Methodology

This chapter expands on the research design and methodology followed to assist the development and
evaluation of this research. Firstly, a philosophical view to research is introduced, which influenced the
research framing and the choice of research approaches employed in this study. Secondly, a design
research methodology is presented, which provided a suitable framework for structuring this research
with its transdisciplinary orientation. Additionally, research methods and approaches for Study A, Band C
are described in detail.

2.1. Philosophical framing

Philosophical view has a profound impact on research influencing the way the research is conducted,
how and what kind of methods are chosen and how results are articulated (Creswell, 2014). In turn,
understanding what science the research is trying to contribute to, makes the researcher aware of how a
particular philosophical orientation influences research practices and interpretations within that science.
To give a better insight into the philosophical view in this research, it is important to introduce
sustainability not as a concept of sustainable development, but as a separate science. Despite the term
‘sustainable development’ has existed for more than three decades, sustainability science is still regarded
as an emerging field (Brandt et al., 2013). One of the definitions of sustainability science is that it
“embodies the scientific possibility of transcending the reductionist analyses of the traditional sciences by
means of a holistic approach to problem-solving, based on a systemic design and mapping of
contemporary long-range phenomena, in both the economic and social domains and in environmental,
political, and ecological areas” (Sala, Ciuffo and Nijkamp, 2015; p. 315). Essentially, sustainability science
requires linking multiple disciplines to identify and analyse sustainability problems and guide the
development of solutions to overcome them (Brandt et al., 2013), which in turn requires a
transdisciplinary approach to sustainability research. Transdisciplinary research, therefore, is
distinguished by two features. Firstly, it strives to contribute to developing a new knowledge beyond the
concerned disciplines, and secondly, it needs to establish interaction flows between researchers and non-
academic actors, linking the science to real world actions and reinforcing mutual learning (Sakao and
Brambila-Macias, 2018). For sustainability solutions to work, sustainability research should not only
produce coherent theoretical frameworks and integrated methods and tools, but ‘generate impact’ by
engaging practitioners in knowledge co-creation and empowering them with ‘practitioner-friendly’
methods (ibid.).

On this line, the philosophical orientation posited by the author is pragmatism. According to Creswell,
2014, “pragmatism as a worldview arises out of actions, situations, and consequences rather than
antecedent conditions” (p. 10). Following this orientation, researchers are concerned with problems and
solutions, often employing a mix of approaches and methods to understand what solutions are needed,
how solutions work or don’t, and why (Creswell, 2014). Pragmatism sees “problem solving as a human
activity” (Morgan, 2014; p. 1046), which always occurs within a specific application and decision context.
In this way, the fundamental principles of pragmatism are well suited for transdisciplinary research
helping to explore and understand the connections between knowledge and action in a given context
(Kelly, 2020). This is particularly helpful to deal with the complexity attributed to conducting
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transdisciplinary research in sustainability, which is anchored in knowledge production and application in
a practical context. For the application perspective, pragmatism helps the researcher to deal with dynamic
organizational (real world) context in which decisions are taken, because “the actual decision-making
process involving values among the decision makers as well as the level of needed knowledge involved in
decision-making” (Thollander, Palm and Hedbrant, 2019, p. 1) are main reasons why organizations engage
(or do not) in sustainability in the first place and why certain sustainability solutions become possible or
less possible (Tregidga, Kearins and Milne, 2013). Therefore, for the sustainability screening framework
and corresponding tools to be effective in supporting decisions, the research draws on the use of multiple
research methods, which support an in-depth understanding of the research phenomenon from different
perspectives (Cohen, Manion and Morrison, 2007). The research is qualitative in nature, relying on a set
of research approaches and methods, strategically chosen for each research question as described in
details in the following chapter. A qualitative approach was followed because it allows employing multiple
strategies for data collection to explore how and why a phenomenon occurs (Yin, 2011).

2.2. Design Research Methodology as a methodological framework

While the philosophical orientation held by the researcher provides an insight into the approach to
knowledge acquisition and production, and scientific reflection, a research design framework provides a
concrete procedure to support operationalization of the research questions (Creswell, 2014). This includes
selection and deployment of the procedures to articulate how the findings were realized and how they
connect to the overall research purpose (Cohen, Manion and Morrison, 2007). By connecting means to
ends, the research reliability and validity can be tested by the research community (ibid.). The research
design for this PhD project was based on the Design Research Methodology (DRM), developed by Blessing
and Chakrabarti (2009). DRM is specifically designed for the conduction of research in design science,
offering methods, tools and procedures to support a more rigorous design research (Blessing and
Chakrabarti, 2009). Design science is dedicated to the study of man-made artefacts and of the process of
designing these artefacts aiming at improving existing systems or solving societal or organizational
problems (Dresch, Lacerda and Valle Antunes Jr., 2015). Research conducted under the design science,
therefore, seeks not only to produce knowledge about the artefacts, but also to develop or improve the
process of design by proposing design support (ibid.). The [design] support can include workbooks,
guidelines, software, models, techniques, procedures and similar ... essentially any output that prescribes
means to conducting a design activity to attain the desired design objectives (Blessing and Chakrabarti,
2009).

An interactive database with leading performance indicators, an indicator selection procedure, a user
guide and a trade-off navigation framework were developed as a support for early stage sustainability
screening of circular economy initiative development. The research process was characterized by three
attributes inherent in design science research (Denyer, Tranfield and Van Aken, 2008):

e research questions being driven by a need to solve problems from a practical world;

e large focus on generating prescriptive knowledge aimed at solving or improving the practical
problem, yet strongly connected with the descriptive knowledge about the foundations of
support design and development;
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evaluation of research results through field testing, allowing to revise and refine the results to
strengthen the practical validity of the research and improve the theory.

For that reason, design research as a method was followed to assist creation and evaluation of support,
providing an understanding of its validity and utility from both a practical and a theoretical perspective
(Dresch, Lacerda and Valle Antunes Jr., 2015). Due to the pragmatist approach to the research, namely
that not only the science orientation, but also the researcher’s beliefs, previous research experiences and

actual interventions influence the research assumptions and interpretation (Creswell, 2014), the DRM has

ensured the criteria for study evaluation were defined and followed to comply with internal and external

research validity (Morgan, 2014).

The generic DRM framework proposes four main stages (Figure 2) (Blessing and Chakrabarti, 2009),

which were followed during this PhD research:

Research clarification (RC) stage, which assists the overall research design as it supports
identification of research gaps and needs to scope the study and to formulate the research aim,
objectives and research questions, as well as plan methods for data collection and interpretation.

Descriptive Study | (DS-1), which assists an in-depth understanding of the research phenomenon
and provides a logic of identifying key characteristics to be addressed for the process of support
development.

Prescriptive Study (PS), which assists the development of the support, intended to address all the
identified characteristics and fill in the research gaps. Prescriptive knowledge from the researcher
is considered as one of the foundations in design science research as it ensures the proposed
support generates the desired outcomes (Dresch, Lacerda and Valle Antunes Jr., 2015).

Descriptive Study Il (DS-II), which assists implementation and evaluation of the support, allowing
to test its practical utility and advance theoretical contribution.

Basic means DRM stages Main outcomes
Literature analysis 1 Research Clarification Goals/rasearch plan
Empirical data i
analysis —#|  Descriptive Study | Understanding
Assumptions ‘ +
Experience —p=|  Prescriptive Study Support development
Synthesis
R
Empirical data | Descripti )
i escriptive Study II Evaluation
analysis

|

Figure 3. The DRM framework, adopted from Blessing and Chakrabarti (2009)
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Despite of what may seem as a sequential process, the DRM stages are not linear, which allows building

knowledge in an iterative way and returning to any stage to understand or fill in newly discovered gaps
and propose improvements (Blessing and Chakrabarti, 2009).

Following the transdisciplinary nature and pragmatic orientation in this research, a combination of
methods was employed to help answering the research questions within Study A, B and C correspondingly,
as depicted in Figure 3. The DRM stages guided the research process taking into account the nature of the
research questions (why, what and how), helping to attain specific research results.

Research DRM Research Research Key
Questions Stages Methods Results Papers
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%
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A
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Figure 4. Research design according to DRM: research questions and methods employed and results and
publications achieved for Study A, B and C correspondingly

2.2.1.Research Clarification

A literature review was employed at various points throughout the research as one of the methods
allowing to frame research problem and synthetize relevant concepts (Nightingale, 2009). Grounded in
RC aims, the research commenced by following an exploratory approach, seeking to answer the questions
of why, e.g. ‘why this needs to be investigated’ and ‘why this research is relevant’. Literature review, or a
selective review (Yin, 2011), as opposed to a systematic literature review method, allowed to cast a
broader perspective on the areas of interests to demonstrate a need for the research (hence questions
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why), clarify research assumptions (pragmatic view), as well as establish a relationship to previous studies
(Rocco and Plakhotnik, 2009).

Therefore, literature review #1 for RC stage, driven by the objective of gap exploration and research
scoping, targeted the key works in the areas of:

e Performance measurements for sustainability in the context of manufacturing industry

(Joung et al., 2013) Categorization of indicators for sustainable manufacturing

(Waas et al., 2014) Sustainability assessment and indicators: Tools in a decision-making
strategy for sustainable development

(Pojasek, 2009) Using Leading Indicators to Drive Sustainability Performance

(Badurdeen et al., 2015) Sustainable Value Creation in Manufacturing at Product and Process

Levels: Metrics-Based Evaluation

e Frameworks and tools supporting design and development of CE initiatives

(Elia, Gnoni and Tornese, Measuring circular economy strategies through index methods: A
2017) critical analysis

(Potting et al., 2017) Circular Economy: Measuring innovation in the product chain
(Bocken et al., 2016) Product design and business model strategies for a circular economy

e Integration of sustainability criteria in the early development stages

(Gagnon, Leduc and Savard, From a conventional to a sustainable engineering design process:
2012) Different shades of sustainability

(Stindt, 2017) Implementation Potential of Sustainability-oriented Decision
Support in Product Development

Handling trade-offs in Ecodesign tools for sustainable product

(Byggeth and Hochschorner,
development and procurement

2006)
An integrated sustainability decision-support framework Part I:

(Azapagic and Perdan, 2005) .
Problem structuring

The review process focused on a set of papers identified through a snowball sampling from the key
publications in the above-mentioned areas (Denyer, Tranfield and Van Aken, 2008). Driven by the why
questions, the review allowed to concentrate on exploring the following: why supporting the
development of CE initiatives, why concentrating on leading indicators approach for performance
measurement of TBL dimensions, what the specifics of integrating sustainability criteria into decision
making are and why there is a need to address a trade-off challenge.

The exploration allowed obtaining a clear understanding of the research problematics and gaps (as
presented in Chapter 1), framing the research questions and planning research outcomes (Figure 3) in a
way to ensure the research is academically and practically valuable and feasible to solve within the
research timeframe and context (Blessing and Chakrabarti, 2009). The findings of the exploratory review
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allowed scoping the research phenomenon to be investigated, formulate research assumptions and
hypotheses, as summarized in Table 1. Formulating a hypothesis allows testing validity of the proposed
design support for the scoped phenomenon, and avoid generalizations outside (Denyer, Tranfield and Van
Aken, 2008).

Table 1. Research phenomena, hypotheses and assumption

Research phenomena Hypotheses
a) ‘use of leading performance e the classification of sustainability-related leading
indicators for sustainability performance indicators according to CE strategies,
screening in early stages of business processes and TBL aspects and the corresponding
circular economy procedure can support manufacturing companies in the

selection of relevant sustainability indicators for the

development’ X _ A
screening of their proposed CE initiative

b) ‘use of trade-off navigation as the trade-off navigation can support manufacturing

a decision support between companies in making trade-offs transparent and
conflicting sustainability supporting argumentations for trade-off justification and
indicators’ acceptability

Research assumption

If companies can use sustainability screening in the early stages of CE initiative development, they will
be able to measure and select a more sustainably beneficial initiative

Additionally, the review allowed identifying areas of interests and contribution (research
phenomenon), which unfold the transdisciplinary nature of the research, covering aspects of multiple
disciplines such as engineering, decision-making, social sciences and business and management, thus
helping to position the potential contributions of the research outcomes (Figure 4).

Sustainability
Circular economy approach,
objectives, sfrategies TBL performance
measurement
Design
science @

Business
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n
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Figure 5. Transdisciplinary lens of the PhD research

Additionally, the key works allowed focusing on some of the core concepts that guided the
development of the sustainability screening in the prescriptive stages. For instance, the key works for
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performance measurement in the context of sustainability for manufacturing industry were used to
establish the aspects under each dimension of the TBL for indicator classification (RQ.2 in Study A).
Additionally, they helped to distillate key recommendations to support the development of the indicator
selection procedure with focus on contextual selection and the recommended number of indicators (RQ.3
in Study B). The works focused on the integration of sustainability criteria in the early stages of decision-
making in business processes provided an understanding of key decisions taken during business processes,
which guided the indicator classification process (RQ.2 in Study A). Also, these works allowed to identify
the gap related to a trade-off decision support: despite a large number of frameworks and tools to support
sustainability considerations in early stages of business processes, few provide support in result
interpretation and none supports navigation of decisions in trade-off situations (Byggeth and
Hochschorner, 2006; Haffar and Searcy, 2017; Stindt, 2017). These findings has led to a new literature
review, literature review #2, aimed at investigating the criteria to be considered for the development of a
trade-off support (RQ.4, descriptive stage in Study C). Initially, only one publication by Byggeth and
Hochschorner (2006) (in the research area of sustainability integration into early development stages)
addressed the incompleteness of the product design support tools to address trade-offs. This led to the
investigation of publications addressing trade-off issues related to the integration of sustainability criteria
into product design process (e.g. eco-design literature), and as well in procurement, logistics and
production (e.g. sustainable supply chain management literature). Following recommendations from the
selected works, several criteria were consolidated with the aim to guide the prescriptive stages in the
development of a trade-off support and advancing knowledge in the area (RQ.4 in Study C).

2.3. Research methods for Study A: towards the development of a database of
leading performance indicators

2.3.1. Descriptive Study I-A (RQ.1)

To advance the research and support a more detailed investigation of the research phenomenon - ‘use
of leading performance indicators for sustainability screening in a circular economy context’, a systematic
literature review (SLR) was conducted, driven by RQ.1: “What leading performance indicators exist, to
measure economic, environmental and social aspects of sustainability?”

The main goal of the SLR was to identify and consolidate information on leading performance
indicators proposed to measure aspects from a triple bottom line perspective relevant for a micro-level
application, i.e. related to the manufacturing industry (products, services, and operations). Grounded in
the aims of the Descriptive Stage | (DS-I) of DRM, the investigation aimed at describing the prevalence of
leading performance indicators for each dimension of the TBL and provide a basis for developing a support
for sustainability screening based on the indicators (Blessing and Chakrabarti, 2009). SLR, as opposed to a
literature review, follows a specific procedure that is rigorously planned, conducted and documented to
minimize the researcher bias (Biolchini et al., 2005). The SLR in this study followed the procedure
proposed by Biolchini et al. (2005) consisting of three steps: (1) review planning; (2) review execution; and
(3) results analysis. In review planning (1), a review protocol was prepared to document the objectives of
the investigation, inclusion and exclusion criteria and sources of publications. During the review (2), the
review criteria were followed to retrieve relevant studies, followed by their analysis and consolidation of
relevant information (3). The SLR procedure with key considerations is presented in Table 2.
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Table 2. Excerpt of the protocol for a systematic literature review for Study A

Review planning Review execution Review Analysis
Objective Selection process Information extraction
to identify leading performance indicators proposed to | i) run search strings at the Indicator attributes:
measure aspects from a triple bottom line perspective | selected sources i. Name of the
Sources selection logic ii) gradual screening of indicator;
publications according to ii. A detailed

Search string with key words:

- - - the inclusion criteria: intion:
ePerformance indicator: metric, index, indices, o description;
measure i Read|zg title, abstract, iii. Formula;

S . . . ey-words . .
e Sustainability: sustainable, triple bottom line, y o ) iv. Unit;
environment and economy and society 2. Read!ng introduction and v. Desired trend and
. conclusion .
e Business processes: BM, product development, end vi. Recurrence

of life, value chain 3. Reading full paper

Inclusion criteria

1) proposition, application or review of a leading
indicator for sustainability assessment;

2) focus on manufacturing companies or micro-level
(product, process, service)

Sources of publications

Scopus, ISI Web of Knowledge in English

665 articles were originally identified after the search by the key words applied in Scopus and Web of
Science. By applying the inclusion criteria, all the papers had their title, abstract and key words analysed,
resulting in the selection of 159 papers, which had their introduction and conclusion read, resulting in 60
papers chosen. After having fully read the papers, 17 works were used to retrieve the indicators and used
to locate additional 70 works through a snowballing, or cross-referencing, technique. In total, 52 papers
were selected, coming from a total of 25 different journals, 3 handbooks and 8 scientific conference
proceedings in the period 1994 — 2018 with larger dominance of publications from 2012 — 2018. The
papers addressed various topics, including cleaner production and sustainable production and
engineering, sustainable supply chain, eco-design, sustainable transformation and business innovation,
among others. A detailed summary of the literature review contributed to the results described in Chapter
3.1. and documented in Paper 1. The results of the SLR served as a theoretical foundation for developing
a prescriptive method for the selection of key performance indicators and a user guide for sustainability
screening of CE initiatives.

2.3.2. Prescriptive Study A (RQ.2)

Development of a design support was carried out through a prescriptive study in line with DRM (Figure
4). A prescriptive study entails the development of a prescriptive support to employ during design
processes based on the insights obtained from the background theory and knowledge gaps (RC and DS-I
stages) and supported by empirical investigations (DS-1I). Creation of a support in this research was
characterized by theory building through conceptual modelling, which was distinguished by a
consolidation and organization of the key concepts to create a new perspective for the studied
phenomenon (Denyer, Tranfield and Van Aken, 2008). Following the design science research attributes,
the objective of the prescriptive approach is to propose a conceptual model that offers a general template

19



for the creation of solutions for a particular class of field problems, the effectiveness of which should be
tested in real world settings (ibid.).

To achieve that, the task was to model the key concepts found in the literature reviews using the CE
as a lens. Guided by RQ.2: How to categorize indicators to enable meaningful selection of indicators for
early development stages of CE initiatives?, a series of workshops between CIRCit researchers helped to
prioritize key criteria for indicator classification, such as a number of CE strategies, business process and
a number of aspects under TBL dimensions. The workshops helped clarifying the relationships between
the concepts and establish a logic for indicator classification, which then could enable a meaningful
selection of indicators. More specifically, indicator classification was done independently for each
classification criteria using the conceptual framing depicted in Figure 5.

Business processes Circular Economy Strategy

Can the indicator result be influenced by a
decision taken in a business process?

L Can the indicator measure the activity implied
Performance indicator by a circular strategy?

pool
to capture performance indicators aligned along
a process rather than with functional unit or
department

to capture performance indicators supporting
sustainability measurement for each circular
economy strategy

Sustainability dimensions

What sustainability dimension and what aspect of that dimension does
the indicator measure performance on?

fo allow for @ comprehensive assessment capturing different aspects
within sustainability dimensions

Figure 6. Key questions that guided indicators classification

For the TBL aspects, indicators were classified by matching the activity or state measured by an
indicator with a corresponding (or several) aspect under a TBL dimension, following the literature.
Economic, social and environmental dimensions were selected as three dimensions to represent the TBL
perspective, often used to measure the progress of actions towards sustainability (Elkington, 1998).
Accordingly, each dimension was represented by a number of TBL or sustainability aspects, defined as
elements of an organization’s activities, products, or services that has or may have an impact on the
environment, stakeholders within and outside value chain and economic performance (ISO, 2014; Fontes,
2016). Environmental dimension concerns the identification and management of organization’s aspects
to ensure long-term positive impact on living and non-living natural systems (ISO, 2014). Aspects that
belong under environmental dimension capture resource consumption (material, energy, water, land),
emissions to water, soil, air, and chemicals and are listed in Table 3. Economic dimension represents
positive value creation and distribution by a company supported by long-term relationships with
customers, partners and suppliers (OECD, 2003; Global reporting Guidelines, 2011). It concerns the way
assets and resources are managed to optimize cost-efficiency, ensure revenue streams and customer
satisfaction related to the quality of the product or service offered. Social dimension is defined as the
dimension that addresses identification, accounting and management of values and needs of different
stakeholders a company interacts with (Fontes, 2016). The stakeholders can be identified as internal and
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external groups of people that interact with and directly or indirectly affected by the company and its
activities. Consequently, twelve aspects were established under environmental dimension, five under
economic and eight under social (Table 3).

Table 3. TBL aspects for indicators classification. Alphabetic order. Extracted from Azapagic, 2003; Global
reporting Guidelines, 2011; Fontes, 2016.

Environmental aspects of Economic aspects of Social aspects of sustainability
sustainability sustainability
Air pollution - Operational costs - Community relationships
Energy consumption - Product quality - Employee empowerment
Gaseous emissions - Revenue - Employee health and safety
Land use - Tactical costs - Employee training & education
Liquid waste generation - User costs - Employment conditions
Material consumption - Equality
Material safety - Supplier relationships
Product architecture - User relationships
Soil pollution
Solid waste generation
Water consumption
Water pollution

For business processes, the classification was based on the extent to which an indicator can be
influenced by a decision taken during a particular business process. A list of decisions taken during each
business process was compiled based on the literature (consolidated in Appendix 1). In summary, the
decisions normally concern ‘traditional’ criteria (requirements) that are necessary to establish and
prioritize to support (design) activities to proceed with the (design) alternative that satisfies the
established criteria. Traditional criteria could be legal aspects, customer requirements, functionality of a
product, technical efficiency, costs, etc. (Bovea and Pérez-Belis, 2012). It has been posited that integration
of sustainability criteria along the ‘traditional’ criteria early in the process facilitates understanding of
potential sustainability implications of the proposed alternatives, allows reviewing any alternative by
introducing improvements before proceeding to the later stage (Gagnon, Leduc and Savard, 2012;
Morioka, Evans and Carvalho, 2016; McAloone and Pigosso, 2018). Therefore, classification of leading
performance indicators measuring sustainability aspects according to business processes would enable
identification of key indicators to consider TBL criteria along the traditional criteria.

For CE strategies, the classification was based on the correlation between the activity implied by a CE
strategy (supported by its description) and the focus of indicator measurement. A description of each CE
strategy was derived in several workshops between CIRCit project researchers, resulting a CE Strategies
Framework published in Paper B and as shown in Figure 6 (Blomsma et al., 2019). As a result, inclusion of
thirteen CE strategies ranging from dematerialization strategies and product service offerings to strategies
of recycling and recovery ensured going beyond materials perspective to address business, product, and
operations. This wide perspective reflected the challenge reported earlier in the literature overview about
too ‘narrow’ focus of measurement techniques on recycling (Blomsma and Brennan, 2017; Elia, Gnoni and
Tornese, 2017).
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Figure 7. CE strategies used for indicators classification according to the Circular Strategies Scanner framework
developed in CIRCit (nb: cascade strategy was merged with recycling for classification) (Blomsma et al., 2019)

The classification was done in the indicator database complied in an Excel-based worksheet, allowing
to connect the indicators and classification criteria. The results of this process are described in details in
Chapter 3.1 and published in Paper 1.

2.4.Research methods for Study B: towards the development of a step-by-step
procedure for indicator selection and user guidance for sustainability screening

2.4.1. Prescriptive Study B (RQ.3)

Grounded in the iterative nature of DRM, a first version of the procedure was prescribed. The need for
an indicator selection procedure was identified from the literature review in RC stage, which highlighted
the importance of supporting a user in a systematic selection of relevant indicators based on the
contextual settings (Arena et al., 2009; Dekoninck et al., 2016). The procedure development was aligned
with RQ.3: How to support a systematic selection of relevant sustainability performance indicators for
early stage sustainability screening of CE initiatives?, which steered the development of both, the
indicator selection procedure and a user guide which incorporated the proposed procedural steps and
relied on the indicator database. Therefore, RQ.3 aimed at proposing support to assist a structured
process of sustainability screening of CE initiatives in manufacturing industries. The activities during the
development process were divided as follows: i) establishing the criteria for development; ii) developing
the first version; iii) developing a plan for evaluation; iv) introducing improvements after evaluation
rounds. Grounded in PS aims, the criteria to guide the development of the support were established as
presented in Table 4. They were consolidated from the literature review in the RC stage (criteria #9-#14
and #15-#18), recommendations from the DRM framework (criteria #3-#6) and the content of the
indicator database developed in Study A (criteria #1-#2 and #7-#8).
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Table 4. Conceptual criteria for the support development. (nb: ‘Own’ as a source concerns own suggestion to
cover the gaps identified in RC and according to the results of Study A).

Criteria # | Elaboration on criteria Attribute Source
#1 The support should be useful in early design stages Use context | Own
#2 The support should be useful for a secondary Use context | Own
manufacturing company
#3 The support should indicate potential application of it | Use context | (Blessing and Chakrabarti,
2009)
H4 The support should indicate who the user is Use context | (Blessing and Chakrabarti,
2009)
#5 The support should indicate the required inputs to Use context | (Blessing and Chakrabarti,
operate with the support 2009)
#6 The support should indicate the expected outputs Use context | (Blessing and Chakrabarti,
2009)
#7 The support should enable and guide how to identify Content Own
relevant business processes and CE strategies based
on the description of a CE initiative
#8 The support should assist understanding of an Content Own
indicator and the results of its measurement
#9 The support should encourage the iterative process Content (Keeble, Topiol and
for indicator selection to ensure only high priority Berkeley, 2003)
(relevant) indicators are selected
#10 The support should guide customization or creation of | Content (Issa et al., 2015)
indicators to match the contextual settings
#11 The support should encourage selection of indicators Content (Gibson et al.,
that cover a holistic triple bottom line perspective 2005)(Gibson, 2010)
#12 The support should indicate how many indicators to Content (Rahdari and Anvary
select for the screening process Rostamy, 2015)
#13 The support should provide guidance, formulas and Content (Rahdari and Anvary
units to help quantify indicators after selection Rostamy, 2015)
#14 The support should indicate activities after indicator Content (Rahdari and Anvary
calculation (e.g. result interpretation and decision Rostamy, 2015)
making)
#15 The support should be easy to learn Application (Brambila-Macias, Sakao
and Lindahl, 2018)
#16 The support should be easy to use (logical simplicity) Application (Brambila-Macias, Sakao
and Lindahl, 2018)
#17 The support should not require a special software Application (Brambila-Macias, Sakao
(technical simplicity) and Lindahl, 2018)
#18 The support should ensure a structured and Application (Gibson, 2010)
transparent decision process

Following the ‘content’ criteria #7-#14, a first prototype of the support was proposed. For the selection
procedure, ‘own’ criteria were fulfilled by ‘mirroring’ the indicator classification logic, i.e. a set of
guestions about what decisions are needed and what activities are envisaged were formulated in order
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to help locating key business processes and CE strategies involved in a CE initiative under consideration.
Additional steps were proposed to guide the contextual selection of indicators (e.g. help prioritizing
relevant indicators after they are located in the database), their customization and creation, the
recommended number of indicators for the screening, as well as their calculation and result
interpretation. These steps were driven by the criteria (#9-#14) consolidated from literature review #1 (as
referenced in Table 4). Consequently, few steps with specific guidance were accommodated in the
procedure as a first prototype, which was reviewed by the CIRCit researchers, improved and incorporated
in the user guide by describing each step of the procedure, accompanied by practical examples intended
to visualize the activities under each step. Additionally, the guide incorporated description of the target
audience, expected time to complete each step, inputs and expected outputs for each step, as directed
by DRM and reflected in criteria #1-#6. The proposed procedure, the user guide and the corresponding
indicator database were evaluated in descriptive study Il (DS-II B), which led to their refinement to their
final versions, as described in Chapter 3.2.

2.4.2. Descriptive Study 1I-B (RQ.3)

The process of developing and evaluating the proposed support for the selection of key performance
indicators followed a hypothetical-deductive approach (Shareef, 2007), which is used to construct an
inquiry based on existing theories and knowledge (results of the SLR, deductive approach), proceeding by
formulating a hypothesis that is then tested to explore the consequences of the generated inquiry (Yin,
2011). Therefore, a case study approach was selected to test the following hypothesis: “the classification
of sustainability-related leading performance indicators according to CE strategies, business processes
and TBL aspects and the corresponding procedure can support manufacturing companies in the selection
of relevant sustainability indicators for the screening of their proposed CE initiative”.

Case study as a research is considered especially useful for providing in-depth descriptions of the
studied phenomena, because they are conducted in real-time world settings influenced by geographical,
organizational and other contexts (Yin, 2006). While case studies can be used to provide description and
generate theory (Eisenhardt, 1989), “case studies have a distinctive place in evaluation research” (Yin,
2006; p. 15). Case studies offer a unique opportunity of close collaboration between the researcher and
the participant, which enables gathering experiences and learnings to improve the studied phenomenon
or an aspect of it (Teegavarapu, Summers and Mocko, 2008).

The hypothesis guided selection of cases with different sectorial requirements, adhering to the format
of a multiple case study research. A multiple case study approach helps understanding the differences
and similarities between the cases (i.e. different contexts), which enables providing compelling arguments
whether the hypothesis was supported or challenged (Yin, 2011). To demonstrate credibility and
confirmability of the research, case studies should be designed to specify the objectives, approaches to
data collection and to data analysis (Yin, 2006). Therefore, a case study protocol was developed following
the strategy outlined by (Yin, 2006) and using the checklist from (Runeson and Host, 2009) to address key
case study design elements.

Guided by the initial hypothesis, the case study objective was to:

e evaluate the usefulness and usability of the proposed support by measuring:
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o to what extent does the selection procedure and the indicator database enable
selection of relevant indicators for sustainability screening of CE initiatives

o how time-efficient and easy is to understand and apply the procedure and the database

Subsequently, the evaluation focused on success evaluation —evaluation of usefulness of the proposed
procedure and the database, and application evaluation — evaluation of its usability. Therefore, the initial
type of evaluation (DS-II stage) was followed, which, as opposed to the comprehensive evaluation, does
not aim at evaluating the impacts of the support, which would also include evaluation of support use (i.e.
whether the support is actually used) (Blessing and Chakrabarti, 2009). Led by the hypothesis, the
measurement criteria were defined in the evaluation form following the recommendations for research
evaluation provided by DRM for DS-1I (Blessing and Chakrabarti, 2009). These criteria ensured adherence
to the narrow scope, i.e. testing and measuring specific sources of evidence instead of ‘all information’
(Baxter and Jack, 2008). Particularly, the evaluation focused on three main attributes: ‘generic’ — related
to language, terminology, clarity of the input and output data, navigation tabs and symbols; ‘selection
procedure’ — related to the coherence of the procedural steps and ease of application; and ‘indicator
database’ — related to understanding of indicators, their background information and usefulness for the
proposed CE initiative. Consolidated feedback and evaluation of the main attributes is presented in
Appendix II.

To set up a case study, the criteria for case selection were developed as following: i) the companies
should belong to a manufacturing category, i.e. engaging with development and manufacture of capital-
and/or consumer goods; and ii) the companies should have a proposal of a CE initiative and express
interest in understanding its sustainability potential. The case selection followed a purposive sampling
seeking to obtain information from a wide range of sources (Yin, 2011), therefore, included SMEs and
large companies as well as companies from different sectors.

To achieve the case study objective, a combination of different data collection methods was selected.
After establishing a contact with selected companies, semi-structured interviews with duration of 1 hour
were conducted with the aim of clarifying the focus, i.e. a proposed CE initiative and its details,
consequently allowing making a list of participants for the engagement in a fieldwork (i.e. face-to-face
participatory workshops). Before the fieldwork, a method of desk research was employed to retrieve
secondary data about the selected companies, their product and service portfolio, engagement in any
sustainability-related initiative. Secondary data included the contents of companies’ websites, reports and
other publicly available information. The fieldwork included a series of three workshops designed to: i)
demonstrate the database and the selection procedure, ii) observe and assist the participants in applying
them, and iii) evaluate the fieldwork and the support. To register evidence in a structured way, notes and
observations were registered in a pre-developed observation guide, which was afterwards used in the
data analysis. The observation guide and the evaluation form with the measurement criteria were used
to develop minutes from the workshops, which were approved by the participants (known as respondent
validation by Yin, 2011), thus ensuring the accuracy of findings, as a way of warranting interpretive validity
of the research (Creswell, 2014).

The case study was conducted in several cycles in the period from September 2018 to August 2019. In
total, five companies engaged in the fieldwork (Cycle 1 and 2) and two companies (Cycle 3) provided
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evaluation through a questionnaire, allowing to refine procedure and the database after each cycle. Cycle
3 was used to evaluate the support without facilitation by the researcher. A questionnaire was
operationalized in Google forms following the evaluation form used in the fieldwork. Summary of the

cases, their sectorial representation, number of participants and their roles is provided in Table 5.

Table 5. Case studies for empirical investigation in Study B

Evaluation | Company | Size Sector Number of participants and their
cycle roles
Cycle 1 Cc1 Micro Furniture solutions for 2: 2 co-founders with expertise in
enterprise public and private spaces | product design
(SME)
Cc2 Large Manufacture and service | 3: CSR and HSE specialist; head of
enterprise of heavy industrial corporate sustainability department;
equipment environmental specialist
Cc3 Large Textile for various 4: sustainability manager; product
enterprise applications for public, developer; head of a design
private and commercial management; director of a subsidiary
segments company
Cycle 2 c4 Large Ergonomic mobility aids 8: sustainability manager; quality
enterprise management; product manager;
product developer; head of product
management; supply chain manager;
head of product management;
production leader;
C5 Medium-sized Beverages 7: director of innovation; 2 innovation
enterprise project managers; CEO assistant;
(SME) director quality and sustainability; HR-
specialist; production leader;
Cycle 3 (o3 Medium-sized Food processing 1: technical business development
enterprise
(SME)
c7 Large Outdoor and 1: sustainability analyst
enterprise transportation products

As in any other qualitative study, the data collection and analysis occurred concurrently (Baxter and

Jack, 2008). This strategy allowed converging the within-case and cross-case data and findings, to test the
hypothesis and guide the improvement of the support in an iterative way. Suggestions of improvements
were consolidated in a table and categorized according to the measured criteria, the attribute of the
evaluation and a company suggesting it (Yin, 2011). Consequently, the notes from the observation guide,
the desk research and pre-fieldwork interviews were analysed together with the results from the
evaluation form, which guided the improvements of the selection procedure, the corresponding
indicators database, and assisted development of the user guide, helping to answer RQ.3. Suggestions of
improvements and their integration into support are presented in a consolidated form in Appendix II.
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2.5. Research methods for Study C: towards the development of a trade-off
navigation framework

2.5.1. Descriptive Study I-C (RQ.4)

Initially, the gap related to the support required to assist decision processes between sustainability-
related trade-offs was observed during the case study research. This led to the investigation of the gap in
the literature (RC stage) to confirm whether it has been reported previously and what solutions are
proposed to address the gap. The findings revealed that despite a large number of frameworks and tools
to support sustainability considerations in early stages of business processes, few provide supportin result
interpretation and none supports navigation of decisions in trade-off situations (Byggeth and
Hochschorner, 2006; Haffar and Searcy, 2017; Stindt, 2017). Analysis of trade-offs does not only support
a structured process of providing justifications for which alternative to favour, but it also reinforces
understanding of the sustainability performance of the alternatives in light of a broader corporate context
(Waas et al., 2014). Therefore, a descriptive study was initiated aiming at investigating what criteria are
essential to provide a trade-off support, which consequently could guide the prescriptive stage for the
development of a trade-off navigation support, contributing to RQ.4: How to support decision-making
when trade-offs arise between sustainability indicators?

A literature review was selected as the main method for DS-I aiming at describing the challenge of
operating with multiple sustainability criteria during development process. Given the focus of this
research on several business processes, the review focused on works from the domains of product
development, supply chain and logistics, and business model development. The representative works (e.g.
Abbasi and Nilsson, 2012; Driessen and Hillebrand, 2013; Zetterlund, Hallstedt and Broman, 2016) were
selected using a snowballing technique from the literature from RC stage from the area of ‘integration of
sustainability criteria in the early stages of decision-making in business processes’. The review focused on:
i) the identification of examples of typical trade-offs occurring either within or between various
sustainability-related criteria, and ii) the extraction of recommendations how to support development of
a trade-off analysis for sustainability-related trade-off situations. The selective nature of a literature
review allowed to select few criteria to guide the prescriptive stage rather than aim for an exhaustive list
of criteria (Yin, 2011). As a result, four criteria were collected providing a theoretical foundation for the
development of a trade-off navigation framework. The results of DS-I are presented in Chapter 3.3. and
were documented in Paper 3.

2.5.2. Prescriptive Study C (RQ.4)

The development of a trade-off navigation support focused on the trade-off navigation framework and
a user guide to perform decision analysis in trade-off situations. The development was carried out in an
iterative manner by: i) establishing the criteria for development, supported by criteria #1-#6 for the use
context and criteria #15-#18 for the application established earlier in Study B (Table 4); ii) developing the
first version based on the theoretical findings from DS-I-C; iii) developing a plan for support evaluation;
iv) introducing improvements after the evaluation. Firstly, four criteria from DS-I C were translated into
navigation framework as summarized in Table 6. Own criteria, #5, was formulated to provide a flexible
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support relevant for different business processes, following the research context involving a number of

business processes.

Table 6. Criteria for the development of a trade-off navigation framework based on key findings from literature

Criteria #

Elaboration

Criteria embedded in the TONF

Pre-condition

#1 — Reveal trade-offs
between and within
sustainability dimensions
(Gibson et al., 2005);
(Byggeth and Hochschorner,
2006);

(Abbasi and Nilsson, 2016);
(Watz and Hallstedt, 2020)

- To reveal trade-offs, a sustainability
assessment or performance
measurement should be employed,
providing results about performance
from a three-dimensional perspective

Input data:

- indicators (or criteria) to cover a
holistic TBL perspective (cross and
within dimensions)

- information about corporate and
initiative-specific ~ objectives  and
targets

- multifunctional team of decision-

makers

Decision analysis

#2 — Provide several
prioritization techniques to
encourage open dialogue
(Driessen and Hillebrand, 2013);
(Morrison-Saunders and Pope,
2013);

(Stindt, 2017)

- Prioritization techniques should
encourage open dialogue about
negotiable and non-negotiable criteria
and facilitate ranking of alternatives

- Prioritization techniques should
encourage result interpretation and
allow for deliberations of potential risks
and opportunities of the proposed
alternative initiatives

#3 — Provide rules to
evaluate trade-off
acceptability
(Gibson et al., 2005)

- Rules should encourage evaluation of
trade-off acceptability

A step-by-step guidance:

- guidance for setting acceptability
ranges

- guidance for setting non-negotiable
and negotiable criteria

- guidance for prioritization and
dialogue on trade-off acceptability

- guidance for a pairwise comparison
and ranking

#4 — Easy to use
(Matschewsky, Lindahl and
Sakao, 2015);

(zetterlund, Hallstedt and
Broman, 2016);

(Buchert, Halstenberg and
Stark, 2017)

- Should be easily integrated in the
decision process and applied directly by
an industrial practitioner in daily
routines (i.e. without support of a third
party expert)

N/A

- the TONF does not require utilizing
programming techniques and requires
direct involvement of a
practitioners/decision-makers

- practical examples to support each

step of the guidance

#5 — Flexible for different
business processes

(own criteria based on the
summary of challenges in
Table 2)

- Should be rather flexible to
accommodate needs of decision-
makers in different business processes

N/A
- practical examples to support each
step of the guidance

As a result, navigation support was operationalized by proposing a trade-off navigation framework
accompanied by a corresponding guidance and decision matrices in Excel workbook, which intends to
visualize the trade-off analysis and support traceability of decisions. The trade-off navigation and guidance
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were developed with the following considerations: a set of sustainability-oriented alternatives and their
performance on the key sustainability criteria should be provided; ‘acceptability ranges’ should be elicited,
which intend to reveal where trade-offs are and provide the boundary conditions for the trade-off analysis
and decision-making. The guidance provided examples of how to define the acceptability ranges, taking
into account the contextual settings of a company (related to the four types of corporate sustainability
approaches as presented in the Introduction Chapter 1). Additionally, the guidance is provided about how
to use acceptability ranges to support prioritization and weighting of criteria. The guidance and the
accompanying Excel workbook served as inputs for the development of a user guide, which aimed at
supporting the deployment of the trade-off navigation by industrial practitioners. Following the ‘use
context’ and ‘application’ criteria from Table 4, the guide incorporated description of the target audience,
inputs and expected outputs of the navigation.

2.5.3. Descriptive Study 1I-C (RQ.4)

Similar to DS-II-B, a hypothetical-deductive approach was followed to evaluate and improve a trade-
off navigation support, focusing on RQ.4: How to support decision-making when trade-offs arise between
sustainability indicators?

A combination of interviews and a questionnaire was used to evaluate the usefulness and usability of
the proposed trade-off navigation framework. Questionnaire and interviews are considered a common
resource for gathering data about the outcomes of a support application (Blessing and Chakrabarti, 2009).
The following hypothesis was formulated to guide the evaluation: ‘the trade-off navigation can support
manufacturing companies in making trade-offs transparent and providing argumentations for a trade-off
analysis and acceptability’.

Guided by the hypothesis, the objective of the evaluation was to understand:

¢ to what extent does the trade-off navigation support a structured and transparent decision-making
process by: i) helping to make trade-offs explicit; ii) providing support for building argumentations for
trade-off acceptability; iii) providing prioritization and ranking techniques to reinforce a dialogue about
priority areas;

¢ how time-efficient and easy is to understand and apply the trade-off navigation support

Two types of experts were selected for the evaluation: first type, industrial practitioners, who were
engaged in sustainability-related projects in industry; and second type, academic experts from the field
of sustainability evaluation and eco-design. Industrial practitioners were involved in the following way:
firstly, interviews were conducted with the selected participants individually. The interviews lasted for 1
hour and followed the corresponding steps: i) presentation of the objective of the trade-off navigation
support; ii) presentation of the expert and their work with sustainability; iii) demonstration of the trade-
off navigation support with guidance using an exemplary case; iv) a semi-structured interview focused on
the trade-off support attributes and general feedback. After the interview, the participants had to
individually apply the trade-off support and fill in the evaluation form. The evaluation form consisted of
20 questions and was distributed to the participants as a questionnaire using Google forms. Being an
instrument in this qualitative study, a questionnaire was not intended to provide a statistical correlation
between the evaluation criteria and answers, but rather lead to the improvement of the proposed support
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(Blessing and Chakrabarti, 2009). The questionnaire focused on collecting the information about
respondent’s knowledge area, familiarity with any sustainability-related decision support technique
including for a trade-off support, followed by questions focused on various attributes of the trade-off
navigation support. The questions were varied, so as to both include closed-ended evaluation, relying on
a three- and four-point Likert scales such as “to a larger extent”, “to some extent”, “
satisfactory”, “needs improvement”, “satisfactory” and “very satisfactory”, and an open-ended
evaluation, in order to gather improvement suggestions. The same evaluation questionnaire was used for
the evaluation with academic experts. For the academic experts, a workshop with the same exemplary
case was held with the following objective: to observe, gather and compare feedback for two situations:

first required the experts to navigate a decision for the presented case without a structured support;

no support” and “not

second was facilitated by the proposed trade-off navigation guidance and the matrices in Excel. The
feedback was consolidated in the evaluation form and combined with the results from the questionnaire,
which was answered by the experts at the end of the workshop. The questionnaire was identical to the
questionnaire received by the industrial experts except for the part focusing on the experts’ background
information. The results of the evaluation are presented in Chapter 3.3., while all the feedback,
improvement suggestions for each attribute of the support and their integration were summarized and
presented in Appendix Ill.
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3. Results and reflections

This chapter addresses the key findings of the research. In line with the research questions for the
respective Studies, the chapter begins with an overview of findings for Study A — a database of leading
performance indicators. After a short reflection on the contribution, Paper 1 is embedded. Subsequently,
the results for Study B are presented, followed by the reflection on the contribution and supported by
Paper 2. Finally, the results for Study C are put forward, followed by Paper 3 and Paper 4. The relationships
between the results and main research objective are then discussed in Chapter 4 - Discussion.

3.1.Results for Study A: A database of leading performance indicators for TBL
dimensions

A database of leading performance indicators for TBL dimensions is the first research finding
corresponding to the exploration of RQ.1: What leading performance indicators exist, to measure
economic, environmental and social aspects of sustainability? and RQ.2: How to categorize indicators to
enable meaningful selection of indicators for early development stages of CE initiatives? Key findings
regarding consolidation (RQ.1) and classification (RQ.2) of the leading performance indicators are
presented below.

3.1.1. Consolidated database of leading performance indicators

Initially, approximately 400 leading performance indicators for TBL dimensions were collected in an
indicator pool retrieved as a result of a SLR. SLR was conducted with the objective to identify and
consolidate information on leading performance indicators proposed in the literature to measure
performance from a triple bottom line perspective. The indicator pool was reviewed to remove duplicates
and was registered in the database developed in an Excel spreadsheet with a total number of 279
indicators. The consolidation process included registration of each performance indicator in a database
with the corresponding attributes, such as name of the indicator, a detailed description, formula, unit of
measurement, and a desired trend. In case of the missing description, it was formulated and added to
ensure completeness of the information. Being cognizant of the fact that industrial practitioners might
need support in understanding each indicator and its relevancy, a ‘purpose and significance of indicator
value’ was added to the key indicator attributes, as shown in Figure 7.

Indicator information

Unit of

Name of the indicator Detailed Description Purpose and significance of indicator value How to measure the indicator measure

Measuring this indicator gives a good
This indicator measures the total energy understanding of the efficiency of the
Specific Energy Consumption in consumption of the (manufacturing) process | manufacturing process. Higher value indicates the
the process per production output. Production output can nefficiency of production process.
be & product or product parts, materials, etc | This indicator should always be used together with
"material consumption" indicator

or kg, volume
Total energy consumed/Production Output nm,
number,
monetary
value in EUR,
etc)

Figure 8. Excerpt from the indicator database constructed in Excel
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Results of the literature review in RC stage, deliberations within CIRCit project and insights from the
SLR analysis helped to establish the criteria for indicator classification, thus answering RQ.2. Accordingly,
the key classification criteria were sustainability aspects under triple bottom line dimensions, business
processes and CE strategies. These criteria were considered important to guide the research in developing
an indicator selection procedure to ensure the selection of only relevant indicators is supported. Using
the performance indicators from the database, conceptualization of a leading performance indicator
database relied on a systematic indicator classification according to the logic established in the PS-A as
following:

e For sustainability aspects, the classification was guided by the indicator description and a unit of
measurement the indicator had assigned to it: e.g. ‘water consumption’ indicator measured by
m3 was assigned to environmental category, while indicator ‘cost of water use’ measured by EUR
was assigned to economic category.

e For business process, the classification was based on the extent to which an indicator can be
influenced by a decision taken during a particular business process. For example, the number of
modules in a product is decided upon during a product development process; therefore, the
indicator ‘number of modules in a product’ was assigned under ‘product development’ process.

e For CE strategies, the classification was based on the correlation between the activity implied by
a CE strategy (supported by its description) and the focus of indicator measurement. For instance,
‘remanufacture’ was defined as “an activity aiming at extending to new use cycles by returning a
product (discarded/not in use) to at least Original Equipment Manufacturer (OEM) performance
specification and quality” (Blomsma et al., 2019; p. 11). This process is usually more rigorous,
laborious and costly than refurbishment and involves total disassembly and reassembly.
Following this definition, the indicators ‘Cost of remanufacturing, ‘Labour cost per unit of product
(or production output)’ and ‘Total Solid Waste Mass’ were, as few examples, assigned to the CE
strategy ‘Remanufacture’.

Based on the gaps presented in Chapter 1.1.3., the classification aimed at ensuring measurement of
separate or combined1 CE strategies (Blomsma and Brennan, 2017), across business processes engaged
in CE development (Bocken et al., 2016), and for the aspects under TBL dimensions. This was
operationalized by positioning key classification criteria as headings in the columns and then marking the
relevancy of each indicator for the corresponding criteria. This way ensured that the “filter’ feature could
enable a flexible selection of relevant indicators depending on the combinations of CE strategies, business
process and TBL dimensions in focus. Integration of the ‘filter’ feature guided the development of
indicator selection procedure in Study B.

Based on the classification logic presented, the following indicator distribution was achieved:

For the triple bottom line dimensions and related aspects:

1 Combined CE strategies, or CE configurations, are situations where two or more CE strategies are present (Blomsma et al.,
2019)
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- 61% of all indicators covered the environmental dimension with the highest number of
performance indicators measuring performance on such aspects as material consumption,
energy consumption, product architecture and solid waste generation.

- 23% of all indicators were classified under the economic dimension with the aspect ‘operational
costs’ being the richest on indicators.

- 16% of all indicators were classified under the social dimension, most of which relate to
employee-related aspects (working conditions, health and safety, training and education).

These findings corroborated the literature, reporting the prevalence of environmental indicators over
economic and social (Ahi and Searcy, 2015). Furthermore, the coverage of aspects within the TBL
dimensions highlights larger focus on ‘internal’, i.e. firm-centric, aspects, such as production related
environmental indicators (e.g. waste generation or energy consumption) and social indicators to measure
employee-related aspects.

For business process coverage:

- ‘production and operations’ was represented by the largest number (76%) of performance
indicators, followed by ‘product development’, with environmental indicators dominating for
both processes.

- all business processes, except for ‘business model’ and ‘product development’ were covered by
indicators from all triple bottom line dimensions; however,

o ‘product development’ was dominated by the environmental indicators and had a lack of
social indicators;

o ‘business model’ was the most poorly represented by performance indicators, with
environmental indicators missing altogether.

Notably, certain indicators would be relevant for several business processes due to the overlapping
boundaries between various business processes where decisions need to be taken across (Bititci et al.,
2011). Showing the lack of indicators for certain dimensions, the findings confirm the reductionist
approach in TBL measurements (Gagnon, Leduc and Savard, 2012). Additionally, the findings indicate a
gap of TBL indicators suitable for business model development and of social indicators relevant for a
product development, thus confirming the literature (Bhamra, Lilley and Tang, 2011; Evans et al., 2017).

For CE strategy coverage:

- CE strategies ‘reduce, restore and avoid impact in manufacturing’, ‘refurbishment’,
‘remanufacture’ and ‘recycling’ were represented by the largest number of indicators of all
strategies. This can be explained by the activities implied by these strategies, which demand large
inputs of labour, materials and energy.

- CE strategies with focus on radical transformations, such as ‘reinvent the paradigm’ and ‘rethink
business model’ have the least number of indicators, however the available indicators cover a
range of aspects under all TBL dimensions.

- Each CE strategy considered in the study was covered by indicators from a TBL perspective
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These findings indicate that leading performance indicators cover all CE strategies and business
processes considered in the review, thus paving the way towards their applicability to support
sustainability screening in a CE context.

Reflection on the contribution

In summary, the findings of this study address several research gaps in the following ways: firstly, this
study provides a repository of more than 270 leading performance indicators, which are useful to support
decisions in the early stages. As opposed to lagging indicators often employed by many sustainability
assessment techniques, leading indicators rely on data available in the early stages of development
processes, thus can be directly used to indicate areas of worsened performance and guide (design)
improvements (Pojasek, 2009). Secondly, the scope of leading performance indicators in this study does
not only entail the environmental dimension, but also social and economic, thus providing a basis for a
holistic measurement from a TBL perspective, which is often reduced to environmental dimension in many
sustainability assessment approaches (Gagnon, Leduc and Savard, 2012; Morioka and Carvalho, 2016).
Thirdly, the collected indicators go beyond the production-centric scope (i.e. production and operations
process), which is frequently addressed in various indicator frameworks (Azapagic, 2004), and cover a
range of other processes, including business model development, for which the lack of measurements
was previously reported (Morioka and Carvalho, 2016; Ludeke-Freund et al., 2017); product development,
for which the lack of measurements for social and economic dimension was reported (Bhamra, Lilley and
Tang, 2011); and for value chain related processes of after sales service and end of life operations, for
which a general lack of sustainability metrics was reported in contrast with ‘traditional’ metrics of cost,
time and quality (Atlee and Kirchain, 2006; Bjorklund, Martinsen and Abrahamsson, 2012; Varsei et al.,
2014). Furthermore, this study offers a first attempt to classify leading performance indicators according
to thirteen CE strategies ranging from dematerialization and service provision to recycling and recovery
of energy and nutrients. The indicators, therefore, can be used to measure CE strategies beyond recycling
and beyond material parameters, which are predominantly measured by the proposed CE measurement
techniques and indicators (Elia, Gnoni and Tornese, 2017). Additionally, the indicators cover various
aspects under TBL dimensions, such as water use, land use, wastewater, cost of transportation, joint type
and number of modules, contribution to local initiatives, as few examples, thus providing an opportunity
to measure and support development of CE strategies from the holistic TBL perspective. Despite the high
number of indicators, few gaps were identified: social dimension is still underrepresented by indicators;
especially, indicators for stakeholder inclusiveness, i.e. user/customer and supplier perspective, are
scarce. This finding corroborates the literature on performance measurements for sustainability (Ahi and
Searcy, 2015) as well as in the context of CE, which emphasizes the importance of developing
measurements for social dimension to capture the shift of customer and supplier relationships from short
to long term agreements (Xing, Wang and Qian, 2013). Additionally, most indicators are suitable for the
technological products and not for the biological products, such as food and chemicals.

Consequently, the first research outcome was the database of leading performance indicators that
constituted one of the building blocks of a sustainability screening for CE. The underlying logic of focusing
on leading performance indicators, elaboration on the SLR and its results, with an in-depth presentation
of the indicators and discussion on their classification were documented in a journal publication — Paper
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1, which is embedded next. This publication also provides a hyperlink to the developed indicator database.
Additionally, the paper summarizes identified gaps and calls for future research in developing leading
performance indicators with focus on: i) environmental aspects of land use and soil pollution; ii) social
dimension for the product development process; iii) environmental dimension for business model

development; as few examples.
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Paper 1: Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C. (2019)

Towards the ex-ante sustainability screening of circular economy
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sustainability-related performance indicators.
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The concept of Circular Economy proposes an innovative alternative model to counter the failed support
of society's current ‘linear’ mode of operating, with the goal of achieving increased sustainability. A wide
range of approaches have been proposed to help businesses plan for and implement circular strategies.
Despite positive claims about the potential of circular economy implementation to simultaneously
reduce environmental burden whilst enhancing business benefits, not all circular solutions (or circum-
stances) bring the desired positive effects, especially in the broader context of sustainability. For this
reason, any decision to adopt a circular economy strategy ought to be carefully assessed with regards to
its potential sustainability performance, prior to its implementation. While several attempts to measure
or estimate the sustainability effects of circular economy strategies have been made, they often deploy
methodologies that rely on multifaceted input information. Furthermore, such efforts provide results by
means of employing lagging indicators, which are complex and may not be easily understood by
decision-makers in a manufacturing company context. This paper provides a review of leading
sustainability-related performance indicators, identified through a systematic literature review. As a
result, more than 270 leading performance indicators have been retrieved and consolidated in a data-

Manufacturing base. Subsequently, these indicators have been classified according to three categories: sustainability
dimensions; business processes; and circular economy strategies. The key findings show that leading
sustainability-related performance indicators are available for a wide range of Circular Economy stra-
tegies, thus making it possible to measure the potential sustainability performance of circular strategies
prior their implementation. Furthermore, the specificities of leading indicators available for each clas-
sification category are presented, several gaps are identified and direction for future research is
established.
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1. Introduction

Circular Economy (CE) is rapidly gathering momentum as the
world's leading advocacy associations and governmental bodies
recognize the approach as a way of boosting economies, without
exploiting the resources at the rate that exceeds the Earth's capacity
(European Commission, 2015; WBCSD, 2010). CE is seen as a new
business strategy that can be adopted to operate at the global,
regional and municipal level (macro level), industrial park level
(meso level) and company and product level (micro and nano
levels) (Kirchherr et al., 2017). Proposed CE definitions are ample,
coming from a wide range of sources, such as scientific literature
(see, for example Kirchherr et al. (2017) for the analysis of 114
definitions) to the grey literature, including publications and
governmental reports (EMF, 2013; European Commission, 2015). CE
as a concept is “...loosely based on a fragmented collection of ideas”
(Korhonen et al., 2018, p.39), which rest on practices like cleaner
production, reliance on renewable energy and materials, elimina-
tion of toxic chemicals and waste, increased producers' and con-
sumers' responsibility, and more (Ellen MacArthur Foundation,
2015; Ghisellini et al., 2016). Despite the heterogeneity of defini-
tions and interpretations, CE is seen as a model to support decou-
pling of environmental pressure from economic growth (European
Commission, 2015; Zhang et al., 2016).

In a manufacturing context, circular solutions require redesign
of business models, products and supportive networks (e.g. supply
chains) to allow businesses to be part of the circular economy
system (Geissdoerfer et al., 2018). Examples of CE implementation
by manufacturing companies are available and includes strategies
such as the provision of product-service systems to intensify the
product use and support its operation; circular sourcing and
manufacturing with focus on usage of secondary raw materials and
internal waste recycling; repair and remanufacturing activities to
extend the life of products and components. All these strategies
seem to be geared by a combination of environmental and business
drivers to reduce resource consumption, minimize waste, and boost
profitability.

Unsurprisingly, CE is often linked to sustainability, where the
adoption of CE practices is expected to facilitate sustainable
development, as both concepts rely on promoting economic and
environmental prosperity. Notwithstanding these similarities, the
relationship between the concepts is thus far not explicit in liter-
ature and the positive link between the adoption of CE and sus-
tainability may be seen as ‘assumptive’. For example, product
leasing is not automatically ‘greener’ (Agrawal et al., 2012), but
might in contrast inspire more frequent product replacement,
which will in turn lead to an increase of production. At the same
time, result-oriented business models may be more environmen-
tally beneficial than leasing or than conventional product sale
schemes (Agrawal et al., 2012; Tukker and Tischner, 2006). Our
synthesis of similar literature shows that the relationship between
the CE implementation and achieved environmental and financial
benefits is ambivalent (see more in Bartolomeo et al. (2003);

Moreau et al. (2017); Rizos et al. (2016); and Zink and Geyer (2017)),
leading to the conclusion that not all CE initiatives (and not in all
contexts) are intrinsically contributing positively to sustainability.
Furthermore, several studies indicate social wellbeing as the least
prominent objective of CE (Murray et al., 2017; Sauvé et al., 2016),
thus contrasting the essence of sustainable development, which
rests on the balanced three-dimensional paradigm (i.e. balance
between social, environmental and economic dimensions).

In combination to the myriad of CE definitions, the existence of
diverging approaches to CE and the ambivalence of statements on
potential sustainability benefits of CE implementation risk
hampering the uptake of CE in industrial context. Furthermore, in
order to ensure a multi-dimensional benefit for sustainability, a
holistic thinking approach is needed, where the potential benefits
and trade-offs arising from CE implementation can be evaluated.
Korhonen et al. (2018) state that no CE initiative or action is suc-
cessful unless it contributes positively to sustainability, while
several other authors (Kalmykova et al., 2017; Potting et al., 2017)
highlight the lack of assessment tools that can measure sustain-
ability impact of implemented CE strategies or assess the potential
impact of CE strategies before their implementation. The initial
attempts to measure environmental effect of CE strategies have
been undertaken, frequently executed by employing existing
methodologies, such as material flow analysis and life cycle
assessment (Elia et al., 2017; Niero and Hauschild, 2017). While
these methodologies are extremely useful, their applicability in the
context of ex-ante assessment and support for early decision-
making is often limited, as they require multifaceted input infor-
mation and expertise (Arena et al., 2013). Furthermore, the results
of these assessments, presented with help of lagging indicators, e.g.
eutrophication potential as an impact dimension in a life cycle
assessment, are complex and may not be easily understood in
strategic and tactical decisions. More discussions stipulate the need
for ex-ante assessment approaches to explore whether proposed
CE strategies have potential to bring the desired social, economic
and environmental effects, in order to support early CE develop-
ment decisions (Elia et al.,, 2017). For a meaningful ex-ante sus-
tainability assessment, leading indicators are preferred over
lagging, as they can be used to plan and monitor the effectiveness of
proposed actions by focusing on critical areas or resolving any
uncertainty early in the planning and development process (Pavliov
and Bourne, 2011). A deeper discussion about leading and lagging
indicators is provided in Section 2.2.

In the light of the status regarding CE and its doubtful link to
sustainability, and the importance of evaluating sustainability po-
tential in early stages of CE development, this research aims to
cover the identified gap by developing a consolidated database of
leading performance indicators to be used for ex-ante sustainability
screening of CE strategies in manufacturing context. The main
assumption in this research is that leading performance indicators
can be used to analyse the potential economic, social and envi-
ronmental performance of circular solutions in the early stages of
the decision-making process.
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The study involves the development of a database in which
leading sustainability-related performance indicators are identified
and classified according to a number of criteria to support the se-
lection of the most relevant indicators to be employed to support a
given decision. This classification allows the configuration of
different combinations of circular solutions to be exploited in
various business processes, thus displaying a suitable set of sus-
tainability performance indicators to be measured early in the
decision-making stage. Performance indicators provide a better
insight into strengths and weaknesses of the circular solution, thus
enable more informed and balanced decision-making for sustain-
ability. The database of performance indicators is a first building
block of a foundation for the development of a sustainability
screening framework, which will also comprise a procedure for a
systematic indicator selection and guidelines for decision-making
for sustainability in a CE context.

The structure of the present paper is in the following order. A
relevant review of literature on sustainability assessment and
performance indicator is presented in Section 2. Research meth-
odology is elucidated in Section 3, encompassing the methodology
and theoretical frameworks adopted in the present study. There-
after, results of the systematic literature review are presented in
Section 4. A discussion of the research findings and identified gaps
are provided in Section 5. Finally, conclusions are drawn, based on
the goal of the research and the achievements presented in the
paper, with suggestions for further work.

2. Literature background

This section introduces sustainability assessment and mea-
surement approaches and the role of leading performance in-
dicators in sustainability measurements.

2.1. Sustainability assessment and measurement

Numerous definitions of corporate sustainability can be found in
the literature (Searcy, 2012), most of which are closely related to
the definition of sustainable development, coined by the Brundt-
land Commission and released in the report “Our Common Future”
in 1987 (WCED, 1987). Dyllick and Hockerts, for example, defines
corporate sustainability as: “meeting the needs of the firm's direct
and indirect stakeholders (such as shareholders, employees, clients,
pressure groups, communities, etc.), without compromising its
ability to meet future stakeholder needs as well” (Dyllick and
Hockerts, 2002). The central focus is the recognition and fulfil-
ment of stakeholder requirements and long-term thinking, which is
recognized in other scientific definitions as well.

Despite the widely accepted definition of sustainable develop-
ment, manufacturing companies are still facing a number of chal-
lenges to transform and operationalize the concept at a practical
level (Joung et al., 2013; Pavlovskaia, 2014). The main interpretation
of the concept of ‘sustainable development’ has been primarily
aligned with the ‘Triple Bottom Line’ (TBL) approach, based on the
management of and contribution to environmental integrity, social
well-being, and economic resilience (Elkington, 1998). Therefore,
companies develop and implement practices that focus on gaining
and maintaining economic advantages while minimizing environ-
mental burden and maximizing social prosperity. Sustainability
performance measures can be applied to trace how ‘much’ and how
‘well’ implemented practices helped the company to move towards
sustainability by advancing in the TBL domains. Internationally
recognized standards and guidelines like ISO 14031; the Global
Reporting Initiative (GRI); and the UN Global Compact, have been
voluntary used by corporations to measure and track performance
in sustainability dimensions.

When it comes to measuring sustainability performance of
improvement initiatives, sustainability assessment is often used to
evaluate how well the chosen sustainability requirements were
fulfilled. Sustainability requirements can be understood as criteria
that must be fulfilled for a specific element or activity (i.e.
manufacturing process, product or service), in order to be consid-
ered sustainable (at least in relation to the element or activity that
have not fulfilled the same requirements) (Krajnc and Glavic, 2003;
Pavlovskaia, 2014). For that reason, the identification, integration
and fulfilment of sustainability requirements for products and
operational activities can be considered as interpretation and
operationalization of the theoretical concept of sustainability by
practitioners. Depending on the implementation level, different
sustainability criteria exist. For manufacturing processes, for
example, such criteria are (but not excluded to) efficient use of
energy and materials for reduced operational costs, minimization
of pollution and safe work environment (Amrina and Yusof, 2011;
Joung et al., 2013; Krajnc and Glavic, 2003).

Sustainability assessment, therefore, is a procedure that aims at
evaluating whether the improvement initiative has the potential to
contribute to sustainability in a short and long-term perspective
(Ness et al., 2007; Pope et al., 2004). Referring to the works of Pope
et al. (2004) and Waas et al. (2014), the purpose of any sustain-
ability assessment is to:

e Contribute to a better understanding of the meaning of sus-
tainability and its contextual interpretation;

¢ Integrate sustainability into decision-making by identifying and
assessing (past and/or future) impacts;

e Foster sustainability objectives.

Literature distinguishes between different forms of sustain-
ability assessment: ex-ante assessment, i.e. the assessment of
future actions, durante (during), and post evaluation, the assess-
ment of past actions and their outcomes (Pope et al., 2017); and
different types of assessment, based on a number of approaches, for
example, monetary, biophysical, indicator-based (Gasparatos and
Scolobig, 2012). Of the three sustainability assessment ap-
proaches, the indicator-based approach seems to offer the best
possibility to plan, monitor, control and quantify sustainability
contribution of certain improvement initiatives in a short and long-
term perspective (Rotmans, 2006). Other advantages of using in-
dicators for sustainability assessment include their role for com-
parison of alternatives and highlighting potentials for optimization
(Azapagic and Perdan, 2000); helping to structure, summarize and
condense complex information for meaningful interpretation
(Waas et al., 2014); inducing learnings about significant sustain-
ability aspects and impacts within or outside the company (Krajnc
and Glavic, 2003). In summary, indicators enable detection, moni-
toring, quantification, assessment and interpretation of the per-
formance of organizations, operational processes and products in
terms of their potential (expected) or achieved (actual) sustain-
ability impact.

2.2. Performance indicators for decision-making

Waas et al. (2014) define an indicator as “the operational rep-
resentation of an attribute (quality, characteristic, property) of a
given system, by a quantitative or qualitative variable (parameter,
measure) ...“. Sustainability indicators can be categorized accord-
ing to the TBL categories, measuring the performance or impact of
the improvement actions within environmental, social and eco-
nomic domains. Examples of indicators are ‘number of accident-
free days’, ‘number of suppliers with certified according to
[SO14001°, ‘employee satisfaction’, ‘percent of primary raw



4 M. Kravchenko et al. / Journal of Cleaner Production 241 (2019) 118318

materials replaced by secondary raw material in a product’, ‘total
water consumption’, ‘climate change’, ‘resource depletion’ and
more (additional indicators available from LCA, S-LCA, GRI, etc.).
Furthermore, sustainability-related indicators can be categorized
into so-called ‘leading’ and ‘lagging’ indicators.

Lagging indicators are often referred to as reactive indicators, as
they help measuring the effect of actions that are already approved
and undertaken by the company. They are used for past perfor-
mance assessment to measure the final outcomes of the imple-
mented initiatives. Lagging indicators are widely employed by
different methodologies, e.g. LCA (climate change indicator) and in
corporate reporting, e.g. GRI (CO indicator) as they serve as a good
proxy for corrective actions (Epstein and Roy, 2001).

In contrast to lagging indicators, leading indicators are referred
to as proactive indicators, because they can be used to plan and
monitor the effectiveness of proposed actions and give advance
guidance and warning, hence the possibility for companies to
adjust and improve the solution (Pojasek, 2009). Leading indicators
serve as preventive ‘signs’, i.e. they assist decision-makers with
information to introduce improvements in the early stages of
decision-making process, thus allowing greater control over ‘allo-
cation’ of future impacts (Fig. 1). Distinctively, the uncertainty of
data in the early stages may be greater, while the measurability
decreases with time along the causal chain from input to impact
(von Geibler et al., 2016).

Following McAloone and Pigosso (2018) on the use of indicators
for product development, leading environmental performance in-
dicators aim to produce simpler measures (compared to, for
example, LCA results) of environmental aspects that can inspire
effective actions towards improving products' environmental per-
formance. Examples of leading indicators include ‘take back cost of
used products’, ‘product hazardous materials’, ‘total number of
fasteners in a product’, and more. Leading indicators are, therefore,
generally thought of as input or process indicators that link more
closely to operations and products, while lagging indicators relate
more to outcomes achieved (Fig. 1).

Leading indicators go beyond data and measurements as they
become ‘subjective’, i.e. have to relate to some situation, serve some
person, and serve some purpose. Indicators help to structure in-
formation in a meaningful way, which leads to knowledge creation
about a certain context, thus can support decision-makers in the
identification and understanding of the relationship between the
decisions to be taken and the potential impact on performance
(Epstein and Roy, 2001) (Fig. 2).

Researchers Epstein and Roy (2001) and Morioka and Carvalho
(2016) advise using leading indicators for performance measure-
ments more extensively, as they provide insight into the organi-
zation's, operation's or product's potential impact and provide
indications about future performance. Lagging indicators, while
being equally important, provide information on past performance
of the system, however may not offer useful information about the

time

exact causes of such performance, thus may not be effective for
decision-making and management of processes (Pojasek, 2009).

Following the importance of the role of performance indicators
in sustainability assessment and the importance of leading per-
formance indicators in effective management of processes, it can be
argued that the approach for assessing the sustainability of CE
initiatives in the early stages of a decision-making process should
be based on leading performance indicators. Therefore, this study
focuses on the development of a consolidated database of leading
performance indicators to be employed for ex-ante sustainability
screening of CE initiatives. The database comprises leading per-
formance indicators that were classified according to TBL di-
mensions, CE strategies applicable on a micro-level and business
processes. Therefore, the core of the development of the database
was the process of identification of leading sustainability-related
performance indicators and their classification according to the
identified criteria. The process is described in detail in Section 3 —
Research methodology.

3. Research methodology

This study focuses on the development of a consolidated data-
base of leading performance indicators to be employed for ex-ante
sustainability screening of CE initiatives. The goal of this research
was to identify leading sustainability-related performance in-
dicators in the literature and classify them according to business
processes and CE strategies, with the ultimate aim to support de-
cisions for CE planning and implementation. Therefore, the ques-
tion in focus was: “What are the existing sustainability-related
leading indicators that can be used to measure the sustainability
performance of CE initiatives?”

3.1. Data collection

A systematic literature review was performed to answer the
question in focus. The research approach consisted of, firstly,
extracting the existing indicators from the literature and, secondly,
classifying performance indicators according to the defined criteria.
Systematic reviews are conducted with the aim of identifying all
research within a specific scientific area to give a “balanced and
unbiased summary of the literature” (Nightingale, 2009). System-
atic literature reviews follow a specific procedure that is rigorously
planned, conducted and documented (Biolchini et al., 2005), thus
minimizing the risk of bias in selecting and extracting data from the
review (Nightingale, 2009).

The systematic literature review followed the procedure pro-
posed by Biolchini et al. (2005) consisting of: (1) review planning;
(2) review execution; and (3) results analysis (Fig. 4). In the first
step of the procedure, review planning, a systematic literature re-
view protocol was prepared to document the aims and objectives of
the review, inclusion and exclusion criteria, the way in which

Certainty of data

Examples of leading indicators:

- Material cost per unit of product
- Diversity of Materials in Production| eadlng indicators
- Noise level at working stations
- Take-back offering for products

‘ e —

- input/output indicators

= outcome/impact indicators

/]
L—agglmmd—:ﬂ | Examples of lagging indicators:
- Marine eutrophication
- Global warming potential
- Customer retention
- Gross margin

Measurability and control over impact

Fig. 1. Distinction between leading and lagging indicators and their relationship to time. Source: own figure, based on Pojasek (2009) and von Geibler et al. (2016: 1).
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Context

Data  —> Indicators > Information —> Knowledge

Fig. 2. Transitional role of indicators from data to knowledge formation. Source: modified from Waas et al. (2014).

| Indicator pool

4
Circular Economy strategies /
- Reinvent the paradigm Indicator attributes
- Rethink business models - name of the indicator
- Reduce, restore & avoid - detailed description
impacts in - formula
« raw materials and - unit of measurement
sourcing < - purpose of measurement

- manufacturing

« product use
- Upgrade
- Repair & Maintenance
- Reuse
- Refurbish
- Remanufacture \ “ _ Triplg bottgm line
- Repurpose N dimensions
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- Recover -~ Businass medal - environmental

- Product development - eéconomic

- Production & Operations
- After-sales service
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Fig. 3. Data systematization process: classification of performance indicators according to the circular economy strategies, business processes and TBL dimensions.

Review
Execution

Review

Review I Systematization
of data

Planning Analysis

Total Introduction
number of abstract, and Full paper
studies key words conclusion

Cross-
referencing

Fig. 4. The research approach: the systematic literature review process and selection of relevant studies.

studies were identified and how the results were registered. During protocol. Lastly, the selected studies allowed retrieving relevant
the second step, review execution, the identified studies were data to be analysed and registered according to the procedure
evaluated and screened against the inclusion criteria defined in the (Biolchini et al., 2005).
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The main goal of the systematic literature was to identify and
consolidate information on leading performance indicators that
form a foundation for the database to be used for decision-making.
The review focused on identification, selection and systematization
of leading sustainability-related performance indicators. A litera-
ture search was performed in the databases Scopus and ISI Web of
Knowledge, due to availability of advanced web search mecha-
nisms, high volume of indexed papers and proven relevance in the
fields of sustainability and engineering (Adriaanse and Rensleigh,
2013; Falagas et al., 2007; Gavel and Iselid, 2008). Search strings
were composed of the main keywords and their synonyms, as
identified and supported by literature.

According to works of Ahi and Searcy (2015), Costa et al. (2014)
and Veleva and Ellenbecker (2001), terms as ‘performance mea-
sure’, ‘performance evaluation’, ‘performance assessment’ and
‘performance indicator’ are used interchangeably, therefore were
all included as synonyms to the key word ‘key performance indi-
cator’, thus comprising the first part of the search string. In relation
to sustainability assessment, the literature is in consent of sus-
tainability should be viewed and measured from a holistic
perspective, e.g. encompassing social, environmental and economic
dimensions (Bell and Morse, 2008). Therefore, it allows to interpret
sustainability as a ‘three-pillar’ or ‘triple bottom line’ (TBL) concept
(Pope et al., 2004). Consequently, the second part of the search
string consisted of words ‘sustainability’, ‘triple bottom line’, ‘so-
cial’, ‘environmental’ and ‘economic’. The third part of the search
string consisted of a number of certain business processes that the
current research encompasses. The business processes are seen as
the ‘arenas’ within which CE initiatives are developed and mate-
rialised, i.e. circular solutions are to be planned for and evaluated
during and across business processes. The business processes
considered in this research were ‘business model development’;
‘product development’; ‘production and operations’; ‘after-sales
service’; and ‘end of life operations’. In Scopus, the keywords were
searched for in the titles, abstract and keywords. After a set of
refinement rounds, it was decided to limit the research fields
(‘subject area’ in Scopus) to cover environmental science, engi-
neering, business, economics, social sciences and decision sciences.
The search included both journal and peer-reviewed conference
papers, in order to capture the recent developments in the field.
Furthermore, no restrictions were applied to the publication year,
in order to guarantee comprehensiveness of the results. As
Nightingale (2009) points out, the search strategy should be ‘sen-
sitive’ rather than ‘specific’ to increase the chance of getting
‘important’ papers despite the possibility of getting a large number
of irrelevant papers. The search string used in Web of Science was
composed and adapted to the database's rules. After a set of
refinement rounds, it was decided to search for the key words only
in the titles of the studies (refer to Appendix A for exact search
strings used in Scopus and Web of Science).

The inclusion criteria, defined in the review planning protocol,
were used to identify, evaluate and select the relevant studies. The
inclusion criteria ensured the homogeneity of the data and reduced
confounding. The studies met the following inclusion criteria: 1)
proposition, application or review of a leading indicator for sus-
tainability assessment; 2) focus on manufacturing companies or
micro-level (product, process, service). With the first inclusion
criteria, the review intended to exclude lagging indicators used for
sustainability assessment, such as global warming potential or
abiotic toxicity (often used in LCA studies), whereas with the sec-
ond inclusion criteria, any indicator that focuses on municipal or
national level were excluded. Considering the inclusion criteria, the
publications were qualitatively selected according to the gradual
application of three filters: filter 1 — read the title, abstract, key
words; filter 2 - read introduction and conclusion; filter 3 - read the

full paper.

After all the studies were screened and the indicators identified,
they were registered with the following attributes: name of the
performance indicator, a detailed description, formula, unit of
measurement, recurrence in literature and source. References, cited
in the publications identified through the search, were used as
secondary sources to identify additional relevant publications. This
procedure is sometimes called a ‘snowball technique’ or cross-
referencing (Lewis-Beck, 2004). This process led to identification
and analysis of a number of studies that contributed to the data
extraction.

3.2. Data systematization

The second phase of the performance indicators systematization
included the classification according to a number of pre-defined
categories, such as circular economy strategies, business pro-
cesses and TBL dimensions (as shown in Fig. 3):

Sustainability or triple bottom line dimensions: environmental,
social and economic, where all three pillars are considered equally
important when making decisions and measuring performance in
the sustainability context (Badurdeen et al, 2015; Joung et al,,
2013). These are categories widely used by other sustainability
assessment and measurement frameworks. Therefore, this classi-
fication of performance indicators allows for a holistic assessment
of CE initiatives and enables a straightforward association of each
indicator with a specific sustainability dimension and an aspect
under it.

- Social dimension is defined as the dimension that addresses
identification, accounting and management of values and needs
of different stakeholders of a company (UN, n.d.). The stake-
holders can be identified as internal and external groups of
people that interact with and directly or indirectly affected by
the company and its activities (Labuschagne et al., 2005). In the
context of social business sustainability, the key stakeholder
groups required by most global standards and frameworks (such
as GRI, UNCSD, S-LCA) are employees, customers, suppliers and
community (local, national, or global). Each group requires
addressing a number of related aspects, such as but not excluded
to: employment conditions, health and safety of employees and
customers, human rights, equity, etc. Therefore, the categories
under social dimension included in the database are: commu-
nity relationships; employee empowerment; employee health
and safety; employee training and education; employment
conditions; equality; supplier relationships; user relationships.

- Economic dimension represents positive value creation and dis-
tribution by a company supported by long-term relationships
with customers, partners and suppliers (Elkington, 1998). The
aspects covered under economic dimension and frequently used
in corporate reporting are: costs, revenues, investments, inno-
vation and technologies, knowledge management, etc. The as-
pects included in the database address tactical and operational
matters and are: operational costs; tactical costs; user costs;
product quality; revenues.

- Environmental dimension concerns the identification and man-
agement of organization's aspects and impacts to ensure long
term positive impact on living and non-living natural systems
(Bell and Morse, 2008; Sauvé et al., 2016). Aspects that belong
under environmental dimension capture resource consumption
(material, energy, water, land), emissions to water, soil, air, and
chemicals (Fiksel et al., 1998; Joung et al., 2013) and are most
common aspects in performance measurements and reporting
frameworks (e.g. by GRI Sustainability Reporting Standards;
OECD sustainable manufacturing indicators; ISO 14031:
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Environmental performance evaluation standard). Aspects un-
der environmental dimension included in the database are:
material, energy and water consumption; solid and liquid waste
generation; air, water and soil pollution; gaseous emissions;
land use; material safety; product architecture (i.e. physical
properties and attributes of a product, which, for instance, can
influence the cost of maintenance or repairability).

Each performance indicator was classified according to a cor-
responding dimension, mainly justified by a unit of measurement
the indicator had assigned to it. We, however, acknowledge that
most of the retrieved sustainability-related indicators are cross-
dimensional (Badurdeen et al., 2015). For instance, hazardousness
of materials in a product can have an impact on both, environment
and consumer; however, the indicator measuring the weight or
number of hazardous materials in a product was assigned to ‘ma-
terial safety’ aspect under environmental dimension. Resource
origin is another example of cross-dimensional aspect between
environmental and social dimensions. The indicator ‘amount of
conflict resources’ measuring the amount of resources used in a
product or production that are extracted in a conflict zone that may
perpetuate violence (European Commission, 2017) was assigned to
both, the environmental and social dimension, while the indicator
‘suppliers that have completed information on raw material and
resource origin’ was assigned to the social dimension.

CE strategies applicable in a manufacturing context served as
another category for indicator classification. There are numerous
frameworks that propose a vision for how to operate in a CE
context. Those frameworks propose strategies based on their
generic applicability, such as the ReSOLVE framework (EMF, 2013),
applicable to specific sectors (i.e. textile) (“The new textile econ-
omy” by EMF, 2017), or to specific operational processes and
products (supply chain, design of products and business models for
circularity, etc.) (Bocken et al., 2016). In this research, a generic
reference model (i.e. applicable to any sector, process or product
type within manufacturing context) was adopted with the
following CE strategies as depicted in Fig. 3 and listed in Appendix B
with corresponding definitions. The framework of CE strategies
adopted in this study is an instantiation of Potting et al. (2017),
which was selected because it provided an overview of the spec-
trum of available circular strategies ranging from incremental to
transformative. Each performance indicator was classified accord-
ing to a corresponding CE strategy. The classification was done
based on the correlation between the activity implied by a CE
strategy and the focus of indicator measurement. For instance, the
indicator ‘cost of remanufacturing” was assigned to the CE strategy
‘Remanufacture’; the indicator ‘water consumption during use
phase of the product’ was assigned to the CE strategy ‘Reduce,
Restore & Avoid impacts in Product in Use stage’; while the indi-
cator ‘weight per distance travelled’ was assigned to every CE
strategy as transport is an aspect applicable across strategies. The
classification of performance indicators according to various CE
strategies allows the decision maker to extract the indicators
meaningful to the circular solution in focus.

Business processes are a set of structured activities that a
company manages in order to accomplish a specific purpose, for
instance, to produce a product or service (Ray et al., 2004). Business
processes can be classified as primary, related to operational ac-
tivities (e.g. product development, inbound and outbound logistics,
manufacturing, service provision) and secondary, related to man-
agement activities (e.g. corporate governance and strategic man-
agement) (Persson and Stirna, 2009). The business processes
considered for indicators classification in this study are related to
primary organisational activities, such as product development
(PD), production and operations process (including supply,

distribution and retail), after-sales service (including installation of
product, support of product, upgrade and repair services), end of
life operations (EoL) (including remanufacturing and recycling) and
business model (BM) development. These processes belong to the
primary business processes and are typical for any manufacturing
company (Ray et al., 2004). The rationality behind the classification
of performance indicators according to these business processes
was the extent to which an indicator can be influenced by a deci-
sion taken during a particular business process. For example, the
number of modules in a product is decided upon during a product
development process; therefore, the indicator ‘number of module
sin a product’ was assigned under ‘product development’ process.

4. Results

The results are presented and discussed in several sub-sections.
Sub-section 4.1. provides the detailed analysis of the literature
collected and reviewed during the systematic literature review;
sub-sections 4.2., 4.3. and 4.4. address the results of indicator
classification according to the defined categories: 4.2. — for TBL
classification, 4.3. — for business process classification, 4.4. — for CE
strategy classification.

4.1. Background information on the literature

Using the procedures discussed above, a total of 665 articles
(521 for Scopus and 144 for Web of Science) were originally iden-
tified through the search in both databases. At the end of the
screening process guided by the inclusion criteria, the final number
of papers that were used to retrieve performance indicators was 17;
however, 35 relevant papers were also included as a result of paper
analysis from cross-referencing (Fig. 4). By applying the inclusion
criteria, all the papers had their title, abstract and key words ana-
lysed, resulting in 506 papers (76% of total) being rejected. The
chosen 159 papers (24%) had their introduction and conclusion
read, resulting in 60 papers chosen. Finally, the 60 papers were fully
read, from which 17 were chosen for the retrieval of performance
indicators. In continuation of this study, around 70 papers found
through cross-referencing were analysed against the inclusion
criteria, with 35 being consequently chosen for performance indi-
cator extraction. Thus, the total number of papers that satisfied the
inclusion criteria amounted to 52.

The selected papers were published in a total of 25 different
journals, 3 handbooks and 8 scientific conference proceedings in
the period 1994—2018 with larger dominance of publications from
2012 to 2018 (Fig. 5). As seen in Fig. 5, showing the distribution of
papers by conference (grey bars), one paper was identified in every
conference with the only exception of the proceedings of Interna-
tional Conference on Industrial Engineering and Engineering
Management (IEEM) and IFAC conference proceedings, from which
three and two publications were extracted correspondingly. The
largest number of papers (11 publications) were extracted from the
Journal of Cleaner Production, which can be explained by the
Journal's strong correlation with cleaner production, environ-
mental issues, and sustainability concerns (Fig. 5, blue bars).
Furthermore, the International Journal of Production Research,
Ecological Indicators and International Journal of Life Cycle
Assessment presented two publications each, which might be
attributed to the primary focus of above-mentioned journals and its
relation to the present question in focus (performance indicators
for sustainability assessment in a manufacturing context). The
remaining publications came from a variety of journals addressing
different themes, such as mechanical and sustainable design, re-
sources, production economics, and clean technologies.

From the 52 publications, approximately 400 leading
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Fig. 5. Distribution of selected publications by journal (in blue) and by conference (in grey). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

sustainability-related performance indicators were retrieved and
reviewed. The duplicates were removed and the indicators were
registered in the database developed in a spreadsheet with a total
number of 279 indicators. The consolidation process included
registration of each performance indicator in a database with the
corresponding attributes, such as name of the indicator, a detailed
description, formula and unit of measurement. Approximately 90%
of the performance indicators were accompanied by explicit units
of measurement, however the description and formulas were not
always provided. These missing attributes were defined and
registered in the database complemented by a description of ‘pur-
pose of measuring’, to aid the understanding of importance of the
indicator and interpretation of measure. Important to note that
almost 95% of extracted indicators are quantitative despite the fact
that qualitative indicators were not targeted to be excluded during
the literature review.

After the review process, the indicators were classified accord-
ing to the pre-defined dimensions, i.e. TBL dimensions, business

processes and CE strategies. Since this research is exploratory in
nature, we highlight the distribution of performance indicators
according to the pre-defined criteria to show recent developments
in an indicator categorization and their deployment in sustain-
ability assessments.

4.2. Analysis of performance indicator classification according to
TBL dimensions

Each performance indicator was classified according to the TBL
dimension: social, environmental and economic, respectively.
Furthermore, each performance indicator was assigned to an aspect
within a particular dimension (Fig. 6), thus illustrating what sus-
tainability dimension and what aspect of that dimension the indi-
cator measures the performance of. As an example of how
categorization was done, the performance indicator ‘total pack-
aging costs’ was classified as an indicator primarily related to the
‘Operational cost’ aspect under economic dimension, mainly



M. Kravchenko et al. / Journal of Cleaner Production 241 (2019) 118318 9

61% of total

=
\ 55
5 x|
S\
10 -
(5 £ 6 . 5| 05
= s o W = = > | w = = c =
i= =] 5 9 =] o k] 5| 2 o R= =]
S & w| - | ®|E|E| B| 5 ®| &85
= £ A = e £ ) a = = E =
[=] E m w ] = [=] o
al| 3 3 = S| m|E al s 3 a
- @ @ @ w = i = a o “
= = " o | = [T 2| = oo | £
<x 8 5 =] A m [=]} a =] w
a g o ) - o =t o =
& w —_ = o 17} [
B 3 o | = -] g | @ | =
= = | 5 3 = | B
= o - - = - =
Ll = L/ o = i
T | = =]
b
o

Environmental

[ | % of indicators per TBL dimension

23% of total

42

Operational costs

Number of indicators per aspect

‘ 16% of total

10 i
5 5 " 6 g 3 8 3 i 4
z|s 9 8 85|z s5|elzlas
= | 2 S| 5|&2| 22
] a 8 8 & E ‘T " = B G 3
= = o frus = o W o = o = =
bl ] ] @ =] g | - -] s | o =] =]
o & A L, = = & 5= ] - =
= = = @ =] m @ O o] o
B k) g gls |3 | ¢ v | @
& z| o |32 E &
[ 2 e = = = 1
3 g"‘ w o B & =2
£ _D g - [ 5 =
ARAEARAR 7
— [¥N)
(s w EL :5-
w =
E
w
Economic Social

j Frequency of usage in literature

Fig. 6. Total number of performance indicators capturing TBL dimensions and corresponding aspects, where blue bars highlight aspects, covered by indicators most frequently
proposed in the literature. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

justified by the assigned to it monetary unit of measurement.
However, it also relates to the ‘Material consumption’ aspect under
environmental dimension. For the purpose of a clearer identifica-
tion of the sustainability dimension a particular indicator belongs
to, the classification was done according to the descriptions of
sustainability dimensions provided by the literature and corre-
sponding units of measurement (see Section 2). To further explain
the classification logic, the indicators that addressed consumption
of materials, energy, chemicals, water, land, emissions and pollu-
tion were all classified as environmental indicators; the indicators
that addressed costs and revenues were classified as economic
indicators; the indicators that addressed stakeholder relationships,
employment conditions, customer and community relationships
were classified as social indicators.

The total number of performance indicators distributed per TBL
dimension and per corresponding aspect are shown in Fig. 6. The
environmental dimension has the largest number of aspects as well
as the largest number of indicators assigned under those aspects.
Performance indicators from environmental dimension represent
61% (170 out of 279) of all the indicators extracted from literature
with the highest number of performance indicators measuring
performance on material consumption, energy consumption,
product architecture and solid waste generation. The ‘product ar-
chitecture’ can be considered as a neutral aspect as it relates to
design attributes of a product, nonetheless it has a critical effect on
the way a product performs. Performance in ‘product architecture’
is especially crucial in the context of CE, as it influences whether the
product can be repaired or recycled, consequently affecting the
efficiency of those processes in terms of waste generation, energy
and material consumption, and cost. Furthermore, performance

indicators that measure performance on material, energy and wa-
ter consumption were most frequently mentioned under their di-
mensions in the literature (Fig. 6). The ‘Soil pollution’ aspect was
addressed by only one indicator, ‘pesticide use’, while none of the
retrieved indicators covered ‘land use’ aspect.

A total of 23% (63 out of 279) of the performance indicators were
classified under the economic dimension with the aspect ‘opera-
tional costs’ being the richest on indicators. It is also the aspect with
the most frequent mention of the performance indicator ‘total
material costs’ (5 publications). Other economic indicators measure
performance on such aspects as ‘tactical costs’ (e.g. ‘cost of supplier
education and training’), ‘revenues’ (e.g. ‘revenues from refurbished
products’), ‘user costs’ (e.g. ‘cost of energy during use phase of the
product’), ‘product quality’ (e.g. ‘first technical wear-out life’).
‘Product quality’ aspect is considered under economic dimension
due to its materiality in influencing customer satisfaction, and
profitability, consequently (Gaiardelli et al., 2006).

The social dimension accounts for the least number of perfor-
mance indicators corresponding to 16% (46 out of 279) of all in-
dicators retrieved from the literature. Most indicators under social
dimension relate to employee-related aspects (working conditions,
health and safety, training and education), thus confirming the
‘tradition’ from manufacturing sector of concentrating social per-
formance measurements on ‘inside-out’ social aspects (Cheng-
cheng Fan et al., 2010; Feil et al., 2015). Remarkably, it is also the
aspect with the most frequently mentioned indicators in the liter-
ature, with the indicator ‘health and safety training per employee’
and ‘total number of hours of capacity and skill development
training per employee’ mentioned in 12 publications (Fig. 6).
Although the developments in taking social aspects beyond
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operational activities, such as adoption of CSR policies and Global
Compact Principles, has contributed to the development of in-
dicators capturing community, supplier and user relationships
(Husgafvel et al., 2014), their number is relatively small.

4.3. Analysis of performance indicator classification according to
business processes

Business Processes served as another category for indicators
classification. As an example of how classification was done, the
indicator ‘waste converted to reusable material’ was classified un-
der ‘End of Life operations’ process, since the amount of waste
converted to reusable material can be influenced by a decision
taken during EoL operations. The distribution of performance in-
dicators across business processes and corresponding TBL di-
mensions is shown in Fig. 7. The most extensively covered process is
‘production and operations’, represented by 76% (211 out of 279) of
performance indicators, 65% of which belong to the environmental
dimension. This might be, firstly, due to a larger focus in the liter-
ature on sustainable manufacturing performance measurements,
secondly, due to the expansion of sustainability-related metrics
from manufacturing, to supply chain orientation, with attention
turned to a more ‘inclusive’ and ‘external’ consideration of sus-
tainability performance during supply, distribution and retail op-
erations (Ahi and Searcy, 2015). This is confirmed by the literature
the identified indicators were drawn from. Thus, the environmental
indicators include ‘total material consumption’, ‘total energy con-
sumption’, ‘total waste generation’, (Amrina and Yusof, 2011; Kafa
et al., 2013; Lu et al., 2010), ‘fuel consumption in transportation
for raw materials’ (Olugu et al., 2011), most originating from liter-
ature on sustainable and green supply chain measurements. Similar
rationality applies to social indicators, which tend to account for
‘internal’ stakeholders aspects, such as employee health and safety,
employment conditions and training and education (Kafa et al.,
2013). Despite the supply chain view, which suggests a broader
scope of social aspects, social dimension is still scarce on indicators,
which are largely represented by the indicators applicable to a
manufacturing, narrower, scope (Ahi and Searcy, 2015).

Similarly, the environmental dimension is well covered by
performance indicators under ‘product development’, ‘after-sales
service’ and ‘EoL operations’, while economic and social indicators
are lagging behind. The abundancy of environmental indicators for
‘product development’ might be associated with a great consider-
ation of eco-design principles in product development as well as
applicability of life-cycle analysis for product impact assessment

N —I

F— Product develop

ment
. Economic 18 13
mmmm Social 16 1
I Ervironmental 0 95
Total 34 109

(Bhander et al., 2003; Fiksel and Wapman, 1994; Issa et al., 2015).
Indicators suggested in the literature cover a range of aspects
focused on: sustainable product ‘behaviour’ (Fiksel et al., 1998) with
indicators such as ‘power use during operation’ and ‘product
disposition cost’; product end of life ‘management’ (Jiménez-Rivero
and Garcia-Navarro, 2016; Staikos and Rahimifard, 2007) with
suggested indicators such as ‘collection costs’, ‘refurbishing costs’,
‘unit energy price from energy recovery’; product development
process with indicators suggested for each life cycle stage of a
product (Arena et al., 2013; Issa et al., 2015; Okechukwu et al., 2014;
Ussui, 2013).

While most of the ‘product-related’ publications acknowledged
the importance of sustainability consideration during product
development process, sustainability-related aspects were often
reduced to environmental measurements, with little or no atten-
tion given to metrics capturing social performance, discerning to
the ‘intangible’ and ‘complex’ nature of social aspects and their
inter-relationships (von Geibler et al., 2006). Unsurprisingly, the
social performance metrics is primarily concentrated on measuring
affordability of a product (e.g. price) or to the product ‘safety’ (e.g.
presence of toxic and hazardous materials) (Hallstedt, 2017; Lu
et al., 2010), which is supported by the indicators retrieved in this
study. Fig. 7 confirms literature and shows a striking imbalance of
TBL dimensions for ‘product development’ BP, where only 1 indi-
cator (‘existence of product manual with environmental in-
structions’) from social dimension was found to belong to, while
number of environmental indicators are nine times the number of
economic.

High occurrence of environmental indicators for ‘after-sales
services’ and ‘EoL operations’ can be explained by ‘repeated’ in-
dicators, i.e. product metrics being closely interconnected with
production and post-production metrics, often linked to the life
cycle thinking approach (Lu et al., 2010). For example, ‘material
amount’ is considered in both, product development process and
production and operations process (Badurdeen et al., 2015). Like-
wise, some indicators are mirrored between production and oper-
ations process and EoL operations; this is because remanufacturing
process during EoL operations becomes a ‘production’ process for a
remanufacturable product as well as recycling becomes ‘produc-
tion’ process for a recyclable material (Atlee and Kirchain, 2006).
This, consequently, implies that energy and materials need to be
supplied for remanufacturing and recycling process as well as it
entails workforce and transportation (Saavedra et al., 2013).

Business model is the most poorly represented by performance
indicators. Only 18 economic and 16 social indicators were

l_I -'. lﬁl

Production and

Operations After-sales service Eol operations
38 12 28
36 37 31
137 46 79
211 100 138

Fig. 7. Total number of performance indicators distributed according to business processes.
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extracted from the literature and applicable to a business model
level, while environmental indicators were not recorded at all
(Fig. 7). From all 52 publications used to retrieve performance in-
dicators, only one publication addressed environmental metrics for
business model (Watanabe et al., 2016), however after the publi-
cation was reviewed, the metrics suggested were found to be
applicable to production level rather than business model level.

Important to note that many indicators could be affected by a
decision during several business processes, therefore appear
several times under different business processes. Refer to Table 1
for examples of performance indicators and their distribution ac-
cording to business processes and aspects under TBL dimensions.
The complete database of leading sustainability-related indicators
is available for download following the address https://doi.org/10.
11583/DTU.8034188.v1.

4.4. Analysis of performance indicator classification according to
circular economy strategies

Classification of performance indicators according to CE strate-
gies allows extracting sustainability-related indicators meaningful
for the circular solution or configuration of solutions to be analysed
in a specific case. Fig. 8 presents the results of indicator classifica-
tion according to CE strategies used in this study. As seen in Fig. 8,
the environmental dimension is dominating in indicator number
for the majority of CE strategies, while the economic and social
dimension differ depending on the CE strategy. The most covered
by performance indicators CE strategy is ‘reduce, restore and avoid
impacts in manufacturing’ with 193 indicators (69% of the total
number) capturing environmental dimension. Other CE strategies
with a greater coverage by indicators are ‘upgrade’, ‘repair and
maintenance’, ‘refurbish’, ‘remanufacture’ and ‘recycle’. The CE
strategy with least number of indicators is ‘reinvent the paradigm’.

Environmental indicators' prevalence under the CE strategy
‘reduce, restore and avoid impact in manufacturing’ can be
explained by correlation between nature and origin of indicators
(environmental indicators coming from  performance

Table 1

measurements in production and supply chain operations) and
activity implied by this particular CE strategy (i.e. improving
circularity potential and process efficiency in manufacturing pro-
cess through consuming fewer natural resources or energy (e.g.
pre-user recycling, material and energy efficiency, waste and
emission treatment)). Analogous situation exists for the majority of
CE strategies, where environmental indicators prevail over in-
dicators from other dimensions (see Fig. 8 and Table 2). It can be
elucidated that such distribution is well aligned with the ‘activities’
explicated by the majority of CE strategies (definitions of each CE
strategy are summarized in Appendix B). Accordingly, CE strategy
‘repair and maintenance’ denotes activities that aim to restore
faulty components of a defective product to return it to a functional
state. This may require partial disassembly, hence usage of energy,
materials, lubricants for the operation (Saavedra et al., 2013) and
workforce to complete the task. Noteworthy, indicators devoted to
capturing transportation and packaging aspects were assigned to
the majority of CE strategies, as these aspects are important across
strategies, i.e. mainly strategy-independent.

While most of the CE strategies seem to be unequivocal in what
they entail based on their definitions, the CE strategy ‘reinvent the
paradigm’ and ‘rethink business model’ might need a detailed
elaboration on what they necessitate. ‘Reinvent the paradigm’
concerns smarter business concepts that promote resource
decoupling, thus making a focus on offering dematerialized and/or
multifunctional solutions (Appendix B). This strategy requires a
shift towards a ‘radical’ reinvention of products supported by
technology and infrastructure (e.g. dematerialized solution offered
by Spotify as opposed to a CD) (Potting et al., 2017). Therefore, the
environmental indicators capturing this CE strategy address
resource consumption (aligned with resource decoupling) for
producing and offering such solution; the social indicators address
user relationships and the economic indicators address mostly
operational costs and quality of products (Table 1). The CE strategy
‘rethink business model’ advocates shift of value offering from
selling products to selling access and performance enabled by
product-service system (PSS) business models. The products may

Representative examples of performance indicators and their distribution according to business processes and triple bottom line dimensions and corresponding aspects.

Business Process Performance Indicator

Triple bottom line dimensions and corresponding aspects

Environmental Social Economic

Business Model - Revenues from refurbished products
Take-back offering for products
Products consumed locally
Maintainable period after sales
Cost of transportation in reverse supply chain
First technical wear-out life
Existence of Manual with environmental instructions
Product Hazardous Materials
- Number of components
- Amount of Conflict Resources (CR)
- Packaging costs
Production and Operations - Total energy costs
Noise level at working station

Product Development

Intensity of transportation
Waste converted to Reusable Material
Volume of chemicals and solvents
Efficiency of packaging design

- Weight per Distance Travelled

- Consumer warranty cost

- Availability of customer support option
End of Life operations - Total sorting cost
Noise level at working station
Energy consumption for disassembly
Replaced parts

After-sales service

- Revenue
- User relationship
- Community relationship
- User relationship

Product quality
Operational costs
Product quality

Energy consumption

- User relationship

Material safety
- Product architecture
- Material consumption - Community relationship
- Operational costs
Operational costs

- Employee health and safety

Suppliers without environmental, health and safety standards - Supplier relationship

Energy consumption
Solid waste generation
Material consumption
Material consumption
- Energy consumption

- Operational costs
- User relationship

- Operational costs
- Employee health and safety

Energy consumption
Material consumption
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2 = ﬁl
-I II .,I I rI 0

Reduce, Restore Reduce, Restore Reduce, Restore
Reinventthe Rethink business & Avoid impacts & Avoid impacts & Avoid impacts

paradigm model in Raw material in in Product in Use. Vparaie

and Sourcing ~ Manufacturing stage
' Economic 10 18 8 35 12 13
Social 9 39 13 42 9 39
mmm Environmental 31 31 37 116 32 45
Total 50 88 58 193 53 97

JdJ‘ﬂl

Repair and
Maintenance

Re-use Refurbish Remanufacture Repurpose Recycle Recover
CE strategy
17 17 24 23 16 7 11
39 9 39 39 9 37 37
48 40 81 84 29 78 21

104 66 144 145 54 132 69

Fig. 8. Total number of performance indicators distributed according to Circular Economy strategies.

not radically change, however the relationship between customer/
user and the product changes (e.g. product ownership is retained
by the manufacturer or service provider and the customer pays to
have access to the product, like in a bike sharing model) (Potting
et al, 2017). The environmental indicators for this CE strategy
address aspects of material consumption during service provision
or use of a PSS solution, while the economic indicators address
operational costs and revenues. Social indicators dominate,
capturing performance on user and provider aspects, com-
plemented by metrics on local communities and other stake-
holders. Examples of social indicators under this CE strategy are
‘programs to enhance community health or safety’, ‘purchase of
locally produced and offered goods and services’, which cover as-
pects of local communities, as an example. Several publications
extracted from the literature review concerned sustainable devel-
opment and measurement of PSS solutions (Chou et al., 2015; Hu
et al., 2012; Sousa-Zomer and Cauchick Miguel, 2015; Xing et al.,
2013). Important attention is given to the social dimension that
should comprise indicators addressing user aspects (Sousa-Zomer
and Cauchick Miguel, 2015). This may provide a basis for more
work on consolidation of user-centric indicators for PSS measure-
ments, hence being applicable to CE strategy ‘rethink business
model’.

5. Discussion

The analysis presented above has highlighted several funda-
mental issues that provide an important perspective on the
contribution of this article. First, the number of papers that satisfied
the inclusion criteria in the systematic literature review constituted
to only 2.5% of the total number of publications retrieved from the
two search databases. Considering the inclusion of business pro-
cesses into the search strings, it can be concluded that the rejected
publications either proposed lagging indicators as sustainability
performance measures or did not propose any indicators at all.
These findings are in line with claims about the lack of consider-
ation of leading indicators to support decision-making, including
sustainability decision-making (Morioka et al., 2016; Morioka and
Carvalho, 2016). Lagging indicators are widely employed by
different assessments, e.g. environmental life cycle assessment

(climate change indicator), business performance assessments
(gross margin indicator) or organizational performance assess-
ments (customer retention indicator) (Arena et al., 2013; Pojasek,
2009). While lagging indicators are essential for corporate report-
ing, as they indicate the performance and are generally applicable
across the sectors, the caveat about using lagging indicators is that
they might not indicate where to focus on to improve the perfor-
mance (Epstein and Roy, 2001).

Second, there is a challenge directly related to the ambiguity of
use of the term ‘sustainability’ in the manufacturing context, which
is often reduced to environmental considerations. The results of
this review highlight the prevalence of environmental indicators
over economic and social, which is confirmed by the literature (Ahi
and Searcy, 2015; Joung et al., 2013). This might be attributed,
firstly, to the focus of the research dominating the sustainability
field over the past 30 years. Since the release of the Brundtland
Report in 1987, calling to pursue sustainable development,
manufacturing industries began exploring tools and techniques to
conduct sustainable manufacturing (Veleva and Ellenbecker, 2001).
The goal then consisted of not only achieving and measuring the
business success, but also finding a logic to measure progress to-
wards triple-bottom line advancements. Secondly, many govern-
ments enacted regulations requiring manufacturing companies to
track and report on many aspects on their environmental impacts
(Ahi and Searcy, 2015). As a result, performance measurement
systems included environmental indicators related to ‘internal’
operations, tracking energy, material, and water consumption and
waste generation, which unquestionably reflected the efficiency of
internal processes (Shahbazi et al., 2018). An interesting observa-
tion can be recorded in relation to indicators used in supply chain
measurements. Ahi and Searcy (2015) made a comprehensive re-
view of performance metrics used in sustainable supply chain
(including supplier, manufacturer, distributor and retailer di-
mensions) measurements, reporting on the dominance of envi-
ronmental indicators, followed by economic and lastly by social
indicators. Indicators reviewed in their study showed that, despite
of the supply chain focus, most of the indicators aligned with
production-related indicators, such as ‘total material consumption’,
‘amount of waste generated’, etc. This uniform applicability of in-
dicators can be explained by a ‘focal company’ view — a company
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Table 2
Representative examples of performance indicators and their distribution according to CE strategies and triple bottom line dimensions and corresponding aspects.
Circular Economy strategy Performance Indicator Triple bottom line dimensions and corresponding aspects
Environmental Social Economic
Reinvent the paradigm - First technical wear-out life - Product
quality
- Availability of customer support option - User relationship
- Active functions - Product
architecture
Rethink business model - Materials used during after-sales servicing of - Material
products consumption
- Spare Parts and Consumables - Material
consumption
- Maintainable period after sales - User relationship - Product
quality
Reduce, restore & avoid impact in raw material and - Suppliers that have completed hazardous substances - Supplier relationship
sourcing information
- Fraction of Renewable Raw Materials - Material
consumption
- Total material costs - Operational
costs
Reduce, restore & avoid impact in raw - Cost of transportation during Manufacturing - Operational
manufacturing costs
- Vibration at working station - Employee health and
safety
- Packaging materials from suppliers - Material
consumption
Reduce, restore & avoid impact in raw product use - Cost of user education on use and post-use - Tactical costs
& operation opportunities
- Noise from product in use - Energy
consumption
- Existence of Manual with environmental instructions - User relationship
Upgrade - Laminated or Compound Materials - Material
consumption
- Processing cost per unit - Operational
costs
Repair & maintenance - Revenue from upgrade, repair and maintenance - Revenue
services
- Specific Energy Consumption in operations - Energy
consumption
Reuse - Fraction of Reused Components - Material
consumption
- Total acquisition cost - Operational
costs
Refurbish - Cost of non-destructive disassembly (CND) - Operational
costs
- Energy consumption for disassembly - Energy
consumption
- Product Solid Waste Fraction - Solid waste
generation
- Mist/dust level at working stations - Employee health and
safety
Remanufacture - Cost of transportation in reverse supply chain - Operational
costs
- Exposure to corrosive/toxic chemicals - Employee health and
safety
- Fraction of Reused Components - Material
consumption
Repurpose - Active functions - Product
architecture
- Product Hazardous Materials - Material safety
Recycle - Cost of recycling - Operational
costs
- Transportation cost from facility to recycling plant - Operational
costs
- Waste converted to Reusable Material - Solid waste
generation
- Specific Water Consumption - Water
consumption
Recover - Load mode of transport - Energy
consumption
- Energy generated with process streams - Energy
consumption
- Cost of disposal - Operational

costs
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that is in control of design of products and services offered (i.e. the
brand owner), however with production processes situated else-
where in supply chain. Focal companies, therefore, tend to govern a
supply chain to ensure the brand reputation is uncompromised due
to unsustainable behaviour (Reefke and Trocchi, 2013). The diver-
gence of definitions of supply chain and its boundaries elucidate a
substantial confusion when searching for indicators addressing
supply and distribution side of production. While larger focus on
environmental aspects and impacts is definitely a positive impli-
cation, interchangeability between terms ‘environmental’ and
‘sustainable’ could lead to a ‘simplification’ of sustainability.
Furthermore, a mass of publications revealed confusion in terms of
inconsistent nomenclatures and indicator definitions per se, sug-
gesting ‘customer satisfaction’ or ‘increased safety’ as indicators
while the former is a dimension of performance and latter is merely
an objective or goal to be achieved.

Despite the prevalence of the environmental dimension and a
broad range of aspects addressed under it, none of the retrieved
indicators covered the ‘land use’ aspect, and only one indicator
covered ‘soil pollution’ aspect. These categories could be important
to address from perspective of manufacturing actors belonging to
bio-economy sector, i.e. industries that use biological resources
from land and sea to produce, for example, food (European
Commission, 2018).

There is clear asymmetry between the TBL dimensions covered
by indicators. The social dimension is underrepresented by in-
dicators, which mostly capture ‘internal’ matters, such as employee
empowerment and employment conditions. This could be due to
the fact, that ‘internal’ social aspects are more ‘quantifiable’, with
indicators ‘overtime work’, ‘temperature level at working stations’
and ‘employee health and safety training hours’ lending some
credence to this argument. ‘External view’ indicators capture social
aspects, such as community, supplier-user relationships, however
are low in numbers, especially in the user related aspect. This can
be due to a ‘qualitative’ nature of ‘external’ aspects, often difficult to
measure objectively. Considering the importance of users and
communities in the CE context, who are seen as enablers of CE
(Kirchherr et al., 2017), it may be necessary to include metrics
addressing community and user relationships devoted to, for
example, quality of life as well as user privacy.

In relation to economic indicators, there is an evident preference
for measuring cost-related aspects, such as operational and tactical
costs (‘energy cost in manufacturing’, ‘total holding costs’, ‘material
cost per unit of product’, etc.), which can be explained by, in part,
wider focus on efficiency (i.e. eco-efficiency) and cost minimization
in manufacturing industry (Joung et al., 2013), but also by being a
natural part of accounting and cost-benefit assessments. Likewise,
it may be pointed out that there is a need to address the develop-
ment of economic indicators capturing the user perspective (e.g.
costs and revenues), which again are important in the CE context,
as users become more active players in the system by delivering
value back (Haase et al., 2017; Xing et al., 2013).

The results of classification of indicators according to business
processes revealed several shortcomings. Despite the availability of
indicators capturing all three TBL dimensions, there is a lack of
indicators available for the use during product development and
business model development processes. As for the product devel-
opment process, environmental indicators are dominant and re-
ported mostly on by the literature from eco-design and life cycle
community (Arena et al., 2013; Fiksel et al., 1998; Issa et al., 2015).
This can be explained by the evidence that product design stage is a
critical time for addressing environmental, social and economic
impacts of a product during its all life cycle stages (McAloone and
Pigosso, 2018); therefore, sustainability-related indicators can
support designers in assessing the potential sustainability

performance of the product prior to its production and subsequent
utilization. Environmental indicators available for product devel-
opment are largely devoted to measuring material type and con-
sumption, resource consumption, waste and pollution generation,
and physical properties and attributes of products (i.e. product ar-
chitecture) (Badurdeen et al., 2015; Hallstedt, 2017). Issa et al.
(2015) made a comprehensive review of leading environmental
product-related indicators, which were collected in a database and
classified according to life cycle stages and environmental aspects.
The aim of their study was to support product developers to
implement eco-design in a measurable way. Contrariwise, social
indicators are scarce for the product development process, with
only few studies addressing the social dimension by proposing
checklists or guiding questions to be deployed during product
development process (Hallstedt, 2017). There is clear need to
develop and introduce social indicators (qualitative and quantita-
tive) that can be used during product development process in order
to ensure three-dimensional consideration of sustainability.

As for business model development, the total number of in-
dicators are deficient. While economic and social dimensions are
equally covered, environmental indicators are non-existent.
Various publications focus on designing business models for sus-
tainability that often rest on the notions of creating significant
positive environmental and social impacts while maximizing
values for all stakeholders (Bocken et al., 2014; Liideke-Freund,
2010), however propositions of how to measure potential sustain-
ability contribution of such business models are still lacking (Evans
et al., 2017). Lack of explicit indicators for the business model level
can be justified by a relatively recent deployment of business model
as a term (Wirtz et al., 2016), with scattered identification of what
dimensions a business model should consist of and what its main
features are. Pieroni et al. (2019) report that decision-making dur-
ing business model development mostly relies on qualitative data.
Availability of sustainability indicators (qualitative and quantita-
tive) is fundamental in the business model design stage to ensure
that a company assesses value for sustainability (through opera-
tions, products or both) (Ludeke-Freund et al., 2017).

The results of the classification of indicators according to CE
strategies revealed several patterns. Firstly, most CE strategies (e.g.
‘reduce, restore and avoid impacts in: raw material and sourcing;
-manufacturing; - product in use stage’; upgrade’, ‘repair and
maintenance’, ‘re-use’, ‘refurbish’, ‘remanufacture’, ‘repurpose’,
‘recycle’ and ‘recover’) have a fair alignment between activities they
explicate and indicators for performance measurement of those
activities. For example, the indicator ‘energy consumption for
disassembly’ addresses the activity explicated by the CE strategies
‘refurbish’, ‘remanufacture, and ‘recycle’; while the indicator ‘first
wear-out life’ addresses the aspects explicated by the CE strategies
‘reinvent the paradigm’, ‘rethink business model’, and ‘reduce,
restore and avoid impacts in product in use stage’. Environmental
indicators prevail for the majority of CE strategies due to the overall
dominance of environmental indicators extracted from the
literature.

Noteworthy, CE strategies with focus on product use (i.e. ‘rein-
vent the paradigm’, ‘reduce, restore and avoid impacts in product in
use stage’, ‘re-use’, and ‘repurpose’) are scarce on social indicators,
despite the importance of the user's role and impact during use of
and interaction with a product. At the same time, there is a
reasonable coverage by social indicators for CE strategies ‘rethink
business model’, ‘reduce, restore and avoid impacts in
manufacturing’, ‘upgrade’, ‘repair and maintenance’, ‘refurbish’,
‘remanufacture’, ‘recycle’ and ‘recover’. This might be attributed to
the fact that the activities explicated by those strategies are labour-
intensive, therefore, social indicators capture employee-related
aspect to a wider extent than, for example, strategies explicating
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Summary of the key findings identified through the study.

Research area

Key findings

Sustainability performance -
indicators

Environmental dimension of
sustainability
Social dimension of sustainability -

Sustainable Business Model
support

Sustainable Product Development -

There is a need for a wider deployment of leading performance indicators in sustainability assessments. Leading indicators offer
useful information about the potential sustainability performance of a solution, thus are effective for early decision-making and
management of processes.

Land use oriented and soil pollution indicators are non-existent. This category of indicators is crucial to address from the perspective
of manufacturing actors from bio-economy sector (e.g. using biological resources for food production).

Indicators for social dimension are scarce and mostly focus on “internal” stakeholder groups (i.e. employees). Indicators capturing
“user-related” and “community relationships” aspects should be expanded, as they are crucial considering the role of users and
communities as enablers of Circular Economy.

Indicators capturing environmental performance are non-existent for business model level. Availability of sustainability indicators
(qualitative and quantitative) is fundamental in business model design stage to ensure a company can create value for sustainability
(through operations, products or both).

Social indicators are non-existent for product development level. In order to operationalize corporate sustainability objectives,

support product development techniques and tools should incorporate three sustainability dimensions simultaneously to be used by
designers.
Circular Economy - There are numerous frameworks that provide lists of CE strategies applicable in a manufacturing context. While some CE strategies

seem to be unequivocal in what they entail (e.g. ‘reduce impact in manufacturing’), other CE strategies might need a detailed
elaboration on what they necessitate (e.g. ‘reinvent the paradigm’).

Sustainability indicators for
Circular Economy

Leading sustainability-related performance indicators are available for a wide range of Circular Economy strategies:
m distribution and nature of indicators is aligned with the ‘activities’ explicated by the CE strategies

m availability of indicators makes it possible to extract the indicators meaningful to the circular solution(s) in focus.
- Indicator classification according to CE strategies and business process allows the configuration of different combinations of circular
solutions to be exploited in various business processes, thus displaying a suitable set of sustainability performance indicators

relevant for business and/or operational levels.

use of a product (‘re-use’). As discussed in Section 4.4., the CE
strategy ‘rethink business model’ advocates shift of value offering
from selling products to selling access and performance enabled by
product-service system (PSS) business models. Therefore, is it
important to capture different aspects of a PSS offering, such as
‘behaviour’ of a product in a PSS, material and energy consumption
and costs associated with the provision of a PSS (Elia et al., 2017;
Kjaer et al., 2018). The findings reveal that the CE strategy ‘rethink
business model’ is well captured by environmental and social in-
dicators that could allow verifying the effectiveness of a PSS solu-
tion; however, this may need to be complemented by more
indicators addressing the economic dimension.

In order to evaluate whether the retrieved indicators are suffi-
cient for sustainability assessment of CE initiatives, it is important
to apply indicators that are suitable for a combination of business
processes and CE solutions. Therefore, this research is a first
attempt to propose the assessment of the potential sustainability
performance of CE strategies in the early decision-making stage
and is mainly differentiated by: (i) its focus on leading indicators;
(ii) the consideration of the TBL approach: (iii) the emphasis on
primary business processes that are typical for any manufacturing
company; (iv) the consideration of variety of CE strategies appli-
cable in a manufacturing context. The summary of key findings
identified in the study are presented in Table 3.

6. Conclusions

This research aimed to identify and systematize leading per-
formance indicators that could be used to measure the potential
sustainability performance of CE strategies, in order to support
decision-making process in manufacturing industry. The research
methodology was rationalized by a systematic literature review
with the goal of identification and collection of leading perfor-
mance indicators covering environmental, economic and social
dimensions for a range of business processes. As a result, identified
publications were critically assessed and 279 leading performance
indicators were extracted and systematized in a database, with
consequent classification according to: TBL dimensions and their
related aspects; business processes; and CE strategies. This classi-
fication allows the configuration of different combinations of

circular solutions to be exploited in various business processes,
thus displaying a suitable set of sustainability performance in-
dicators to be measured early in the decision-making stage. All the
indicators available in the repository have their name, detailed
description, formula, unit of measurement, and purpose of mea-
surement registered.

The main findings of this research are: (i) sustainability as-
sessments often rely on lagging indicators, which may not provide
the exact indication for practitioners on where to make an
improvement; (ii) sustainability performance indicators frequently
measure ‘internal’ company's affairs: cost, eco-efficiency and social
matters; (iii) the environmental dimension is the most covered by
indicators; (iv) product development is well represented by
product-related performance indicators, the majority of which are
environmental indicators, while social indicators are scarce; (v)
there is a lack of indicators to support decision-making during the
business model development process, with indicators for envi-
ronmental dimension being non-existent; (vi) there are suitable
sustainability indicators for each CE strategy adopted in this study.

By systematizing a comprehensive database of leading
sustainability-related performance indicators, the research offers
contributions to: (i) academia — by proposing to advance discus-
sions towards a wider inclusion of leading indicators into sustain-
ability assessments as well as to proceed with indicator
developments; (ii) industry — by providing a set of leading per-
formance indicators to be deployed in decision making during
various business processes and for CE strategies. We assert that
leading performance indicators provide a better insight into
strengths and weaknesses of the circular solution thus would
enable more informed and balanced decision-making for
sustainability.

Some limitations of this research can be pointed out. Firstly, the
indicators were extracted directly from the academic literature
without consulting the ‘grey’ literature sources and practitioners'
archives. This limitation can be addressed by expanding the search
scope to include corporate surveys and ‘grey’ source databases.
Secondly, the CE strategies framework modified from Potting et al.
(2017) served as one of the indicator classification criteria. Use of
the CE strategy framework has guided the authors in the classifi-
cation logic, largely affected by the number of strategies chosen in
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the framework as well as the descriptions of what they entail. It is
apparent that utilization of any other CE strategy framework would
lead to a different distribution of performance indicators. Finally,
usage of a straightforward TBL approach for indicator classification
may possess the risk of separating the indicators rather than inte-
grating them for a holistic interpretation of sustainability. We do,
however, acknowledge that most indicators capture cross-
dimensional concerns (e.g. socioeconomic issues of supplier se-
lection), which may be investigated by finding interdependencies
between indicators in future research.

This study is a first step to identify and classify leading sus-
tainability related-indicators according to business processes and
CE strategies. We assert that transforming to CE is a complex pro-
cess that requires thoughtful planning and evaluation, which ne-
cessitates the ability of decision makers to have better insights into
organisational processes and circular solutions that will most likely
contribute to sustainability. Leading performance indicators should
be viewed as carriers of useful and measurable information to
support the process of decision-making under complex circum-
stances. In order to effectively capture and measure the potential
sustainability performance of CE strategies, it is important to aid
the identification of the core performance indicators suitable for a
particular CE solution or a combination of thereof during a partic-
ular business process. The database of performance indicators is a
first building block of a foundation for sustainability screening
framework that also comprises the procedure for a systematic in-
dicator selection and procedure for decision-making for

Search strings consisting of the key words used in Scopus and Web of Science

sustainability in a CE context. Therefore, the next step within the
frame of this research is to develop a framework for a systematic
indicator selection, to facilitate meaningful application in industry.
The proposed approach will subsequently be tested with actors
from manufacturing companies, to identify the usefulness of the
proposed indicators and usability of the selection procedure. This
study is a part of a broader research activity, aimed at developing a
framework to support early decision-making for CE with a holistic
sustainability consideration. This support framework should un-
derpin the universal yet context-dependent and transdisciplinary
nature of sustainability, with CE as promising means to reinforce
the sustainability pursuit.
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Appendix A

All in all the search string in Scopus is as presented and results in 521 documents

All in all the search string in Web of Science is as presented and results in 145
documents

(( TITLE-ABS-KEY ( ( “key performance indicators” OR “performance measure*" OR
“performance indicator” OR “performance evaluation” OR “performance
assessment”) AND (“sustainab™" OR “triple bottom line” OR “social” OR

TI=(key performance indicators OR indicator OR metric OR index OR indices OR
measure® OR assessment OR evaluation) AND TI=(sustainab* OR triple bottom line
OR environment™ OR social OR economic) AND TI=(business model OR product

“environment*" OR “econom™*") AND (“business model” OR “product dev*" OR “end development OR “end of life” OR value chain)

of life” OR “value chain”) )) ) AND (LIMIT-TO ( SUBJAREA, “ENGI ") OR LIMIT-TO

(SUBJAREA, " ENVI ") OR LIMIT-TO (SUBJAREA, " BUSI ") OR LIMIT-TO (SUBJAREA, "

SOCI ) OR LIMIT-TO (SUBJAREA, " ECON ") OR LIMIT-TO (SUBJAREA, " DECI "))

Appendix B

Circular Economy strategies: the list of strategies used for indicator classification and their definitions. Source: modified from Potting et al. (2017).

Reinvent the paradigm

- can be seen as the one of a radical type, with practices that advise striving for full decoupling of resources by “reinventing”

the production and consumption patterns. Here the business is centered on providing the same function or combined
functions to the customers, often enabled by radically different products (virtualized multifunctional non-physical),
technology or both. Furthermore, the focus can also be on promoting sufficiency, e.g. promoting moderate consumption
through education and consumer engagement.

Potting et al. (2017)

Rethink business model

- astrategy that focuses on making product use more intensive by rethinking the way of delivering the function and/or value

proposition (e.g.: performance or access based models, sharing platforms). Products tend to not radically change, although

the technology can evolve.

(Bakker et al., 2014; Bocken et al., 2016)
- astrategy that aims at reducing, restoring and avoiding impacts in raw material and sourcing. The activities include material
selection for products and packaging by using alternative materials as: renewable, recyclable material; materials from

Reduce, restore & avoid impact in Raw
material and Sourcing

secondary source sourcing (recycled materials, Industrial Symbiosis); restorative sourcing (use of materials previously
designated as ‘waste’ as input, e.g. waste re-mining from landfill or using ocean plastics); use of non-toxic or benign
materials; use of the lowest suitable grade of materials suitable for the application.

Lieder and Rashid (2016)
Reduce, restore & avoid impact in
Manufacturing

- astrategy that aims at improving circularity potential and process efficiency in product manufacture through: consuming
fewer natural resources or energy, appropriate treatment of emissions and waste, recycling and reusing wastes and scrap

on site (pre-consumer, or internal recycling and reuse), recovery of energy and nutrients; eco-friendly transport and

driving.
Lieder and Rashid (2016)
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(continued )

Reinvent the paradigm

- can be seen as the one of a radical type, with practices that advise striving for full decoupling of resources by “reinventing”

the production and consumption patterns. Here the business is centered on providing the same function or combined
functions to the customers, often enabled by radically different products (virtualized multifunctional non-physical),
technology or both. Furthermore, the focus can also be on promoting sufficiency, e.g. promoting moderate consumption
through education and consumer engagement.

Potting et al. (2017)

Reduce, restore & avoid impact in Product - a strategy aiming at improving circularity potential and efficiency in product use and operation through: wiser use and
in Use operation of products (usually enabled by data technologies: tracking, sensors), efficient resource consumption during

operation (energy, water, consumables).

Lieder and Rashid (2016)
Recirculate products and parts by:
- Upgrade

- a strategy aiming at extending existing use cycle by adding value or enhancing the function of a product in respect to
previous versions (can involve aesthetic or functional upgrades which usually do not involve disassembly). For the

purpose of the tool, the upgrade implies returning/keeping the product at the original user.

Parkinson and Thompson (2003)
Recirculate products and parts by:
- Repair and maintenance

- a strategy aiming at extending existing use cycle by countering wear and tear, and correcting faulty components of a
defective product/part to return it to its original functionality. The process may require partial disassembly, cleaning,

and inspection. For the purpose of the tool, the repair and maintenance implies returning/keeping the product at the

original user. (Thierry et al., 1995)
Recirculate products and parts by:
- Reuse

a strategy aiming at extending to new use cycle by reusing a part/product (discarded/not in use) that is still in good
condition and can fulfil its original function in a different use context (new customer/user). Before the part/product is

offered for reuse, it may involve a minimum amount of condition monitoring such as cleaning or repackaging. No
warranties are provided and no disassembly is involved).

Ijomah (2009)
Recirculate products and parts by:
- Refurbish

- astrategy aiming at extending to new use cycles by returning a part/product (discarded/not in use) to a satisfactory working
condition that may be inferior to the original specification. Refurbishing may involve: cleaning, partial disassembly,

repairing, resurfacing, repainting, re-sleeving.

Saavedra et al. (2013)
Recirculate products and parts by:
-Remanufacture

- a strategy aiming at extending to new use cycles by returning a product (discarded/not in use) to at least Original
Equipment Manufacturer (OEM) performance specification and quality. Remanufacturing normally is more rigorous and

costly than refurbishment and involves total disassembly and reassembly. In the case of traditional product sales, a
warranty that is at least equal to that of a newly manufactured equivalent may be issued).

Saavedra et al. (2013)
Recirculate products and parts by:
- Repurpose
cleaning or repackaging.
Reike et al. (2018)
Recirculate materials by:
- Recycling

- astrategy aiming at extending to new use cycles by using a product (discarded/not in use) or its parts for different functions.
Before the part/product is offered for repurpose, it may involve a minimum amount of condition monitoring such as

- a strategy aiming at extending material lifespan by processing them in order to obtain the same or comparable quality of
material to be applied back in the industrial processes. In this framework recycling concerns recycling of materials coming

from used products, e.g. post-consumer recycling as opposed to pre-consumer recycling done in manufacturing stage.

(Allwood et al.,, 2011)
Recirculate materials by:
- Recovery

- a strategy aiming at recovering energy or nutrients from composting or processing materials (e.g. incineration of
combustible waste, pyrolysis, anaerobic digestion or composting to recover biological nutrients. (Reike et al., 2018)
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3.2.Results for Study B

3.2.1. A procedure to support a systematic selection of leading performance indicators

By triangulating the findings from the literature with the results of the multiple-case study, a procedure
for indicator selection was developed and refined, thus contributing to RQ.3: How to support a systematic
selection of relevant sustainability performance indicators for early stage sustainability screening of CE
initiatives? The final version of the procedure with corresponding steps and their argumentations is
summarized below. The final procedure for indicator identification, selection and application consists of
the three major steps and several sub-steps as depicted in Figure 8.

Step 1.
Scope definition
Elaborating on details of the CE initiative
and defining business processes and CE
strategies involved
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Figure 9. The final version of the indicator selection procedure — enhanced after empirical application, with key
steps and elaborated activities (as published in Kravchenko, Pigosso and McAloone, 2020)

Step 1: Scope definition — elaborating on a CE initiative

Step 1 serves as an input to indicator selection and prioritization process, because it helps scoping a
CE initiative in focus and determine key actors for indicators selection. Firstly, this step requires detailing
a proposed CE initiative by indicating what CE strategies are involved and what business processes are
affected. This is facilitated by a set of guiding questions about activities envisaged for a CE initiative in
focus, which helps selecting relevant CE strategies and business processes. This step was developed taking
into account the feedback from the case studies as following: industrial practitioners might not operate
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with the same definitions of CE strategies considered in the research; therefore, the questions about
activities help arriving at CE strategies to be used for indicator selection. Once identified, these selections
can be used as inputs to Step 2 to explore initial sets of suitable indicators. Step 1 also facilitates
formulation of a set of key questions using the combinations of identified CE strategies and business
processes, which can support indicator selection process. This helps creating the alignment between the
selected indicators (later in the process) and the scope, which affects the likelihood of inclusion of
sustainability indicators in the decision process (Shields, Solar and Martin, 2002; Watz and Hallstedt,
2020). Additionally, Step 1 requires establishing a baseline (‘as-is’) system as a point of reference to
compare the potential sustainability performance of a proposed CE initiative using the indicators. A
possibility to compare several initiatives should indicate what TBL aspects are positively and negatively
affected, to assist the improvement and selection of the initiative closely aligned with the company’s
corporate approach to sustainability (Arena, Azzone and Conte, 2013).

Step 2: Reviewing and selecting relevant indicators

This step focuses on indicator review and selection, which is done through several sub-steps allowing
to gradually selecting the most relevant indicators for the proposed CE initiative using the scope outlined
in Step 1. This step is supported by the ‘Leading performance indicator database’, which should be used
to establish an initial indicator set and select priority aspects and relevant indicators. In sub-step 2.1., a
combination of ‘selection’ filters should be applied according to the combinations of identified CE
strategies and business process, guided by the key questions formulated in Step 1. Filtering allows to
automatically reducing the number of indicators applicable to the selected combinations, thus removing
unsuitable indicators for the scope that is in focus. Sub-step 2.2. was proposed to reduce the complexity
of the review process associated with indicator diversity due to the inclusion of economic, environmental
and social aspects. Therefore, the sub-step highlights the prioritization of sustainability aspects, i.e.
aspects of high priority, the prioritization of which should be guided by the contextual settings, such as
the specifics of the sector, company, process, product or service, the selected circular economy initiative
or by the results of past sustainability assessments (e.g. a life cycle impact assessment, social life cycle
assessment). Although the significance of a balanced TBL inclusion (Gibson, 2010), it may be beneficial to
focus on one dimension (e.g. environmental) at a time (Arena et al., 2009), analysing a broad spectrum of
the aspects (e.g. energy and waste, toxicity and wastewater, etc.) under a single TBL dimension. The
prioritization requires a dialogue between decision makers about what sustainability aspects are
significant for the proposed initiative and the company. This sub-step is iterative, which implies that it is
possible to proceed with other steps to select relevant indicators for one dimension only and return to
sub-step 2.2. to prioritize other dimensions to ensure a holistic TBL consideration.

Sub-step 2.3. was developed to assist review of each indicator available from sub-step 2.2. The review
and evaluation of indicators is a thorough process that requires operating with and iterating the details
and key priorities outlined in previous steps. The indicators attributes registered in the database, such as
descriptions of each indicator, units of measurement and the purpose of measuring, provide an in-depth
understanding of each indicator, thus supporting the review process. Moreover, a set of guiding questions
was developed to support the review process, focusing on analytical validity (relevance for the contextual
settings), and data availability (measurability). These questions aimed at supporting selection of highly
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relevant indicators consistent with the corporate and decision-makers needs and ability to use in the
development processes. Moreover, the guidance ensures selection of a manageable number of indicators,
which should be between 7 and 15 (maximum 20) to provide a basis for actions (Veleva et al., 2001). Due
to the nature of indicators in the database being non-sector specific, some indicators may need to be
customized or created (Issa et al., 2015), therefore, sub-step 2.4. was proposed. Indicator customization
and creation step is encouraged to help addressing particularities of: i) a proposed CE initiative and its
objectives; ii) the sector; iii) corporate processes, products and operations. For customization, an existing
indicator can be adapted, while a new indicator can be created to reflect the above-mentioned
particularities. Sub-steps under Step 2 are iterative steps, which allows reiterating key considerations and
issues related to a particular CE initiative and its details; iterations encourage learning about own
operations and products and what matters the most for the particular context (Pavlov and Bourne, 2011).

Step 3: Composing the final indicator set

To support indicator application for sustainability screening, a final checklist was proposed to ensure
the final indicator set is relevant and comprehensive for the scope selected in Step 1. The checklist should
be used to evaluate the final set on its comprehensiveness in terms of a number of indicators, their
relevancy, and coverage of the TBL dimensions. After the review step, the final set should be implemented
and used to compare the performance of the proposed initiative with the baseline and other alternatives.

Reflection on the contribution

By completing the procedural steps, manufacturing actors should be able to select relevant indicators
for measuring sustainability performance of the proposed CE initiatives in a systematic way. Motivated by
the lack of integration of the TBL measurements in the early stages of CE development as well as the
insufficient focus of measurement frameworks on supporting a dynamic indicator selection process (as
highlighted in gaps in Chapter 1.1.), this study brings attention to the contextual selection of sustainability
indicators. The contribution of this study lies in the following: firstly, it provides an opportunity to identify
and apply relevant indicators for a combination of CE strategies, which addresses the methodological
challenges brought up by the literature (Blomsma and Brennan, 2017; Elia, Gnoni and Tornese, 2017);
secondly, it employs a business processes view, which helps detecting indicators to support decisions
across business processes to synchronize the development of a CE initiative (Bocken et al., 2016). Thirdly,
it supports a contextual selection of relevant indicators (sub-steps under Step 2), which increases the
likelihood of indicator inclusion in the decision process (Shields, Solar and Martin, 2002). The relevancy of
an indicator is defined by both, its relevancy for the corporate objective and for the end user of the
indicator (e.g. product designer) (Pavlovskaia, 2014). The procedural steps, therefore, emphasize the
contextual settings (e.g. corporate objective and sectorial particularities, decision makers expertise, past

sustainability assessment results, etc.) to support indicator selection and application. Additionally, the
procedure does not only support selection and review of single indicators, but indicators as a set, which
helps to ensure a manageable number of indicators as well a balance between different TBL dimensions
and/or different aspects within the dimensions (Niemeijer and de Groot, 2008).

The detailed process of the procedure development, examples of the application with case companies
and their final indicator sets as well as the reflection on the key learnings and limitations of the study were
documented in a journal publication - Paper 2, which is embedded next.
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Abstract: Circular economy (CE) is considered a vital model to tackle resource scarcity and reduce
waste by promoting strategies that redefine production and consumption systems. Industrial actors
integrate CE principles in their strategic and operational practices to overcome these challenges,
simultaneously aiming at enhancing their sustainability performance. Despite numerous
frameworks to guide organizations in innovating towards CE, very few have embedded explicit
sustainability considerations to assist practitioners in understanding the potential sustainability
performance of the CE initiatives early in the development process. To assist a structured process
of measuring sustainability performance, the main goal of this paper is to propose a procedure for
a systematic selection of suitable leading performance indicators to support an informed
sustainability-oriented decision-making process. To fulfill this aim, a hypothetical-deductive
approach has been followed to, firstly, develop the selection procedure, and secondly, evaluate and
improve it using a case study approach. The findings reveal that the procedure enables a systematic
selection of relevant indicators by taking into account the manifold combinations of CE strategies
and business processes, characteristics of the company and its sustainability objective. Different
from many other approaches, the novelty lies in relying on a dynamic, as opposed to ‘prescriptive’,
indicator selection process to induce learning about sustainability considerations significant for a
particular CE initiative and corporate context.

Keywords: sustainability performance; leading indicators; selection procedure; circular economy;
decision-making support

1. Introduction

A challenging and fast-changing global market pushes companies to become proactive by
exploring and exploiting new mechanisms to enhance their competitive advantage. Competitive
advantage is rooted in a company’s capability to manage tangible and intangible resources [1],
constantly responding to global demands and issues, including natural resource constraints,
pollution and fair wealth distribution. It is no longer a question of whether the pursuit of an economic
activity ought to be done sustainably, rather it is a process of exploring (what), planning (where) and
implementing (how) various sustainability strategies. Along the process, manufacturing companies
in Europe have shown a significant improvement in reducing their environmental impact per
economic output generated [2], however, the challenge is still great, with respect to minimizing the
impact, when taking into account upstream (e.g., supply of resources) and downstream activities
(e.g., end of life processes). One promising approach to overcome these challenges is seen in a new
economic model, circular economy (CE), which implies a radical innovation of production and
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consumption systems with the goal of decoupling resource consumption from value creation [3]. For
the European manufacturing industry, which spends an average of 40% of its costs on raw materials
and about 15% on energy and water [4], adopting CE practices focused on resource productivity can
positively impact economic and environmental performance. Furthermore, CE entails strategic
transformation, by means of which the industries will be able to create new revenue streams and
retain the value embedded in their products and assets for longer [5].

Different conceptual and practical frameworks have been proposed to guide companies on how
to embed CE principles, often called CE strategies, into their business context [6], with the emphasis
on the simultaneous transformation of strategic and operational practices. Acknowledging the
complexity of such transformation, numerous studies have developed tools to support business
model innovation for CE [7,8], product design for CE [9,10], value chain design and mapping [11,12].
Due to the inherent focus of CE on combining business logic with environmental performance (i.e.,
reduced burden), many studies refer to CE as one of the most important strategies to achieve
sustainable development: [13] and [10] state that circularity in business models, products and supply
chains is a “precondition for sustainable manufacturing and sustainable economy”. Nonetheless, to
ensure a CE solution can contribute positively to sustainability, it needs to be planned with
sustainability considerations and intentions in mind [14] and assessed on its sustainability
performance prior, during and after implementation [15]. So far, studies have concentrated on
proposing methods to assess CE performance at a corporate level [16,17], at a product level [18,19] or
at a material level [20]. However, due to the intrinsic focus of CE on value and material preservation
[21], most of the proposed methods focus on measuring material consumption [22], with recycling
being the most dominant CE strategy considered [23]. Additionally, the challenge lies in measuring
the social dimension, which remains largely uncovered by the proposed indicators and
methodologies [21,23]. To address these limitations, [24] have attempted to understand whether
existing leading sustainability-related manufacturing indicators can be employed to measure a wide
range of CE strategies from a social, economic and environmental perspective. By being able to
retrieve more than 270 indicators and categorize them according to CE strategies ranging from
dematerialized and function-oriented strategies through recycling and recovery, the findings
revealed that each strategy can be measured by a set of indicators that cover each TBL (triple bottom
line) dimension. However, to ensure a meaningful set of indicators is applied anytime a specific CE
initiative is being developed, support should be developed. Research on sustainability assessment
and indicators [25,26] highlights the importance of a dynamic information selection processes as
opposed to ‘prescriptive’ approaches, because, firstly, every project will have different sustainability
concerns [25], and, secondly, decision makers will be able to make more informed decisions if they
use information they have critically analyzed and prioritized.

The main goal of this paper is, therefore, to advance the assessment of CE by deploying leading
sustainability performance indicators. This is done by proposing a step-by-step procedure to support
a systematic selection of suitable sustainability-related performance indicators for CE initiative
screening. The selected indicators are intended to help in measuring the potential performance of a
CE solution in the early stages of its development, thus enabling identification of major areas to
introduce improvements to before the implementation. A new approach to procedure development
takes into account the complexity of multiple sustainability criteria to be considered whenever a new
CE solution is proposed by bringing together elements of different TBL dimensions, thirteen CE
strategies, and five business processes. Furthermore, the approach considers specifics of the company
(its sector, processes, products, and services) to ensure the assessment process is meaningful for the
decision context. Thus, this study contributes to the field of indicator-based sustainability assessment
considering the innovative lens of CE, by taking into account the needs and roles of industrial
practitioners in the CE transition process.

The paper is structured as follows: Section 2 explains the research method and materials, served
to underpin the development of the procedure, Section 3 describes the developed procedure with
detailed step-by-step elaborations, Section 4 describes the application of the procedure in the selected
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companies, Section 5 provides discussions about key findings and contribution of the study,
highlighting limitations and considerations for future research.

2. Research Methods

The research method adopted for this study can be described in two parts. Firstly, the research
approach, including method and materials employed are detailed, before, secondly, providing an
overview of the leading indicator database—previously compiled to assist selection of significant
sustainability aspects and corresponding indicators—plus a summary of key recommendations that
served as underpinnings for the development of the procedure to be followed, when selecting leading
sustainability performance indicators.

2.1. Research Approach

A hypothetical-deductive approach [27] was followed to develop and evaluate the procedure
based on a number of iterations that included a mix of research methods. This approach is used to
construct an inquiry-based on existing theories and knowledge (Section 2.2.), proceeding by
formulating a hypothesis that is then tested to explore the consequences of the generated inquiry [28].
The theory in this study is the procedure for indicator selection, and the hypothesis to be tested is
that “the classification of sustainability-related leading performance indicators according to CE
strategies, business processes and TBL aspects and the corresponding procedure can support
manufacturing companies in the selection of suitable sustainability indicators for CE initiative
assessment”. The sustainability assessment of CE is based on an indicator approach with the
foundation on the consolidated database of leading performance indicators, as a deliverable of the
research Stage I, published in [24] (Figure 1). The development process, followed to create the
procedure, Stage II, was initiated, firstly, by consulting the literature to identify the requirements for
the indicator selection approach in the context of sustainability assessment, considering CE and
business process perspectives, followed by the development of a procedure ‘prototype’ that was
tested with experts and led to the conceptualization of the step-by-step procedure (presented in
Section 3), which was tested with the help of case studies and iteratively improved, Stage III
(presented in Section 4).

- Systematic literature - Theoretical underpinnings
review - Expert review
()

(1)

Database of leading Procedure for a
sustainability systematic indicator
performance indicators selection

()

- Case study theory
testing

Figure 1. Conceptual framing of the procedure development process.

2.1.1. Case Study for Theory Testing

A multiple case study approach has been selected to test the usefulness of the procedure in
guiding the selection of suitable indicators. The main objective of the approach was to continuously
identify improvement opportunities following the feedback after each application (iterative
approach). The final version of the procedure is described in Section 3. The improvement
opportunities after the case study application are summarized in Table 2 Section 4.1.

To ensure the case study confirmability, transferability and credibility, the methodology
provided by [29] and [30] has been followed. A case study protocol was developed, documenting the
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case study design and execution (e.g., criteria for case selection, data sources, data collection methods
and period, data analysis).

2.2.2. Case Study Set-Up: Case Selection, Data Collection and Analysis

To qualify as suitable case study candidates, the companies had to satisfy the two main criteria: (i)
the company’s core activity is to design, develop and/or manufacture capital and/or consumer goods
(i.e., belong to the secondary industry), and (ii) the company has identified one or several CE solutions
to be implemented. Finally, the case selection was guided by initial contacts, which ensured the
company expressed an interest in understanding the sustainability implications of the selected CE
initiatives. As a result, our empirical investigation involved three Nordic manufacturing companies.

Each case study involved identical activities and similar types of data collection. The number of
participants differed across cases (mainly due to company size), ranging from 2 to 6. The goal was to
form a multidisciplinary team, which included participants who had expertise in the area affected by
the selected CE solution (e.g., product designers participated whenever the CE solution concerned
product design with circular materials) as well as those who had expertise in working with
sustainability-related issues, e.g., environmental managers or sustainability ‘steward’ from the
company. Data collection was initiated by using primary and secondary sources, which allowed for
triangulation to elicit verification of the theory and the hypothesis [31]. Secondary data were collected
by doing desk research to gain insights about the companies and their activities before meetings.
Secondary data included companies” websites, reports, and other publicly available information.
Primary data were collected during face-to-face interactions during online meetings and on-site
visits, designed as participatory workshops, which focused on applying the selection procedure and
recording feedback, as described in detail below.

Participatory workshops were conducted in three steps: (1) initial exploration session for
defining the scope for indicator selection (3-h session), (2) Workshop A on indicator selection (6-h
session), (3) Workshop B on indicator application and interpretation (6-h session) (Figure Al,
Appendix A). The purpose of the initial exploration session was to establish a solid ground for
prospective workshops by: (i) aligning CE understanding between participants and researchers, thus
ensuring the internal validity of the study [32], and (ii) defining the scope for indicator selection, i.e.,
elaborating on a prioritized CE initiative by exploring what CE strategies it involves and what
business processes it affects. Workshop A aimed to test the procedure for indicator selection, by (i)
allowing researchers to demonstrate the step-by-step indicator selection procedure, (ii) creating a
room for a dialog about CE and its particularities in the specific corporate context, and (iii) assisting
the participants in applying the procedure to select suitable indicators for the defined scope.
Accordingly, the researchers benefitted from the participants with different competencies by getting
an in-depth understanding of the organizational processes and decision context, as the discussions
were held around “what are the concerns of ... where do we need the most help ... what is under our
control ...”. The real-life context, despite limiting the researcher’s level of control [33], allows us to
frame the picture about beliefs, assumptions and expectations of individuals and company, thus
achieving an understanding of the influencing factors on the premises of the study and results [32].
Workshop B focused on: (i) discussion about particularities of data collection and indicator
application, and (ii) collection of feedback (provided in Table C1 in Appendix C). All observations
and dialogues were recorded in a written form after each interaction. The notes were later sent to the
participants for data cross-checking and information accuracy. As a result of empirical investigation,
the procedure has been iteratively revised to incorporate the feedback to account for the needs of
industrial practitioners.

2.2. Conceptual Framing

2.2.1. Leading Performance Indicator Database

A ‘Leading indicator database’, consolidated as a part of the research Stage I (Figure 1), served
as a foundation for developing a procedure for the systematic identification and selection of relevant
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indicators to measure the sustainability performance of CE solutions. The database contains 270+
leading indicators classified according to CE strategies, business processes, and TBL dimensions and
aspects (Figure 2, part (a)), which allows identifying suitable indicators available for various CE
initiatives, i.e., the perspective which is required to develop a particular CE initiative (e.g., product
design for repair, business model development to offer performance delivery), made up of different
combinations of circular strategies and business processes (as shown in Figure 2, part (b)). Relying
on leading performance indicators for sustainability measurements is advantageous because leading
indicators can be used to ‘lead” planning and monitoring of proposed actions by providing
measurable and understandable information to the planners. Leading performance indicators
provide early guidance about potential sustainability performance and warning about areas of
concern, thus giving the possibility for companies to adjust and improve the initiative prior to its
implementation to prevent any undesired impact [34,35]. The database acts as a medium to store
indicators in an organized way, as well as provides clarification for each indicator in terms of its
importance, plus a formula to help calculations. An in-depth review of the retrieved indicators and
their classification is provided in the study by [24], with the database available in Excel format at the
permalink web-address. Figure 2 shows the abstract representation of the database, with the
classification criteria (a), and the logic of locating an initial set of suitable TBL indicators (Ni) (b),
which works by selecting a CE strategy/ies and a business process, a specific CE initiative involves.

Indicator pool Indicator pool

Circular Economy strategies Circular Economy strategies

- Reinvent the Indicator attributes - Reinvent the Indicator attributes
- Rethink business models - Rethink business models
- Reduce, restore & avoid - Reduce, restore & avoid
impacts in impacts in
« raw materials and ¥ raw materials and

reiny
sourcing sourcing T — - purpose of

- name of the indicator
- detailed description

- formula

- unit of measurement
- purpose of

- name of the indicator
- detailed description

- formula

- unit of measurement

« manufacturing # manufacturing < P
- product use measurement « product use = measurement
- Upgrade - Upgrade
- Repair & Maintenance - Repair & Maintenance N I
- Reuse - Reuse Y =
- Refurbish - Refurbish -
- ge"'a"“f"““’ e \ Triple bottom line - ‘;e""’"“’““”’ Triple bottom line
 Recycle/Cascade ‘ dimensions o Ropumpess i . dimensions
- Recover Business process dimension - social - Recover Business process dimension - social
- Business model - environmental - Business model - environmental
- Product development - economic - Product development - economic
- Production & Operations % Production & Operations
- After-sales service - After-sales service

- End of life operations - End of life operations

(a) (b)

Figure 2. The abstract representation of the ‘Leading performance indicator database’ layout (a) and
indicator pre-selection logic (b).

2.2.2. Procedure Development in the Context of Sustainability Assessment

A core consideration for the procedure was to ensure that it can facilitate a structured, yet
dynamic and balanced identification of relevant sustainability indicators that can be meaningfully
interpreted by the target users (e.g., industrial practitioners). The recommendations for such a
process, therefore, were extracted from traditional works on indicator-based sustainability
assessment. Contributions by [36] and [37] were used to construct the procedure to ensure it
encourages learning and reflective analysis. To complement the procedure, guiding questions have
been developed to assist the process of selection of individual indicators (similar to [38]) as well as
indicator sets, as suggested by [26]. The recommendations of manageable indicator numbers have
been adopted from [39] and [40]. These theoretical underpinnings contributed to understanding how
to develop a procedure for meaningful indicator selection that facilitates organizational learning and
ensures effective and ‘rational” information use to support the development and improvement of CE
initiatives in their early development stages.

Following the theoretical groundworks, the selection procedure ‘prototype’” was developed
considering key recommendations (Table 1).

Subsequently, the ‘prototype” was validated by several CE and sustainability experts with 10+
years of experience in both academia and industry and then tested internally with peers from the
research group. Internal validations aimed at providing additional recommendations to the
procedure, prior to its application in a case-study setting.
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Table 1. List of recommendations as identified in the literature and how they were translated into

specific features during the development process of the procedure.

Recommendations Reference Explanation Adopted feature
Reduce Establish a pool of The procedure entails application of the
uncertainty of [25] indicators suitable ‘Leading performance indicator database’,
what has be for the exact where each indicator is classified according
measured assessment scope to various circular economy strategies,
business processes and TBL aspects
Support dynamic
[26] and open-ended The procedure encourages the user to work
Dynamic and [37] selection process, with indicator selection in an iterative way,
reflective process [38] focusing on the by encouraging to define a scope, select
process rather than  indicators, review indicators, and align the
on results selection with the scope
. . The guiding questions have been
. Provide guidance for & &4
Support review of . developed to support the procedure of
. [38] the review of .. . ) .
indicators Lo L. indicator review, evaluation, creation and
individual indicators .
customization
Ensure indicator set
is manageable yet The procedure leads the user to defining
. [39] . . . o .
Indicator number [40] provides a solid the final set of indicators that is relevant for
basis for decision- the screening scope yet limited to the key
making indicators that can support decisions
Ensure the
. information about The procedure entails application of the
Indicator - . . , . L ,
. [36] indicator is sufficient ~ ‘Leading performance indicator database’,
application

where each indicator has a formula, units
and purpose of measurement registered

to apply and
interpret it

Based on the consolidated recommendations, the prototype of the indicator selection procedure
was developed, incorporating three steps: (i) identifying the scope by elaborating on a prioritized CE
initiative to understand what CE strategies are considered and what business processes are affected,
(ii) deploying the leading indicator database to locate the initial set of indicators, using a set of
guiding questions to select the most relevant ones, and (iii) customizing and creating new indicators
using a set of guiding questions. These steps were later elaborated on in the final version of the
procedure presented below in Section 3, Figure 3.

3. Results: A Step-by-Step Procedure for A Systematic Indicator Selection

This section presents the final version of the procedure developed to support a systematic
selection of leading performance indicators for CE initiative assessment. The final version of the
procedure is shown in Figure 3 and comprises several steps identified through theoretical and
empirical investigation. The procedure is intended to support sustainability and environmental
managers and project managers in selecting the suitable set of performance indicators to be used for
CE to support early sustainability performance assessment, giving a possibility of introducing
improvements prior to the implementation. The procedure consists of several steps, which explain
activities to be followed before, during and after the selection process. This final version of the
procedure is the result of several improvement iterations, during which the initial version, based on
the literature and expert review, was improved following recommendations from case study
application (Table 2 in Section 4.1.).
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Key steps Elaboration on activities
Preparations: i) Engage a multidisciplinary team: people who are involved in a specific CE-oriented project including a sustainability manager or
Step 1. ‘steward’; Appoint a ‘facilitator’ to facilitate the process and encourage discussion
Scope definition ii) Select a specific and fairly detailed CE initiative, which will be your focus for indicator selection: important to take one at a time.
Elaborating on details of the CE initiative
and defining business processes and CE Activities: i) Use ‘Leading indicator database’ workbook to register your prioritized CE initiative;
strategies involved ii) Detail what it entails by answering relevant questions in checkboxes. It will lead to a set of business processes and specific CE strategies, which
Circular — then can be combined to explore initial sets of indicators.
strategies iii) Make combinations of a business process and a CE strategy(ies) that are relevant, facilitate a discussion about what is important for your
company to measure by asking and stating key questions. For example, key questions to be asked can be:
i) what indicators to use to help us understand sustainability performance of our CE initiative when changing a business model from selling to
Inputs leasing of products?; or ii) How do we measure how a specific CE strategy (e.g. repair) would affect considerations during a specific business
process (product development)? Ask as many relevant questions as needed for each combination of business process and a CE strategy(ies).
Step 2.

Activities: i) Use ‘Leading indicator database’ workbook.

Step 2.1. Establish initial indicator set by selecting one combination of a business process(s) and a CE strategy(ies) at a time. There should appear
initial indicator set. It may be necessary to de-select some business processes or CE strategies if the number of indicators is too limited.

Step 2.2. Prioritize sustainability aspects (may be optional). For prioritization, consider the key question asked in Step 1 as well as specifics of
your CE initiative and the system it is considered within (e.g. company context, processes, partners, products, sector).

Use ‘Sustainability aspects’ to understand what each entails.

Step 2.3. From the shortlist of indicators, review and select suitable indicators for the final set. Use the set of guiding questions in 2.3. to assist
your team in selecting the indicators.

Step 2.4. Customize and create new indicators considering the specifics of the CE initiative and the system it is considered within (e.g. company
context, processes, partners, products, sector).

Compose the final set and review the set by evaluating the following:

- Does the set consist of 10 to 20 indicators? Are all indicators relevant?

- Do indicators cover all TBL dimensions?

- Do indicators reflect life cycle thinking?

Indicator selection
Reviewing and selecting relevant indicators

Step 2.1 Establish initial sy
indicator set

Step 2.2. Prioritize sustainability
aspects of concern

Step 2.3. Review and select
suitable indicators o))
Step 2.4. Customize and create

new indicators

Outputs Important: go back and forth between sub-steps to (de)select suitable indicators. It may also be necessary to begin the process again if the key questions were
not addressed.
Activities: Use ‘Leading indicator database’ workbook

Step 3. i) Register the final set and get overview of all data needed to calculate them

Final indicator set i) Assign responsible for data collection and time frame. Collect all data to calculate indicators
Composing the final key indicator set to iii) Compare your CE initiative with the ‘reference’ system and any other options (if exist) on the basis of selected and calculated indicators
apply and uﬂdft’rﬂﬂ”d CE initiative iv) Analyze calculations and comparisons. Are there any areas that require improvements? Were the results influenced by using not accurate
performance

data? Discuss in your team and take corresponding actions.

Figure 3. The final version of the indicator selection procedure —enhanced after empirical application,
with key steps and elaborated activities.

3.1. Step 1: Scope Definition — Elaborating on a CE Initiative

3.1.1. Overview and Preparations

This step is focused on defining the scope for indicator selection, which requires identification,
prioritization, and elaboration on a specific CE initiative to be screened with the help of indicators.
Detailing a CE initiative is an important step because it influences the number and type of suitable
indicators that will be available for the indicator review later in the process. The current procedure
does not directly support the formulation of CE solutions suitable for a specific corporate context, i.e.,
whether a company should engage in service provision or in remanufacturing. Instead, it requires a
set of solutions, including a CE one, be already outlined before the process of indicator selection.
Major preparations for this step require, firstly, forming a multidisciplinary team consisting of
people, who are involved in CE initiatives planning, including a sustainability manager or ‘steward’,
and, secondly, selecting a specific and detailed CE initiative, which will be the scope for the indicator
selection. It is important to facilitate a group discussion about what a specific CE initiative aims to
achieve, what it specifically entails and what corporate (i.e., strategic, tactical and operational)
decisions does it affect. The key question to be asked for this step is: “What should be measured in
order to understand and potentially improve sustainability performance of the selected CE
initiative?”

3.1.2. Activities

Detailing a prioritized CE initiative should be based on the identification of what CE strategies
are involved and what business processes are affected. This activity is facilitated by a set of guiding
questions, for instance, such as “Does the initiative involve offering ‘add-on’ service contracts
including maintenance, supply of spare parts, buy-back agreement, consultancy?”, “Does the
initiative require changing commercial relationships with customers and/or suppliers?”, “Does the
initiative require changing or establishing reverse logistics system, and/or corresponding end of life
processes and technology (e.g., technology, processes and resources (fuel, energy, water, etc.) needs
for the re-processing facilities)?”, etc., which helps to define specific CE strategies and business
processes. Once identified, these selections can be used as inputs to Step 2 to explore initial sets of
suitable indicators. Before proceeding to Step 2, it is important to formulate key questions for each
selection under the prioritized initiative. This helps in creating alignment between the selected
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indicators (later in the process) and the scope, in that “ ... indicators of sustainability will only be
effective if they support social learning by providing users with the information they need in a form
they can understand and relate to” [41]. For instance, if a company’s initiative is to provide a service
for a “full life cycle support’ for a product, it could involve offering a product through leasing contract
including installation, maintenance and repair, removal at the end of life to be eventually recycled
into the same product. Each intervention would require a different perspective, affecting decisions to
be taken during various business processes. For instance, key questions can be formulated as: (i) what
indicators to use to help understand sustainability performance of the CE initiative, when changing
a business model from selling products to leasing?, (ii) what indicators to use to help understand
sustainability performance of the CE initiative, when designing a product that is recyclable at the end
of life, and (iii) how to measure how a specific CE strategy (e.g., repair) would affect considerations
during a specific business process (e.g., product development, after-sales service, etc.)? Asking as
many relevant questions as needed for each combination of a business process and a CE strategy(ies)
facilitates understanding of what CE actually is, as well as what effort does it require. The reason is
that CE solutions do not go in isolation: CE strategies influence each other and influence decisions
taken during different business processes, likewise operationalization of certain CE strategies is
enabled or constrained by decisions taken during various business processes (e.g., a product-design
oriented solution has to fit a company’s business concept and vice-versa).

As an outcome of this step, the identified CE strategies and business processes can be combined
to explore relevant indicators, which in turn should help in answering formulated questions.

As a part of this step, it is necessary that for each CE configuration a baseline (‘as-is’) system is
defined, thus making it possible to compare a new (‘to-be’) scenario and a baseline (‘as-is’) scenario.

3.2. Step 2: Reviewing and Selecting Relevant Indicators

3.2.1. Overview and Preparations

This step requires applying the knowledge and expertise about the details of the prioritized CE
initiative and specifics of the company (e.g., its sustainability priorities, specifics of the sector, facility,
process, product). Similarly to Step 1, a multidisciplinary team is engaged together with a
sustainability manager or ‘steward’, who can support the selection of indicators that require
sustainability expertise.

Indicator review and selection are done through several sub-steps allowing to gradually select
the most relevant indicators for each relevant scope (e.g., addressing key questions formulated for a
combination of a CE strategy/ies and a business process) (defined in Step 1).

3.2.2. Activities
1 Sub-step 2.1. Establishing initial indicator set

In order to establish the initial indicator set, a combination of filters in the ‘leading performance
indicator database’ need to be applied. Explicitly, the filtering is done by setting a ‘selection’ filter for
a combination of CE strategies and business processes, which constitute the key question in focus.
Filtering allows us to automatically reduce the number of indicators applicable to the selected
combinations, thus removing unsuitable indicators for the scope that is in focus. For instance, a
combination of CE strategy ‘repair and maintenance’ and a business process ‘after-sales service’ can
be selected in the database to address the question "how to measure how a repair strategy would
affect considerations during after-sales service?’ (discussed in Step 1). This selection would bring the
initial set of indicators suitable for the selected combination and questions in focus.

2 Sub-step 2.2. Prioritizing sustainability aspects

Once the initial indicator set appears, it is further possible to refine it by setting a ‘selection’ filter
for a sustainability aspect/s of higher interest or concern. Details of the selected CE initiative, industry
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type, product type, location of business are among factors that impact what sustainability aspects
might be prioritized [42]. Furthermore, the key question from Step 1 should be considered to assist
the selection of sustainability aspects of concern. For instance, if the selected CE initiative concerns
offering products for shared use, cost aspects, product durability and lifetime and resource
consumption for and by the product under its use might be considered. Similarly, if a company
belongs to the textile sector and is planning to change the process of dyeing, it might prioritize
environmental aspects of water consumption and dye consumption, and liquid waste generation [43].
A company producing electronics might prioritize social aspects of supplier and community
relationships (e.g., associated with mineral extraction coming from conflict zones) [44] and
environmental aspects of energy consumption [45]. Likewise, some of the aspects might be de-
selected: if a company regulates social and ethical issues through its code of conduct regularly, social
aspects related to employment conditions and supplier relationships can be de-selected. Although
the significance of a balanced TBL inclusion, especially for a long-term strategy, it may be beneficial
for a company to decide on one dimension (e.g., environmental) at a time [42] when selecting
indicators for CE screening. When focusing on one dimension, it is recommended to have indicators
covering a broad spectrum of aspects (for instance, energy/waste indicators for a process, material
consumption and expected lifetime of a product). These considerations should be discussed in a team
to encourage dialogue about sustainability aspects significant for the selected initiative and the
company. A short description of each sustainability aspect and related issues are provided in the
database to assist their interpretation, which can be very useful for the project team during indicator
selection process, considering that most of the companies in EU are SME’s [46] and may not have an
environmental or sustainability engineer, whose expertise is essential in facilitating the selection of
significant aspects and issues [47].

3 Sub-step 2.3. Reviewing and selecting suitable indicators

Once the initial indicator set is shown and sustainability aspects are prioritized, it is necessary
to review the proposed set of indicators. The review and evaluation of indicators is a thorough
process that requires operating with and iterating the details and key issues outlined in previous
steps. The team should comprise sustainability or environmental managers and other project staff
(e.g., product developers if the CE initiative involves product redesign). It is essential that the team
has substantial knowledge of its own processes/products and the CE initiative. The involvement of
the product and business development team can greatly impact to what extent the solution can be
reached [42]. The team can consult the indicator database to understand how each indicator is
measured and what data is needed. Furthermore, a set of guiding questions should be used to assist
the review and indicator evaluation (with elaboration provided under each guiding question), as
follows:

*  How relevant is the indicator for your industry or company?

For instance, the environmental indicator available in the initial set for CE strategy ‘Reduce,
Restore and Avoid impacts in Raw material and Sourcing’ and a business process “product
development’, is ‘Pesticide use’. While this indicator is irrelevant for a heavy machinery company, it
may be highly relevant for a food producing company. Similarly, the indicator ‘Ozone Depletion
Substances in the Product’ is irrelevant for the textile industry, while can be relevant for the industry
producing foam blown with chlorofluorocarbons (CFCs) used for thermal protection (e.g., used in
aerospace industry) and for industries producing electronic and photographic equipment (e.g.,
cleaning fluids containing CFCs) [48].

e  How relevant is the indicator for the selected CE initiative?

For instance, two of the environmental indicators available in the initial set for the combination
of CE strategy ‘Reduce, Restore & Avoid impacts in Raw material and Sourcing’, CE strategy
‘Recycle’ and a business process ‘end of life operations’, are “Amount of Restricted Materials
(REACH) in products’ and ‘Amount of Prohibited Materials (SVHC) in products’. While these
indicators are very important for a company that considers open-loop recycling (i.e., recycling of one
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product type to obtain material to be used as an input for another), they may be not important to
measure if the company intends to do closed-loop recycling (i.e., when recycling own product into
the same or similar product), because this information might already be available and used to make
a decision to implement a recycling strategy. Furthermore, the importance of this indicator can only
be judged by an expert (for instance, environmental, product or production engineer) as opposed, for
example, by a non-expert of hazardous substances, like sales or service manager.

e  How much data is required to measure the indicator and how big is the uncertainty of data
collection?
e Does data collection involve significant costs or time?

For instance, to measure the indicator ‘First technological wear-out life’ (i.e., the period, which
the product can be used without an upgrade, and is based on external factors, such as technology
infrastructure changes and attractiveness compared with competing products (in contrast to internal
factors as physical degradation and failure)), the company might need to collect data from the users,
which can be time-consuming and costly, especially in the ‘business to consumer’ model. On the other
hand, the company may realize that the data is available because the company already collects it as
a part of their business practice.

e  Is the indicator easy-to-use and understand?
e Does the use of the indicator require experts?

It may be challenging for a service manager, for instance, to work with social indicators. This
would require involving experts with the knowledge to evaluate the importance of a particular
indicator and its application and interpretation.

4  Sub-step 2.4. Customizing and creating new indicators

Along the evaluation process, indicators may need to be customized or created [38] to better
address particularities of (i) a prioritized CE initiative and its objectives, (ii) the sector, and (iii) own
processes, products, and operations. For instance, the indicator “Volume of chemicals and solvents
used per product’ can be customized to “Volume and number of different chemicals used per product’
to address the company’s objective to understand what types of chemicals are used with the aim to
remove them from the product. Furthermore, if the company’s objective is to reduce the maintenance
costs of a product, new indicators can be created to address it. Thus, the indicator “Volume and
number of different chemicals and solvents used for product maintenance’ can be developed, being
based on the existing indicator. To complement it, an economic indicator ‘costs associated with the
use of chemicals and solvents for product maintenance’ can be formulated.

Sub-steps under Step 2 are iterative steps, which allow the reiteration of key considerations and
issues related to a particular CE initiative and its details. Iterations encourage learning about own
operations and products and what matters the most for the particular context.

3.3. Step 3: Composing the Final Indicator Set

Once the indicators are refined, customized and created, the final indicator set can be composed
of what can be called key performance indicators for the selected scope. The final indicator set should,
therefore, reflect the indicators that are prioritized for data collection. It is then important to check
the TBL coverage to ensure a balanced indicator set unless the specific dimension has been de-
selected on purpose (sub-step 2.2.). The final set should be practical to measure and consist of a
manageable number of indicators, normally between 10 and 20, to provide a basis for actions [49].
The checklist below should be used to evaluate the final set on its comprehensiveness by addressing
the following;:

e  Does the set consist of 10 to 20 indicators?
e  Are all indicators relevant?

e Do indicators cover all TBL dimensions?
e Do indicators reflect life cycle thinking?
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As the outcome of Step 3, a set of indicators is composed and an overview of the required data
is prepared.

Implementing the Final Set of Indicators

In order to understand the performance of the selected CE initiative, it is important to implement
the final set of indicators. Indicator application is the most extensive step since each final indicator
would require tracking, collecting and managing data. The database provides formulas to compute
each indicator, thus easing the task of identifying what data is needed. It is necessary to set a plan for
data collection with a time period and responsible for data monitoring and registration. Sustainability
or environmental managers, normally, already have an overview of what data the company might
be routinely collecting as part of business practice. Moreover, knowledge of the indicators and
necessary data allows them to identify the sources of specific data. Data collection processes,
however, should ensure reliability, validity and verifiability, and requires a critical technical
assessment [50]. Data quality can greatly influence the results of indicator application and
compromise the decision-making process. Data can be collected from management, technical or
procurement reports, existing management systems, stakeholder meetings, etc. [50]. Moreover, data
needs to be collected for as many initiatives as set up in step 1 to ensure that the baseline ‘as-is” system
versus ‘to-be’ system, i.e., a new circular initiative, can be compared. Essentially, the initiatives must
only be compared based on the same set of indicators, to enable understanding of sustainability
performance of the proposed actions (i.e., decreasing or increasing trend). After comparison, it may
be necessary to return to step 2 to select more indicators or to step 1 to refine details of the CE
initiative.

4. Empirical Application in Case Study Settings

Research Step III aimed to test the procedure through case studies, which evaluated the extent
to which the procedure could support the selection of suitable performance indicators. Three Nordic
manufacturing companies have participated in the evaluation, varying in size (from less than 10
employees to 10000) and sector (company 1—furniture solutions for public and private spaces,
company 2—manufacture and service of heavy industrial equipment, company 3 —textile sector and
home accessories). A detailed description of a procedure application is presented below using a case
of Company 1, followed by a summary of learnings from all cases. A detailed description of the
procedure application for Company 2 and Company 3 are provided in Appendix B. Condensed
feedback from each company is presented in Appendix C in Table C1 with direct quotes and authors’
interpretations.

Company 1 can be classified as a micro-enterprise (<10 employees) with headquarters in one of
the Nordic countries. The company designs and provides furniture solutions for public and private
spaces. Since its inception around 10 years ago, the corporate strategy and objectives have been
formulated around designing furniture systems that are driven by sustainability and individuality
principles. Furniture systems are designed with the user in mind, modular and customizable, so to
give the users the possibility of building variations of furniture from the same components, thus
allowing the user to ‘design’ their own space with no need to buy more. Their strategic vision is
formulated around efficient, regenerative and responsible use of resources, enhanced co-operation
with local stakeholders and customers, and improving the physical and aesthetic quality of furniture.

Two company representatives participated throughout the engagement workshops: first co-
founder, with expertise in sustainable and environmentally conscious product design solutions, and
second co-founder, specializing in interior and furniture design. During the initial exploration
session, it became clear that the company is considering several circular economy solutions to be
implemented. The circular solutions, required, among others, rethinking own business model,
establishment of a new value chain partnership, setting a product take-back system. For the indicator
selection process, however, the ‘circular material” initiative, in which the focus was on using the
recyclate as a feedstock for a product type A, has been prioritized (Step 1). This decision mirrors the
corporate environmental objective of regenerative and responsible use of resources, in that, the
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‘circular material’ is to be locally “produced” from collected waste. Another driver mentioned during
the session was to create awareness of waste and the ‘value’ stored in it, inspire other industries and
create a new market for waste as a resource.

Consequently, the ‘circular material’ initiative was chosen as the scope to proceed with for
indicator selection (Step 2). The intention of the company was to see what sustainability
considerations to make and what to measure in order to support the decision. Moreover, the company
acknowledged that the focus should not be solely on materials, but also on the conversion process of
the material, transport, and end of life. This was explained by closer cooperation of the case company
with another company responsible for waste recycling and forming of recyclates into new
components. Considering this view, the initial scope for indicator selection consisted of a
combination of CE strategy ‘reduce impact in raw material and sourcing’ and a business process
‘product development’, with the key question formulated as ‘what indicators to use to help
understand sustainability performance of the CE initiative when designing a product with a recycled
content instead of virgin material’. After applying the corresponding filters in the ‘Leading
performance indicator database’, the initial indicator set comprised of 33 indicators. It was decided
not to further refine indicators according to sustainability aspects, but to select the indicators one by
one answering the guiding questions under sub-step 2.3. Furthermore, the information registered in
the ‘Leading performance indicator database” was used to understand each indicator and judge it
against others. Specifically, the column, which described the importance of measuring an indicator,
was found to be helpful in evaluating the importance of a particular indicator. For instance, for the
indicator ‘Laminated or compound materials’ the purpose of indicator measurement and the
significance of indicator value was stated as ‘Laminated or compound materials have limited
potential for recycling. Decrease amount of Laminated or Compound Materials in a product’. As a
result of the review process, 8 indicators were selected (Figure 4). During the indicator selection
process, the discussion of the team unfolded around the indicator ‘embodied energy’: the participants
expressed their uncertainty in how to measure it or how to get the data for it, taking into consideration
the novelty of the process of waste recycling and its formation into a desired recyclate.

In addition, as the company indicated their interest in understanding the implications of the
waste collection and its recycling process, another round was set up to select more indicators
addressing the conversion processes of waste. Consequently, a CE strategy ‘reduce impact in raw
material and sourcing’ and CE strategy ‘recycling’ were combined with business process, ‘end of life
operations” to understand what should be measured, when recycling waste and converting them to
a recyclate for subsequent use in a new product. As a result, the initial set comprised 19 indicators,
which were then reviewed using the procedure, resulting in 3 indicators in the final set. Accordingly,
the final set consisted of 11 indicators to be implemented for sustainability screening: 8 indicators
covering environmental aspects, 2—social and 1 economic (Figure 4).

It can be pointed out, that these selections were performed in an iterative way, in that, the initial
scope chosen by the company allowed to navigate the database and gradually (de)select suitable
indicators. During the indicator screening process, however, the participants noticed that there is a
lack of social indicators, especially under the ‘product development’ process. At the same time,
however, the users were overwhelmed by the number of indicators originally available in the
database, referring to a challenge that a user might have if working in the database prior to defining
the scope. The outcome of a case study was the application of the selected indicators and comparison
of the proposed CE solution with the ‘as-is” system. The company expressed the concern that major
data was missing due to the unestablished process (i.e., conversion of waste to the feedstock
material), therefore, in order to calculate the selected indicators, the company had either to contact
entities, which were performing similar type of recycling and forming process or to collect data from
literature. At the end of workshop B, the evaluation session focused on identifying the usefulness of
the selection process and selected indicators for decision-making as well as receiving general
feedback on how to improve the procedure and usability of the tools. All the comments were
consolidated and used to improve the selection procedure, and the database layout.
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Figure 4. Overview of activities and outcomes of the procedure application in Company 1.

Some specifics in relation to the first case study application can be pointed out. Firstly, the
majority of the selected indicators are product-oriented. This selection can be attributed, firstly, to the
selected scope, and secondly, to the expertise, the users from the company had, i.e., expertise in
product design. It can be expected that more ‘operational’ indicators, specifically concerning the
process of waste recycling, would be selected if people with suitable expertise participated.
Nevertheless, the company expressed an interest in engaging value chain partners in the selection
process to capture more sustainability aspects. Secondly, since little concrete details and data were
available for the circular solution in focus, it was difficult to simulate the results of indicator
application to be able to compare the circular and ‘as-is” scenarios. From the application experience,
the users suggested that the procedure for selection should emphasize the importance of corporate
sustainability vision, so the final set of indicators can be reflected back onto it. As one of the
participants suggested: “The process of indicator selection should start with aligning or defining the
organizational sustainability vision and objectives. It is very important to make a company aware of
why the selection of indicators is important and what the indicators can be used for. It is important
to connect the final set of indicators to the corporate values”. Another suggestion was to adapt the
database to smaller companies, with one user commenting: “Make the tool user-friendly for those,
who may not have an expertise in sustainability assessments, but have a passion to work with
indicators to make improvements”, complementing that “... the procedure requires the facilitator
with sustainability expertise to facilitate the team and aid the interpretation of each indicator”, thus
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making it challenging for (smaller) companies to use the database and select the ‘right’ indicators. On
the other hand, the participants highlighted the importance for the user to see and evaluate the initial
indicator set, stating: “It is good to have gradual steps in the database to obtain the initial set of
indicators and then to select the most suitable indicators for the final set using the guiding questions.
It gives a good overview of the whole process of the indicator selection, as well as tracks what
indicators have been removed from the final set, but initially comprised the initial set”. The
participants also emphasized the usefulness of the list of guiding questions, stating that “... they are
very helpful because they “force” the user to think of every single indicator and reflect on it. Also,
the indicator evaluation helped to understand the internal processes and what matters the most and
what are the gaps”. It was added that, despite the presence of assisting formulas and purpose of
measurement for each indicator, the process of indicator selection can be a time-consuming activity,
especially for a small company with no sustainability expert that could potentially facilitate the
evaluation process.

Summary of Insights from the Case Studies

The outcome of the procedure application in all the cases was the final set of indicators ready to
be used for measuring the potential sustainability performance of the selected CE initiatives and the
comparison of different alternatives. While the application procedure has been identified in all the
cases, some differences could be observed. Firstly, Company 1 expressed the need to have a support
step to assist in the formulation of sustainability strategy and objectives. “As a small company, we
think that establishing and being clear about own sustainability goals and strategies is very crucial,
also in terms of understanding why working with indicators at all”. Secondly, the participants
emphasized the importance of having a facilitator with relevant expertise for the indicator selection
procedure. Despite the fact that the participants selected suitable indicators for the final set, the lack
of expertise of ‘broader’ sustainability created a challenge along the process, making it more time
consuming, when navigating prioritization of significant sustainability aspects. It was suggested to
provide more information about each TBL aspect found in the database to assist SMEs in
prioritization.

Company 2, on the contrary, was very determined in limiting the scope for the screening as well
as in their decision on what type of indicators to focus on. This can be ascribed to the competence and
experience within sustainability the participants possessed as well as to the “insider-like’ (i.e., internal
manufacturing) CE scope selected. Furthermore, the participants, knowledgeable of other
sustainability assessment techniques, e.g., LCA, highlighted the importance of addressing trade-offs
during indicator selection and, consequently, the decision-making process. Key remarks from
Company 2 concerned the usefulness of the database and the procedure in selecting a set of key
indicators for each project the company initiates. As emphasized, the key indicator sets can be used
across projects to identify improvements and monitor changes. One of the key suggestions was to
guide the users in the possibility of limiting the scope to certain key sustainability aspects, to reduce
the complexity of operating with too many indicators simultaneously. It was also suggested to state
the recommended number of indicators for the final set, so as to assist the user in defining when
‘enough is enough’.

Company 3 recognized the suitability of indicators for the scope selected, however, pointed out
the importance of “allocating’ indicators to the specific users, who have the competence to evaluate
and validate every single indicator. In that, the participants stressed the need to engage experts from
several corporate departments, where the sustainability manager would be responsible for
identifying the key experts based on the type of CE initiative in focus. Moreover, the participants
commented on the usefulness of applying filters to de-select certain sustainability dimensions and
aspects. As pointed out, going from a smaller to a larger set by gradually adding more indicators can
reduce the complexity of decision-making, when evaluating the importance of each indicator. In
addition, key recommendations concerned the conditions of working with the selection procedure,
in that, it is critical to define the scope for which the indicators will be selected as well as the baseline,
which the new initiative will be compared against. All the comments were consolidated and used to
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improve the selection procedure, and the database layout and content. Table C1 in Appendix C
provides quotes from discussions in case companies. Table 2 presents a summary of key
improvement opportunities, labeled as recommendations, which have been identified through the
empirical evaluation and incorporated in the final version of the procedure as presented in Section 3.

Table 2. Summary of the key recommendations to improve the procedure based on the empirical

application.
Recommendations Case Explanation Adopted feature
company
Cl1 C2 @3
Strategic l Ensure alignment of Not adopted in the current
consideration lower level procedure
performance indicators
with corporate
sustainability objectives
Scope definition Ensure the scope is Introduction to the procedure
defined before highlights the importance of
proceeding to the having a defined CE initiative
indicator selection prior indicator selection process.
Furthermore, practical examples
on how to construct CE
configurations for selected CE
initiatives are given in Step 1
Baseline Xl Ensure identification The recommendation to define
identification and explanation of a the baseline scenario in order to
baseline scenario encourage scenario comparison
on the basis of the selected
indicators is given is Step 1
Multidisciplinary =~ Ensure the experts with ~ Introduction to the procedure
team relevant expertise are  highlights involvement of actors
involved in the with relevant expertise for
indicator selection and indicator selection, evaluation
evaluation process and customization process
Triple bottom line Support flexible The recommendation in Step 2
aspect navigation (de)selection of relevant was introduced to allow for
triple bottom line prioritization of sustainability
aspects to reduce aspects, thus reducing the
complexity complexity by simultaneously
operating with too many
indicators and sustainability
aspects
Indicator number Provide a Step 3 indicates the recommended

Account trade-offs

5. Discussion

recommendation about
the number of
indicators in the final
set
Provide a

recommendation about
how to address trade-
offs between indicators

number of indicators to be
included in the final set

Not adopted in the current
procedure
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The case study evaluation of the procedure and corresponding indicator database presented
positive results, indicating their support to companies in the selection of suitable leading indicators
to measure the performance of CE initiatives. Furthermore, the empirical settings allowed us to
identify opportunities to improve the usefulness of the presented tools. Main learnings from the
empirical investigation are as follows:

e  itis essential to set the scope for indicator selection by outlining a CE initiative and elaborating
on its details by explicating what corporate decisions it affects (e.g., business process orientation)
and what specific CE focus it has (e.g., CE strategy view) prior indicator selection process,

e itisnecessary to set a baseline scenario, upon which a CE initiative scenario can be compared,

e itisimportant to involve a multidisciplinary team to support the selection of suitable indicators,
including a sustainability ‘steward’ to facilitate the interpretation of indicators and an expert
team who is engaged in the development of the CE initiative into focus (e.g., product designers,
after-sale managers),

e  availability of indicator attributes, such as formulae, units and purpose of measurement, eases
the interpretation of each indicator, which facilitates the selection process. This is important
especially for SMEs, which might not have a sustainability manager to support indicator
interpretation, similarly, availability of elaborations on sustainability aspects and what they
entail facilitates their interpretation and prioritization,

. it can be beneficial to work with indicators from one sustainability dimension at a time, however,
a final set should comprise a balanced number of TBL indicators,

e the iterative selection procedure seems to help in arriving at suitable indicators, the suitability
of which is judged by the users who are to operate with indicators and relate to their results.

The learnings also highlight limitations. Firstly, the procedure and database were tested in a
limited number of companies from specific sectors, thus limiting the evaluation of their usefulness
for other contexts. Furthermore, testing in more companies could allow us to look into cases, where
the scope for indicator selection is expanded to include more combinations of CE strategies and
business processes, for instance including those requiring simultaneous changes in business models,
product design and operational activities. Secondly, the procedure does not address how to resolve
situations, when trade-offs between indicators arise, which is essential in providing assistance in the
decision-making process. Therefore, future work should evolve around developing a support tool to
guide decisions in trade-off situations. Thirdly, the ‘Leading indicator database’, used to retrieve
indicators, contains non-sector-specific indicators. The procedure accounts for this by providing
examples of how to customize and create indicators, however, it may be a time-consuming process
that could possibly hinder the easiness of the procedure application and indicator selection in the
industry. Future research could address the development of indicators that are sector-specific or
providing sector-specific guidance for indicator selection. Furthermore, future work could include
analysis of relationships between the identified indicators and recognize the most common variables
used to calculate the indicators. It would also be beneficial to consider aggregating indicators for
simplicity and diffusion in the industry. However, some caution must be taken due to the potential
drawbacks of using composite indicators or indices to measure complex phenomena, such as
sustainability and CE [37]. It can be pointed out that the indicator database could be enhanced by
developing more indicators to cover social aspects and indicators suitable for the business model
development process, as discussed in the study by [24].

To indicate the contribution of this study to the context of CE development and indicator-based
sustainability assessments, we identify several criteria to provide its comparison against other works.
We selected several works that satisfy the following criteria: (i) they provide examples or propose
indicators for assessment, (ii) they provide a reasonable categorization of indicators, and (iii) they
focus on the early stages of decision-making. The identified works include recent studies on
employing indicators to support the development of sustainability-oriented strategies, CE being one
of them, and discussed by [38,51[52][52][52]-53] as presented in Table 3.

Table 3. Comparison of present research with similar works based on a range of criteria.
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Considers a Encourages a
Considers a Presents a
Considers all variety of . Considers a dynamic .
. . . variety of . o practical
Reference dimensions of circular . life cycle indicator L
o business ] . application
sustainability economy perspective selection o
. processes in industry
strategies process
Present
v X v g X v
research
[51] Only v Only product - - J
environmental development
- Limited to )
[52] \ ] Only end of life - - -
recycling
process
[38][38][38][38] Only - Only product S S V
environmental development
Only product
[53] v - development and S - \/
manufacturing
process

Particularly, [51] propose environmental and functional indicators to measure the performance
of a product family, considering a wide range of CE strategies. The authors aggregate a set of
indicators into several ‘prescribed” indices to evaluate the circularity of proposed product designs.
[52] propose a methodology for designing a sustainable recycling process supported by indicator-
based measurements. Their approach is limited to recycling only, although with a three-dimensional
sustainability consideration, where four indicators for each dimension are prescribed. Work by [38]
provides a procedure to select product-oriented indicators, based on the life cycle orientation and
environmental aspect(s) of main concern under the product development process. [53] provide a set
of three-dimensional indicators classified according to life cycle stages to be used during product
development and manufacturing to evaluate the sustainability performance of products and
processes. Whilst they refer to several resource-efficient strategies (e.g., remanufacture), the
indicators are not accordingly classified.

Summarizing the above-mentioned studies, it is evident that more research is needed to account
for the myriad of perspectives when it comes to the application of leading sustainability performance
indicators to support the development of CE solutions. In this sense, current research presents a
significant contribution by the fact that it takes into account all dimensions of sustainability, a
comprehensive selection of circular economy strategies and a holistic set of business processes (from
business modeling, through product development, to end-of-life operations) (Table 3, present
research) to allow filtering and pre-selection of classified indicators, to support the development of
several CE solutions simultaneously, whilst considering their sustainability performance. Although
the study does not have a distinct classification of indicators according to life cycle stages, it takes
this perspective into account, when, for instance, presenting indicators selected under the product
development process (follow the web address as presented in Section 2.2.). Importantly, the
procedure encourages a dynamic selection of indicators, to avoid the prescription of indicators that
may be irrelevant for some business contexts. Noteworthy, the approaches that “prescribe” indicators
imply that some criteria are more relevant than the others, which seems counterintuitive in such
complex and multi-faceted concepts as sustainability and CE [54,55].

A few implications of this study exist. From the theoretical view, firstly, despite a very high level
of details provided about each indicator and related sustainability aspect, there is still an assumption
that users of the indicators in the industry can interpret indicators and relate them to potential
sustainability impacts. To address this, prospective research could focus on establishing a link
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between leading indicators and related sustainability impacts. Secondly, the database and the
procedure do not support supplementary use of CE-specific indicators, i.e., the ones measuring the
rate of resource recirculation. The research could advance by developing a procedure to support
complementary use of sustainability performance indicators for CE and CE-specific indicators, so as
to explicate the link between the implemented CE solutions and the achieved TBL performance,
which is currently quantitatively unreported in by industries [56]. From the empirical perspective,
the procedure requires a CE initiative to be already planned, thus providing no support on how to
approach ideation and development of a specific initiative relevant for a specific corporate context.

6. Conclusions

This research aimed to develop, evaluate and enhance a procedure for a systematic indicator
selection to measure the performance of CE strategies from a TBL perspective. The procedure
provides guidance for industrial practitioners in selecting a suitable set of performance indicators for
measuring the potential sustainability performance of CE strategies prior to their implementation.
The procedure was tested with the help of case studies, contributing to its enhancement and
consolidation into the final version as presented in previous chapters. The main contribution of this
study is the procedure for a systematic indicator selection that is based on the rationale of stipulating
a dynamic and flexible selection process. This is to ensure that the selection process accounts for the
diversity of CE perspectives and applications and the context they are positioned in (e.g., product,
process, sector). The construct of the 'Leading performance indicator database’, which is used as a
tool to extract the indicators from, eliminates the complexity in searching for indicators and making
judgments of their suitability for the assessment. In that sense, the classification of indicators
according to a variety of CE strategies, business processes and TBL dimensions allows us to retrieve
an initial indicator set for each possible CE initiative. The initial indicator set is not prescriptive,
however, but rather indicative, with procedure encouraging the user to evaluate each indicator, and
customize or create new if needed. Although this process might seem challenging, the advantage is
to induce learning and engage more profoundly with sustainability considerations during the CE
initiative development process, as one of the case participants commented: “Also, the indicator
evaluation helped to understand the internal processes and what matters the most and what the gaps
are”. From a practical point of view, the procedure intends to reduce the complexity and uncertainty
of a decision-making process in companies, which arises from a complex interplay of CE and
sustainability domains. Consequently, this minimizes the challenge of operating with too many or
too irrelevant performance indicators, contributing to a more structured and informed performance
measurement using leading indicators. The procedure should be used in the early stages of CE
planning and development, to ensure industrial practitioners use the ‘best” knowledge of potential
sustainability outcomes of their initiatives to make the decisions.

From a theoretical point of view, our aim is to advance theory on CE development support using
leading sustainability-related performance indicators. So far, the literature has either proposed newly
developed indicators for CE, which mostly measure the intrinsic performance by accounting for the
rate of resource recirculation[21] or focus on impact assessments. While being useful, the former do not
account for a wide range of aspects related to sustainability (social implications, land use, etc.) [21],
while the latter, despite well established and robust methodologies, either cannot assess dematerialized
or performance-based CE strategies or provide results that are easily understood by industrial decision-
makers [57]. The advantage of leading TBL indicators is in their ability to be understood, hence used,
by industries, and to give early warning about potential sustainability impact of CE solutions. The
practical contribution of the study is in its support for industrial practitioners in finding boundaries of
what sustainability aspects should be considered and in structuring the process of selecting relevant
indicators for sustainability performance measurement of CE initiatives.

Supplementary Materials: The following are available online at http://www.mdpi.com/ . Appendix A: Figure
Al. Case study set up: main activities and actors involved. Appendix B: Application of Indicator Selection
Procedure in Company 2 and Company 3: Figure B1. Overview of activities and outcomes of the procedure
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application in Company 2. Figure B2. Overview of activities and outcomes of the procedure application in
Company 3. Appendix C: Table C1. Consolidation of key discussion points at the case companies.
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3.2.2. Evaluation of the indicator selection procedure and the corresponding leading
indicator database

The case studies provided evaluation of the usefulness of the indicator selection procedure and the
leading indicator database. Additionally, the evaluation pointed out at the strengths and weaknesses of
both types of support, which helped to improve them and support the development of the User guide,
with key findings highlighted next. All recommendations were coded as comment ID # and summarized in
Appendix Il, indicating which recommendations were taken into account to guide the improvements. In
particular, the following strengths were indicated: Step 1 and the corresponding guidance on elaborating
activities under a proposed CE initiative as well as formulation of key questions was evaluated as helpful
for creating a common thread between the objective of the selection process and the indicators
considered relevant. This made the sustainability screening “meaningful”, as indicated by the
practitioners. The prioritization in Step 2 was found useful for reducing complexity of reviewing too broad
spectrum of indicators, while the guiding questions in sub-step 2.3. were evaluated as very helpful,
because “... they “force” the user to think of each single indicator and reflect on it” (comment #23). The
indicator information such as indicator description and the purpose of measurement were found
particularly helpful for supporting indicator interpretation (comment #16, #23). The guidance on the
number of indicators in the final set was helpful to reduce the uncertainty of how many indicators would
be sufficient, and the checklist for the final indicator set was useful to ensure only relevant indicators were
considered (comments #29 - #32). In summary, the evaluation indicated that the procedure and the
corresponding indicator database provide a satisfactory support in guiding the selection of relevant
indicators, as few citations below indicate:

“All in all, the database consists of some very useful indicators that can help a company
to focus on certain areas to define possible impacts on sustainability. Again, the
advantage can be that those indicators are operational, therefore, help companies to
focus on measurements and monitor changes” — C1

“Indicators found in the database are very helpful to internally manage processes and
make decision on the improvements”. “The overall alignment is that the indicators’
[scope] [in the leading indicator database] is broader than an LCA, meaning that it can be
used to evaluate (also screen) the initiatives on their sustainability impact based on [on
hand] indicators’ calculations (LCA requires a software and extensive data)” — C2

“The advantage of having an overview of different sustainability aspects and related
indicators is in pointing to the questions we should be asking our suppliers. It can help us
being more systematic about what to ask” — C5

“We consider sustainability in everything we do, and the indicators [in leading indicators
database], help to structure the process and bring an understanding of what to take into
account, when planning and evaluating any sustainability-oriented initiative, including a
circular” — C6

Specifically, the support was found useful on three main aspects: i) supporting the measurements on
both, a CE initiative and a baseline system; ii) supporting the measurements from a holistic TBL
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perspective; iii) supporting a structured approach to aligning relevant sustainability aspects with key
performance indicators.

Additionally, several weaknesses could be pointed out: firstly, the challenges with CE terminology were
prominent. When looking at the list of CE strategies in the database, some companies ascribed different
meaning to certain CE strategies, which was very apparent for a medical (following strict regulations and
standards) and bio sector companies. This could also be related to the confusion between miscellaneous
definitions of CE due to the lack of a standardized terminology as highlighted by the literature (Kirchherr,
Reike and Hekkert, 2017) and supported by comments #48 and #49. Secondly, several industrial
practitioners experienced challenges in understanding sustainability dimensions and related aspects,
which is still a common challenge in industry (Nilsson and Lindahl, 2016; Sihvonen and Partanen, 2017).
This has resulted in the evaluation of usability of the support in terms of the 'Effort of application' as ‘high’,
which was associated with the time that was needed for the practitioners to understand sustainability
aspects and sustainability indicators and provide argumentations during the indicator review process. The
company from the bio sector pointed out the lack of indicators suitable for bio products, which is related
to the limitations of the indicator database. Moreover, several concerns were raised in relation to
indicator application, such as the uncertainty in the quality and sources of data acquisition as well as
uncertainty in dealing with trade-offs. These concerns align with the challenges reported in the literature
(Abbasi and Nilsson, 2016; Dekoninck et al., 2016; Stindt, 2017).

3.2.3. A user guide and an interactive database to support manufacturing industry in a
systematic sustainability screening of CE initiatives

The case studies provided a qualitative evaluation of the procedure and the corresponding indicator
database, leading to their improvements and integration into the final version of the user guide (referred
as Guide). Several limitations highlighted in previous chapter were addressed. The user guide is therefore,
seen as another contribution to RQ.3: How to support a systematic selection of relevant sustainability
performance indicators for early stage sustainability screening of CE initiatives?, with the aim to support
manufacturing actors in the deployment of the procedure and the leading indicator database.

The Guide incorporates the description of the target audience, expected time to complete each step,
inputs and expected outputs for each step, following the criteria for the support development directed by
DRM, as shown in Table 7. This information provides details about the ‘use context’ of the Guide.

Table 7. Use context as embedded in the user guide for sustainability screening

Criteria #1 - Criteria #2 — Criteria #3 — Criteria #4 — key Criteria #5 — Criteria #6 —
purpose target potential users input data output data
company application

- to support -to be used to | - to support - managers and - details about a | - a set of
selection of support design and engineers involved in | circular relevant
relevant decision- development of | the design, economy performance
§usFa|nab|I|ty making in any initiative or | development and initiative indicators
lnd'lcators to manufacturing | project implementation of a
guide early industry circular economy ) contextuall
stages of . T knowledge, i.e.

> responsible initiative (e.g.
design and
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development for design and | - secondary: business managers, organizational - data for
of CE manufacturing | selection of product developers, strategy and indicator
initiatives of secondary | indicators for production vision, products, | calculation
goods (from internal engineers, actors, )
techno- and management sustainability processes ) comparlsF)n
. . of alternative
bio-sector) systems or engineers, etc.) oo
. initiatives
supply chain
measurements

Background information about the sustainability screening relying on leading performance indicators
was incorporated in the Guide. Additionally, each step of the procedure for indicator selection (as
presented in Chapter 3.2.1.) was described and accompanied by help boxes with practical examples,
following the recommendations from the case study evaluations, as summarized in Appendix Il. For the
selection procedure, few additional sub-steps were added under Step 1 and Step 3 to assist their
operationalization (Figure 9).

STEP 1

Define the scope for
indicator selection

STEP 2

Select relevant key
performance indicators

STEP 3

Apply final indicator set

2.1 Establish initial
indicator set

3.1 Get overview of data and set
up a data collection plan

3.2 Calculate indicators and
compare alternatives

3.3 Use results to support
decision

1.1 Describe your proposed
Circular Economy initiative
1.2 Specify relevant Circular

Economy strategies and
business processes

2.2 Prioritise sustainability
aspects

2.3 Select suitable indicators

1.3 Formulate key questions
to guide indicator
selection

2.4 Customise and create
new indicators

Figure 10. Procedural steps and sub-steps for indicator selection and application as described in the Guide (as in
Kravchenko et al., 2020)

The recommendations also led to the development of an interactive database built in Excel, which
comprised the leading indicator database and additional interactive sheets to support the activities
according to the procedural steps. Moreover, the recommendations helped to improve the coherence
and clarity of the terminology and language used in the Guide, in the procedure and in the interactive
database. To address key recommendations and challenges indicated through evaluation, the following
enhancements were introduced in the Guide and the interactive database; firstly, the Guide and the
interactive database guided identification of the ‘right’ CE strategies for the proposed CE initiative in Step
1, supported by the checklists in the interactive database. This was necessary to address the challenge the
industrial practitioners experience in navigating miscellaneous definitions of CE and related strategies. To
assist understanding of the sustainability aspects under TBL dimensions, a complementary worksheet
‘sustainability aspects’ was created, providing definitions, examples and references for each aspect
considered in the database. This was done to account for the challenges especially SME’s or companies
without a sustainability manager might experience when operating with sustainability-related
terminology. To support indicator prioritization, review, customization and creation, a series of help boxes
were introduced, which provide practical recommendations and examples of ‘how to’. To encourage
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selection of relevant indicators and avoid ‘biased’ selection towards the ‘costly’ indicators, few
recommendations were given in the guide. To visualize a TBL balance of the selected indicators in the final
set, a visualization worksheet was added to the interactive database. To assist the indicator application
from the final set in Step 3, several sub-steps were elaborated in the Guide. This was done by providing
an example of a data collection plan, a list of potential data sources with the data quality assessment
table, and a guidance for indicator result interpretation. An exemplary case was added in the Guide to
demonstrate the process of the sustainability screening of CE initiatives.

Reflection on the contribution

The user guide and the interactive database aim at providing support to industrial practitioners in
facilitating sustainability screening of CE initiatives based on the leading performance indicators. This
support provides a guidance for how and when it is beneficial to use it, what input information is needed
and what outputs are expected. In this way, it helps the industrial practitioners overcome one of the
challenges of selecting a sustainability support associated with the uncertainty in what methods and tools
to select and when (Schulte and Hallstedt, 2017; Held et al., 2018). Additionally, the support can be
characterized by a technical simplicity, i.e. not relying on a special software (Brambila-Macias, Sakao and
Lindahl, 2018), which facilitates the screening of sustainability performance in hand (supported by
evaluation in Appendix Il). The support facilitates a structured decision process, which may reinforce the
importance of the selected indicators and support organizational learning (Gibson, 2010).

The final version of the user guide was integrated in the CIRCit Workbook 1 (the cover page of the
CIRCit workbook 1 is shown in Figure 10) and referenced as Paper C in this thesis. The interactive Excel
database was made open access and can be accessed via the web link available in the Guide and at (M.
Kravchenko, Pigosso and McAloone, 2020b)

A

Figure 11. CIRCit Workbook 1 cover page: with integrated User Guide and reference to the interactive database
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3.3. Results for Study C: A trade-off navigation framework for decision support
3.3.1. Criteria for a trade-off navigation framework

A selective literature review in descriptive study I-C provided several results; firstly, it helped
identifying examples of typical trade-offs within and between sustainability criteria considered during
product development, supply chain and logistics, and business model development. Secondly, it provided
a summary of the gaps associated with trade-off identification and analysis; and, thirdly, it helped
identifying the criteria that could guide the development of a trade-off decision support. The aim of the
literature review was not to provide a precise and exhaustive list of criteria, but to orient the research
process towards a certain direction (Biolchini et al., 2005).

In summary, four criteria were collected, as following:

e Criterion #1: it is fundamental to enable elicitation of sustainability objectives and use relevant
tools to reveal trade-offs

The criterion highlights the challenges associated with sustainability-related trade-offs, which might
be ‘hidden’ during the decision-making process because of the lack of inclusion of sustainability criteria in
the decision process along other, ‘traditional’, criteria (Gibson et al., 2005; Bovea and Pérez-Belis, 2012).
Additionally, integration of the environmental and social criteria along the economic would often lead to
trade-offs (Gibson et al., 2005), and defining the objectives for these criteria could strengthen their
prioritization in the decision process (Schulte and Hallstedt, 2017).

e Criterion #2: it is important to provide several prioritization principles in conjunction to assist
trade-offs understanding and management

A sustainability-related trade-off analysis is often seen as a ‘discussion support’ rather than merely a
decision support (Moreira and Tjahjono, 2016). A trade-off analysis, therefore, should provide a better
understanding of the factors that influence the inclusion of and prioritization between sustainability
criteria in the decision process (Driessen and Hillebrand, 2013). The prioritization principles should be
linked to the contextual settings (Watz and Hallstedt, 2018). A structured and transparent dialogue about
the contextual settings and their influence on the priority areas minimizes the risk of ad hoc decisions (i.e.
based on past experiences) (ibid.) and allows reframing assumptions and expectations about the proposed
solutions (Gibson, 2010).

e Criterion #3: it is important to enable evaluation of trade-off acceptability

Trade-off acceptability evaluation should support the evaluation of whether and/or to what extent the
trade-offs are acceptable. The analysis should be supported by a quantitative (performance measures and
targets) and/or qualitative (i.e. desired or undesired trend) evaluation that should guide the judgments
about trade-off acceptability or the need to consider new alternatives instead (Driessen and Hillebrand,
2013). The type of evaluation, the sequence of decisions and reframing of priorities need to be
documented to ensure transparency and traceability of the decisions (Gibson, 2010).

e Criterion #4: it is important to develop tools and procedures that are relatively easy to be
implemented by industrial practitioners
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A decision-making process for sustainability should encourage dialogue between internal (cross
functional) and external stakeholders and reinforce mutual learning about sustainability performance of
the alternatives (Gibson et al., 2005). This requires tools and procedures to be flexible to integrate
knowledge of the decision makers from different functions and corporate levels in the decision analysis
process rather than offer non-flexible computerized techniques, which might challenge practitioners in
understanding the connection between the decisions and results of these techniques (Dekoninck et al.,
2016; Zarte, Pechmann and Nunes, 2019).

Reflection on the contribution

This study brings attention to the importance of supporting analysis of decisions involving
sustainability-related trade-off situations. According to the reviewed literature, integration of
sustainability criteria into decision process will likely involve trade-offs, hence there is a need to support
trade-off analysis for a structured and informed decision making process. The four criteria are intended
to stimulate future research in the following directions: i) how to incorporate the trade-off considerations
into existing tools, techniques and approaches for the integration of sustainability in business processes;
ii) how to develop guidelines to support trade-off prioritization and acceptability; iii) how to link trade-off
prioritization and acceptability judgement to the sustainability maturity of a company. In this thesis, the
four criteria served as a cornerstone for developing a trade-off navigation framework, presented in
Chapter 3.3.2.

The results of this Study were documented in Paper 3, embedded next. The paper provides elaboration
on the criteria and examples of sustainability trade-offs across business processes.
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Paper 3: Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C. (2020)

Developing a tool to support decisions in sustainability-related trade-
off situations: understanding needs and criteria.

Proceedings of the Design Society: DESIGN Conference, 1, 265-274
https://doi.orq/10.1017/dsd.2020.137
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Abstract

Early integration of sustainability considerations into decision making is seen as a key enabler for
companies to understand the potential implications of their decisions on the triple bottom line aspects.
Lack of the tools to support decisions when trade-off between sustainability aspects occur, however,
may lead to uninformed decision-making and undesired outcomes. By consolidating the learnings from
empirical work together with literature recommendations, we propose key criteria to be considered
when developing decision support tools to manage sustainability-related trade-off situations.

Keywords: sustainability, decision making, design support system

1. Introduction

Early integration of sustainability considerations into decision making during various business
processes is seen as a key enabler for companies to understand the potential implications of their
decisions on the triple bottom line aspects (Korhonen et al., 2018) and introduce improvements early
in the design and development processes (McAloone and Pigosso, 2018). This can support
development of more sustainable products, services, processes and systems (Gagnon et al., 2012).

Various methods and tools have been proposed to assess the sustainability impact of products, services
and processes, such as environmental LCA (ISO 14044, n.d.), cost-benefit analyses (Hoogmartens et al.,
2014), Social LCA (Fontes et al., 2016). While the impact assessment methods can be deployed to
understand the consequences of a project implementation (McAloone and Pigosso, 2018), their use in
early stages to assist decision making is limited due to lack of information to feed the tools (Bengtsson,
2001). This creates several paradoxes: if information is lacking, the tools have limited applicability
during the early stages of design to support decision making, thus making it harder to understand the
sustainability performance in advance and introduce improvements; if the tools are used later in the
process, firstly, the improvements may be harder to introduce, and secondly, the impacts may be
impossible to trace back to the decisions that have been made during the process. To address this
challenge, several tools have been proposed to be specifically employed early in the design and
development processes, such as a streamlined LCA for early vehicle development by Arena et al. (2013),
qualitative sustainability compliance index for early product development by Hallstedt (2017), leading
sustainability indicators for circular economy screening by Kravchenko et al. (2019). These tools as well
as many others aim to provide decision support in different business processes by integrating
environmental, economic, social or three-dimensional sustainability considerations. While, indeed, these
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tools provide a structured support in identifying relevant sustainability criteria and the logic for assessing
the potential sustainability performance (e.g. of products, services or processes), the research calls for
more work on integrating decision support techniques after the assessment is done (Stindt, 2017).
Unambiguously this concerns development of structured procedures to support decision making in trade-
off situations (Haffar and Searcy, 2017), which are inherent in sustainability-oriented decision making
because of the complexity of considered criteria and uncertainty about sustainability outcomes (Siew,
2008; Simonovic et al., 1997). Earlier works (Byggeth and Hochschorner, 2006), as well as more recent
(de Koeijer et al., 2017; Wu and Pagell, 2011) discuss the lack of support provided to the decision
makers in industry in navigating complex decisions in sustainability trade-off situations. Decision
support is needed to ensure the adequate information is used to enable practitioners making informed
decisions by explicitly taking into account sustainability considerations and reinforcing knowledge about
potential risks and opportunities behind their choices. Consequently, it may support selection of the
‘best’ alternative during design and development of sustainable products, services and processes.

This paper explores this issue by consolidating the learnings from empirical investigations and
literature review to understand the criteria to be considered for the development of a decision-
support tool to assist decisions in trade-off situations. Before that, we provide theory and examples
of sustainability-related trade-offs to bring understanding when trade-off situations occur and when
they are difficult. Subsequently, we provide examples of few studies that explored decision support
techniques and the extent to which they enable practical management of trade-offs. Based on the
findings, we identify gaps and opportunities for future research.

2. Research approach

The need for guidance in a trade-off situation emerged as part of the empirical work involving company
case studies in a large Nordic research project on circular economy implementaiton. During the
workshop activities, which aimed at assessing potential sustainability performance of a specific circular
economy solution using leading sustainability indicators (Kravchenko et al., 2019), it became evident
that the trade-offs were present. The trade-offs were made explicit after the selected indicators
(measuring selected environmental, economic and social aspects), were calculated and used to compare
two alternatives: the ‘current’ and the ‘circular economy’ solutions. This led to the investigation of the
need to support decisions when trade-off between sustainability aspects occur.

Design Research Methodology (DRM) was used as a main framework to support the investigation
(Blessing and Chakrabarti, 2009). While the DRM consists of four main and iterative stages, we
followed first two to search for evidence to support our initial assumption and then to understand the
advances in the current research and obtain information for the effective development of a design
support later, as the research proceeded. In the first stage, Research Clarification, the intention was to
clarify the need and understand the gaps in research related to trade-offs. As a result of this stage, the
need to support practitioners in their decisions under trade-off conditions was made evident, in that:

e there is a need for providing a direct support to practitioners in a trade-off situation within and
between sustainability aspects (Byggeth and Hochschorner, 2006; Haffar and Searcy, 2017);

e there is a need to develop decision support tools that are ‘easily’ integrated into decision
processes and are understood by practitioners (Zetterlund et al., 2016).

The second stage, Descriptive Study, was then followed during which a literature review process has
been conducted to attain an understanding of what criteria to consider when developing a decision
support tool. This stage generated insights about the key aspects to be considered to fill the identified
gaps and fulfil the needs (Blessing and Chakrabarti, 2009). The main contribution of this research is to
complement current sustainability assessment research by initiating a discussion about how to guide
the development of appropriate tools to support designers and project planners in navigating
sustainability trade-off situations.

3. Research clarification: Sustainability-related trade-offs

Sustainability assessment can be simply defined as any process that directs decision-making towards
sustainability (Morrison-Saunders and Pope, 2013). Being a process, decision-making occurs over
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period of time, often under complex and dynamic circumstances involving multiple objectives through
participation of stakeholders often eliciting conflicting interests. Integration of sustainability issues
further complicates the decision-making process, where the complexity lies not only in defining
sustainability criteria and how they can be measured, but to what extent need sustainability
considerations be as important as ‘traditional’ criteria (Gibson et al., 2005; Simonovic et al., 1997).
Criteria are used by decision-makers to plan and guide the decision-making process to support taking a
certain decision. It is widely acknowledged that the ‘importance’ of criteria is driven by a variety of
values, which reflect fundamental (e.g. corporate or project) objectives (Retief et al., 2013). For
instance, for a new product development project, such ‘traditional’ criteria would be: strategic fit;
customer requirements; limited commercial risk and market responsiveness; conformity to law and
regulations (Bovea and Pérez-Belis, 2012), while sustainability-related criteria could be: presence of
toxic substances; energy efficiency; etc.

3.1. Trade-off types and occurrences

Trade-offs can be described as tensions in the decision-making process to favour some criteria that lead
to certain desired outcomes over others. Byggeth and Hochschorner (2006) define trade-offs as
“situations when a sacrifice is made in one area to obtain benefits in another ... [whereby] it is usually
impossible to optimize them, all at once” (p. 1420). For instance, during a packaging selection process,
the tensions can arise between the ‘traditional’ criteria, such as cost of material, technical performance
and supplier proximity, and sustainability criteria, such as recyclability or recycled content (de Koeijer et
al., 2017). It has been reported that corporate trade-offs can arise on different levels, such as strategic
(macro level), tactical and operational (micro level) (Hahn et al., 2010; Prendeville et al., 2017). Macro
level trade-offs concern the question of whether (whether a company should engage in sustainability
projects) with trade-offs related to sustainability dimensions, time considerations and stakeholder
demands (Haffar and Searcy, 2017). Micro level trade-offs concern the questions of which (which areas
to engage in sustainability) and sow (how to engage in them, i.e. how to act and what principles to apply)
(Byggeth and Hochschorner, 2006; Prendeville et al., 2017). Table 1 provides examples of trade-offs as
identified by the literature. Interestingly, Haffar and Searcy (2017) note that trade-offs encountered on
micro levels are influenced by those encountered on macro level, or put similarly, earlier choices
influence (facilitate or delimit) further ones, making the decisions sequential (Wu and Pagell, 2011).
Unambiguously, the sustainability-related trade-offs on macro level will occur as a result of corporate
decisions only when the decision-makers are ‘aware’ of sustainability-related problems and can
understand what opportunities exist (Haffar and Searcy, 2017), thus implicitly or explicitly establishing
principles or rules according to which decisions at tactical and operational levels will be made. For
instance, a corporate decision to become a producer of one of the most eco-friendly and energy-efficient
insulation systems will signal about the corporate awareness of energy preservation needs and the
environmental and health impact of insulation materials, while also influencing the principles product
designer will follow and the criteria according to which the product’s performance will be evaluated.
While such criteria as presence of toxic materials and superior thermal properties (good insulator) could
play a key role in product design, and can be considered as ‘non-negotiable’ (i.e. strategically set),
consideration of other criteria such as material use, material cost and water usage can potentially lead to
the identification of trade-off situations, i.e. more material needs to be used to satisfy the superior
insulation requirement, thus increasing costs, or the process of producing the insulation material is very
water intensive. These trade-offs, however, can only be identified if the decision makers (in this case
product developers) use relevant sustainability assessment tools to identify other criteria to be included
in the decision making process. This brings back the discussion in the introduction part about the
importance of developing and providing relevant sustainability-related decision support tools to the
practitioners to enable them to: i) set decision boundaries and reduce uncertainty of what criteria are
important for sustainability-related decision-making (Gagnon et al., 2012); ii) enable a dynamic decision
process, where the information selected is meaningful for the information users (Bengtsson, 2001;
Zetterlund et al., 2016); iii) evaluate alternatives, uncover trade-off situations and use guidelines and
rules to navigate trade-offs in an explicit way (Gibson et al., 2005); iv) make decisions in a rationale way
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and track every decision that has been made, reflect on it and iterate (i.e. select other criteria or select
different alternatives for evaluation) whenever necessary (Waas et al., 2014; Watz and Hallstedt, 2018).

Table 1. Trade-off examples from sustainability literature

Reference Research Trade-off classification | Trade-off example
domain
Byggeth and Eco-design According to a) Material weight vs material toxicity (e.g. small
Hochschorner, | and product sustainability aspect: amounts of a toxic material and more weight of a
(2006) development | a) in one less toxic material)
environmental aspect b) More material vs less energy (e.g. more
b) between different material for insulation to save energy in use)
environmental aspects | c¢) Material and cost (e.g. lightweight material
¢) between different that is more expensive)
sustainability aspects
Prendeville et | Eco-design According to decision | a) Higher recyclable material costs due to
al. (2017) and product levels: supplier transportation costs
development | a) strategic b) Material substitution (recycled form of the
b) tactical virgin material is only offered by one supplier)
c) operational c¢) Two parts are to be moulded together that
affects cost-efficiency of disassembly
Bjorklund and | Sustainable No distinctive - Social considerations vs investment
Forslund logistics classification - Uniform performance indicators for all logistic
(2019) providers vs provider specific indicator and right
balance of indicators across sustainability
dimensions
Driessen and New product | No distinctive - Organic and locally grown ingredients: if no
Hillebrand, development | classification, but local suppliers offered organic options, the trade-
(2013) based on stakeholder off is between organic but international supply vs
value prioritization non-organic and local
- Reduction of VOC content in chemicals
complicates the use of the chemical by the user
Wu and Pagell | Sustainable No distinctive - Support locally grown [organic] produce vs
(2011) supply chain | classification reliability of supply in terms of variability and
management volumes
de Koeijer et Sustainable No distinctive - Material selection: ‘known’ less sustainable
al. (2017) packaging classification material vs ‘unknown’ more sustainable material
development (*unknown was linked to the newness of the
material on the market and doubts about its long-
term success)
Holt and Corporate No distinctive - local vs international sourcing and carbon
Watson (2008) | social classification footprint: supporting local (often vulnerable)
responsibility communities internationally (e.g. Fairtrade
procurement) vs carbon footprint related to
transport
Amaral and Logistics No distinctive - Transport mode: air shipping is costly but
Guerreiro planning classification, but provides timely responses vs rail mode is cheaper
(2014) based on time response | but provides less timely responses;

and cost

- Centralization of warehouses: centralized
location increases outbound transport cost but
lowers the inbound costs while the decentralized
has the opposite effects plus increased warehouse
cost per warchouse
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3.2. Management of trade-offs and trade-off support techniques

From the theory presented above and the trade-off examples provided in Table 1, it is clear that
understanding trade-offs, their occurrence and management is a complex task.

To understand how the literature has proposed to manage trade-offs and support decisions, we present
summaries of several works that reviewed to what extent different tools support decisions in
sustainability-related trade-off situations. These works provided reviews of tools from two different,
but sustainability-related strategies, such as Eco-design and Sustainable supply chain management.
Byggeth and Hochschorner (2006) analysed 15 Eco-design tools to understand to what extent do they
provide decision support in trade-off situations during product development process. Their conclusion
was that while nine of the tools included valuation (i.e. implicit rating of importance of criteria or
strategies), their support of decision was not sufficient. The authors indicate that valuation should
concern not only the identification of trade-offs, but provide guidance for decisions when trade-offs
are revealed. Several gaps in relation to the tools and their suitability for trade-off decision support are
highlighted, such as: i) they may be too simple and do not address complex issues of sustainability; ii)
some of the guidance needs to be supported only by using more comprehensive tools, such as life
cycle assessment (for instance, ‘dematerialization’ strategy needs to be only prioritized when the
whole life cycle is considered as opposed only to ‘material consumption’ aspect, to avoid sub
optimization); iii) they do not give direct guidance on managing trade-offs concerning various aspects
of sustainability, provided other ‘traditional’ criteria are satisfied. The latter one is especially relevant
to address since few eco-design methods have been proposed to provide support in early design stages
considering environmental and functional requirements of a product (e.g. the Green Quality Function
Deployment by Bovea and Wang in (Bovea and Pérez-Belis, 2012). Despite the findings by Byggeth
and Hochschorner (2006) in early 2000s, there is still a gap in the literature to support decisions in
sustainability-related trade-off situations (Haffar and Searcy, 2017; de Koeijer et al., 2017).

Taticchi et al. (2015) analysed decision support tools for managing sustainable supply chain. The
authors specifically focused on understanding to what extent performance measurements are supported
by decision tools to guide supply chains design and operation. The conclusion was that while various
methods and tools have been used to support performance measurements in sustainable supply chain,
they rarely supported decisions to address conflicting objectives incorporating triple bottom line
approach; furthermore, while mathematical modelling (such as multicriteria decision analysis and
agent based modelling) that aims at optimizing solutions may be a practical manner to identify the
most suitable option, it can lead to oversight of some trade-offs and impede alternative solution
generation as a consequence of the trade-off management (de Magalhaes et al., 2019).

To complement the literature, we acknowledge the importance of any sustainability assessment
technique to include a decision support procedure to assist decision-making in a trade-off situation.
This paper tries to investigate what criteria are necessary for the development of decision support
tools. We specifically look at the literature concerning trade-offs that occur at tactical and operational
levels, i.e. relate to decisions in business processes (as opposed to strategic processes), e.g. product
development or manufacturing processes. Moreover, we are specifically interested in understanding
techniques to address trade-offs within and between sustainability criteria, assuming all the other
criteria fulfil the requirements of the project.

4. Outcomes of the descriptive study: Criteria for the development
of a decision-support tool to assist decisions in trade-off
situations

Due to the complexity of the trade-off situations and the lack of a generic tool to support
sustainability-related trade-off decisions, we have consolidated few criteria that should be considered
for the development of a decision-support tool to assist decisions in sustainability trade-off situations.
This consolidation is based on the recommendations extracted from the above-cited works as well as
on the results of internal discussions in the research group. These criteria are not exhaustive and serve
to facilitate the discussion focused on trade-off management for sustainability aspects, as opposed to,
for instance, trade-offs between functional requirements in a product development process.
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Criterion #1: it is fundamental to enable elicitation of sustainability objectives and use relevant
tools to reveal trade-offs

As discussed before, trade-offs are inherent in sustainability-related projects. However, not all the
tools can reveal trade-offs, thus falling short on making them explicit for the decision-makers. Gibson
et al. (2005) argue that a ‘good’ sustainability-oriented assessment should reveal trade-offs, because
making the trade-offs explicit helps to address any major critical aspects of sustainability concern that
can emerge as part of the decision process (Eakin et al., 2009). It is, therefore, essential to ensure that
the decision-makers elicit their sustainability objectives before the assessment. For the objective
elicitation, it is crucial to focus on ‘fundamental’ objectives as opposed to ‘means’ objectives to avoid
too narrow focus (Hammond and Keeney, 1999). A fundamental objective can be to ‘reduce overall
environmental impact of a product X’, rather than stating ‘increase recyclability of a product X’,
which can be a means objective to potentially achieve the fundamental objective. After the objectives
have been defined, it is important to select appropriate assessment tools and techniques (e.g.
sustainability performance indicators) to understand to what extent the objectives can be achieved by
different alternatives. Consequently, a tool that incorporates various sustainability aspects from the
three-dimensional perspective should be prioritized (Byggeth and Hochschorner, 2006). Additionally,
a tool should enable an assessment from a life cycle perspective (Byggeth and Hochschorner, 2006)
and include a guideline or processes for identifying case and context-specific factors (Gibson et al.,
2005). This can be linked to the main concerns of the sector, the company or a product can be
classified according to (Kravchenko et al., in review): for instance, the packaging use and waste
generation along the value chain should be considered as key issues if a company belongs to the food
sector. Such guidelines can be very useful for the decision makers during the process, considering that
most of the companies in EU are SME’s (EC, 2019) and may not have an environmental or
sustainability engineer, whose expertise is essential in facilitating the selection of key issues
(McAloone, 1998). Furthermore, this process can also serve as a ‘checklist’ for environmental experts,
who would often use heuristics to justify their choice, while being useful, however, may lead to
systematic errors if not supported by additional tools (Bakker et al., 2012).

Criterion #2: it is important to provide several prioritization principles in conjunction to assist
trade-offs understanding and management

Once the trade-offs have been revealed, it may be necessary to use several prioritization tools to
provide a better understanding of the factors that influence and are influenced in the decision process
(Driessen and Hillebrand, 2013). Those prioritization principles may be of qualitative and/or
qualitative nature. One of the prioritization techniques can be to use strategic requirements to
understand whether they can support or confront the intended decisions (Byggeth and Hochschorner,
2006; Hahn et al., 2010). For instance, the corporate commitment to offer a 10 year warranty can be a
driving factor for adding more material (material use aspect) to increase durability. Another factor can
be a brand image or customer requirement, which will, for instance, make a specific part or feature of
a product ‘preserved’ from changes, e.g. white surface for medical appliances. For medical appliances,
again, the safety criterion and legal requirements can be driving factors to replace some durable parts
in a refurbished appliance to guarantee the conformity (i.e. more new parts will be used in a
refurbished appliance even though the used parts were quality-tested and could serve another use
cycle). To facilitate the preference-setting, those different factors or requirements can be classified as
‘negotiable’ and ‘non-negotiable’, thus delineating what can be accepted in design decisions
(Morrison-Saunders and Pope, 2013). While it is mandatory to comply with minimum requirements of
legislation and standards (Byggeth and Hochschorner, 2006) (i.e. non-negotiable criteria), companies
can set their own minimum or maximum requirements. For instance, a minimum requirement for a
cosmetics company is to never use parabens as preservatives in their products, which may require
finding more expensive alternatives (cost aspect) or adding protective packaging to prevent mould
formation (material use aspect). While EU regulates what forms of parabens are banned, and what
maximum concentrations of specific parabens are allowed (Andersen and Larsen, 2013), it is still a
higher priority for a company to use their own, ‘non-negotiable’ requirements. These ‘non-negotiable’
requirements can be set by a company to ‘stay ahead’ as a respond to a variety of changes, such as
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legislative, social, technological, that might fore come as a consequence of the upcoming megatrends
(KPMG International, 2014).

Another prioritization technique to use could be a relatively simple prioritization matrix, which could
allocate all important criteria. The prioritization is done by a pair-wise comparison of the criteria and
assigning a score to each. After several rounds of prioritizations, it may become obvious what criteria
are negotiable, what are not, and what are the likely trade-offs to be ‘accepted’.

Criterion #3: it is important to enable evaluation of trade-off acceptability

Different prioritization techniques enable the explication of the most important criteria and their
relative importance to each other and to the main objectives. This creates visibility of the rationale
about the trade-offs that are potentially to be accepted. However, before the final trade-off acceptance,
it is important to evaluate the trade-offs. Gibson et al. (2005) have formulated several rules to be used
during the process of argumentation for trade-offs. These rules can be used as a base to develop
guidelines or checklists to be followed during the decision process. The following rules should apply
for the evaluation of trade-off acceptability:

a) any acceptable trade-off must deliver net sustainability gains (over the long-term);

b) no trade-off involving significant adverse effect is acceptable unless all alternatives are worse;

¢) no displacement of significant adverse impact from present to future can be justified unless all
alternatives are worse;

To address the evaluation for the rule a), a set of guiding questions or a decision tree can be developed
to assist understanding of the net sustainability gains. For instance, such questions as ‘can you achieve
a balance across objectives that cover all dimensions of sustainability?” can be used to understand if
the selected alternative can be adjusted. If only two objectives can be balanced, another guiding
question could address whether the ‘sacrifice’ of the third objective can be managed in the longer term
(e.g. increased cost which is expected to decrease with time because of, for instance, maturity of the
process or technology) or ‘offset’ by other projects. If no balance can be achieved between the
objectives, the guidance could be to understand if other alternatives exist, otherwise the solution has to
be rejected. For instance, if the product redesign can not guarantee achievement of the objective to
reduce GHG emissions, the project can be suspended, however the strategic management can take a
decision to reduce volume of produced and sold products, so to achieve the objective in an alternative
way. In this way, it is essential that the designer team has the right tools to understand the trade-offs and
communicate them upwards to have a decision taken. To address rules b) and c), a matrix can be used to
understand the importance of trade-offs evaluated by e.g.: severity, probability, scale, duration,
frequency of the adverse impact, for instance, using scales and colour schemes as in risk or
environmental impact assessment matrices. To understand the severity and probability, it may be
necessarily to consult experts from the field related to a trade-off. For instance, if application of a
fiberglass material in a product is accepted despite the recyclability aspect being negative, experts from
the field may indicate the latest advances in the recycling technology, which can help justify the trade-off
acceptability. The expertise in the networks of suppliers, partners and customers can be advantageous to
get knowledge about materials, products and processes (McAloone, 1998), which can reinforce
sustainability learning and potentially lead to resolving the trade-off (Brennan and Tennant, 2018).
Criterion #4: it is important to develop tools and procedures that are relatively easy to be
implemented by industrial practitioners

As previously discussed, a sustainability-oriented decision-making process should not be merely a
computational process, but a process that facilitates dialogue between different stakeholders,
reinforces learning and creates transparency of the decisions made during the process. Therefore, for a
successful integration of sustainability considerations into conventional design and development
processes, sustainability assessment and decision support tools need to be relatively simple, so the
internal and external decision makers can be involved throughout the whole process, from objective
setting, to modelling and assessment and then in interpretation and decision taking.

Interplay of the four criteria in the decision-making process

Taking into account the arguments put forward earlier, we discuss the importance of the above-
mentioned criteria in influencing the outcomes of the decision process. Figure 1 visualizes different
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‘spaces’ of the decision process, such as the space of objective and goal setting and decision taking,
trade-off space and decision support space. We can argue that if criterion #1 is not satisfied, the
trade-offs may not be revealed, which negates the inherent value of decision-making as a process,
making practitioners resort to taking fast, simple and myopic decisions. If criteria #2 and #3 are not
satisfied, likewise, the practitioners may use ad hoc approaches to selecting the ‘best’ alternative
while accepting some trade-offs being unaware of potential risks this acceptability brings. This can
consequently influence the ability of decision-makers in taking actions to improve performance of
the selected alternative or mitigate the accepted trade-offs. Same outcome can also occur when
criterion #4 is not satisfied, making it harder for decision-makers interpret the results and
meaningfully utilize them.

Objective setting and Trade-off space Decision support space
decision taking space :

Alt Alf Al .
o o o « Negotiable and non-

E nativel native 2 native 3 L
#1 negotiable aspects

Objective ’I\
L + Pairwise comparison
Objective

5 J \

Qbjective . Acceptabm_ty_evafuatton
5 and negotiations

Sustainability
objectives and
key criteria

Figure 1. Relationships between different spaces of the decision-making process when the four
criteria are considered

5. Concluding remarks

Based on the learnings from the empirical investigation and a literature review, this paper has explored
the criteria for the development of a decision-support method to assist decisions in trade-off situations.
The empirical work led to the identification of the need, which was then supported by the literature.
Furthermore, the literature review provided an understanding of the types of trade-offs related to
sustainability aspects and the gap related to the lack of the tool to guide decisions in a sustainability-
related trade-off situations, provided all the other important criteria are satisfied. As a result, we
elaborate on four criteria that are important to consider when developing a decision support tool. In
summary, the key findings are following:

1. the four consolidated criteria seem to be generic to help resolving trade-offs during decision-
making during various business processes; however there may be more criteria to consider

2. the four criteria can be used to develop an approach to trade-off management in the process of
design and development of sustainable products and services

3. there are no apparent approaches focusing on trade-off management of this type, namely
within and between sustainability aspects

Therefore, this paper is intended to inspire a discussion about what should be taken into account when
developing a sustainability-related trade-off decision support tool. The main limitations of this study
are related to the techniques employed to identify the criteria. Therefore, more research is needed to
investigate how to complement the consolidated criteria and understand the approach to the
development of the support tool. Future work should proceed by developing the support and testing it
in empirical settings.
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3.3.2. A trade-off navigation framework support

The criteria consolidated from the literature review served as a foundation for proposing a trade-off
navigation framework (TONF). Based on the selected criteria (as presented Chapter 3.3.1.), the TONF was
operationalized, as summarized in Table 6 in Chapter 2.5.2. As a result, the proposal of the TONF
contributes to answering RQ.4: How to support decision-making when trade-offs arise between
sustainability performance indicators?

The TONF relies on Input data and a structured guidance (Figure 11), with the twofold objective to: i)
help making trade-offs explicit, and ii) provide a structured approach to support trade-off analysis and
acceptability in a transparent manner.

Trade-off navigation framework

. Input data A step-by-step gl_nda_nce for
g trade-off navigation:
:.:\ = Alist of key
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Figure 12. A trade-off navigation framework and its constituent elements: the Input data and the step-by-step
guidance

‘Input data’ element acts as a pre-condition to reveal trade-offs and provide visibility of the decision
framing to the decision-makers. Input data consists of a list of key environmental, economic and social
indicators (or criteria), a set of initiatives that are considered in the decision-making process, definition of
the acceptability ranges for the selected indicators and the level of their negotiability (Figure 11). To assist
collection of input data, a guidance was proposed. Notably, a multifunctional team needs to be engaged
for the provision of input data and handling trade-offs following a step-by-step guidance for trade-off
navigation.

A step-by-step guidance for trade-off navigation consists of three steps, each aiming at supporting a
dynamic and transparent dialogue about priority criteria, existing trade-offs, and initiative prioritization
and re-evaluation in light of the revealed trade-offs. A trade-off matrix was developed in Excel to assist
registration of input data and decisions. Step 1 focuses on the analysis of initiatives performance based
on defined non-negotiable criteria. The advantage of this step lies in supporting a dialogue about defined
acceptability ranges and why they are considered as non-negotiable. As opposed to weighting, it facilitates
discussions and could trigger decision-makers to seek new or validate old information.
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Step 1: Analysis of the performance on non-negotiable criteria

A. If two or more alternatives satisfy all the non-negotiable criteria, proceed to Step 2.

B. If only one alternative satisfies all the non-negotiable criteria, proceed to Step 3.

C. If none of the alternatives satisfy all the non-negotiable criteria, i.e. either some alternatives deliver the
acceptable performance on some criteria but not the others, or neither of the alternatives deliver the
acceptable performance, then all the alternatives should be rejected, unless:

a. The non-negotiability of the criteria, hence the acceptable ranges, can be re-evaluated,
supported by the questions:

e Are the acceptability ranges too narrow or too broad?

e Can they be adjusted and how much?

e What is the aim of the defined acceptability ranges/target? (Does it show a problem/risks or an
opportunity? Can it be seen as an approach to balance the objectives? Does it reflect means to achieving
a specific goal?)

e  Can we re-evaluate the ranges/target in a dialogue with stakeholders or management?

This step requires returning to the Input data and re-evaluating: i) acceptability ranges; ii) number of considered
alternatives; iii) number and type of key criteria for decision-making.

As a result of this dialogue, some ranges can be adjusted and the evaluation should proceed as follows:
D. If none of the alternatives satisfies all (adjusted) non-negotiable criteria, none can be accepted as is,
requiring improvement or development of a new set of alternatives.
E. If two or more alternatives satisfy all the non-negotiable criteria, the analysis should proceed to Step 2.
F. If only one alternative satisfies all the non-negotiable criteria, the analysis should proceed to Step 3.

Step 2 focuses on the analysis or validate of initiatives performance based on defined negotiable
criteria. Here, a pairwise comparison and ranking is suggested to support prioritization of the criteria
explicitly.

Step 2: Analysis of the performance on negotiable criteria
In this step, the focus is done on the negotiable criteria. The analysis should only be performed for the selected
alternatives from Step 1.
A. Select only the criteria for which none of the alternatives meets the performance within the acceptable
ranges (e.g. if one criterion is satisfied by all the considered alternatives, it should be excluded from the
analysis to simplify the weighting). For the selected criteria, weights should be assigned to them. A
weight indicates the importance of one criterion relative to the other under consideration, i.e. a pairwise
comparison. It isimportant to agree on the ranking scale and use it consistently to support the weighting
process. A Likert scale from ‘much more important’ to ‘much less important’ could be used to assign
priority weights. After weighting, a ranking of alternatives is performed based on their performance and
the degree they satisfy the acceptable ranges. Similarly, a ranking scale should be defined, such as 1 to
3, i.e. from unsatisfactory (1), to some extent satisfactory (2), to satisfactory (3). As a result, the weighting
score and the ranking score will be combined to show the alternative/s with the most satisfactory scores.
B. Following the results of the weighting and ranking process, a dialogue about the scores and whether
they can help providing judgements for the prioritization of one alternative over others is encouraged.

Proceed to Step 3.

Step 3 focuses on decision analysis considering the selected initiatives (e.g. which qualified Step 1 and
were prioritized in Step 2), to allow decision analysis to be performed in light of potential trade-offs
between all the criteria considered (Retief et al., 2013). To make a decision, it is necessary to consider all
the argumentations and justifications provided during the process.
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Step 3: Decision analysis

In this step, it is necessary to reflect back on the selected alternative(s) based on the results in Step 1 and 2. All
the criteria, negotiable and non-negotiable, should be considered. To make a decision it is necessary to consider
all the argumentations and justifications provided during the process. Following deliberations could occur: if the
alternative X is accepted - can its performance on the non-negotiable criteria and high priority negotiable criteria
compensate for the trade-offs that are accepted? If yes, does it reflect our goals and provide a new opportunity
and minimizes risks? can alternative solutions be set up to compensate for the accepted trade-offs?

The TONF intends to encourage dialogue and provide a structured and transparent approach for
analysing decisions and decision context, and not to provide a ready solution for such conflicts. In this
way, it allows the decision-makers to “play” with scenarios, as to where different acceptability limits lie
and how acceptable the considered alternatives are in light of those.

Reflection on the contribution

By using the TONF and following the guidance, manufacturing actors should be able to re-evaluate the
priority criteria and proposed initiatives in light of the revealed trade-offs. By indicating how to frame a
decision (input data element) and what relevant questions should be asked along prioritization and
selection, the TONF ensures that adequate information is used to enable practitioners making informed
decisions. This could reinforce knowledge about proposed initiatives, potential risks and opportunities
behind their acceptance. Consequently, it may also serve as a feedback loop to manage conflicting criteria
and introduce continuous improvements.

Motivated by the lack of support to manage sustainability trade-offs, the contribution of this study lies in
the following: i) advancing the discussion about the importance of supporting sustainability-related trade-
off situations; while there are various approaches to support balancing and management of trade-offs
between traditional criteria (e.g. cost, technical performance), there is a lack of attention to sustainability
trade-offs; ii) focusing on the importance of making trade-offs transparent; iii) proposing a hands on
approach, which does not require modelling skills, hence can be used in the early stages of decision
making.

Paper 4, which is embedded next, provides a detailed overview of the TONF development and
evaluation. The paper puts forward: i) the summaries of literature reviews that supported understanding
of the trade-off challenge among other manufacturing specific challenges; ii) the process of the TONF
conceptualization and evaluation with experts; and iii) key learnings, contributions and limitations.

Additionally, a user guide and a trade-off matrix were developed to support operationalization of the
TONF by practitioners. The user guide and corresponding matrix are made open access and available at
(M. Kravchenko, Pigosso and McAloone, 2020a).

103



Paper 4: Kravchenko, M., Pigosso, D. C. A., & McAloone, T. C.
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A trade-off navigation framework as a decision support for conflicting
sustainability indicators within circular economy implementation
in the manufacturing industry.
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A trade-off navigation framework as a decision support for conflicting sustainability
indicators within circular economy implementation in the manufacturing industry

Mariia Kravchenko*, Daniela CA. Pigosso, Tim C. McAloone

Technical University of Denmark (DTU), Department of Mechanical Engineering, Nils Koppels Alle 404,
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Abstract

Integration of sustainability criteria from a triple bottom line perspective is considered a challenge for
manufacturing actors, who are engaged in developing sustainability-oriented initiatives. The earlier in the
development process the criteria are integrated and sustainability potential is evaluated, the more
opportunities exist to introduce improvements and select an initiative with a highest sustainability
potential. The challenge does not only lie in understanding what sustainability criteria to use to assess
sustainability performance, but in managing conflicting results, known as trade-offs. Trade-offs are
situations characterized by conflicts between the desired objectives, where it is impossible to satisfy all
criteria simultaneously. Although sustainability trade-offs are common, there is a gap in the existing
approaches for sustainability measurements to support trade-off dialogue and decision-making. If trade-
offs are not acknowledged, there is a risk of accepting an initiative leading to sub-optimizations or higher
impacts. Therefore, this study proposes a framework to support trade-off analysis in the early
development stages of sustainability-oriented initiatives. The trade-off navigation framework relies on
Input data and a structured guidance, with the twofold objective to: i) help making trade-offs explicit, and
ii) provide a structured approach to support trade-off analysis and acceptability in a transparent manner.
The purpose is to encourage a dynamic decision process and reinforce the knowledge of decision-makers
about potential risks and opportunities behind their choices. Using a case of CE initiative development,
this paper discusses how a trade-off navigation framework was applied and evaluated by industrial and
academic experts, leading to its improvement and identification of strengths and limitations.

Keywords: circular economy; sustainability indicators; triple bottom line; trade-offs; decision support;
early development stages; business process

1. Introduction

In today’s competitive and unpredictable markets, manufacturing companies are seeking innovative ways
to transform their businesses to satisfy customer needs while sustaining long-term financial advantages
and reducing environmental impact (Lacy, Long and Spinder, 2020), ultimately striving to contribute to
sustainable development. Transition to circular economy (CE) is seen as one of the most powerful ways
for business to innovate to achieve competitive advantage by building environmentally and socially
resilient systems (EMF, 2013). CE implies a systems perspective, where production and consumption
systems both need to be redesigned to function in a circular way, which aims at eliminating waste,
minimizing pollution and retaining value of goods in the system for longer (Kirchherr, Reike and Hekkert,
2017). For the manufacturing industry, accordingly, it requires simultaneously engaging multiple business
processes, including business models, product and service design, forward and reverse logistics,
manufacturing, and others, to develop and implement a CE initiative (Lieder and Rashid, 2016).



For a CE initiative to contribute positively to sustainability, triple bottom line (TBL) considerations (i.e.
economic, environmental and social aspects as elements of operational sustainability) should be
embedded in early stages of its development (Korhonen, Honkasalo and Seppala, 2018). A variety of new
metrics and approaches to measure CE has been proposed (Saidani et al., 2019): some focus on measuring
economic value of recirculated products and materials (Linder, Sarasini and van Loon, 2017), others focus
on measuring virgin material input as a degree of product’s circularity (EMF, 2015). Although new methods
and indicators to measure CE are being increasingly proposed (Lindgreen, Salomone and Reyes, 2020), it
is questionable to what extent they can be used to understand environmental and economic potential of
proposed CE initiatives (Harris, Martin and Diener, 2021). Lonca et al. (2018) report that the use of re-
treaded tyres, while increasing the degree of product’s circularity, increases fuel consumption of a vehicle,
hence does not contribute to overall resource savings. Similarly, Cooper and Gutowski (2017) argue that
reuse strategy might not always be more environmentally friendly for electric and electronic goods due
to rapid advancements in energy efficiency. Despite there are studies that highlight economic and
environmental benefits of CE initiatives compared to non-CE ones (Kaddoura et al., 2019; Warmington-
Lundstrom and Laurenti, 2020), a case by case assessment is needed (Schaubroeck, 2020). Questioning
the applicability of CE-oriented metrics and approaches for the assessment of environmental and
economic benefits of CE, the applicability of existing environmental and economic assessment
methodologies was investigated (Elia, Gnoni and Tornese, 2017; Sassanelli et al., 2019). In summary,
several challenges exist: firstly, none of the analysed methodologies, including a life cycle assessment
(LCA), seem to assess the impacts of CE initiatives that concern redesign of business models for a shared
or access-based product use or service provision (Elia, Gnoni and Tornese, 2017); secondly, many
methodologies do not go beyond the assessment of material and energy parameters (Sassanelli et al.,
2019); thirdly, the lack of assessment from a social perspective is missing (Kristensen and Mosgaard,
2020), yet alone the assessment from a holistic triple bottom line perspective (Kalmykova, Sadagopan and
Rosado, 2017). The holistic TBL assessment is not only needed to document the impact of CE
implementations (Korhonen, Honkasalo and Seppald, 2018), but to support the development stages of CE
initiatives for early assessment of CE potential and possibilities of introducing improvements (Kravchenko,
Pigosso and McAloone, 2020). Indeed, business model and product development are seen as driving
processes to enable CE development (Bocken et al., 2016); additionally, other operational business
processes might need to be considered to support CE implementation (Blomsma and Brennan, 2017).

To ensure a holistic sustainability consideration during CE initiative development and avoid sub-
optimizations (or even more severe sustainability impacts), high importance economic, social and
environmental criteria of the TBL approach need to be integrated early in business processes along the
key CE and traditional criteria (Korhonen, Honkasalo and Seppéld, 2018). The inclusion of TBL criteria
increases complexity during decision-making, and while techniques based on qualitative or quantitative
indicators to support their measurement exist (Bovea and Pérez-Belis, 2012), they lack to provide support
for conflicting TBL indicators, known as trade-offs (Buchert, Halstenberg and Stark, 2017; de Koeijer, de
Lange and Wever, 2017). This gap highlights the lack of attention to trade-offs between TBL indicators,
despite the evidence that integration of the TBL perspective as a sustainability-oriented decision support
would always involve trade-offs (Gibson et al., 2005), either between or within the TBL dimensions
(Byggeth and Hochschorner, 2006). Decision support is needed to ensure that adequate information is
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used to enable practitioners making informed decisions by explicitly analysing the existing trade-offs in
light of contextual settings (Zarte, Pechmann and Nunes, 2019). This could reinforce knowledge about
proposed initiatives, potential risks and opportunities behind their acceptance (de Magalhaes, Danilevicz
and Palazzo, 2019).

In light of the presented, this paper brings forward the need to address a sustainability trade-off challenge,
which industrial actors experience when integrating TBL indicators for sustainability measurement of the
proposed initiatives, including CE initiatives. Consequently, this study proposes a trade-off navigation
framework (TONF) to support decision-making between conflicting sustainability indicators in a structured
and transparent manner. The framework seeks to fill the identified gap by considering multiple
sustainability indicators and prioritization principles based on acceptability ranges and their negotiability.
The framework incorporates a step-by-step guidance to support industrial practitioners in carrying out
the decision analysis between conflicting sustainability indicators. Additionally, it integrates a trade-off
matrix to visualize the required input data and record changes along decision process. The main aim of
the TONF is to create transparency about sustainability trade-offs and support dialogue about the
opportunities and challenges of the considered initiatives in light of the revealed trade-offs.

2. Research design and methods

The research process followed a step-by-step approach, depicted in Figure 1. Accordingly, the research
commenced by developing an understanding whether and when sustainability trade-offs are a challenge,
and whether a trade-off support is provided by the existing decision support techniques (Step 1). As the
gaps were discovered, Step 2 was set for the identification of the key criteria that could drive the
development of a trade-off decision support. A hypothetical-deductive approach was followed
throughout Steps 3 to 5 with the aim to propose a trade-off navigation framework (TONF) following the
initial set of criteria from Step 2 and evaluate the framework to introduce improvements and test its
usefulness (Minnameier, 2010). The TONF was developed with the twofold objective to: i) help making
trade-offs explicit, and ii) provide a structured approach to support trade-off analysis and acceptability in
a transparent manner. Overall, the objective was to inform and support decisions during early integration
of sustainability indicators in business processes engaged in CE initiative development.
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Figure 1. Overview of the research process with corresponding methods
To attain the objective, a number of research methods were employed in a following way:

Step 1 focused on the identification of a need for a trade-off decision support. Initially, the challenge
regarding trade-offs became distinctive during the empirical work conducted in the preceding research
that focused on the selection and application of relevant sustainability indicators to support development
of CE initiatives. Subsequently, a literature review was performed with the aim of exploring whether the
challenge of sustainability-related trade-offs, when implementing sustainability considerations during
business processes, is a common challenge in the experience of manufacturing companies. Literature
review |, a selective review (Yin, 2011), was performed because it is particularly useful to frame the
research problem and clarify research assumptions (Rocco and Plakhotnik, 2009). The review focused on
the studies from the fields of eco-design, sustainable business modelling, sustainable supply chain
management and manufacturing to identify challenges relevant for a number of related business
processes, such as business modelling (BM), product development (PD) and product-service system design
(PSS), supply chain and manufacturing (SC&M). The review focused on the challenges related to the
integration of sustainability criteria to support evaluation of a sustainability potential during early stages
of decision process. Therefore, the generic challenges (e.g. time and cost of sustainability evaluation)
(Dekoninck et al., 2016) or challenges related to knowledge generation about sustainability issues and
how to transform them into sustainability strategy or objectives (Schulte and Hallstedt, 2017; Stindt, 2017)
were not taken into account. As a result, a trade-off challenge was identified as one of the most prominent
challenges (as summarized in Section 3 in Table 2). Despite the result, the literature highlighted the gap



in the existing tools to support decisions in sustainability-related trade-off situations (Molina-Besch and
Palsson, 2016; Buchert, Halstenberg and Stark, 2017).

Step 2, therefore, aimed at consolidating key criteria to assist the development of the TONF. A selective
literature review I, similarly to literature review |, was performed with the aim to identify several criteria
to act as building blocks for the TONF development rather than provide an exhaustive list of the criteria.
The criteria were extracted from the literature from the field of eco-design (Byggeth and Hochschorner,
2006; Prendeville et al., 2017) and sustainable supply chain management (Wu and Pagell, 2011; Bjorklund
and Forslund, 2019), as well as normative works on sustainability assessment (Gibson et al., 2005;
Morrison-Saunders and Pope, 2013). The criteria are summarized in Section 4 in Table 4.

In Step 3, the criteria were operationalized into a first version of the TONF, incorporating Input data and
structured guidelines as main elements of the TONF. The guidelines for a trade-off navigation are built
based on some features of multicriteria decision-making analysis and psychology field.

In Step 4, the proposed TONF was tested and evaluated by two different expert groups: twelve experts
from academia and eight experts from industry with mixed expertise (Table 1). A combination of
interviews and a questionnaire was used for evaluation, as they are considered a common resource for
gathering data about the outcomes of a theory testing (Blessing and Chakrabarti, 2009). The following
hypothesis was formulated to guide the evaluation: ‘the trade-off navigation can support manufacturing
companies in making trade-offs transparent and supporting argumentations for trade-off justification and
acceptability’.

The experts from industry were selected based on the following criteria: i) engaged currently or in the
past in sustainability-related projects, either as an industrial practitioner or as a consult for industry. The
experts from academia expressed their interest in participating in a workshop dedicated to trade-off
navigation support. With industry experts, interviews were conducted with the selected participants
individually. Each interview lasted for approximately one hour and followed the corresponding steps: i)
presentation of the TONF; ii) presentation by the respondent about their background and challenge
related to trade-offs; iii) demonstration of the TONF using an exemplary case; iv) semi-structured
interview focused on the evaluation of the TONF attributes and general feedback. After each interview,
the participants individually applied the TONF and subsequently filled in an evaluation questionnaire,
consisting of 20 questions. The questionnaire served to collect information about respondents’ knowledge
area, familiarity with any sustainability-related decision support, followed by feedback on various
attributes of the TONF that they had just trialled. The questions were varied, so as to both include closed-
ended evaluation, relying on a three- and four-point Likert scales such as “to a larger extent”, “to some
extent”, “no support” and “not satisfactory”, “needs improvement”, “satisfactory” and “very
satisfactory”, and an open-ended evaluation, in order to gather improvement suggestions. For the
academic experts, the workshop was designed to compare two decision processes —one without- and one
with the proposed TONF — using a simplified exemplary case, followed by the evaluation using the same
evaluation questionnaire as for the industry experts. In Step 5, the TONF was refined, following the
improvement suggestions from the combined evaluation by the industrial and academic experts. The final
version of the TONF is presented in details in Section 4.



Table 1. TONF evaluation experts: industrial experts and academic experts

Expert ID Area of expertise Level of experience

Industrial experts (IE)

IA#1 Product design, LCA modelling >5 years

1A#2 Product design, manufacturing efficiency, circular economy design >5 years

IA#3 Product design, circular economy design >2 years

IAH#4 Mechanical and environmental engineering >25 years

IAH#5 Health, quality and safety management, risk management >2 years

IA#6 Product design, LCA modelling >5 years

IA#7 LCA modelling, sustainability consulting >10 years

IA#8 Environmental management, sustainable supply chain >10 years
management

Academic experts (AE) — collective

AE#1-12 Product design, eco-design, LCA modelling Mixed

3. Presentation of common challenges in implementation of TBL criteria in business
processes and the prominence of trade-offs

Integration of sustainability into decision-making during business processes depends on a variety of so-
called success factors, such as top and middle management support and commitment (Nilsson-Lindén et
al., 2018), allocation of time and resources (Short et al., 2012), knowledge about sustainability issues
(Abbasi and Nilsson, 2016) and ways of translating them into specific requirements (Schulte and Hallstedt,
2017), availability of tools (Dekoninck et al., 2016), among others. Despite many businesses in Europe
have defined their sustainability agenda at the strategic level (Short et al., 2012), integration of
sustainability into tactical and operational levels is still a challenge, for both large companies, as well as
small & medium sized enterprises (SME’s) (Paulson and Sundin, 2019; Watz and Hallstedt, 2020). This can
be related to the complexity of criteria that decision makers at tactical and operational levels are dealing
with — adding high relevancy environmental, economic and social criteria along key business, technical,
functional, legal and customer requirements (Bovea and Pérez-Belis, 2012). Within the TBL criteria,
several challenges exist and are prominent for a number of operational business processes. These
challenges were consolidated through Literature review | in Step 1, as presented in Table 2.

Table 2. Challenges associated with implementation of sustainability criteria and the prominence of trade-offs:
Note: fr'— frequency — number of publications; list of references is provided in Appendix I).

Nr | Challenge Fr' | Example Business process
BM | PD&PSS | SC&M

Prioritizing key
sustainability issues and
related criteria (e.g 'must’
vs 'nice to have')

Deciding whether to focus on minimizing
6 | CO2 emissions and energy use or on water V' V' v
scarcity and water use




Balancing sustainability
and other (technical,
customer) criteria

Deciding whether to reduce VOC content in
a chemical product which will complicate
use of the chemical by the user

Finding a logic of
selecting relevant
sustainability indicators
or measurement
methods to quantify
sustainability criteria

Deciding whether to use generic indicators
or (customer, supplier, process) specific
indicators; use absolute or relative
indicators; find a right balance of indicators
across sustainability dimensions

Uncertainty in what data
to use for sustainability
measurements and data
quality

Understanding how toxicity is measured;
understanding social issues are measured

Interpreting sustainability
measurement results to
guide decision-making
process (e.g. to introduce

Understanding whether to focus on
reducing the total number of chemical
substances in a product or eliminating one

improvements or show chemical
achievement of targets)

Navigating conflicting
sustainability criteria,
indicators and

measurement results

How to choose: increased durability
compromises recyclability; sourcing of a
recycled material increases transportation
fuel use and costs

Challenge nr. 1. describes the difficulty of prioritizing key sustainability issues and related criteria
(Hallstedt and Thompson, 2011; Battistella et al., 2018; Paulson and Sundin, 2019), which can be
associated with the lack of knowledge about interconnectedness of sustainability issues (e.g. waste
generation) and related criteria (e.g. use of reinforced or mixed materials that are often hard to recycle)
or the lack of procedures to support identification of significant issues and aspects (Issa et al., 2015). The
challenge of balancing sustainability and other (technical, customer) criteria (challenge nr. 2.) arises when
optimizing the solution to satisfy both sustainability and other criteria is not possible (Abbasi and Nilsson,
2016; Dekoninck et al., 2016; Schulte and Hallstedt, 2017; Kennedy and Bocken, 2020). One example of
such a conflict a manufacturer might experience is a potential to reduce VOC (volatile organic compound)
content in their chemical product, however not doing so because such reduction complicates the use of
the chemical by the user, which might affect user satisfaction (Driessen and Hillebrand, 2013). This
challenge exemplifies a conflict between sustainability criteria and customer criteria. Another challenge
is related to understanding how to select relevant sustainability indicators (nr. 3.) (Chou, Chen and Conley,
2015; Zarte, Pechmann and Nunes, 2019) or measurement methods to quantify sustainability (Abbasi and
Nilsson, 2012; Stindt, 2017), which could signal about either the lack of support available in industries to
systematically select relevant sustainability indicators among hundreds of potentially applicable
(Kravchenko, Pigosso and McAloone, 2020) or uncertainty about suitability of some methods for
sustainability measurement in the early stages (e.g. diametrically opposite views on suitability of LCA for
BM measurement as in Evans et al., 2017 and Manninen et al., 2018; or for PD as in Schulte and Hallstedt,
2017 and Schoggl, Baumgartner and Hofer, 2017, or for logistics planning as discussed in Abbasi and
Nilsson, 2012). Application of sustainability indicators requires setting up a procedure to collect relevant
data. However, there is a challenge related to the uncertainty of understanding what data to use for
7



sustainability measurements and how to verify data quality and reliability (nr. 4.) (Stindt, 2017; Paulson
and Sundin, 2019). Firstly, this issue can be attributed to the challenge of finding a relevant indicator or a
measurement tool (challenge nr. 3), secondly, to the issues of adding social criteria, which are often
gualitative, along more tangible environmental and economic (Bhamra, Lilley and Tang, 2011). Thirdly,
the challenge (nr. 4) can relate to the issue of time and cost associated with data collection and verification
— use of generic data from databases is commonly a faster and cheaper way of data acquisition, however
acquiring data from own operations, suppliers and users is regarded as more accurate and reliable
(Fontes, 2016), although costly and time demanding.

The ability of decision-makers to generate knowledge about relevant sustainability issues and use this
knowledge as a feedback loop to guide decision-making implies that they can interpret the results of
sustainability measurements; however this is frequently reported as a challenge (nr. 5.) (Chou, Chen and
Conley, 2015; Dekoninck et al., 2016; Silvius et al., 2017; Held et al., 2018). Few possible reasons for a
difficulty in result interpretation could be provided; firstly, it can be related to the unstructured process
of sustainability integration, where the measurement (or assessment) is done without the explicit link to
(what should precede the actual measurement) identification and selection of relevant sustainability
issues and criteria, thus creating ‘fuzziness’ in sense-making process leading to devaluing sustainability
assessment results (Shields, Solar and Martin, 2002; Watz and Hallstedt, 2020). Secondly, because of the
complexity of the results generated by certain mathematical tools or software, which are not easily
pointing out at the improvement opportunities (or rather who should be using the result to indicate
improvement opportunities) (Held et al., 2018) or requiring an analytical expert to clarify the results
(Bengtsson, 2001), which can further be exacerbated by the lack of knowledge of sustainability issues by
decision-makers who are the direct users of the results.

Additionally, practitioners experience challenges, when navigating conflicting results, i.e. trade-offs (nr.
6.). Trade-offs are situations characterized by conflicts between the desired objectives (Byggeth and
Hochschorner, 2006), where it is impossible to satisfy all criteria simultaneously (Dutta et al., 2016). Trade-
offs complicate the decision process, when a decision making team encounters difficulties in either
balancing the key triple bottom line criteria or prioritizing some criteria at the expense of others (ibid.).

To prioritize and balance sustainability criteria, weighting and rating techniques are used, however, often
under uncertainty(Matschewsky, Lindahl and Sakao, 2015; Dekoninck et al., 2016; Buchert, Halstenberg
and Stark, 2017). Uncertainty results from an unstructured process of working with sustainability criteria,
i.e. the missing logic of selecting relevant criteria, as well as not utilizing results of the assessment to
support weighting and ranking (Bengtsson, 2001). Uncertainty also causes decision-makers to resort to
simple procedures in decision-making and use ad hoc tactics, e.g. selection of the same criteria used in
previous projects or as a result of subjective preferences of the team without strategic, tactical and
stakeholder perspective (Watz and Hallstedt, 2018). This tactic may compromise the decision-makers’
ability to understand trade-offs and manage them along the initiative implementation (Wu and Pagell,
2011).

Table 4 presents some of the trade-offs that might arise during the development of a CE initiative. Due to
a CE being rooted in existing concepts such as industrial ecology, sharing economy and eco-design
(Geissdoerfer et al., 2017), the trade-offs for CE development are common. Table 4 shows that trade-offs
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can arise: i) between sustainability-related and other (e.g. technical, quality) criteria; ii) between
sustainability criteria, for instance, between economic aspect of cost and environmental aspect of
selecting a non-toxic material; iii) as well as within the dimensions either between different aspects, such
as selecting a more lightweight durable material, however not recyclable, or within aspects, such as
selecting a lightweight material, however containing toxic substances (Byggeth and Hochschorner, 2006).

Table 4. Examples of trade-offs between CE criteria and sustainability criteria during development of CE initiatives.

Development of
a CE initiative

Challenges and potential trade-offs
between the CE criteria

(E - environmental, Q — quality, C — cost)

Challenges and potential trade-offs with
added triple bottom criteria
(E - environmental, Q — quality, C — cost, S

— social)

Offering a leasing
scheme for a
product

(limited time allows
to control returns
of used products;
reduced cost of
‘ownership’ for the
customer)

(Agrawal et al.,
2012)

Might require
adding/substituting
material to increase
durability of a
product (or parts)
leading to increase in
development costs
and higher (or other
type of) resource use

Might require
selecting a
material supplier
who has not
documented
material origin

Ln

Introduction of
recycled content

(to reduce reliance
on virgin materials)

(Hahladakis and
lacovidou, 2019)

Might reduce
product/part
aesthetic quality
(leading to customer
dissatisfaction) and
physical durability
(leading to shorter
lifetime)

L]l

Recycled material
might be offered
by local recycler
at reduced costs

E@

Elimination of
toxic substances
(e.g. from
impregnation
process)

(to reduce
contamination of
potential recycling
flows)

(Pieroni,
McAloone and
Pigosso, 2019)

Might compromise
durability of the
product leading to its
premature
obsolescence and
waste generation

Might require
additional cost
from the user to
maintain the
product

LH

While translating sustainability requirements into ‘traditional’ design and development requirements

helps concretizing sustainability criteria (e.g. relating "reduce fuel usage" to "lower car weight" in product



design) (Romli et al., 2015) and ensuring they will be included in the decision making process, not all
sustainability criteria can be directly translated into such specifications (Watz and Hallstedt, 2018), which
requires a list of additional sustainability criteria to be added as key criteria in the decision process. It can
be pointed out that implementation and trade-off challenges arise as a result of a more thorough work
with sustainability during initiative development stages, which in turn could signal about a relatively high
maturity of design process to jointly consider sustainability issues to strengthen decision-making
processes (Pigosso, Rozenfeld and McAloone, 2013).

The review shows that most challenges are very prominent for all business processes; additionally, it also
shows that trade-offs could arise not only when comparing initiatives on the basis of sustainability
indicators, but also when prioritizing sustainability indicators. The review also highlighted the gap related
to the availability of a trade-off support - whereas sustainability-related trade-offs can be considered
inherent in any sustainability-oriented decision-making process (Gibson et al., 2005), existing tools and
techniques do not provide support to decision-makers at tactical and operational levels in navigating
complex decisions in sustainability trade-off situations (Buchert, Halstenberg and Stark, 2017; de Koeijer,
de Lange and Wever, 2017).

As a result, this study proposes a trade-off navigation framework (TONF) to support decision-making in
trade-off situations between sustainability criteria. Due to the challenge reported for a number of
business processes, the TONF aims to be rather generic and understandable by practitioners from
different business functions. This particularity is essential, when considering that the majority of CE
initiatives require involvement of a range of business processes to contribute to its design and
implementation (Bocken et al., 2016), therefore it can be expected that the decision support is understood
and applied across functions.

4. Presentation of the TONF
4.1. Criteria for the development TONF

In order to support the TONF development, literature review Il was conducted with the aim to identify
several criteria. Table 5 presents the consolidated criteria, elaborations on them and how the criteria were
operationalized in the TONF. As seen from Table 5, the criteria were embedded in the TONF by
establishing requirements for Input data and developing a steb-by-step guidance to support decision
analysis using the input data. The TONF is presented afterwards with detailed descriptions of the use
context, requirements to the Input data and the steps in the guidance.

Table 5. Criteria for the development of a TONF based on key findings from literature

Criteria # Elaboration Criteria embedded in the TONF
Pre-condition

#1 — Reveal trade-offs - To reveal trade-offs, a sustainability Input data:

between and within assessment or performance - indicators (or criteria) to cover a
sustainability dimensions measurement should be employed, holistic TBL perspective (cross and
(Gibson et al., 2005); providing results about performance within dimensions)

(Byggeth and Hochschorner, from a three-dimensional perspective

2006);
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(Abbasi and Nilsson, 2016);
(Watz and Hallstedt, 2020)

- information about corporate and

initiative-specific ~ objectives  and
targets
- multifunctional team of decision-

makers

Decision analysis

#2 — Provide several
prioritization techniques to
encourage open dialogue
(Driessen and Hillebrand, 2013);
(Morrison-Saunders and Pope,
2013);

(Stindt, 2017)

- Prioritization techniques should
encourage open dialogue about
negotiable and non-negotiable criteria
and facilitate ranking of alternatives

- Prioritization techniques should
encourage result interpretation and
allow for deliberations of potential risks
and opportunities of the proposed

A step-by-step guidance:

- guidance for setting acceptability
ranges

- guidance for setting non-negotiable
and negotiable criteria

- guidance for prioritization and
dialogue on trade-off acceptability

- guidance for a pairwise comparison

(Matschewsky, Lindahl and
Sakao, 2015);

(Zetterlund, Hallstedt and
Broman, 2016);

(Buchert, Halstenberg and
Stark, 2017)

decision process and applied directly by
an industrial practitioner in daily
routines (i.e. without support of a third
party expert)

alternative initiatives and ranking
#3 — Provide rules to - Rules should encourage evaluation of
evaluate trade-off trade-off acceptability
acceptability
(Gibson et al., 2005)
#4 — Easy to use - Should be easily integrated in the N/A

- the TONF does not require utilizing
programming techniques and requires
direct involvement of a
practitioners/decision-makers

- practical examples to support each

step of the guidance

#5 - Flexible for different
business processes

(own criteria based on the
summary of challenges in
Table 2)

- Should be rather flexible to
accommodate needs of decision-
makers in different business processes

N/A
- practical examples to support each
step of the guidance

4.2. Presentation of a TO navigation framework — required inputs and detailed

guidance

The TONF consists of two elements, the Input data and a step-by-step guidance for trade-off navigation
using the Input data and a supporting trade-off matrix developed in Excel (Figure 2). Use context is

defined as following:

e Early stages of sustainability-oriented initiative development (e.g. conceptualization stages of
business modelling and product development)
e Multifunctional teams (e.g. management, product designers, sustainability managers)

4.2.1.Input data

Input data are required as it acts as a pre-condition to reveal trade-offs and provide visibility of the
decision framing to the decision-makers, therefore, are necessary to include in the decision making
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process and support trade-off analysis. Input data show what information is required to frame a decision,
supported by the corresponding guidance for where to obtain it. Due to the decision-making being a
collaborative process, characterized by the complex nature of decisions that are interdependent (Hansen
and Andreasen, 2004), the information gathering would require time, iterations and involvement of
several decision-makers, such as project leaders and management team, designers and engineers, and
environmental or sustainability professionals (Figure 2). The iterations are necessary because decision-
making is a process, during which ‘tentative’ decisions, based on the available information, are made until
new information emerges to help verify the decision (ibid.). Therefore, the information required would
need to be updated anytime a new type of information is available, and the guidance for trade-off
navigation facilitates this.

Trade-off navigation framework

. Input data A step-by-step gl:uda_nce for
g trade-off navigation:
;‘; » Alistof key
g f§ environmental, social Step 1: Analysis of the
SE% and economic indicators performance on non-negotiable
é 8 2 = Asetofinitiativesfor criteria
‘é’, %" = comparison Step 2: Analysis of the
20 3 . performance on negotiable
S 3 "  Acceptability ranges L
= 2 criteria
S * Non-negotiability Step 3: Decision analysis
>
=
[T}

Guidance for

o A trade-off
setting input

data

matrix

Figure 2. A trade-off navigation framework and its constituent elements: the Input data and the step-by-step
guidance.

A. Alist of key indicators for a set of initiatives for comparison

The ‘success’ of manufacturing industry in investigating and advancing sustainability initiatives to achieve
competitive advantage is directly linked to the contextual settings, i.e. the ability of the industrial actors
to exploit internal capabilities and external resources during business processes (Ray, Barney and
Muhanna, 2004). In other words, identifying, managing, and leveraging contextual sustainability criteria
during business processes, such as business modelling or product development, are critical in ensuring
the alternative initiatives are proposed to solve particular sustainability problems. Sustainability
objectives can be understood as statements for what specific problems have to be solved and to what
extent and indicate a direction of preference (Shields, Solar and Martin, 2002). Driven by the corporate
strategic vision and corporate objective (DaSilva and Trkman, 2014), the sustainability objectives should
be formulated: while the sustainability objectives on a strategic level can be generic (e.g. minimize
environmental impact), they should be translated into specific objectives and then into specific criteria to
provide guidance and serve as requirements for decisions and actions at tactical and operational levels
(Hallstedt, 2017). Economic, social and environmental criteria should then be considered during the
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decision making process, i.e. during development of alternatives. These criteria can often be expressed as
either qualitative or quantitative indicators (Table 6), which serve as decision criteria to guide evaluation
of the ‘best’ initiative, i.e. the solution with the highest potential, or performance, of fulfilling the stated
objectives (ibid.). Importantly, the criteria and/or indicators need to be (formulated) aligned with the
information and terminology used by the actors, who are to be involved in the decision making
(Bengtsson, 2001), because uncertainty about the meaning of criteria and their values can lead to ‘under
prioritization’ of the unknown (less known) criteria (Retief et al., 2013).

Table 6. Relationships between objectives, criteria and indicators (based on Shields, Solar and Martin, 2002)

Corporate values and strategy - approach to sustainability
s N\
¢ / Objective (as a direction) (S (1501 G Indicator (as a measurable support) _
aspect) 3.
Decisions | - increase product safety OR | Toxicity of a product Measured by e.g. type and amount %
and - eliminate toxic substances of toxic materials in a product (%) ‘3_5_
actions - increase work safety Safety at working Measured by e.g. noise levels; E)
stations physical load index; etc.
- increase share of products | Product recyclability Measured by % of recyclable
that can be recycled material in a total mass of product
Consequences/Impact assessment

In sustainability-related assessments, complementary use of quantitative and qualitative indicators and
measures is advisable (Waas et al., 2014), which provides a basis to assess, compare and reveal a
difference between proposed alternatives. The assessment can concern: i) comparison between several
alternative (design) solutions proposed to reach a particular objective, e.g. comparison of a ‘traditional’
sale-based business model with an ‘access-based’ business model; ii) evaluation of the degree of
improvement between design options for a product, e.g. ‘traditional’ product design versus design
following circular economy principles (e.g. bio-based materials) (Kjaer et al., 2018); and iii) evaluation of
performance to drive the objective setting (Retief et al., 2013). Therefore, the goal of employing a
sustainability assessment early in the design stages is to ensure that performance indicators and
measurements could provide early warning and indicate areas to support improvements or point out the
‘best’ alternative, which delivers desired performance on the selected criteria.

B. Guidance for indicator selection

It is necessary to establish a set of key criteria or indicators to cover economic, social and environmental
dimensions. Ideally, a number of criteria should be around 7 and max 10, with more criteria complicating
the decision process (Retief et al., 2013). Selection of the key criteria should be based on the contextual
settings (Watz and Hallstedt, 2018), i.e. aligned with company’s strategy and objective, corporate
approach to sustainability, specifics of the products and processes, or driven by the results of past impact
assessments (Arena et al., 2009). Sustainability criteria can selected from the existing frameworks, such
as sustainability criteria and sustainability compliance index for product development by Hallstedt (2017).
As highlighted before, the criteria might need to be expressed as indicators, which allow for more
granularity to measure performance on the criteria: criteria ‘resource use’ can be expressed by indicators
measuring material use, material sourcing origin or material toxicity. Several procedures are available to

support such evaluation, such as quantitative evaluation of business model concepts for circular economy
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by Pieroni, McAloone and Pigosso (2019), sustainable manufacturing indicators by OECD (OECD, 2003)
and leading performance indicators for sustainability screening of CE initiatives by Kravchenko, Pigosso
and McAloone (2020). Ideally, 10 to 15 indicators ought to be used (ibid.), covering either multiple criteria
(aspects) from the same sustainability dimension (e.g. energy and material aspects of the environmental
dimension) or multiple criteria from different dimensions (e.g. cost, toxicity, user safety, number of
different type of material in a product). While it is important to include criteria for economic, social and
environmental dimensions for a holistic sustainability coverage (Gibson et al., 2005), in some cases only
one dimension can be considered, however represented by diverse criteria (e.g. material efficiency,
energy efficiency, toxicity) (Arena et al., 2009). To frame a decision, several sets of criteria might be
established, however the criteria within one set should belong to one level, i.e. either strategic, tactical
or operational, to support decision framing and prioritization. Number of alternatives for comparison
should be limited to a maximum of 7 (Retief et al., 2013), however, fewer alternatives are desirable if the
alternatives are very different (e.g. alternatives to reach a particular objective as opposed to alternatives
for a (design) parameter change).

C. Acceptability ranges and their non-negotiability

Acceptability ranges is another input required to support decision framing. In that, this requires
information which acts as a support for the evaluation of whether and/or to what extent the proposed
initiative is acceptable, whether trade-offs exist and how significant they are and whether they have to
be accepted or new alternatives should be designed instead (Driessen and Hillebrand, 2013). Negotiable
criteria are the type of criteria the acceptable ranges and targets for which are flexible to be adjusted
along the decision making process. Similarly, non-negotiable criteria can be understood as a boundary
condition which ‘locks in’ the acceptable ranges and targets, thus helping to rank these criteria as an
important priority.

D. Guidance for setting acceptability ranges and non-negotiability

For each indicator (or criterion), acceptable ranges should be specified. Acceptable ranges might consist
of a minimum and maximum value that sets lower or higher limits for acceptable performance on the key
indicators. Acceptable ranges should be defined considering internal and external sources for
sustainability requirements that should guide the decision. A following list of the internal and external
sources was created to assist definition of acceptable ranges as follows(Bovea and Pérez-Belis, 2012):

e Strategic vision, goals or project objectives set by the decision-making group (e.g. influenced by
past performance impact assessments, trends analysis, dialogues from sectorial associations,
market position, etc.)

e Customer and/or stakeholder requirements

e Technical (and performance) requirements

e Legal requirements (incl. health and safety, quality) and legal thresholds

Depending on these requirements, there might only be a lower value, a higher value or both. Depending
on the number of the indicators, sustainability maturity of the company or the early stage of the decision
process with limited information, qualitative statements can be used instead of quantitative values (Watz
and Hallstedt, 2018). Examples of acceptability ranges for different contextual settings are shown in Table
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7. Not all the acceptability ranges might be available at the point of the decision-making, therefore, it
might be necessary to involve different stakeholders (internal and external) to create the inputs for the
ranges, or discuss the ranges inside the project team itself.

Table 7. Examples of acceptability ranges for different contextual settings

Examples of different acceptability ranges considering contextual settings:

for the criteria 'product toxicity' (measured by both type of toxic substances and their concentration) there
might be different limits set by two companies.

Company A Company B
Criterion
Acceptable ranges Acceptable ranges
Toxicity of Acceptable limits: Acceptable limits:
materials in a the maximum and only acceptable the lower value is set to 0 and higher value is set to
product limit is O for both type and 4% (of all types of substances, e.g. flame retardants)

by total material weight following corporate goal to
gradually phase out all toxic substances

concentration

Non-negotiable criteria can be defined following the sources used to define the acceptability ranges as
presented earlier. For each criterion selected for the decision process, the classification is based following
the logic: negotiable criteria would be defined as the ones with relatively flexible ranges; non-negotiable
criteria would be defined as the ones with fixed acceptability ranges. Importantly, the classification of the
criteria will not only differ from one company to another, but also within a company, from project to
project, depending on the type of sustainability issue and the proposed solution (Retief et al., 2013).
Grounded in the importance of the contextual settings for prioritization, few questions were proposed to
support reflection on the criteria classification, aiming at avoiding ad hoc prioritization (driven by past
decisions or a priori values) (Watz and Hallstedt, 2018), such as: i) why is the criterion non-negotiable and
what is the reference (source) for that; ii) how updated is this information? Examples of non-negotiable
and negotiable criteria are given in Table 8.

Table 8. Examples of non-negotiable and negotiable criteria

Examples of different acceptability ranges considering contextual settings:

for the criteria 'product toxicity' (measured by both type of toxic substances and their concentration) there
might be different limits set by two companies.

Company A Company B
Criterion

Acceptable ranges Negotiability Acceptable ranges Negotiability
Toxicity of | the maximum and Non-negotiable the lower value is set to 0 Non-negotiable
materials only acceptable criteria based on and higher value is set to 4% | criteria based on
ina limit is O for both the customer (of all types of substances, corporate
product type and requirements e.g. flame retardants) by objective

total material weight
following corporate goal to
gradually phase out all toxic
substances

concentration,
because itis a
requirement of a
customer
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Recycled the minimum and Non-negotiable the minimum and only value | Negotiable based on
contentin | only value is 40 % based on the issetto 25 % the corporate
a product requirement of a objective to replace
customer virgin content by
recycled whenever
possible

4.2.2. A step-by-step guidance for a trade-off navigation

To start the decision analysis and record the decision process, all the information required by the Input
data needs to be presented. A trade-off matrix was constructed in the Excel spreadsheet, allowing to
register all the information. The coding in the matrix was done in a way to highlight which alternative and
on what criteria does satisfy (highlighted in green) or does not (highlighted in red) the acceptability ranges.
If one or more alternatives satisfy all the criteria, either of them can be selected to proceed for further
development. If not all the criteria are satisfied, the analysis and a trade-off dialogue are encouraged
following the proposed steps:

Step 1: Analysis of the performance on non-negotiable criteria

In this step, the focus is done on the non-negotiable criteria. All the alternatives should be compared
based on their performance on non-negotiable criteria.

A. If two or more alternatives satisfy all the non-negotiable criteria, proceed to Step 2.
B. If only one alternative satisfies all the non-negotiable criteria, proceed to Step 3.

C. If none of the alternatives satisfy all the non-negotiable criteria, i.e. either some alternatives
deliver the acceptable performance on some criteria but not the others, or neither of the
alternatives deliver the acceptable performance, then all the alternatives should be rejected,
unless:

a. The non-negotiability of the criteria, hence the acceptable ranges, can be re-evaluated,
supported by the questions:

e Are the acceptability ranges too narrow or too broad?

e Can they be adjusted and how much?

e What is the aim of the defined acceptability ranges/target? (Does it show a problem/risks or an
opportunity? Can it be seen as an approach to balance the objectives? Does it reflect means to
achieving a specific goal?)

e Can we re-evaluate the ranges/target in a dialogue with stakeholders or management?

This step requires returning back to the Input data and re-evaluating: i) acceptability ranges; ii) number
of considered alternatives; iii) number and type of key criteria for decision-making (Figure 2).

Notably, while in most cases non-negotiable criteria are ‘locked in’, i.e. non-negotiable at the moment of
decision making, their ‘non-negotiability’ can be revisited internally or externally, facilitated by the
guestions above. The dialogue facilitation is seen as a way to challenge the status quo and encourage
information seeking and knowledge reinforcement (Retief et al., 2013). For instance, alternative A may
produce more noise than alternative B, but if the noise levels for both are within the acceptable ranges,
they both qualify as potential alternatives to be accepted for further development. Similarly, alternative
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A may produce more noise level than B, but also more than acceptable ranges permit. Then the evaluation
should concern the analysis of the degree to which the noise level for alternative A is unacceptable and
why. It has been shown that re-negotiations on the acceptability can happen with the involvement of
internal or external stakeholders and managers, who will have an influence on the acceptability ranges
and who might establish new initiatives to balance the accepted change (Epstein, Buhovac and Yuthas,
2015). As a result of this dialogue, some ranges can be adjusted and the evaluation should proceed as
follows:

D. If none of the alternatives satisfies all (adjusted) non-negotiable criteria, none can be accepted as
is, requiring improvement or development of a new set of alternatives.

E. If two or more alternatives satisfy all the non-negotiable criteria, the analysis should proceed to
Step 2.

F. If only one alternative satisfies all the non-negotiable criteria, the analysis should proceed to Step
3.

Step 2: Analysis of the performance on negotiable criteria

In this step, the focus is done on the negotiable criteria. The analysis should only be performed for the
selected alternatives from Step 1. To support this step, a weighting and ranking matrices were created in
Excel sheet adjacent to the trade-off matrix.

A. Select only the criteria for which none of the alternatives meets the performance within the
acceptable ranges (e.g. if one criterion is satisfied by all the considered alternatives, it should be
excluded from the analysis to simplify the weighting). For the selected criteria, weights should be
assigned to them. A weight indicates the importance of one criterion relative to the other under
consideration, i.e. a pairwise comparison. It is important to agree on the ranking scale and use it
consistently to support the weighting process. A Likert scale from ‘much more important’ to
‘much less important’ could be used to assign priority weights. In doing so, the weights will
express levels of trade-offs between the criteria rather than in absolute terms (Retief et al., 2013).
After weighting, a ranking of alternatives is performed based on their performance and the degree
they satisfy the acceptable ranges. Similarly, a ranking scale should be defined, such as 1 to 3, i.e.
from unsatisfactory (1), to some extent satisfactory (2), to satisfactory (3). As a result, the
weighting score and the ranking score will be combined to show the alternative/s with the most
satisfactory scores.

B. Following the results of the weighting and ranking process, a dialogue about the scores and
whether they can help providing judgements for the prioritization of one alternative over others
is encouraged.

C. Proceed to Step 3.
Step 3: Decision analysis

In this step, it is necessary to reflect back on the selected alternative(s) based on the results in Step 1 and
2. All the criteria, negotiable and non-negotiable, should be considered, to allow decision analysis to be
performed in light of potential trade-offs between all the criteria considered (Retief et al., 2013). To make
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a decision it is necessary to consider all the argumentations and justifications provided during the process.
Following deliberations could occur: if the alternative X is accepted - can its performance on the non-
negotiable criteria and high priority negotiable criteria compensate for the trade-offs that are accepted?
If yes, does it reflect our goals and provide a new opportunity and minimizes risks? can alternative
solutions be set up to compensate for the accepted trade-offs?

5. Application of the TONF

In order to validate the proposed framework and evaluate its usefulness, eight industrial experts from
manufacturing industry had the approach verified using a pre-defined exemplary case (example 1a and
1b). Evaluation with the academic experts only involved example 1a. Additionally, one industrial expert
had own example through which the framework was tested (example 2). As a result, both examples, 1a
and 2, are presented for the application of the TONF below, followed by the summary of the evaluation
by the industrial experts and the experts from academia. To allow for a simplification of the decision
process, Step 2 of the TONF guidance was omitted in the examples.

5.1. Example 1a: TONF application to support decision-making with 2 alternatives
5.1.1.Filling in the Input data

This example presents a small and medium sized company who would redesign a product to substitute
the current material with the locally sourced recycled material. The objectives that drive the substitution
are to increase reliance on local sourcing and create local jobs and to increase the share of the recycled
material content in the product. These derive from the corporate intention to contribute positively to the
community by creating jobs and converting waste to a valuable material, following some of the circular
economy principles (Kirchherr, Reike and Hekkert, 2017). The company does not have a publicly available
sustainability statement and belongs to the industry with no stringent environmental compliance,
additionally, the product can be considered simple made of few parts. Following the guidance for setting
the Input data, the trade-off matrix was filled in the Excel sheet (Figure 3). As shown in Figure 3, seven
key criteria were selected to support sustainability performance measurement for two alternatives:
Alternative 0 (A0), which represents the current design and Alternative 1 (A1), which represents the
proposed design. All the required by the Input data information was made available: the performance was
calculated for both alternatives and for all the criteria.
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Acceptable ranges

AD-amixof Al-recycled Minimum pass Maximum pass Non-
e .. recycled and material A value- lower wvalue- higher negotiable
Nr Criterion/indicator Units , with - - (if flexible o, Reference
not flexible -
- materials - reinlorcemr:‘ acceptance = acceptance e - -
% of corporate
total intention to
Recyclability at the  prody increase
1 endof life ct o 0 40 50 No recyclability
benchmark
Lifetime of a fora
2 product ms 5 7 5 7 Yes customer
3 Cost of materials eur 300 1000 300 450:No n/a
Energy intensity
4 (use in production) kwh 2000 100000 2000 4000 No nfa
Local supply of y=1; corporate
5 materials n=0 o 1 1 1Yes intention
corporate
L intention
LEEITE Rl aligned with
materials the
(hazardous y=1; recyclability
6 substances) n=0 1 1 a 0:No intention
Waste recycled ke/100 corporate
7 into material units 100 75 100 200 Yes intention

Figure 3. A trade-off matrix with Input data details and highlights of attended and not attended criteria.

The criteria were calculated as indicators using a database of the leading performance indicators for
sustainability screening of CE initiatives proposed by Kravchenko, Pigosso and McAloone (2020). For some
criteria the qualitative assessment was used: ‘yes’ and ‘no’ grading was done for the criterion ‘local supply
of materials’ as well as for the ‘toxicity of materials’, which was marked for both alternatives as ‘yes’ to
indicate that both are likely to contain hazardous substances according to the REACH regulation. The
acceptability ranges were set: due to no established corporate goals or legal requirements, acceptability
ranges for some of the criteria were defined following the results of the performance measurement for
both alternatives. For instance, the minimum acceptability ranges for ‘lifetime of a product’ was set to
match the current design in order to keep the current lifetime benchmark known to the customer, while
the higher value was set to match to the new design, indicating that a slight increase would also be
acceptable. Based on the corporate intentions outlined above, the criteria were classified as non- or
negotiable (Figure 3, ‘non-negotiable’ criteria column with yellow highlights). After the trade-off matrix
was filled, the proposed trade-off guidelines were employed step by step.

5.1.2.A step-by-step application
Step 1: Analysis of the performance on non-negotiable criteria

The analysis of the performance based on non-negotiable criteria shows that none of the proposed
alternatives satisfy all non-negotiable criteria (Figure 4a). Specifically, the new alternative, Al, did not
meet the minimum requirement of waste amount converted to recycled material established by the
current alternative. The reason for that was lower efficiency of the recycling process due to poor quality
of the waste collected locally. Following the guidelines, the list of questions was used to re-evaluate the
acceptability ranges and their non-negotiability; particularly, the question “What is the aim of the defined
acceptability ranges” was used to reflect on the desired ranges for the criteria ‘waste recycled into
material’. The waste was being collected from non-waste designated areas (i.e. beaches, green zones),
which contributed to the overall intention of the company to restore local natural environment.
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Therefore, the ranges were adjusted so the minimum acceptable value matched the new alternative, Al
(Figure 4b, with adjusted acceptability ranges for criterion ‘waste recycled into material’). As a result, only
one alternative, Al, satisfied all the non-negotiable criteria and was the only option that should be

considered for further analysis. Therefore, Step 2 was omitted, as only one alternative satisfied Step 1.

| Acceptable ranges |
AD-amixof Al-recycled Minimum pass Maximum pass Non-
Nr Criterion/indicat T recycled and material A value-lower value- higher negotiable -
r Criterionfindicator Uni it flexible - eference
virgin with limit for limit for (itflexible -no,
. . N not flexible -
- mahanalrv P - P  lyes) T -
benchmark
Lifetime of a fora
2 product ms 5 7 5 7 Yes customer
Local supply of y=1; corporate
5 materials n=0 (] 1 1 1 Yes intention
‘Waste recycled (e/100 corporate
7 into material units 100 75 100 200 Yes intention
Acceptable ranges
AD-amixof = Al-recycled Minimum pass Maximum pass Non-
Nr Criterionfindicat i recycled and material A value - lower value - higher negotiable
r Criterionfindicator Uni L, . . e i ible -
virgin with limit for limit for (=
. . not flexible -
- materialr - reinforceme jacceptance = acceptance | yes) T

Lifetime of a

2 product ms 5 7 5 7 Yes
Local supply of y=1;

5 materials n=0 0 1 1 1Yes
Waste recycled kg/100

7 into material units 100 75 75 100 Yes

Figure 4a and 4b. The process of renegotiation in Step 1 — acceptable ranges for criterion ‘waste recycled into

material’ were renegotiated.
Step 2: Not applicable
Step 3: Decision analysis

This step included the analysis of only one alternative, Al, involving all the criteria considered in the
decision-making. Two criteria (nr. 1 and nr. 6) were excluded from the decision analysis (shaded areas in
Figure 5), because they were not satisfied by either of the proposed alternatives. Based on the information
in the trade-off matrix, accepting A1 would mean compromising performance on costs and energy
intensity. Using AO as a benchmark, accepting A1 would increase costs by three times and energy intensity
by five times. The decision required a dialogue facilitated by the proposed questions in Step 3: if Al is
accepted, can its performance on the non-negotiable criteria compensate for the trade-offs that are
accepted? Can alternative solutions be set up to compensate for the trade-offs? Several deliberations
occurred during this dialogue, such as whether the cost of materials was primarily driven by the sorting
of waste and its recycling process or by adding the reinforcement and forming a new material mix. If it
was the latter, a new type of reinforcement could be considered, which would require making a new
assessment with an additional alternative, A2, using the same performance criteria. Similarly, several
experts proposed to investigate the energy source for the material processing facility and encourage the
facility to switch to renewable energy. This could compensate for the high energy intensity of the process
for Al.
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Acceptable ranges

AQ-amixof Al-recycled Minimum pass Maximum pass MNon-
o .. recycled and material A value- lower value - higher  negotiable
Nr Criterion/indicator Units virgin with limit for limit for (i flexible -no, Reference
not flexible -
- materials - reinforceme ~jacceptance | acceptance | yes) - -
% of corporate
tota intention to
Recyclability atthe gy increase
1 end of life ct 0 0 40 50 No recyclability
benchmark
Lifetime of a fora
2 product ms 5 7 5 7 Yes customer
3 Cost of materials eur 300 1000 300 450:No n/a
Energy intensity
4 (use in production) kwh 2000 100000 2000 4000 No n/a
Local supply of y=1; corporate
5 materials n=0 [1] 1 1 1Yes intention
corporate
- intention
Xkt viot aligned with
materials the
(hazardous -1 recyclability
substances) n={ 1 1 (1] 0:No intention
Waste recycled kg/100 corporate
7 into material units 100 75 75 100 Yes intention

Figure 5. Decision-making on the basis of all criteria: if Al is accepted, what the trade-offs are?
5.2. Example 1b: TONF application to support decision-making with 3 alternatives

Using the same example, a third alternative, A2, was added, to illustrate how the decision analysis would
develop if another option was introduced. Information about A3 was added to the trade-off matrix as
shown in Figure 6. Following the guideline for Step 1 for non-negotiable criteria, it can be seen that A2
does not satisfy the ‘lifetime of a product’ criteria as well as ‘waste recycled into material’. Therefore, it
should be rejected unless the acceptability ranges for those criteria can be (again) re-negotiated. Starting
with the ‘lifetime of a product’ criteria, the ranges cannot be adjusted based on the stated reference
indicating that the benchmark of at least 5 years of lifetime should be sustained. The performance of A2
on the ‘waste recycled into material’ is beyond the established ranges, however the higher value could be
seen as desirable justified by the corporate intention to follow circular economy principles. Despite the
possibility of adjusting the ranges for this criterion, A2 does not satisfy the lifetime criterion, whose
minimum range cannot be negotiated, therefore A2 could not be considered further in the decision-
making.
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Acceptable ranges

AD- a mix of Minimum pass Maximum pass Non-
Al - recycled A2 - _ )
L . recycled and . . value - lower value - higher  negotiable
Nr Criterion/indicator Units virgin ma.te rial A with recycl.ed —— limit for (i flexible -no, Reference
. reinforcement material B not flexible -
. materials . - - acceptance . acceptance L ves) - -
% of corporate
total intention to
Recyclability atthe prody increase
1 end of life ct 0 0 40 40 50 No recyclability
benchmark
Lifetime of a fora
2 product ms 3 7 2 5 7:Yes customer
3 Cost of materials eur 300 1000 340 300 450 No n/a
Energy intensity
4 (use in production) kwh 2000 100000 3000 2000 4000 No nfa
Local supply of y=1; corporate
5 materials n=0 0 1 1 1 1 Yes intention
corporate
- intention
ekivior aligned with
materials the
(hazardous v=1: recyclahility
6 substances) n=0 1 1 0 [1] 0 No intention
Waste recycled kg/100 corporate
7 into material units 100 75 125 75 100 Yes intention

Figure 6. Decision-making with 3 alternatives — A2, despite better performance on most of the criteria, is likely to
be NOT chosen due to its unsatisfactory performance on non-negotiable criteria ‘lifetime of a product’

5.3. Example 2: TONF application to support decision-making with 3 alternatives

This example presents a large company who needs to design a customized product for a private customer.
The company belongs to a highly regulated industry that needs to comply with safety legislation.
Additionally, the product is complex, requires fuel to operate and consists of thousands of parts. The
customization of a product (A1) was based on the customer requirement to increase comfort relatively to
a previously owned product (A0), with the comfort defined as a 4 dB decrease of the interior noise level.
Using this information, the trade-off matrix was filled in as shown in Figure 7. Initially, two criteria, noise
levels and weight, were used by the company to assess how the performance of A1, the new design, would
change compared to AO, the benchmark product. The ‘noise levels’ criterion was used a key criterion
following the customer requirement, however the engineering team added ‘weight’ criterion to assess
how addition of an insulating material would affect weight. Due to no requirements to either weight or
price, no acceptable ranges were added. During the design process, the team has reached a prototype
which delivered the 3.5 dB reduction of the required 4 dB. The noise reduction was below the required
by the customer level, however the company decided to contact the customer and test the ‘comfort’ level
delivered by the prototype. As a result, the noise level was evaluated as ‘comfortable’” and accepted by
the customer, thus the decision was taken to proceed with A2. However, the following deliberations
occurred after the project was delivered: firstly, had the engineers not considered the criteria of
(insulating) material consumption and its impact on weight, the initial customer request would be satisfied
without discussion. Similarly, more criteria could have been considered to understand how the initially
desired alternative, i.e. A1, would perform in terms, for instance, its fuel consumption as well as impact
the total cost of ownership. Had these criteria been used to show anincrease in the total cost of ownership
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by 35% between A0 and Al (fig. E2, criteria 3), the negotiations with the customer would have happened
to understand to what extent the increase would be acceptable and provide more flexibility to introduce
other alternatives. This example has strongly demonstrated the importance of negotiations, the TONF

guidance for Steps 1, 2 and 3 relies on.

Acceptable ranges

Minimum pass Maximum pass  Non- Motes fe.g. indicate references
value - lower value-higher  negotiable Jfor acceptable limits of the
Nr Criteri indicat Units AD Al A2 i i Refi
r Criterionfindicator Uni it limit for {if flexible -no, RETErENCE criteria; indicate eventual
not flexible -
acceptance  acceptance o changes)
dB,
decrease customer adjusted after test and customer
1 Noise levels by 0 4 3.5 4 4 Yes requirement acceptance to 3,5 dB reduction
as%
2 Weight increase a 24 12 No
Total cost of as %
3 ownership increase 0 35 22 No
Fuel consumption __,,
4 inuse increase 0 50 20 No

Figure 7. Decision-making with more alternatives and criteria being added along the trade-off navigation

6. Evaluation of the results and discussion

These examples have shown how the TONF guidelines utilized Input data and the guidance to assist the
discussions and provided transparency in trade-off navigation. In example 1a, the guidance for Step 1
supported reconsideration of the acceptable ranges for one criterion, which led to the prioritization of
one alternative, Al, over another, AO, based on its acceptable performance on all the non-negotiable
criteria. Step 3 allowed to evaluate Al alternative in light of its potential trade-offs, i.e. whether the
acceptable performance on non-negotiable criteria can justify the selection of Al alternative, despite its
compromised performance on several negotiable criteria. Supported by the questions in Step 3, some
deliberations in relation to trade-offs occurred: the arguments were used to inquire more information to
support a decision or setting new initiatives to mitigate trade-off consequences. Example 1b was set up
to illustrate how an additional alternative, A2, despite delivering a better performance on all the criteria
except for one, which could not be re-negotiated, could not be accepted, leading the decisions towards
potentially accepting another alternative. Example 2 has shown the effectiveness of criteria negotiation
with the customer, thus verifying usefulness of the guidelines in relation to encouraging discussion and

reflection on the information used in the decision process and its sources.

Supported by the initial hypothesis posited in Section 2, the evaluation with experts indicated that the
TONF framework is useful for: i) facilitating a dialogue about trade-offs acceptability and alternative
prioritization, and ii) creating transparency and traceability of the decision process (Figure 8a-c).
Accordingly, the Input data and their guidance provided a good overview of the information, required to
frame the decision. For instance, the guidance about the number and type of criteria was found useful in
“helping to broaden the focus and move away from ‘single-criteria’-driven decisions”.
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To what extent does the To what extent can the To what extent the guidance

guidance support trade-off guidance(s) support and matrices in Excel are
justification and argumentations for the choice useful for supporting
acceptability of a specific alt:m?t've (design traceability of decisions
option

L

Very satisfactory| Satisfactory
support To a larger extent,  No support To a larger extent| To some extent

4,8 1,2,3,5,6 1-6,8 8 3,4,8,6 1,2,5,7

Figure 8a, b, c. Evaluation provided by the industrial actors (numbers coincide with experts ID from Table 1 in
Section 2).

Usefulness of the guidance about the number of sustainability-related indicators and performance
evaluation using both, qualitative and quantitative values, was also highlighted. The trade-off matrix in
Excel was found useful in bringing all the information together and providing visualization of the decision
process. The step-by-step guidance and corresponding questions were found useful in facilitating the
dialogue about priorities, drive set up of the requirements and make the discussion explicit: “After going
through these steps and questions - you know where the problem is. It helps to discuss (our) requirements
for (our) concepts. It is a guidance for a conversation”. Particularly, the following observations were made:
first, decision analysis (Step 1) starting with non-negotiable criteria was found useful in terms of
encouraging priority setting and reflection on it. Notably, for the analysis in Step 1, all the industrial
experts preferred to operate with ‘real’ value instead of using a normalisation technique (i.e. transforming
the original value into a dimensionless score based on how well it meets the acceptable range), as, for
instance, Step 2 guides. Although normalization, presented as weighting, and ranking in Step 2 were useful
for create a dialogue for reinforcing priorities between negotiable criteria (distinguishing between
‘desirable’ and ‘nice’ criteria to ‘replace’ or remove some of the ‘nice’ criteria to simplify the process), it
was acknowledged that the final score should not be used as a sole factor to make a decision. Therefore,
Step 3 could support the final analysis by combining results from Step 1 and Step 2.

Time-efficiency of the approach application was evaluated at low to medium provided all the required
data could be obtained fast enough to support the decision. As one of the experts summarized this
application: “the tool [TONF] is so great in its outcomes that, again, | believe it must be widely spread as
support to organizational practice. Especially if applied in time (which is desirable)”. The approach was
also evaluated as generic to accommodate the needs of any level decision maker.

Several challenges, however, were also highlighted. First, a challenge of information acquisition was
mentioned by all the participants. “You have to do your research and survey your customers and
stakeholders”, emphasizes one expert in relation to data collection to drive performance measurements
and establish acceptability ranges. Data collection requires time, investment and knowledge, which are
seen as generic challenges manufacturing companies experience when implementing sustainability in
their business activities (Dekoninck et al., 2016). Second, a challenge of selecting the advisable number of
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criteria or indicators was mentioned, which, if not supported to be contextually selected, can often lead
to the ad hoc prioritization, often based on costs or CO, measurements as few of the widely known.

Considering the abovementioned, this approach to decision analysis and trade-off navigation can support
early stages of decision making in situations with conflicting sustainability criteria. Importantly, it intends
to encourage dialogue and provide a structured and transparent approach for analysing decisions and
decision context, and not to provide a ready solution for such conflicts. In this way, it allows the decision-
makers to “play” with scenarios, as to where different acceptability limits lie and how acceptable the
considered alternatives are in light of those.

To indicate the contribution of this study to the domain of sustainability-oriented decision-making, it can
be compared to several studies combining sustainability evaluation and decision support, including a
trade-off analysis (Table 9). Ernawati et al., (2015) propose a multicriteria decision-making approach to
evaluate and select alternatives of a product design on the basis of four categories qualitatively measured
by a number of criteria, such as customer satisfaction measured by ‘attractive design’, manufacturing
utilization measured by ‘time needed to produce a product’, supply chain efficiency measured by ‘use of
existing suppliers’, and environmental sustainability measured by ‘design for reuse, remanufacture and
recycle’. The approach relies on weighting each criterion against another (pairwise comparison),
multiplied by the ‘level of influence’ of the evaluator (e.g. expert from a decision-making team): the more
criteria are under the evaluator’s control, the higher level of influence is assigned. By running a
mathematical model, the design with a highest score is suggested. The approach by Ernawati et al. (2015),
however, does not consider a range of criteria from the environmental dimension, nor the economic or
social; additionally, no guidance is provided how to support qualitative evaluation of the criteria and how
to interpret the final scores rather than solely relying on the highest score for design selection.

Table 9. Comparison of works for sustainability-related trade-off support and their fulfilment of research criteria.
(note: — not fulfilled; ~ partially fulfilled; V - fulfilled).

Fulfilment of criteria for a trade-off decision support

#1 — Reveal trade- | #2 — Provide #3 — Provide #4 — Easy to #5 -

offs between and several rules to use Flexible for
Reference within prioritization evaluate trade- (evaluated by | different

sustainability techniques to off acceptability | practitioners) | business

dimensions encourage open processes

dialogue
Present study
v v v v v

(Ernawati et _ — —
al., 2015) B -
(Rossi et al.,
2019) B v v -
(Hannouf and v ~ N _ ~
Assefa, 2018)
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Rossi et al. (2019) propose and test a multi-criteria index to support eco-design implementation in
manufacturing companies. Environmental impact measured by kg of CO,, technical performance and costs
both measured by monetary units (Euro), are the three product criteria considered for design evaluation.
The authors propose a step-by-step approach, which considers internal and external drivers and their
influence on the three criteria, which allows calculating weights for each criterion. The weights and
measures for corresponding criteria are then calculated in a Product impact index, which is expressed in
monetary units and used to compare product designs. A strength of this approach lies in the integration
of economic and environmental criteria together with technical ones, as well as it encourages
improvements based on the results (Rossi et al., 2019); however, the weakness lies in the missing
integration of the social criteria and aggregation of results into a monetary value, which might not be
desirable to express environmental and social performance (Retief et al., 2013). Hannouf and Assefa
(2018) develop a Life Cycle Sustainability Assessment-based (LCSA) decision-analysis framework, which
consists of two parts: i) application of a LCSA; and ii) decision-analysis with a five-phase approach. A LCSA
is used to generate input data by providing results for economic, social and environmental impacts.
Decision-analysis is then used to assist objective setting, a qualitative evaluation of each alternative’s
potential to achieve the defined objectives and rules for trade-off management. The trade-off
management encourages balancing the overall environmental, economic and social objectives supported
by acceptability and manageability tests, which assist decision-makers in a dialogue about potential
adjustments and management (amelioration) of existent trade-offs. As a result, if no adjustments are
possible and trade-offs can’t be managed, the alternatives are rejected managed (Hannouf and Assefa,
2018). The advantage of this approach by Hannouf and Assefa (2018) is in the iterative nature of the LCSA
decision-analysis framework, which encourages returning to a LCSA to adjust or add new input
information and then repeat the phases. However, the LCSA decision-analysis framework approach lacks
empirical evaluation.

7. Conclusion

This study presented the trade-off navigation framework (TONF) and its constituent elements: Input data
and a step-by-step trade-off navigation guidance. The research followed a research process driven by
understanding the needs and gaps in relation to trade-off challenges and their handling, consolidation of
criteria for the development of a trade-off navigation, and a consequent conceptualization, testing and
refinement of the TONF. Based on several literature reviews and expert evaluation for theory-testing, the
TONF was refined to its final version and evaluated by experts as being a useful approach for trade-off
navigation and dialogue in industry.

The TONF is proposed with the aim to assist decision-making between conflicting sustainability criteria
and should be used during early development stages of sustainability-oriented initiatives, including CE
ones. A first element, the Input data, provides a detailed overview and a guidance to the adequate
information needed to frame a decision. A second element, a step-by-step guidance, guides decision-
making by encouraging analysis of the considered initiatives in light of the defined Input data. The
iterations are encouraged to allow adjustments of the Input data, including consideration of new
alternatives or other key criteria to support decisions. The evaluation provided evidence that the TONF is
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useful to support argumentations for the choice of a specific alternative, reinforce understanding of
priority areas, and create transparency and traceability of decisions. The improved procedural rationality
may help practitioners make informed decisions by explicitly justifying selection and prioritization of
particular sustainability criteria, thus reinforcing the knowledge about potential risks and opportunities
behind their choices. Consequently, it may not only support selection of the 'most beneficial from a triple
bottom line perspective' alternative during design and development of circular products, services and
processes, but also serve as a feedback loop to manage conflicting criteria and continuous improvements.

The main academic contribution of this study can be summarized as:

e Advancing the discussion about the importance of supporting sustainability-related trade-offs
after sustainability evaluation

e Consolidation of key challenges in manufacturing industry related to the integration of
sustainability criteria in the early stages of business processes

e Identification of criteria to support trade-off navigation

e Proposition of a structured approach to trade-off navigation

From a practical perspective, following can be highlighted:

e Overview of the information required to frame a decision

e Anpractical and flexible approach to making trade-off explicit based on the contextual information

e A structure to support objectivity and traceability of decisions, including re-evaluation of
sustainability implications of proposed CE and other initiatives

However, there are some limitations that need to be further explored in future research, such as: a)
further practical application involving multifunctional teams of decision-makers, engaged in business
model, product development, operational activities, supply chain; b) further practical application
involving more than 3 alternatives; iii) automating the steps in the TONF guidance to retrieve and update
Input data; iv) integrating a simple mathematical model to allow building scenarios based on the most
desirable objective or goal; v) investigating the potential to integrate the TONF into existing methods used
in business processes. Currently, this study aims at developing a user guide and improving the trade-off
matrix in Excel to support easier operationalization of the TONF in industry.
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2 (Hallstedt and Thompson, 2011; Abbasi and Nilsson, 2012, 2016; Dekoninck et al., 2016; Schulte and
Hallstedt, 2017; Nilsson, Sundin and Lindahl, 2018; Zarte, Pechmann and Nunes, 2019; Kennedy and
Bocken, 2020; Watz and Hallstedt, 2020)
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3 (Abbasi and Nilsson, 2012, 2016; Chou, Chen and Conley, 2015; Buchert, Halstenberg and Stark, 2017;
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Paulson and Sundin, 2019; Baldassarre et al., 2020; Watz and Hallstedt, 2020)
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3.3.3. Evaluation of the trade-off navigation

The evaluation of the trade-off navigation framework with constituent elements provided evidence of
its usefulness in the following: i) facilitating a dialogue about trade-offs acceptability and alternative
prioritization, and ii) creating transparency and traceability of the decision process. A summary of the
qualitative evaluation by both, academic and industrial experts is provided in Appendix Ill. During the
evaluation, the following benefits were emphasized: the Input data and their guidance provided a good
overview of the information, required to frame the decision. Guidance on defining key criteria and
indicators, their number and coverage of criteria between and across TBL dimensions was found useful in
“helping to broaden the focus and move away from ‘single-criteria’-driven decisions”. At the same time,
a challenge of acquiring information for the Input data was highlighted, which requires information
gathering from internal and external sources. A step-based guidance for a trade-off navigation was found
useful on the following aspects: firstly, it was helpful to focus separately on non-negotiable and negotiable
criteria and discuss why they were set in the following way. Secondly, the questions in Step 1 and 3 could
‘to a larger extent’ support argumentations for the choice of a specific alternative. Additionally, the TONF
was seen as a vehicle to improve communication of actors within and across business processes (i.e.
communicating why certain decisions were taken or not taken as well as flexible to accommodate needs
of any level decision maker (e.g. business developer, product designer, etc.).

“The beauty of the approach is that it is generic enough to capture a bunch of different
types of decision-making processes”

“The three steps make very much sense”

“What | learned is how simple it can be presented. | think you have included the right
things in there in probably the most time efficient manner”

“Nice little technique to help us keep a track (both memory and justification) of our
decisions around trade off prioritization”

“Users should be properly informed of the high benefits that they might expect at the end
of the session [TONF application], therefore making it worth learning how to use the tool.
Especially if applied in time (which is desirable) the time to learn and catch up might be
considerable. However, the tool is so great in its outcomes that, again, | believe it must be
widely spread as support to organizational practice”

Following the evaluations, it can be posited that the TONF has a potential to support sustainability
trade-off consideration in manufacturing industry. However, as any approach, it has certain limitations,
which were reported in Paper 4, embedded in the thesis.
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4. Discussion

4.1. Sustainability screening framework for circular economy initiatives

By combining the findings from the theoretical and empirical investigations from Studies A, Band C, a
framework is proposed, to aid the understanding and describe important elements of consideration,
regarding how early stage sustainability screening of CE concepts can be deployed (Figure 12).

Sustainability screening framework for circular economy

initiatives
o ) B
Sustainability interpretation
.
Decision-making support
TBL Approach to Decision support
. sustainability context
perspective:
8 assessment 5 s 5
economic, Prescriptive guidance
environmental Leading for manufacturing
and social performance industry; deveiop{nent
i, indicators ofproducts,.semr:es,
operations

Circular Economy * A framework of CE strategies
* Enabling business processes

perspective

Figure 13. A sustainability screening framework for circular economy initiatives

Figure 12 illustrates the framework and highlights the main constituents of the decision-making
support: from the sustainability perspective, a TBL interpretation was followed, which influenced
selection of a leading indicator approach as a main approach to assess sustainability performance. To
enable the assessment, a database of leading performance indicators was consolidated. Similarly, the TBL
perspective combined with the particularities of the decision support context (e.g. manufacturing industry
and focus on products, services and operations) influenced the prescriptive nature of the support —a step
by step procedure for indicator selection and a trade-off navigation framework provide guidance for
selecting and applying relevant information with the purpose of supporting a dynamic decision process
and reinforcing the knowledge about sustainability implications of proposed initiatives. From a CE
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perspective, CE initiatives were defined as a one or several CE strategies that are possible to realize
through operational business processes. This perspective, again, was aligned with the decision support
context, i.e. supporting development of products, services and processes.

As a result, the framework brings together several the key concepts, approaches and methods to
support sustainability screening of CE initiatives in the early development stages. In that, it does not only
indicate the ‘whats’, but also the ‘hows’ of the screening, by providing guidance for the key steps to take
and methods to employ. It is not the intention to claim that the framework covers all possible elements
at a procedural or methodical level related to both, sustainability and CE context; instead, the framework
provides a visualization of an approach to combining established theories and results, derived from
empirical data to synthesize the key concepts being studied. The purpose of the framework is to advance
measurements of the sustainability performance of alternative CE initiatives in their early development
stages, thus allowing for the adjustment of a candidate initiative to improve its performance, before
detailing and implementation. Similarly, the framework intends to guide comparison of circular and non-
circular initiatives and support selection and development of an alternative initiative with the highest
sustainability potential.

4.2. Reflection on the approach for framework development

To be able to arrive at the framework, several principles and approaches for and within sustainability
assessment were followed, all in alignment with the sustainability interpretation followed in this research.
It is important to acknowledge that the interpretation of sustainability and the choice of a methodological
approach (when developing) for a sustainability assessment has a tremendous impact on the assessment
outcomes and decision framing (Gasparatos and Scolobig, 2012). As a result, this Chapter brings forward
the discussion about the rationale and decisions made in the development of the sustainability screening
framework for circular economy in light of existing approaches to sustainability and sustainability
assessment.

Does the sustainability interpretation and assessment approach matter?

“Sustainable development is development that meets the needs of the present without compromising
the ability of future generations to meet their own needs” is one of the most quoted definitions of
sustainable development as stated by the Brundtland Commission in “Our Common Future” report from
1987 (Waas et al., 2011). The definition followed the key principles of sustainability, such as equity,
precaution, dynamism and global responsibility (Hugé et al., 2013). Broadness of the definition led to
many interpretations, attempting to make the concept more tangible (Waas et al., 2011). As a result,
various discourses within sustainability were proposed (Hugé et al., 2013). Discourse refers to a structured
way of representing ideas and concepts that enable particular types of actions (ibid.). In order words, how
sustainability is framed guides selection of a methodological approach to sustainability assessment,
whose primary purpose is inform actions to ensure positive contribution to sustainability (Ness et al.,
2007). An approach to sustainability assessment affects how sustainability is operationalized (what to
measure and how), and how results are presented and used (guidance on who should use the results and
how) (Sala, Ciuffo and Nijkamp, 2013).
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One interpretation of sustainability is a holistic sustainability, in line with ‘sustainable development as
integration’ discourse by Hugé et al. (2013). It represents sustainability as a multidimensional construct
(a model) based on environmental, social and economic pillars, which are interdependent and mutually
reinforcing (Waas et al., 2011). The definition of sustainability within the dimensions had largely been
influenced by the interpretations of what ‘unsustainable’ is (Hugé et al., 2013); thus the economic
dimension is linked to welfare, environmental - to resource preservation and environmental protection,
social —to poverty and equity (Waas et al., 2011). Due to a more tangible view on sustainability that brings
together traditional disciplines, this three-dimensional (often, but also contested as in Waas et al. (2011))
representation has been popularised in science and in practice (ibid.), known as triple bottom line (TBL)
approach (Elkington, 1998).

Another interpretation of sustainability is the ‘sustainable development as limits’ discourse (Hugé et
al., 2013). It situates human actions within the (dynamic) limits of ecosystems, with Planetary Boundaries
approach (PBA) being one of the nominal examples (Rockstrom et al., 2009). This approach emphasizes
that the development should occur within the Earth’s carrying capacity, because natural capital is limited
and irreplaceable (e.g. resource scarcity and biodiversity loss) (Hugé et al., 2013). The framework, as few
others that adhere to the ‘limits’ discourse try to define the ‘safe operational space’ to ensure its
maintained to prevent eco-systems collapse, which will lead to societal and economic collapse (Rockstrom
et al., 2009). Despite the defined boundaries, PBA does not provide a concrete guidance for actions in
industry or organisations (ibid.). To operationalize the global PBA approach from the strategic point of
view, a framework for strategic sustainable development (FSSD) was proposed by Robert, Broman and
Basile (2013). The FSSD proposes a set of specific principles for sustainability and a multilevel framework
to guide their application, including levels of system, purpose, strategic guidelines, actions and tools
(ibid.). By guiding through the levels, the framework intends to help decision-makers asking the ‘right
guestions’ and prioritizing potential actions that comply with the set of sustainability principles.

Few other discourses can be pointed out, such as the ‘sustainable development as change’, which sees
sustainability as a process of change rather than a fixed state, with focus on socio-economic
transformation along the technological (Hugé et al., 2013); and a multi-governmental framework of
Sustainable Development goals (UN SDG’s) with established indicators and targets (Sala, Ciuffo and
Nijkamp, 2013).

The discourses presented is not a fixed typology, but an overview of diverse approaches to
conceptualize sustainability and guide selection of a methodological approach for performing
sustainability assessments (Hugé et al., 2013). Ecologically dominant sustainability proposed by
Montabon, Pagell and Wu (2016) is an example of a holistic triple bottom line interpretation of
sustainability, however represented as a limited, nested, model, within which the economic dimension
(third priority) is nested within social (second priority), which is then nested within environmental (first
priority). The ecologically dominant model is a concept and no guidance how to operationalize it to guide
actions exists. This examples emphasizes that each discourse is not homogeneous (Hugé et al., 2013) and

YT

the selection of an assessment approach should consider a ‘decision context’: “who participates,” “who
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decides,” “who uses,” “how complex is the decision”, “what is the activity affected by decision”, ““what

values are involved”, “what is the time horizon” (Sala, Ciuffo and Nijkamp, 2013).

141



In light of the presented, the three-dimensional representation of sustainability was followed in this
research, which guided information selection and structuring to propose a sustainability screening (Figure
12, ‘sustainability interpretation’ box). Particularly, the TBL perspective guided identification and selection
of indicators, development of the procedure and a trade-off navigation framework, which affected what
indicators were identified, how they were structured in a database and how a guidance for indicator
selection and trade-off analysis was developed. Accordingly, the guidance for indicator selection
considered a balanced inclusion of indicators to measure TBL dimensions and aspects within them; it did
not however emphasize one dimension over another (as, for instance, in the ecologically dominant
model). This affected the prescriptive logic in this research, which provided information and guidance to
support decision-making with a balanced consideration of TBL dimensions and a transparent trade-off
analysis; however, leaving the final choice to the user in line with the corporate sustainability approach
within natural- resource-based view. The prescriptive nature is aligned with pragmatism, which focuses
on indicating how the decisions can be taken in light of the real world settings, which influence how
corporate decision-makers would use information, provided in sustainability assessment, to make
decisions. Therefore, the prescriptive approach to decision-making differs from a normative, which
instructs how decisions should be made (McFall, 2015).

Following the ‘decision context’ logic, this research conceptualized sustainability screening through an
indicator-based approach to sustainability assessment, which followed a holistic TBL perspective of
sustainability (Figure 12). Conceptualization considered manufacturing actors and other industrial
practitioners as main participants in, users of and decision-makers in the sustainability screening
framework (Figure 12, ‘decision support context’ box). Additionally, the scope was limited to the technical
perspective of operational business processes, i.e. how to develop (improve) products, services and
operations. This led to the choice of a leading performance indicator based assessment, and assisted the
development of the indicator database, the indicator selection procedure and the trade-off navigation, all
with the rationale to support sustainability screening within that particular ‘decision context’.
Additionally, the balanced TBL perspective required acknowledgment of trade-offs (Waas et al., 2011),
leading to the proposal of the trade-off navigation. As posited by Sala, Ciuffo and Nijkamp, (2013), the
researcher who adopts a balanced TBL perspective and a prescriptive guidance, allows making trade-offs
(i.e. does not ‘limit’ them), and should take responsibility for making this transparent for sustainability
assessment users and decision-makers. Although trade-offs can be considered inherent in sustainability
(Gibson, 2006), it is possible to limit them following the ‘sustainable development as limits’ discourse, by
instructing to what extent trade-offs are acceptable within the carrying capacity of the planet (Waas et
al., 2011). This brings this research to acknowledge that the perspective for and construct of the
sustainability screening for circular economy would influence decision-makers’ interpretation of
sustainability and pose limits for what types of actions will follow based on the results of the screening.
Had the sustainability screening aimed at another scope, e.g. assessing the whole production and
consumption system or providing guidance for policy makers, the approach to sustainability and to
sustainable assessment would have been different. Similarly, had the research followed the FSSD
framework, the indicators would be classified differently; additionally, the guidance for the indicator
selection, their application and result interpretation would consider the established ‘limits’, alike
operationalized by Hallstedt (2017) through sustainability compliance index. Additionally, if FSSD
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framework was followed, the sustainability screening framework development could have been aligned
with the levels of FSSD, engaging purpose and strategic guidelines levels.

The risk of assessing dimensions in ‘isolated” manner, favouring economic before environmental and
social is a common critique of a balanced TBL approach and indicator based assessment exists (Gibson et
al., 2005; Waas et al., 2011). Despite the critique, none of the sustainability discourses and proposed
approaches to sustainability assessment are bias-free due to the interpretational and operational limits
of and to sustainability (de Olde, Bokkers and de Boer, 2017). Along indicators, ecological and water
footprints, cost benefit analysis, emergy analysis, social and environmental LCA are few examples of
methodological approaches for sustainability assessment (Sala, Ciuffo and Nijkamp, 2013). Ecological and
water footprints focus on biophysical flows, hence eco-centric; cost benefit analysis focuses on monetary
flows, and hence anthropocentric; life cycle assessment focuses on environmental impacts — being more
comprehensive in scope than ecological footprint (Hoogmartens et al., 2014), however these approaches
(and many others) adopt a reductionist view in assessing sustainability (Gasparatos and Scolobig, 2012).
Even if several methods are combined, the approach to sustainability assessment will likely be reductionist
due to aggregation and normalization of results (ibid.) or due to simplifications made throughout the
assessment (Beemsterboer, Baumann and Wallbaum, 2020).

In summary, sustainability can be seen as an essentially contested concept under umbrella of which
several discourses exist, and performing sustainability assessment can be as complex and contestable
(Hugé et al., 2013). This does not only require more transparency in existing sustainability assessment
approaches about what representation of sustainability was adopted, how it influenced the process and
results of the assessment; this calls for integration of different methodologies and epistemologies to study
interconnectedness of ecosystems, society and economy and to enable co-production of knowledge with
other, non-academic, stakeholder groups (Sala, Ciuffo and Nijkamp, 2013). This is in line with ensuring the
objective of transdisciplinarity of sustainability science.

How sustainable is circular economy?

The overview of diverse discourses of sustainability and approaches to sustainability assessment brings
clarity regarding the differences of reported benefits of CE in terms of environmental and economic
impacts — assessment scope and methodological approach have an important role to play. Additionally,
how CE is conceptualized complicates comparison even further (Kirchherr, Reike and Hekkert, 2017;
Kravchenko, McAloone and Pigosso, 2020), as this discussion aims to put forward. CE, as an umbrella
concept, encapsulates several sub-concepts with a shared feature (Blomsma and Brennan, 2017),
promoting resource preservation and economic gains for the production and consumption systems as the
central notion of CE (Geissdoerfer et al., 2017). Through this lens the CE concept appears “intuitively
positive” (Harris, Martin and Diener, 2021, p.173), acknowledged by many academic, industry and
governmental bodies as a major means towards sustainability (Van den Berg and Bakker, 2015; Stewart
and Niero, 2018; EU Commission, 2020). A number of scientific articles attempt to compare CE and
sustainability using the key principles, underlying concepts and expected outcomes: Sauvé, Bernard and
Sloan (2016) assert that both, sustainable development (SD) and CE are anthropocentric, with a core
concept of CE lying in economic objective, while a core objective of SD is society, in line with its key
principle of intra- and intergenerational commitments. Geissdoerfer et al. (2017), on the other hand, see
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intra- and intergenerational commitments, cooperation of different stakeholders for innovation and non-
economic only development as shared principles between SD and CE. In terms of outcomes, CE is expected
to create new markets and new revenue channels, many employment opportunities, protection of natural
resources, water, energy and minerals and reduction of greenhouse gas emissions, among others (EMF,
2019; Kumar et al., 2019; Velenturf et al., 2019). It is however notable that there is little coherence
between how the principles of CE (if not matched with SD) could lead to the anticipated outcomes for SD
(Korhonen, Honkasalo and Seppéld, 2018). Additionally, Sauvé, Bernard and Sloan (2016) note that
because initiatives for SD have been developed within a linear economic model and did not result in major
improvements (see absolute and relative decoupling discussion in Chapter 1.1.1.), some CE proponents
distance CE solutions from long existed in a linear model SD solutions. This could explain the proposal of
various methods to measure CE benefits: indicators and indexes focused on material recirculation and
economic value aim at showing a progress towards a fully circular system (e.g. MCl indicates a score of
100% as the best), which at the same are used to demonstrate achieved environmental and economic
benefits (Harris, Martin and Diener, 2021). While these measures could provide a very clear direction to
target unlike open-ended progress towards sustainability (Sauvé, Bernard and Sloan, 2016), the concerns
have been risen to question whether fully circular flows are (e.g. thermodynamically) possible (Skene,
2017) and whether the metrics could indeed be used as proxies for environmental and economic impacts
(Kristensen and Mosgaard, 2020; Harris, Martin and Diener, 2021). Furthermore, a growing number of
recent academic articles find little consistency between the metrics proposed to measure CE (Kristensen
and Mosgaard, 2020; Lindgreen, Salomone and Reyes, 2020; Schoggl, Stumpf and Baumgartner, 2020),
yet alone their ability to measure a broad spectrum of outcomes for the economic, environmental and
social sustainability (Harris, Martin and Diener, 2021). This does not necessarily lead to a conclusion that
the approaches and related metrics to measure CE do not have a right to exist; rather this highlights the
importance of complementing the CE-oriented assessments by sustainability assessments for a holistic
perspective.

To answer the question ‘how sustainable circular economy is’ requires transparency about how both,
CE and sustainability, are conceptualized, what approach to sustainability assessment is to be followed
and why and how the results should be interpreted. The CE strategies framework by Blomsma et al.
(2019), followed in this research, helped to conceptualise CE in a tangible way, also addressing several
gaps presented in Introduction. While not aiming to open a discussion about how many frameworks of CE
exist, this research acknowledges that adopting any another CE perspective would have influenced the
development of the sustainability screening framework. By bringing CE and sustainability together, it
becomes evident that further advancements are needed regarding: i) standardization of CE principles and
strategies; ii) clarification of the needs and purposes of CE-only assessment approaches; based on this,
approaches could be proposed for an integrated CE and sustainability assessment; iii) wider knowledge c-
creation between different stakeholders (organizations, business, communities, policy-makers).

With a New Circular Economy Action Plan adopted by the European Commission as one of the main
blocks of the European Green Deal, CE is put at heart of the agenda for sustainable growth (EU
Commission, 2020). While the key themes of the Plan might not be new, the way it emphasizes sustainable
design, value chain collaboration, consumer engagement and ensures innovation funding and support for
uptake of digital technologies, provides a powerful way to attract business community to work with CE
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towards sustainability. Therefore, it is of paramount importance to provide support to business actors
(among many others) to ensure CE actually contributes towards sustainability. Sustainability screening for
circular economy with focus on indicators for TBL performance measurement is one of the attempts to
contribute to this support.
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5. Concluding remarks

This chapter first summarizes the results in light of the developed research questions. Second, it brings
forward the contributions of this research to the literature and practice, highlights several research
limitations and provides suggestions for future research.

5.1. Fulfilling the research objective

This PhD research was motivated by the lack of an overall assessment framework, able to support the
early stages of CE development, whilst simultaneously considering the holistic sustainability perspective.
Considering the rapid uptake of circular economy by the manufacturing industry, it is essential to support
the early stages of circular economy development by integrating sustainability in the decision-making
process, facilitating selection and implementation of the initiative with the highest sustainability potential.
Following the motivation, the research was driven by several gaps, primarily attributed to the conceptual
framing of CE and shortcomings of the existing sustainability assessment and measurement frameworks,
summarized such as:

e For CE - there s insufficient focus on CE strategies beyond recycling and on measurements beyond
material aspect; additionally, synchronization of decisions across business processes, needed to
develop CE, is not supported;

e For sustainability measurements — there is a lack of a holistic perspective on the three dimensions
of sustainability simultaneously; moreover, the results generated from the assessments are often
complex, which hinders their inclusion into early stages of decision-making. Considering the
multifaceted nature of criteria and indicators in sustainability measurements, the decision
support seldom goes beyond results generation to support decision analysis in trade-off
situations.

Based on the gaps, three Studies — Study A, B and C — were designed with the main objective to
contribute to the development of a framework for sustainability screening for circular economy initiatives,
which aims to provide a decision support for the early stages of CE development. Each of the Studies
contributed with the following results, which constituted main elements of the framework:

i. adatabase of >270 leading performance indicators classified according to TB
Study A dimensions and corresponding aspects, five business processes and thirteen CE
strategies

This result directly answers Research Question 1 (RQ.1: What leading performance indicators exist, to
measure economic, environmental and social aspects of sustainability?) and Research Question 2 (RQ.2:
How to categorize indicators to enable meaningful selection of indicators for early development stages of
CE initiatives?). Based on the shortcomings of the existing sustainability assessment and measurement
frameworks, RQ.1 was driven by the theoretical lens of leading performance indicators, which offers a
useful approach to measuring performance in the early stages. As a result, RQ.1 was addressed by
performing a systematic literature review to investigate leading performance indicators suitable for
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measuring economic, environmental and social performance. The review provided a large number of
indicators, which established a theoretical foundation for building a database of indicators suitable for
measuring separate and combined CE strategies from a holistic TBL perspective. In order to operationalize
the database, five business processes and thirteen CE strategies were considered for classification. By
establishing a classification logic (outlined in Chapter 2.3.), the indicators were classified in a way to enable
their meaningful selection for the corresponding CE initiatives. This answered RQ.2, thus addressing
several gaps related to CE by expanding its measurements to TBL aspects beyond materials and costs, by
considering a wide number of CE strategies, and by establishing a business process perspective, which
could facilitate decision-making across business processes. Additionally, the database provides detailed
information about each indicator, which facilitates its understanding and solves uncertainty of what data
to use to measure the indicators.

ii. astep by step procedure for a systematic selection of relevant indicators for
Study B corresponding CE initiatives, for supporting their sustainability performance
measurement

In order to ensure selection of only relevant indicators for corresponding CE initiatives, a step by step
procedure was developed and evaluated, thus answering Research Question 3 (RQ.3: How to support a
systematic selection of relevant sustainability performance indicators for early stage sustainability
screening of CE initiatives?). Additionally, RQ.2 intended to addresses numerous challenges of indicator-
based assessment frameworks by providing a guidance for locating potentially relevant indicators, for
enabling their contextual selection and for selecting a manageable number of indicators. The procedure
therefore, provides a conceptual structure to systematically identify, prioritize, customize and create
relevant indicators, to be used for sustainability screening for different CE initiatives, i.e. whenever
different business process are involved and various single or combinative CE strategies are considered.
Empirical evidence demonstrated the importance of the sustainability-related leading performance
indicators and the selection procedure in the following: i) presence of indicators covering all TBL
dimensions facilitates a more holistic measurement; ii) indicator selection procedure facilitates contextual
selection of indicators, which promotes the likelihood of using them to guide decision-making process
(e.g. introduce improvements or show achievement of objectives). In spite of several improvement
opportunities, it is possible to assert that the procedure is useful to support selection of indicators for the
early stages of CE development. Additionally, a user guide and an interactive database were proposed to
assist implementation of the procedure and the indicators for sustainability screening of CE initiatives.
This supports a more practical approach to the selection and application of indicators.

Study C iii. atrade-off navigation framework to support structured and transparent decision
u
v making involving conflicting sustainability indicators

Multifaceted nature of the TBL indicators proposed for sustainability screening required additional
support to assist decisions in conflicting sustainability situations, known as trade-offs. As a result,
Research Question 4 (RQ.4: How to support decision-making when trade-offs arise between sustainability
performance indicators?) emerged, leading to a trade-off navigation framework. With the prevailing
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challenge in industry of how to deal with trade-offs between sustainability indicators (Dekoninck et al.,
2016; Held et al., 2018), a trade-off navigation represents a first attempt towards providing a logic for
addressing sustainability-related trade-offs, which are not addressed sufficiently in contrast to trade-offs
between ‘traditional’ decision indicators (de Magalhdes, Danilevicz and Palazzo, 2019). The trade-off
navigation relies on several elements and a step-by-step guidance, which aim at making trade-offs explicit
and clarifying the acceptability of proposed (design) alternatives and conflicts across desired indicators.
Evaluation with industrial and academic experts showed that the framework facilitates a dialogue about
(design) priorities, reinforces (design) considerations and creates transparency and traceability of the
decision process. In this way, the trade-off navigation framework should act as a complementary decision
support to sustainability performance indicators for sustainability screening of CE initiatives.

By bringing together the results from the Studies, a framework of sustainability screening of CE
initiatives was proposed. This helps answering the main research question MRQ: How to provide decision-
making support for manufacturing companies’ in sustainability screening of circular economy initiatives
in the early stages of development? The framework intends to guide selection and use of relevant
information to assist comparison of circular and non-circular initiatives and support selection and
development of an alternative initiative with the highest sustainability potential.

5.2. Contribution to the literature

From an academic perspective, this research has contributed to the literature in the domains of CE
development, sustainability performance measurements from a TBL perspective and early stage decision-
making by:

e Advancing the theoretical discussion on the use of leading performance indicators as an approach
for supporting early stage sustainability performance assessment.

e Providing a consolidated database of leading performance indicators for economic, social and
environmental performance measurement for five business processes and a wide range of CE
strategies.

e Proposing a logic for indicator classification, which could be used to replicate studies for other
sectors, such as construction, or for indicator classification on macro and meso levels and for
various CE frameworks.

e Proposing a dynamic approach for a systemic indicator selection relying on contextual settings.

e Advancing the discussion about the need to incorporate the trade-off considerations into existing
tools, techniques and approaches to support sustainability-oriented decision-making.

e Prescribing an approach for a trade-off analysis between conflicting sustainability indicators to
support an informed decision process.

e Proposing a novel framework for supporting early stage sustainability screening for CE initiatives
from a TBL perspective.
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5.3. Contribution to the practice
From a practical perspective, this research has contributed by:

e Providing a consolidated database of leading performance indicators for economic, social and
environmental performance measurement for five business processes and a wide range of CE
strategies — a large repository of indicators with detailed information about descriptions, purpose
of measurement, formulae and units.

e Providing a structured procedure to enable selection of relevant performance indicators for CE
initiatives, consisting of either individual CE strategies or their combinations.

This provides an opportunity for industrial actors and other practitioners to locate useful indicators in a
time-efficient manner. Additionally, it solves several challenges associated with the uncertainty how to
transform sustainability issues and aspects into measurable indicators (Abbasi and Nilsson, 2012; Paulson
and Sundin, 2019), as well as what data to use to measure sustainability aspects (Dekoninck et al., 2016).
This research shows that the generic nature of the indicators in the database could support building
corporate management systems or be used across projects.

e Providing a structured approach to navigating trade-off situations between conflicting
sustainability indicators.

While trade-offs, being inherent in most sustainability evaluations, complicate decision-making process,
a structured approach to trade-off navigation creates visibility of the trade-offs and facilitates re-
consideration of the design alternatives and criteria. In this way, the uncertainty, which leads to taking
ad-hoc decisions, decreases, which helps exploring new (design) opportunities.

5.4.Research limitations

This research covers numerous aspects of sustainability-oriented decision support for early stage CE
initiative development by means of sustainability screening. It provides initial findings and observations
with the potential for extension, enhancement or confirmation through further research. Despite the
contribution to the theory and practice, several key limitations could be highlighted, such as:

e Although the advantage of selecting a framework with thirteen CE strategies ranging from
dematerialized offerings to recovery strategy for indicator classification, it still lacks granularity
for some of the strategies. For instance, the CE strategy ‘rethink value generation’ implies the
change to a corporate business model from product sale to offering product service, PSS, such as
performance or access based models, sharing platforms, etc. Therefore, the classification could
be done for different types of PSS (e.g. following the typology of Tukker (2004)) instead of an
overarching classification according to the CE strategy ‘rethink value generation’ as it was done in
this research. Similarly, the CE strategy ‘recover’ denotes recovery of energy and nutrients, for
which a new classification could be done to distinguish between the two streams.

e Despite the adoption of a triple bottom line approach for indicator consolidation, more than a
half of the indicators represent environmental dimension, while the social dimension is being
underrepresented, particularly for the business model and product development processes.
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Most of the indicators are suitable to measure processes and products from a technological point
of view, therefore, they might be insufficient to assist performance measurements of CE initiatives
in bio economy sector (e.g. for organic products, nutrients, substances, molecular levels).

The empirical studies were conducted in the context of the Nordic region, which is known for its
high awareness of environmental issues (Short et al., 2012) and where companies show a
proactive approach with integrating sustainability into business activities driven by internal
willingness and high benchmark standards (Salo, Suikkanen and Nissinen, 2019). Therefore, the
research hypothesis should be tested with industries outside of the Nordic region with different,
lower, level of sustainability maturity.

o Similarly, the case studies on the selection of relevant leading performance indicators
helped to test only a subset of the available indicators. More studies are needed to test
all the indicators and propose new.

o For a trade-off navigation framework, the evaluation did not involve multifunctional
teams (which is preferred), neither the applicability of the framework to support trade-
off situations in business model, manufacturing or supply chain process was tested.

The proposed sustainability screening, particularly the leading indicators and the trade-off
acceptability analysis rely on the details and data of the proposed CE initiatives; while the
qualitative guidance is available, there is no data repository for fetching ‘live’ or generic data.

The proposed sustainability screening relies on leading indicators for TBL performance
measurement. It does not, therefore, account for measurements exclusively developed to
measure CE, which might be useful to supplement the TBL metrics to show the alignment between
the two.

Missing classification of indicators according to life cycle stages. With the life cycle thinking and
LCA being widely known (Beemsterboer, Baumann and Wallbaum, 2020), the indicator database
could benefit from indicator classification according to life cycle stages.

Large number of indicators consolidated in the database rely on operational metrics, which should
be complimented by tactical and strategic metrics to balance the short and long term approach
to sustainability measurement; accordingly, the research did not focus on providing support for
defining sustainability strategy, vision and goals; nor the support was provided in defining relevant
sustainability issues that could drive the proposal of new initiatives.

5.5.Suggestions for future research

Following the above-mentioned limitations, several recommendations could be given to extend,
improve and confirm this research by:

Developing new performance indicators to address:

i the environmental aspects of land use and soil pollution; aspects of the micro or nano-
pollution (e.g. microplastics in virgin (Li et al., 2020) and recycled materials (Roos, Arturin
and Hanning, 2017);
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ii.  the environmental and social indicators suitable for business model and social and
economic indicators suitable for product development processes, particularly focusing on
stakeholder inclusiveness, i.e. user/customer and supplier perspective. For instance,
supporting a) design for (sustainable and circular) behaviour (Ceschin and Gaziulusoy,
2016) (although should supported by ethical considerations (ibid.)); b) transition of roles,
i.e. reduced ownership for consumers turning into users or ‘prosumers’ and suppliers
(Xing, Wang and Qian, 2013), with social aspects of trust, empowerment, information
security and more (with several indicators already proposed by Curtis et al., 2020);

iii. the biological products, focusing on food, beverage, chemicals, fibres, nutrients, etc. This
might be particularly useful for the cascaded use of bio-resources (Salvador et al., 2021).

Understanding and mapping the interconnectedness between the consolidated indicators:
dependent and interdependent variables; positive, negative or neutral relationships; as well as
developing ‘live’ formulas for immediate calculation and linking to ‘live’ data from internal
corporate databases or generic databases.

Supporting customization of indicators in light with sectorial differences.

Developing an internet-based version of the User guide and the interactive database for the
selection of relevant indicators, and the trade-off analysis to automatize the process and enable
more interactive result visualization.

Expanding the empirical investigation for the application of the User guide and the interactive
database to support sustainability screening:

o outside of the Nordic region;

o for various CE scopes, i.e. for CE initiatives involving numerous CE strategies for
simultaneous implementation;

o evaluating the impacts of the support, i.e. whether the support is actually used (Blessing
and Chakrabarti, 2009).

Expanding the empirical investigation for the application of the trade-off navigation to support
analysis of decisions between conflicting sustainability criteria or indicators:

o totest the robustness of the proposed approach and improve it;
o to evaluate the impacts of the support, i.e. whether the support is actually used.

Proposing a guidance for the complementary use of sustainability screening for CE initiatives
together with existing CE metrics

Advancing the measurement approaches or developing indicators able to capture the
sustainability potential beyond the triple bottom line approach. This suggestion goes in line with
the few proposals to move away from a triple bottom line representation of corporate
sustainability to 3R’s: resilience, responsibility and regeneration (Elkington, 2020).
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Appendices

Appendix | — Business processes considered in the research: definitions and examples of

decisions
Business Definition Examples of typical decisions
process
Business BM development involves exploring customer selection, location and position in value chain
model (BM) opportunities of value creation, differentiation of offerings: product type and/or service
(modelling, capture and delivery for all its type

development)

stakeholders through its entire
value network
(Wirtz et al., 2016)

key operational activities, delivery channels, key
partners and suppliers

revenue model and cost structure, configuration of
resources

(Massa and Tucci, 2013; Wirtz et al., 2016)

Product
development
(PD)

PD process is a set of activities that
a company employs to initiate,
design and commercialize a product
(Ulrich and Eppinger, 2012)

identification of product’s functions

selection of materials and suppliers

identification of product architecture and assembly
scheme

identification of fabrication processes and tooling
consideration of the end of life scenario

estimation of costs

planning sales and service

product distribution channels

(Rozenfeld 2007; Ulrich and Eppinger, 2012)

use and lifecycle
(Gehin, Zwolinski and Brissaud,
2008)

Production P&O are activities needed to location, production capacity, technological processes
and produce/assemble products and suppliers selection
operations services with help of operating procurement and delivery scheduling
(P&O) equipment, incoming material and number and location of logistics facilities
resources, employees and the workforce
outbound logistic .actors packaging (secondary, tertiary)
(wholesalers, retailers) (UIr|ch and Eppinger, 2012; Badurdeen et al., 2015)
(Badurdeen et al., 2015)
After-sale After-sales service are the selecting stock location and inventory
service activities needed to maintain, procurement and delivery schedules
during and after the delivery selecting sourcing and volumes of spare parts and
takes place, product quality and materials, packaging needs
rellab|l|ty in order to increase transportation mode and load
customer satisfaction number and location of service stations
(Tavakoli et al., 2016) possible treatment activities
workforce training and capacity
(Cohen and Lee, 1990; Tavakoli et al., 2016)
End of life Eol operations are activities for selecting stock location and inventory
(EolL) managing a product, its parts procurement and delivery schedules
operations and materials at the end of its selecting sourcing and volumes of spare parts and

materials, packaging needs
transportation mode and load
number and location of EoL stations
possible treatment activities
workforce training and capacity

(Gehin, Zwolinski and Brissaud, 2008; Lambert, Riopel and Abdul-
kader, 2015; Tavakoli et al., 2016)

165




991

sa18a1e41s 3D 4O SaWeu

*3uipAdau yroq aJe
dooj paso|d snsian dooj uadQ "ysinduisip 03 pJey
sI Iy} ‘uieSe 4ay1a303 yoeq Ind pue umop ua04q

2Je 1By} s|elsalew [edjSojolq 404 ‘@sn JuaINU
snsJaA 3ulpAdau ‘@i dwexs 404 "y1oq se Junod

PIN02 SAI1BIHUI BY} 243YM JO ‘JB|IWIS dJB PlJOM

Aw u] 3eYy3 s3uiyl oMl uaamiaq ydid 01 pey | daYym

10241p uIsn uey} Jayied aAleIul T daa1s A3ojoutwual ul Ajurelsadun sawos paduaadxa | :9
3D pasodoud e Japun sal}IAI}de JO apIngd 4asn *A8a3e43s 3D 1y31 9Y3 8u1309|9S 24 9M AUNS
uolleaiypuapl poddns 03 padnpoJlul ooqgyiom 9w 0} Pa3U I “JUIBHIP 99 1YSiw ASojouiwia] Anoidwis
sem T dais Japun g AlAnoy 9AI10RIDU| SOA SWOS puUe SpJepue)s |elI03I9S YUM NIOM SN f7 pue Ayue) JuUBURY | 9D ‘vD SH
*UlB1J32 10U WE | Sy} Jo ‘Quapuadap
-Ansnpul st siya Ajqissod ‘ajdwexa 104 SSd
pasn JaA3UIYM ‘SuolleIniqqe syooqyom *A1eSs0|3 ay3 ul 10U 249M JBY} PUB SW 0} UMouNuUN Ay dwis
Suo|e suondiiasap ||n4 papInoid AI10BIU| SOA 9JOM 1BY] SUOI1BIADIC . SWOS dIIM J3Y | pue Ayue) JIEIE]) 9 v
¢AJeSS229U WY} JO [|B 24V ¢3SIDU0D dJOW Spew 3q
9S9Y3 p|no) ‘'z dais 01 oAowW pue suoleansiyuod,
pajeuiwi|a Jo payldwis aJam Bunynsas 198 031 ,sa1891e.435, pUR ‘5449,
SwJ1 JaY3Q "sassad0.d ssauisng T daas ‘ S9AIIBINUL, ‘,SOLIBUDIS, JUBAD|DJ 109]9S 0] papualul
pue sa13391.J3s ‘SaAIIRINUI U9IMI] aping Jasn s1Jasn ay1 T dais ul ‘sjdwexa Jo4 "dejiano 0}
Buiysin8unsip djay 031 € pue ¢ oogyiom waas yaiym jo Auew pue suoiielaidialul snoiea Adidwis
‘T Ainnpy Aq pauoddns sem T dais SAI}BIDU| SIA 03 uado aJe yoiym saseayd/spiom Auew aue auayy pue Awue) IFETIE]S) /D [
'S9A1323[qO pue uoISIA
A1jiqeuleisns [euoizeziuedio uo siseydwa sjow
y2Jeasal siy3 o 2dods ay3 apisinQ V/N ON | 9yew 03 spaau [SuluaaJds AlljiqeuleIsns] 34om SiyL ssaupeo.g RIBETIE]S) o) o
‘(8uipueuq pue uonesunwwod ‘a'1) A3ajesis
Suipueuq pue SulayJew/ssauisng 01Ul uoile|ndjed
J01e2Ipul 3y} JO SINSaJ 91B|SUBI} 03 MOy
yoJeasal siyl o 2dods ay3 apisinQ V/N ON | passaJppe [340m siyy] 31 |erdiyauaq AJan aq pjnom 3 ssaupeo.g BIFETIE]S) o) T#
ol ainjeay Apnis al
24njeaj paidope ayjy uo uoneioqe|3z paiesSaju) | pardopy Naeqpasy jeuisliQ eldN) 2ANqLNY ase) | uswwo)

g Apnis ul pawJoad S31pN1s 9Sed WoJ4 oeqpas) aallelljenb ayy jo Asewwng — || Xipuaddy




L9T

saJneay
pappaqwa
pue
109(oud youeasau ‘[joo1 paseq-gam *a°1] uonesineu
SIy3 40 2d02s ay31 uIlyUM 10N ON |003 BAI10BJIDIUI DJI0W B dABY 0} 921U 3¢ P|NOM ]| Jo ase] J143URH €D 6#
'S94n1ea}
uoljedineu 404 2oueping |ensia
UMM padnpoJiul sem uoliedineu,
199ysy4om mau e ‘Aj3uipuodsalio)
,’S24n1esy uonesineu
y3nouyy papind aq o1 aseqelep ‘[|9M Se Jea|d 01 3|NdIIp 9q
|ensip ay3 ul gey uonesiney, ued sJa3|14 YL "SIy} Op 01 MOY pUB 3J3YM Je3|d J0u
9Y1 9SN "Pa3129|as SeM 1| a3edipul SI 1 Inq ,SJ03e2IpuUl Pa31I3|3S 4O 1sI| 9yl a1sed pue
01}l 01 Ixau X, ue 1nd ‘aseqelep Ado)D, 01 sa1e3s 9pI|s 'z do1s ay1 pue uoiduny 10U
|enSIp ay3 ul J03edIpUl JUBAS[DI pip ¢ da1s ul uoing 4114 19saJ ay | "z d9is ojul
e 3u129[as uaypn,, Sunesipul ‘gz Jajsuedy jou pip T dais jo indino ays ‘sjdwexs Jo4 saJnieay
dai1s ul aping uasn ay3 ul padnpouiul ¢z dais '90uepIng ay3 ul pPa3els Se uol3ouny 01 Waas Jou pappaqua
SeM 92UepIng 0|\ S199ySyJom apingd yasn pIp 4|9S1 [001 3Y3 Inq ‘|n4d|ay sem 2duepind ayy :/ pue
,€ da1s, pue ,aseqeiep Jo3edipul, oogydom J13ews|qoud uonesineu
woJj paAowal sem a1epdn-oiny 9A110BIAU| Ajlened 1eyMawos a1epdn-0ine Jo 3}Je| 3yl punoy |:9 Jo ase] Juauadn | /D ‘9D SH
‘(3uswissasse
1001 Suluaa.ds Ajjigeuleisns 1oedwi 3942 a41|) Y7 B Y1m 3shjuod 03 J0u Andidwis
e Se paweuaJ usaq sey |00} 3y L apIng Jasn SOA 0S JUBWISSISSe a3 10U ‘Buluueds/Suiuaalds asn pue Aylie) J143URDH € L#
sueaw 123dse yoea 1eym
Suipueisiapun djay 03 pappe sem *2130| UOI193]3S By pueISIapUN
,s109dse Ajljigeuleisns, 193ysyJom e pue sainieaj ay3 uJea| 03 awil salinbay :g
‘os|y ‘Suipueisiapun Jojedlpul Ises poo3
0} 199YS)JOM dSeqelep JO1edipu| )ew 03 }Jom 03 uoissed aABY INQ ‘SIUBISSISSE
ul UOIleWIOUI JOBDIPpUI JBpUN Alljigeuleisns ul asi34adxa ue aaey jou
pa2NpoJlul Sem ,an|eA JO3edipul Aew oym ‘@soy3 1o} A|pualij-Jasn 003 Yy e T
40 9ouedyiudis pue asodind, uwn|od sueaw Jojedlpul
e ‘Ajjleuoilppy "(3[qissod Janauaym) ue Ajjenioe 1eym pueisiapun pue |00} 8yl asn
payidwis suoiuap JIay3 yooqgyom 0} sajuedwod 4oy Suiduajeyd aq ued 3 ‘dlwapede Ay dwis
pPUB PIMB3IASJ BJSM SI03BDIPUI YL 9AI10RIDIU| SOA 00} S| SJ101B2Ipul 3q142Sap 03 pasn a8endue| ay] T pue Ayue|d UAUdY | §D ‘1D oft




891

awil ‘weal Aseurddsipiynw

e 4oy syuedpiped A9y ‘asn

03} Usym ‘9A1323[q0 ay3 $aq1IIsap
9pIngd 49sn ay3 ul uonNposIUl

9Y1 ‘uoilippe uj "uoi}d|3s

Joiedipul ay31 3uiping snys ‘aAneiul

Ul 11 3591 01 9|ge 9 01 S|IE1dP Ul PAUI|INO 3AIEINUI
9y3 sey (wea1 ay1) Jasn ay3 1ey3 |eldNID S1 3| i€
'sijojedlpul

P3193]3S JO 135 9Yl UMOP MOJJeU J3Yy3}iny O}

9|qe aq 03 pue [nj8ujueaw Suliayjly Xew o} ‘Apeas
(@A11e131UL) OlIBUBIS B Sey (aseqelep 3yl sasn

3D pasodoud ayy 10j saAIda(qo yoogyiom 18y} Weal ay1 '9°1) Jasn ay1 1eyy yuenodwi si 3| :g
JO 195 B 3u11e1S SPUBWIWIOIAI YdIym dAI0eID1UI ‘'san|eA 21e40d10d
‘padnpoJiul sem "€'T dais-qns Japun ‘g1 dois 331 031 SJ03e2IPUl JO 135S |eUl) Y] }D9UU0D 0}
€ Alnnoy ‘sandalqo sresodiod ‘aunpadoud juepodwi si 3| 'saAR3[qo pue uoisia Aljiqeurelsns 92Ua43y0d
40 uolle|nwuoy ay3 Suipsoddns uol1199|9S |euoileziuedio ay3 Sululap Jo Suludije ayy yum pue ainpaosoud | D ‘€D
uo 8uisndoy jou ysnoyyy | ‘epinduasn SOA 1Je3S p|noYs uo1303|as Jo3edlpul jo ssad0ud ay] T ERIVENEIEN] uon’IRs | ‘2D ‘10 cT#
‘USAIS Sem sJ03edIpul JO Jaquinu
9Y31 uo adueping e ‘aiowJayling
's3U1119S |en1Xaluod ay3 3ulispIsuod
SJ01BJIpUIl 3Y3 193[3S 03 MOY pue
sy0adse Ayljiqeuleisns Suizinuond
Aq 195 J01B2IPUI BY} UMOP MOJJBU
0} MOy 92ueping yiim paj|iel1ap aam
¢ d91s Japun sdajs-gns ‘ssad04d
U0I123]3S 3Y} 1SISSE O] "WdY] 19|9S
Aj|nj2JeD puE SJ03EDIpUl pUB)SIBPUN zdaas "BIJ9IID UOI3I3|3S sulede
0} papaau S| awil 9y} ‘suoisuswip ‘aunpadoud sJo1edipul ay3 98pn[ 03 papasu Sl swi} 210w Ylm
aul] wonoq a|dul ay3 JaA0d 0} uol1I39[3S doysyJom/uolssas Jayloue ‘a1049J3Y) ‘Dwlil JO 10| 2Jnpadsoud
sJo3edIpul ay3 Jo adoas ayl 01 ang ‘apind yasn SOA e 5ok} $s920.4d Sulua342S pue UOoI3I3|3S J03RdIpU| uoI123[3S o) TH
UdAI8 aue sa|dwexa |edloeld
‘Ajleuonippy ‘s10adse Alljigeurelisns
Jo uoneziyiod pue ‘saidajess 30 ‘aJow
‘ss@204d ssaulsng Juens|au 3u1109|as Ajljdwis pinoys 3| “JapJey UaA3 1 Soyew |003 3y}
uo 2aueping apinoid 03 aunpadoud pue Japisuod 03 s3uiyy Auew 003 si 31 SWIIBWOS :/
U0I123]3S 9Y3 Ul padnpouJlul dJe (2 xa|dwod aJow aunpasoud
pue {¢'T pue z'T '3'9) sdais-qns ma4 apIng 4asn S9A Ajjenpesd 11 93ew agAew ‘, Aneay,, s1 001 dy] ¢ Audidwis uoI1199|9S Yie Rirde) TT#
‘8uiuaauos
Ayljigeuleisns ay3 JO J3UMO, 3yl pasu 3\ “123foud
e Joj Jo Auedwod e 1e Suiuasuas Ayljiqeuielsns
ejep ndino pue ndul pue e JO J03e}l|Ioe) B S| Oym 1edlpul 0} Juenodwy :g
uoI32393s ay3 913|dw0d 03 palinbau 1 9sn noA op ssaooud
sw} ‘weal Aseuldidsipijnw 9y1 Jo 1ed 1eym uj "9°1 ‘|00l ay3 asn o3 ajedoudde
e Joj syuedidined Asy ‘@sn 03 usym S| uaym,, ‘,aseqelep ay3 Ui J10m 0} JapJo
‘an3oalqo ay3 Suneaipul ‘apind | uonnpoJul ul 9ABY p|NOYS J3ash ay3 saioualadwod aue 1eym,,
J9sM ay3 ul pajesodiodursisiyl | ‘epind asn SOA :8uipuejsiapun ui Jasn ay3 aping o3 uepodw i g ERIVENEIEN] JURURY | S ‘€D oT#




691

sueaw 303dse yoea jeym
Suipueisispun djay 01 pappe sem
,s109dse Ajljigeuleisns, 199ysyJom e
‘os|y ‘Suipueisiapun Jojedipul ased
03 199YS)J0M dseqelep J01edipu|

Ul uojew.Jojul Jo3edIpuUl Japun

PadNPOoJIU| SEM ,aN|BA J01BDIPUl 4O soogJom *J03e21pUl 2Jnpadsoud
2ouedyIudis pue asoding, uwn|od 9A130BIAU| SOA 931 pue1sSIapuNn 03 |Nasn S| uwinjod ,asodind, | ssauaia|dwo) uo1323|9S o) oT#
43N0 passiw
90 P|N0O2 3SIMJIBY10 1BY3 SI01BDIpUI
J0 UOI303]3S 91e1[12B) UBD SIY) ‘3sN 0}
1| p|[nom noA
90UBISQNS/|BlIS1_W JO J0)IS JNOA
0} Jejnaiyied aJe 1ey3 ,uiaduod Jo
seaJe, AlljIgeulelIsns ayl pueisiapun
0} suol3elosse Alisnpul 3nsuod
03 AJessaoau 9q Aew 3, :se yans
9pIngd Jasn Y3 Ul PadNPOoJIU| dIIM
SUOI1EPUBWWIODRS M} ‘UDAOIIOIN
‘8uluaauds
AlljIgeUIBISNS YUM XIOM pue
Suipueisispun djay 01 suop sem
SIy | "aJnseaw S101edlpul ay) syoadse
AlljIgeUIBISNS YOBD 4O SUOIIUL}P
YUM padnpoJul sem ,s1oadse “JoUUBW JUIIDIYD
Ayljigeureisns, 19aysyJom mau -awW} e Ul SJ01edIpUl Y8, Byl 109|3S pue Iseqelep
e ‘JON0DJO|A *,95eqelep Joiedipu|, | ¢ dais Jaye 9yl asnh 01 saluedwod (43]|jews) o) Suidus|eyd
Ul Uollewo Ul J03edIPUl BY3 aping Jasn S| 31 SNy} ‘J03edipul yoea jo uoneialdiaiul 3yl pie
0} Pappe uaaq Ssey ,an|eA Joledipul ‘aseqelep pue weal 3y} 21ey|1de} 03 dsipadxa Alljiqeuleisns ainpasoud
40 2ouedlyudis pue asodind, ayL J031e21pU| SOA YuMm Jolell|1oe) Y3 sadinbaus aunpadoud ayy - Aydidwis uo1393|3S 10 ST#
‘ureyd
an|eA ay3 ul uolealyinuapl Jauned pue jspow
papaau s| elep indul 1eym SSauISNQ Y1M 1Jels 03 Sey 3l Se ‘19A [apow JejnaJid CRIVEE]ok)
pue asn 01 usaym Sunesipul aping pauljap B 9ABY 10U OP 9M 1BY3 S| S|00) 953y} pue 2Jnpadoud
J9s @y} ul pajesodiodut st siyl aping Jasn SOA yum Supjiom jo saguaj|eyd ujew ay} Jo auQ :§ ERIYETEN] uo1323|9S [*0) vI#

‘ejep ndino pue ndul pue
uoI329]3s ay3 319|dwod 01 paJinbal

"JO} Pasn 9 UBD S101edIpUl JeYyM pue

jueyodwi S| S103BJ1PUI JO UOIND3|S AUM JO dieme
Auedwod e ayew o3 Jueyodwi AJaAsI Y] iy ‘T
‘aseqelep ay




0LT

"USAIS Sem SJ031edIpUl JO Jaquinu

3yl uo adueping e ‘aiowisyling
's3u11135 |eN1X91U0d 3y} ulIapISuod
SJ01eJIpUl 3Y) 129[3S 0} MOY pue
syoadse Ayljigeutelsns Suiziaond

Aq 39S 403BDIpUl Y} UMOP MOJJIeU
03} MOy 22ueping yiim pajielap alam
¢ da1s uapun sdais-gns ‘ssadoud
u0I13039[9S 9Y1 1SISSe 0] "Wayl 199|9S
Aj|njs4ed pue si01edipul puelsiapun

"s103e21pul AJ01DIPEeIIUOD JO SI03BJIPUL JO JBqWINU
Jpanwi|, e yum Sunesado yum pajeloosse sysi,
2q 1ySiw a1ay3, 1ey) pue ,S}o-apell pioAe 0}

0] pPapaau sl awll 3y} ‘suoisuswip sdais-qns SuiAiy Aq sio1edipul paselq, 001 10 ma) 001 ‘Auew 95Ua43Y0od
aul] wonoq 3|dii} 3y} J9A0D 0} pue g da1s 001 109|95 01 10U 0S,, “SS3204d UOI}EN|EAS JO1EDIPUI pue a4npadoud
sioiedipul ayy Jo adods ayr 01 ang | ‘aping Jasn SOA ay1 Suunp saliepunoq Suiney Jo adueliodw| 2oUeA3|9Y uol1R3|as r4e) TCH
€ Aunioy
awi} | - T dais pue
e je sa1891e41s 3D pue sassadoud | 28T ANy 's191|1} Auew 01 pue sajgelien
SS9UISNQ JO SUOI1ID|DS MY YIM -1 daas 109|935 01 sp|al} Auew 001 aJe auay) sdeytad ‘sapl|s 90U43Y0d
Sunyiom djay 01 paonpoJjul 31am | - 40Oy oM 9ouepIng syl YUM UDAS Je3|d 10U Sem g+7 dais pue a4npadoud
€ pue g‘T sa1lAIdY yum sdais-gns 199x3 SOA 03 T do1s wouy Suinow Ing ‘4esjd swass T dois i/ ERIVENEIEN] uoII3[3S /D ozH#
pazijeuoliedado g ued sdals ay3
moy moys diay 01 aping uasn ay3 ul ]00QM4OM [92X3 9Y3 Ul Aj3oauip
uaAI8 sem sdais jo uoneddde yum apIng uasn Jo apind ay3 ul Aj3d1jdxa suow agAew) uoneue|dxs
9|dwexa [ednoe.d e ‘@iowayling 31 2Jow paau ssado.d ssauisng pue 3) yoe]
's91891.41S 3D pUB dg JUBA3|RI Aoy 's101e21pul Jo Sulia1jly 9Y3 asea ||Im 1ey ajdwexa
Suneoso| sdjay yaiym ‘z Auanoy -pdais 92UDJ9J2J B 9ABY UBD Jasn 2y} os ‘A3areurs 92Ua4ay0d
- T da1S ul paqusap aJe sa18a31ed1s | - JoogyJoMm 3D e pue ssad0.4d ssaulsng yoes 4oy sajdwexs pue 24npadoud 0]
3D pue dg Yoes Joj SaIUANIY Ee] SOA dn 195 01 99 p|N02 42119q Jash ay3 apIng 01 Aem y ERV[VETEN] uondIds | ‘¢d ‘10 6TH#
SaAneIul
3D Jo a8uel e Joj s101ed1pul u11d9|9S
01 yoeoudde 3|qIxa|4 dJo0w e d|qeud e J9}4e 3D JO JUSWSSIsse 90U43Y0d
01 |njasodund sem saiferens 39 pa||ed sl Juawissasse ayy ‘pajesedas sanneul pue ainpadoud
pue ssa204d ssauisng 4o uoleledas ON 3D pue ssad04d ssauisng aney 03 Suisnpuod sy 90UBA3|9Y uoI1193|3s € STH#
suolsuawip
UIY1M OS[e PIA3IYDE S SI01edIpUl
JO ddue|Eq DY) PUB PRJSPISUOD SI
aAI10adsaad 19 B 3uns sayew yoiym "JusWISsasse ayl ul Suluuim,, st Aljigeuleisns jo 90U43Y0d
‘paonpouiul si € dais ul Ul IsI}I9Y2 uoISUSWIP 1BYM puUBISISpUN O} ple |ensiA poos e s| pue a4npadoud
3y3 ‘pIe [ensIA 3y 0} uolippe u| aping Jasn saA | € daasuspun ,28e19n00 Ajljigeuleisns,, adnieay syl 90UBA3|9Y uonddRs | 72 ‘1D LTH#




TLT

Suluaauds Alljiqeureisns

Sulnp pasn 1xa1u0d 3y} uo
spuadap ,|euondo, 4o ,Aioiepuew,
S| J01BDIPUl UB J3YIaYM Sueaw

SIYL "U01323]9s 403edIpul O ss3204d
JIWeuAp e 93e}|10e) 01 3JNjesal|
93} WOJ} SUOIIBPUSWIIOIAI Y}

uo paseq auop jou sem ,jeuondo,
pue ,Aiojepuew, 01 Suipiodde
UOI1BDI4ISSE|D 3Y) “UDAIMOH

‘sueaw 10adse yoea 1eym
Suipueisiapun djay 01 pappe sem
,5109dse Ajljigeuleisns, 199ysyJom e
‘os|y ‘Suipueisiapun Jojed|pul ases
0} 199YS)J0M dseqelep J01edipu|

's1ojedipul Jeuonydo, pue ,Asojepuew,

Sunesipul Aq aunpasoud ayi Ayidwis :9
*(]EIUSWUOIIAUD DIWIOUO0ID ‘|BID0S)

uolsusawip yoea uiym sioledipul [Auoyepuew
‘quepiodwi] ,1534,, 4O 35I| 8Y1 UIEIUOD UBD dduepIng

ul uollew.ojul Jo1edlpul Japun e ‘uollippe U] ‘sl J01edIpul pale|nd|ed ayl Jo an|eA ERIVEIETok)
pPa2NpoJIul SeM ,aNn|eA Joledlpul JO yooqgyiom 3y1 peq J0 poo3 MOy MOYS 01 padnNpoJiul 8q ued pue ainpadoud
2ouediudis pue asoding, uwn|od y 9AI10BIBU| Ajjenued | Joiedipul yoea Joj 3|edS e JO puly awos agAelA i€ ‘T ERIVNEIEN] uomnsIRs | €210 STH
az/14o1ud 01 moy
2ouepingd aiesoqe|d yum ‘syoadse *2d0os Jejndijued
Alljigeureisns Jo uolnezilliold e 40} J2pISu0d 01 Jueniodwi aJe ‘3uldunos pue
7' ¢ dos-qns ‘g dois jo 1ed e sty S|elda1ew Med |e21314D "33 ‘S19Y10 dWO0S ‘JOAIMOH
*219uUa3 3ulaq ueyl Jayled adods ayl ‘[ss@204d U0N123|3S SIY1 UI] WBY] JBPISUOD
uo snaoj anosdwi pue Auxa|dwod z daas 10U Op M ‘910J2J3Y] ‘BNnjeA 3102 e ale Asyy 9JUa4ay0d
92NpaJ 01 PapPUSWIWOIAI S| s3dadse ‘aunpadsoud 9sNneda(q 195 Aj|ea18a1eu1s e (3onpuod Jo apod pue pue ainpadoud
AlljIqeuleisns Jo uolnezijliold uolI’Ies SOA ‘anoge| ‘s1y3u uewny '8-3) s101e2IpUl |BID0S BWOS Rl EIEN| uonddles | €17 144
sJ01e21pul
J0 Aduensjas ay3 aauanjjul leyy
s3u1119s [en1xa1u0d 3y} Jo sajdwexa
sapinoud "€z dais ul uoi3dd|as
9y} 404 22uepingd ay1 ‘USA03IO0IN 'sded ayy aJe 1eym
‘7'z do1s-gns ‘g dois jo ued e sty pue 1sow ay3 SI911eW 1BYM pue $3ssa20.d [eutaiul
*219ua83 Sulsq ueyl Jayled adods ayl a1 pueisiapun 03 pad|ay dais malAal Jojedipul
uo sn20y anoidwi pue Alxajdwod ainpadsoud 91 ‘UoIlIppe U] "}l Uo 103|434 pue Joledipul 3|3uls CRIVEIETok)
32NpaJ 01 papuUsWIWO0IaJ S| s10adse uondIIes yoes Jo yulyl 01 4asn ay1 32404, Asyi asnedaq pue ainpasoud
AljIgeulelsns Jo uolleziluold ‘aping uasn SOA ‘Inyd|ay Auan ase Asya [suonsanb Suiping] - 20UeA3|3Y uold3|as e} cTH
‘|esauagd ul uoisia Auedwod ay3 03 Sujuesw
aJow Sunq Aew 1ey3 sio1edipul Jay3o 3q ySiw
2J3Y1 Janamoy ‘@dods pa1aa|as ayl 01 Suipiodde
sJoledlpul paJally 9yl 193 Ajuo am ‘A3a1ea1s 3D ssaupeouq
ule19d B U0 ‘YUM dJoM 0} ssad04d ssaulsng d14109ds pue uonedidde
V/N e 3u1199]9s uaym 1ey) aq ued aduajjeyd ayL 9JUeA3|9Y | 3 SJO1BIIPU| 12 wH




(44"

AJessadau uaym sioedlpul Jayio
Aue anowas/ppe pue sioledipul
pa303|3s 423151824 0} smoj|e
300Q)J0M DAI}IEIDIUI DY ‘DAIIEIDN

195 |e1Hul ay3 pasudwod Ajjeniul ing 19s
|EUL} BY3 WOJJ PIAOWAI U dABY SJOIBIIPU| JBYM
S3JBJ1 SB ||9M SB ‘U0I303|3S J03edIpul 9y} O ss3204d

9]0YyM 31 JO MIIAIDA0 po03 e SAAIS 3| ‘suolisanb

sl a4npadoud sy ‘sioledipul aJnpaooud Suipind ay3 8uisn 195 |euly ay1 404 S103ed1pUl
1ueAd|aJ Suns|es Suimoy|e uo13|9s 3|0e1INs 1SoW 3Y3 199|3S 0] U3Y3 pue sioledlpul 92Ua43y0d
‘sdais-qns pue sdais Jo Jaquinu Soogyiom J0O 195 [B11Ul 8Y] Ule1qO 0] (S193YS [92X3 1UIBIP) pue ainpadoud
e U0 Sal|aJ a4npadoJd uonds|as ay | 9AI10BIRU| SOA aseqelep ay1 ul sdais |enpeus aney 01 poos si 1| Rl EIEN| uo123|9s 10 6TH#
‘Aue 21ea42 10U pIp | ‘(S]10
-01q ‘syuauinu "3'9) asodund apeud Jay3iy e Joy
synpoud |es130|o1q apel3 mo| SullSAU0D 10y *8°3)
3ulssiw s103ea1pul dWos puly pip | ydnoyye - :9
'9SN $224N0SaJ dziwlulw 03 A8ajeuys
JNO S| }| "pazIWIUIW 91SEM JO PIAES |elidlew
UISJIA JO SWUS) Ul SUOIIN|OS 3D JNO JO SSBUBAIIIDYD
91 MOYSs 03 pash 9q Ued SJ0}edIpul SWOS :9
*} @2npad
apIng ay3 ul papiroad apingd 1sn[ ueys [e21WBYD B SAOWAI 0] WIE SN "Pasn
9.Je UOI1BaJd pue uoneziwolsnd | Jasn ‘g deois S|E2IWBYD JUBJBHIP JO JaGWINU 03Ul }00| 30w ssaupeouq
J0 s9|dwexa {1xa3u0d 3y} 103} ‘aunpadoud 9M ‘pasn awn|oA Jo pealsul *8'9 :suolique Jno pue ainpadoud
0} Uol1ezIWo1snd Joledipul oddng uolI’Ies SOA 199]J24 01 SI01BDIPUI M3} BZIWOISNI 0] PIAU I € ERIVENEIEN] uomneIRS | 92 ‘€D STH
‘(]oA9] 21391e43S BY3 1€ pappe Apeauje
9Je |BID0S 9SNEI() SI01BJIPUl |EIUSWUOIIAUD
9Aadsiad J91)e Ajpsow sem | Janamoy ‘uoido [s1oadse
791 Sul4aA09 sio1edIpul JOo Aljigeuleisns jo uoneziiond - g g dais-qns] siy
uo1393|9s pue syadse Ajjigeuleisns asn AjjeaJ Jou pIp | 94042433 ‘BaJe 159J493ul Aw 4oy
1ueAl|aJ Jo uonezilioud 1UBA3|2J 3F P|NOM 1BYM 3.NS J0U SEM | 3Snedag :9
1sisse 03 wea) Aseurjdpsipiinw "saous1adwod CRIVEIETVok)
e 3u1Buliq jo sduepodwl | UOIPNPOJIUL 1y311 8y 9ABY 10U OP 9M SE SJ01edIpUl pue aJnpadoud
a2yl sy3iysdiy spind uasnayy | ‘epind ussn SOA 21LWIOU0I3 [9S00YD 10U PIP] MBIABJ JO0UUBD BN € ERIVENEIEN] uomsIRS | 92 ‘€D LTH
ssao0ud
uo1399|3s ay3 Sulnp padueyd
JO PazIWO01ISNd U3 Sey | usaym
J03ed1pul 3y} ydeq ,3udeuy, sdjay
1eY1 9JN)e3} B SB UISS S|} 9SNedaq ‘aseqelep
1uasaud |[135 S| 9p0I By JSAIMOY yooqgyom Jo3edIpul 9y} Joj douepodwi Aue apinoad ainpasoud
‘panoWaI UIa(q sey ,|oquihs, ay| ELIIEMT] Ajjened 10U Op S3IIUD ,|OqWAS pue JoledIpul Ue JO 9p0),, | ssauala|dwo) uo1393|9S 12 oTH#




€LT

uo syoedwi 9|q1ssod aulap 01 Seale ulelad uo ssaupeo.q
snooj 01 Auedwod e djay ued 3ey3 si03edlpul [nydsN pue uonedjdde (%)
V/N AJDA 3WOS JO S1SISU0D dSeqelep ay3 ‘||eddAQ T 2JueAd|RY | '@ SJoledIpU| | ‘€D ‘TD GEH
(6T0T “[e 33 OquayIARLY
ul pajusawndop aJe s3uipuly)
'213 ‘San|eA d14140|ed ‘sjualiinu
uo 8uisnd0y SJ031edIpUl JBY10
aJinbaJ 1y3iw sjersa1ew |eaido|olq
pue d1uedio yum Supjaopn ‘s3npoud ‘(28esn 03 a1sem wouy 3ulo8 *3'9) asodund
|eai3ojouyda) SpJeMO] PAIUSIIO pue apeJs3-1ay3ly e uoj syonpoud spes3-mo| uisn
193] uodnpoJd Jo 3onpoud e uo ale Jo 98esn |elsarew med [ewiydo asow Joy suondo
SJ101e2IpUl 3SOW AIdYM ‘dseqelep poo3 Suipuly suolleiiwi| pey | pue ‘suoindo 3npoud uoneoldde
JO3}eDIpU| UE JO UolIelWI| B S|} OoN | |ed18ojoiq Suryoe| sanizeniul ay3 Ajdejnaied punoy | | ssauaiadwo) | g s1o1edipu| 9 vEH#
's91893e41S 49310 pue
3D ||e 01 ‘}nejap Aq ‘@auay pue ASa1es1s Auedwod
||BJ9A0 3Y3 01 payjul| “D149USS DJE |BID0S ‘JINIMOH ssaupeouq
'S9AIleNIul - Suluuna Apeadje pue uonedidde
V/N - J9Y30 03 ppe 01 |N}ash AJSA aJe S101edIpUl |BIDOS 0UeA3|9Y | 9 SJO1BDIPU| 9 cEH
Ayjenb ‘(219 ‘suawi03snd ‘uleyd
B1Ep pue $924Nn0S e1ep Jo sajdwexa Aiddns osje inq ‘Auedwod ay3 uiyum syuswiiedap
Suipinoud pue uejd uoi3d3)|0d J9Y10 03 10e3u0d 3ulinbal usyo) Suipuewsap
eiep e dn Suniss yum djiay 924n0saJ AJan si ss2204d UO1329]|0d el uonedidde [=%)
sapinoad aping 4asn ay3 ul € dais apIngd 4asn SIA ‘uonisinboe ejep sy a8ua|eyd 1sa831q ay L Q3 sl01e2IpuU| | ‘€D ‘7D cH
.1 91endjes
03 SulwnsSuod awil3 S| 3 9SNe2q
1sn[ Jojedipul ue ssiwsip Jou
0(J "UOI329]|0d BIEP Ul 104D BIIXD “Jo8euew Ajl|igeuleIsns e aAeY 10U Op M
2JinbaJ 1nq ‘queliodwi paJapisuod se ‘uoneziionid ojul Aejd pjnoys siyl moy uiead
9J€ 1By} SJ01BDIpUl JOJ 30| 10U WE | ‘9J043J3Y [ "dAIIRIIIUI DY} ||9M dZlJewwns
Supjied, e 91ea4d 03 AJeSSadau 9q Ay asnedaq |njasn A1on aue Asyy ‘Janamoy ssaupeouq
Aew 3y, :se yons ‘opind uasn ayr ul | g dois saye ‘saluedwod 3sow 104 S142dxa JO Wi} JDA0 pue uoneoldde
USAIS 9J9M SUOIIEPUIWIWOIDI M4 aping Jasn SOA $1500 JUBDIHIUSIS A|OAUI P|NOM SI03BDIPUI DWOS 0UBA3|RY | g SJO1BDIPU| 9 TEH#
‘Ajjnya4e2 Wayy Su1303|3s aq p|Noys am ‘aduay
{|0J1U0d 01 paau aMm SulY1BWOS 24k SI01edIPU|
*pasn s| eyep
2149Ud3 e aJ9yMm ‘y)7 ue 01 pasoddo se ‘elep umo
‘Suipuelsiapun Jojed|pul ased JNO 3sn ued am,, ey} S| S101edIpul 3y} Jo a8ejueApe
03 193YS)J0M dseqelep J01edipu| 33} JAAIMOY D7 UB 10} Papadu aq pjNOMm
Ul uojewJoyul Jo1edIpul Japun ‘zdars BB SWES 9SNEJA( ‘SI03eDIPUl U] dn|eA 3y} 33S ssaupeolq
pPadnNpoJIul Sem anjeA J03edlpul Jo ‘ainpadoud 03} PI3U 9M 31043J3Y3 ‘DAISUIXD S| PaPaU Blep pue uopeojdde
2ouedyIudis pue asoding, uwn|od uo1323|9S SOA 9y} :SjudWJINbal e1ep — UOIIB|ND|BD JOIRDIPU] i€ 20UBA3|RY | '@ sJoiedlpul | D ‘€D OSH#




VLT

(eA11e131Ul) O1IEURIS B Sey (aseqelep 9yl sasn

1Byl weal ay3 'a'1) 4asn ay3 1eyl yuepodwi si 3 ssaupeouq
1 ul 9edineu pue a1esado 01 Moy SuJea| Jasn ay3 pue uonedidde
V/N 92UO |nJasn AJDA S| S103edIpuUl Y3IM dseqelep ayl 20UBAIRY | g SJ01BDIPU| ) SEH
‘(e1ep 9AISUDIXD pue a1emos e sauinbau yI1)
suolje|najed si1oledipul [puey uo] uo paseq yedwi
Allj1qeUIRISNS JI9Y) UO SIAIIBIHUI BY3 (UD3UDS
0s|e) 91en|eAs 01 pasn g ued }l 1eyl Sulueaw ‘yI1 ssaupeouq
ue ueyy Jopeouq si aseqelep [403edipul Suipes| pue uoneoldde
V/N 93 ul] sJ01e21pul Y3 1BY3 S| JUBWUSI|e ||BJdA0 BY | 20UBADIRY | g SJ031BDIPU| ) LEH
‘suolysanb
J0 sadA} Jay10 dse 03 sn aJidsul sio1edlpul
13430 3Wos ‘JanaMOH "uo dn moj|o} 03 |e1d1yauaq
SI yolym ‘uiede ‘sioledlpul SWos ainseaw Apeadje
9M 1By} 3 UBed 3 135 |euly ay3 e Supjoo| Ag :g
SallAIOEe
dn moj|o} 40} Suluinias djay pue o119 s1onpoud
Jno Suipuelsiapun djay sJ03edipul palds|ss i
sjuswanosdwl Y3} UO UOISIAP ssaupeouq
) ew pue sassad0.4d a3euew Ajjeusaiul 03 |nydipy pue uoneoydde | 93 ‘gH
V/N AJSA 2. BSeqelep 9yl Ul puNoj SJ03edIpU| i 9JUBA3[RY | g SJO1BDIPU| | ‘DD ‘7D oEH

‘198euew Ayjjigeulelsns g Jadeuew uonnpoud

- suonsanb Y314 ay3 yse sn djay sioledipuil pue
SaA1193[qo (109fo4d) uno usamiaq Juswusije ay] :g
*J010241p

UOoI1BAOUUI - YSE 03 1BYM IN0Qge d13ew1sAs siow
Buraqg sn djay ued 3 'sia1ddns uno 3upjse aq pjnoys
am suonsanb ayy 03 Sunuiod ui S| si03edipul
paie|aJ pue s1oadse Alljigeuleisns Jualaip

JO malAIan0 ue Suiney jo adejueape ay] :§
*(1onpoud sy

Sunnloejnuew usym paizesauad axsem jo Ayjuenb
3y3 pue (s1onpoud painidejnuew o} pasedwod
510NpoJd 9A130949(Q JO SJ01BIIPUI [BIUSWUOIIAUD)
9% 91&4 129)9p 3y3 Inoge sJaljddns yse

pinoys am ‘8urjpAdau [eusalul Joy 3'9) 31 anoadwil
9M MOY pue aul|aseq Jno Suipueisiapun 1ieis 0}
9d02s JnO 10} JUBAS|3J AJDA DJE SI03BJIPUl BWOS i€
's98ueyd Joyuow

pUE S1UBWJINSEIW U0 SNJ0) 0 Saluedwod

djay ‘2404249Y3 ‘|euoilesado ale si101edipul 3S0Y3
12yl 9q ued a8ejueape ay) ‘uledy ‘Ayljiqeuleisns




SLT

109foud
9y3 ul Ja3e| padojaAap aq ||Im pue
juepodwi s1 Joddns JJo-apeal vy 4

SOA

¢8u1ylawos Ino 3ulssiw 24e am JI

1eYyM ¢ 8uluaalds AjjigeulelIsns yans Joy salepunogq
9|ge1dadde ay3 aJte 1eym :3upjse aq 03 pasu I\
's103ed1pul AJ03D1PEIIUOD JO SI0IRDIPUI JO JaqUINU
,pauwi|, e yum Suinesado yum pajeidosse S$ysu, aq
1y3iw a19y3 18Y3 pue sjjo-apeuy ploae 03 Sulhiy Aq
SJ03}e2Ipul paselq, 003 JO M3} 001 ‘Auew 00} 329|3S
01 10U 0S - S}}0-9peJ} 04 JUNodJe 03 Juepodwl s 3

ssauais|dwo)

uonedidde
3 SJ03B2IpU|

[4)

[4%:

V/N

‘ujuueld ayl

sd|ay 11 Aunodoe olul dyel 01 1eym Sulpueisiapun
sn d|ay s101eda1pul JOASMOY ‘||BWS 1. dM ‘Siseq
Ajiep e uo s3uiyi sainseaw eyl Auedwod e jou aJe
9\ "JBIN2JI1D Ajliessadau Jou ‘uonedjdde |esausn
‘dn mojjo4 pue Sujuue|d aAneniul

1S 4INs ‘[SI1IAII0L [BUIDIUI PUB SDAIIRINUI JBY10
40} pasn aq ued s1ojedlpul pue aunpadoud ay]

ssaupeoJq
pue
2ouend|ay

uoneojdde
9 S101edIpU|

9

Tr#

V/N

'S3110108}
ano jo Auew Ag paysiiqeisa si yaiym ‘(SIN3)

wW93sAs Juswadeuew |EIUSWUOIIAUD 3UllSIXd JNO
anoJdw] 03 pasn pue pajdd|as g Ued S103edIpu| G
'siapjoyasiels

109(04d usamiaq pausije pue Jaisea Ayjigeulelisns
JOJ SUOISID9P BY3 dYBW 03 MO||0} 03 S3|NJ pue
saul|apIng |euJa3ju] SWOS 30NJISUOD 03 PAsh 3q 03
0S|e UBD SJ03BJIpU| "S}UdWa4inbal udisap-02a awos
10 (SINF) waisAs JuawaSeuew |EIUSWUOIIAUD

ue ysi|qeisa 03 [nyd|ay g ued S103edlpul SWOS
|wn

JAAO Sjuswanoidw pue spuaJy ‘sadueyd Joyuow
0} 0s|e 1nq s3o3foud ssouoe pasn aqg ued jey) eiep
109|102 ued am ‘3eyi Suiney Ag ‘sioi1edipul paie|as
-109foud *8'9 ‘unJ pue a1erul am 123foad yoes Joy
SJ03edIpUl JO 33S B 3AeY 0} SUl3Sa493Ul PINOM 3 7

ssaupeo.q
pue
CRIVCTEN]

uoneojdde
3 SJ03edIpU|

0]
‘vd ‘2

Oov#

v/N

*Je|naJid e Sulpn|oul ‘OAIBINUI PAUBLIO
-Aj1qeuteisns Aue Suizenjeas pue Sujuue|d

U3YM ‘JUN0JdE 03U| 3YE) 03 3BYM JO SulpuelSIapun
ue 3uliq pue ssao0.d ay3 a4n1onJis 01 djpy
‘[aseqeiep sioiedipul Suipea| ui] sioiedipul Y3 pue
‘op am 3ulyrAuans ul Alljigeulelsns JapISuod I\

ssaupeo.q
pue
ERVEETEN

uoneoldde
3 SJ01e21pu|

9

6EH#

"siojedipul
193]S JO 13S 9y} UMOP MOJJBU JBYIny 0}
3|qe aq 03 pue [njSulueaw Sulia}ly axew o3 ‘Apeas




9.1

v/N

*198euew 123fo.d - uoISIIapP B Supjew Uaym
J9pPISUO0D 0} BlIAMID JuBIOdW] JBYI0 3Je 3Iay]L
"Jamsue ay3 jo 1ied e aJe sio3edipul Alljiqeuleisns

V/N

SO

Lv#

V/N

‘(poo8) ,1edwi, a1eald 03 S| eapl 3y}

‘A314e|N2412 UO SNJ04 J0W P [|13S oM ‘Auedwod
B SV "YlIM 3JOM pue [1e3ap 0} Bapl 3y} Sulpuly pue
3D yum Aylunpoddo ayil Suipueisiapun yim djay
2J0W Paau am 4daduod e se 3 Yum uoisnjuod
pue 34om ay3 Suliapisuod osje ‘98e1s siy1 1y

V/N

€J

ov#

V/N

*Mmou 11 3ulop
9q pjnom ApogAians Asea sem 11 §| “Ases jou si 3D

V/N

e

Sv#

"yaJeasal siy Jo adods ay apisinQ

ON

'su91|ddns pue siaulied ‘SiaWw03sNd 3y} 03 yJom
Jno 31ed1unwwod 03 sh djay ued ‘Auedwod aJidsul
ued }ey3 SJ01edIpUl ,XO0g dY3 4O INO,, ‘, AISsaidwil,,

‘ DAl3eAOUUL, ‘, |BDIPEI, BWOS 335 03 SUlIdXd
3¢ p|nom ‘paje|aJ npoud aJe s1031edipul ISOIA

ssaupeoJg

uoneoydde
3 S101edIpU|

%)

4%

Yo.4easal ayy Jo
SNJ0} B 10U AjJU3.4ND SI SIY} JaAIMOY
‘51003 21J199ds-10123s dojanap
01 [e1D12Udq 9 paapul Aew 3

ON

'ssaigoud/Ajlan1ew ay) 99s ued am

0s ‘9]eds SupjJeWYdU] 04 MO||e PUE S101edIpul
JUBA3|2J YUM } dOJSASP J3YHNS UYL pue d14103ds
101235 |003 Y3 dyew 03 Juepodwi aq ||IM Y

ssaupeo.q
pue
ERIVITETEN]

uonedidde
3 S101edIpU|

90 ‘ed

Ev#




LLT

Anjigeno3au
-uou JIay3 pue saduel
A3ljigerdasoe soy Suipnjoul ‘ezep 2ouepind woJ} S9WO0I UOLI}ID
1ndul Joj $924Nn0S / S93UBJ3JaY elep indu| SOA | 92U J9p|oya3e1s ydIiym wouj moys noA 1eyy 9y | ERIVAETEN] ]IETIETS) ELY
éuolssnasip ay3 Jo Jed uadxa Ayljiqeuleisns
B 9Q 9J3Y3 P|NOYS ¢SI J3SN [BNIIE 3Y) OYM#
¢91ediiyied pinoys suoipuny YIYM#
auo Aq auo yoes oy a3uel
Swea} |euoiouniynw 9|qe1dadde 91ed1pul + dWI} B 1B eI} 3UQ
ul ydom ageanodua uoI3NpPoJIUI épapaau aduepingd ay3 S| ¢ wayy asooyd 3V ‘v#3l
03 paulap SI IX9IU0I 3SN 4NOL S3A | 01 MOH ¢apN|oul 0} BIIS1LID 1BYM SDPIDAP OYM# 9JUeAd|aY IFEDED) ‘TH
ainieay} ojul ainieay} ai
paidope ay3 uo uonesoqe|3j pajesSaju) | pardopy aeqpasy euisio e 2INqLNY Madx3
PaxXIN uljjapow v ‘usIsap-023 ‘UsIsap 1onpoUd TT-THIV
9A1129]]0 — (3V) s1adxa d1wapedy
sieah QT< juswadeuew uleyd Ajddns s|geuleisns ‘Quswadeuew |eJUaWUOIIAUT SHVI
sJedh QT< 8unnsuod Ayljigeuleisns ‘Suljspow v LHVI
sJeadh < uj||epow vy ‘udisap 1onpoad 9#V|
sJeah z< juswadeuew ysi Quawadeuew Ayajes pue Ayjjenb ‘yyjeay SHVI
sieah gz< Sur493ul8ud |BIUBWUOIIAUS pUB |BIIUBYIIIA vH#VI
sieah z< ugisap Awouods JejnaJid ‘udisap 3PNpoId SHYI
sieaA g< ugisap Awouods JenaJid ‘Aduaidiye Sulinioeinuew ‘ugisap 1PNpoUd HVI
sieah g« 3uljjspow yI1 ‘udisap npo.d THYI
(31) smadxa jerasnpul
20udLIadXa Jo [anaT 9s1149dxa Jo eauy aj yadx3

(3v) s1adxa ojwapese pue (y]) sadxd |elISNPUl O MIIAIDAQ

D Apnis ul M3IA3J 149dXD WoJ4 Xdeqpass aAlleljenb ayy jJo Aslewwng — ||| Xipuaddy



8L1

swea}
JUDJIBYIP J0y
Aienuesd
aJow ym
9pIng Jasn
Suiwoodn

V/N

3uipinoud sdeytad "92130e4d |euoiieziuedio

01 Joddns se peauds Ajpim a9 1snw

9A31|2q | ‘ulede ‘3eyl SSWO0I3INO0 S} Ul 18343 0S S|
|00) 8Y1 U9A3IMOH *|001 3y} 8sn 03 Moy 3ululed)
yHom 11 Supjew 2J0jaJay3 ‘uoissas ay3 Jo

pua ay3 1e 109dxa 31w Asyi 1eys sygauaq ysiy
ay3 Jo pawuojul Apadoud aq pjnoys siasn 1y3is
15414 18 Suinunep aq ued sawil uonesedald sy

9J0UeAl|9Yy

RJIETIED)

8#1l

V/N

Inydjay

AJD 1003 SIY2 yanw AJoA payl| | ||e JO Isid#
9|dwis 3q e 31 daay pue Ail 03 poo3 s 1 YUy}

| 0S ‘9AJnd Sujudes| daals e aney pue Aneay Aian
9q Ajjennuaiod ued 21doy Siy| “JOUUBW JUBIDIHD
w1} 1sow ayl Ajgeqoud uj a1ayi ul s3uiyy

1y314 9Y3 papn|dul aAey noA yulyl | ‘paluasald
9 ued 31 9|dwis moy S| pauJed| | 1.y #

Ao duis
pue Ayued

Jllauan

w3l
‘€43l

UdAIS aJe 91e13083u 01
moy pue ejep indui jo sajdwex3

9pIng 4asn
Sulwoodn
‘2oueping
ejep ndu|

SO

*auop aq 03 sey 1eym 3urinioid Ajarelndoe
ul wayj Sujuoddns 03 1nq sJasn duan|ul
01 JON “M3IA Aw ul ‘|e1dnJud aJe sajdwexs ay)

Apdijdwis
pue Ayued

RJIETIET)

8#1l

pappe sem Sulay|i4
uol3eWJO4Ul |eUOIIIPPE
pue elep Sulnes SMO||e [99X]

uonesijensia
‘X141ewW [99X3

ON

"9A1}0BJDIU] dJOW |00} 3Y3 upjew djay

ued sNuUaW umop doJp pue sJapl|s s,[90xa Suisn#
‘sa8ueyd 2as pue suois|dap ||e So| 01 00}
9AI10BJIIUI DJOW B IARY 0} 31U 3G P|NOM 1|#

saJnjeay
pappaqwa
pue
uonesineu
Jo ase3

Jllauan

v ‘SH3|
€#3l
T#H3

V/N

UOI}BSJIAUOD B 10}
2oueping e si 3| 'sl wa|qoJd ayl asaym mous| noA
- suolsanb pue sdails asay3 y3noayi 8ulod Joyy

9JUeA3|9Y

J143U3DH

9#1|

V/N

"asuas yonw AJan axew sdais 994yl syl #
‘UoISID3P Y3 ujwel) aie am
Moy eapl pood e saAI3 - pJemIoj1ysiells SwassH

9J0UeAl|9Y

Jllauan

L#3]
‘SH3

1X21U02 35N e se pappy

uoidNpoIUI
INOL

Aljernied

‘yoeoudde 3uisjwoud

V - ,UOIIENHS YdIym,, Ul ,Woym Joj, Inoge

10| e si Ayljigesn - 3uluui3aq ay3 Ul uoIsSIIAP
J13931eJ435-UOU B pue 213318415 B 03Ul UOISIAIP B

) ew 03 9suas sayew 3 oqAe|A d1uaua3d 3ulaq 1e
swie uoneddde aosuls OduUa3 aJe suolldidsag

9JUeAl|9Y

IIETIELD)

8#3l
‘L#31




641

Ayjigenno3su-uou ayy pue sadued
9|ge1dadde uleyqo 03 adueping

ouepind
ejep ndu|

SOA

*B1494D ,3y31, 9y3 Su1119S Ul 92UBPIFUOD

pue a3pajmouy ‘Allioyine ay3 aney oym
SJI9P|0Y3>|eIS DA|OAU] 0} S| UOI}IpU0daId BYi#
*9A1309dsJ3d |euoiesado ue 01 |e2130R)
218931e41S B WoOoJ} yiog "§|9s1 weal 199(oid ay3
9pIs1no os|e sadued ay} Joj Indul 3y} 91e3.2 0}
SI9P|0YD|eIS JUDIDYIP JO 10| B DA|OAUI IYSIW Y|
Auedwod wouy yoieasal sasinbas Ajqeqoud
‘9AeY 03 921U, dJe YdIYyMm pue Juswadinbau

e 9Je BlI9}JI YdIym Sulpueisiapung

juepodwi st andojelp JSWOISNDH#

¢A1121X01 UBWINY J0U pUB ZOD MOUY|

Asyy asnedaq s 3| ¢aziydo1id 03 3eym Mmouy|
s9luedwod op MOH -*9z[31401ud 03 Jeym pue moy
1noge sAanins ayew 03 sajuedwod 98esnodud#

9JUeAl|9Y

ejep indu|

v ‘8#3l
BZE]
‘e
T#3

(e11@1142 ‘sa01e21pUl) S9UNSEIW
9AIlelIUEND U0 dA11RL|END
uo sndoj 01 papiroad dueping

2ouepind
elep ndu|

SOA

3uizijensia djay Ajjeau

SJaquwin "9pIS |EIUSWUOIIAUD 3Y) puelsiapun
01 sd|ay Aj|eaJ 2ouewJ0449d 31e3s 03 SupSy
9|eas

|ley/ssed Jo ‘@Anelljenb os|e 1nq ‘aAneluenb
Aq Ajuo 10U painseaw aq p|N0OI S2UBWIO0Dd

9JUeAl|9Y

elep indu|

1%:E]
‘el

(saAneussye)

S9AI1eI1IUIl PUB BLISILID pue
sJ03ed1pul Jo Jaqwinu [ewido ayl
1e 1ulod 01 pappe sem aJ3ueping

2ouepind
elep indu|

SOA

*}|NS3J Y3 22UIN|JUl 0S| YIIYM - pappe 3q ued
SJ031e21pul/e14911ID BIIXS AUBW MOY pUB MOH#
¢49Ma} 3uisn s1031edipul aJow Juasaidal

01 Aem e 3¢ sJo3ed1pul jo uolledaidse pjno)
9z/314014d 03 3N21Y4IP 2J0W } ew S1o1edIpul
9JOW - S101BJIPUI J9M3} 109|3S 01 IPIND

9JUeA3|9Y

elep indu|

v T#3l

V/N

Adusiedsueny

uo sanoJduwil 3 pue uoljeusaWNIOP

10 10s e se Ajjedadsa upjew uoisidap

1oddns 031 |eiaualod sey |00} 9y 18yl #
‘uolleziyiold JJo apeuy punoJe

SuoIS199p JNno jo (uonedysnf pue Alowsw yjoq)
oedy e doay sn d|ay 031 anbiuydal 9)331| IIN

20UBAQ|9Y

2143U3H

v

‘[eryausq
AJan 3g pjnom sweay Jo sadAy Jualayip
UIYHM |00} 33} 3Sh 03 MOY Uo saujjapind




08T

(39s Apeauje aJe s1y3iom ay3 - wayy asn 2oueping
01 3u108 aJe siadojanap 1onpoud ayj 41) sa|eas dais
ON 923ueyd 01 Ajljiqe ayy uo 2a48e Ajjeau juoqg CRIV[ZETEN] -Ag-da3s v v
9|qeidadde sem Ajjenniul yeym sjiyny 103foud
9Y3 JO $924n0saJ pue Suiwi} pue yda} a|qejieae
pue s3da3u02 ay3 JI JO "dIUBISUl JO} PAA3IYIE
9Q Ued dduewJoiad [BIIUYIDY JI "8 |edAdM
slapjoyayeis 2ouepind |[IM S1Y3 se Juswdo|aAap pue uolesijenydaouod 2oueping
1ueAd|as yum Ayljigennodau-uou dais Surinp adueyd ||1m s3uiyl yuiys dais
931epljeA 01 3uidednoous - T dais -Ag-dais v SOA | Inq ‘9|gen03au-uou 3 WY3IW SWOS IS4} 1Y ERIIEETEN] -Ag-dais v €#3|
uolsIap
|eutj 1oddns 03 paulqwod
9Je g dais pue T da3s Jo synsal 2ouepind 24n1o1d 213s1j0Y e J0j s1oadse/elalud 2oueping
‘e da3s ul ‘uosiuedwod asimuied dais J3Y10 Y}IM 1}l SUIqU0d JSASMOY ‘daquinu dais
syoddns 2ouepingd ay3 g dais ul -Ag-dais v SOA |eul} B 3Sn UOISII9P B 3¥ew 0} - dueping Jasn CRIVZETEN] -Ag-da3s v p#3|
"B1I9MJD 9|genodau-uou oueping 11391140 91L13083U-UoU 3y}
AJs11es 18yl SoAIBUIDYE ||B YUM dais JOJ WEeS 93 9J02S SDAI1RUIY|E BY) JI dduepind Ajjigenno8au
pa3204d 01 s98eunodus T dais -Ag-dais v ON 193 0s|e 0} uwn|02 3uly3Iam e ppe 03 J3pISuo) -uopN ELY
SJ9USISap JO Wed) e WoJ) dA0W dAI3deo.d
JO 9snedaq paisnipe aJam eI 9|gennodau
-UOU 9123 S9SBD aJe 243y 'SaAIleuUId)|e
u3ISap Y1M S2A1303[qO J19Yy1 JO UOII_WIIFUOD
slap|oyayeis 2ouepind 3995 01 Auedwod e adeanodus o3 Aem |njamod
1ueAd|aJ yum Ayljigennodsu-uou dais e S|}l < - BlI9}JD 9|genodau-uou pue saduel Ayjigenodau
91epijen 01 uideinooua - T dais -Ag-dais v SOA 9|qe31dadde ay3 JapISU0I-3J 01 SupPjSe UBYym CERIIENETEN] -uopN v#3I
apIngd 4asn éX BlIDMJD o) sa8ued ayl a8ueyd | ued
Sujwooadn ¢S1Yy1 93ueyd Ajisea | ue), yum a|genodau-uou
‘9oueping 2oe|daJ - ASojoujwua) pue 28en3ue| JaISed asn
T da3s ul suonsanb ayy Aq T da1s jueodwi aJow yym
palioddns {a1ses uoliediyisse|d ‘5oueping 9oe|daJ/elua1ud anowsal (1l ‘sadued ajgerdade Ay dwis | Ayjiqenossu
9yew o3 suolisanb 3uipino elep indu| SOA 93ueyd (1 :38uimoy||o} se apind a|qelrosau Jo4 pue Ayied -UON Z#3)
1X21U02 3Yy1 3zl|ensIA 03 10| e sd|ay }
uollesi|ensia sJayew Aydidwis saguel Z#3l
‘XlI3ew |9x3 SIA UOISI23p || 03 SNOIAQO S23ukJ 2w 03 [NJasN pue Ajued 9|qeidanny ‘TH#3I




181

dAIleUIDY e
Pa323|3S 3y} 4O UOI}BWIIJUOD

- §$9204d UOISI29pP 3Y3 4O
uolleJallad - € dois ‘suapjoyadels
jueAd|as yum Ayljiqennodau-uou
91epljen 01 uideanodua - T dais

2ouepind
dals
-Ag-dais v

SOA

1211dx9

uoISSNISIp Iew - andojelp 98eunodud - ¢3ulyl
poo3 e Ajayulyapul swilayl| Suiseaoul si ‘39

- Jeaul| 10U S| 3|€IS 9Y] B1I9114I/SIIUN BWOS 40}
'$3d92U092 JNO 404 SIUdWJIINDbII N0 SSNISIP
01sdjay 1| - ¢dn 19s aJe sadueu/syun Jno moy
11 S1 40 3 ney dAIeUId) e 9Y) dduew.olad pood
/ Peg SI ‘4InsaJ 3yl 1e J00| aM USYA\ ¢a4nided
03 JueM aM jeym ainided S|yl S90p - SHUN 10} D

9JUeAl|9Y

2ouepind
dais
-Ag-dais v

9#1l




182



DTU Mekanik
Sektion for Konstruktion og Produktudvikling
Danmarks Tekniske Universitet

Nils Koppels Allé, Bygn. 404
2800 Kgs. Lyngby

Denmark

TIf.: 4525 6263
Fax: 45251961

www.mek.dtu.dk
November 2020

ISBN:978-87-7475-630-9

DCAMM
Danish Center for Applied Mathematics
and Mechanics

Nils Koppels Allé, Bld. 404
DK-2800 Kgs. Lyngby
Denmark

Phone (+45) 4525 4250
Fax (+45) 4525 1561
www.dcamm.dk

DCAMM Special Report No. S283

ISSN: 0903-1685



	A4 forside Mariia Kravchenko
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	JCLP1_fitted
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Kravchenko et al, 2020_A Procedure to Support Systematic Selection of Leading Indicators for Sustainability Performance Measurement of Circular Economy Initiatives
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Kravchenko et al. 2020_Design conference_developing_a_tool_to_support_decisions_in_sustainabilityrelated_tradeoff_situations_understanding_needs_and_criteria
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	JP#3_TO_final
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	Thesis-v1 - MaKrav - tmca_v2_tmca_v3_danpi_final_v2_fitting
	A4 forside Mariia Kravchenko

