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Abstract

Ecodesign has gained significant traction in recent years ranging from academic research
to business applications at a global scale. Initial emphasis on the environmental aspect
of design has evolved to include economic and social aspects, with projects ranging
from small-scale products to large-scale industrial systems. In this paper, the authors
re-analyse 10 of their major ecodesign research projects of the past ten years to identify
five categories of challenges and promising future directions for ecodesign research. This
paper is primarily a retrospective position paper based on the authors’ experience of actual
design studies, providing also a relevant literature review and summary of design practices.
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Glossary

AFNOR Association Francaise de Normalisation — French Standards
Organization

ALCA Attributional Life-Cycle Assessment

BOM Bill of Materials

CAPEX Capital Expenditure

CGE Computable General Equilibrium

CLCA Consequential Life-Cycle Assessment

EOL End of Life

GHG Green House Gas

LCA Life-Cycle Assessment

LCC Life-Cycle Cost

MFA Material Flow Analysis

OPEX Operational Expenditure

PLD Product Line Design

R&D Research and Development

ROI Return on Investment

SABEC Stochastic-Activity-Based Energy Consumption

SETAC Society of Environmental Toxicology and Chemistry

UNEP United Nations Environment Programme
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1. Introduction

Sustainability has steadily gained attention due to its overarching impact for
evaluating and guiding designed systems and products across a wide variety of
domains and disciplines. Sustainable design has become more complex as its
field of applications has widened from consumer products to complex industrial
systems. The scope of sustainability reaches beyond design and manufacturing
stages to usage, maintenance and end-of-use stages, i.e., the entire life cycle leading
to realization of circular economy. Design science — theory, methodology, guided
tools etc. — has been central to recent advances, as evidenced in a wealth of
literature and case studies (Papalambros 2015).

While initial advances in sustainable design came from a desire to reduce
environmental impacts during the life cycle, the recent focus has more
comprehensively included all three aspects (‘pillars’) of sustainability, i.e.,
environmental, economic and societal (Kloepffer 2008). Rather than focusing
on only one of the three, recent works combine economic and environmental
aspects together or evaluate effectiveness from a society—community perspective.

Ecodesign serves as one of the main drivers for circular economy practices,
whose connection to achieving the UN’s Sustainable Development Goals (SDGs)
is documented in Schroeder, Anggraeni & Weber (2018). Among the 17 SDGs,
circular economy practices (enabled in part by ecodesign) have direct link to SDG
6 (Clean Water and Sanitation), 7 (Affordable and Clean Energy), 8 (Decent Work
and Economic Growth), 12 (Responsible Consumption and Production) and 15
(Life on Land). In Perpignan et al. (2019), the authors also noted that the national
effort in France to reduce green house gas (GHG) emission by 75% in 2050 has
direct relevance to SDG 9 (Industry, Innovation, and Infrastructure) and SDG 12
(Responsible Consumption and Production).

Sustainability research has not only gained comprehensiveness by addressing
all three pillars, it has also effectuated a shift in direction, for a number of
reasons. First, the focus on product has been expanded to systems. Sustainability
affects design and manufacturing processes for products and systems, which
is expanded further in the areas of system operations, product usage, end of
use, remanufacturing, etc. Second, new tools and themes are emerging with the
advancement of computing capabilities and new awareness by policymakers and
regulators. As a result, new areas of application are emerging for sustainability
research and practice, such as design analytics, product take-back and recycling
laws, regulatory guidelines and more.

Understanding a product’s usage in full detail has been a challenge due
to the difficulties in gathering noisy and diverse real data. With advances in
telematics systems enabled by manufacturers such as GM, Ford, Volvo, John
Deere, Caterpillar and Rolls Royce, it is now possible to collect product usage
data in real time. This kind of advancement has enabled new ways of approaching
product design for sustainability, which in turn leads to new research themes, such
as design analytics and data-driven design, for example.

This paper is intended as a position paper to identify new research themes
in ecodesign (with concurrent environmental and economic focus) based on our
recent observations from project experiences in diverse fields. We have compiled
and studied a diverse set of cases to analyse and collect emerging themes and
research areas. All these case studies have proven successful and meaningful
as they have solved practical issues for companies, consortia or governments.
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Figure 1. Overview of the proposed methodology based on case-study analyses.

They have used a diverse set of modelling, simulation and optimization methods,
and most have resulted in academic publications. The paper is not intended as
a systematic review and the case-study findings do not cover all relevant topics
in sustainability research exhaustively, but our observations do provide relevant
rationale for pursuing newly emerging research trends.

The paper is organized as follows. Section 2 describes the methodology process
adopted for this research. Section 3 clarifies the identification of the 10 case
studies and gives a brief description of each case by grouping them into three
categories. Section 4 describes how our analysis of the case studies and relevant
literature identified five ecodesign issues. Section 5 explores these five areas in
detail. Section 6 discusses the results and summarizes a new set of newly emerging
challenges. Section 7 sets out the conclusions and future perspectives.

2. Methodology

The methodology proposed in this paper is illustrated in Figure 1. It is composed
of four steps, which are detailed in the following paragraphs.

Step 1 - Identification of the 10 case studies. First, we identified 10 case studies
considered as representative of their research activities in ecodesign in the past
few years. These case studies concern different industrial sectors, scopes and
objectives, as detailed in Section 3.

Step 2 - Identification of the 5 ecodesign issues. Second, we propose a framework to
analyse the case studies based on five concurrent environmental and economic
issues: (1) optimal resource use for less environmental impact, (2) managing
lifespan, (3) understanding users and usage, (4) integrating data and analytics,
and (5) defining system boundary and perimeter. These ecodesign issues form
a common thread across many of the case studies, even though the cases are
from diverse backgrounds and industries. The framework helps to understand the
emerging issues in ecodesign research and serves to guide future directions. The
choice of these 5 issues is justified and enriched with the literature. This step is
described in Section 4.

Step 3 - Exploration of the 5 ecodesign issues. The 5 ecodesign issues are then
explored in detail by illustrating the main scientific issues with the case studies.
For each issue, we review the literature to confirm our vision with the state of the
art. In this way, we identify what is being or has been done in each area and what
issues remain for research. Section 5 details the exploration of the 5 issues.
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Step 4 - Discussion of the main research challenges. On the basis of the 5 illustrated
ecodesign issues, we deduce the main research perspectives in ecodesign from our
point of view. We discuss each of these challenges and highlight whether they have
already been discussed in the literature and whether our viewpoint is convergent.
This discussion is proposed in Section 6.

3. Identification of the 10 case studies
3.1. Identification of the case studies

To shed light on emerging research trends in ecodesign, 10 recent ecodesign or
sustainability case studies are presented in Table 1 and §§ A.1-A.10 and analysed
according to five main ecodesign issues detailed in Section 4. These 10 case studies
were selected from the authors’ past or current ecodesign research projects, from
2009 to 2017. We have limited the case pool to those with which we have in-depth
prior or current experience and access to data and results. The case studies were
chosen to be representative of our work, including our teams and collaborations.
We set out to select case studies that demonstrate at least one of the following
characteristics:

(i) Beingecodesign-centred with a strong stake in the environmental dimension
leading to an assessment and improvement of environmental performance.
(ii) Dealing with business concerns and being representative of multiple
industrial sectors.
(iii) Covering the entire life cycle.
(iv) Connected with the economic and social dimensions of sustainable design if
possible.
(v) Being representative of multiscale ecodesign issues, from end user to entire
value chain.
(vi) Covering different ecodesign approaches, methods and tools.

The case studies also span the three environmental, economic and social pillars of
sustainable development (Kloepffer 2008). The case studies extensively contribute
to the environmental and economic pillars (all of them for the environmental
aspect; eight of them for the economic aspect), while less than half contribute
to the social aspect. This imbalance in contributions to the three pillars may be
due to different availabilities of metrics to assess them. The metrics to assess the
environmental and economic aspects are well documented and widely adopted by
many in academia and industry. However, the metric to assess the social aspect
is not readily available in a quantitative form. This imbalance could present a
potential opportunity for future research to link the social aspect to the other
two aspects. Here, however, we focus only on the environmental and economic
dimensions, leaving the social dimension as a perspective.

The cases cover multiple industrial sectors (heavy industry with metallurgy,
automotive, heavy-duty equipment, agrifood, consumer electronics, building and
architecture) with different contexts, objectives and design methods and tools.
Cases 1 and 2 deal with metallurgy. Case 1 (aluminium substation) concerns the
development of an adapted ecodesign process for complex industrial systems such
as AC/DC conversion substations for aluminium smelters. Case 2 (forge furnace)
compares the sustainable performance of forge furnace alternatives by integrating
environment, costs, clients and operation context. Cases 3 (automotive axle) and

4/51



Design Science

Awouood TenOID
Surzianuaour
sjuawaImbax cuonapdap UOT)EN[EAD xeqd
uondwnsuod  pue SANIEUINXD [eLIa)eW aanjejienb  ejudwUOIIAUD
Iojem pue ASroug  [ejUSWHONAUY vVO1 VO1 VO1 VOT ‘suoIssiws HHO VO1 VO1 +VvOT oy Sutssaippy
193(0xd yoIessax
s1eaf ¢ s1eaf 7 Teaf | s1eak ¢ Teaf T Teaf T s1eaf ¢ Teaf T syjuowr 9 s1eaf ¢ ayy Jo YSuog
saruedwod
saruedwod Auedwoo S[eLID)eW
Auedwoo £310U0 Arsuryoeur pue SurpLoar IoIn)oRJnuEW
UONONIISUOD  PUE UOTIINIISUOD Ureyo an[eA sy ut [ern)oride QArjowone JArjowoNE Aueduroo Aueduroo (s)1oupred
J0(eIA Jo 13sn[D SUON  SI0JO® JUINI JuoN J0(eAl Jo 138N 10(e]  [eLnSTIPUI JOfe] AS1aua 10(eN Jo adA],
LRI (REREIE] juawdmba
Surpying Surpying JaWNsSuoy) poojudy poojudy Anp-£aeay aAnowony aAnowony ASmyreapy ASmTealy  10353s [ernsnpuy
afesn SINI[LUINXD ureyd ureyd
pue pue SOTUOI)IID anpea Surdexoed Sunsaarey SurpLoar Jxe sorUINg uone)sqns
Surpymg Surpymg I3WNSU0)) 104 3AT[O uonoD aanjowony aanjowony 28104 wmnrurny
01 aseD 695D g aseD) £ 358D 9 ase) G ase) § ase) ¢ ase) 735D 1 9se)

uop Hv% Jjou Jnq pa1jRuapl Ua2q sey jey) ansst o} wﬁwwmo.uﬁﬁm I10J v>ﬁumﬁmm.~v& € ST S)aydreIq Ul UONBULIOJUT 9 T, "SIIpN]s 9S€d () 93 JO MIIAIAQ “| 3|gelL

5/51



Design Science

s193j0 Sunoyrewr
pue juowaSeuew
£S10us “udisap
Surrzauidua
1919q

10§ SANIATIO®
parepiI-A31oua
syuednooo
PPOIN

sanqrie
siuednooQ

(£1083380
[euorssajoxd
-0120s
siurednooQ)

sy0afoxd Jijonar
10 UOTIONIISUOD
Surprmq
snopqure
110ddns

pue punoin

SINI[LUINXD
[eros

1500 A)ITeUIXD
pue op£o-9717

syonpoxd
$ITUOII3[2
Painjoeynuetror
Jo Lipqeigod
anoxduuy

JoryIRW
Arepuodas

JO ssoudTEME
Teros Suraoxduy

jyoid srwrouoog

uS1sapooa 10§
SOLIBUD)S USSP
urey-anfea

Jo uostredwon

ERHENY
[eWIUE ToULIe)

31} 10§ YI0M
Je uonoejsTIES

$10)0®
ureyd-anjeA urrey
10§ uonesuadurod

BENETs|

SOISLID}ORIRYD
JX2JU0D JTeur
03 Surprodoe
Surexyped
131599

ay) duaq

SINOIARYD(
I2WNSUOd
Jo uonerdajuy

syonpoid
pausdisap

Amau Jo Jjauaq
) JUTUIIANA(

1oyIRW
a1} 03 1orjddns
Mau Wﬁiuﬂ—uo‘ﬁu:m

001

ureyd

SurpAoar axmyng
® Jo Lyiqeigoxd
pue Lpiqiseay
a1} djenfeAq

10 “9oue[eq 1PN

oy TR
Surnmyoeynuewas
jaed sanowojne
Jo Lipqeagord
2y} enfeag

FENALG
Arepuodas
Jo uorsuedxg

yoxd orwouoog

1X2)U0d UAIS ©
ur uonemgyuod
wa)sAs
[eLOSNpUI 353q
A1) dUTULIAA (]

104
XddO XddVO

spafoxd 9y
dAT}RAOUUI-029
Jo orjopprod

® 9pIAOI] 3A1d3(qo Ay
(s3ypuq
[BIUSUWIUOIIAUD xeqqid [eros

Jo123552 9p1g) oy Bmssoappy

uonenfesd  Jeqid srwouodd
aApENend Y SurssaIppy

(panunuod) "L ajqeL

6/51



Design Science

4 (automotive recycling chain) concern the automotive sector. Case 3 assesses
the economic and environmental impacts of automotive part replacement, while
Case 4 analyses possible scenarios to develop an automotive glazing recycling
chain. Case 5 (cotton harvesting) studies different harvesting systems to assess and
compare their environmental and economic impacts. Cases 6 (olive packaging)
and 7 (pork value chain) deal with sustainability-pressured agrifood products
and systems. Case 6 compares environmental impacts of different packaging
alternatives taking into account consumer usage and country context, while
Case 7 considers the sustainability impacts and performances of a French pork
value chain. Case 8 (consumer electronics) models the time-varying advantage
of remanufactured consumer electronics products. Finally, Cases 9 (building and
externalities) and 10 (building and usage) concern the building and architecture
sector by integrating sustainable externalities with occupant behaviour.

An extended description of each case study is givenin §§ A.1 to A.10. Each case
study is also detailed in standard breakdown sheets available online. The web link
is provided in appendix A. At this stage, we would urge the reader to carefully read
at least the short case descriptions in §§ A.1 to A.10 if not the detailed descriptions
found by following the URL links, to get a deeper understanding of this paper and
process of coding and analysing the 10 use cases.

Next we group the 10 case studies into three categories as they cover all or some
of the life-cycle phases of a product or system. Some of them concern the entire life
cycle (Section 3.2), while some are mainly focused on the use phase (Section 3.3)
and others mainly deal with end of life (EOL; Section 3.4). For each of these three
categories, we give a ‘big picture’ to illustrate the case studies concerned, and a
detailed picture in one particular case to highlight the issues raised and analysed in
Section 4. Detailed descriptions of all 10 case studies can be found in appendix A,
and further details can be found in Table 1. The whole life-cycle-oriented case
studies (Cases 1, 2 and 7) investigate sustainability issues spanning the entire life
of a product or system — design/manufacturing, distribution, usage, maintenance,
and EOL management. They cover a wide variety of large-scale systems where
the sustainability issues are considered not just for a particular life-cycle phase
but more comprehensively for the entire life cycle. The scope of these case studies
therefore tends to be larger than for those for a single product or system. The
use-phase-oriented case studies (Cases 5, 6, 9 and 10) focus on how a product
or system is used and how to capture the usage in the context of sustainability.
Once a product or system is in operational use, it is important to understand
the context and pattern of usage and gather data associated with diverse usage
environments. Emerging technologies such as telematics systems have become
increasingly important for capturing this usage data, as further explained in the
case studies. The EOL-oriented case studies (Cases 3, 4 and 8) mainly focus on
reuse, recycling and remanufacturing aspects of a product or system at the end
of the life cycle. In line with the five sustainability issues in our framework, EOL
operations carry clear benefits.

3.2. Life-cycle-oriented case studies

Life-cycle thinking, or the life-cycle approach (see for example the Life Cycle
Initiative proposed conjointly by UNEP and SETAC; UNEP & SETAC 2012),
considers the impacts generated throughout a products life cycle - from
design/manufacturing through distribution, usage and maintenance and on to
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EOL management - in order to monitor and improve them in a structured way.
Companies are increasingly implementing this paradigm, but considering and
improving a product or system’s life-cycle-long environmental performances
remains a challenge, so they often find it helpful to focus on particular phases.
However, 3 of the 10 case studies presented in this paper consider every phase of
the entire life cycle equally (Cases 1, 2 and 7).

Case 2 (forge furnace) deals with the selection of forge furnace technologies in
a given context (location, client, energy supply). LCA results and life-cycle costs
(LCC) are sensitive to the client’s profile (Leroy, Cluzel & Lamé 2014). Different
profiles have been defined to study how decisions could evolve according to these
profiles, which are defined by environmental awareness and priority given to
CAPEX or OPEX (does the client prefer a short-term perspective with little
expenditure or prefer low operational costs?). Manufacturing, distribution and
use phases are explicitly taken into account to estimate LCC and environmental
impacts, but the shortage of data makes it difficult to include the EOL
phase.

Case 7 explores the French pork value chain. Consumers increasingly want
more information on the origin and quality of the food they buy: information
on origin, breeding conditions and animal welfare, substances absorbed during
the animal’s life (antibiotics, genetically modified organisms), carbon footprint
etc. Case 7 shows which kinds of data are already captured in a food value chain
and considers every phase of the life cycle, whether the product or system under
study is the food source or the associated industrial value chain (Petit et al. 2014).
An LCA model has been developed and alternative scenarios for new solutions
have been evaluated and used for decision-making between the actors of the value
chain.

The life-cycle-oriented Case 1 (aluminium substation) considers the entire life
cycle of a complex industrial system, namely an AC/DC conversion substation
(described in Figure 2) used to convert energy for massive energy-consuming
aluminium smelters. The design of these substations was independent of their
future location, i.e., mainly where energy is abundant and cheap, namely in
the Nordic countries with hydropower like Canada, Iceland or Russia, or in
the Gulf countries or China, which use fossil energies. However, varied facility
locations result in widely varied industry contexts: local electrical mix, distance to
clients, client-led management of industrial systems (preventive versus corrective
maintenance, updates and revamps), operating conditions in terms of temperature
or humidity, regulations or practices for managing EOL components or systems
and so on. Ecodesigning this type of industrial system requires consideration of
industry-specific parameters and entire life-cycle scenarios.

First, a scenario-based LCA model was proposed to capture the environmental
impacts of the entire life cycle despite the lack of data and the variability
of exploitation contexts (Cluzel et al. 2014). This semi-quantitative approach
highlights for example that the best-case scenario in a particular context
(substations supplied by hydroelectricity in a Nordic country) can decrease the
environmental impacts by 70% compared to the worst-case scenario. The LCA
model embracing the entire life cycle thus leads to different ecodesign actions (for
example, decreasing masses of components but increasing electrical losses versus
decreasing electrical losses by increasing masses of components) in a specific
exploitation context.
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Figure 2. Overview of mass and energy flows for an aluminium substation (Cluzel
etal 2014).

Further, these LCA results were used to lead an eco-innovation approach
based on a multidisciplinary working group composed of experts from different
departments of the company (Cluzel et al. 2016). The main deliverable of this
working group was a portfolio of eco-innovative R&D to build the company’s
strategic R&D road map. The method ensures a balanced portfolio, i.e.,
including projects with short-, mid- or long-term deadlines, projects dealing
with components, subsystems, systems or supersystems, projects involving
organizational, technological or methodological actions and projects considering
different life-cycle phases of the system.

3.3. Use-phase-oriented case studies

In a number of cases, the use phase dramatically impacts a system’s ecodesign
performance (Throne-Holst, Sto & Strandbakken 2007). However, real use
emerges after the design and product launch phase. This is why user/usage
profiles/patterns and sales prediction models are needed to integrate these
nontrivial data models into LCA simulations.

Nine of the ten case studies highlighted in this paper, ie., studies 2-10,
directly consider - or could consider - users and usage to inform the ecodesign.
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This is especially true for case studies 5 (cotton harvesting), 6 (olive packaging), 9
(building and externalities) and 10 (building and usage).

The use-phase-oriented Case 10 is explained in more detail below. Building
stock accounts for between 16 and 50 percent of national energy consumption
worldwide (Saidur, Masjuki & Jamaluddin 2007; Hoes et al. 20094,b; Masoso
& Grobler 2010). Governments around the world are thus rolling out energy
directives, national regulations and energy-efficiency labels that set minimum
requirements for building performances and promote the construction of ‘green’
buildings. Building stakeholders have thereby started dealing with buildings as
products with services rather than just simple products. Services may for instance
include energy monitoring or equipment maintenance during a building’s use
phase. Moreover, new market expectations such as ‘energy performance contracts’
have started to emerge in a number of countries. Such services and offers thus
require a better control of performance variability during a building’s life cycle.
Consequently, a better understanding and consideration of the key determinants
of energy performance has become essential for building design and marketing
processes. Occupant behaviour is a substantial source of uncertainty in energy
consumption, as inter-individual behavioural variations can account by as much
as 100% for a given dwelling (Guerra-Santin et al. 2016). The reasons are that
different people generate different numbers of activities and may own more
or less eco-efficient electrical appliances, both of which depend on household
composition, lifestyle and socio-demographic background (Reinhart 2004; Yun,
Tuohy & Steemers 2009; Haldi & Robinson 2011; Langevin, Gurian & Wen
2015). This is why Zaraket et al. proposed an activity-based model for forecasting
household energy and water consumption for residential building design (Zaraket,
Yannou & Leroy 2014). A user-centred statistics-driven approach correlates
occupants’ profiles (socio-economic and -demographic) to quantities of domestic
activities, appliance ownership and energy and water footprints. This model
generates more accurate energy and water consumption forecasts and gives a
means to assess usage-trend disparities in domestic consumption (Zaraket et al.
2012). In total, 28 domestic energy- and water-consuming activities have been
modelled as illustrated in Figure 3. These consumption models are expressed
with approximately 20 parameters featuring household composition. Each activity
was modelled in an Excel spreadsheet by a subset of influential household
variables, a causal graph of influence starting from these household variables and
ending with activity quantities via a number of quantitative intermediate variables
(e.g., occupancy rate, number of weekly meals, laundry weight, etc.), modelling
assumptions, data inputs from statistical databases or national consumption
data and procedures used for model fitting to national consumption data.
Figure 3 depicts the model architecture. These simulations of energy and water
consumption based on different household profiles make it possible to

(i) refine or increase the accuracy of energy performance contracts;
(ii) simulate the influence of certain in-frame technical solutions (e.g.,
effectiveness or number of pre-installed washing machines);
(iii) obtain heat gain estimates per activity that are useful inputs for more accurate
dynamic thermal simulations.

The originality of this work is the per-activity breakdown of domestic electricity
consumption, which is vital, as occupants made aware can monitor and regulate
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Figure 3. The SABEC model architecture (left side) applied to 28 activities of water and energy consumption.

their activities. This model could serve to build graphical displays helping
occupants voluntarily reduce their consumption (via incentives, social-network
emulation, diagnostics and action plan support etc.). Other similar approaches
that link usage conditions to energy consumption can be found in the literature.
As an illustration to highlight a couple of relevant use-phase-focused examples,
Telenko (Telenko 2012; Telenko & Seepersad 2014) used probabilistic graphical
models - a type of Bayesian network — to represent usage context as a network
of factors characterized by local conditional probability distributions. Ma (2015)
recently proposed collecting large-scale sensor data on product operation to mine
usage patterns and build a usage model for LCA. He developed a predictive usage
mining for life-cycle assessment (PUMLCA) algorithm to segment usage patterns
and provide a more accurate estimation of environmental impact.

Another project (Case 9) noted that ambitious building retrofits — positive
externalities — to improve energy performance are often barely justified by energy
savings alone. Indeed, the ROI to halve a buildings energy consumption is
more than 25 years, which often discourages investors. Energy efficiency thus
needs to be considered differently to be economically justified, which prompted
a consortium of big French construction companies and academic partners to
co-develop a new methodology called DECADIESE (Cluzel, Yannou & Costa
2015). Broader than an energy-efficiency focus only, DECADIESE aims to capture
the sustainable value of a building with an original focus beyond the scope of
classical analytic methods, by extending the perimeter of associated stakeholders
to enable ambitious building projects.

Going further, Bertoluci, Leroy & Olsson (2014) showed how collecting
product use-phase information is crucial to determine whether a product or
system is sustainable and eco-friendly. Abi Akle, Bertoluci & Minel (2013)
showed that concentrated detergents branded as ‘green’ are actually slightly less
environmentally friendly in practice as uninformed consumers tend to overdose
them. In Case 6 (Bertoluci et al. 2014), it was shown that the environmental impact
of olive packaging type was different in different countries depending on their

11/51




Design Science

packaging recycling rates, consumer food habits and olive loss rates related to
packaging types.

Last, in Case 5, John Deere developed a new cotton harvesting system with
a revolutionary cotton-stripping and module-making design (Quan et al. 2015)
that reduces harvest loss while enabling flexible configuration of cotton collection
modules. Quan et al. (2015) showed that the environmental impact of a cotton
field harvest depends on a series of configurations, i.e., composition of multiple
machinery and equipment to ‘get the job done’ and harvesting task strategy,
which is why harvester ecodesign is dependent on the ability to simulate all usage
configurations and strategies.

3.4. EOL-oriented case studies

Environmental regulations have urged stronger product stewardship in product
retirement and maintenance, which has resulted in a wealth of literature and
industrial practices in the area of product recovery for reuse, repair, refurbishment
and recycling. Successful recovery operations enable companies to gain economic
advantage while complying with environmental regulations. In other words, the
objective of the recovery operations is usually twofold: to maximize recovery profit
and minimize adverse environmental impacts.

The nature of recovery operations, however, depends on an array of factors
including product design, assembly/disassembly processes, buyback, reverse
logistics, production planning, pricing of new and remanufactured products,
managing product take-back timing, design upgrades etc. If remanufacturing is
pursued as a viable recovery operation, for example, setting the prices for buyback
and for remanufactured products directly affects total profit. In addition to pricing
decisions, production planning — matching supply plan to demand plan, details
of disassembly operations and production quantity - affects total profit as well.

The EOL-oriented case studies (Cases 3, 4 and 8) mainly focus on the reuse,
recycling and remanufacturing aspect of a product or a system at the end of
the life cycle. Cases 3 and 4 are from the automotive industry, where a part
replacement decision is investigated in the remanufacturing context (Case 3) and
a large-scale national level of automotive glass recycling is studied and optimized
along with recycling network design (Case 4). Case 8 is for consumer electronics
where product design and timing of remanufacturing were co-considered to gain
economic and environmental advantages. These case studies illustrate the wide
variety of products and relevant manufacturing and logistics issues considered in
the EOL study category. While keeping the EOL context as the common thread in
this subsection, additional details of Case 8 are provided next for illustration.

One of the core questions in EOL operations is whether product recovery
operations truly benefit the company when evaluated by the sustainability
pillars. A typical question could be Is a remanufactured product better than
a brand-new product? (Kwak and Kim 2016). Case 8 offers an approach to
estimating the economic and environmental benefits of EOL operations, in
particular remanufacturing. Remanufacturing has time-varying benefit (ie.,
timing of product take-back and remanufacturing) due to physical deterioration
and technological obsolescence.

The framework in Case 8 provides a quantitative link between the nature of the
product (e.g., product specification, physical and technological characteristics of
each part, production costs) and the time-varying value of remanufacturing from
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Figure 4. Two components of optimal product design for life-cycle profit: initial product design and design
upgrade at the EOL stage (Kwak & Kim 20154).

the remanufacturer’s perspective. More specifically, the case answers the following
questions:

(i) Isaremanufactured productbetter (both economically and environmentally)
than a brand-new version of the product?
(ii) How does timing of remanufacturing affect the advantages of a
remanufactured product?
(iii) How do market conditions (e.g., market preferences for a remanufactured
product and customer requirements for product specifications) influence any
advantages from remanufacturing?

The model incorporates two critical aspects — physical deterioration and
technological obsolescence - to construct the framework for optimal production
planning. It considers both economic and environmental aspects by capturing
unit production cost and environmental impact savings from remanufacturing
in comparison to manufacturing brand-new products. The perceived utility by
customers diminishes from initial sales to EOL. After remanufacturing, the utility
is increased to the level of significant improvement, although it may be lower than
that at the time of the initial sale. When the product becomes a remanufactured
product, the pattern of diminishing utility repeats, but possibly with a different
rate of change. The logic of this model in explained in Figure 4.

The model specifically introduces the price ratio (8; 0 < B < 1) of
the remanufactured product to the equivalent brand-new product, which was
simulated under various product recovery operations. Two distinct scenarios
can be optimized with this model. First, if the price ratio is set as a certain
number (e.g., B = 0.7, i.e, the price of the remanufactured product is 70% of
the brand-new price), the model calculates the product generation up to which
the net-profit advantage is maintained (e.g., t = 7), i.e., if a product is older than
7th generation ago, do not remanufacture. Second, if the age of the product is
given as a fixed value, the model calculates the 8 ratio for remanufactured product
pricing. Additional sensitivity analysis can also be performed depending on cost
and environmental impact changes for each part or manufacturing operation.
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The next section proposes five ecodesign issues abstracted from the case
studies and the literature as a framework to analyse the 10 case studies.

4. Identification of the five ecodesign issues

4.1. Analysis of the case studies

After sharing in-depth knowledge about each case listed above, we identified the
common and major issues. We consider the following issues as representative
of recent developments and new trends in ecodesign research, although we do
acknowledge there may be others that are outside the scope of the case studies.
We do not claim these five issues are exhaustive nor fully independent. Rather,
the intent is to provide an overview to help identify common threads and lay
the ground for future research topics. The five ‘ecodesign issues’ that we have
identified are as follows:

(1) Optimal resource use to reduce environmental impact
(2) Managing lifespan

(3) Understanding users and usage

(4) Integrating data and analytics

(5) Defining system boundary and perimeter

4.2. Confirmation with the literature

Four of these ecodesign issues (numbers 1-3 and 5) were also identified by
Pigosso, Mcaloon & Rozenfeld (2015) who characterized the state of the art
and future trends in ecodesign from a bibliometric analysis covering the period
1996-2015. Managing lifespan had already started to surface in the literature in
the period 2006-2010, but these four issues are reported by Pigosso et al. as a
subset of nine trends for future ecodesign research. Resource efficiency (issue 1)
and managing lifespan (issue 2) were classified in the trend ‘Development of
products and services. Development of product-service systems is assumed to
lead to high dematerialization. The main consequences will be an increase of
product lifespan and optimized resource consumption. Concern to use resources
optimally (issue 1) is also covered by the ‘Circular economy’ trend, where waste
management and design for EOL are predominant. Pigosso et al. (2015) reports
issues 3 and 4 as being part of the ‘Systems thinking’ trend. The necessity to
characterize interactions among subsystems requires first defining or redefining
system boundaries, and second acquiring more robust information on users,
usages and user behaviours. These five issues are detailed in Section 5 and then
discussed in Section 6.

The fact that the case studies presented in this paper match the state of the
art by Pigosso et al. serves to validate the major categories of sustainable design
reported in the literature. Here, in addition to validation, we intend the in-depth
knowledge and insight from our case studies to provide a more specific picture
of current ecodesign practices and trends along with the perspectives for future
efforts described in Sections 5 and 6. Sections 5 and 6 bring c