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a b s t r a c t

The lack of quantitative mechanisms aimed at evaluating the potential business benefits of ecodesign
prior to implementation is a major barrier to wider adoption in manufacturing companies. Ecodesign is
defined as the consistent integration of environmental aspects into product development processes.
Within this frame, there is a need to understand how the development of ecodesign capabilities affect
overall business performance over time. Drawing upon the Ecodesign Maturity Model (EcoM2) as the
theoretical foundation, this paper systematically reviews the literature on (i) relevant applications of
dynamic modelling and (ii) relationships between ecodesign management practices and key business
performance outcomes, in order to develop a simulation-based approach aimed at deriving a business
case framework for ecodesign implementation. The resulting framework originates the “business case
simulator”, which was subjected to the judgement and evaluation of six industry experts regarding its
applicability and usefulness to manufacturing settings. The results are discussed and future research
streams e coupled with improvement opportunities to the business case simulator e are pointed.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Despite the significant growth in the number of researchers and
corporations reporting the benefits of ecodesign-related efforts
(Haned et al., 2015; IRRC Institute, 2015; Plouffe et al., 2011), a
number of challenges still hinder a broader and consistent imple-
mentation of ecodesign in manufacturing firms. There is a partic-
ular lack of proper mechanisms to evaluate the potential business
benefits originated by ecodesign (Boks, 2006; Dekoninck et al.,
2016; McAloone, 1998; Rodrigues et al., 2017a, 2016b), which can
be defined as a proactive approach for the integration of environ-
mental aspects and considerations into the product development
processes (Pigosso et al., 2013, 2015). With that, the concept of
“business case” emerges as the set of arguments that support and
elicits the key reasons why an organization should implement or
advance a specific cause (Carroll and Shabana, 2010; Rodrigues
et al., 2018a,b; Schaltegger and Lüdeke-Freund, 2012; Weber,
2008; Whelan and Fink, 2016). In general, most business cases
typically account for a posteriori analysis of the influences of
enmark, Department of Me-
, 2800 Kgs. Lyngby, Denmark.
ecodesign-related practices, as opposed to a priori, predictive busi-
ness cases, which focuses on how to collect information and
measure the overall and strategic performance of a company in
financial (e.g. profitability, revenues, costs, return on investment
etc.) and non-financial terms (e.g. water usage, material usage,
energy usage, CO2 emissions, water footprint etc.).

The integration of ecodesign aspects into product development
is considered a complex task, which means that the it typically has
high interconnectedness and trade-off among key variables over
time, such as cost, potential revenue, profitability, risk or environ-
mental/social performance, among many others (Costa et al., 2014;
Rodrigues et al., 2016a; Tatikonda, 2007). As a very simple example,
the selection of material influences the product's environmental
performance as well as its cost and applicability over timewhich, in
turn, feeds back into the material decision as a set of criteria.
Therefore, this is a problem that displays dynamic complexity,
which arises from the interactions of several agents and relation-
ships over time (Sterman, 2000). Some fundamental characteristics
of systems with dynamic complexity are: constantly changing and
past-dependent; tightly coupled and governed by feedback (i.e. strong
interaction among variables with feedback loops); self-organizing
(the system's structure drives its behavior over time); adaptive (i.e.
resistance to change and adaptation to newly introduced policies)
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and non-linear (i.e. effects are not typically proportional to the
cause) (Repenning and Sterman, 2001; Sterman, 2001, 2000). With
the objective of addressing systems displaying such dynamic
complexity, the System Dynamics method was proposed as an
application of control theory to socio-technical complex systems,
supported by computational modelling and simulation, and tar-
geted at analyzing complex and dynamic behavior (Forrester, 1971;
Lee et al., 2012; Liao et al., 2015; Sterman, 2001). System Dynamics
is both a modelling and a simulation technique that has been
widely applied to examine, understand and intervene in complex
systems in a large range of disciplines and contexts (de Salles et al.,
2016; Forrester, 1961; Lee et al., 2012; Rabelo et al., 2005; Sterman,
2015, 2000). Within this context, ecodesign implementation can be
viewed and understood as a complex system itself. As such, the
fundamental structure of ecodesign implementation (e.g. practices,
resources etc.) can be modelled, and its behavior (e.g. performance
metrics over time) can be analyzed through the use of a System
Dynamics approach.

A maturity-based management framework for ecodesign
implementation and management, namely the Ecodesign Maturity
Model (EcoM2) (Pigosso et al., 2013; Pigosso and McAloone, 2016;
Pigosso and Rozenfeld, 2011) is used as the theoretical back-
ground for this work. The EcoM2 focuses on process improvement
from a managerial perspective, rather than on product's improve-
ment solely from a technical standpoint. As such, the EcoM2 has
been designed and improved towards assisting the systematic
integration of ecodesign aspects, aiming at deploying improvement
projects targeted at the product development processes (Pigosso
et al., 2013). The EcoM2 offers a systematized selection of ecode-
sign management practices related to the integration of environ-
mental issues into the strategic and tactical levels of the product
development process.

From a process-oriented perspective, each one of the ecodesign
management practices in the EcoM2 can be assessed in terms of the
systematization level they have within product development. In
other words, it is important to understand how systematized the
ecodesign practice is in order to be able to move towards a more
systematized implementation of ecodesign in the company
(Pigosso et al., 2013). Examples of ecodesignmanagement practices
include (Pigosso and Rozenfeld, 2012; Pigosso, 2012; Rodrigues
et al., 2018a,b, 2017a): (i)“assess technological and market trends
Fig. 1. EcoM2 application method and the positionin
related to the environmental performance of products” and (ii)
“establish cooperation programs and joint goals with suppliers and
partners aiming to improve the environmental performance of
products”.

This paper draws upon the particular concept of capability of
ecodesign management practices with the main objective of un-
derstanding how ecodesign-related capability building might
theoretically influence a range of corporate performance outcomes
over time (i.e. revenue, market value, expenses, resource efficiency
etc.). Capability levels can be understood as a qualitativemeasure of
how systematic a company applies a certain ecodesign manage-
ment practice, in the context of the EcoM2 (Pigosso et al., 2013).
Regarding the capability measurement within the EcoM2, the
model defines a 5-point scale, based on the CMMI (Capability
Maturity Model Integration) (Chrissis et al., 2011; Pigosso et al.,
2013).

The 5 capability levels are (Pigosso et al., 2013; Rodrigues et al.,
2018a,b): level 1 (incomplete) means that a practice is not consid-
ered at all or is applied in an incomplete way; level 2 (ad hoc) de-
fines a practice as only being applied to accomplish very specific
tasks or correct certain issues, in a non-systematic way; level 3
(formalized) is reached when the practice is fully documented and
accompanied by an account of its resources, infrastructure and
responsibilities; level 4 (controlled) brings the ecodesign manage-
ment practice to a controlled/monitored space, meaning that per-
formance is measured and monitored; level 5 (improved) means
that the ecodesign management practice has its performance
continuously and systematically improved over time. The EcoM2
also prescribes an application method (Pigosso et al., 2013). Within
this method, it becomes important to highlight the positioning of
the business case within the process of implementing ecodesign.
Fig. 1 displays a schematic representation of the application
method, along with the roles of the business case.

The first phase has 3 application steps: 1) the diagnosis of the
current maturity profile, whose main output is the current capa-
bility levels of the management practices; 2) the definition of a
vision for improved maturity, according to the company's strategy
and drivers, and whose main output is the desired capability levels
for the management practices; and 3) the deployment of actionable
roadmaps of improvement projects, based on the gap between
current capability levels (Step 1) and desired, future capability
g of the business case (Rodrigues et al., 2017b)).
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levels (Step 2). The second phase entails project implementation,
outlined in the roadmaps, together with efforts in change man-
agement and performance measurement. The business case plays a
very important role in two moments for: (i) testing how different
desired capability levels would potentially behave, this being a
support to deriving the roadmap and (ii) connecting the deploy-
ment of structured roadmaps with actual, consistent implementa-
tion e in other words, bridging the gap between Phase 1 and Phase
2 of the EcoM2 application method. As highlighted before, the
business case framework therefore makes use of the current and
desired capability levels to simulate the expected behavior of
selected corporate performance outcomes, under specific circum-
stances and assumptions.

Within this context, this paper seeks to answer the following
research question: how does the development of ecodesign capabilities
affect corporate performance over time? This paper proposes an
exploratory simulation-based framework with the objective of
assisting the development of a business case for ecodesign imple-
mentationwithinmanufacturingfirms. The fundamental rational for
targeting at manufacturing firms is based on their product- and
process-oriented perspectives, as opposed to pure services. The
business case framework is further tested in three case studies, by six
industry experts. The results of this study are intended to be used by
key managers and decision-makers across the organization in their
daily attributions related to both gathering information on business
cases for ecodesign as well as presenting them to senior leadership.

This paper is particularly innovative as it builds a predictive
business case framework for business case from a process
perspective, as opposed to both the product-centric view and the
posteriori stances of a typical development of business cases. It
differs predominantly from previous studies in the field of ecode-
sign when it encompasses a simulation method, based on System
Dynamics, that gives rise to a practical tool that can be readily
implemented and improved by organizations at large in order to
derive their own business case rationale for ecodesign, based on
their very own processes.

2. Research methodology

With a view to building a simulation-based business case
framework for ecodesign implementation, the research method-
ology employed in this paper is comprised of five phases, which are
depicted in Fig. 2, along with their main results. These phases are
further explained in this section.
Fig. 2. Research approach of the paper, with main results.
2.1. Phase 1: systematic literature review on capability modelling
within a process-oriented context

Phase 1 focused on learning what the literature of System Dy-
namics proposed in terms of how to approach the modelling of
capability within a process-oriented context. The systematic liter-
ature review was based on the procedures proposed by (Biolchini
et al., 2005), which builds upon three sub-steps: (1) planning of
the review process; (2) execution of the systematic literature re-
view and (3) analysis of the results. The sub-steps are detailed as
follows. For the review planning, three fields were identified as
relevant - namely organizational capability (OC), product devel-
opment (PD) and project management (PM) - due to their com-
plementarities and proximity as research fields. In particular, the
field of project management was included in the systematic liter-
ature review because it has been traditionally very well connected
to cases and applications in the product development space in the
literature of System Dynamics (Ford and Sterman, 1998; Lyneis and
Ford, 2007). The review protocol was tailored to support three in-
dependent searchers within each one of the fields, based on three
groups of keywords. For the field of organizational capability, the
wildcard “capabilit*” was combined with the keyword “system
dynamics”. For product development field, six synonyms and other
related termswere combinedwith the “system dynamics” keyword
(“product development”, “engineering design”, “concurrent engi-
neering”, “eco-design”, “ecodesign” and “design for environment”).
Finally, for the field of project management, the “project manage-
ment” keyword was combined directly with “system dynamics”.

The selected database for performing the searches was Web of
Science due to its relevance to the fields of SystemDynamics and its
rigor in the selection of publications to be covered by the database
(Adriaanse and Rensleigh, 2013; Gavel and Iselid, 2008). Only
journal papers in English were searched. Dates of publication have
not been restricted in the literature searches. Two inclusion criteria
were defined for the papers to meet: (1) propose, report or review
at least one System Dynamics formulation for capability modelling
and (2) focus on an organizational context or application, and not
on topics of public policy, or macroeconomic modelling. Based on
the two proposed criteria, the papers were then examined by
reading the: (a) title, (b) abstract and keywords, (c) schematic fig-
ures and representations, introduction and conclusion and finally
(d) reading the full paper. As for the review execution, once the
papers were selected, the information on the System Dynamics
application was extracted and catalogued in a paper repository and
classified according to the field of application (OC, PD or PM).
Supplementary information and other comments on relevant as-
pects of the paper were also recorded in order to support content
analysis. A repository of selected papers was finally consolidated
and systematized on Mendeley Version 1.19.4, a reference manager
software, for easy access and analysis.

Subsequently, a content analysis was performed in order to
identify the key elements and the emerging patterns in the papers
selected in Step 1 (Bashor, 2003; Starks, 2007). These elements and
patterns were composed of System Dynamics formulations, con-
ceptualizations or any other modelling strategies that were rele-
vant to the dynamic modelling effort in this research. In particular,
the content analysis aimed at identifying System Dynamics struc-
tures that could be potentially useful for depicting and modelling
the development of ecodesign capabilities and their links to
corporate performance, within the context of the EcoM2.

2.2. Phase 2: conceptualization of the system dynamics model

Subsequently, Phase 2 concentrated on conceptualizing a Sys-
tem Dynamics model based on formulations derived from the
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literature as well as reorganizing the set of ecodesign management
practices in order to achieve a more suitable level of aggregation for
modelling, with few variables being simultaneously considered by
decision-makers while manipulating the model. A System Dy-
namics modelling approach was derived, following the System
Dynamics methodological procedure, which is based on: the
conceptualization of the problem, the formulation of variables,
relationships and parameters, the evaluation of the model's
behavior and the analysis of potential policies and model's use (Lee
et al., 2012; Luna-Reyes and Andersen, 2003; Sterman, 2000). The
System Dynamics modelling procedure produces a stock and flow
diagram as the basis of the simulation model, with the objective of
describing the accumulations (stocks) and rates of increase/
decrease (flow) of key variables in the system (Dangelico et al.,
2010; Liao et al., 2015; Sterman, 2000). The System Dynamics
model was built using the software package Stella Architect version
1.4.1, developed by isee systems.

It is important to note that the EcoM2 covers 51 ecodesign
management practices. One of the main challenges based on this
modelling approach is to represent the full set of ecodesign man-
agement practices due to the large number of practices and their
heterogeneity across the product development process. Since the
main objective of the business case is to bridge the gap between
ecodesign implementation roadmaps and their actual imple-
mentation, corporate decision-makers might not necessarily make
judgments and assessments at the granular level of the individual
practice. The implementation roadmaps are composed of packaged
projects geared towards improving the capability of ecodesign
management practices across the organization. If practices were
considered individually, this would amount to a total of, at least, 51
variables to be factored and considered when designing a business
case. This would be intractable in practice due to the large number
of different variables being handled and considered at the same
time. Therefore, it was important to aggregate practices according
to thematic clusters as a way to reduce complexity in developing
and manipulating the business case.

In particular, the clusters of practices are mostly important to
support corporate decision-makers in quickly identifying the
practices by their theme. Besides allowing decision-makers to
better connect the ecodesign practices to their own company's
structure and processes, the clustered representation of practices
also supports a more straightforward manipulation and
Table 1
Clusters of ecodesign management practices, with examples, adapted from (Rodrigues e

Cluster Thematic cluster (Rodrigues et al.,
2018a,b)

Number of
practices in the
cluster

Example of eco
Pigosso, 2012;

1 Environmentally-enhanced technological
strategy

5 practices Assess technolo

2 Development of support processes,
training and knowledge for ecodesign

4 practices Develop the tec
improve the env

3 Incentives and awareness for ecodesign 2 practices Increase conscio
environmental

4 Marketing and communication for
ecodesign

2 practices Communicate th
product, explori

5 End-of-life strategies, packaging and
operations

5 practices Select and/or de

6 Strategic management of ecodesign
implementation

9 practices Develop busine

7 Portfolio management and environmental
trends

4 practices Strategically con

8 Product development management 11 practices Implement Life
9 Value chain management 3 practices Consider the en
10 Regulatory compliance 2 practices Formulate man
11 Program management and ecodesign

benchmarking
4 practices Conduct manag

into product de
development of the business cases. For this, an inductive thematic
analysis (Braun and Clarke, 2006; Eisenhardt and Graebner, 2007)
was employed towards analyzing themes/patterns within the body
of 51 ecodesign management practices of the EcoM2. This meth-
odological procedure is further detailed in (Rodrigues et al.,
2018a,b), whose derived clusters are used in this paper. The 51
ecodesign management practices were structured in 11 thematic
clusters of ecodesign management practices. The management
practices in a cluster are sufficiently homogeneous, while being
heterogeneous across all the clusters. Table 1 exhibits the clusters
of practices derived from the thematic analysis, together with ex-
amples of practices in the cluster (Rodrigues et al., 2018a,b).

2.3. Phase 3: systematic literature review on the relationships
between clusters and business performance outcomes

To further develop the business case framework and cover all
defined clusters of practice, the relationships between the clusters
and the potential business performance outcomes needed to be
systematically established. The logic model approach and the
consolidated database of business performance outcomes proposed
in (Rodrigues et al., 2018a,b) were used in this paper. The logic
model represents a logical sequence of events triggered by an
initiative/intervention in terms of bringing change to an organiza-
tion's current state (Goldman and Schmalz, 2006; Rodrigues et al.,
2018a,b; Seidman, 2017; W.K. Kellogg Foundation, 2004). The logic
model structure may vary according to the application context and
data available, and in this paper the clusters of ecodesign man-
agement practices are conceptualized as activities that will
potentially exert influence on business performance outcomes,
which are the long-term results or impacts a business may face (e.g.
revenue, expenses, market value etc.). Therefore, a systematic
literature review was designed with the objective of collecting
evidence about the potential relationships between the clusters
and the performance outcomes.

First of all, the business performance outcomes with at least 10
mentions (recurrence) were selected from the consolidated data-
base of business performance outcomes (Rodrigues et al., 2018a,b).
The selected outcomes were: (1) profitability (35 mentions); (2)
market value (30 mentions); (3) employee welfare (30 mentions);
(4) liquidity (21mentions); (5) revenue (17mentions); (6) expenses
(17 mentions); (7) emissions (13 mentions); (8) operational
t al., 2018a,b).

design management practice in the cluster (retrieved from (Pigosso et al., 2013;
Rodrigues et al., 2018a,b, 2017a))

gical and market trends related to the environmental performance of products

hnical support processes (e.g. maintenance, change of spare parts, etc.) aiming to
ironmental performance of the product over its entire life cycle
usness and awareness about the opportunities and benefits of the integration of
issues into product development
e environmental performance and benefits as part of the total value proposition of the
ng the green marketing opportunities
velop new manufacturing and processes with improved environmental performance

ss, product and market strategies considering the environmental trends

sider the product environmental performance in the company portfolio management

Cycle Thinking
vironmental aspects in the identification, qualification and management of suppliers
datory rules and/or product requirements
ement reviews to evaluate the effectiveness of the integration of environmental issues
velopment and related processes
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effectiveness (11 mentions); (9) resource efficiency (10 mentions);
(10) customer satisfaction (10 mentions). Based on these 10
selected business performance outcomes and the 11 clusters of
ecodesign management practice, a protocol for the systematic
literature was developed.

The same methodological procedure adopted in Phase 1
(Biolchini et al., 2005) was used. For the review planning, three sets
of keywords were combined: (i) keywords from each one of the 11
clusters (“tech* strategy”, “support processes”, “employee training”,
“employee knowledge”, “incentives”, “awareness”, “marketing”,
“end of life”, “packaging”, “end-of-life”, “strategic management”,
“portfolio management”, “product development management”,
“value chain management”, “regulatory compliance”, “program
management” and “benchmark*”); (ii) keywords related to the
business performance outcomes (“profitability”, “market value”,
“employee welfare”, “liquidity”, “sales”, “revenue”, “expense”,
“cost”, “emissions”, “operational effectiveness”, “resource effi-
ciency” and “customer satisfaction”) and (iii) keywords related to
the overarching topic (“product development”, “ecodesign”, “eco-
design”, “eco-efficiency", “concurrent engineering”, “product/ser-
vice-systems", “eco-innovation" and “corporat*”).

Due to their relevance, coverage (Adriaanse and Rensleigh,
2013; Gavel and Iselid, 2008) and comprehensiveness, both Sco-
pus and Web of Science were selected as databases for this review,
since considering the two databases would bring more coverage of
potential business performance outcomes and their relationships
with the ecodesign management practices. Only journal papers in
English were selected. Dates of publication have not been restricted
in the literature searches. Two inclusion criteria were defined: (1)
report of evidence e either theoretical or empirical e regarding the
relationships between the theme of the cluster (e.g. “regulatory
compliance”) and a business performance outcome (e.g. “ex-
penses”) and (2) focus on an organizational context or application.
Once a paper was selected, its content was inspected with a view to
identifying and classifying the evidence of the relationship be-
tween clusters and business performance outcome. A scheme
based on procedure suggested by Züst and Troxler (2006) for the
classification of effects between two elements was followed. The
authors proposed and use a classification matrix based on 3 levels
of relationship intensity: value 1means that the influence is “below
average”, while value 2 means “on average” and value 3 means
“above average” (Züst and Troxler, 2006). For this particular
Fig. 3. Generic structure of the relationship matrix (clusters of practice x business performa
literature review.
research, the evidence presented by the papers were also classified
in 3 levels: value 1, if only theoretical claims or hypothesis were
developed about the relationships cluster-outcome; value 2 was
assigned when limited empirical evidence was presented (e.g. a
case study or a review/analysis of other case studies) and value 3
was assigned only for papers presenting empirical evidence with
high levels of generalization (e.g. comprehensive surveys, data-rich
quantitative models, meta-analysis etc.). Fig. 3 shows the generic
structure of the relationship matrix. Based on these relationships
and the System Dynamics conceptualization, the business case
simulator could be developed.

2.4. Phase 4: development of the business case simulator for
ecodesign

The clusters of practice formed the building blocks of the busi-
ness case simulator, against which the conceptual System Dy-
namics structure developed under Phase 2 was applied. Because
the entire research was driven by understanding how the devel-
opment of ecodesign capabilities would potentially affect corporate
performance, two inputs were required for the business case
simulator: the current capability level and the desired capability
level for each one of the 11 clusters of practice. Given that the
clusters are aggregations of practices, the cluster's current capa-
bility was calculated with the mode. The mode is a statistical
concept that refers to the value with the highest number of oc-
currences in a given set. In the case wheremore than one capability
level had the same number of occurrences, the lowest capability
level was chosen to represent the current capability level of the
cluster. As an example, take a hypothetical case where a ecodesign
cluster has six practices. Three of these practices were evaluated at
capability level 2 and the other three practices were evaluated
capability level 1. In this case, the current capability level of this
particular cluster would then be at level 1 (lowest capability level).

The fundamental System Dynamics structure developed under
Phase 2 was expanded and adapted to cover all clusters of ecode-
sign management practices, following System Dynamics best
practices for quantitative modelling (Schwaninger and Groesser,
2016; Sterman, 2000). Furthermore, the evidence-based relation-
ships found under Phase 3 informed the quantification of the re-
lationships in the System Dynamics model. The business case
simulator for ecodesign was also built on Stella Architect version
nce outcomes) based on evidence retrieved from the papers selected in the systematic
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1.4.1 using the features of Model Interface. After finished, the
business case simulator was made available through isee Exchange,
which is an online repository to build, manage and publish System
Dynamics based models built on Stella. With this, the business case
simulator was freely available via a URL link and ready to be eval-
uated by industry experts.
2.5. Phase 5: evaluation of the business case simulator by industry
experts

The evaluation of the business case simulator was performed in
three case studies by six industry experts, in a workshop-based
setting, in line with approaches adopted in the literature (Issa
et al., 2015; Pigosso et al., 2013; Rodrigues et al., 2018a,b). Three
manufacturing companies from different sectors (refrigeration
compressors, cosmetics and aeronautics) were selected based on
their previous experience in the application of the EcoM2 frame-
work. All experts involved in this evaluation procedure were
familiar with the EcoM2 and its application method. Six experts
from three companies (herein referred as Company A, Company B
and Company C) participated in the workshop-based evaluation
sessions. Three workshops were individually performed with each
one of three companies at their own headquarters.

Company A is amultinational manufacturer of cosmetics, beauty
products and personal hygiene items. It is widely recognized in the
market as an eco-friendly and sustainable company, which strives
for implementing and promoting sustainability-oriented practices.
Company B is multinational aerospace manufactured focused on
commercial, military, agricultural and executive aircrafts and
related services. The company is very active in global sustainability-
oriented discussion platforms and groups in the aviation sector,
being one of the leaders championing the transition from a reactive
stance to a more design-oriented and proactive embedding of
sustainability intro products and services. Company C is multina-
tional manufacturer of compressors for air conditioning and
refrigeration products. The company has been steadily allocating
efforts into building a global agenda for ecodesign within the or-
ganization and its value chain. Despite the efforts are still locally
concentrated in few plants and operating sites, the company has
been successful in getting the commitment and attention of high-
level executives in order to derive a plan for streamlining ecode-
sign in their entire product portfolio in the next decade. Table 2
exhibits a summary of the roles of the experts.

The main rationale for emphasizing the experts’ familiarity with
the EcoM2 relates to the fact that knowledge and experience with
core components and the application method of the EcoM2 allow
them to better judge the usefulness and applicability of the busi-
ness case in their own businesses, under the auspices of the EcoM2.
Furthermore, experts who are already familiar with the framework
Table 2
Summary of the roles of the industry experts involved in the evaluation of the business

Company Industry Roles of the experts

A Cosmetics, beauty products and personal hygiene
items

� Innovation Analys
and environmenta

B Aerospace (commercial, military, agricultural and
executive aircrafts and related services)

� Head of Design for
from a technical an

� Product Developm
product developme

C Compressors for air conditioning and refrigeration
products

� Marketing Directo
ecodesign impleme

� Project Managem
product developme

� Lean Manufacturi
management, cont
tend to be better equipped with real and consistent information of
how the application of the EcoM2 took place at their companies.
However, it does not mean that the proposed approach is only
suitable for companies that have tried or applied the EcoM2
framework before. Since this is an initial evaluation of the frame-
work, companies with background knowledge of EcoM2 applica-
tion would potentially provide thorough evaluations over the
constrained time frame of this research project.

The workshops were performed at the companies and started
with the experts being presented with an introduction to the
project, the fundamentals of a business case, a short description of
the EcoM2, an introduction to the eleven thematic clusters of
practice and the business performance outcomes (i.e. business
benefits) used in the business case and, finally, instructions on how
to use the business case simulator. Then, experts were presented to
the online version of the business case simulator, which was
reached via an URL link and can be fully accessed via http://www.
ecodesign.dtu.dk/process-performance. After potential questions
on how to use the tool were cleared, experts were invited to use the
simulator and manipulate it as they wished. Afterwards, experts
could choose whether they would use the results of their real
diagnosis or not.When the current capabilities for the clusters were
inputted into the simulator, a visioning exercise was facilitated in
order to derive potential visions of desired capability levels for each
one of the 11 clusters. The visioning exercise was supported by the
experts' own knowledge about the company's strategy regarding
ecodesign and other sustainability-related topics. With this, a
definition of the desired capability level for each one of the clusters
was reached.

Experts could then experiment with the business case simulator
by asking themselves “what-if” questions and changing the as-
sumptions regarding both the current and the desired capability
levels. Then, the experts started to design different future scenarios
and check the implications displayed by the simulator. Finally, an
online evaluation questionnaire e based on the questionnaire
developed by (Issa et al., 2015; Pigosso, 2012)ewas presented to the
experts. The questionnaire evaluated each one of the nine di-
mensions of the business case simulator based on one multiple-
choice questions and one open question, totaling 18 questions
(nine multiple-choice questions and nine open-ended questions).
The dimensions were: 1) utility (i.e. “selling” ecodesign internally);
2) consistency (i.e. the results generated by the tool are consistent
across different ranges of inputs and assumptions); 3) completeness
(i.e. the extent to which important aspects of ecodesign are covered
by the simulator); 4) applicability (i.e. the extent to which the
simulator is readily applicable for deriving business cases within the
context of the company);5) simplicity (i.e. howeasywas it to operate
the simulator itself); 6) clarity (i.e. how easy was to understand how
use it); 7) objectivity (i.e. the simulator represents reality without
case simulator.

t and Researcher, with 6 years of practical and academic experience in ecodesign
l management
Environment, with more than 20 years of practical experience in ecodesign, both
d managerial perspectives;
entManager, with over 8 years of practical and academic experience in integrated
nt, product stewardship and circular economy;
r, with over 20 years of experience in marketing, innovation management and
ntation;
ent Officer, with more than 12 years of practical and academic experience in
nt and ecodesign implementation;
ng Manager, with over 10 years of experience in quality and environmental
inuous improvement and ecodesign management.

http://www.ecodesign.dtu.dk/process-performance
http://www.ecodesign.dtu.dk/process-performance
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anymajor biases),8)data required (i.e. current anddesired capability
levels for the clusters) and 9) the clusters of practice (i.e. in terms of
how they were defined). The scale for the multiple-choice questions
was composed of the following levels: “very satisfactory”, “satisfac-
tory”, “need improvement” and “unsatisfactory”. An open field for
comments, suggestions and/or questions was available for each one
of the questions, howevera responsewasnotmandatory. Finally, one
final open-ended question invited participants to write about their
general comments and impressions of the business case simulator.
The full questionnaire can be accessed via the link https://goo.gl/
forms/689yTKQcaXQvzbI73.
3. Results and discussion

3.1. Results and discussion from phase 1: systematic literature
review on capability modelling within a process-oriented context

The performance of the systematic literature review resulted in
three independent searches, based on the three topics: organiza-
tion capability, product development processes and project man-
agement. In total, 492 papers were evaluated according to the
inclusion criteria, specified under Section 2.1. Table 3 displays the
summary of the results from the systematic literature review on
System Dynamics related approaches in the three different fields.

Although the search in the fields of organizational capabilitywas
expected to provide the largest number of selected papers - due to
its relevance to the core topic of themodelling efforts - it turned out
to be the second lowest yield in relation to the total number of
papers (2,02%), just after the field of project management, which had
no papers selected (0%). One of the main reasons for such a low
yield for organizational capability has to do with the fact that the
majority of dismissed papers were related to qualitative discussions
around the topic of organizational capability, supported by a “sys-
tems thinking” lens, therefore neither providing a suggestion of
System Dynamics structure nor a modelling strategy. Besides, as
capability itself has become a very broad a widely used term,
several papers were dismissed because they were treating capa-
bility with a completely different definition or from an unusual
point of view. However, the selected papers from the searches in
this field proved to be among the most relevant ones in terms of
providing substantial contributions towards building a System
Dynamics model for capability development, because they were
explicitly modelling organizational capability and defining the
model parameters and boundaries around this core concept.

As for the searches in the fields of product development pro-
cesses, the majority of the papers developed models or analysis at a
lower level of aggregation (e.g. design tasks, time allocation, team
structure etc.). Several studies in this field focus on product
launches and market conditions of newly launched products, with
many papers emphasizing the marketing lifecycle of products and
how to plan accordingly. The large amount of studies focusing on
this issues might be connected with a traditional application of
System Dynamics models based on the classic Bass Diffusion Model
(Bass, 1969; Cui et al., 2011), which explains the dynamics of
Table 3
Number of papers analyzed in the systematic literature review per field.

SLR Evaluation
Steps

Organizational Capability

Total number of papers 346
Abstract and keywords 231
Schematic figures, introduction and conclusion 188
Selected papers
(% of total number of papers)

7 (2,02%)
innovation diffusion using a rigorous mathematical formulation
with a view to managing product launches and its lifetime in the
market. The early adaptations and modelling efforts for the Bass
Diffusion Model might have triggered a widespread consolidation
of models looking into the product development phenomenon
from the standpoint of marketing and market lifecycle. Further-
more, most of the System Dynamics applications in product
development were not explicitly modelling the concept of capa-
bility. Bearing a lot of overlaps and similarities with the literature
from the product development field, the search in the field of
project management has not provided any relevant paper, based on
the set of criteria defined under Section 2.1.

Similarly, the proposed models in this literature stream were
more granular (e.g. tasks, backlog, costs, resource allocation etc.)
and were not treating the concept of capability explicitly in the
models. Nevertheless, the literature on project management was
particularly helpful to understand how to structure project-specific
models, whose main objective is to solve particular management
challenges relative to the project's scope, quality, time or cost e an
aspect that could be further embedded in a business case frame-
work. In a broader sense, this particular field has not informed our
modelling efforts towards building a generic approach for capa-
bility development in ecodesign. Therefore, it is possible to assert
that relevant literature on System Dynamics applications to the
modelling of capability in organizations is scarce and highly
concentrated on few researchers and research groups, particularly
at the System Dynamics Group in the Sloan School of Management
at the Massachusetts Institute of Technology (Rahmandad, 2015,
2012; Rahmandad et al., 2016; Rahmandad and Repenning, 2016;
Repenning, 2003, 2001). Table 4 provides a summary and over-
view of selected papers (7 from the OC literature; 3 from the PDP
literature) that were utilized as theoretical basis for the modelling
efforts described later in this paper.
3.2. Results and discussion from phase 2: conceptualization of the
system dynamics model

3.2.1. Ecodesign capability as a stock-and-flow structure
In the proposed business case framework, the clusters of eco-

design management practices are treated and modelled as having
their own capability level, which is calculated as the mode of the
cluster's individual practices. In the field of strategy, the resource-
based view of the firm builds upon the concept that organiza-
tions are “bundles” of capabilities and resources (Rahmandad,
2015). The resources can be composed of tangible assets (e.g. hu-
man resources, machinery, capital etc.) or intangible assets (e.g.
intellectual property, reputation etc.), while capabilities can be
understood as organizational routines through which organiza-
tions perform several tasks in order to produce products and ser-
vices (Rahmandad, 2015; Winter 2000). Capabilities, in turn, can be
distinguished between operational and dynamic capabilities
(Winter 2003). While operational capabilities allow the firm to
perform short-term activities (e.g. production, sales, customer care
etc.) and survive, the dynamic capabilities are connected to higher-
Product Development Processes Project
Management

Total per step

66 80 492
45 38 334
37 10 255
3 (4,54%) 0 (0%) 10 (2,03%)

https://goo.gl/forms/689yTKQcaXQvzbI73
https://goo.gl/forms/689yTKQcaXQvzbI73


Table 4
- Summary of the main contributions of selected papers from the SLR.

Field/Search Reference Type of
contribution

Main contribution to the modelling effort

Specific Generic

Organizational Capability Rahmandad et al. (2016) X Stock and flow formulation of organizational capability
Rahmandad and Repenning
(2016)

X Theoretical considerations on capability erosion

Rahmandad (2015) X X Discussion on capability definitions (general) and typology, and stock and flow formulation
(specific)

Morrison (2012) X Further development on the concept of capability traps
Rahmandad (2012) X Stock and flow formulation of organizational capability
Repenning and Sterman (2002) X

Conceptualization and formulation of the capability trapsRepenning and Sterman (2001) X
Product Development

Processes
Repenning (2003) X Application of System Dynamics to a socio-technical context
Repenning (2001) X Concept of “firefighting” in product development
Ford and Sterman (1998) X Overview of dynamic modelling applied to PD processes
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order routines that firms use to extend their competences and
change other capabilities (Felin and Powell, 2016; Pisano, 2017;
Rahmandad, 2015; Teece, 2007; Teece et al., 1997). In the EcoM2,
the capability levels are defined as a measure of how systematic a
company applied an particular ecodesign management practice
(Chrissis et al., 2011; Pigosso et al., 2013).

Aligned with the formulations in the literature (Rahmandad,
2012; Rahmandad et al., 2016), ecodesign capability is then
conceptualized as a stock variable, which changes according to two
main mechanisms (represented as flows): capability growth and
capability erosion. Since capabilities cannot be directly acquired
(Dierickx et al., 1989), managers can only influence its rate of
change over time, as opposed to influencing its stock level directly.
Fig. 4 displays the generic structure of a stock and flow diagram to
represent the capability of ecodesign management practices
(Rodrigues et al., 2017b).

The capability stocks are initialized with the cluster's current
capability (CC), which is the result of diagnosis step in the EcoM2.
The goal of managers is to then reach the cluster's desired capability
(DC), which comes from the visioning step of the EcoM2. The
capability investment rate is then based on a “stock management
structure” formulation (Sterman, 2000), which has an inflow
(capability investment) adjusting to a goal (desired capability) and
also taking into consideration the expected outflow (capability
erosion - CE). Therefore, the capability, C, is constantly changing as a
function of the processes of capability investment, CI, and capability
erosion, CE, and is given by:

dC
dt

¼CI � CE (1)
Fig. 4. Generic stock and flow structure for cluster's capability.
CI¼ SMTHðCE;Averaging TimeÞ þ ðDC� CÞ
CAT

(2)

Equation (1) describes the variation of the capability stock over
time. Equation (2) gives the formulation for the inflow. Since the
instantaneous rate cannot be measured, the expected outflow (CE)
is usually formulated by averaging the past outflows (exponential
smoothing) (Sterman, 2000), together with the gap between
capability level and the desired capability being adjusted in terms
of the capability adjustment time (CAT). This exogenous adjustment
time (parameter) can be understood as the average time required to
close the gap (Sterman, 2000). In other words, it can be seen, from
an implementation point of view, as the time for improvements in
ecodesign capability to be perceived and materialized by the
company - representing the time needed to adjust for the desired
capability level for a particular practice. This parameter could be set
by the manager in order to reflect the particular context of a
company, but as a default in the business case simulator, the
capability adjustment time was set at 24 months, representing the
average time taken between two implementation cycles of the
EcoM2.

Additionally, the erosion mechanisms are grounded in the
concept of “organizational forgetting”, with turnover and insuffi-
cient organizational memory as the main elements driving the
erosion of capability (Rahmandad and Repenning, 2016). The
capability erosion flow is based on a graphic function (also known
as table function), in which the erosion decreases when the capa-
bility increases, as a result of the increased level of systematization,
documentation and routineness reached at higher capability levels
(Pigosso et al., 2013), therefore CE ¼ f ðCÞ. The highest erosion rate
is reached between capability levels 1 and 2, and then decreases as
the capability level increases from level 2 onwards. This function
shape is preferred over a hump-shaped curve (i.e. with capability
erosion increasing for capability levels from 1 to 2 and then
decreasing afterwards), because a hump-shaped curve is ambig-
uous in terms of the influence of capability on capability erosion, as
it indicates the presence of multiple causal pathways between the
capability level and rate of capability erosion (Sterman, 2000).

3.2.2. Linking capability to corporate performance
Corporate performance is formulated as a Cobb-Douglas func-

tion of the capability, in line with the literature on organizational
capability (Rahmandad, 2012; Rahmandad et al., 2016; Repenning
and Henderson, 2010; Sterman, 2000). This is a very well-known
production function formulation in the fields of economics and
econometrics, which maps out the relationships between a set of
inputs and a specific output (see, for instance (Cobb and Gouglas,
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1928),). In its most standard form, the Cobb-Douglas function
represents an output Y (e.g. production) as a function of two inputs
L and K (e.g. labor and capital):

Y ¼ ALaKb (3)

In Equation (3), a and b are the output elasticities relative to each
one of the inputs, L and K, respectively, and A is a productivity
factor. This means that a 1% increase in L will lead to an approxi-
mately a% increase in the output, if everything else is held equal.
Similarly, a 1% increase in K will lead to an approximately b% in-
crease, ceteris paribus. If , then the function displays constant
returns to scale. If , returns to scale are decreasing and, if , returns to
scale are increasing. More generally, the Cobb-Douglas function can
be written as follows for N inputs:

Y ¼ f ðxÞ ¼ A
YN

i¼1

xlii ; x ¼ ðx1;…; xNÞ (4)

Instantiating the Cobb-Douglas function for an example in our
formulation for the development of ecodesign capabilities, with
only two cluster capabilities, say C1 and C2; contributing to the
company's performance (e.g. revenue, R), it would take the form:

R ¼ ACa
1C

b
2 ; with a>0 and b>0 (5)

Since ecodesign capabilities are typically expected to exhibit
increasing returns to scale - i.e. the higher the capability level, the
higher its contribution to performance, as reported by literature
(Pigosso et al., 2013) - parameters a and b can be normally defined
such as aþ b>1. For instance, setting , hypothetically, we assume
that for each 1% increment in the capability 1 (C1), revenue will be
incremented by 0.8%, whereas a 1% increase in the capability 2 (C2),
revenue will increase by 0.6%.

A generic System Dynamics representation of such model is
presented on Fig. 5. The model represents a generic set of two
ecodesign practices linked - through the Cobb-Douglas function - to
a corporate performance indicator, namely revenue. Each one of the
cluster's capabilities (and) can have its own parameters, such as the
capability adjustment time and the capability erosion curve.
Moreover, each one of the capabilities has its own current level
(resulting from the EcoM2 diagnosis), which is the initialization of
the stock of capability, and the desired level (resulting from the
visioning exercise of the EcoM2).
Fig. 5. Simplified and generic System Dynamics model for a business case w
3.3. Results and discussion from phase 3: systematic literature
review on the relationships between clusters and business
performance outcomes

The systematic literature review resulted in a total number of
833 papers: 456 were unique results retrieved from Scopus, 252
were unique results retrieved fromWeb of Science, and 125 papers
were indexed in both databases. With the application of the in-
clusion criteria, 498 papers had their abstracts and keywords
analyzed (59,7%), 125 papers were analyzed in terms of their
schematic figures, introduction and conclusion (15,0%), whereas 85
papers were fully read and selected to be part of the repository.
Then, each one of the selected papers were rigorously analyzed
based on the type and consistency of the evidence provided in
order to support the relationships between a specific cluster and a
business performance outcome, using the value provided in the
Research Methodology section. Although all 85 papers were indi-
vidually evaluated for evidence - with an individual value assigned
for each paper - the mode was calculated to represent the final
value for cluster-outcome relationship, as a way to capture the in-
tensity of that particular relationship, instead of just counting the
number of papers displaying evidence on the relationship. Table 5
displays the final value (mode) for each pair cluster-outcome. The
total is taken as a sum, instead of the mode, with the objective of
understanding which clusters are the most influential and which
outcomes are the most influenced by the clusters of practice. The
sum provides a more detailed account of the “intensity” of such
relationships.

It is important to highlight that no evidence was found
regarding potential relationships between liquidity and the clusters
of practice. This does not necessarily mean that it is a weak rela-
tionship, but rather that this particular relationships has not been
explored in the sources surveyed in this systematic literature re-
view. Therefore, only 9 outcomes are represented in Table 3. Of the
99 possible relationships (11 clusters x 9 outcomes), 30 of them
were valued as 1, while 21 were assigned with value 2, 14 with
value 3 and, finally, 34 relationships had no value assigned due to
the lack of evidence from the literature. Themost influential cluster,
measured by the sum of the modes of its relationships, is cluster 6 -
strategic management of ecodesign implementation (16 points), fol-
lowed by cluster 4 - marketing and communication for ecodesign (14
points) and finally cluster 5 - end-of-life strategies, packaging and
operations, cluster 8 - product development management and cluster
9 e value chain management (all three with 12 points). Cluster 6 is
formed by a series of practices with very high-level aims, which are
potentially deployed to several areas and functional areas of the
company and its value chain. Therefore, it was expected that this
ith two generic practices and one performance outcome (e.g. revenue).



Table 5
Final value for the relationship of each pair cluster-outcome (mode).

Clusters Business Performance Outcomes (BPO)

Profit Market
Value

Employee
Welfare

Revenue Expenses Emissions Operational
Effectiveness

Resource
Efficiency

Customer
Satisfaction

TOTAL

1. Environmentally-enhanced technological strategy 1 2 e 2 1 e e 3 e 9
2.Development of support processes, training and knowledge

for ecodesign
e e 2 3 1 e 2 e 1 9

3.Incentives and awareness for ecodesign 1 1 1 2 1 1 1 e 2 10
4.Marketing and communication for ecodesign 3 2 e 3 3 e 1 e 2 14
5.End-of-life strategies, packaging and operations 1 2 e e 2 2 2 1 2 12
6.Strategic management of ecodesign implementation 1 3 e 3 1 e 3 3 2 16
7.Portfolio management and environmental trends e 3 e e 3 e 2 e e 8
8.Product development management 1 1 e 2 1 2 1 1 3 12
9.Value chain management 1 1 e 2 2 e 2 1 3 12
10.Regulatory compliance 1 1 e e 1 3 1 1 e 8
11.Program management and ecodesign benchmarking e e e 2 e e e 1 1 4
TOTAL 10 16 3 19 16 8 15 11 16 114
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cluster would be among the most influential, mainly due to its high
potential impact. The next most influential one, cluster 4, touched
the topic of marketing and external communication, for which a
relatively high number of studies backed by evidence exist.

In particular, marketing and communication activities can exert
a large influence in the financial outcomes, such as profit and
revenue, since it can be used a mechanism for promoting a com-
pany's products, services, systems or even practices. Cluster 8
bundles the practices that are directly related to the management
of the product development (e.g. stage-gate management, perfor-
mance measurement etc.) and are therefore relatively overarching
and influential. Lastly, cluster 5 and 9 are related to practices
overseeing the relationships with the supply chain and its opera-
tions. These kind of practices tend to be influential as they might
create value through multiple channels and points across the value
chain.

From an outcome perspective, the most influent ones are: rev-
enue (19 points), market value, expenses and customer satisfaction,
all three with 16 points. Employee welfare was the least influenced
outcome due to the lack of studies reporting evidence on this
relationship. On the other hand, the overwhelming majority of the
studies report on financial outcomes, as opposed to environmental
or social-oriented ones (e.g. emissions or employee welfare).
However, several efforts are being directed to integrated reporting
(The International Integrated Reporting Council (IIRC), 2013) which,
simply put, is geared towards reporting on both financial and non-
financial measures in an integratedway. The full database of studies
underpinning each one of the relationships is available at http://
www.ecodesign.dtu.dk/process-performance.
3.4. Results and discussion from phase 4: development of the
business case simulator for ecodesign

The expansion of the System Dynamics model structure pre-
sented in this paper to cover other clusters of practice can, there-
fore, lead to the development of structured and more rigorously
grounded business cases for ecodesign implementation. With a
comprehensive simulation model covering all clusters of practices
in the EcoM2, managers are able to experiment on the business
case simulator to test different scenarios and ecodesign imple-
mentation paths. This means that decision-makers will be able to
evaluate how different speeds and strategies of implementation
(e.g. which clusters to focus and how fast to implement them) could
potentially lead to changes in their company's most relevant busi-
ness performance outcomes.

In the System Dynamics model behind the business case
simulator, the relationships between the clusters and the outcomes
were modelled as a Cobb-Douglas function, as previously
explained. The coefficients of the function were parametrized ac-
cording to themode calculated for each one of the relationships. For
instance, if a relationship between a cluster and an outcome had
value 1, the coefficient of such relationship would be 0.1 in the
Cobb-Douglas function. Similarly, if the relationship was labelled as
2, the coefficient would become 0.2, whereas a value 3 would
amount to a coefficient value of 0.3. Furthermore, the range of
possible values for the business performance outcomes were
defined according to generic figures reported by business case re-
ports and studies from the systematic literature review, when in-
formation was available (see for example (CDP, 2014; Eccles et al.,
2014; Grayson and Howard, 2011; Haned et al., 2015; Harter
et al., 2009; IRRC Institute, 2015; Khan et al., 2016; Moorhead and
Nixon, 2016; National Environmental Education Foundation,
2010; Palmer and Laura Mooney, 2011; Plouffe et al., 2011; Pure
Strategies, 2014; Reputation Dividend, 2018; 2017a; 2017b; Rochlin
et al., 2015; The Economist, 2008; Willard, 2005)).

The simulation's user interface (Bayer et al., 2014) was built as a
flow of preparatory information, with a short introduction to the
project, the main objectives, overall structure of the business case
simulator and an introduction to the 11 clusters of ecodesign
management practice and the 9 business performance outcomes.
Finally, a set of instructions is provided to users, leading to the
simulator page itself. The interface is rather simple and emphasizes
the sliders for the current and desired capability levels for each one
of the clusters. At the bottom of the interface page, three graphs
display the behavior over time of selected outcomes. A drop-down
menu enables the user to select which three graphs to simulta-
neously see. Fig. 6 shows the business case simulator interface, with
hypothetical examples of current and desired capability levels,
along with the graphs for profitability, emissions and customer
satisfaction. The default simulation running time for the business
case simulator was defined at 4 years (48 months), as this is the
average time within which companies are able to realize and
measure consistently the potential business benefits of ecodesign
(Pigosso et al., 2013). The full-fledged business case simulator is
open and can be fully accessed via http://www.ecodesign.dtu.dk/
process-performance.
3.5. Results and discussion from phase 5: evaluation of the business
case simulator by industry experts

All six experts reported that they were familiar with the EcoM2
before being introduced to the business case simulator. Experts

http://www.ecodesign.dtu.dk/process-performance
http://www.ecodesign.dtu.dk/process-performance
http://www.ecodesign.dtu.dk/process-performance
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Fig. 6. Interface of the business case simulator for ecodesign, displaying three outcomes: profitability, emissions and customer satisfaction.
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then evaluated each one of the 9 dimensions (utility, consistency,
completeness, applicability, simplicity, clarity, objectivity, data and
the clusters of practice) in terms of a qualitative scale with answers
“very satisfactory”, “satisfactory”, “needs improvement” and “un-
satisfactory”. Besides answering against the scale, each one of the
dimensions had a slot for open-ended response, so they could
elaborate further and provide more detailed feedback. Fig. 7 shows
the consolidated summary of the scale-based answers for each one
of the dimensions evaluated by the experts. Clarity was the only
dimension that was fully deemed as “very satisfactory”. In partic-
ular, experts emphasized that the tool was assertive and once the
main concepts - such as capability levels, practices and clusters -
were clear, the business case simulator was easy to understand and
manipulate.

For the dimensions of simplicity and clusters, experts evaluated
that the tool still needs improvement. In particular, it might be
difficult to keep all the meanings of the capability levels in mind
while manipulating the simulator e a more intuitive approach to
keep the concepts fresh for users would be desirable. As for the
definition of the clusters, experts emphasized that the number of
clusters might be a problem. Thinking in terms of high-level stra-
tegic decision-making, some topics could still be even more
aggregated when displaying the business case, and further dis-
aggregated back into more granular topics when implementation
Fig. 7. Consolidated summary of scale-based answers from the evaluation question-
naire (n¼ 6).
takes places and more specialized focus areas are required. The
remaining six dimensions were evaluated as being a combination
of “satisfactory” and “very satisfactory”. No dimension was evalu-
ated as “unsatisfactory”. Furthermore, there were no relevant dif-
ferences in responses patterns across the different companies that
participated in the evaluation procedure.

Regarding the strengths of the business case simulator, experts
considered the language used in the tool to be aligned with the one
used by top executives at their companies. This means that strategic
decision-makers would potentially connect well with the tool and
the business performance outcomes. Furthermore, experts re-
ported that the business cases for ecodesign have been a persistent
gap within the managerial aspects of decision-making in strong
finance-oriented cultures, and therefore the simulator can play an
important role in changing the direction of the discussion and
bringing more subsidies to potentially advancing the topics of
ecodesign internally. The dynamic and prospective aspects of the
simulator were also underscored as an authentic contribution: it
helps to understand the impacts of the decisions, the cause-and-
effect chain as well as the possibility of assessing “what-if” sce-
narios. Experts stressed that the simplicity of the tool, as being only
dependent on the capability levels and few parameters from the
company, makes its acceptance and use potentially easier in orga-
nizational contexts.

As for the weaknesses of the business case simulator, the in-
dustry experts considered that decision-makers would bewilling to
understand more about the underlying System Dynamics model. In
particular, they highlighted that this might be complicated due to
the technicalities of the method and the limited amount of time
usually available for this kind of interaction. However, it is impor-
tant not to create a “black box” effect, which would eventually
decrease trust and confidence in the simulator. This is a particularly
important aspect of System Dynamics modelling, as highlighted in
the literature (Lane, 2015; Schwaninger and Groesser, 2008;
Sterman, 1994). Connected to this, experts discussed the potential
concerns raised regarding the accuracy of the numbers. Even
though this study on the business case for ecodesign was geared
towards making the rationale behind capability improvement
explicit and emphasizing the patterns of behavior instead of
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accurate numbers, experts considered accuracy to be one of the
main opportunities for improvement in later versions of the
simulator. Another area of concern is related to the EcoM2
knowledge: experts considered that not knowing the EcoM2 or
being a new-comer to the frameworkwould impose higher barriers
to learning how the business case works and how the imple-
mentation would unfold, together with the realization of the ben-
efits. Experts mentioned that in order to be of value, the business
case must build on top of a well performed diagnosis and a struc-
tured corporate strategy, otherwise it might take too long to define
the next steps in terms of ecodesign implementation and under-
stand how it support the corporate vision. Finally, experts raised
the possibility of having the business case as a sector-specific tool
that would cover specific facts and figures of individual sectors,
instead of a generalized business case simulator.

4. Final remarks

This study originated a business case simulator for ecodesign. It
was driven by the questions of understanding how the develop-
ment of ecodesign capabilities ewithin an EcoM2 context ewould
potentially affect corporate performance over time. The System
Dynamics methodology was applied to build a simulation-based
business case framework, informed by theory-driven data. Instan-
tiated in an online interface, the business case simulator was then
evaluated by six industry experts from three different sectors. It is
important to highlight that the development of the business case
simulator was not geared towards having highly precise numbers
and figures behind all the relationships and business performance
outcomes, but rather to display and make the rationale behind
capability improvement explicit. The behavior of the outcomes over
time e and their patterns e were emphasized over numerical ac-
curacy. The more the business case simulator is tested and adopted
across different organizational structures and sectors, the more
data and information about the real a posteriori effects of ecodesign
practices on business performance outcomes could be available to
inform the development of improved, more accurate versions of the
simulator. It might also be the condition necessary towards
deploying the simulator to different industrial sectors. For example,
empirical data would be available to better define the output
elasticities of the model's Cobb-Douglas function for different
companies and/or industry sectors.

This research contributes to the literature of ecodesign by: (a)
providing an overview of evidences of the potential effects of
certain topics within the ecodesign management practices on
relevant business performance outcomes (please refer to the full
database of studies underpinning each one of the relationships is
available at http://www.ecodesign.dtu.dk/process-performance);
(b) structuring a System Dynamics oriented approach for modelling
the capabilities of ecodesign management practices and their po-
tential behavior over time, in an implementation setting e this
could also be applied in different contexts, beyond ecodesign; (c)
supplying practitioners with a practical tool geared toward devel-
oping a business case for ecodesign. Still, the limitations of this
research are to be acknowledged: (i) the choice of keyword groups
entered into the databases might have limited the comprehen-
siveness of the literature reviews; (ii) the lack of empirical evi-
dence/validation for both the parameters and the analytic
formulations can constrain the applicability of the models; (iii) the
limited number of companies and experts consulted for the eval-
uation does not allow generalization of the results; (iv) only com-
panies with previous knowledge on the EcoM2 were part of the
evaluation.

Therefore, future research streams should ideally focus on: (a)
expanding the coverage of the systematic literature review to
prospect new relationships and parameters; (b) designing and
performing empirical studies for the development of more robust
parameters and analytic expressions, coupled with a strategy of
applying and testing the business case simulator across different
sectors; (c) capitalizing on the dissemination of the EcoM2 across
manufacturing companies in order to have qualified experts to
judge the applicability and usefulness of the business case simu-
lator and (d) setting up evaluation and testing procedures with
companies that have not applied the EcoM2 yet.

The results highlighted that the System Dynamics methodology
is an adequate tool for modelling organization capability in the
product development space. Despite the scarcity and concentration
of the studies applying System Dynamics to organizational capa-
bility, an initial foundation could be built in order to instantiate
specialized knowledge in ecodesign implementation. It is impor-
tant to emphasize that this research is part of a broader effort to-
wards building a solid understanding of how ecodesign
performance can be captured, measured and thus translated into
useful business cases that support decision-making in product
development. Other simulation methods, such as agent-based
modelling or fuzzy logic, can also be coupled with the System Dy-
namics oriented approach with a view to deriving solid results.
Furthermore, other aspects of decision-making regarding ecode-
sign implementation could be explored, such as the behavioral
dimension (individuals and teams) and the organizational dimen-
sion (structure and governance).

Acknowledgments

We extend our gratitude to CNPq (National Council for Scientific
and Technological Development) in Brazil for their financial and
institutional support (Grant Number 200869/2014e0) and both to
the Technical University of Denmark and Insper for their institu-
tional support. We also appreciate the extremely helpful and
constructive feedback we received from all the anonymous
reviewers.

References

Winter, S.G., 2000. The satisficing principle in capability learning. Strat. Manag. J. 21,
981e996. https://doi.org/10.1002/1097-0266(200010/11)21:10/11. <981::AID-
SMJ125>3.0.CO;2-4.

Adriaanse, L.S., Rensleigh, C., 2013. Web of science, Scopus and google scholar: a
content comprehensiveness comparison. Electron. Libr. 31, 727e744. https://
doi.org/10.1108/EL-12-2011-0174.

Bashor, H.W., 2003. Content analysis of short, structured texts: the need for
multifaceted strategies. In: Lagerwerf, L., Spooren, W., Degand, L. (Eds.),
Determination of Information and Tenor in Texts: Multidisciplinary Approach to
Discourse. Stichting Neerlandistiek VU, Amsterdam, p. 322.

Bass, F.M., 1969. A new product growth for model consumer durables. Manag. Sci.
15, 215e227. https://doi.org/10.1287/mnsc.1040.0264.

Bayer, S., Bolt, T., Brailsford, S., Kapsali, M., 2014. Models as interfaces. Discret. Simul.
Syst. Dyn. Manag. Decis. Mak. 125e139. https://doi.org/10.1002/
9781118762745.ch07.

Biolchini, J., Mian, P.G., Candida, A., Natali, C., 2005. Systematic Review in Software
Engineering. Rio de Janeiro. https://doi.org/10.1007/978-3-540-70621-2.

Boks, C., 2006. The soft side of ecodesign. J. Clean. Prod. 14, 1346e1356. https://
doi.org/10.1016/j.jclepro.2005.11.015.

Braun, V., Clarke, V., 2006. Using thematic analysis in psychology Using thematic
analysis in psychology. Qual. Res. Psychol. 3, 77e101. https://doi.org/10.1191/
1478088706qp063oa.

Carroll, A.B., Shabana, K.M., 2010. The business case for corporate social re-
sponsibility: a review of concepts, research and practice. Int. J. Manag. Rev. 12,
85e105. https://doi.org/10.1111/j.1468-2370.2009.00275.x.

CDP, 2014. Climate Action and Profitability: CDP S&P 500 Climate Change Report
2014 64.

Chrissis, M.B., Konrad, M., Shrum, S., 2011. CMMI (Capability Maturity Model Inte-
gration): Guidelines for Process Integration and Product Improvement. Addi-
son-Wesley Professional, Boston.

Cobb, C.W., Gouglas, P.H., 1928. A theory of production. Am. Econ. Rev. 18, 139e165.
https://doi.org/10.1515/humr.1998.11.2.161.

Costa, J.M.H., Oehmen, J., Rebentisch, E., Nightingale, D., 2014. Toward a better
comprehension of Lean metrics for research and product development

http://www.ecodesign.dtu.dk/process-performance
https://doi.org/10.1002/1097-0266(200010/11)21:10/11
https://doi.org/10.1108/EL-12-2011-0174
https://doi.org/10.1108/EL-12-2011-0174
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref3
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref3
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref3
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref3
https://doi.org/10.1287/mnsc.1040.0264
https://doi.org/10.1002/9781118762745.ch07
https://doi.org/10.1002/9781118762745.ch07
https://doi.org/10.1007/978-3-540-70621-2
https://doi.org/10.1016/j.jclepro.2005.11.015
https://doi.org/10.1016/j.jclepro.2005.11.015
https://doi.org/10.1191/1478088706qp063oa
https://doi.org/10.1191/1478088706qp063oa
https://doi.org/10.1111/j.1468-2370.2009.00275.x
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref10
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref10
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref10
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref11
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref11
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref11
https://doi.org/10.1515/humr.1998.11.2.161


V.P. Rodrigues et al. / Journal of Cleaner Production 234 (2019) 1045e1058 1057
management. R D Manag. https://doi.org/10.1111/radm.12074.
Cui, A.S., Zhao, M., Ravichandran, T., 2011. Market uncertainty and dynamic new

product launch Strategies : a system dynamics model. IEEE Trans. Eng. Manag.
58, 530e550.

Dangelico, R.M., Garavelli, A.C., Petruzzelli, A.M., 2010. A system dynamics model to
analyze technology districts' evolution in a knowledge-based perspective.
Technovation 30, 142e153. https://doi.org/10.1016/j.technovation.2009.09.006.

de Salles, D.C., Neto, A.C.G., Marujo, L.G., 2016. Using fuzzy logic to implement
decision policies in system dynamics models. Expert Syst. Appl. 55, 172e183.
https://doi.org/10.1016/j.eswa.2016.01.048.

Dekoninck, E.A., Domingo, L., Hare, J.A.O., Pigosso, D.C.A., Reyes, T., Troussier, N.,
2016. Defining the challenges for ecodesign implementation in companies:
development and consolidation of a framework. J. Clean. Prod. 135, 410e425.
https://doi.org/10.1016/j.jclepro.2016.06.045.

Dierickx, I., Cool, K., Constance, B. De, 1989. Asset stock accumulation and sus-
tainability of competitive advantage. Manag. Sci. 35, 1504e1511. https://doi.org/
10.1287/mnsc.35.12.1504.

Eccles, R.G., Ioannou, I., Serafeim, G., 2014. The Impact of Corporate Sustainability on
Organizational Processes and Performance, NBER Work. Pap. https://doi.org/
10.1017/CBO9781107415324.004.

Eisenhardt, K.M., Graebner, M.E., 2007. Theory building from cases: opportunities
and challenges. Acad. Manag. J. 50, 25e32. https://doi.org/10.1002/job.

Felin, T., Powell, T.C., 2016. Designing organizations for dynamic capabilities. Calif.
Manag. Rev. 58, 78e96. https://doi.org/10.1525/cmr.2016.58.4.78.

Ford, D.N., Sterman, J.D., 1998. Dynamic modeling of product development pro-
cesses. Syst. Dynam. Rev. 14, 31e68.

Forrester, J.W., 1961. Industrial dynamics. Harv. Bus. Rev.
Forrester, J.W., 1971. Counterintuitive behavior of social systems. Technol. Forecast.

Soc. Change 3, 1e22. https://doi.org/10.1016/S0040-1625(71)80001-X.
Gavel, Y., Iselid, L., 2008. Web of Science and Scopus: a journal title overlap study.

Online Inf. Rev. 32, 8e21. https://doi.org/10.1108/14684520810865958.
Goldman, K.D., Schmalz, K.J., 2006. Logic models: the picture worth ten thousand

words. Health Promot. Pract. 7, 8e12. https://doi.org/10.1177/
1524839905283230.

Grayson, D., Howard, S., 2011. The Business Case for Being a Responsible Business.
Haned, N., Lanoie, P., Plouffe, S., Vernier, M.-F., 2015. Profitability of Ecodesign: an

Economic Analysis 1e33.
Harter, J.K., Schmidt, F.L., Killham, E.A., Agrawal, S., 2009. Q12 meta-analysis: the

relationship between engagement at work and organizational outcomes. Gallup
36. https://doi.org/10.1161/CIRCULATIONAHA.105.579979.

IRRC Institute, 2015. Driving Revenue Growth through Sustainable Products and
Services. New York.

Issa, I.I., Pigosso, D.C.A., McAloone, T.C., Rozenfeld, H., 2015. Leading product-related
environmental performance indicators: a selection guide and database. J. Clean.
Prod. https://doi.org/10.1016/j.jclepro.2015.06.088.

Kellogg Foundation, W.K., 2004. Logic Model Development Guide. W.K. Kellogg
Foundation, Battle Creek, Michigan.

Khan, M., Serafeim, G., Yoon, A., 2016. Corporate sustainability: first evidence on
materiality. Account. Rev. 91, 1697e1724. https://doi.org/10.2308/accr-51383.

Lane, D.C., 2015. Validity is a matter of confidence-but not just in system dynamics.
Syst. Res. Behav. Sci. 32, 450e458. https://doi.org/10.1002/sres.2337.

Lee, S., Geum, Y., Lee, H., Park, Y., 2012. Dynamic and multidimensional measure-
ment of product-service system (PSS) sustainability: a triple bottom line (TBL)-
based system dynamics approach. J. Clean. Prod. 32, 173e182. https://doi.org/
10.1016/j.jclepro.2012.03.032.

Liao, Y.-W., Wang, Y.-M., Wang, Y.-S., Tu, Y.-M., 2015. Understanding the dynamics
between organizational IT investment strategy and market performance: a
system dynamics approach. Comput. Ind. 71, 46e57. https://doi.org/10.1016/j.
compind.2015.02.006.

Luna-Reyes, L.F., Andersen, D.L., 2003. Collecting and analyzing qualitative data for
system dynamics: methods and models. Syst. Dynam. Rev. 19, 271e296. https://
doi.org/10.1002/sdr.280.

Lyneis, J.M., Ford, D.N., 2007. System dynamics applied to project management: a
survey, assessment, and directions for future research. Syst. Dynam. Rev. 23,
157e189. https://doi.org/10.1002/sdr.377.

McAloone, T., 1998. Industry Experiences of Environmentally Conscious Design
Integration: an Exploratory Study. Cranfield University.

Moorhead, J., Nixon, T., 2016. Global 500 Greenhouse Gases Performance 2010-
2015: 2016 Report on Trends.

Morrison, J.B., 2012. Process improvement dynamics under constrained resources :
managing the work harder versus work smarter balance. Syst. Dynam. Rev. 28,
329e350. https://doi.org/10.1002/sdr.

National Environmental Education Foundation, 2010. The Business Case for Envi-
ronmental and Sustainability Employee Education.

Palmer, N., Laura Mooney, I., 2011. Building a Business Case for BPM e a Fast Path to
Real Results.

Pigosso, D.C.A., 2012. Ecodesign Maturity Model: a Framework to Support Com-
panies in the Selection and Implementation of Ecodesign Practices. Bibl. Digit.
USP. Universidade de S~ao Paulo.

Pigosso, D.C.A., McAloone, T.C., 2016. Maturity-based approach for the development
of environmentally sustainable product/service-systems. CIRP J. Manuf. Sci.
Technol. 15, 33e41. https://doi.org/10.1016/j.cirpj.2016.04.003.

Pigosso, D.C.A., Rozenfeld, H., 2011. Proposal of an ecodesign maturity model:
supporting companies to improve environmental sustainability. In: Glocalized
Solut. Sustain. Manuf. - Proc. 18th CIRP Int. Conf. Life Cycle Eng., pp. 136e141.
https://doi.org/10.1007/978-3-642-19692-8-24.
Pigosso, D., Rozenfeld, H., 2012. Ecodesign maturity model: the ecodesign practices.

In: Matsumoto, M., Umeda, Y., Massui, K., Fukushige, S. (Eds.), Design for
Innovative Value towards a Sustainable Society - Proceedings of EcoDesign
2011: 7th International Symposium on Environmentally Conscious Design and
Inverse Manufacturing. SpringerLink, pp. 424e429.

Pigosso, Rozenfeld, H., McAloone, T.C., 2013. Ecodesign maturity model: a man-
agement framework to support ecodesign implementation into manufacturing
companies. J. Clean. Prod. 59, 160e173. https://doi.org/10.1016/
j.jclepro.2013.06.040.

Pigosso, D.C., McAloone, T.C., Rozenfeld, H., 2015. Characterization of the state-of-
the-art and identification of main trends for ecodesign tools and methods:
classifying three decades of research and implementation. J. Indian Inst. Sci. 95,
405e427.

Pisano, G.P., 2017. Toward a prescriptive theory of dynamic capabilities: connecting
strategic choice, learning, and competition. Ind. Corp. Chang. 26, 747e762.
https://doi.org/10.1093/icc/dtx026.

Plouffe, S., Lanoie, P., Berneman, C., Vernier, M.F., 2011. Economic benefits tied to
ecodesign. J. Clean. Prod. 19, 573e579. https://doi.org/10.1016/
j.jclepro.2010.12.003.

Rabelo, L., Helal, M., Jones, A., Min, H.-S., 2005. Enterprise simulation: a hybrid
system approach. Int. J. Comput. Integr. Manuf. 18, 498e508. https://doi.org/
10.1080/09511920400030138.

Rahmandad, H., 2012. Impact of growth opportunities and competition on firm-
level capability development trade-offs. Organ. Sci. 23, 138e154.

Rahmandad, H., 2015. Connecting strategy and system dynamics: an example and
lessons learned. Syst. Dynam. Rev. 31, 149e172. https://doi.org/10.1002/sdr.

Rahmandad, H., Repenning, N.P., 2016. Capability erosion dynamics. Strat. Manag. J.
37, 649e672. https://doi.org/10.1002/smj.

Rahmandad, H., Henderson, R., Repenning, N.P., 2016. Making the Numbers? “Short
termism” and the puzzle of only occasional disaster. Manag. Sci. 1e21. https://
doi.org/10.1287/mnsc.2016.2670.

Repenning, N.P., 2001. Understanding fire fighting in new product development.
J. Prod. Innov. Manag. https://doi.org/10.1016/S0737-6782(01)00099-6.

Repenning, N.P., 2003. Selling system dynamics to (other) social scientists. Syst.
Dynam. Rev. 19, 303e327. https://doi.org/10.1002/sdr.278.

Repenning, N.P., Henderson, R.M., 2010. Making the numbers? “Short termism” &
the puzzle of only occasional disaster. Work. Pap. Harv. Bus. Sch. Div. Res. 1e36.

Repenning, N.P., Sterman, J.D., 2001. Nobody ever gets credit for fixing problems
that never happened: creating and sustaining process improvement. Calif.
Manag. Rev. 43, 64e88. https://doi.org/10.1109/EMR.2002.1167285.

Repenning, N.P., Sterman, J.D., 2002. Capability traps and self-confirming attribution
errors in the dynamics of process improvement. Adm. Sci. Q. 47, 265e295.

Reputation Dividend, 2017a. The Economic Impact of Corporate Reputation in
Brazil: the 2017 Reputation Value Report.

Reputation Dividend, 2017b. The 2017 US Reputation Dividend Study: A Summary
Report.

Reputation Dividend, 2018. The 2018 UK Reputation Dividend Report.
Rochlin, S., Bliss, R., Jordan, S., Kiser, C.Y., 2015. Project ROI: Defining the Compet-

itive and Financial Advantages of Corporate Responsibility and Sustainability.
Rodrigues, V.P., Morioka, S.N., Pigosso, D.C.A., Carvalho, M.M. de, McAloone, T.C.,

2016a. Exploring the dynamic and complex integration of sustainability per-
formance measurement into product development. In: International Design
Conference - DESIGN 2016. Dubrovnik, Croatia, pp. 433e442.

Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2016b. Process-oriented perfor-
mance indicators for measuring ecodesign management practices. In: Inter-
national Design Conference - DESIGN 2016. Dubrovnik, Croatia, pp. 443e452.

Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2017a. Measuring the implementa-
tion of ecodesign management practices: a review and consolidation of
process-oriented performance indicators. J. Clean. Prod. 156, 293e309. https://
doi.org/10.1016/j.jclepro.2017.04.049.

Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2017b. Building a business case for
ecodesign implementation: a System Dynamics approach. In: Proceedings of
the 21st International Conference on Engineering Design (ICED17). Vancouver,
pp. 179e188.

Rodrigues, Pigosso, D., Andersen, J., McAloone, T., 2018a. Evaluating the potential
business benefits of ecodesign implementation: a logic model approach. Sus-
tainability 10, 2011. https://doi.org/10.3390/su10062011.

Rodrigues, V.P., Pigosso, D., McAloone, T., 2018b. Linking ecodesign capabilities to
corporate performance: proposal of a simulation-based approach. In: 15th In-
ternational Design Conference, Dubrovnik, Croatia, 18-24 May 2018,
pp. 2739e2750. https://doi.org/10.21278/idc.2018.0404.

Schaltegger, S., Lüdeke-Freund, F., 2012. The “Business Case for Sustainability”
Concept: A Short Introduction. Centre for Sustainability Mangement, Lüneburg.

Schwaninger, M., Groesser, S., 2008. System dynamics as model-based theory
building. Syst. Res. Behav. Sci. 25, 447e465.

Schwaninger, M., Groesser, S., 2016. System dynamics modeling: validation for
quality assurance. In: Meyers, R. (Ed.), Encyclopedia of Complexity and Systems
Science. Springer, pp. 1e20. https://doi.org/10.1007/978-0-387-30440-3.

Seidman, G., 2017. Does SDG 3 have an adequate theory of change for improving
health systems performance ? J. Glob. Health 7, 1e7. https://doi.org/10.7189/
jogh.07.010302.

Starks, H., 10 December 2007. Choose your Method : a comparison of phenome-
nology , discourse analysis , and grounded theory. Qual. Health Res. 17,
1372e1380.

https://doi.org/10.1111/radm.12074
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref14
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref14
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref14
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref14
https://doi.org/10.1016/j.technovation.2009.09.006
https://doi.org/10.1016/j.eswa.2016.01.048
https://doi.org/10.1016/j.jclepro.2016.06.045
https://doi.org/10.1287/mnsc.35.12.1504
https://doi.org/10.1287/mnsc.35.12.1504
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1002/job
https://doi.org/10.1525/cmr.2016.58.4.78
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref22
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref22
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref22
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref23
https://doi.org/10.1016/S0040-1625(71)80001-X
https://doi.org/10.1108/14684520810865958
https://doi.org/10.1177/1524839905283230
https://doi.org/10.1177/1524839905283230
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref27
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref28
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref28
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref28
https://doi.org/10.1161/CIRCULATIONAHA.105.579979
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref30
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref30
https://doi.org/10.1016/j.jclepro.2015.06.088
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref32
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref32
https://doi.org/10.2308/accr-51383
https://doi.org/10.1002/sres.2337
https://doi.org/10.1016/j.jclepro.2012.03.032
https://doi.org/10.1016/j.jclepro.2012.03.032
https://doi.org/10.1016/j.compind.2015.02.006
https://doi.org/10.1016/j.compind.2015.02.006
https://doi.org/10.1002/sdr.280
https://doi.org/10.1002/sdr.280
https://doi.org/10.1002/sdr.377
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref39
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref39
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref40
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref40
https://doi.org/10.1002/sdr
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref42
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref42
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref43
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref43
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref43
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref44
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref44
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref44
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref44
https://doi.org/10.1016/j.cirpj.2016.04.003
https://doi.org/10.1007/978-3-642-19692-8-24
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref47
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref47
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref47
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref47
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref47
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref47
https://doi.org/10.1016/j.jclepro.2013.06.040
https://doi.org/10.1016/j.jclepro.2013.06.040
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref49
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref49
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref49
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref49
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref49
https://doi.org/10.1093/icc/dtx026
https://doi.org/10.1016/j.jclepro.2010.12.003
https://doi.org/10.1016/j.jclepro.2010.12.003
https://doi.org/10.1080/09511920400030138
https://doi.org/10.1080/09511920400030138
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref53
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref53
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref53
https://doi.org/10.1002/sdr
https://doi.org/10.1002/smj
https://doi.org/10.1287/mnsc.2016.2670
https://doi.org/10.1287/mnsc.2016.2670
https://doi.org/10.1016/S0737-6782(01)00099-6
https://doi.org/10.1002/sdr.278
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref59
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref59
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref59
https://doi.org/10.1109/EMR.2002.1167285
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref61
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref61
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref61
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref62
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref62
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref63
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref63
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref64
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref65
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref65
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref66
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref66
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref66
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref66
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref66
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref67
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref67
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref67
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref67
https://doi.org/10.1016/j.jclepro.2017.04.049
https://doi.org/10.1016/j.jclepro.2017.04.049
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref69
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref69
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref69
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref69
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref69
https://doi.org/10.3390/su10062011
https://doi.org/10.21278/idc.2018.0404
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref72
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref72
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref73
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref73
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref73
https://doi.org/10.1007/978-0-387-30440-3
https://doi.org/10.7189/jogh.07.010302
https://doi.org/10.7189/jogh.07.010302
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref76
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref76
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref76
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref76


V.P. Rodrigues et al. / Journal of Cleaner Production 234 (2019) 1045e10581058
Sterman, J.D., 1994. Learning in and about complex systems. Syst. Dynam. Rev. 10,
291e330. https://doi.org/10.1002/sdr.4260100214.

Sterman, J.D., 2000. Business Dynamics : Systems Thinking and Modeling for a
Complex World. Irwin/McGraw-Hill, Boston. Mass 928.

Sterman, J.D., 2001. System dynamics modeling: tools for learning in a complex
world. Calif. Manag. Rev. 43, 8þ. https://doi.org/10.2307/41166098.

Sterman, J.D., 2015. Stumbling towards Sustainability: why organizational learning
and radical innovation are necessary to build a more sustainable world – but
not sufficient. In: Henderson, R., Tushman, M., Gulati, R. (Eds.), Leading Sus-
tainable Change. Oxford University Press, Oxford, UK, pp. 51e80. https://
doi.org/10.1177/0021886399351003.

Strategies, Pure, 2014. The Path to Product Sustainability.
Tatikonda, M.V., 2007. Product development performance measurement. Handb.

New Prod. Dev. 1e22.
Teece, D.J., 2007. Explicating dynamic capabilities: the nature and microfoundations

of (sustainable) enterprise performance. Strat. Manag. J. 28, 1319e1350. https://
doi.org/10.1002/smj.640.
Teece, D.J., Pisano, G., Shuen, A., 1997. Dynamic capabilities and strategic manage-
ment. Strat. Manag. J. 18, 77e115. https://doi.org/10.1016/B978-0-7506-7088-
3.50009-7.

The Economist, 2008. Doing Good: Business and the Sustainability Challenge.
The International Integrated Reporting Council (IIRC), 2013. The International <IR>

Framework, Integrated Reporting <IR> Framework.
Weber, M., 2008. The business case for corporate social responsibility: a company-

level measurement approach for CSR. Eur. Manag. J. 26, 247e261. https://
doi.org/10.1016/j.emj.2008.01.006.

Whelan, T., Fink, C., 21 October 2016. The comprehensive business case for sus-
tainability. Harv. Bus. Rev.

Willard, B., 2005. The NEXT Sustainability Wave: Building Boardroom Buy-In. New
Society Publishers, Gabriola Island, BC, Canada.

Winter, S.G., 2003. Understanding dynamic capabilities. Strat. Manag. J. 24,
991e995. https://doi.org/10.1002/smj.318.

Züst, R., Troxler, P., 2006. No More Muddling through. Springer, Dordrecht. https://
doi.org/10.1007/978-1-4020-5018-3.

https://doi.org/10.1002/sdr.4260100214
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref78
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref78
https://doi.org/10.2307/41166098
https://doi.org/10.1177/0021886399351003
https://doi.org/10.1177/0021886399351003
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref81
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref82
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref82
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref82
https://doi.org/10.1002/smj.640
https://doi.org/10.1002/smj.640
https://doi.org/10.1016/B978-0-7506-7088-3.50009-7
https://doi.org/10.1016/B978-0-7506-7088-3.50009-7
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref85
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref86
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref86
https://doi.org/10.1016/j.emj.2008.01.006
https://doi.org/10.1016/j.emj.2008.01.006
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref88
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref88
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref89
http://refhub.elsevier.com/S0959-6526(19)32254-1/sref89
https://doi.org/10.1002/smj.318
https://doi.org/10.1007/978-1-4020-5018-3
https://doi.org/10.1007/978-1-4020-5018-3

	Business cases for ecodesign implementation: a simulation-based framework
	1. Introduction
	2. Research methodology
	2.1. Phase 1: systematic literature review on capability modelling within a process-oriented context
	2.2. Phase 2: conceptualization of the system dynamics model
	2.3. Phase 3: systematic literature review on the relationships between clusters and business performance outcomes
	2.4. Phase 4: development of the business case simulator for ecodesign
	2.5. Phase 5: evaluation of the business case simulator by industry experts

	3. Results and discussion
	3.1. Results and discussion from phase 1: systematic literature review on capability modelling within a process-oriented context
	3.2. Results and discussion from phase 2: conceptualization of the system dynamics model
	3.2.1. Ecodesign capability as a stock-and-flow structure
	3.2.2. Linking capability to corporate performance

	3.3. Results and discussion from phase 3: systematic literature review on the relationships between clusters and business perfor ...
	3.4. Results and discussion from phase 4: development of the business case simulator for ecodesign
	3.5. Results and discussion from phase 5: evaluation of the business case simulator by industry experts

	4. Final remarks
	Acknowledgments
	References


