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Abstract 

Manufacturing companies and academic studies have been frequently reporting several 
business benefits gained from the implementation of ecodesign, such as increased innovation 
potential, development of new markets and business models, reduction of risks and costs, 
improvement of organizational brand and legal compliance, among others. However, there are 
a number of challenges that still hamper wider adoption of ecodesign, mainly regarding 
mechanisms for performance measurement. Ecodesign benefits have been predominantly 
evaluated in terms of environmental performance and from a product-centered standpoint, 
emphasizing aspects such as material, energy consumption, product structure, components 
etc.  Due to the fact that these ecodesign benefits go beyond the pure environmental 
dimension and the product domain, a systemic and process-oriented approach is required, in 
order to measure performance and derive a consistent business case for ecodesign 
implementation in product development processes. Traditionally, most business case studies 
perform a posteriori analysis on the influences of already implemented practices, as opposed 
to a priori, projecting approach, which focuses on evaluating potential future results.  

Within this context, this research aims at developing a decision-support framework for key 
decision-makers to measure the performance and evaluate the potential business benefits of 
ecodesign implementation. In this PhD thesis, the Ecodesign Maturity Model (EcoM2) is used 
as a theoretical foundation. Two studies were formulated to respectively tackle: (i) the 
measurement of ecodesign implementation from a process perspective (Study A); and (ii) the 
evaluation of the potential business benefits of ecodesign (Study B). This research followed a 
methodology derived from the Design Research Methodology (DRM). The first descriptive 
studies (DS-I) were theory-driven and heavily based on systematic literature reviews. 
Subsequently, the prescriptive studies (PS) made use of the theory of logic models (qualitative 
nature) and the System Dynamics simulation method (quantitative nature), coupled with 
grounded theory and thematic analysis approaches. Then, the second set of descriptive studies 
(DS-II) focused on evaluating the results based on industry and academic experts’ judgement. 
The resulting framework is composed of three major elements: (a) systematized and 
consolidated database of process-oriented indicators for ecodesign implementation; (b) a 
qualitative framework for conceptualizing the rationale of the business case for ecodesign; and 
(c) a quantitative framework (“business case simulator”) that aids the evaluation of how the 
development of ecodesign capabilities will potentially influence business performance 
outcomes over time, such as revenue, market share, expenses, risk etc. It is expected that 
decision-makers use the resulting framework to measure the performance of ecodesign 
initiatives and evaluate the potential benefits, thus testing different routes of implementation 
and scenarios (“what-if” questions), with a view to deriving improved implementation policies, 
in close alignment with the overall sustainability strategy and the organization’s major 
strategic drivers. 
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Dansk Resume 

Fremstillingsvirksomheder og akademiske forskningsstudier har hyppigt rapporteret om flere 
potentielle forretningsmæssige fordele fra implementeringen af miljørigtig produktudvikling 
(også kaldet ecodesign), såsom øget innovationspotentiale, udvikling af nye markeder og 
forretningsmodeller, reduktion af risici og omkostninger, forbedring af virksomhedens 
branding, overensstemmelse med love og regulativer, blandt mange andre. Der findes dog en 
række udfordringer, som står i vejen for en bredere accept og implementering af ecodesign i 
industrien, hovedsagelig vedrørende mekanismer til præstationsmåling. Fordelene med 
ecodesign er på nuværende tidspunkt overvejende vurderet i forhold til produktcentrerede 
miljøpræstationer, med hovedfokus på aspekter som materiale- og energiforbrug, 
produktstruktur, komponenter, osv. Da disse ecodesign-fordele breder sig længere ud over 
den rene miljødimension og produktdomænet, er en systemisk og procesorienteret tilgang 
nødvendig for at kunne måle potentialet og bidrage til konstruktion af en business case for 
implementering af ecodesign i virksomheders produktudviklingsprocesser. Traditionelt 
udfører de fleste business case-studier en posteriori analyse af påvirkningerne af allerede 
implementerede praksis, i modsætning til a priori projicering, der fokuserer på evaluering af 
potentielle fremtidige resultater. 

Dette forskningsprojekt har haft til formål at udvikle et rammeværk for beslutningsstøtte, 
som nøglebeslutningstagere kan bruge til at måle resultaterne og vurdere de potentielle 
forretningsmæssige fordele ved implementering af ecodesign. I denne ph.d.-afhandling 
anvendes Ecodesign Maturity Model (EcoM2) som det teoretiske fundament. To undersøgelser 
er blevet udarbejdet til at tackle henholdsvis: (i) måling af implementering af ecodesign fra et 
procesperspektiv (Studie A); og (ii) evalueringen af de potentielle forretningsmæssige fordele 
ved ecodesign (Studie B). Denne forskning fulgte en forskningsmetode udledt af Design 
Research Methodology (DRM). De første deskriptive studier (DS-I) var teoridrevne og 
hovedsageligt baseret på systematiske litteraturanmeldelser. Derefter anvendte de 
præskriptive studier (PS) teorien om logiske modeller (kvalitativ karakter) og systemdynamik 
simuleringsmetoden (kvantitativ karakter) kombineret med grounded theory og tematiske 
analysemetoder. Derefter fokuserede den anden runde af deskriptive studier (DS-II) på 
evaluering af resultaterne baseret på ekspertvurderinger fra industrivirksomheder og 
universiteter. Det resulterende rammeværk er sammensat af tre hovedelementer: (a) en 
systematiseret og konsolideret database over procesorienterede indikatorer til implementering 
af ecodesign; b) en kvalitativ ramme for konceptualisering af business case for ecodesign; og c) 
et kvantitativt rammeværk ("business case simulator"), der assisterer med evalueringen af, 
hvordan udviklingen af ecodesign kapabilitet potentielt kan påvirke resultaterne af 
virksomhedsresultater over tid. Rammeværket kan måle i forhold til indtægter, 
markedsandele, omkostninger, risici mv. Det forventes, at beslutningstagere anvender det 
resulterende rammeværk til måling af resultaterne fra ecodesign-initiativer og evaluering af de 
potentielle fordele herfra. Dette giver mulighed for at teste diverse implementeringsruter og 
scenarier ("what-if" spørgsmål) med henblik på at udlede forbedrede 
implementeringsstrategier i tæt overensstemmelse med en virksomheds overordnede 
bæredygtighedsstrategi og strategiske drivere. 
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“I am driven by two main philosophies: know more today about 

the world than I knew yesterday and, along the way, lessen the 

suffering of others. You'd be surprised how far that gets you.” 

- Attributed to Neil deGrasse Tyson 
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1 Introduction 

This introductory chapter presents the overarching context and motivation underpinning 
the development of this PhD thesis, along with the description of the research gaps identified 
in the literature of ecodesign. It also defines the theoretical tenets that underpin the entire 
research project. Moreover, it lays out the higher aims and detailed objective that guided the 
research, along with the specific research questions that were directly deployed. 

1.1 Context and Motivation 

Since the introduction of the concept of sustainable development by the widely known 
Brundtland Report (WCED, 1987), discussions around the topic have consistently emerged. 
Several different sorts of organizations – from governments bodies to local communities and 
large corporations - have been embracing sustainability initiatives and principles in their daily 
operations (Anderies et al., 2013; Azapagic, 2003; Veleva et al., 2003).  Although the concept of 
sustainability is usually considered to be relatively broad (Bolis et al., 2014), with definitions 
emerging from different disciplines and perspectives, there is a growing consensus that the 
development of objective tools for the promotion and measurement of specific achievements 
in sustainability should be constantly pursued and improved in organizations alike (Veleva 
and Ellenbecker, 2001).  

More specifically, businesses have a very important role to play in building the path 
towards the so-called sustainable development (Lloret, 2015; Rodrigues et al., 2016b; United 
Nations, 2016), especially because corporations have unparalleled access to resources and 
means to directly tackle the most complex and challenging issues in the world today (Engert 
et al., 2016; Porter and Kramer, 2011, 2006). Corporate sustainability seeks to manage business 
“holistically balancing economic, environmental, and social issues in the present generation and 
for future ones”  (Lozano, Carpenter and Huisingh, 2015, p. 430), a statement put forth by the 
authors, which is explicitly based on the core concept of sustainable development from the 
Brundtland Report (WCED, 1987).  

Several sustainability initiatives can be implemented in the various firm's processes (Jugend 
et al., 2017; Lozano, 2012; Searcy, 2012). In particular, the product development process (PDP) 
encompass a set of key activities within the company that display an extremely high potential 
of improving a manufacturing company’s sustainability performance and the performance of 
the developed products over the entire life cycle (Hallstedt et al., 2010; Haned et al., 2015; 
McAloone and Bey, 2009; Pigosso et al., 2013; Plouffe et al., 2011; Rodrigues et al., 2017). 
Furthermore, PDP is a cross-disciplinary, multi-dimensional and cross-functional process 
touching upon and influencing several different functional areas and hierarchical levels in an 
organization and towards its value chain (Rozenfeld, 2007; Tatikonda and Montoya-Weiss, 
2001).  

Moreover, several companies and academic studies have been increasingly reporting and 
discussing the potential business benefits generated by adopting sustainability-oriented 
practices and strategies (Carroll and Shabana, 2010; Schaltegger and Lüdeke-Freund, 2012). 
The so-called “business cases for sustainability” (Henderson, 2015; Whelan and Fink, 2016) 
report on a wide array of multifaceted business benefits, ranging from improved innovation 
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capabilities and increased revenue to the development and exploration of new markets and 
business models, along with accounts of risk and cost reduction, improvement of 
organizational image and brand, superior regulatory compliance, among many other benefits 
(Clarkson et al., 2011; Haned et al., 2015; Hart and Milstein, 2003; IRRC Institute, 2015; ISO, 
2011; Pigosso et al., 2016; Plouffe et al., 2011; Schaltegger and Lüdeke-Freund, 2012; Willard, 
2005). Within this context, the development of products is usually a centerpiece of the reports 
due to the magnitude of the potential impact it can possibly bring (IRRC Institute, 2015). 
Moreover, adopting practices focused on product development and innovation might 
augment performance to deliver improved returns and contribute towards addressing 
business deficiencies as a way to protect or increase returns (Rochlin et al., 2015). 

For manufacturing companies, the development of products with enhanced environmental 
performance is increasingly seen as a very important part of their engagement in the 
sustainable development movement (Bevilacqua et al., 2007; Gaziulusoy et al., 2013; Hallstedt 
et al., 2013). The fundamental concept of ecodesign arises as a proactive approach for 
integrating environmental considerations into the product development and its related 
processes, such as operations, sales, marketing, procurement etc. (Borchardt et al., 2011; 
Lofthouse, 2006; McAloone and Pigosso, 2017; Pigosso et al., 2013).  

Traditionally, there has been a major focus on evaluating ecodesign only in terms of 
environmental performance and from the perspective of product-related (technical) indicators, 
such as the ones based on energy consumption, shape, material etc. (Handfield et al., 2001; 
Rodrigues et al., 2016b). Some examples of these product-centric indicators are: number of 
components, reusable parts, number of hazardous materials, packaging mass fraction, total air 
emissions, etc. (Issa et al., 2015). However, the reported potential benefits of ecodesign 
implementation go beyond the pure product-oriented and environmental perspectives, 
demonstrating spillover effects across the entire organization and over social and economic 
dimensions as well (Ambec and Lanoie, 2008; EDC, 2014; Mathieux et al., 2001; Pigosso et al., 
2013; Plouffe et al., 2011). Mechanisms for measuring the performance of ecodesign 
implementation - namely its effectiveness and efficacy (Neely, 2005) - from a process-oriented 
perspective is still not fully utilized (Elbashir et al., 2008; Popovič et al., 2012; Raffo and 
Wakeland, 2008; Wetzstein et al., 2011). A process-oriented approach also enables the 
consistent development of a portfolio of “ecodesigned” products, instead of just having ad hoc 
pilot projects across the organization (Dekoninck et al., 2016; Pigosso et al., 2013; Pinheiro et 
al., 2018).  

Therefore, ecodesign must also be approached from a managerial standpoint, which 
encompasses tactic and strategic aspects and their alignment with business processes, such as 
procurement, sales, operations, among others(Boks, 2006; Boks and McAloone, 2009; Driva et 
al., 2001). While it is crucial to the success of ecodesign implementation, this process-oriented 
perspective has not been fully explored and is largely neglected by the relevant literature 
(Driva et al., 2001, 2000, Rodrigues et al., 2017a, 2016b, Syamil et al., 2004, 2002). The process-
oriented nature of performance measurement (Driva et al., 2001; Elbashir et al., 2008; Kueng, 
2000; Syamil et al., 2004) is able to capture and materialize the performance of the product 
development process itself, regardless of the type(s) and number of product(s) currently under 
development or planned to be developed (Oracle, 2009).  
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Ecodesign integrates multiple aspects of design and environmental aspects in the context 
of product development (Karlsson and Luttropp, 2006). As such, there are significant 
challenges for ecodesign implementation and continuous improvement that should be 
considered. As a way to supporting companies in the integration of ecodesign into product 
development processes, several management approaches have been proposed in the literature 
(Brones and Carvalho, 2014; Luiz et al., 2016; Pinheiro et al., 2018). In this context, these 
approaches address several barriers that manufacturing companies typically face when 
implementing ecodesign in product development processes (Rodrigues et al., 2017a), such as  

(i) lack of a systematized repository of ecodesign practices (Baumann et al., 2002);  
(ii)  the increasingly fast development of new tools, methods and practices for the 

technical aspects of ecodesign, as opposed to a more managerial, integrative and 
strategic point of view (Baumann et al., 2002; Charter, 2001; Dekoninck et al., 2016; 
ISO, 2002; Johansson, 2006; Karlsson and Luttropp, 2006; Pascual and Stevels, 2004; 
Pigosso et al., 2013);  

(iii)  lack of roadmaps and action plans that help companies in the implementation and 
constant performance tracking of ecodesign (Boks, 2006; Boks and Stevels, 2007; 
Lubin and Esty, 2010; McAloone, 1998) and  

(iv)  challenges in prioritizing which ecodesign practices should be adopted, and in 
which order (Boks and Stevels, 2007; Jabbour et al., 2018; Pigosso et al., 2013), 
among others.  

These approaches are typically focused on specific topics, organizational levels, purposes or 
stages of the product development process. Some approaches are focused on requirements 
integration (Bovea and Pérez-Belis, 2012), project management (Brones et al., 2014), small and 
medium enterprises (Le Pochat et al., 2007), integration of ecodesign in the early stages of 
product development (Bhamra et al., 1999; Sherwin and Bhamra, 2001), portfolio management 
(Jugend et al., 2017; Pinheiro et al., 2018), specific ecodesign tools, methods or guidelines 
(Bhander et al., 2003; Boks and Diehl, 2005; Llorach-Massana et al., 2015; Lofthouse, 2006; 
Luttropp and Lagerstedt, 2006; Pigosso et al., 2015; Rossi et al., 2016; Rousseaux et al., 2017), 
among many other particular perspectives. 

However, despite the advances and efforts in the field of ecodesign aimed at tackling the 
multiple barriers to ecodesign implementation at manufacturing companies, a major 
challenge still represents a central roadblock to streamlined implementations of ecodesign. 
This open-ended challenge is based on the lack of evaluative tools that offer a prospective 
outlook at the potential business benefits from a process perspective, as opposed to a pure 
retrospective account of past applications, cases and projects in particular products and 
circumstances (Boks, 2006; Boks and Stevels, 2007; Dekoninck et al., 2016; Grayson and 
Howard, 2011; McAloone, 1998; Rochlin et al., 2015). Based on this major challenge, specific 
research gaps can be formulated in order to guide research efforts.  

1.2 Research gaps 

A traditional and dominant way of constructing a research rationale is by laying out a “gap 
spotting” procedure (Åhlstrom, 2016; Sandberg and Alvesson, 2011). There are three main 
forms of spotting and articulating research gaps, as described by the authors: (i) neglect 
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spotting; (ii) confusion spotting and (iii) application spotting. The main characteristics of 
each one of the gap spotting modes are summarized under Table 1.  

Table 1 – Gap spotting modes and their main characteristics, adapted from Åhlstrom (2016) 

Gap spotting modes Main characteristics 

Neglect spotting 
Search for areas in the literature that are overlooked or 

under-researched or that are currently presenting a lack of 
empirical substantiation 

Confusion spotting Search for areas in the literature that provide competing 
explanation to the same phenomena under research 

Application spotting 
Search for new applications of currently available theories 

and possibilities of extending or complementing the 
literature 

As previously mentioned, this particular PhD research project focused on spotting and 
exploiting the areas currently neglected by the ecodesign field therefore making extensive use 
of the neglect spotting mode of research derivation. This procedure gave rise to two major 
research gaps, which are the fundamental object of the research framing and are now better 
contextualized in this section. 

Within the context of this challenge of prospectively evaluating the business benefits of 
ecodesign implementation, two major gaps can be identified, which are the cornerstones of 
the formulation of this PhD research project:  

(i) lack of process-oriented measurement towards supporting the improvement of 
ecodesign capabilities during the implementation in manufacturing companies 
(Dekoninck et al., 2016; Pigosso et al., 2013; Pigosso, 2012) and  

(ii) (ii) lack of mechanisms for evaluating the potential business benefits derived from 
ecodesign (i.e. business case for ecodesign) (Dekoninck et al., 2016; Dyllick et al., 
2002; Pigosso, 2012; Schaltegger et al., 2012; Veshagh et al., 2012).  

The first gap tackles the absence of consistent performance measurement throughout the 
implementation phase of ecodesign as a way to reaping the potential business benefits. The 
broader topic of performance measurement in product development has been targeted at 
traditional success/failure measures of products and overall development programs (Griffin 
and Page, 1993;1996). However, when it is compared to other managerial contexts, measuring 
performance in product development is more difficult , due to a set of challenges, namely the 
intangibility, lack of routine, uncertainty, organizational complexity of its typical activities and 
information management (Rodrigues et al., 2016a; Tatikonda, 2007; Tatikonda and Montoya-
Weiss, 2001; Tatikonda and Rosenthal, 2000). 

Firstly, much of the work in product development is not observable and this intangibility 
makes it harder for performance to be accurately captured (Tatikonda, 2007).Secondly, most 
of the product development processes are composed of unique and non-routinely defined 
tasks, as opposed to more rigid processes, which tends to be structured by repetitive, 
transactional and routine tasks. Thirdly, PDP displays uncertainty in many different 
dimensions and aspects of the organization, such as markets, technology, and both internal 
and external networks (Chiesa et al., 2009; Costa et al., 2014; Tatikonda, 2007). 
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Lastly, product development processes are not localized within the boundaries of a self-
contained department, function or process. It means that its tasks are commonly recognized 
as multi-level and cross-functional, which involves different and complementary disciplines, 
workers and management levels inside and outside the organization– this aspect is usually 
referred to as organizational complexity (Cedergren et al., 2010; Tatikonda, 2007). 
Furthermore, the aspects of information collection, creation, codification, transfer and 
application in product development processes are harder to define in terms of performance 
measures and is, therefore, an explicit challenge (Menor et al., 2002; Tatikonda, 2007). In brief, 
the literature points out to the need for addressing the multiple challenges of performance 
measurement in product development in the light of its complexity and derive measures that 
are meaningful in terms of capturing value. 

In this context and as previously discussed, this particular gap is based on (and reinforced 
by) two main characteristics: (i) ecodesign benefits are wider than the pure environmental 
dimension (Ambec and Lanoie, 2008; EDC, 2014; Haned et al., 2015; Mathieux et al., 2001; 
Plouffe et al., 2011) and (ii) the ecodesign performance has been chiefly measured on the 
grounds of technical product-oriented. Therefore, a research approach based on reviewing, 
consolidating and proposing key performance indicators for ecodesign implementation was 
chosen in order to tackle this first gap.  

The second gap addresses the engagement and motivation of key decision-makers in 
manufacturing companies towards committing to ecodesign implementation by explicitly 
delineating how the organization can potentially benefit. As for the second research gap, 
namely the lack of mechanisms for evaluating the potential business benefits of ecodesign, the 
behavior of the benefits over time must be centrally considered. Therefore, the dynamic aspect 
of evaluating performance comes strongly into play. This is mainly due to the fact that 
decision-makers should be equipped with a prospective estimation of how a certain 
performance outcome of ecodesign would behave over the implementation timespan, under 
the structure of the EcoM2. Therefore, based on the capability development over time, 
patterns of behavior of certain benefits of interest should be generated. In other words, the 
gap is related to understanding how the development of ecodesign capabilities affect 
corporate performance (i.e. business benefits) over time.  

To better understand the dynamic aspect of performance management, two converging 
approaches have been proposed in the literature of strategic management (Bianchi et al., 2015; 
Bianchi and Rivenbark, 2012):  

(i) a dynamic resource-based view (Helfat and Peteraf, 2003) and  
(ii) a dynamic view of performance management (Cosenz, 2014; Cosenz and Noto, 

2016).  

The two approaches are taken as complementary and differences between them basically 
relates to the actual framing of performance measurement. The first approach, based on a 
dynamic resource-based view (Helfat and Peteraf, 2003) claims that decision-making 
processes affecting corporate performance are focused on the consistency of strategic 
resources, which are generally modeled as stocks of tangible and intangible aspects 
(Morecroft, 2013, 2007; Rahmandad, 2015). On the other hand, the second approach, labeled as 
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the dynamic view of performance management (Bianchi and Rivenbark, 2012), brings forward 
the characterization of organizational end results and their respective drivers.  

Measuring performance and evaluating the potential business benefits generated by 
ecodesign in the context of product development are considered to be complex and difficult 
tasks (Costa et al., 2014; Loch and Tapper, 2002). The complexity arises from the 
multidimensional perspective of ecodesign, along with the interconnectedness of various 
elements that give rise to the benefits – in other words, the environmental considerations of 
ecodesign spans across the entire product development process, from the front-end to 
detailed design, production ramp-up and other associated operations until the product 
reaches the market (Amaral and Rozenfeld, 2007; Rozenfeld, 2007). With a view to addressing 
the challenges imposed by evaluating and measuring the potential business benefits of 
ecodesign implementation, it is important to characterize the “dynamic complexity” of such a 
system (Sterman, 2001), which is further explored under 3.2.2.1.  

Therefore, the topic of this PhD research project is embedded into the broad context of 
corporate sustainability and, more granularly, within the realm of business processes. As such, 
this research takes a process-oriented approach to product development and specializes in the 
integration of ecodesign considerations into product development processes. Through the 
lens of processes, the focus of this research is therefore positioned at the core of performance 
measurement of product development processes. Figure 1 shows the focus of this research, 
within the contexts of business processes and the larger corporate sustainability theme.  

 
Figure 1 – Scope of the research within the broader topics of corporate sustainability, business processes and 

product development processes. Adapted from (Rodrigues et al., 2017a). 

With a view to addressing these gaps in this research project, a particular approach to 
ecodesign was chosen as the fundamental theoretical background. Based on the thorough and 
systematic reviews and bibliometric study performed by (Luiz et al., 2016) and (Brones and 
Carvalho, 2015) on models and frameworks in the field of ecodesign, the Ecodesign Maturity 
Model (EcoM2), proposed by (Pigosso et al., 2013), surfaced as a well-established model in the 
literature and the only available framework that presents a maturity-based and step-by-step 
approach to ecodesign implementation and management (Luiz et al., 2016), as of today. 
Furthermore, the EcoM2 is the only framework focused on product development processes 
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that simultaneously considers all levels of the organization and its value chain (i.e. strategic 
level, process level and operational/product level) in an integrated manner, making use of the 
processes as the main focus of ecodesign integration and improvement (based on a stage-gate 
rationale). Therefore, it builds on the unexplored potential of the process-oriented perspective 
of ecodesign and stretches its reach beyond the product-driven technical viewpoints.  
Additionally, the EcoM2 has been adopted and tested in several large multinational 
manufacturing companies (see, for example, Pigosso et al (2013), Pigosso and McAloone (2015) 
and Pigosso et al. (2014)). The EcoM2 is further explored in the next section. 

1.3 Ecodesign Maturity Model (EcoM2) as the theoretical background 

As a theoretical background for this particular PhD project, the EcoM2 was used to better 
frame and address the research gaps found in the literature. The underlying rationale behind 
the EcoM2 is that the systematic integration of ecodesign management practices into the 
product development processes will result in products with improved environmental 
performance as the main outcome (Pigosso et al., 2013).  

The EcoM2 is composed of three fundamental elements:  

1. ecodesign practices: a systematized repository of over 600 practices (D. C. . Pigosso 
et al., 2014), divided into two groups:  

a. ecodesign management practices: a collection of practices related to the 
integration of environmental issues into the strategic and tactical levels of the 
product development – these practices are to be implemented at the process level; 

b. ecodesign operational practices: product-related practices directly connected 
with technical characteristics and features of a product’s design (e.g. shape, 
components, material, energy etc.) and elements of its material life cycle, from raw 
material extraction to the use and end-of-life considerations; 

2. maturity levels: a set of successive stages for the integration of sustainability aspects 
into product development processes;  

3. application method: a prescriptive continuous improvement approach to support 
companies during the implementation and correlated management phases.  

The EcoM2 framework focuses on process improvement from a managerial perspective, 
rather than on product’s performance improvement from the pure technical point of view. 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 PDP (Pigosso 
et al., 2013). Within this particular context, the focus of this research is then positioned on the 
performance evaluation of the ecodesign management practices, and not on the operational 
practices. From a process perspective, each one of the ecodesign management practices 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 more mature stages of ecodesign implementation in the company 
(Pigosso et al., 2013).  
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Examples of ecodesign management practices include (Pigosso and Rozenfeld, 2012; 
Pigosso, 2012; Rodrigues et al., 2018, 2017a):  

(i) “assess technological and market trends related to the environmental performance of 
products”;  

(ii)  “elaborate and communicate recommendations to consumers on how to improve the 
environmental performance of the product during the use and end-of-life phases”;  

(iii)  “consider the environmental performance as one selection criteria for the product 
concept and design options” and  

(iv) “establish cooperation programs and joint goals with suppliers and partners aiming 
to improve the environmental performance of products”. 

With a view to defining the maturity levels in the EcoM2 framework, a combination of the 
company’s evolution level and capability level is required. On one hand, the evolution levels 
comprise a recommendation of stages to be followed in an ecodesign implementation, based 
on the company’s implementation paths, coverage of implementation and knowledge levels 
on ecodesign (Boks and Stevels, 2007; McAloone, 1998; Pigosso et al., 2013). On the other 
hand, the capability levels - 5 in total - were adapted from the CMMI (Capability Maturity 
Model Integration) (Chrissis et al., 2011) and describe, in qualitative grounds, how 
systematically a company applies a certain ecodesign management practice in its product 
development processes (Pigosso et al., 2013).    

The capability levels are defined as follows (Pigosso et al., 2013):  

(i) capability level 1 (incomplete): the ecodesign management practice is not fully 
applied by the company;  

(ii) capability level 2 (ad hoc): the practice is sporadically applied in an ad hoc fashion, 
with a view to correcting a specific problem or address a certain issue;  

(iii) capability level 3 (formalized): it means the company has defined documentation, 
infrastructure, responsibilities and resources for the practice;  

(iv) capability level 4 (controlled): at this level, the performance is measured and 
monitored over time with the use of specific performance indicators;  

(v) capability level 5 (improved): besides measuring the performance of the practice, 
the company allocate resources towards continuously improving the application of the 
practice.  

Regarding the application method of the EcoM2, a series of 4 steps1 - divided into two 
phases - is prescribed. The first phase encompasses 3 steps: (i) diagnosis, (ii) vision and (iii) 
deployment of roadmaps. Initially, the company undergoes a thorough assessment of its 
capabilities, based on the 5-point capability scale described above and informed by in-depth 
documental analysis, interviews and consolidation of results (Pigosso et al., 2013). With this, it 
is possible to draw “a picture” of the company’s current state regarding ecodesign maturity 
(“as-is”). One of the outputs of this first phase is a radar representation of each one of the 

                                                      
1 The application method has been adapted for use in this thesis. The original work in (Pigosso, 2012) and 

(Pigosso et al., 2013) proposes a total number of 6 steps for the full application method. For simplification purposes, 
the implementation phase has been condensed into one single step, as it is not necessary to differentiate between 
the distinct steps within the implementation phase, as originally proposed in the EcoM2. 
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capabilities assessed for the 51 ecodesign management practices in the EcoM2 framework. 
Figure 2 depicts a schematic representation of a hypothetical EcoM2 radar.  

 
Figure 2 – Schematic representation of the EcoM2 radar, generated by the execution of the diagnosis in a 

company. Adapted from (Pigosso, 2012). 

The second step entails a visioning exercise. Once the current capability levels were 
determined by the diagnosis (“as-is”), companies embark on the definition of a future state 
(“to-be”) to be achieved within a certain time frame, mostly informed by the company’s main 
strategic drivers and ambition levels (Pigosso et al., 2013; Pigosso, 2012). Then, desired 
capability levels are defined for each one of the ecodesign management practices. With this, a 
gap between the current state (current capabilities) and the future state (desired capabilities) 
becomes evident. Figure 3 exhibits a schematic representation of the adapted application 
method.  

Based on this gap between desired and current capabilities, a third step if therefore taken: 
the deployment of detailed roadmaps and action plans. These roadmaps prescribe a 
comprehensive set of improvement projects based to advance ecodesign capabilities for the 
management practices until they reach the desired levels. From there, the second phase – 
implementation – is then initiated, grounded on change management and continuous 
progress measurement.  At the implementation phase of the EcoM2, companies have to 
develop and/or customized ecodesign methods and tools to support the capability 
improvement. Furthermore, as noted on the description of the capability levels, the company 
has to derive performance indicators for all practices moving towards capability levels 4 
(controlled) and 5 (improved), since these levels widely depend on performance measurement 
in order to be reached. The next section builds the rational for addressing the research gaps 
by means of applying the EcoM2 framework. 
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Figure 3 – Adapted overview of the EcoM2 application method with 4 steps, divided into two phases. Adapted 

from (Pigosso et al., 2013). 

1.4 Addressing the research gaps via the EcoM2  

Once the company advances and starts implementing the ecodesign roadmaps, the first 
gap surfaces: a lack of process-oriented performance measurement to be applied during the 
implementation of ecodesign. Performance measurement in the implementation of ecodesign 
is particularly useful in building capability towards higher levels, namely levels 4 and 5. When 
organizations are implementing roadmaps that lead to the increase of capability to levels 4 or 
5, performance indicators are required as a means for measuring, monitoring and enhancing 
the application of the ecodesign management practices. Figure 4 presents the position of the 
performance measurement mechanism for the implementation of ecodesign compared against 
the application method of the EcoM2.  

 
Figure 4 – Schematic representation of how performance measurement can be applied in the implementation 

of ecodesign management practices.  
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In light of the ecodesign implementation via the application of EcoM2 framework, the 
evaluation of potential business benefits2 (i.e. business case), based on capability 
development, is central to building and maintaining commitment at the company. With the 
business case, key decision-makers are enabled to get buy-in across different functions and 
hierarchical levels and, especially, from the top management. Furthermore, the business case 
might simultaneously serve two main purposes:  

(i) inform the process of defining a vision based on the capability levels (Step 2 of the 
EcoM2 application method), and  

(ii)  bridge the gap between building a consolidated roadmap of improvement projects 
for ecodesign and their actual and structured implementation (transition between 
Phase 1 and Phase 2 of the EcoM2 application method).  

To address the first research gap, namely the lack of process-oriented measurement for 
the implementation of the EcoM2 roadmaps, defining ways of measuring performance is 
essential. Subsequently, by addressing the second research gap with the evaluation the 
potential business benefits of ecodesign based on capability levels, decision-makers will be 
better equipped and informed in terms of defining what the desired capability levels should 
look like in the future (vision). Similarly, with a roadmap at hands and a forward-looking 
estimate of potential benefits, it is possible to make the case for advancing to the 
implementation of the improvement projects prescribed in the roadmaps of the EcoM2. 
Figure 5 shows the two main possible positions of the business case across the steps of the 
application method of the EcoM2. 

 
Figure 5 – Position of the business cases for ecodesign, based on the application method of the EcoM2. Adapted 

from (Pigosso et al., 2013). 

The next section summarizes the research framing of this PhD thesis.  

                                                      
2 Over the course of this PhD thesis, the terms “evaluate the business benefits of ecodesign” and “business case 

for ecodesign” are used interchangeably, without loss of generality.    
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1.5 Aim and Objective 

The high-level aim of this research was to contribute towards creating and sustaining long-
term economic, environmental and social benefits by widening the adoption of ecodesign in 
manufacturing companies. One step deeper into this broad landscape and based on the 
identified gaps in the literature, this research particularly aims at supporting decision-making 
towards enhancing ecodesign implementation in manufacturing companies.  

In essence, the decision-making support developed in this research is geared towards 
getting buy-in and commitment from key decision-makers in the organization in order to 
move the ecodesign agenda forward and support the ecodesign implementation that will 
potentially follow. In other words, it intends to capture the potential business benefits of 
ecodesign in order to build a consistent business case for action and support the realization of 
such benefits by measuring the ecodesign implementation. Therefore, the specific 
overarching research objective of this research was:  

Develop a decision-support framework for managers to measure the performance and 
evaluate the potential business benefits of ecodesign implementation 

1.6 Research framing 

The two major research gaps – highlighted and described under section 1.2 – are addressed 
in this thesis as separate studies, namely Study A and Study B. These two studies were 
designed to be independently carried out throughout the PhD project. Both studies are highly 
connected, however they are not dependent on the results of each other. In particular, Study 
A covered the questions pertaining to the gap of implementation measurement in ecodesign, 
i.e. how to measure the performance of ecodesign implementation in manufacturing 
companies. The second study, Study B was geared towards developing the business case for 
ecodesign, i.e. how to evaluate the potential business benefits derived from ecodesign from 
ecodesign implementation Both studies cover two sets of research questions, which will be 
further detailed in the following sections. Figure 6 represents the relationship between the 
identified research gaps, the derived research questions and the outline of each one of the 
studies based on the gaps. 
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Figure 6 – Representation of the relationship between the research gaps, the research questions and the studies 

derived in the PhD thesis. 

1.7 Research Questions 

Four sets of research questions (RQ) were derived based on the research objective of this 
PhD thesis. Each one of these research questions gave rise to practical work packages (WP) in 
the context of the PhD project with a view to organizing the body of activities to be carried 
out. The research questions for Study A and Study B are detailed in the following sections. 

1.7.1 Research Questions for Study A 

For Study A, the first set of research questions focused on understanding how performance 
is currently measured in product development, from a process perspective. The first set of 
questions is:  

RQ1: How is performance of product development processes currently captured in 
manufacturing companies? 

• RQ1-a: Which are the key performance indicators for measuring product 
development at the process level? 

• RQ1-b: How do these indicators relate to the sustainability dimensions (i.e. 
environmental, social and economic)? 

The second set of research questions is tailored to support proper performance 
measurement and progress tracking of ecodesign implementation. Based on the outputs of the 
first set of research questions, the suitability of currently available indicators is assessed. The 
results of this set of questions. The second set of questions is: 

RQ2: What are the relationships between the key performance indicators for product 
development processes and the ecodesign management practices? 
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1.7.2 Research Questions for Study B 

Next, for Study B, the third set of research questions delved into the qualitative aspects of 
capturing the influences of ecodesign management practices on business benefits.  Qualitative 
research was selected as the initial characterization because it is performed by investigating a 
research phenomenon by considering a multitude of perspectives and uncovering several 
dimensions to provide a comprehensive understanding (Creswell, 2012; Tan, 2010). Although 
generalization is difficult to be achieved via qualitative research, it can lead to the proper 
identification of new patterns and themes that can be investigated further through the 
application of quantitative research (Creswell, 2012; Eisenhardt and Graebner, 2007; Yin, 
2009). In particular, these questions are geared towards systematically structuring the 
relationships between the process level of ecodesign implementation and the higher, 
organizational level. At this higher level, key business decisions are taken regarding the 
commitment to a certain cause or strategic initiative (Carroll and Shabana, 2010; Grayson and 
Howard, 2011), such as the implementation ecodesign.  The third set of questions is: 

RQ3: How do the ecodesign management practices qualitatively relate to strategic 
outcomes at the organizational level? 

• RQ3-a: How can these relationships be qualitatively conceptualized in a conceptual 
framework? 

• RQ3-b: What is the usefulness and applicability of the evaluation framework in 
manufacturing companies? 

Finally, the fourth set of research questions brought the dynamic aspect into play by 
investigating how the ecodesign capabilities can potentially affect the performance of a 
company over time. By addressing this set of research questions, the nature of the influences 
that ecodesign exerts over the organization is better understood and conceptualized. On top 
of that and within this frame, a quantification step is taken, and the fourth set of questions 
aim at delivering a quantitative and practical business case framework for ecodesign. The 
fourth and final set of questions is: 

RQ4: How does the development of ecodesign capabilities influence business performance 
(i.e. business benefits) over time? 

• RQ4-a: What are the influences that ecodesign management practices exert on key 
business performance outcomes (i.e. business benefits)? 

• RQ4-b: How can these influences be quantitatively captured in a framework for 
evaluating the potential business benefits of ecodesign? 

• RQ4-c: Does the resulting quantitative framework support manufacturing 
companies in deciding for ecodesign implementation? 

Within the paper-based thesis strategy, a combination of 4 journal papers and 1 conference 
paper forms the bulk of the research argumentation. Each one of the core papers composing 
the thesis addressed a specific set of research questions.  

Table 2 displays which research question is being addressed by each one of the papers 
composing this PhD thesis. 
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Table 2 – Relationships between the research questions and the papers 

Study Research 
Question Paper 1 Paper 2 Paper 3 Paper 4 Paper 5 

A RQ1 X     

A RQ2  X    

B RQ3   X   

B RQ4    X X 
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2 Research Methodology 

This research can be classified as applied research, as opposed to fundamental (or basic) 
research. The main objective of applied research is to address pressing practical problems, 
while the basic research rationale is geared towards uncovering information that has a broad 
base of applications and degree of generalizability (Kothari, 2004). The next sections detail the 
overall research methodology underpinning the development of this research, based on the 
Design Research Methodology (DRM). 

2.1 Design Research Methodology (DRM) 

The overarching research methodology applied to this PhD research project was 
fundamentally based upon the design research framework proposed by Blessing & Chakrabarti 
(2009), widely known as the Design Research Methodology (DRM). It encompasses a rigorous 
approach for design research and is composed of a varied range of supporting methods and 
guidelines. The generic DRM framework consists of four main stages, which are depicted in 
Figure 7 with their basic means and main outcomes:  

• Research Clarification (RC), in which the overall research design is achieved, with 
aim, research objectives, scope and questions; 

• Descriptive Study I (DS-I), which is focused on understanding and describing the 
research phenomena and the characteristics of the current situation that will be 
addressed;  

• Prescriptive Study (PS), whose scope rests on developing and proposing a design 
support to tackle the gaps and issues identified in the previous stages, and  

• Descriptive Study II (DS-II), which focuses on describe the actual use of the design 
supported that was prescribed in the previous stage, along with its applicability and 
usefulness.  

In the very first stage of the Research Clarification, evidences to support initial 
assumptions are sought in order to craft a clearer research goal and derive a consist research 
plan for both Study A and Study B. The Research Clarification stage is designed around the 
objective of laying the fundamentals and defining the scope of the whole research endeavor. It 
highlights the importance of delving into the field researchers are about to work on. With this, 
gaps in knowledge become emphasized and the delimitation of the research becomes clearer 
(Blessing and Chakrabarti, 2009).  

This stage is highly based on literature review and analysis and - specifically for this project 
- it was carried out through exploratory literature reviews on the broader fields of:  

(i) sustainability performance measurement;  
(ii)  ecodesign management and implementation,  
(iii)  business case modelling and  
(iv)  quantitative methods for modelling and simulation.  

More specifically, the topic entailing the Ecodesign Maturity Model (EcoM2) – including 
the related fields of maturity modelling and business process management - was also explored 
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in order to clearly define the research goal and questions.  This stage supported an improved 
formulation of all research questions, for Study A and Study B.  

The stage of Descriptive Study I builds upon the results of the previous stage, Research 
Clarification, and seeks to gain deeper and more structured understanding of a current 
situation of the research phenomenon under investigation. Generally speaking, this entire 
stage aims at exploring, describing and explaining the design phenomena. This stage delivers a 
detailed understanding of the phenomenon and its influencing factors or causes, depending 
on the objective. The entire stage of Descriptive Study (DS-I-A and DS-I-B) generated insights 
and provided information for the effective development of a design support and how the 
support can be evaluated later on.  This stage can be started from two different points of 
departure towards better understanding the phenomenon: the descriptive study can be either 
based on theory (“theory-driven”) or empirical data (“data-driven”). Furthermore, it can 
encompass three different types of studies: exploratory, descriptive and explanatory (Blessing 
and Chakrabarti, 2009; Boyatzis, 1998; Elliott et al., 1999; Yin, 2009).  

The exploratory type aims at developing hypothesis or propositions to be further 
investigated, while the descriptive one concerns the description of incidence or prevalence of a 
phenomenon. The explanatory type of study is then geared towards answering “why” 
questions as a way to dealing with the causes of a phenomenon rather than its incidence or 
frequency of occurrence (Blessing and Chakrabarti, 2009; Yin, 2009). Lastly, the Descriptive 
Study can be generally designed to be of quantitative focus (“degree in which a phenomenon 
occurs”) or qualitative focus (“the nature of the phenomenon”). For this particular research, a 
theory-driven, exploratory and qualitative approach was defined for both DS-I-A and DS-I-B.  

The stage of Prescriptive Study aims at using the understanding developed over the 
previous stages to determine the most suitable aspects and factors to be considered and 
addressed in order to improve the existing situation (captured by DS-I). This leads to the 
actual development of a design support. As it is proposed in the DRM body of knowledge: 
“design support includes all possible means, aids and measures that can be used to improve 
design” (Blessing and Chakrabarti, 2009, p.142). The design support is a type of prescription 
that recommends ways by which particular design tasks should be executed – this includes a 
mix of strategies, methodologies, procedures, methods, techniques, software tools, guidelines, 
knowledge bases, workbooks, among others.  

Finally, the last stage of the DRM, Descriptive Study II, focused on investigating and 
evaluating the impacts of the design support that was developed under the previous stage – 
Prescriptive Study - and its ability to achieve the desired situation. Usually, empirical studies 
are adopted in order to gain a proper understanding of the actual support use in real context, 
where the design phenomena take place. Based on the results obtained during this 
evaluation/test stage, potential improvements and adjustments to the design support – or the 
way it is applied – might be highlighted and required in order to achieve the intended 
outcome. Figure 7 displays the stages of the DRM for Study A and Study B, along with the 
methods employed and the main results achieved.  
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(a) 

 

(b) 

Figure 7 – The stages of the DRM for Study A (a) and Study B (b), with the methods and the main results 

However, the DRM is not set to be a pre-defined sequence of linear and rigid steps. The 
proponents of the framework argue that the design process and the application of its methods 
have to be adapted to the situation at hand. Therefore, a wealth of different research methods 
and approach can be jointly applied with the framework, as the DRM plays the role of an 
overarching frame against which the research logic and argumentation can be systematically 
built. The relationship between the proposed research questions and the main stages of the 
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DRM is depicted in Figure 8. All the research methods adopted in this PhD research project 
are detailed in the following section.  

 
Figure 8 – Relationships between the research questions and the stages of the Design Research Methodology 

(DRM).  

2.2 Research Methods for Study A 

2.2.1 Descriptive Study I-A (DS-I-A) 

Main results: database of 787 process-oriented performance indicators for product 
development processes 

The entire stage was heavily based on Systematic Literature Reviews (SLR), which 
followed the protocols and procedures put forth by Biolchini et al. (2005). As opposed to usual 
processes of reviewing the literature - unsystematically conducted - the SLR in a formal and 
replicable method. This is to say that the SLR follows a very well-defined set of methodological 
steps, according to a review protocol. This protocoled instrument is based on a “central issue”, 
which represents the core of the investigation (Biolchini et al., 2005), and was defined for this 
reviews by the research questions derived from the stage of Research Clarification.  

Table 3 displays the main features of the SLR carried out in DS-I-A. 

Table 3 – Overview of the Systematic Literature Review (SLR) carried out under DS-I-A 

SLR # Study Paper Topic Objective Main Outcome 

1 A 1 
Process-oriented 

performance 
indicators 

Gather the available process-
oriented performance indicator to 

be applied in product 
development processes 

Performance indicators for 
product development 

processes 
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The SLR procedures applied throughout this PhD project embodied the following steps: (1) 
review planning; (2) review execution and (3) results analysis. Generally, in the first step 
(planning), the literature review protocol was prepared based on the research objective, and 
which includes a set of defined inclusion criteria. The second step, encompassing the 
execution of the literature search procedures, identifies a set of primary studies, which are 
then selected and evaluated according to the inclusion criteria that were established in 
protocol. As the studies had been selected, relevant data from the papers were captured, 
extracted and analyzed during the last step (Biolchini et al., 2005). A combination of two 
electronic databases were used depending on the focus of the SLR and the relevance of the 
studies indexed in each one of them, namely Web of Science and Scopus, due to their high 
significance and comprehensive coverage within the target fields of engineering, business 
administration, economics and applied social sciences (Adriaanse and Rensleigh, 2013; Gavel 
and Iselid, 2008). The searches were limited to documents originally written in English only. 

2.2.2 Prescriptive Study A (PS-A) 

Main results: database of 141 performance indicators for the implementation and 
measurement of ecodesign management practices. 

The completion of the PS-A gave rise to systematized repositories of indicators: (i) a 
database of 787 process-oriented performance indicators for product development processes 
and (ii) a consolidated database of 141 performance indicators for ecodesign implementation 
monitoring and measurement. As for the consolidation of the databases, a Content and 
Thematic Analysis was performed on the results of the systematic literature reviews from the 
previous stage (DS-I-A). Specifically regarding the consolidation of the database of 787 
process-oriented performance indicators for product development processes, a critical 
analysis based on comparisons with other studies on performance measurement in product 
development, specifically in the context of ecodesign was carried out (Issa et al., 2015; Pigosso 
and Rozenfeld, 2012; Pigosso et al., 2013).  

As for the consolidation of the second database of 141 performance indicators, the 
indicators from the literature were complemented by newly proposed ones as a way to tackle 
the gap of lack of process-oriented indicators for ecodesign implementation. The procedure 
for proposing new ones, based on the content analysis, followed stringent rules and principles:  

(a) the indicator statement should be as clear and simple as possible (Keeble et al., 2003; 
Keong Choong, 2013);  

(b) relative indicators were preferred over absolute ones in order to put the measures into 
context;  

(c) no targets for the specific number of indicators were defined, as the characteristics of 
performance measurement can largely vary according to the company’s strategy within its 
sector and key corporate objectives (Bourne et al., 2000; Ghalayini and Noble, 1996; Keong 
Choong, 2013; Medori, D. & Steeple, 2000);  

(d) the stopping criterion for each practice was based on the consensus achieved regarding 
the suitability and comprehensiveness of the proposed indicators;  
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(e) availability of data was not particularly considered as a constraint for proposing the 
indicators, as the indicators are intended to be generic enough in order to be customized to 
specific contexts accordingly. 

2.2.3 Descriptive Study II-A (DS-II-A) 

Main results: evaluation of the database of 141 performance indicators to be applied in 
ecodesign implementation. 

Within the context of this PhD research project context, the design support under 
evaluation in Study A consists of a consolidated database of 141 performance indicators to 
support ecodesign implementation. A set of expert evaluation methods was employed with 
a view to addressing the assessment of the impacts generated by the use of the proposed 
database and framework into decision-making processes regarding ecodesign implementation. 

For the evaluation of the consolidated database of indicators, eight impartial experts (four 
from academia and four from industry) took part in the evaluation step. The main objective 
was to enhance the degree of alignment with the management practice, therefore increasing 
the relevance of the performance indicators. These experts were selected on the grounds of 
their knowledge and experience in product development, ecodesign and other related fields, 
such as innovation management and technology development. At the time of the evaluation 
procedures, all experts were or had recently been part of ecodesign implementations across a 
relatively wide range of industry sectors and geographies. Based on their experience and 
exposure to ecodesign, the industry experts represented either professionals who would be 
directly involved in ecodesign implementation and would therefore make use of the process-
related indicators. Complementarily, the academic experts are research-based 
advisors/consultants who could support manufacturing companies in their implementation. 

At the beginning of the evaluation process, all experts had the research project properly 
contextualized and were then introduced to the definition of alignment in order to evaluate 
the indicators. Alignment was defined as the “the degree to which the performance indicator 
effectively captures the practice's meaning, totally or partially, and translates it into a 
measurable statement” (Rodrigues et al., 2017, p.297). Then, the experts were asked to evaluate 
each one of the performance indicators individually and decide whether they were aligned 
(value 1) or not aligned (value 0) with the correspondent ecodesign management practice.  
With this, a proposed indicator would only be finally considered aligned if the majority of the 
experts considered it aligned. The individual evaluation sessions took 2.5 hours to be 
completed, on average. 

2.3 Research Methods for Study B 

2.3.1 Descriptive Study I-B (DS-I-B) 

Main results: (1) logic model frameworks and structures; (2) business performance 
outcomes (business benefits); (3) list of relationships between management practices and 
business performance outcomes and (4) System Dynamics approaches for capability 
modelling. 
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A total of 4 systematic literature reviews were performed under DS-I-B. All the SLR 
procedures applied in DS-I-B were carried out based on the aforementioned methodology 
defined by (Biolchini et al., 2005) and defined by the following general steps: (1) review 
planning; (2) review execution and (3) results analysis. Table 4 provides an overview of the 
main elements of each one of the four systematic literature reviews performed in this stage of 
Study B. 

Table 4 – Overview of the Systematic Literature Reviews (SLR) carried out under DS-I-B 

SLR # Study Paper Topic Objective Main Outcome 

2 B 3 

Logic Models 
approaches, as the 

theoretical basis for 
the development of 

the qualitative 
framework 

Identify the structural elements of 
the logic models proposed or 

analyzed by the academic 
literature 

Available logic models, along 
with its main structure and 

constituents 

3 B 3 

Business 
Performance 

Outcomes, as a 
foundation for 

measuring 
performance at a 
strategic level in 

organizations 

Gather the most relevant 
performance outcomes that were 

reported as strategic business 
benefits in the literature 

Business performance 
outcomes (business benefits) 

for product development 
processes 

4 B 5 

Relationships 
between the 

ecodesign 
management 

practices and the 
business 

performance 
outcomes  

Substantiate the potential 
influence ecodesign management 

practices exert on business 
performance outcomes (business 

benefits) 

List of relationships between 
management practices and 

business performance 
outcomes (business benefits) 

5 B 5 

System Dynamics 
approaches, as the 

methodological basis 
behind the 

quantitative 
framework (business 

case simulator) 

Learn what the literature of 
System Dynamics proposed in 
terms of how to approach the 

modelling of capability within a 
process-oriented context 

Available System Dynamics 
approaches to the modelling 
of capability in the context 

of process management 

Based on the theory-driven and exploratory inquiry developed under DS-I-B, both 
qualitative and quantitative modelling approaches for the evaluation of potential business 
benefits of ecodesign were developed. In particular, for the development of the qualitative 
modelling approach in the next stage (Prescriptive Study B), a thematic analysis was 
performed on the ecodesign management practices (Pigosso et al., 2013) and resulted in the 
development of 11 distinct thematic clusters of practices. Thematic analysis is a method for 
capturing and analyzing themes/patterns within a body of data (Attride-Stirling, 2001; 
Tuckett, 2005). The clusters were predominantly important to reduce the complexity of the 
high number of practices in the EcoM2 as well as to support managers in rapidly recognizing 
the ecodesign management practices in the EcoM2 by broader themes. This feature allows 
decision-makers to draw better connections between the practices and the context and 
structure of their own organization. Furthermore, it proved to be a very important aspect for 
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the quantification of the business case, as the entire quantitative modelling approach was 
built on the rationale of the 11 clusters of ecodesign management practices.  

2.3.2 Prescriptive Study B (PS-B) 

Main results: (1) qualitative approach for evaluating business benefits of ecodesign 
(conceptual framework) and (2) quantitative approach for evaluating business benefits of 
ecodesign (business case simulator for ecodesign);  

Concerning the qualitative modelling approach, a Grounded Theory (Corbin and Strauss, 
1988; Glaser and Strauss, 1967; Greckhamer and Koro‐Ljungberg, 2005), accompanied by a 
content analysis approach was defined, underpinned by Thematic Analysis. The body of data 
was composed by all the ecodesign management practices currently present in the EcoM2 
framework and the structure of the logic models reviewed under DS-I-B. Furthermore, the 
thematic analysis made use of an inductive approach, i.e. the themes/patterns emerged 
exclusively from the data, without any attempts to fitting them into a larger theoretical frame 
(Braun and Clarke, 2006). Also, the data display commonalities and recurring themes, which 
makes thematic analysis an adequate method for analysis (Braun and Clarke, 2006). In 
particular, investigator triangulation (Curtin and Fossey, 2007; Kitto et al., 2008) was applied, 
procedure in which multiple investigators perform the analysis independently, in an effort to 
significantly reduce bias (Curtin and Fossey, 2007).  

Regarding the quantitative modelling approach, the System Dynamics methodology was 
selected based on the guidelines and overall procedure put forth by Sterman (2000). The 
integration of ecodesign into product development is considered to be a complex and 
multifaceted task, displaying high interconnectedness among variables over time (Costa et al., 
2014; Rodrigues et al., 2016a; Tatikonda, 2007). Furthermore, in the context of business case 
modeling, the time perspective is of essence in understanding whether a cause/initiative is 
worth pursuing or not (Carroll and Shabana, 2010; Hahn et al., 2014).  Therefore, this is a 
problem that displays dynamic complexity, which arises from the interactions of several agents 
over time (Sterman, 2000a), as previously highlighted. With a view to understanding and 
acting upon systems that display such dynamic complexity, the whole field of System 
Dynamics was proposed as an application of control theory to socio-technical complex 
systems, supported by computational modelling and simulation, and targeted at analyzing 
complex and dynamic behavior (Forrester, 1971a; Lee et al., 2012; Liao et al., 2015; Sterman, 
2001). It 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. The application of the System Dynamics approach to the modelling of the business 
case for ecodesign gave rise to the business case simulator for ecodesign.  

2.3.3 Descriptive Study II-B (DS-II-B) 

Main results: (1) evaluation of the conceptual framework for the business case (logic 
model) and (2) evaluation of the quantitative framework for the business case (business case 
simulator for ecodesign). 
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In the context of the PhD research project, the support developed under Study B refers to 
both the qualitative and the quantitative frameworks for deriving the business case for 
ecodesign. As performed in Study A, expert evaluation was employed in this stage. For the 
evaluation of the conceptual framework for the business case (logic model), a series of 
validation workshops with seven experts from three companies from different sectors was 
performed. The sectors were medical devices and services, automotive and aerospace, and 
equipment for construction and related industries. These workshops were designed with two 
main goals in mind. First, validate the most relevant business performance outcomes elicited 
from the systematic literature review carried out during the Prescriptive Study B. The second 
goal was to have the logic model framework itself evaluated by the industry experts, in terms 
of its usefulness and applicability. The evaluation process took place under a series of three 
workshops, one per company, with an average duration of two hours.  

The companies involved in the evaluation workshops were actively performing ecodesign 
implementation projects. The experts who took part in the workshops held positions that 
enabled them to take active action in the decision-making process regarding the product 
development processes (e.g. Vice-President of Environment and Sustainability, the Product 
Environmental Specialist, Global Head of Environment, Health and Safety, among others). 
Therefore, they were properly qualified to evaluate which types of business case rationale 
should be put defined in order to advance the agenda of sustainability-related activities 
internally.    

The theoretical background of the workshop was based on the consolidated list of business 
performance outcomes. Workshop participants were asked to select the three most relevant 
top-level decision-makers regarding product development and/or ecodesign management in 
their organizations. This step was particularly important in order to support the tailoring of 
the business case argumentation with the objective of meeting the requirements and needs of 
different stakeholders in the organization (Hart and Milstein, 2003; Salzmann et al., 2005; 
Schaltegger and Lüdeke-Freund, 2012). The most important stakeholders should therefore 
drive the choices of which business performance outcomes to focus once the business case is 
built and communicated internally.   

Based on a short list of the most recurrent business performance outcomes, participants 
were requested to select three to five most important ones for each one of the selected 
decision-makers they had chosen as key. Finally, the logic model framework was presented to 
all participants and 3 to 5 examples of ecodesign management practices were highlighted. 
Participants were also given time and resources to think on the relationships between the 
logic model’s components and use the business performance outcomes they had defined. 
Workshop participants were then invited to evaluate the usefulness and applicability (Dul and 
Hak, 2008) of the logic model framework at their own organizations in an unstructured 
interview setting, focused on pinpointing the strengths and weaknesses of the framework 
application in real decision-making settings. 

A similar evaluation approach was followed regarding the quantitative framework for 
the business case (business case simulator for ecodesign). For this procedure, a total of six 
experts from three different companies were involved in evaluation workshops. It is important 
to highlight that the three companies were selected on the basis of their previous knowledge 
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and application of the EcoM2 framework internally. Therefore, all experts involved in the 
evaluation of the business case simulator for ecodesign were familiar with the EcoM2 and its 
application in their company. This aspect is particularly important because familiarity with 
the core components and the application method of the EcoM2 allow experts to issue a more 
grounded judgement on the usefulness and applicability of the business case simulator – 
mainly because they are better equipped with real information of what actually had been 
happening throughout the application and implementation phases. However, this does not 
mean that the proposed approach is only suitable for companies that have tried or applied the 
EcoM2 before. Since this is an initial evaluation of the framework, companies bearing higher 
levels of EcoM2 knowledge would potentially provide more thorough evaluations over the 
constrained time frame of this research project. For organizations without prior knowledge of 
the EcoM2, an introduction to the concepts of management practices, capability levels and 
continuous improvement should be delivered.  

All experts took part in the evaluation workshops in person. Initially, experts were 
presented with:  

(iii) an introduction to the project and to the business case rationale for ecodesign;  
(iv)  a short recapitulation of the EcoM2 structure, mainly focused on the management 

practices and the capability levels;  
(v) introduction of the 11 clusters of practice and the business performance outcomes 

used in the simulator and  
(vi)  instructions on how to use the business case simulator.  

Then, experts were presented to the online version of the business case simulator, which 
was accessible via an open URL link. After potential questions on how to use the tool were 
cleared, experts were free to operate the simulator as they wished, either individually or as a 
group.  

As asserted under section 2.2.2, the clusters of practice were used to build the business 
case simulator for ecodesign. There were only two required inputs: the current capability level 
and the desired capability level for each one of the 11 clusters of practice. At this stage, experts 
could choose whether they wanted to use the results of their own diagnosis – in order to 
provide the accurate current capability levels - 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 
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 their assumptions regarding both the current and the 
desired capability levels of the clusters. Experts were invited to imagine different future 
scenarios and check the implications showed by the simulator. Finally, an online evaluation 
questionnaire – based on the questionnaire developed by Issa et al. (2015) and Pigosso (2012) – 
was presented to the experts. The questionnaire evaluated nine dimensions of the business 
case simulator based on multiple-choice questions. The dimensions were: utility, consistency, 
completeness, applicability, simplicity, clarity, objectivity, data and the clusters of practice. 
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The scale of available responses was: “very satisfactory”, “satisfactory”, “needs improvement” 
and “unsatisfactory”. An open space for comments, suggestions and/or questions was available 
for each one of the questions, however a response was not mandatory. Finally, a final open 
question invited participants to write about their general comments and impressions of the 
business case simulator. 
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3 Results and Discussion 

The results and the related discussion are presented in this section according to the two 
studies that were designed to address the research gaps identified in the literature.  

3.1 Summary of Results and Discussion for Study A 

This section describes the results of Study A, and briefly discusses its implications. The 
section is organized according to the DRM stages: Descriptive Study I-A (DS-I-A), Prescriptive 
Study A (PS-A) and Descriptive Study II-A (DS-II-A). Under the first stage (DS-I-A), a 
description of the review on the process-related indicators for product development is offered. 
Next, under PS-A, the development of specific performance indicators for ecodesign 
implementation and their consolidation in a database is described. Finally, under DS-II-A, the 
procedures related to the evaluation of the database of indicators by industry and academic 
experts is outlined.  

3.1.1 Descriptive Study I-A 

3.1.1.1 Process-related performance indicators for product development 

Paper 1: Rodrigues, V. P., Pigosso, D. C. A., & McAloone, T. C. 2016. Process-related key performance 
indicators for measuring sustainability performance of ecodesign implementation into product 
development. Journal of Cleaner Production, 139, 416–428.  

The systematic literature review on process-related performance indicators for product 
development resulted in 1179 papers retrieved from the databases (711 from Scopus, 270 from 
Web of Science and 198 indexed in both databases). Through the application of the inclusion 
criteria and following the procedure for study analysis and selection, 762 papers (64.6% of 
total) had their abstract and keywords analyzed, whereas introduction and conclusion were 
analyzed in 327 papers (42.9% of previously selected papers) and 45 papers were fully read and 
finally selected, representing 13.7% of the previously selected papers. From the total number of 
retrieved papers, the 45 selected ones represent a yield of 3.8%. 

Approximately 830 process-related indicators were pulled from the papers. The duplicates 
were removed, and the indicators were consolidated in a single database with a final total of 
787 systematized process-related performance indicators, representing an average of 17.4 
indicators per selected paper. After consolidation, the indicators had their name, description 
and/or formula and bibliographic information (authors and year of publication) documented.  

 

Table 5  displays examples of the process-related performance indicators for each one of 
the phases of the product development (Product Strategic Planning, Informational Design,  
Conceptual Design, Detailed Design, Production Preparation, Product Launch and Product 
Accompanying and Monitoring), according to the reference model for product development 
adapted from Amaral and Rozenfeld (2007) and Rozenfeld (2007). The full database can be 
downloaded from: http://www.ecodesign.dtu.dk/process-performance. 

 

http://www.ecodesign.dtu.dk/process-performance
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Table 5 – Examples of process-related performance indicators retrieved from the literature for each product 
development phase, adapted from (Rodrigues et al., 2016b) 

Process-related Performance 
Indicator 

Triple Bottom 
Line 

Dimension 

Product Development Phases* 
Reference 

PSP IDE CDE DDE PPR PLA PAM 

External acquisition of R&D Economic        (Luz et al., 2015) 

Considerations of sustainability 
aspects in the project scope 

Social, 
Environmental 
and Economic 

       (Ussui and Borsato, 
2013) 

Degree to which the product meets 
environmental legislation 

requirements 
Environmental        (Ussui and Borsato, 

2013) 

Purchase intent rate prior to market 
introduction Economic        (Griffin and Page, 

1993) 

Considerations for improving 
sustainability at the end-of-life 

Social, 
Environmental 
and Economic 

       (Ussui and Borsato, 
2013) 

Requirements stability and volatility Economic        (Vanek et al., 2008) 

Expected reuse for products Economic        (Hauser, 2001) 

Lead time from agreement of 
requirements to manufacture Economic        (Haque and Moore, 

2004) 
Number of engineering change 

orders Economic        (Acosta et al., 2002) 

Concept’s variety Economic        (Oman et al., 2013; 
Shah et al., 2000) 

Improvement potential of selected 
concepts Economic        (Ussui and Borsato, 

2013) 

Drawings ‘first-time pass’ Economic        (Buchheim, 2000) 

Number of design defects detected 
at development stages Economic        (Nappi and 

Rozenfeld, 2015) 
Economic feasibility in detailed 

design Economic        (Ussui and Borsato, 
2013) 

Planned versus actual formal test 
procedures attempted/completed Economic        (Vanek et al., 2008) 

Product yield rate through the 
manufacturing process Economic        (Griffin and Page, 

1993) 

Launched on time and in budget Economic        (Griffin and Page, 
1996, 1993) 

Change in customer loyalty Social        (Bai et al., 2007) 

Environmental budget Environmental 
and Economic 

Generic Activity 

(Garbie, 2014) 

Attracted foreign researcher Social (Kim and Kim, 
2015) 

Number of products with eco-label Environmental (Nappi and 
Rozenfeld, 2015) 

Environmental information 
availability and accuracy Environmental (Nappi and 

Rozenfeld, 2015) 

* PSP: Product Strategic Planning; IDE: Informational Design; CDE: Conceptual Design; DDE: Detailed Design;  
PPR: Production Preparation; PLA: Product Launch; PAM: Product Accompanying and Monitoring 

There is a relevant asymmetry between the number of process-related performance 
indicators proposed for each one of the triple bottom line dimensions and their combination 
in bi-dimensional or tri-dimensional indicators. Environmental and social aspects are just 
partially reflected in economic considerations of the indicators gathered, even though those 
elements have been increasingly becoming part of business (Figge et al., 2002). The large 
amount of proposed economic indicators supports the hypothesis that the performance of 
product development processes is still mainly captured and measured in terms of their 
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technical efficiency and financial metrics, based on hard data. Therefore, there is an evident 
gap of proactive and externally-oriented social indicators for product development, whose 
main role would be to translate societal needs and issues more comprehensively into business 
opportunities and value, rather than solely measuring customer satisfaction. 

Despite the reasonably high number of catalogued process-related indicators in the 
systematic literature review, the performance of product development, as a whole, is 
dominated by a product-oriented perspective, with indicators largely focusing on physical 
properties and attributes of specific products. However, this clear distinction between 
process-related and product-related indicator is not always crystal-clear and might become 
the object of discussion and dispute. Furthermore, it should be noted that there is a 
symptomatic absence of support in the literature for defining, adapting and actually applying 
or using the proposed indicators, since the majority of the indicators are not proposed along 
with potential units of measurement, general instructions or formulas for their application.  

3.1.2 Prescriptive Study A 

3.1.2.1 Performance indicators for ecodesign implementation 

Paper 2: Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2017. Measuring the implementation of 
ecodesign management practices: a review and consolidation of process-oriented performance 
indicators. J. Clean. Prod. 156, 293–309.  

The development of the performance indicators for ecodesign implementation used the 
database of process-oriented indicators for product development as a starting point 
(Rodrigues et al., 2016b). Through the execution of a cross-content analysis between the 
performance indicators in the database and the ecodesign management practices, two main 
gaps were uncovered (Rodrigues et al., 2016c):  

(i) the majority of the indicators are too generic and broad, and do not take 
fundamental specificities of ecodesign implementation into consideration, and  

(ii) most of the ecodesign management practices could not be properly translated and 
measured by the indicators currently proposed in the literature.  

Therefore, there is a relevant gap regarding performance measurement for ecodesign 
implementation, indicating the need for developing and proposing new process-oriented 
performance indicators. 

Considering the entire database of 787 performance indicators (Rodrigues et al., 2016c), 
only 46 indicators were actually assigned to the ecodesign management practices of the 
EcoM2. The dismissed indicators were too generic and broad, and usually covered areas, 
topics and themes, which do not typically fall within the domains of ecodesign management 
and implementation. Complementarily, this finding might point towards the necessity of 
developing new ecodesign management practices to cover gaps that are not being currently 
and properly addressed.  

The assigned indicators covered a total number of 23 ecodesign management practices, out 
of the 62 management practices in the EcoM2. Therefore, the remaining 39 practices of the 
EcoM2 were not covered by any of the indicators from the literature.  There was dominance of 
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indicators extracted from the studies performed by (Ussui and Borsato, 2013) and (Nappi and 
Rozenfeld, 2015, 2013). Fundamentally, the indicators covering the following topics were 
included in the list of assigned indicators:  

(i) Technology disruptiveness (Ganguly et al., 2010);  
(ii) Performance indicators from a systems engineering perspective (Vanek et al., 2008); 
(iii) Company-wide performance measurement for new product development processes 

(Driva et al., 2000);  
(iv) Indicators focused on the designer level (Acosta et al., 2002);  
(v) Indicators for product introduction from a lean standpoint (Haque and Moore, 

2004);  
(vi) Assessment of variety and creativity in concept- and idea generation (Verhaegen et 

al., 2013);  
(vii) Design metrics for early supplier selection (Humphreys et al., 2007);  
(viii)  Performance indicators for collaboration management in the context of 

engineering design (Gendron et al., 2012) and  
(ix) High-level and firm-wide indicators based on the balanced score card (Bai et al., 

2007). 

 Table 6 exhibits examples of the process-related performance indicators that were 
retrieved during the systematic literature review and then assigned to the ecodesign 
management practices.  

Table 6 – Examples of process-related performance indicators retrieved from literature and assigned to the 
ecodesign management practices, adapted from (Rodrigues et al., 2017a). 

Ecodesign management 
practices Process-oriented performance indicators derived from literature Suggested 

units 

Integrate the environmental 
dimension in the strategic 
decision-making process 
jointly with the traditional 
aspects 

Number of sustainability aspects covered by the elements of business 
planning (Ussui and Borsato, 2013) N/A 

Collect information about 
applicable legal issues and 
standards related to the 
environmental performance 
of products 

Degree to which current environmental laws for products are being 
met (Ussui and Borsato, 2013) N/A 

Monetary value of significant fines and total number of non-monetary 
sanctions for noncompliance with environmental laws and regulations 
(Nappi and Rozenfeld, 2015, 2013) 

N/A 

Number of lawsuits (Nappi and Rozenfeld, 2015, 2013) N/A 
Compliance to product standards (Vanek et al., 2008) N/A 
Degree of attention to regulatory, environmental and industry 
standards (Hauser, 2001) N/A 

Define a strategic roadmap 
for the development and 
implementation of new 
technologies that allows a 
better environmental 
performance over the 
product life cycle 

Technology maturity trends (Evaluation of ability to avoid adoption of 
immature technology or to replace aging technology in a timely fashion) 
(Vanek et al., 2008) 

N/A 

Following the procedure and principles stated for the proposal of new indicators, a 
proposal of 141 new indicators was made in order to complement the ones assigned from the 
literature and to cover the entire set of management practices of the EcoM2. Table 7 displays 
examples of proposed process-related performance indicators for ecodesign implementation, 
along with suggested units of measurement. 
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Table 7 – Examples of proposed process-related performance indicators and suggested units, adapted from 
(Rodrigues et al., 2017a) 

Ecodesign management 
practices Proposed process-related performance indicators Suggested units 

Examine the relevant internal 
and external drivers for the 
development of products with 
a better environmental 
performance 

Number of examined internal/external drivers for 
ecodesign 

Number of drivers 
examined 

Assess technological and 
market trends (including new 
customer requirements) 
related to ecodesign 

Rate of market trends (%) related to ecodesign 
Percentage of market 
trends (in relation to the 
total number of trends) 

Rate of technology trends (%) related to ecodesign 
Percentage of technology 
trends (in relation to the 
total number of trends) 

Rate of customer demands (%) related to ecodesign 
Percentage of customer 
demands (in relation to the 
total number of trends) 

Clearly define the goals to 
improve environmental 
performance of the products 
under development 

Rate of environmental goals (%) 

Percentage of 
environmental goals (in 
relation to the total 
number of goals) 

Ambition level of environmental goals Dimensionless 
(qualitative/scale) 

Feasibility of environmental goals Dimensionless 
(qualitative/scale) 

Strategically consider the 
product environmental 
performance in the company 
portfolio management 

Number of products with enhanced environmental 
performance in the portfolio Number of products 

Number of discontinued products due to 
environmental concerns Number of products 

Revenue from products with enhanced environmental 
performance Monetary units 

Establish product-related 
vision, strategy and 
environmental roadmaps in the 
strategic level at the company 

Number of environmental issues in strategic roadmaps Number of issues 

Integration level between environmental issues and 
product-related vision 

Dimensionless 
(qualitative/scale) 

3.1.3 Descriptive Study II-A 

3.1.3.1 Evaluation of the performance indicators for ecodesign implementation 

Paper 2: Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2017. Measuring the implementation of 
ecodesign management practices: a review and consolidation of process-oriented performance 
indicators. J. Clean. Prod. 156, 293–309.  

The proposed indicators were subjected to the evaluation of eight industry experts. The 
indicators which received the positive evaluation of five experts or more were finally 
considered as aligned to the ecodesign management practice and then added into the 
consolidated list. The indicators which did not achieve the mark of five experts were instantly 
disregarded as not aligned. Having been through the expert evaluation, 21 proposed indicators 
were deemed as not aligned and therefore excluded from the consolidated list. The 
consolidated database of indicators for ecodesign implementation (retrieved from the 
literature and proposed) can be accesses via http://www.ecodesign.dtu.dk/process-
performance. 

Two ecodesign management practices ended up without any indicators assigned, after the 
evaluation of experts. These practices are: “formulate the company environmental policy and/or 
strategy” and “measure and monitor the environmental feasibility of new product development 

http://www.ecodesign.dtu.dk/process-performance
http://www.ecodesign.dtu.dk/process-performance
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projects”. Since the objective of the research was geared towards offering a set of meaningful 
and aligned performance indicators for measuring ecodesign implementation, the existing 
literature was reviewed, the relevant gaps were found, and new process-related performance 
indicators were proposed on the basis of such gaps. Once these indicators were subjected to 
expert evaluation and then filtered accordingly, no new indicators were to be proposed 
without proper validation. Therefore, the lack of indicators for these two practices is a 
limitation of the current research methodology and should be addressed in follow-up studies, 
outside the scope of this PhD research project.  

Out of the 114 proposed process-oriented performance indicators, 57 of them (42,2%) had 
their units suggested as “Dimensionless (qualitative/scale)”, which points to the need for 
developing case-specific and company-made qualitative metrics (e.g. through the use of 
surveys, questionnaires, focus groups, grades, qualitative judgments/evaluations etc.) or scale 
(e.g. based on Likert scales or psychometric test, among other methods). Depending on the 
organization’s strategic objectives, specific methods and measurement mechanisms could be 
developed in order to collect data. Such methods could eventually encompass surveys, graded 
scales, questionnaires, among other instruments.  

The results of Study A establish a source of knowledge for companies in the process of 
deriving, implementing and streamlining performance indicators for ecodesign 
implementation management. The application, customization and adaption of such indicators 
must be driven, informed and revised based on the organization’s strategic drivers and 
performance management systems. However, the implementation of the full set of indicators 
proposed in Study A is rather unrealistic and undesirable, from a business perspective. 
Therefore, organizations should focus on selecting a sub-set of indicators that are meaningful 
and suitable to be implemented and measured. Within such context, the performance 
indicators reported and proposed by this research are predominantly useful for organizations 
seeking higher capability levels in the application of the ecodesign management practices. In 
particular, the indicators can potentially support companies moving from capability level 1,2 or 
3 directly to capability levels 4 or 5, a situation in which the use of indicators is required as a 
way to measure, monitor and improve upon the application of the ecodesign management 
practices. 

3.2 Summary of Results and Discussion for Study B 

This section describes the results of Study B, and briefly discusses its implications. The 
section is organized according to the DRM stages: Descriptive Study I-B (DS-I-B), Prescriptive 
Study B (PS-B) and Descriptive Study II-B (DS-II-B). Under the first stage (DS-I-B), a 
description of the review on the logic model structures is presented, along with the review on 
the business performance outcomes and the derivation of the relationships between the 
clusters of ecodesign practices and the outcomes. Next, under PS-B, the development of the 
qualitative framework based on logic models is presented, along with the introduction to the 
quantitative modelling approaches and the development of the quantitative framework 
(business case simulator). Finally, under DS-II-B, the evaluation procedure for both the 
qualitative and the quantitative frameworks are briefly described.  
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3.2.1 Descriptive Study I-B 

3.2.1.1 Logic model structures 

Paper 3: Rodrigues, V., Pigosso, D., Andersen, J., McAloone, T., 2018. Evaluating the Potential 
Business Benefits of Ecodesign Implementation: A Logic Model Approach. Sustainability 10, 2011. 

Within the broader context of structuring how performance should be measured, the 
theory of logic models have emerged as an established way of identifying the elements of a 
program’s design, operation and its effects (Besharov and Call, 2017). In short, the logic model 
structure depicts the logical sequence of events to occur through an initiative or intervention 
to bring change as a response to a current specific state (Goldman and Schmalz, 2006). In the 
logic model, a collection of inputs underpin the execution of certain activities, which produces 
direct effects (outputs) (Seidman, 2017; W.K. Kellogg Foundation, 2004). These outputs can 
eventually influence longer-term performance and goals, which are typically depicted in the 
logic model, known as outcomes/impact (Kaplan and Garrett, 2005; Seidman, 2017; Strycker, 
2016). The degree of tangibility varies across the levels of the logic model, from the 
inputs/resources to the outputs and outcomes/impact. In summary, the logic model can be a 
representative framework of an initiative’s potential to influence performance, and the 
sequential logic behind this influence.  

The theory of logic model was then selected to represent the qualitative considerations of 
how ecodesign management practices can potentially affect corporate performance. It is 
usually represented as a set of inputs required for carrying out a set of activities, which will, in 
turn, produce outputs and related outcomes. It is important to highlight that in real contexts, 
there is a wealth of interactions between outputs and outcomes, and relationships are not 
always one-to-one. Figure 9 displays a hypothetical example of a simple logic model structure 
for a physical artifact. 

 
Figure 9 - Structure of a logic model with a hypothetical example. Structure adapted from (Cooksy et al., 2001; 

Rodrigues et al., 2018). 

The systematic literature review on logic model structures had the main objective of 
identifying the key structural elements of the logic models either proposed or analyzed in the 
scientific literature. Based on this review, a rigorous logic model could be then derived and 
instantiated for application within the ecodesign implementation space. 

The review resulted in a total of 636 papers retrieved, with 126 unique results coming from 
Web of Science, 349 unique results from Scopus and 161 papers that were indexed in both 
electronic databases. After applying the exclusion criteria, 87 papers were entirely read and 
finally selected, representing 33.8% of the papers analyzed in the previous step. If measured 
against the amount of papers retrieved from the databases, the 87 selected papers represent 
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13.7%. For each one of the 87 resulting papers, the elements were listed on an electronic 
database, along with the main topic addressed by the paper (Rodrigues et al., 2018). There is a 
wide range of topics covered by the papers - with examples spanning different knowledge 
areas – and the logic models could be grouped into six topics:  

(i) Healthcare interventions and public policies (23 papers);  
(ii) International and sustainable development (15 papers);  
(iii) Educational interventions and programs (13 papers);  
(iv) Organizational programs and evaluation - e.g. innovation, leadership, supply chain, 

R&D, capacity development, ergonomics, collaboration employee wellness etc. (12 
papers);  

(v) Community-based program evaluation (8 papers) and  
(vi) Academic and research-based programs (7 papers).  

The remaining 9 papers present and discuss generic logic models, with no connection with 
specific topics.  

Table 8 exhibits a collection of selected papers, along with the structural elements of the 
logic model presented and the main topic. The full database of categorized logic models with 
the description of their structural elements and the main topic they are addressing can be 
accessed via the link http://www.ecodesign.dtu.dk/Process-Performance.  

Table 8 – Examples of selected papers, with the structural elements of the logic model and the overall topic. 

Reference Structural elements of the logic model Topic 

(Shao et al., 2012) 
Performance drivers, strategic supply performance 
outcomes, corporate performance outcomes 

Supply chain 
performance 

(Das et al., 2014) 
Resources, activities, outputs, short-term 
outcomes, long-term outcomes 

Employee wellness 
programs 

(Jordan, 2017) 
Needs/opportunities, activities, end outcomes, 
system effects 

Innovation policy and 
evaluation 

(Park, 2015) 
Inputs, activities, outputs (short-term, mid-term) 
and impacts (socioeconomic, long-term) 

R&D programs 

(Seidman, 2017) Inputs, outputs/outcomes, impact 
Sustainable 
development 

(Herranz, 2017) 
Resources, activities, outputs, intermediate 
outcomes, end outcomes 

Network performance 
measurement system 
for public management 

(Millar et al., 2001) 
Inputs, activities, outputs, initial outcomes, 
intermediate outcomes, long-term outcomes 

Generic 

(Chaskin, 2009) 
Goals, inputs, outcomes (short- mid-term, long-
term) 

Community-based 
youth development 

(Dorsey et al., 2014) 
Inputs, outputs (activities), outputs (participants), 
outcomes/impact (short-term, medium-term, long-
term) 

Cross-disciplinary 
collaboration 

(Hutchings, 2017) Intervention, outputs, outcomes, impact 
Global nonprofit 
performance 

(Watkins et al., 2011) 
Leadership program activities, processes, emerging 
program outcomes 

Executive leadership 

 

http://www.ecodesign.dtu.dk/Process-Performance
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As previously discussed under section 2.3.1, the practices were grouped into thematic 
clusters in order to represent the activity level of the logic model. The development of the 
clusters was aimed at reducing the complexity of the high number of practices in the EcoM2.  
The clusters also support managers in quickly identifying the ecodesign management 
practices by broader categories/themes. This feature allows decision-makers to draw better 
connections between the practices and the context and structure of their own organization.  

The thematic analysis carried out on the ecodesign management practices gave rise to 11 
distinct thematic clusters of practices. The clusters are particularly important to support 
decision makers to swiftly identify the main topics of the practices. Table 9 shows the 
thematic clusters and corresponding examples of practices to illustrate the clusters. The 
database with all the thematic clusters can also be accessed via the link 
http://www.ecodesign.dtu.dk/Process-Performance. 

Table 9 - Examples of practices in each one of the thematic clusters, with its outputs and initial outcomes, as in 
(Rodrigues et al., 2018).  

Cluster Thematic cluster Number of 
practices 

Example of 
practice Outputs Initial Outcomes 

1 

Environmentally-
enhanced 
technological 
strategy 

5 practices 

Identify and/or 
develop new 
technologies that 
can contribute to 
improve the 
environmental 
performance of the 
developed products 

New 
environmentally-
enhanced 
technologies 

Products with 
environmentally-
enhanced technology 

2 

Development of 
support processes, 
training and 
knowledge for 
ecodesign 

4 practices 

Get knowledge on 
how to develop 
products with a 
better environmental 
performance 

Ecodesign 
knowledge 

Environmentally-
enhanced products 
Informed/conscious 
environmental-
related decisions 
Systematized trade-
off analysis 

3 
Incentives and 
awareness for 
ecodesign 

2 practices 

Develop a "green" 
incentive scheme for 
the development of 
products with 
increased 
environmental 
performance 

Incentive schemes 
for ecodesign 

Employee 
motivation, 
engagement and 
productivity 

4 
Marketing and 
communication for 
ecodesign 

2 practices 

Elaborate and 
communicate 
recommendations to 
consumers on how 
to improve the 
environmental 
performance of the 
product during the 
use and end-of-life 
phases 

Recommendations 
to consumers 

Consumer 
engagement and 
retention 
Employee 
motivation, 
engagement and 
productivity 
Identification of 
ecodesign-related 
opportunities and 
benefits 

5 

End-of-life 
strategies, 
packaging and 
operations 

5 practices 

Monitor the product 
environmental 
performance during 
use and end-of-life 

Environmental 
performance 
during use and 
end-of-life 

Information for end-
of-life decisions 

Consumer 
behavior data 

Recommendations to 
customers/stakehold

http://www.ecodesign.dtu.dk/Process-Performance
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ers for use and end-
of-life 
Input data for 
product development 
decision-making 

6 

Strategic 
management of 
ecodesign 
implementation 

9 practices 

Identify internal and 
external drivers for 
the development of 
products with a 
better environmental 
performance 

Internal drivers for 
the development of 
products with 
better 
environmental 
performance 

Alignment and 
consistency with 
internal drivers 

External drivers for 
the development of 
products with 
better 
environmental 
performance 

Alignment and 
consistency with 
external drivers 

7 

Portfolio 
management and 
environmental 
trends 

4 practices 

Evaluate the 
environmental 
feasibility of new 
product 
development 
projects 

Environmental 
feasibility of new 
product 
development 
projects evaluated 

Input data for 
product development 
decision-making 

8 
Product 
development 
management 

11 practices 

Engage relevant 
people from 
functions across the 
company in the 
integration of 
environmental issues 
into product 
development 

Relevant people 
engaged in 
ecodesign across 
the company 

Employee 
motivation, 
engagement and 
productivity 

Relevant people 
identified across 
the company 

Employee awareness 
regarding 
environmental issues 

9 Value chain 
management 3 practices 

Establish 
cooperation 
programs and joint 
goals with suppliers 
and partners aiming 
to improve the 
environmental 
performance of 
products 

Cooperation 
programs and joint 
goals with 
suppliers and 
partners 

Superior value chain 
environmentally-
oriented integration 

Sharing of 
environmental 
information among 
suppliers/partners 

10 Regulatory 
compliance 2 practices 

Collect information 
about legal issues 
and standards 
related to the 
environmental 
performance of 
products 

Information about 
legal issues 
collected 

Reaction and 
anticipation to 
regulatory changes 
and trends 

Information about 
standards collected 

Potential for 
regulatory-driven 
innovation in 
products and services 

11 

Program 
management and 
ecodesign 
benchmarking 

4 practices 

Benchmark the 
environmental 
performance of 
competitor products 

Benchmarks 
against competitor 
products 

Identification of 
innovation 
opportunities in 
products and services 
based on benchmarks 

3.2.1.2 Business Performance Outcomes 

Paper 3: Rodrigues, V., Pigosso, D., Andersen, J., McAloone, T., 2018. Evaluating the Potential 
Business Benefits of Ecodesign Implementation: A Logic Model Approach. Sustainability 10, 2011. 

Regarding the definition of the business performance outcomes to be adopted in the 
business case framework, a systematic literature review with the main objective of gathering 
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the key outcomes proposed in the specialized literature was carried out. It resulted in a total 
of 199 papers retrieved from the Web of Science database. A total of 54 papers were selected 
and fully read (27.3% of the total). A total number of 360 business performance outcomes were 
retrieved from the papers and recorded on an electronic database. The business performance 
outcomes were then classified according to the triple bottom line dimensions. Subsequently, 
they were classified in categories and sub-categories according to the main business topic they 
were associated (Pedersen and Sudzina, 2012). Six categories emerged from the data for the 
classification of business performance outcomes:  

(i) regulatory;  
(ii) environmental and social engagement;  
(iii) marketing;  
(iv) learning and development;  
(v) efficiency and effectiveness and  
(vi) financial.  

The outcomes in the categories were categorized in 21 different sub-categories and 
duplicates were removed. The total number of unique business performance outcomes was 
303. Table 10 presents examples of business performance outcomes that were retrieved from 
the SLR. The consolidated database containing all the business performance outcomes be 
accessed through the link: http://www.ecodesign.dtu.dk/Process-Performance. 

Table 10 - Examples of business performance outcomes extracted from the SLR 

TBL dimension Category Sub-category 
Business Performance 

Outcome 
Reference 

Economic Marketing Reputation Brand value 
(Svensson et al., 
2016) 

Economic Financial Profitability  Company profitability 
(Keeble et al., 
2003) 

Economic Financial Revenue Revenue growth 
(Gulamhussen et 
al., 2012) 

Economic Marketing 
Customer 
satisfaction 

Customer loyalty rate 
(Dossi and Patelli, 
2010) 

Social 
Environmental 
and social 
engagement 

Corporate 
citizenship 

Community 
support/involvement 

(Schulz and 
Flanigan, 2016) 

Social 
Environmental 
and social 
engagement 

Employee 
welfare 

Human capital investment 
(wages, benefits, training and 
education) as percentage of 
profit 

(Subramanian and 
Gunasekaran, 
2015) 

Environmental 
Efficiency and 
effectiveness 

Emissions to 
environment 

Total emission of glasshouse 
gasses 

(Kocmanová and 
Šimberová, 2014) 

Environmental 
Efficiency and 
effectiveness 

Resource 
efficiency 

Material consumption 
(Subramanian and 
Gunasekaran, 
2015) 

http://www.ecodesign.dtu.dk/Process-Performance
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3.2.1.3 Relationships between Business Performance Outcomes and ecodesign management 
practices 

Paper 3: Rodrigues, V., Pigosso, D., Andersen, J., McAloone, T., 2018. Evaluating the Potential 
Business Benefits of Ecodesign Implementation: A Logic Model Approach. Sustainability 10, 2011. 

An additional systematic literature review was defined with the aim of collecting evidence 
about the potential relationships between the clusters of ecodesign management practices and 
the business performance outcomes, offered by the papers in the literature. Initially, the 
business performance outcomes with at least 10 mentions (recurrence) were selected from the 
consolidated database of business performance outcomes (Rodrigues et al., 2018). The selected 
outcomes were:  

(1) customer satisfaction (35 mentions);  
(2) market value (30 mentions);  
(3) employee welfare (30 mentions);  
(4) liquidity (21 mentions);  
(5) revenue (17 mentions);  
(6) expenses (17 mentions);  
(7) emissions (13 mentions);  
(8) operational effectiveness (11 mentions);  
(9) resource efficiency (10 mentions); 
(10) customer satisfaction (10 mentions).  

A classification scheme based on method proposed by (Züst and Troxler, 2006) was 
adopted for evaluating the effects between the practices and the outcomes. The authors 
propose a symmetric relationship matrix, similar to the DSM (Design Structure Matrix) 
(Eppinger et al., 1994), which captures the network of effects among variables. The evidence 
presented by the papers retrieved from the systematic literature review were classified with:  

• value 1, if only theoretical claims or hypothesis were developed about the 
relationships cluster-outcome;  

• value 2 when non-generalizable empirical evidence was offered, such case studies; 
and  

• value 3 was assigned when strong and potentially generalizable empirical evidence 
was provided, such as comprehensive surveys, data-rich models or meta-analysis, 
among other.  

The results of the systematic literature review on the relationships between the clusters of 
practices and the business performance outcomes resulted in a relationship matrix, displaying 
the strength of the influence of a particular cluster on a particular outcome. Figure 10 shows 
the generic structure of the resulting relationship matrix.  



 

 39 

 
Figure 10 - Generic structure of the relationship matrix based on evidence retrieved from the systematic 

literature review 

The systematic literature review resulted in a total number of 833 papers. Of these, 456 
were retrieved from Scopus, 252 from Web of Science, and the remaining 125 papers were 
indexed in both databases. With the application of the inclusion 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 individually 
evaluated for evidence, the mode was calculated to represent the cluster-outcome 
relationship.  The mode is a statistical concept that refers to the value with the highest 
number of occurrences in a given set. In the event of a tie, the lowest value was chosen to 
represent the relationship cluster-outcome.   

No evidence was found regarding potential relationships between the business 
performance outcome liquidity and any of the clusters. Therefore, only 9 outcomes were 
represented. Out 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. The most influential 
cluster, measured by the sum of the modes of its relationships, is cluster 6 - strategic 
management of ecodesign implementation (16 points), followed 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 – 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 cluster would be among the 
most influential, mainly due to its high potential impact. The next most influential one, 
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cluster 4, touched the topic of marketing and external communication, for which a relatively 
high number of studies backed by evidence exist.  

3.2.2 Prescriptive Study B 

3.2.2.1 Qualitative framework based on logic models 

Paper 3: Rodrigues, V., Pigosso, D., Andersen, J., McAloone, T., 2018. Evaluating the Potential 
Business Benefits of Ecodesign Implementation: A Logic Model Approach. Sustainability 10, 2011. 

The most recurrent elements within the logic model structures reviewed in the Descriptive 
Study I-B (DS-I-B), under section 3.2.1.1 ,were: activities, outputs and outcomes, with some 
slight variations. The elements of outcomes were also represented differently across the logic 
models, as some of the studies have emphasized different timescales for the outcomes (namely 
long-, medium- and short-term outcomes) (Rodrigues et al., 2018). Figure 11 displays the 
resulting theoretical and generic logic model structure for ecodesign implementation, derived 
from the descriptions in the literature. 

 
Figure 11 - Resulting generic logic model framework for business cases 

An additional thematic analysis of the ecodesign management practices was performed in 
order to derive the correspondent outputs and initial outcomes. For each one of ecodesign 
management practices, a set of outputs and initial outcomes were defined. This step is 
simultaneously addressing two elements of the logic model on Figure 11: “outputs” and “initial 
outcomes”. This thematic analysis is predominantly important because it provides a 
consolidated repository of outputs and initial outcomes, based on which companies can use, 
adapt or customize to build their business case rationale. The complete database with outputs 
and initial outcomes for all practices can be accessed via the link 
http://www.ecodesign.dtu.dk/Process-Performance.  

Based on the data collected in the evaluative workshops with industry experts – which will 
be further explored in section 3.2.3.1 - the resulting generic logic model was modified in order 
to reflect the suggested improvements. In summary, the visual changes were mainly geared 
towards repositioning and emphasizing the elements of the logic model. Experts suggested to 
display the logic model in a way to reflect the different levels at the organization. Therefore, 
the elements of the ecodesign-specific logic model framework were rearranged in a 
hierarchical setting, with the activities representing the process-level, while the outputs, initial 
outcomes and business benefits are representing different levels of the corporate level.   
Figure 12 displays the final structure of the logic model framework, along with illustrative 
examples. 
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Figure 12 - Consolidated version of the ecodesign-specific logic model framework 

3.2.2.2 Quantitative modelling approaches 

Paper 4: Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2017. Building a business case for 
ecodesign implementation: a System Dynamics approach, in: Proceedings of the 21st International 
Conference on Engineering Design (ICED17). Vancouver, pp. 179–188. 

Paper 5:  Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2018. Quantifying the business case for 
ecodesign implementation in manufacturing companies: a simulation-based framework. Submitted 
manuscript. 

As previously mentioned, under sections 1.4 and 2.3.2, building a quantitative framework 
to support the development of the business case for ecodesign implementation is a problem 
that has dynamic complexity. Table 11 exhibits the main characteristics behind the concept of 
dynamic complexity in systems.  

Table 11 – Main characteristics of dynamic complexity in systems 

Characteristics Brief general description 

Constantly changing and 
past-dependent 

System’s current state is mainly characterized by changes in the 
variables over time, in which past directly influences future 

Tightly coupled and governed 
by feedback 

Strong interaction among variables with feedback loops, in which 
variables influence themselves 

Self-organizing 
Structural interactions in the system determine their behavior 
over time 

Adaptive Systems are usually change-resistant and adaptive to new policies 
Non-linear The effects are not usually proportional to the cause. 

Source: Adapted from (Gonçalves, 2008; Sterman, 2000b) 
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An exploration of potential modelling alternatives – with a focus on simulation approaches 
- was performed. Table 12 shows a summary of the main approaches that were considered and 
analyzed, with selected references, a high-level description and the main challenges for 
applying the methods. 

Table 12 – Summary of modelling methods considered, along with their overall characteristics and main 
challenges and references 

Approach Overall characteristics Main challenges Main references 

System 
Dynamics  

• System Dynamics seeks to 
describe a complex system’s 
structure as a way to understand 
its behavior over time (“structure 
drives behavior”); 

• Feedback mechanisms are 
sought and highlighted in the 
methodology; 

• Top-down approach; 
• Models are essentially 

deterministic and built on top of 
a stock-and-flow paradigm; 

• Qualitative modelling 
techniques are available with the 
use of causal loop diagrams; 

• Hard to define the right level of 
aggregation; 

• The application method can be 
time-consuming; 

• Well-suited for tackling 
problems at the strategic level; 

• Soft variables can be embedded 
into simulation models, but 
risk of arbitrary considerations 
is higher;  

• Model validation is complex. 

(Forrester, 1992, 1971a, 1961; 
Morecroft, 2007; Morecroft 
and Robinson, 2014; 
Rahmandad, 2015; 
Schwaninger and Groesser, 
2008; Sterman, 2000b, 1994) 

Agent-
based 

modelling 

•  Agent-based modelling tackles 
complex systems as a collection 
of interacting, autonomous 
“agents”; 

• Bottom-up approach; 
• Agents have behaviors, which 

are often modelled based on 
simple rules; 

• Effects of the diversity of agents’ 
interaction can be observed and 
give rise to dynamic behavior of 
the system as a whole. 

• High level of detail and 
granularity; 

• Increased cognitive burden to 
understand model behavior; 

• Liking model behavior and 
structure becomes more 
difficult as complexity grows; 

• More requirements on data 
(granularity and low level of 
detail – “agent behavior”); 

(Jahangirian et al., 2010; 
Macal, 2010; Macal and North, 
2010; Rahmandad and 
Sterman, 2008; Sadsad et al., 
2014; Wu et al., 2010) 

Discrete-
event 

simulation 

• Discrete-event paradigm 
represents systems as individual 
objects (entities) undergo a 
series of activities, for which 
queues are formed; 

• Models are fundamentally 
stochastic and generally 
represented by waiting times and 
decision rules; 

• Requires a granular activity-
centric view of systems, best 
exemplified by systems such as 
manufacturing and logistics 
operations; 

• Well-suited for tackling 
problems at the 
operational/tactical level  

• Large amounts of detailed data 
are required 

(Brailsford, 2014; Jahangirian 
et al., 2010; Morecroft and 
Robinson, 2014; Rabelo et al., 
2005; Robinson, 2014; Rotaru 
et al., 2014; Tako and 
Robinson, 2012) 
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Fuzzy logic 

• Fuzzy systems are particularly 
appropriate to describe and 
represent human perception 
based on assumptions that can 
be linguistically and numerically 
modeled; 

• The method is employed to 
handle situations in which a 
“partial truth” exists – ranging 
between completely true and 
false (“crisp” values); 

•  Fuzzy logic focuses on linguistic 
variables and provides a 
foundation for reasoning in 
terms of imprecise propositions.  

• Fuzzy logic reflects the rightness 
and vagueness of natural 
language; 

• The main features and 
characteristics of the business 
case framework are not well 
represented fuzzy variables 
(e.g. capability levels or 
management practices); 

• Conceptualization of variables 
and definition of standard 
values are not straightforward 
within the fuzzy logic 
methodology; 
 

(Andriantiatsaholiniaina et 
al., 2004; Bojadziev and 
Bojadziev, 2007; Ganga and 
Carpinetti, 2011; Motawa et 
al., 2007; Orji and Wei, 2015; 
Pavláková Dočekalová et al., 
2017; Phillis and 
Andriantiatsaholiniaina, 2001) 

Qualitative 
simulation 

• Qualitative simulation describes 
a set of possible future behavior 
patterns based on qualitative 
differential equations; 

• It expresses natural types of 
incomplete knowledge; 

• The behavior prediction in 
qualitative simulation consists of 
reasoning about how the system 
changes over time; 

• The state of each parameter 
typically consists of qualitative 
values (e.g. “becomes stable”, 
“decreases”, “increases” etc.), 
therefore it does not provide 
the quantification that was 
sought for the business case; 

• Premises can lead to relatively 
arbitrary results; 

• Most modelling software 
packages are not streamlined 
and have a relatively high 
barrier to entry (learning 
curve). 

(Kim and Chung, 2016; 
Kuipers, 1986; Murakami et 
al., 2016; Zhang et al., 2012) 

 

Given the abovementioned characteristics and set of surveyed methods, one of the most 
suitable approaches for deriving the business cases for ecodesign implementation is through 
the use of the System Dynamics (SD) methodology. It can be defined as “discipline and a 
methodology for the modeling, simulation and control of complex, dynamic systems” 
(Schwaninger, 2011, p.754) The field of System Dynamics was created and introduced in the 
mid-1950s by Professor Jay Forrester at the Massachusetts Institute of Technology (Forrester, 
1971b). It was originated as the application of engineering control theory to the behavior of 
dynamic socio-technical systems, such as business management, economics, operations 
management, ecology, among many others. One of the main underlying assumptions is that 
the behavior of a system is the result of the structure of causal relationships, feedback and 
time delays. SD is well suited for studying complex systems where unknown attributes of 
system properties are usually unseen (Forrester, 1961; Macinnis, 2004; Sterman, 2000b).  

Therefore, a modeling approach based on System Dynamics can be adopted to outline the 
structure of systems, therefore capturing the underlying behavior that drives and influences 
processes and performance. At later stages of the modelling process, it also allows 
quantification to be assigned to the relationships within an organization in order to launch 



 

 44 

the basis for simulating possible system behaviors over time (Bianchi et al., 2015). One of the 
main advantages of using such approach is positioning performance measurement and the 
evaluation of potential business benefits into the broader context of a system. With this, it is 
possible to directly address the fact that that apparently “simple” changes in processes and 
policies brings impact to outputs and outcomes that are not likely to be “simple” in an 
organizational context (Bianchi et al., 2008; Hajiheydari and Zarei, 2013). Furthermore, System 
Dynamics models are appropriate for exploring possible futures and asking “what-if” questions 
(Meadows, 2008), which is extremely helpful when deciding for alternative implementation 
paths for ecodesign.  

A consistent and systematic view on how capability was being modelled and treated from a 
System Dynamics perspective was needed in order to derive a consistent business case, based 
on adequate state-of-the-art formulations. Therefore, the systematic literature review on SD 
approaches for capability modelling within a process-oriented context had the main objective 
of gathering SD-oriented formulations that could be used towards building the business case 
simulator for ecodesign. Three fields were identified as relevant - namely organizational 
capability (OC), product development (PD) and project management (PM) - due to their 
complementarities and proximity as research fields. In particular, the field of project 
management was included in the systematic literature 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). A total 
number of 492 studies were retrieved from the Web of Science data base, from which only 10 
were selected (2,03%).  

One of the reasons for such a low yield is because majority of papers that were rejected in 
the review process approached the topic of capability by qualitative discussions, supported by 
a "systems thinking" lens. Most of the studies were neither providing a suggestion of SD 
structure/formulation nor a suitable modelling strategy. Furthermore, the term “capability” 
has become a very broad a widely used term. With this, a number of papers were dismissed 
due to be treating capability from a completely different standpoint, such as conceptual 
discussions on the definitions of dynamics capability or how capability should be developed in 
different industries, among others. 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 SD model for capability development, because they were 
explicitly modelling organizational capability. Table 13 provides a summary and overview of 
selected papers: 7 were selected from the OC literature, while 3 came from the PDP literature. 
They were used as theoretical basis for the modelling efforts towards building the business 
case for ecodesign.  

Table 13 - 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 
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(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 traps (Repenning 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 

3.2.2.3 Quantitative framework based on System Dynamics 

Paper 4: Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2017. Building a business case for 
ecodesign implementation: a System Dynamics approach, in: Proceedings of the 21st International 
Conference on Engineering Design (ICED17). Vancouver, pp. 179–188. 

Paper 5:  Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2018. Quantifying the business case for 
ecodesign implementation in manufacturing companies: a simulation-based framework. Submitted 
manuscript. 

First of all, it is important to understand the connection between the qualitative and the 
quantitative framework for the business case of ecodesign implementation. Ultimately, the 
goal is to understand how the improvement of ecodesign management practices will 
eventually influence the business performance outcomes.  In general, the qualitative 
dimension – described in the last section – entails a detailed account of what the logic behind 
the relevant relationships for the business case is.  

Therefore, from the qualitative perspective, this overall relationship practice-outcome is 
broken down into smaller pieces, namely the outputs and the initial outcomes. The objective 
is to build the basic foundational rationale about how practices help building the outcomes as 
a logical flow of events, with practices leading to outputs, which will lead to initial outcomes 
to be ultimately turned into business performance outcomes. The qualitative framework is 
easier to be applied at companies – with lower barriers to adoption – and might ignite the 
chain of reasoning for ecodesign business cases. On the other hand, from the quantitative 
perspective, the relationship practice-outcome is preserved as one single relationship, without 
the intermediate elements of the qualitative framework. This is mainly due to: (i) lack of 
theoretical or empirical information for all relationships and (ii) intractability of a simulation 
model with such a high number of simultaneously interacting elements. In other words, if all 
relationships between practices, outputs, initial outcomes and business performance 
outcomes were to be translated into a working simulation model, the time for development, 
structuring and evaluation would be prohibitively high, especially considering the time frame 
available for a PhD research project to be developed. With this, Figure 13 depicts the 
connection between the frameworks.  
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Figure 13 – Connection between the qualitative and the quantitative frameworks for the business case of 

ecodesign. 

As for the quantitative framework, the clusters of practices were modelled with their own 
capability level. 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, which are 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. Figure 14 displays the generic structure of a stock and flow diagram to 
represent the capability of ecodesign management practices (Rodrigues et al., 2017b). 

 
Figure 14 - Generic stock and flow structure for cluster's capability 

Based on this generic stock and flow structure for the cluster’s capability, a generic and 
simplified SD representation of the business case simulator is presented on Figure 15. The 
model represents a generic set of two ecodesign practices linked to a corporate performance 
indicator, namely revenue. The corporate performance is formulated as a Cobb-Douglas 
function of the capability, in line with the literature on organizational capability (Rahmandad, 
2012; Rahmandad et al., 2016; Repenning and Henderson, 2010; Sterman, 2000a). The function 
maps out the relationships between a set of inputs and a specific output (see, for instance, 
(Cobb and Gouglas, 1928)). In its most standard form, the Cobb-Douglas function represents 
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an output Y (e.g. production) as a function of two inputs L and K (e.g. in the classic example as 
labor and capital): 

𝑌 = 𝐴𝐿𝛼𝐾𝛽   

The coefficients 𝛼 and 𝛽 are the output elasticities relative to each one of the inputs, L and 
K, respectively, and A is a productivity factor, which can be either theoretically or empirically 
determined. This means that a 1% increase in L will lead to an approximately 𝛼% increase in 
the output, if everything else is held equal. Similarly, a 1% increase in K will lead to an 
approximately 𝛽% increase, ceteris paribus. If 𝛼 +  𝛽 = 1, then the function displays constant 
returns to scale. If 𝛼 +  𝛽 < 1, returns to scale are decreasing and, if 𝛼 +  𝛽 > 1, returns to 
scale are increasing. 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, represented as R), it 
would take the form: 

𝑅 = 𝐴𝐶1
𝛼𝐶2

𝛽  , 𝑤𝑖𝑡ℎ   𝛼 > 0 𝑎𝑛𝑑 𝛽 > 0  

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 𝛼 and 𝛽 can be normally defined such as 𝛼 + 𝛽 >
1. Each one of the cluster’s capabilities (𝐶1 and 𝐶2) 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).  

 
Figure 15 - Simplified generic SD model for a business case with two generic practices and one performance 

outcome (i.e. revenue). 

The expansion of the generic SD model structure to cover other clusters of practice can 
potentially lead to the development of more rigorously grounded business cases for ecodesign 
implementation. With a comprehensive simulation model covering all clusters of practices in, 
decision-makers are capable of experimenting on the business case simulator to test different 
scenarios and ecodesign implementation paths. This means that decision-makers will be able 
to evaluate how different implementation strategies could potentially lead to changes in their 
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company's most relevant business performance outcomes (e.g. which clusters to focus and 
how fast to implement them). 

In the SD model behind the business case simulator, the coefficients of the Cobb-Douglas 
function were parametrized according to the mode 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 outcomes 
were defined according to generic figures reported by business case reports and studies from 
the systematic literature review, when information 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 designed with the application flow in 
mind. First, an introduction to the PhD research project was given, along with the main 
objectives, the structure of the business case simulator, followed by an overview of the 11 
clusters of ecodesign management practice and the 9 business performance outcomes. Finally, 
a set of instructions is provided to experts, leading to the simulator page itself. The final 
interface – where the simulation itself takes place - is rather simple and emphasizes the only 
two inputs to the simulator: (i) the cluster’s current capability level and (ii) the cluster’s 
desired capability level for each one of them. Figure 16 shows a schematic representation of 
how the business case would operate in terms of inputs and expected outputs, within the 
application of the EcoM2 and the capability measurement. 

 
Figure 16 – Schematic and generic representation of the inputs and outputs of the business case for ecodesign 

within the context of the EcoM2 and its capability measurement. 

Three graphs are displayed for the behavior of the business performance outcome over 
time. A drop-down menu enables the user to select which one among the 9 business 
performance outcomes will be displayed. Figure 17 shows the interface of the business case 
simulator. The default simulation running time for the business case simulator, displayed in 
the graphs, was defined at 4 years (48 months). This was considered to be the average time 
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within which companies are typically able to realize and measure consistently the potential 
business benefits of ecodesign.    

 
Figure 17 - Interface of the business case simulator for ecodesign, displaying three outcomes: profitability, 

emissions and customer satisfaction. 

3.2.3 Descriptive Study II-B 

3.2.3.1 Evaluation of the qualitative framework 

Paper 3: Rodrigues, V., Pigosso, D., Andersen, J., McAloone, T., 2018. Evaluating the Potential 
Business Benefits of Ecodesign Implementation: A Logic Model Approach. Sustainability 10, 2011. 

Regarding the evaluation of the logic model-based qualitative framework, the seven 
industry experts pointed strengths and weaknesses. In summary, regarding its strengths, 
experts deemed the framework to be suited for capturing and conceptualizing an initial 
business case at the process level and for directly aiding executives and employees in the way 
they currently think about the business returns of broader sustainability-related initiatives 
and programs, ecodesign included. It is also generic enough to be readily embedded into a 
company’s daily thinking and operation. In particular, for companies engaged in raising 
awareness regarding sustainability-oriented topics, the qualitative framework can be 
employed for e.g. workshops and other engaging co-development activities. The logic model 
was found to be particularly useful for creating a storyline for key stakeholders. The 
“storytelling” feature of qualitative framework was appealing to several experts and allowed 
them to think on new strategies to get the attention of the intended target audience at their 
own organization. 

As for the main weaknesses, discussions on the potential conflicts and difficulties in 
integrating multiple views for different audiences or stakeholders into one shared vision was 
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raised. Even though it is crucial to establish one line of thinking for each one of the target 
groups, difficulties might arise when drawing a concise and broader picture of what the 
business case qualitatevily looks like. Concerns over assumptions and the need for 
operationalizing each one of the terms used in the qualitative framework was also pointed as a 
limitation. Moreover, language must be constantly reviewed in order to use the terminology 
that is employed and recognized at the company, so it can be widely disseminated internally. 

3.2.3.2 Evaluation of the quantitative framework 

Paper 5:  Rodrigues, V.P., Pigosso, D.C.A., McAloone, T.C., 2018. Quantifying the business case for 
ecodesign implementation in manufacturing companies: a simulation-based framework. Submitted 
manuscript.  

Similarly, the six industry experts that evaluated the quantitative framework pointed 
towards strengths and weaknesses of the approach. As for the strengths, experts considered 
the language used in the tool to be mostly aligned with the one used by top executives at their 
companies, with few adaptations required. This means that strategic decision-makers would 
potentially connect well with the tool and the business performance outcomes. Experts also 
reported that the simulator might play a very important role in bringing more subsidies to 
potentially advancing the topics of ecodesign internally, as the business case has been a 
persistent gap. The dynamic and prospective aspects of the simulator were also underscored 
as a true contribution as it supports a common understanding on the impacts of the decisions, 
the cause-and-effect relationships as well as the possibility of asking “what-if” questions. 
Experts stressed that the simplicity of the tool, as being only dependent on the capability 
levels, makes its acceptance and use potentially higher in organizational contexts.  

As for the weaknesses of the business case simulator, the industry experts considered that 
decision-makers would be willing to understand more about the underlying SD model. In 
particular, they highlighted that this might be complicated due to the technicalities of the 
method and the limited amount of the time usually available for this kind of interaction. 
However, it is important not to create a “black box” effect, which would eventually decrease 
trust and confidence in the simulator. This is a particularly important aspect of SD 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 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 framework would impose higher barriers to learning how the business case 
works and how the implementation would unfold, together with the realization of the 
benefits. Experts mentioned that in order to be of value, the business case must build on top 
of a well performed diagnosis and a structured corporate strategy, otherwise it might take too 
long to define the next steps in terms of ecodesign implementation and understand how it 
support the corporate vision.  
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4 Concluding Remarks 

This PhD research project was chiefly driven by the significant challenges in regard to 
adequately measuring the implementation of ecodesign in manufacturing companies and 
grasping its potential benefits for organizations at large. The entire research was motivated by 
two main gaps found in the literature of ecodesign:  

(i) lack of process-oriented measurement to support the improvement of ecodesign 
capabilities (“how to measure the performance of ecodesign implementation?”) and  

(ii) lack of mechanisms for evaluating the potential business benefits derived from 
ecodesign - i.e. business case for ecodesign (“how to evaluate the potential business 
benefits of ecodesign implementation?”).  

Based on these gaps, two studies – Study A and B - were designed with the main objective 
of developing a decision-support framework for managers to measure the performance and 
evaluate the potential business benefits of ecodesign implementation.  

The resulting decision-support framework, proposed by this PhD thesis, encompasses the 
following elements:  

(i) a database of process-oriented indicators readily available for measuring the 
implementation of ecodesign; 

(ii) a qualitative framework, based on logic models, for evaluating the potential 
business benefits of ecodesign implementation and  

(iii) a quantitative framework, based on the System Dynamics simulation approach, 
geared towards measuring the potential ecodesign benefits.  

The database of process-oriented indicators directly tackled research gap 1 and its 
development answers Research Question 1 (“How is performance of product development 
processes currently captured in manufacturing companies?”) and Research Question 2 
(“What are the relationships between the key performance indicators for product development 
processes and the ecodesign management practices?”). Research Question 1 was addressed with 
the resulting review on the process-oriented performance indicators for product development, 
retrieved from academic literature. The review provided a general account of how 
performance is being measured in the product development space. Next, the relationships 
between the currently available performance indicators and the characteristics of the 
ecodesign management practices were explored by a detailed cross-content analysis, which 
pointed to the need for developing a new, more aligned set of process-oriented indicators for 
ecodesign. It was found that the answer to Research Question 2 would then encompass a 
limited collection of indicators retrieved from the literature, complemented by a larger set of 
newly proposed indicators for measuring the performance of ecodesign implementation.  

Next, both the qualitative and the quantitative frameworks addressed research gap 2. 
More specifically, the resulting qualitative framework directly tackled Research Question 3 
(“How do the ecodesign management practices qualitatively relate to strategic outcomes at the 
organizational level?”) by providing a conceptual structure – based on the theory of Logic 
Models – against which the ecodesign management practices would be linked, step by step, to 
the higher strategic outcomes in the organization. The answer to Research Question 3 not 
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only gave rise to the qualitative framework, but also structured the foundational rationale of 
the business cases for ecodesign implementation. The qualitative side of the business case is 
easier to adapt and customize and might represent a first step of organizations in preparing 
themselves for the chain of reasoning behind the business case of ecodesign. According to the 
evaluation procedures employed, it is possible to conclude that the qualitative framework is 
useful and applicable to companies seeking to build the rationale for ecodesign and to engage 
and motivate key stakeholders in advancing the ecodesign agenda internally. In spite of 
several improvement opportunities , the framework was perceived as solid, developed on top 
of a rigorously derived theoretical background. It is possible to assert that the qualitative 
framework encompasses a good “entry point” for the ecodesign business cases in 
manufacturing companies, as a way to get the discussion started and the momentum growing.  

Furthermore, the quantitative framework emerged as the response to Research Question 
4 (“How does the development of ecodesign capabilities influence business performance - i.e. 
business benefits - over time?). Based on the System Dynamics methodology, the quantitative 
framework (business case simulator) represents an attempt towards understanding how the 
development of capabilities in ecodesign can potentially affect organizational performance, at 
a strategic level. The simulator demonstrates the overall influences of ecodesign on key 
performance outcomes, displaying the potential benefits of ecodesign. Yet, several 
assumptions in terms of aggregation levels, relationships between variables and overall 
parameters had to be made. However, the resulting business case simulator was reported to be 
useful with filling an important gap in the ecodesign practice: the lack of a systematized way 
of demonstrating how ecodesign can positively influence performance. In particular, experts 
highlighted the clarity of the simulator and its potential power for convincing and engaging 
key stakeholders. In short, it is possible to affirm that the business case simulator can actually 
support companies in deciding whether to advance ecodesign internally or not, according to 
its own strategic drivers.  

Together, these three resulting elements of the PhD thesis compose a collection of tools for 
researchers to enhance from an academic perspective, and practitioners to use and adapt in 
different practical contexts, leading to a number of core contributions.  

4.1 Contributions to the Literature 

From an academic perspective, this research has contributed to the literature of ecodesign 
and related fields by: 

• Advancing the theoretical discussion on the process-oriented perspective of 
ecodesign implementation and management, which has been conventionally 
overlooked in the field; 

• Proposing new process-oriented performance indicators to specifically measure the 
implementation of ecodesign management practices, which can be further 
explored, improved, validated and adapted; 

• Providing a systematized and consolidated database of process-related performance 
indicators for product development processes; 
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• Proposing a novel qualitative approach, based on the theory of logic model, for 
representing the relationships between ecodesign practices and business 
performance outcomes, thus enabling the rationale for the business case; 

• Proposing a novel simulation-driven quantitative approach, based on System 
Dynamics, for evaluating the potential business benefits of ecodesign 
implementation; 

• Prescribing business case frameworks against which new quantitative and 
qualitative methods and approaches can be potentially derived to assessing 
performance of sustainability-oriented initiatives within an organizational context. 

4.2 Contributions to the Practice 

From a practical point of view, this PhD research has made contributions by: 

• Developing a database of process-oriented performance indicators for ecodesign 
implementation that can be readily and easily accessed by organizations that are 
seeking to improve their capabilities in a set of chosen management practices; 

• Providing a logic model framework to aid in the development of the rationale for 
the ecodesign business cases, which is available to be adapted and customized for 
further test and use in practice; 

• Delivering a business case simulator to support companies in evaluating the 
business case for ecodesign implementation and ground the exploration of different 
implementation scenarios and paths. 

4.3 Limitations 

Despite the contributions to both literature and practice, some important limitations of 
this PhD research must be acknowledged. The main limitations are: 

• Despite the consolidation and relevance of the EcoM2, and a careful argumentation 
on why it was chosen as the theoretical backbone for this project, this research 
depends on a fairly good level of understanding about the structure of the maturity 
model; 

• Even though a triple bottom line approach was designed for this research, the core 
of the ecodesign management practices considered in this research are still heavily 
environmentally-sided and the performance outcomes are still majorly 
economically-oriented; 

• Given the large amount of systematic literature reviews on which the core of this 
project rests (five, in total), the choice of keyword groups and scientific databases 
might have limited the comprehensiveness and relevance of the literature reviews; 
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• The qualitative and quantitative frameworks are generic enough to be used by 
organizations in any industrial sector, therefore not capturing potentially important 
particularities of different industries; 

• Lack of empirical evidence for developing the relationships between the elements of 
the qualitative framework (i.e. practices, outputs, initial outcomes and business 
performance outcomes) and the mathematical formulations of the quantitative 
framework (i.e. output elasticities, productivity factors, range of values etc.) – 
empirical evidence was limited to the stages of Descriptive Study II-A and II-B 
(evaluation by industry experts); 

• While the quantitative framework captures the relationships between clusters of 
ecodesign management practices and the business performance outcomes, the 
relationships among clusters (or individual practices) is still not considered; 

• The limited amount of companies and experts involved in the evaluation 
procedures does not allow for generalization of the results. 

4.4 Streams of Future Research 

With a view to addressing the limitations of this PhD research, some guiding questions for 
streams of future research are proposed: 

• Which other ecodesign approaches could be used as theoretical background for the 
development of the business case rationale of ecodesign implementation? How 
these approaches would affect the results obtained in this research?  

• How can social dimension be better and more relevantly embedded into the 
business case framework?  

• Which other keyword groups and scientific databases can be used to enhance the 
comprehensiveness and relevance of the systematic literature reviews? 

• What variables should be considered when developing an industry-specific business 
case for ecodesign implementation? Which sectors should be prioritized in the 
development of the business cases? What are the key particularities of different 
industrial sectors? What kind of data would be required, and how would the data 
be collected? 

• How can empirical evidence be collected in order to strengthen the development of 
the relationships between the elements in the qualitative framework and the 
analytic formulations in the quantitative framework of the business case? How 
should this empirical evidence be collected and used in the business case 
development? How can empirical evidence enhance the simulator’s accuracy?  
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• How to gain more generalization power for the results of the business case for 
ecodesign? How to involve other companies in the development and evaluation of 
the framework? 

Furthermore, other speculative streams of research, not necessarily derived from the 
limitations of this particular PhD project, can also be put forth. Potentially interesting guiding 
questions for future research endeavors in the field of ecodesign implementation and 
management are: 

• How would an ecodesign business case framework for small and medium 
companies would look like? What aspects and factors of such a type of business 
should be considered? 

• How can the actual impact of adopting specific ecodesign management practice be 
measured in both manufacturing and service companies? 

• How can the considerations and aspects of circular economy be embedded into the 
business case framework? How does a business case support the transition towards 
a circular economy?  

• How can the implementation of the ecodesign management be aligned with 
operational practices and considerations across the entire supply chain? 

• Can the business case framework be turned into a benchmarking or certification 
tool? What considerations should be made? 

• Can ecodesign, more broadly, or the frameworks considered in this research (both 
the EcoM2 or the business case framework) be used in the design of public policies? 

• How can the EcoM2 and the business case framework be integrated and/or aligned 
with higher-level sustainability framework, such as the United Nation’s Sustainable 
Development Goals (SDG)? 
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a b s t r a c t

Developing products with improved environmental performance is regarded as a crucial component of
companies' commitment towards sustainable development. The potential benefits derived from eco-
design are constantly highlighted in the literature, and go beyond the pure environmental dimension.
However, the primary focus has been positioned on evaluating those benefits in terms of product-related
environmental performance, which leaves an open potential for capturing performance from a broader
managerial perspective. Consequently, the major challenges tackled by this paper relate to the limited
focus on process-oriented perspectives that cover all dimensions of the triple bottom line and offer a
systematized view on ecodesign performance measurement. Therefore, this paper presents a compre-
hensive set of process-related key performance indicators for product development, based on a three-
step systematic literature review, followed by systematization of indicators and a critical analysis. A
total of 787 indicators were identified and classified according to the sustainability dimensions, product
development phases and units of measurement. The results point to a relevant asymmetry in the number
of indicators proposed for each sustainability dimension, with large dominance of economic indicators. A
critical analysis is presented and discussed in terms of the main organizational functions addressed,
emphasizing a potential growth trend towards multi-dimensional indicators in recent years. The paper
indicates that product development performance is still being mainly discussed in terms of product
physical characteristics, along with a broad assortment of topics - from very specific document-related
measures to high-level strategic dimensions - without focusing on environmental aspects, which is
mainly due to the intangible and uncertain nature of product development processes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainability measurement aims to support decision-makers in
the evaluation of its performance while providing substantial in-
formation for planning future actions (Mccool and Stankey, 2004).
There is a clear consensus that the development of concrete tools
for promoting and measuring achievements in sustainability
should be pursued (Veleva and Ellenbecker, 2001). In that respect,
sustainability indicators are widely accepted for measuring per-
formance and achievements in different levels within the organi-
zation and outside of it (Keeble et al., 2003; Veleva et al., 2003).

Companies, in particular, must play a prominent role in
achieving sustainable development and demonstrating steady
improvement of its triple bottom-line performance (Azapagic,
2003; Elkington, 1997). The adoption of sustainability initiatives
is seen as a source of competitive advantage, providing companies
with more mechanisms for improving risk management and
driving relevant changes in internal aspects, such as culture and
structure (Azapagic, 2003; Hynds et al., 2014; Short et al., 2012;
Willard, 2005). In a broader context, Willard (2005) lays the
foundation and assumptions of a business case1 for the integration
of sustainability practices into corporate strategies (Short et al.,
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1 A business case can be defined as the set of arguments or rationales that
supports and documents the reasons why the business community should accept or
advance a certain cause (Carroll and Shabana, 2010).
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2012), which can be constantly enhanced and achieved by a proper
measurement of sustainability performance progress. Therefore,
the activity of measuring sustainability is crucial for embedding the
subject into the company's decision-making process and manage-
ment systems (Delai and Takahashi, 2011).

For manufacturing companies specifically, the development of
products with improved environmental performance is increas-
ingly part of their engagement towards sustainable development
(Bevilacqua et al., 2007; Gaziulusoy et al., 2013; Hallstedt et al.,
2013). Therefore, ecodesign emerges as a proactive approach for
integrating environmental aspects into product development and
related processes, such as manufacturing, marketing, procurement
etc. (Pigosso et al., 2013, 2015). The underlying assumption is that
the integration of ecodesign practices into business processes leads
to products with better environmental performance (Pigosso et al.,
2013), defined as the sum of all environmental impacts across a
product's material lifecycle (Nielsen and Wenzel, 2002).

Ecodesign presents a set of potential business benefits, such as
increased innovation potential, development of new markets and
business models, reduction in environmental liability, risks and
costs, improvement of organizational brand and legal compliance,
among others (Bevilacqua et al., 2007; ISO, 2011, 2002; Pigosso
et al., 2013; Plouffe et al., 2011; Van Hemel and Cramer, 2002).
However, there are several challenges that still hinder the adoption
of ecodesign by companies (Boks and Stevels, 2007; Boks, 2006;
Fiksel et al., 1998), mainly related to capturing and measuring the
projected business benefits of ecodesign. These challenges can be
divided into two dimensions (Pascual and Stevels, 2004; Pigosso
and Rozenfeld, 2012; Pigosso et al., 2013): (i) managerial dimen-
sion, encompassing business aspects and alignment with related
processes and (ii) operational dimension, related to the technical-
ities of the product, such as physical characteristics, materials, en-
ergy etc.

In order to overcome many of these challenges and build a
compelling collection of arguments and rationales to support eco-
design implementation, a business-oriented and managerial
approach should be delineated and targeted at top-level manage-
ment (Pigosso et al., 2013). However, since there has been a primary
focus on evaluating ecodesign in terms of environmental perfor-
mance and product-related (technical) measures (Handfield et al.,
2001), the use of key performance indicators (KPI) to measure
ecodesign from process-related perspective is not fully explored.
Furthermore, the reported benefits of ecodesign go beyond the
pure environmental dimension and span across the social and
economic dimensions (Ambec and Lanoie, 2008; EDC, 2014;
Mathieux et al., 2001; Plouffe et al., 2011), requiring an approach
based on the triple bottom line to address and further quantify the
potential benefits of integrating ecodesign into product develop-
ment. This approach enables companies to address ecodesign
implementation from a more holistic and integrated perspective,
harmonizing the economic and non-economic benefits and
covering aspects such as regulation compliance, competitiveness,
stakeholder satisfaction, among others (Haned et al., 2015).

There are circumstances in which companies develop a combi-
nation of products and services in the so-called product/service-
systems (PSS). The transition towards PSS has been raising interest
and a specific investigation over sustainability indicators as a
means for supporting companies to evaluate the application
feasibility of sustainable PSS-based models is proposed by Sundin
et al. (2015), with a focus on environmental issues. Even though
the results of this paper can be extended, adapted and translated
accordingly, this research focus is primarily positioned upon the
development of physical products e therefore, the specificities of
this transition fall outside the scope of the paper.

Within this context, the goal of this paper is to identify a

comprehensive set of sustainability KPIs for product development
processes, aimed at answering the question “which are the process-
related KPIs for measuring sustainability performance of product
development processes?”. Therefore, the major difficulties and
challenges that are addressed in this paper are related to: (i) the
limited focus on managerial perspective in ecodesign performance
measurement; (ii) the lack of approaches that tackle ecodesign
beyond the technical and environmental facets and (iii) the lack of a
systematized outlook on process-related indicators for product
development from an organizational perspective. Furthermore, it is
noteworthy that it is an exploratory research in its nature, which is
geared towards gathering relevant performance indicators and
setting the theoretical foundation for building future practical ap-
plications. The specific application of the indicators in practical
context is not within the scope of this paper, and will be explored in
future research. In the following section, the research methodology
employed in this research is presented in detail. Section 3 describes
the main results obtained by the systematic literature review, fol-
lowed by discussions (Section 4) and final considerations and re-
marks (Section 5).

2. Research methodology

The overall research approach was formed by two phases,
divided into 5 steps. The first phase consisted of a three-step sys-
tematic literature review to gather the available KPIs in the litera-
ture. The second phase of the review comprised two steps,
encompassing KPI systematization, along with a critical analysis
based on comparisons with other KPI studies in product develop-
ment, specifically in the context of ecodesign (Issa et al., 2015;
Pigosso and Rozenfeld, 2012; Pigosso et al., 2013). The overall
research approach is shown in Fig. 1. The systematic literature re-
view followed the procedure proposed by Biolchini et al., 2005,
based on the following steps: (1) review planning; (2) review
execution and (3) results analysis.

In the first step (planning), a literature review protocol was
prepared based on the research objective and a set of defined in-
clusion criteria. The second step, encompassing the execution of
the literature search procedures, identified the primary studies,
which were then selected and evaluated according to the inclusion
criteria that were defined and established in protocol. As the
studies had been selected, relevant data from the paper were
captured, extracted and analyzed during the last step (Biolchini
et al., 2005).

The main objective of the systematic literature review was to
identify the available process-related KPIs to be applied in product
development processes. Consequently, the selected search key-
words are related with KPIs and product development, and their
synonyms. The terms metric, measure, measurement and in-
dicators are often used interchangeably (Costa et al., 2014) and,
therefore, in this paper, we use the term “key performance in-
dicators” or only “indicators” as a generic term and a synonym
encompassing metric, measure and other terms (for a broader
discussion see, for example, Keong Choong (2013)). Additionally, in
order to obtain more relevant results, the keywords for KPIs were
searched on the titles of the papers, whereas the keywords for
product development were searched on the topic, usually covering
the paper's title, abstract and keywords. An exception to this rule
was made with the term “performance measurement system”,
which was inserted in the topic field, provided it is a more generic
term to refer to a set of performance indicators and their re-
lationships with the environment they operate (Neely et al., 2005).
Therefore, after a set of refinement rounds, the string was
composed of the term “key performance indicator” and 6 synonyms
(“metric”, “index”, “indices”, “measure”, “indicator” and
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“threshold”), and “product development” and 3 synonyms (“prod-
uct design”, “engineering design” and “concurrent engineering”).

Two indexed electronic databases were used in this research, ISI
Web of Knowledge and Scopus, due to availability of advanced web
search mechanisms, high volume of indexed papers and proven
relevance in the fields of research (see, for example, Adriaanse and
Rensleigh, 2013; Gavel and Iselid, 2008). The searches included
both journal and peer-reviewed conference papers, in order to
guarantee comprehensiveness and capture the recent researches
under development in different fields. The research fields were
limited to cover business, economics, engineering, information and
library sciences, environmental sciences, ecology, sociology, oper-
ations research/management science and social issues. In order to
guarantee the comprehensiveness of the literature review, there
were made no restrictions regarding the publication dates in the
databases systems. Adaptions and adjustments to the search string
and the terminology of the research fields were made according to
each database's rules of operation for search queries.

For the evaluation and selection of the relevant papers, two
inclusion criteria were defined. The paper must: (1) contain, at
least, one KPI for product development and (2) focus on the product
development process rather than the product itself. Therefore, in-
dicators dealing directly and exclusively with product's attributes
and properties, such as energy, material consumption etc., were
excluded. With these criteria, the review intended to cover the
studies that were originally proposing new KPIs as well as those
that were reporting, analyzing, re-defining or simply presenting
indicators as a result of their own literature review. Based on these
criteria, the procedure for study analysis and selection was based
on three steps: (a) read the title, (b) read the abstract and keywords,
(c) read the introduction and conclusion and (d) read the full paper.

The second phase of the research involved the systematization
of the retrieved KPIs. Once the KPIs were identified, they were
subsequently documented according to the following attributes:
name, description and/or formula and bibliographic information
(authors and year of publication). After documentation, they were
classified according to:

! Triple bottom line dimensions (Elkington, 1997): economic, so-
cial, environmental, or any combination of the three dimensions
- this classification was selected due to its high dissemination
and usage both in the academic and corporate domains, and the
fact that the reported benefits of ecodesign in the literature are

made in terms of triple bottom line dimensions. Therefore, this
classification will enable a more direct and straightforward
connection with the potential ecodesign benefits;

! phases of product development process: Product Strategic
Planning, Informational Design, Conceptual Design, Detailed
Design, Production Preparation, Product Launch, Product
Accompanying and Monitoring and Generic Activities. These
phases were adapted from the reference model for product
development suggested by Amaral and Rozenfeld (2007) and
Rozenfeld (2007). This classification can be easily translated into
different reference models for product development processes;

! unit of measurement, as a way to support and complement the
definition of each one of the KPIs, which can take the form of
financial or non-financial instances and be expressed in terms of
metric or a measure (Keong Choong, 2013).

Another possible categorization for the performance indicators
could be achieved by classifying them in either leading or lagging
indicators e the former shows trends and inspire alternative
courses of action for improving performance, while the latter
consolidates the results (outputs) of an action. This type of classi-
fication and subsequent discussions were not utilized in the context
of this research because it falls outside the scope of this paper.
However, this alternative classification can be performed in future
research.

Generally, sustainability evaluations are made on the grounds of
the triple bottom line dimensions e economic, social and envi-
ronmental e as a way to measure corporate sustainability perfor-
mance by adding two new and constantly overlooked dimensions
on top of the traditional economic and financial indicators
(Gauthier, 2005; Hutchins and Sutherland, 2008). When the eco-
nomic, social or environmental dimensions are considered sepa-
rately, they lead to one-dimensional indicators, while the
combinations of two dimensions produce bi-dimensional in-
dicators, such as the socio-economic, socio-environmental or eco-
efficiency indicators (Labuschagne et al., 2005; Sikdar, 2003).
Therefore, in order to classify the KPIs in theses dimensions, a clear-
cut description of the three types of sustainability indicators was
needed. Based on the definitions and discussions on sustainability
dimensions in corporate strategies (Baumgartner and Ebner, 2010)
and reference models for sustainability measurement and in-
dicators (Delai and Takahashi, 2011; Keeble et al., 2003;
Labuschagne et al., 2005; Mccool and Stankey, 2004; Meadows,

Fig. 1. The overall research approach with two phases divided into 5 steps.
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1998; United Nations Global Compact, 2014), we describe them as
follows:

! Economic dimension: it is usually regarded as a ‘generic
dimension’ (Baumgartner and Ebner, 2010) that captures an
organization's aspects that have to be addressed in order to
remain competitive in the market on the long-run. It also en-
compasses a set of measures to assess the value creation by a
company and its stakeholders, both in the short and long terms
(Delai and Takahashi, 2011) and it should be tackled at the local,
national and global levels (GRI, 2014). This sustainability
dimension includes several components, such as:
" profit and value (assessed by traditional financial measures);
" investments (capital employed and Research and Develop-
ment e R&D);

" relationship with investors (corporate governance and
shareholder's remunerations);

" crisis management (Delai and Takahashi, 2011);
" innovation and technology, collaboration, knowledge man-
agement, processes, purchase and sustainability reporting
(Baumgartner and Ebner, 2010).

! Social dimension: while argued as a neglected dimensions and a
‘concept in chaos’ (Vallance et al., 2011), it can be defined as the
dimension that is related to an organization's impacts on the
social system in which it operates (GRI, 2014), dealing with
humanwellbeing, the fulfillment of human needs and the equal
development of opportunities for all people (United Nations,
2007). The social sustainability aspect is aimed at influencing
the relationships with stakeholders in a positive way, both the
current as well as the future ones. Stakeholders are defined as
groups affected by the organization, such as employees, cus-
tomers, suppliers, legal and governmental entities and society at
large (Baumgartner and Ebner, 2010; Bourne et al., 2002; Delai
and Takahashi, 2011; Neely et al., 2002). The aspects of this
dimension can be categorized in internal aspects, such as
motivation and incentives, health and safety and human capital
development, and external aspects, such as ethical behavior and
human rights, no controversial activities, no corruption and
cartel and corporate citizenship (Baumgartner and Ebner, 2010).
Additionally, Delai and Takahashi (2011) propose, based on
extensive research and analysis of eight different sustainability
measurement initiatives, the following aspects for social
dimension:
" labor practices and decent work (such as employee's educa-
tion, training and development, diversity and opportunity,
health and safety, job creation, talent attraction and retention
and human rights);

" customer relationship management (customer satisfaction,
customer health and safety, products and labels, advertising
and respect for customer privacy);

" corporate citizenship (social actions, political contributions,
codes of conduct, corruption & bribery, competition and
pricing and society communication);

" suppliers and partners (contracts and selection, evaluation
and development of suppliers) and

" public sector (subsidies and taxes).
! Environmental dimension: this dimensions deals with the
ecosystem wellbeing (Delai and Takahashi, 2011) and the envi-
ronmental impacts, for which organization contribute by
reducing resources consumption, waste generation and nega-
tive impacts on the use of land, water and air (GRI, 2014).
Therefore, it may encompass the following aspects, for instance
(Baumgartner and Ebner, 2010; Bhander et al., 2003; Delai and
Takahashi, 2011; McAloone and Bey, 2009; Nielsen and
Wenzel, 2002; Seuring andMüller, 2008; United Nations, 2007):

" emissions to air (atmospheric acidification, photochemical
ozone formation etc.);

" emissions into the ground (usage and waste generation);
" materials (consumption and use of hazardous materials);
" energy consumption;
" water (consumption, acidification, aquatic oxygen demand,
ecotoxicity to aquatic life and eutrophication);

" biodiversity (ecosystems, protected areas and species) and
environmental issues of products and services over the whole
life cycle.

3. Results

The review resulted in 1.179 papers retrieved: 711 from Scopus,
270 from ISI Web of Science and 198 papers indexed in both da-
tabases. By applying the inclusion criteria and following the pro-
cedure for study analysis and selection, 762 papers (64.6% of total)
had their abstract and keywords analyzed, whereas introduction
and conclusion were analyzed in 327 papers (42.9% of previously
selected papers) and 45 papers were fully read and finally selected,
representing 13.7% of the previously selected papers. From the total
number of retrieved papers, the 45 selected ones represent a yield
of 3.8%. Fig. 2 depicts a summary of the results from papers' analysis
and selection.

The selected papers were published in a total of 21 different
journals and 12 scientific conferences, with 19 different publication
years, spanning from 1993 to 2015. Fig. 3 shows the distribution of
selected papers in terms of the publication years for journals and
conferences.

The selected publications presented, to a certain extent, a uni-
form distribution in the 1990's and early 2000's, followed by an
alternating increase in the coming years, with 5 selected papers in
2011, 4 papers in 2013 and an absolute peak in 2015, with 8 papers.
Only two KPI review-based papers were identified in the systematic
literature review: a literature review, followed by a survey-based
evaluation of lean metrics in the context of program management
for Research and Development (R&D) (Costa et al., 2014) and the
study of the incorporation of sustainability indicators into perfor-
mance measurement systems from a Product Lifecycle Manage-
ment perspective, which is described in the work of Nappi and
Rozenfeld (2015).

Since this research is exploratory in its nature, with a focus of
gathering available process-related KPIs from multiple sources in
the literature, we highlight the distribution among the different
journals and conferences that published relevant works. This is a
proxy for the main research and knowledge areas that are
contributing to the definition and proposal of process-related KPI.

Fig. 2. Application of the inclusion criteria.
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This is particularly relevant for future studies that will build on top
of the systematized KPIs, as a mechanism of sorting out the fields to
focus on or from where to retrieve relevant information.

Out of the 45 selected papers, 32 of them were retrieved from
academic journals. Fig. 4 shows the distribution of papers by
journals.

It is worth noting that the representations from sustainability-
related literature are made by 3 publications only: two papers
from the Journal of Cleaner Production and one paper from Ecological
Indicators. This might indicate that this research area has not been
focusing on product development from a process perspective when
it comes to discussing and measuring sustainability.

The other 13 selected papers were retrieved from conference

proceedings. Fig. 5 shows the distribution of papers by conferences.
With the International Conference on Engineering Design (ICED) be-
ing the only exception with 2 selected papers, the other 11 con-
ferences provided one paper each.

The conferences cover more technical aspects in the areas of
design, engineering and management, when compared to the
scope of the presented journals. It is also worth noting that there is
lack of conferences focused on sustainability-related themes.

From the 45 papers, approximately 830 process-related in-
dicators for product development processes that met the defined
inclusion criteria were initially identified and catalogued. The du-
plicates were removed and the indicators were consolidated in a
single standard spreadsheet with a final total of 787 systematized

Fig. 3. Distribution of selected papers by publication year for journals and conferences.

Fig. 4. Distribution of selected papers by journal.

V.P. Rodrigues et al. / Journal of Cleaner Production 139 (2016) 416e428420



KPIs, representing an average of 17.4 KPIs per selected paper. After
consolidation, the KPIs had their name, description and/or formula
and bibliographic information (authors and year of publication)
documented.

Subsequently, they were classified according to the triple bot-
tom line dimensions and the phases of product development pro-
cess as shown and discussed in Section 2. The distribution of KPIs
according to the triple bottom line dimensions is shown in Fig. 6.
Approximately 74.2% of the KPIs (584 out of 787) were classified as
economic indicators, such as ‘man-hour spending’ (Chang and Tsai,
2015), whereas social indicators, like ‘skills comparison (real vs.
required)’ (Durkacova et al., 2012), accounted for 19.2% (151 out of
787) and environmental indicators, as in ‘degree to which the
product meets environmental legislation requirements’ (Ussui and
Borsato, 2013), totalized 3.2% (25 out of 787). In the past few years,
there was an extensive and dominant development of economic
indicators for measuring corporate performance. Although they
might not, per se, point towards the very essence and precepts of a
sustainability-based reasoning as such, they were included in this
research since the economic aspect constitutes one of the

dimensions of the triple bottom line formulation.
The tri-dimensional indicators, touching upon all three di-

mensions of sustainability at the same time, such as ‘number of
sustainability aspects (social, environmental and economic)
considered in the project scope’ (Ussui and Borsato, 2013), repre-
sented 2.0% (16 out of 787) of the total. The bi-dimensional in-
dicators of economic and social dimensions, as in ‘monetary value
of minority purchases’ (Nappi and Rozenfeld, 2015, 2013) accoun-
ted for 0.9% (7 out of 787), while 2 indicators covered social and
environmental dimensions simultaneously, with ‘number of em-
ployees with incentives linked to environmental goals’ (Nappi and
Rozenfeld, 2015, 2013) as an example, representing 0.2% (2 out of
787). Lastly, only 2 indicators referred to the economic and envi-
ronmental dimensions accounted for 0.2% of the total registered
KPIs, namely ‘monetary value of significant fines and total number
of non-monetary sanctions for noncompliance with environmental
laws and regulations’, which was retrieved by the works of Nappi
and Rozenfeld (2015, 2013) and originally proposed in the Global
Reporting Initiative (GRI) (GRI, 2014).

In terms of the distribution of the KPIs across the whole product

Fig. 5. Distribution of selected papers by conference.

Fig. 6. Distribution of KPIs by triple bottom line dimension.
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development process, from Product Strategic Planning to Product
Accompanying and Monitoring, Fig. 7 depicts the number of KPIs
for each one of phases of the process. Many KPIs cover more than
one single phase, meaning it is suitable to be applied at different
times along the process, depending on the specific focus, the
company's circumstances and how their actual product develop-
ment process is structured and defined. The single phase with most
specific KPIs is the Product Strategic Planning phase, with 114 in-
dicators, representing 14.5% of the total KPIs. It is followed by
Product Accompanying and Monitoring with 49 indicators (6.2%),
Production Preparation (1.3%), Conceptual Design (0.9%), Product
Launch (0.6%), Detailed Design (0.4%) and Informational Design
(0.3%). However, the majority of the KPIs, representing 60.7% of all
the gathered indicators, is defined in terms of Generic Activities,
which can be applied and used throughout the whole process. The
remaining indicators are classified as a combination of 2, 3, or 4
different phases of the product development process.

Table 1 presents examples of KPIs, classified according to the
phases of product development, as well as the respective triple
bottom line dimension. The complete spreadsheet of KPIs is avail-
able for download through the website address: http://www.
ecodesign.dtu.dk/process-performance.

Approximately 90% of the KPIs presented in the selected studies
were not accompanied by explicit units of measurement. However,
in order to support the definition and classification of the KPIs as
well as provide a sense of direction and magnitude, a set of 112
different units of measurement were assigned to the KPIs, based on
their name and other additional information eventually presented
on the specific study. Approximately 55% of the KPIs has their unit
of measurement solely classified as ‘dimensionless’, which means
they are either to be expressed in relative (percentage) measures,
such as ‘percentage of design changes occurring after design data
release to manufacture’ (Haque and Moore, 2004) or requires the
development, application or adaption of a scale-based measure,
such as ‘professional esteem’ (Drongelen and Bilderbeek, 1999) and
‘supplier satisfaction index’ (Humphreys et al., 2007). Some

examples of the assigned units include: unit of time, monetary
units, number of tasks, number of requests, number of stake-
holders, meetings per unit of time, monetary units per unit of time,
man-hours, number of alliances, number of adaptations, number of
lawsuits, number of agreements, number of certifications, number
of cancellations, number of reviews, number of customers, units of
data, number of patents, number of uses per unit of time, among
others.

The 19 publication years of the selected papers can be divided
into 4 intervals, which are roughly homogeneous in terms of the
number of years in each interval: 1993e1999, 2000e2005,
2006e2010 and 2011e2015. These time intervals were selected
with a view to representing the evolution perspectives across
different triple bottom line dimensions along the years and tracking
the number of proposed KPIs. Although the KPIs proposed from
1993 to 2010 are classified as either economic or social indicators
and present a roughly similar distribution, this entire time frame
was partitioned in order to reflecting the specific themes and focus
of each one of time intervals as well as capturing the number of
KPIs proposed. When cross analyzing these time intervals with the
triple bottom line classification of the KPIs, an evolution of the
addressed dimensions can be shown (Table 2). The most prolific
years both in terms of the number of proposed KPIs as well as the
coverage of the different triple bottom line dimensions were from
2011 to 2015, accounting for 405 KPIs and representing 51.5% of the
total number of KPIs. The 1900's and early 2000's, represented by
the intervals 1993e1999 and 2000e2005, had a homogeneous
distribution of KPIs, accounting for 140 each interval (17.8% of the
total), only in the economic and social dimensions. The selected
studies that were published from 2006 to 2010 contributed with
102 indicators (12.9% of the total) covering only economic and so-
cial topics. Table 2 provides the number of KPIs for each time in-
terval, classified according to the triple bottom line dimension and
Fig. 8 provides an evolution outlook of the KPI dimensions over the
years, in relative terms.

Fig. 7. Distribution of KPIs across the phases of the product development process (Process reference model adapted from Amaral and Rozenfeld (2007) and Rozenfeld (2007)).
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4. Discussion

In the first selected papers, published along the 1990's, there are
works dealing with management of product development projects

and programs mainly focused on technical performance measures
of the process and market adaptation and success. The main areas
of these first studies covered: concurrent engineering programs
(Goldense,1993), success/failure of product development processes

Table 1
Examples KPI for each product development phase and its combinations.

Table 2
Number of KPIs according to the triple bottom line dimensions for each time interval.

Triple bottom line dimensions Number of KPIs

1993e1999 2000e2005 2006e2010 2011e2015 Total

Economic 127 129 87 241 584
Social 13 11 15 112 151
Environmental e e e 25 25
All dimensions 16 16
Economic and social 7 7
Social and environmental 2 2
Economic and environmental 2 2
Total 140 140 102 405 787

V.P. Rodrigues et al. / Journal of Cleaner Production 139 (2016) 416e428 423



(Griffin and Page, 1993), development cycle times (Griffin, 1993),
rapid product development (Goldense, 1994), R&D effectiveness
index as a stand-alonemetric (McGrath and Romen,1994), financial
success metrics from a project perspective (Griffin and Page, 1996)
and a first incorporation of an approach based on the Balanced
Scorecard (Kaplan and Norton, 1992) with the four perspectives:
customer, internal business, innovation & learning and financial
(Drongelen and Bilderbeek, 1999). The first proposed KPIs are
mainly focused on: (i) market acceptance (Griffin and Page, 1996,
1993), (ii) traditional financial performance (Griffin and Page,
1996, 1993), (iii) technical efficiency (Goldense, 1994) and (iv) iso-
lated indicators reflecting the innovation and learning perspective
of an organization, such as ‘number of ideas/findings’, ‘network
building’ or ‘creativity/innovation level’, proposed by Drongelen
and Bilderbeek (1999).

The entire first decade of the 2000's followed a similar trend, as
no environmental indicators had been proposed that far, with focus
areas positioned at: (i) technology development (Ganguly et al.,
2010), (ii) R&D capability and characteristics (Choi and Ko, 2010;
García-Valderrama and Mulero-Mendigorri, 2005), (iii) technical
aspects based on indicators that were customized and proposed for
large manufacturing companies (Vanek et al., 2008), (iv) other
general technical aspects (Acosta et al., 2002; Buchheim, 2000;
Oman et al., 2013; Shah et al., 2000), (v) BSC-based indicators for
product development (Bai et al., 2007), (vi) adaptation indicators
based on case studies (Buganza and Verganti, 2006), (vii) supplier
indices (Humphreys et al., 2007) and (viii) generic indicators,
covering different economical aspects of the product development
process (Driva et al., 2001, 2000; Haque and Moore, 2004; Hauser,
2001).

The first proposed KPIs covered different layers of the organi-
zation, from product-level measures to company-wide indicators.
The emergence and consolidation of the Balanced Scorecard
(Kaplan and Norton, 1992) as a predominant performance mea-
surement system within companies could be defined as one of the

main influencers on how the KPIs were initially classified and
proposed by the literature. Furthermore, the social aspects reported
in this particular period were completely focused on internal as-
pects of the organization and its employees' satisfaction, skills and
training, touching upon theme such as esteem, behavior in-group,
staffing ratio, team member's turnover and team satisfaction.
Specifically, two metrics were tailored to capture and calculate
team cohesiveness (member-time metric) and team communica-
tion (weighted-meeting time) (Ganapathy and Goh, 1997, 1996).

The environmental dimension and the multi-dimensional in-
dicators come into play in the latter publications, resulting in a
slightly more harmonized distribution in triple bottom line di-
mensions to the previously proposed KPIs. The 25 pure environ-
mental indicators are proposed by Garbie (2014), Ussui and Borsato
(2013), and (Nappi and Rozenfeld, 2015, 2013), mainly covering the
topics of environmental standards and legislation, dissemination of
environmental information across the value chain, environmental
budget and certification, as well as levels of application of
environmental-related practices, approaches and strategies, such
as eco-labelling, ecodesign and remanufacturing. Therefore, it
should be noted that the availability of process-oriented environ-
mental indicators is much scarcer when compared to the available
product-oriented environmental indicators, which populates the
literature of ecodesign implementation, as shown by the compre-
hensive KPI database and selection guidelines proposed by Issa
et al. (2015).

This lowoccurrence of environmental indicators (3.2%) might be
attributed to the intrinsic intangible, uncertain and organization-
ally complex nature of product development processes and projects
(Tatikonda and Rosenthal, 2000; Tatikonda, 2007). These charac-
teristics pose significant challenges in defining specific environ-
mental aspects and targets for processes to follow or be measured
on. The main challenge is related to understanding how product
development can be strategically assessed and monitored from
an environmental standpoint (e.g. standards, legislations,

Fig. 8. Evolution of KPI's triple bottom line dimension over the years.
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dissemination of environmental information across value chain
etc.) into the decision-making along the product development
process. Within this context, the materialization of tailor-made
indicators for representing the environmental strategic and
tactical practices (e.g. the ecodesign management practices pro-
posed by Pigosso et al. (2013) or the cross-field propositions sug-
gested by Johansson and Sundin (2014)) are needed, since the
majority of environmental indicators are directly related to the
products. Since product development relies to a certain degree on
intellectual activities and information flows and transactions,
rather than on physical and chemical ones, the definition of envi-
ronmental impacts and how product development processes are
actually contributing to this dimension of triple bottom line might
not be clearly and directly understood. In order to achieve such
understanding, the product development must be critically evalu-
ated in order to identify what kind of process-oriented environ-
mental information is relevant for the company to keep track of in
order to improve its environmental bottom line.

The alignment and combination of economic and environ-
mental aspects in order to reach a superior sustainability perfor-
mance has been studied in the literature and systematically
reviewed by Johansson and Sundin (2014). The authors explore the
complementarity between Lean and Green Product Development
approaches and conclude that they share common grounds and are
able to reach synergistic relationships. In regards to performance
measurement, on one hand the lean indicators are essentially
focused on effectiveness and efficiency of the product development
processes, resembling many of the best practices advocated on the
core of the product development literature. On the other hand,
green indicators are substantially concerned with environmental
performance, notably greenhouse gas metric (Johansson and
Sundin, 2014). These claims are in line with the results of the
present systematic literature review as it presents: (i) a fairly large
coverage of economic indicators that could support lean ap-
proaches (e.g. process efficiency and effectiveness) and (ii) a clear
scarcity on process-oriented environmental indicators, since that
specific literature has been populated and dominated by product-
specific measures. This fact can fine-tune and enhance the poten-
tial of future developments on the combination of both approaches
and on how to best translate them into aligned performance in-
dicators, in ways to stimulate the creation and deployment of
specific indicators from a process-oriented perspective.

Furthermore, the 10 proposed bi-dimensional KPIs, such as
‘number of employees with incentives linked to environmental
goals’ (social and environmental) or ‘number of pages in annual
report devoted to new product development’ (economic and social)
are exclusively reported by Nappi and Rozenfeld (2015, 2013),
whereas the 16 indicators touching all triple bottom line di-
mensions, such as ‘percentage of resources/investments in sus-
tainability’ or ‘number of sustainability aspects (social,
environmental and economic) the selected concepts have the po-
tential to improve’ is exclusively proposed by Chang and Tsai
(2015), Ussui and Borsato (2013), and Nappi and Rozenfeld (2015,
2013).

Additionally, the social indicators proposed in the latter publi-
cation go beyond the company's boundaries and embrace an
external view on communities' affairs, accompanied by the pres-
ervation and fulfillment of human's needs and interests, such as the
indicators dealing with child labor, social security, discrimination,
freedom of association, involvement in the local community, health
services, societal investment, fair trading, compliance with ethical
guidelines, corruption and access to essential services (Garbie,
2014; Nappi and Rozenfeld, 2015, 2013). The internal aspects of
employee's satisfaction and working conditions are also treated
from a more broader perspective by: (i) encompassing elements of

formal education, abilities and skills development, as well as
accessibility to sources of knowledge, information and networking
(Kim and Kim, 2015; Kulatunga et al., 2011; Nappi and Rozenfeld,
2015, 2013), (iii) team assessments from a risk perspective (Yim
et al., 2015a, 2015b) and (iv) high-level management commit-
ment, competencies, skills and involvement (Choi and Ko, 2010;
Yim et al., 2015b).

There is an evident and relevant asymmetry between the
number of KPIs proposed for each one of the triple bottom line
dimensions and their combination in bi-dimensional and tri-
dimensional indicators. Environmental and social aspects are
partially reflected in economic transactions, even though those
elements have been an increasingly part of business (Figge et al.,
2002). This asymmetry is also supported by the appearance of
only 2 sustainability-related journals in the results of the literature
review, in the works of Luz et al. (2015), Jabbour et al. (2015), and
Chang and Tsai (2015), accompanied by a lack of conferences
focusing on sustainability. A challenge that is directly related to this
heterogeneous distribution of KPIs is rendered to the high number
of new aspects that the concept of sustainable development has
brought for organizations to be accountable for, including issues
outside their direct control and management, inwhich they have to
apply value judgments, rather than hard data, to characterize
(Keeble et al., 2003).

The large amount of proposed economic indicators supports the
hypothesis that the performance of product development pro-
cesses is still mainly captured and measured in companies in terms
of their technical efficiency and financial metrics, based on hard
data. This is also reflected in the high number of proposed KPIs that
uniquely falls within the phases of Product Strategic Planning and
Product Accompanying and Monitoring. These indicators are
mainly devoted to understanding the real financial return of R&D
activities, their efficiency, and how the product success in the
market can be replicated and maintained. Whenever considered in
these stages, the social indicators are either referring to very spe-
cific organizational aspects or trying to capture customer satisfac-
tion. Therefore, there is an evident gap of proactive and external-
oriented social indicators for product development, whose main
role would be to translate societal needs and issues more
comprehensively into business opportunities and value, rather
than solely measuring customer satisfaction.

Despite the reasonably high number of catalogued process-
related KPIs in this research, the performance of product develop-
ment, as a whole, is dominated by a product-oriented perspective,
with indicators largely focusing on physical properties and attri-
butes of specific products e this is also backed by the high amount
of excluded studies (96.2%) during the systematic review proced-
ure. However, this clear distinction between process-related and
product-related indicator is not always crystal-clear and might
become the object of discussion and dispute. Furthermore, it should
be noted that there is a symptomatic absence of support for
defining, adapting and actually applying or using the proposed
indicators, since the majority of the indicators are not proposed
along with units of measurement, general instructions or formulas
for their application.

When compared with previously executed researches in the
area of performance measurement for product development pro-
cesses, the novelty of this particular research can be highlighted.
The work of Costa et al. (2014) focuses on lean metrics for Research
and Development, whereas the works of Nappi and Rozenfeld
(2015, 2013), Nappi (2014) are devoted to a broader view of per-
formance measurement systems from a Product Lifecycle Man-
agement perspective. Finally the more specific ecodesign-related
review is performed by Issa et al. (2015), with a clear focus on
reviewing product-related environmental performance indicators
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and propose a selection guide for companies. Therefore, this
research is mainly differentiated by: (i) its focus on process-
oriented indicators; (ii) the emphasis on product development
based on a process reference model (Amaral and Rozenfeld, 2007;
Rozenfeld, 2007); (iii) the consideration of an approach based on
the triple bottom line, and (iv) the inclusion and treatment of
business-related aspects in different organizational levels (stra-
tegic, tactical and operational) with a view to measuring perfor-
mance in order to ultimately develop a business case for ecodesign
implementation.

5. Final remarks

This paper reported the definition and systematization of a set
of process-related KPIs for measuring sustainability performance of
ecodesign integration into product development. The research
methodology was designed on the grounds of a systematic litera-
ture review to cover performance measurement for product
development from a process perspective as broadly as possible,
accompanied by a critical analysis of the findings. The resulting 787
KPIs were catalogued and systematized in an online database for
ready access and consultation. Even though this database was not
intended to offer specific support for selecting and defining the
performance indicators, it may constitute an additional resource for
both academics and practitioners working with ecodesign imple-
mentation and the measurement of product development
performance.

The main general findings of this research are: (i) product
development performance, in general, has beenwidely discussed in
the literature in terms of product characteristics, technical effi-
ciency and financial returns; (ii) ecodesign performance is also
constrained into product-related indicators and the pure environ-
mental performance; (iii) there is neither consensus nor clear
definitions on process vs. product indicators for product develop-
ment, which leads to a somewhat fuzzy distinction and under-
standing of theses types of indicators; (iv) the assortment of topics
covered by the systematized KPIs in the database is very broad,
ranging from very specific document use indicators to very high-
level corporate strategy indicators; (v) environmental perfor-
mance is currently outside of focus in terms of process-related in-
dicators, since product development processes are usually taken as
intangible and uncertain.

Some limitations of this research can also be pointed out. Firstly,
the KPI database was constructed based on purely academic sour-
ces, without considering potential systematic review of “state-of-
the-practice” sources and databases. Secondly, the classification
and systematization of the catalogued KPIs are subjected to the
researchers' own judgments regarding the designated product
development phases, triple bottom line dimensions and units of
measurement to be assigned to each indicator. Finally, due to the
abovementioned systemic lack of support for defining and using
the indicators, their interpretation was sometimes solely based on
their names and further definitions were made on a subjective
fashion. The aforementioned limitations can be addressed by: (i)
widening the scope of the literature review to cover corporate and
practitioner-oriented sources to include highlights and insights
from practice, which could potentially lead to a higher number of
indicators and (ii) subject the KPIs definition and systematization to
a panel of experts in the fields of product development, ecodesign
and performance measurement.

In order to effectively capture and measure the potential busi-
ness benefits of ecodesign implementation, more focus should be
posed on process-oriented and sustainability-based indicators,
covering aspects and dimensions beyond the ecodesign effects on
product environmental performance. Therefore, future research

should be pointed as away to overcome potential limitations of this
research, as well as propose actions to be taken within the overall
research context this paper is positioned. The next step within the
frame of this research is to cross-analyze and relate the KPIs in the
databasewith ecodesignmanagement practices at the strategic and
tactical levels, highlighting the main gaps and needs for further KPI
development, definition or tailoring.

Finally, this paper is part of a broader research effort aimed at
developing a concrete business case for ecodesign implementation
into product development processes. Therefore, besides the high-
lighted future development, suitable quantitative modeling tech-
niques and methods will be selected and applied to the
development of a prescriptive support tool for simulating the po-
tential business benefits gained by implementing ecodesign.
Additionally, this potential benefits might also be enhanced by
other complementary approaches, such as PSS or practices for
stimulating Social Innovation. These approaches have been
increasingly studied and research points to important sustainability
benefits derived directly from the conceptualization and imple-
mentation of new business models (e.g. offering a combination of
products and services etc.) and tackling fundamental and chal-
lenging social issues (e.g. creating business value that is simulta-
neously shared with underprivileged communities and regions
etc.). This prescriptive support tool should be instantiated with
empirical data and geared towards laying out the fundamental
rationale of how ecodesign can actually improve an organization's
sustainability performance.
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a b s t r a c t

Ecodesign plays an important role in manufacturing companies’ quest for improved sustainability per-
formance. However, many ecodesign efforts are geared towards tackling single-issue discrete improve-
ments, in contrast to operationalizing, measuring and acting upon the consistent improvement of
ecodesign implementation and management. To enable a systematic and streamlined integration of
ecodesign practices into the product development processes, adequate mechanisms are needed to
capture and measure performance improvements, and thereby achieve consistent improvements in a
company’s efforts towards enhanced sustainability performance. In face of this challenge, this paper aims
at providing organizations with a set of process-oriented indicators to supporting and enhancing eco-
design implementation and management. This research was grounded on a 2-phase approach to (i)
cross-analyze performance indicators from literature against ecodesign practices at the process level and
(ii) propose, evaluate and consolidate new indicators. After being subjected to the evaluation of 8 experts
in ecodesign, a repository is presented with 27 indicators from literature and a set of 114 newly proposed
indicators for companies to customize, adapt, mix and derive according to their needs, strategic drivers
and overall context.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

To properly tackle the most pressing global sustainable devel-
opment challenges (United Nations, 2015), a combined and orches-
trated effort from multiple actors in society is required. Particularly
within this context and centered upon the Brundtland’s definition of
sustainable development (WCED, 1987), Lozano et al. (2015)
emphasize corporate sustainability as a way to manage business
that holistically balances the economic, environmental, and social
perspectives in the present generation while also considering the
impacts on future ones. Within the corporate reach, numerous sus-
tainability initiatives, programs and projects can be implemented in
the many different business processes (Lozano, 2012).

Product development processes (PDP) encompasses a set of
processes with a high potential of improving a manufacturing
company’s performance, since it is believed that ca. 80% of a
product’s sustainability performance is defined during the early

stages of its development (McAloone and Bey, 2009). Ecodesign is
one of the sustainability’s set of initiatives targeted at improving
the way companies develop products from an environmental point
of view, and can be formally defined as an approach for the inte-
gration of environmental aspects into product development and its
related processes (e.g. logistics, manufacturing, supply chain etc.)
(Pigosso et al., 2015, 2013). Many aspects of ecodesign and product
development in general are closely related to various consider-
ations regarding value chains and supply chains. Therefore, the
topic is tightly connected to the broader field known as Sustainable
Supply Chain Management (SSCM) (Azevedo et al., 2011; Carter and
Rogers, 2008; Dües et al., 2013; Gmelin and Seuring, 2014;
Hajmohammad et al., 2013; Seuring and Müller, 2008; Soylu and
Dumville, 2011) or Green Supply Chain Management (GSCM)
(Hervani et al., 2005; Sarkis, 2003; Zhu et al., 2008). The particular
focus on business processes arises from the essential assumption
that through the continuous improvement of product development
processes, products with a superior environmental performance1

will naturally be the outcome (Pigosso et al., 2013).
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1 Environmental performance can be defined as the sum of all environmental
impacts across a product’s material lifecycle (Nielsen and Wenzel, 2002).
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A number of potential business benefits gained by the imple-
mentation of ecodesign programs in manufacturing companies
have been increasingly reported by literature and corporate actors.
These benefits ranges from enhanced innovation potential and
exploitation of new business models to the development of new
markets and more robust mechanisms for complying with cus-
tomers and regulatory requirements (Bevilacqua et al., 2007; ISO,
2011; Plouffe et al., 2011). Nevertheless, challenges and barriers
for ecodesign implementation are still relevant within the context
of manufacturing companies (Boks, 2006; Boks and Stevels, 2007),
especially those connected to measuring the reported business
benefits of ecodesign. Additionally, since ecodesign implementa-
tion has been primarily evaluated in terms of product-related
measures (Handfield et al., 2001), e.g. energy, material, physical
properties etc. (Issa et al., 2015), performance indicators for
measuring the performance (effectiveness and efficacy (Neely,
2005)) of ecodesign implementation from a process-oriented
perspective is not fully exploited.

As an example to illustrate the difference between product-
oriented and process-oriented performance indicators, consider
the indicator “product’s total energy consumption” e this is product-
specific indicator which focuses on one technical aspect of an in-
dividual product, and varies across the company’s portfolio of
products. As opposed to this product-oriented indicator, a
manufacturing company can take a portfolio perspective by
defining and measuring, for instance, the “number of products in the
portfolio with targets for reduction in energy consumption” or
“number of products in the portfolio whose energy performance is
enhanced” e those two examples are process-oriented indicators,
overlooking the product development process.

Complementarily, the proper systematization of ecodesign
practices into the PDP is a major concern for achieving higher levels
of ecodesign implementation (Baumann et al., 2002; Pigosso et al.,
2013). Therefore, to move from partial and unstructured consider-
ation of ecodesign practices in the product development to a
formalized, monitored and controlled approach, companies have to
define and use process-oriented indicators to track performance
and act on its improvement towards higher maturity levels in
ecodesign (Pigosso et al., 2013). This is fundamentally based on the
idea that well-defined and managed sustainability-oriented prac-
tices help the value creation process in an organization. Therefore,
within the scope of the potential benefits generated from the
adoption of sustainability practices, companies should embrace
these practices as important contributors to their business and
financial performance outcomes (Lacey et al., 2015; Porter and
Kramer, 2006; Rochlin et al., 2015).

This research uses the process-oriented indicators for product
development retrieved from the scientific literature, systematized
in a database and reported by (Rodrigues et al., 2016a) as a starting
point for measuring the implementation of ecodesignmanagement
practices. Through the execution of a cross-analysis between the
performance indicators in the database and the ecodesign man-
agement practices, two main gaps were uncovered (Rodrigues
et al., 2016b): (a) the majority of the indicators are too generic
and broad, and do not take fundamental specificities of ecodesign
implementation into consideration, and (ii) a large number of
ecodesign management practices could not be properly translated
by the indicators currently proposed in the literature.

To further support the performance measurement of ecodesign
implementation from a process-oriented perspective and to set the
foundation for operationalizing suchmeasurement, this paper aims
at (i) proposing new process-oriented indicators to address the
specificities of the ecodesign management practices and (ii)
consolidating a repository of performance indicators, formed by
indicators from literature and newly proposed ones. The ultimate

goal of this research is to provide organizations and decision-
makers in product development with a set of meaningful and
aligned performance indicators that can potentially be customized,
adapted and applied to their processes, in order to measure how
well they are embedding ecodesign practices into their product
development processes.

The process-oriented indicators are defined as a mechanism to
capture the performance of the product development process itself,
regardless of the type(s) and number of product(s) under devel-
opment. With that, an important aspect of this research is that it
takes a portfolio perspective, rather than a focus on individual
products. Additionally, the particular selection, prioritization and
customization of the indicators are outside of the scope of this
research. Fig. 1 provides a representation of the scope of this
research, considered in the broader and over-arching context of
corporate sustainability.

Essentially, this present study builds upon identified gaps in the
literature of performance measurement for product development.
In summary, these gaps are fundamentally related to (a) the generic
nature of previously proposed indicators in the literature of product
development and ecodesign, (b) the gap between the currently
available indicators and the ecodesign management practices and,
finally, (c) the disproportional emphasis on product-related and
environmental indicators for ecodesign. Therefore, by directly
tackling these gaps, the present paper reviews, proposes and
evaluate new process-oriented performance indicators, which are
tailored tomeasuring the performance of ecodesign practices at the
tactical and strategic level.

The Ecodesign Maturity Model (EcoM2) (Pigosso et al., 2013) is
taken as the main theoretical framework upon which the research
is structured. This model was selected as a theoretical background
due to its position as the only available maturity-based model for
ecodesign management (Luiz et al., 2016). It systematizes ecode-
sign best practices into an actionable and organized application
method, and therefore supports companies in the process of
implementing and continuously improving ecodesign (Luiz et al.,
2016; Pigosso et al., 2013). The model was proposed as a response
to the multiple challenges of implementing ecodesign in a struc-
tured and systematized manner, in manufacturing companies.

Within this particular context, the focus of this research is
positioned on the performance evaluation of management prac-
tices, which are the ones able to translate the ecodesign elements
into more strategic business benefits, leading the path towards the
construction of a business case (Carroll and Shabana, 2010) for
ecodesign implementation and management. From a process
perspective, each one of the ecodesign management practices can
the assessed in terms of the systematization level they have within
the product development. In other words, it is important to un-
derstand how systematized a certain ecodesign practice is, in order
to be able to move towards more mature stages of ecodesign
implementation in the company (Pigosso et al., 2013).

It is significant to remark that design is a complex and multi-
faceted field of investigation, which allows for several in-
terpretations and approaches from different schools of thought
(Blessing and Chakrabarti, 2009). In this paper, we approach eco-
design from a systematic perspective on engineering design with a
measurement focus. The systematic approach is fundamentally
based on the German tradition of Pahl& Beitz initiated in the 1970s
(Pahl et al., 2007) and some of its related variants (Eppinger et al.,
1994; Rozenfeld, 2007; Rozenfeld et al., 2006; Ulrich and
Eppinger, 2008), along with the Danish school of integrated prod-
uct development and systematic design (Andreasen and Hein,
2000; Tjalve, 2003). Therefore, this represents just one perspec-
tive among many others, which complement and address many of
the shortcomings of the systematic approach. Other schools of
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thought include, with varying degrees of similarity and comple-
mentarity to the systematic approach: the theory of technical
systems (Hubka and Eder, 1988), axiomatic design (Suh, 1998),
visioning-based thinking (Lin and Luh, 2009), C-K theory (Hatchuel
and Weil, 2003), creativity-oriented approaches (Cross, 1997; Cross
and Clayburn Cross, 1995; Dorst and Cross, 2001; Eder and Hosnedl,
2008; Howard et al., 2008; Hsiao and Chou, 2004), among others.

2. Ecodesign maturity model as a theoretical background

The Ecodesign Maturity Model (EcoM2) is a management
framework based upon a systematic step-by-step approach, which
aims at supporting companies in the integration of ecodesign into
product development processes (Pigosso et al., 2013). The model
presents ecodesign best practices that were classified according to
their main characteristics and object of interest (Pigosso et al.,
2014), being divided into three groups: ecodesign management
practices (EMP), ecodesign operational practices and methods and
tools. The following sub-sections are dedicated to exploring the
main aspects of the ecodesign practices in further details, along
with other relevant characteristics of the EcoM2.

2.1. Ecodesign management practices

The ecodesign management practices entails a collection of 62
practices related to the integration of environmental issues into the
strategic and tactical levels of the product development e these
practices display elements on the process level. Examples of eco-
design management practices include “monitor the product envi-
ronmental performance during use and end-of-life phases of the life
cycle” and “consider and involve the total value chain for improving
the environmental performance of products” (for the full list of eco-
design management practices, see Section 4). The ecodesign man-
agement practices are classified according to the phases of the
product development process, based on the reference model pro-
posed by (Amaral and Rozenfeld, 2007; Rozenfeld, 2007; Rozenfeld
et al., 2006). These phases are: Product Strategic Planning, Infor-
mational Design, Conceptual Design, Detailed Design, Production
Preparation, Product Launch, Product Accompanying and Moni-
toring, along with the Generic Activities.

Furthermore, the ecodesign management practices were also
categorized according to 12 knowledge areas in ecodesign: 1)
ecodesign drivers and technology identification and development;
2) technological strategy and environmental performance of tech-
nologies; 3) development of support processes and ecodesign
training; 4) ecodesign incentives, awareness and communication;
5) end-of-life strategies, packaging, distribution and
manufacturing; 6) strategic management of ecodesign imple-
mentation; 7) portfolio management, environmental performance

evaluation and trends; 8) product’s concept and requirements,
ecodesign guidelines and trade-off management; 9) service offer-
ings, legislation and standards; 10) value chain considerations and
product-related strategy; 11) ecodesign management and integra-
tion, benchmarking and tools selection; 12) environmental feasi-
bility, phase assessments and ecodesign performance
measurement.

2.2. Ecodesign operational practices

The ecodesign operational practices focus on product-related
issues directly connected with technical characteristics of product
design (e.g. shape, format, concept, material, energy etc.) and ele-
ments of its material life cycle, from raw material extraction to use
and end-of-life considerations. These practices provide technical
strategies for the development of environmentally enhanced
products. The operational practices defined by the EcoM2 are a
result of the consolidation of ecodesign guidelines and checklists
and proposals for product design (Pigosso et al., 2014, 2013; Vezzoli
and Manzini, 2008). The operational practices are classified into 3
levels of aggregation: 1) strategies; 2) guidelines and 3) design
options. An example of strategy is “minimize material consumption”
(level 1), which has “minimize or avoid packaging” an example of
guideline (level 2). Finally, some design options (level 3) for this
guideline could be “avoid the use of packaging that do not have a
specific function” or “design the package to be part (or to become a
part) of the product” or “use recyclable, reusable and returnable
packaging” (Pigosso et al., 2014, 2013). The application of the
operational practices depends specifically on product characteris-
tics in regards to the life cycle and environmental aspects.
Furthermore, the company’s priorities for minimizing impacts can
drive the application of the practices, which should be customized
according to the characteristics of the company’s products. Addi-
tionally, there may be specific and customized design options ac-
cording to the product under development. The operational
practices can be linked to ecodesign methods and tools.

2.3. Methods and tools

The ecodesign methods and tools comprise a set of techniques
that supports the application of the ecodesign practices (both
management and operational), covering a wide variety of topics of
the integration of environmental issues into product development
and related processes. The ecodesign methods and tools were
systematized and classified according to functions, characteristics
and application possibilities throughout the design process. Just
like the operational practices, the methods and tools should be
adapted and tailored to the company’s specific product develop-
ment characteristics (Pigosso et al., 2011).

These techniques are not necessarily broad and applicable. This
requires specific customization processes in order to get them
ready for use, according to a number of different important aspects,
such as the commonness of language, culture and current state of
management systems at a company. The customization can be
carried out firstly as a selection of methods and tools that will
support the specific ecodesign procedures to be implemented. Then
the specific needs of the product development process will inform a
thorough adaptation of these methods and tools (Knight and
Jenkins, 2009; Pigosso et al., 2014, 2013, 2011).

2.4. Maturity levels

The ecodesign maturity levels are based on the assessment of
the management practices as a combination of the company’s
evolution level in ecodesign and the capability level (Pigosso et al.,

Fig. 1. Scope of research, considered within the broader context of corporate
sustainability.
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2013).
The five evolution levels represent a recommendation of the

stages to be trailed towards ecodesign implementation (Boks and
Stevels, 2007; McAloone, 1998; Pigosso, 2012; Pigosso et al.,
2013). The 5 evolution levels prescribed by the EcoM2 charac-
terize recommendations of the stages to be followed towards the
implementation of ecodesign. The evolution is built from level 1 - at
which the organization exhibits limited experience in ecodesign
and does not usually apply ecodesign practices - up to the evolution
level 5, a stage at which the organization completely incorporate
environmental concerns into its strategy at the corporate, business
and product layers.

In particular, the five capability levels are defined as follows
(Pigosso et al., 2013): (i) capability level 1 (incomplete): the eco-
design management practice is not fully applied by the company;
(ii) capability level 2 (ad hoc): the practice is sporadically applied in
an ad hoc fashion, with a view to correcting a specific problem or
address a certain issue; (iii) capability level 3 (formalized): it means
the company has defined documentation, infrastructure, re-
sponsibilities and resources for the practice; (iv) capability level 4
(controlled): at this level, the performance is measured and moni-
tored over time with the use of specific performance indicators; (v)
capability level 5 (improved): besides measuring the performance
of the practice, the company allocate resources towards continu-
ously improving the application of the practice.

The next section highlights the underlying research methodol-
ogy adopted, so as to achieve such outcomes and derive the
consequent contributions.

3. Research methodology

Based on the systematic literature review carried out, reported
and critically analyzed by (Rodrigues et al., 2016a), the overall
research approach designed for this paper was molded in two
phases: (i) cross-content analysis for the identification of gaps and
(ii) evaluation, proposal and consolidation of indicators (Fig. 2).

This section describes the procedures and steps behind each one
of these phases. Fig. 2 shows a schematic representation of the
overall research design for this paper. The following sub-sections
describe each one of the phases in further detail.

3.1. The systematic literature review as the starting point

The systematic literature review (SLR) carried out by Rodrigues
et al. (2016a) is used as starting point for this research. The sub-
sequent study provides a critical analysis of the indicators gathered
from literature. The systematic literature review was carried out to
gather indicators for product development available in the litera-
ture. The review process followed a structured procedure, proposed
by Biolchini et al., 2005, which is fundamentally based on the
following steps: (1) development of a review protocol; (2) identi-
fication, evaluation and selection of studies and (3) extraction and
synthesis of knowledge. The first step of building the review pro-
tocol was based on the research objective and a set of two inclusion
criteria: (a) contain, at least, one indicator for product development
and (b) focus on product development from a process perspective,
as opposed to a product-oriented standpoint. The second step
encompassed the execution of the literature search, identification
of the primary studies, which were in turn evaluated and selected
according to the inclusion criteria that were defined and estab-
lished in protocol. As the studies were chosen, the indicators were
pulled from the relevant papers and catalogued accordingly.

3.2. Phase 1: cross-content analysis

The cross-content analysis was based on the 62 management
practices prescribed by the EcoM2 and the process-related KPIs
gathered from the systematic literature review. This analysis phase
was carried forth in two integrated steps. The first step encom-
passed a preliminary assignment of indicators (Step 1) to practices
on the basis of searches for specific keywords in the performance
indicator database e these keywords were pulled out from the
practice’s description and inserted into the search field of the
electronic spreadsheet. The following step of this stage of the
research methodology (Step 2) comprised a systematized proced-
ure which was used to evaluate the suitability of the individual
indicators for measuring the ecodesign management practices.

3.2.1. Step 1: Preliminary assignment of process-related indicators
from literature

The preliminary assignment was performed by inspecting and
comparing the name and nature of the indicators pulled from
literature with the characteristics of each one of the 62 ecodesign
management practices. The indicators that were potentially aligned
with the practice were then assigned. If no results were found, the
practice was marked as not having a correspondent indicator (“N/
A”). As an illustrative example of such analysis, consider the man-
agement practice “include the environmental goals into the product
target specifications”. The relevant keywords of this practice state-
ment were defined as search strings (i.e. “environmental goals”,
“product target specifications” and synonyms).

In this example, the search for “environmental goals” returned
the indicator “Number of employees with incentives linked to envi-
ronmental goals”. This particular indicator was not applicable to this
practice example due to its focus on employees, rather than on
product target specifications. Subsequently, the search for the
keywords in “product target specifications” returned the indicators
“% of technical specifications met or exceeded, averaged across com-
pletions”, “met performance specifications” and “met quality specifi-
cations”. None of those indicators are directly applicable to the
practice example. A synonym that is importantly linked to this
practice example is “requirement”. The search for this keyword
resulted in 16 indicators (e.g. “requirement verifications trend”,
“accuracy of interpretation of customer requirements” etc.). Out of the
16 indicators, the indicator “degree to which the product re-
quirements have the potential to improve sustainability”was deemed
aligned to the practice example and therefore selected as a

Fig. 2. Overall research approach designed in two phases with a total of 5 steps, and
the delineation of the research methodology boundaries.
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correspondent indicator.

3.2.2. Step 2: Systematic assignment and evaluation of process-
related indicators from literature

The systematic procedure for assigning performance indicators
to ecodesign management practices was derived to address the
potential limitations of the preliminary assignment (Step 1). These
limitations include the high dependence on the search strings and
its consequent lack of robustness. Furthermore, the preliminary
assignment does not configure itself as a repeatable and consistent
procedure for analyzing the indicators against the practices.
Therefore, there is a potential risk of missing indicators that are
potentially aligned to the practice’s core. Therefore, the advantages
of the systematic assignment with respect to the obtained results
fundamentally refer to the minimized risks of (i) missing relevant
and important indicators and (ii) assigning indicators which are not
particularly relevant for the practice under consideration.

Each one of the 62 ecodesign management practices was
compared against the gathered indicators from literature. If a
specific indicator was aligned with the practice’s core meaning, it
was therefore marked as assigned to that particular practice under
evaluation. We define alignment in this study as the degree to which
the performance indicator effectively captures the practice’s meaning,
totally or partially, and translates it into a measurable statement. We
emphasize here that an ecodesign practice’s core can have its
operationalization/measurement in a company supported by an
indicator. In that sense, indicators are not to be used to describing
the fundamental characteristics of a practice. Instead, a prioritized,
customized and aligned set of indicators is of fundamental use for
companies willing to increase their maturity level. Fig. 3 provides a
schematic illustration of the systematic assignment procedure
taken in this paper.

The entire procedure would lead to a total number of 48.794
evaluations (787 indicators x 62 practices) of assignment. Although
a high combinatorial complexity emerged, the overall procedure
was aided and accelerated by prioritizing the evaluation of the
indicators that were previously assigned during the preliminary
step. It is noteworthy that all the preliminarily assigned indicators
were critically evaluated in this phase and a second decision was
taken based on the entire landscape of indicators. The classification
scheme derived from the systematization of the indicators (Section
3.1), the preliminary assignment procedure (Section 3.2.1) and the
critical analysis provided by (Rodrigues et al., 2016a) were partic-
ularly useful to pre-select groups of indicators to be prioritized
during the assignment, therefore leaving less aligned indicators to
be evaluated later, in a faster and more efficient pace.

As an example to illustrate the systematic assignment proced-
ure, consider the following ecodesign management practice “collect
information about applicable legal issues and standards related to the
environmental performance of products”. This ecodesign manage-
ment practice basically deals with regulatory aspects of products’
environmental performance. Therefore, to assign indicators for this
specific ecodesign management practice, the studies that were
focused on regulatory aspects (e.g. laws, standards and regulations
etc.) (Hauser, 2001; Kim and Kim, 2015; Luz et al., 2015; Nappi and
Rozenfeld, 2015, 2013; Ussui and Borsato, 2013; Vanek et al., 2008)
were given priority and firstly inspected. Afterwards, all other in-
dicators retrieved from the literature were then evaluated for
alignment with the practice.

3.3. Phase 2: proposal of new process-related indicators, evaluation
by experts and final consolidation

Following the assignment of the performance indicators to
ecodesign management practices, two issues still needed attention.

Firstly, major gaps in translating the practices into performance
indicators had to be addressed - namely the practices that did not
have any correspondent indicator from literature and those prac-
tices which were partially covered by the indicators. Secondly, an
overall evaluation of the performance indicators should be carried
out in order to consolidate the findings. These issues arose mainly
due to the fact that the majority of the performance indicators
retrieved from literature were too generic and broad, lacking a
more granular connection to the ecodesign management practices.
Therefore, there was a need to propose specific indicators that
would properly support the measurement of the practices. To
address those two issues, Phase 2 of the research methodology
fundamentally covered: (i) the proposal of new indicators to both
represent the remaining practices without indicators and to com-
plement the indicators selected from the literature and (ii) the
evaluation of the performance indicatorse both from literature and
proposed by this research e by experts in the fields of product
development and ecodesign. Phase 2 is then structured in 3 main
steps: the proposal of new indicators, the evaluation of the per-
formance indicators by experts and the final consolidation of the
indicators.

3.3.1. Step 3: Proposal of new process-related indicators
Based on the gap in the literature of process-related perfor-

mance indicators for process development and their applicability in
ecodesign management and implementation, a set of new in-
dicators were proposed. Even though the proposal of indicators was
not constrained by pre-established methodologies or standards
(Keeble et al., 2003), some principles were observed and entirely
respected during the phase of proposing specific performance in-
dicators for the ecodesign management: (i) the indicator statement
should be as clear and simple as possible (Keeble et al., 2003; Keong
Choong, 2013); (ii) relative indicators were preferred over absolute
ones in order to put the measures into context - even though the
conversion between them is fairly straightforward and could be
carried out to satisfying specific applications and adaptations in the
company; (iii) no targets for the number of indicators for each
practice were defined, since it can largely vary according to the
company’s strategy within its sector and key objectives (Bourne
et al., 2000; Ghalayini and Noble, 1996; Keong Choong, 2013;
Medori, D. & Steeple, 2000); (iv) the stopping criterion for each
practice was based on the consensus achieved among all re-
searchers regarding the suitability and comprehensiveness of the
proposed indicators, after multiple refinement iterations (Keeble
et al., 2003; Kennerley and Neely, 2002) e for several practices,
more than one indicator was needed in order to translate the
practices’ content, and consequently the process stopped when the

Fig. 3. Schematic illustration of the systematic procedure for assigning process-related
performance indicators to ecodesign management practices.
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possibilities of proposing new indicators were saturated; (v)
availability of data was not particularly considered as a constraint
for proposing the indicators, since it is a company- or sector-
specific parameter and would limit the proposal of potentially
aligned indicators e furthermore, considerations about data per-
tains to the realm of performance measurement systems (PMS)
(Keong Choong, 2013), which entails a much broader objective than
the one defined for this research.

3.3.2. Step 4: Evaluation by experts in industry and academia
The evaluation by experts was performed with a view to

enhancing the degree of alignment and relevance of the perfor-
mance indicators, both from the literature and the ones proposed in
this study. A total number of eight impartial experts took part in the
evaluation step. The experts were selected on the basis of their
knowledge and practical experience in product development,
ecodesign management/implementation and related fields, such as
technology development, environmental management, product/
service-systems, product lifecycle management, among others. All
experts are or have recently been part of ecodesign implementation
projects in a multitude of industrial sectors, in different geogra-
phies globally. Furthermore, these experts represent either (i)
professionals who would be directly involved in ecodesign perfor-
mance measurement and the application, customization and use of
the process-related indicators (industry experts) or (ii) research-
based advisors/consultants who could potentially support
manufacturing companies in their implementation (academic ex-
perts). A brief summary of the experts’ profiles and experiences are
provided in Table 1.

Initially, the experts were presented with the background and
contextualization of the research project and the definition of
alignment (Section 3.2.2). Then, they were asked to evaluate each
one of the performance indicators individually and define them as
either aligned (value 1) or not aligned (value 0) with the corre-
spondent ecodesign management practice. Due to time and
resource limitations, industry experts B, C and D evaluated only the
group of proposed indicators, while academic experts A, E, F, G and
industry expert H evaluated both the proposed indicators and the
indicators from literature.

Therefore, the proposed indicators had a total of 8 evaluations,
whereas the indicators from the literature had a total of 5 evalua-
tions. In this context, a proposed indicator would only be deemed
aligned if the majority of the 8 experts considered it aligned (5 or
more experts). Similarly, for the indicators from the literature, an
indicator would be considered aligned if 3 or more experts e out of
the 5 e considered it aligned. The individual evaluation sessions
took 3 h to be performed with academic experts and 2 h with in-
dustry experts, on average.

3.3.3. Step 5: Final consolidation of the process-related
performance indicators

The final consolidation step encompassed the development of a
unified document with all the indicators that had been retrieved
from the literature and the new proposed indicators to fill the gaps
regarding the performance measurement of the ecodesign man-
agement practices. This consolidation is fundamentally based on
the results of the evaluation by the 8 experts in product develop-
ment, ecodesign and related fields. Therefore, the consolidated
version only represents the indicators that have been deemed
aligned by the majority of the experts. Once the indicators were put
together in one concise structure, they were once again revised for
duplicates and spelling. In the results and discussion (Section 4),
the final and consolidated version of the indicators - incorporating
the results of the expert evaluation - are presented separately on
Table 2 (indicators from literature) and Table 3 (proposed

indicators). It is also important to underscore that some proposed
qualitative indicators point directly to the development of specific
scales or multidimensional indexes. However, the development of
scales/indexes falls outside the scope of this paper and will be
treated later as future research.

4. Results and discussion

This section presents the results and the related discussion
generated from the cross-content analysis (Section 4.1) and the
proposal, evaluation and final consolidation of the performance
indicators (Section 4.2).

4.1. Results and discussion from the cross-content analysis (phase
1)

4.1.1. Results and discussion from the preliminary assignment of
process-related indicators from literature (Step 1)

From the entire set of 62 ecodesign management practices from
the EcoM2, 32 practices did not have a correspondent indicator in
the preliminary assignment (Step 1). The remaining 30 practices
were assigned to a total of 27 different indicators, of which 1 spe-
cific indicator (“Number of sustainability aspects (social, environ-
mental and economic) considered for defining performance indicators”
(Ussui and Borsato, 2013)) was particularly assigned to a total of 4
different practices, and the other 26 indicators covered only one
practice each.

Considering the entire database of 787 performance indicators
(Rodrigues et al., 2016b), only 27 indicators were actually assigned
to the 62 ecodesign management practices of the EcoM2 on the
preliminary step. It is, therefore, noteworthy that the indicators
that were dismissed due to misalignment with the practices were
too generic and broad, and usually covering areas, topics and
themes which do not typically fall within the domains of ecodesign
management and implementation. Complementarily, this finding
might point towards the necessity of developing new ecodesign
management practices to cover gaps that are not being currently
and properly addressed.

The assigned indicators were significantly concentrated in two
main sources that are largely reporting sustainability-related broad
indicators e 10 indicators were extracted from (Ussui and Borsato,
2013) and 7 indicators were directly extracted from the works of
(Nappi and Rozenfeld, 2015, 2013). Both sources sum up almost 70%
of the entire set of gathered indicators. As described in (Rodrigues
et al., 2016b), the other 10 indicators were obtained from studies
dealing with (i) product portfolio management indicators, derived
from (Tolonen et al., 2015); (ii) lean metrics for R&D management
(Costa et al., 2014); (iii) control feedback mechanisms to support
the measurement of product development (Hauser, 2001); (iv) in-
tegrated metrics for measuring innovation levels (Choi and Ko,
2010); (v) success/failure in product development processes
(Griffin and Page, 1993); (vi) performance measurement system for
R&D in the construction sector (Kulatunga et al., 2011); (vii) project
risk classification andmetrics (Yim et al., 2015a, 2015b). None of the
previously mentioned sources are directly related to the fields of
ecodesign implementation and management.

4.1.2. Results and discussion from the systematic assignment of
process-related indicators from literature (Step 2)

After carrying out the systematic assignment and reviewing the
assigned indicators from literature in the preliminary step, the first
result was a consolidated and reviewed list of indicators. Once the
review was finalized, the consolidated list summed a total of 46
indicators, heterogeneously covering a total number of 23 ecode-
sign management practices. Therefore, the remaining 39 practices
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of the EcoM2 were not covered by any of the indicators from the
literature. There was still a dominance of indicators extracted from
the studies performed by (Ussui and Borsato, 2013) and (Nappi and
Rozenfeld, 2015, 2013), nevertheless the number of studies covered
was now larger.

Fundamentally, the indicators covering the following topics
were included in the list of assigned indicators: (i) technology
disruptiveness (Ganguly et al., 2010); (ii) performance indicators
from a systems engineering perspective (Vanek et al., 2008); (iii)
company-wide performance measurement for new product
development processes (Driva et al., 2000); (iv) indicators focused
on the designer level (Acosta et al., 2002); (v) indicators for product
introduction from a lean standpoint (Haque and Moore, 2004); (vi)
assessment of variety and creativity in concept- and idea genera-
tion (Verhaegen et al., 2013); (vii) design metrics for early supplier
selection (Humphreys et al., 2007); (viii) performance indicators for
collaboration management in the context of engineering design
(Gendron et al., 2012) and (ix) high-level and firm-wide indicators
based on the balanced score card (Bai et al., 2007).

Although a larger number of practices were covered as a result
of the execution of the systematic assignment of indicators, a
considerable group of practices still did not have any process-
related indicator assigned (19 practices). This particular aspect
points directly to one of the findings of this research, which con-
firms the conclusions devised in (Rodrigues et al., 2016a): the
current state-of-the-art on performance measurement for product
development does not satisfactorily cover ecodesign aspects from a
process-oriented perspective, making it difficult for companies and
organizations in general to monitor, control and track their per-
formance in terms of systematizing ecodesign practices into their
product development processes.

In particular, the following themes of ecodesign management
haven’t find correspondent performance indicators in the litera-
ture: (i) portfolio management (e.g. “strategically consider the

product environmental performance in the company portfolio man-
agement”); (ii) environmental performance evaluation (e.g. “eval-
uate the environmental performance of products during the product
development process”); (iii) goal setting for environmental perfor-
mance (e.g. “clearly define goals to improve environmental perfor-
mance of the products under development”); (iv) environmental
trends (e.g. “develop business, product and market strategies
considering the environmental trends”); (v) ecodesign benchmarking
(e.g. “perform internal and external benchmarking of the environ-
mental performance of products and/or ecodesign best practices”); (vi)
selection ecodesign tool and methods (e.g. “select and customize
ecodesign methods and tools according to the company’s needs) and
(vii) management and integration of ecodesign program (e.g.
“establish a prioritized program for the implementation and man-
agement of ecodesign”). Therefore, there is a relevant gap regarding
performance measurement for ecodesign implementation, indi-
cating the need for developing and proposing new process-
oriented performance indicators e the object of description and
analysis of the next sub-section of his paper.

4.2. Results and discussion from the proposal, evaluation and
consolidation of process-related indicators (phase 2)

4.2.1. Consolidated list of indicators from the literature
The 46 indicators from the literature and assigned to the 23

management practices were subjected to the evaluation of 5 ex-
perts, as discussed in the description of Step 4 of the research
methodology (Section 3.3.2). To be finally considered aligned, the
indicator had to have positive evaluation from 3 or more experts.
The indicators that did not fulfill this criterion were deleted from
the consolidated list. From the 46 indicators, 19 indicators were
dismissed from the list as not aligned, totaling 27 indicators in the
consolidated list which were considered aligned by at least 3 ex-
perts. These 27 indicators now cover a total of 16 ecodesign

Table 1
Overview of the experts’ profiles and experience.

Expert Title/position Industrial sector or area of
research

Experience Educational background

A Professor Quality management and
product/service-systems

Over 12 years of experience in teaching and
research activities

PhD in Production Engineering, with a focus
on product development management in
technology-based enterprises

B Product environmental
specialist

Machinery and construction
sectors

More than 15 years of experience as product
development and ecodesign manager in a wide
range of industries, including automotive and
utilities

Bachelor in Environmental Engineering

C Specialist in product risk
management

Mechanical and automotive
applications

More than 21 years of experience in the fields of
quality management, product & technology
development and risk analysis in the sectors of
construction, electronics and automobiles

Masters in Mechanical Engineering

D PhD Specialist in robust
design

Aerospace sector Over 16 years of experience in product &
technology development, reliability and
robustness in the automotive and
aerospace sectors

PhD in Applied Chemistry

E Professor Sustainable product
development

More than 22 years of experience in applied
research and teaching activities in the fields of
sustainable product development, ecodesign and
innovation

PhD in Mechanical Engineering with
emphasis on sustainable product innovation

F Professor Product development, business
process management, product
lifecycle management and
ecodesign

35 years of experience in research projects based
on intensive collaboration with industry

PhD in Mechanical Engineering with focus
on computer-aided process planning

G Professor and former
strategy consultant

Product development, product
lifecycle management and
additive manufacturing

12 years of experience in academic research and
teaching, along with over 15 years in managerial
roles in strategy consulting firms

PhD in Production Engineering, concentrated
in product development and information
systems for product lifecycle management

H Consultant in energy
efficiency and sustainability
of human activities

Construction and building
sectors

4 years of experience in research and
development projects in the fields of ecodesign,
product development and energy audits

Bachelor in Environmental Engineering, with
emphasis on ecodesign management and
implementation
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management practices. Table 2 displays the consolidated list of
indicators retrieved from the literature, with the correspondent
ecodesign management practice and its number.

None of the selected studies whose indicators were selected and
assigned to the practices are focused purely on ecodesign man-
agement or implementation. Therefore, the main issue regarding
the indicators from literature is the lack of specificity for ecodesign
parameters and context. The performance indicators from litera-
ture partially translate the content and meaning of the practices,
but they rarely cover environmental-specific attributes of the eco-
design practices. Therefore, the proposal of new indicators is
needed. It must take into account the specific meaning and objec-
tive behind the practices, with themain goal of providingmanagers
and decision-makers with performance indicators that can be

properly deployed into specific metrics and relevant units within
the organization.

4.2.2. Consolidated list of proposed process-related indicators
The second result of the Phase 2 was the consolidated version of

the proposed performance indicators for the ecodesign manage-
ment practices. Following the procedure and principles stated for
the proposal of new indicators (Section 3.3.1), they were proposed
in order to complement the ones assigned from the literature and
to cover the entire set of 62 management practices of the EcoM2.
Similarly, the proposed indicators were subjected to the evaluation
of 8 experts. The indicators which received the positive evaluation
of 5 experts or more were finally considered as aligned to the
ecodesign management practice and then added into the

Table 2
Consolidated list of process-related performance indicators derived from literature.

# Ecodesign management practices Process-oriented performance indicators derived from literature Suggested units

6 Integrate the environmental dimension in the strategic decision making
process jointly with the traditional aspects

1. Number of sustainability aspects covered by the elements of
business planning (Ussui and Borsato, 2013)

N/A

12 Collect information about applicable legal issues and standards related
to the environmental performance of products

2. Degree to which current environmental laws for products are
being met (Ussui and Borsato, 2013)

N/A

3. Monetary value of significant fines and total number of non-
monetary sanctions for noncompliance with environmental laws
and regulations (Nappi and Rozenfeld, 2015, 2013)

N/A

4. Number of lawsuits (Nappi and Rozenfeld, 2015, 2013) N/A
5. Compliance to product standards (Vanek et al., 2008) N/A
6. Degree of attention to regulatory, environmental and industry
standards (Hauser, 2001)

N/A

16 Define a strategic roadmap for the development and implementation of
new technologies that allows a better environmental performance over
the product life cycle

7. Technologymaturity trends (Evaluation of ability to avoid adoption
of immature technology or to replace aging technology in a timely
fashion) (Vanek et al., 2008)

N/A

18 Consider the environmental performance as one selection criteria for
the product concept and design options

8. Number of sustainability aspects the selected concepts have the
potential to improve (Ussui and Borsato, 2013)

N/A

24 Incorporate the environmental aspects in the identification,
qualification and management of suppliers

9. Percentage of selected suppliers certified ISO 14000 (Ussui and
Borsato, 2013)

N/A

10. Sustainability assessment of suppliers (Nappi and Rozenfeld,
2015, 2013)

N/A

27 Develop a “green” incentive scheme for the ecodesign implementation
and management

11. Number of employees with incentives linked to environmental
goals (Nappi and Rozenfeld, 2015, 2013)

N/A

28 Select and/or develop new manufacturing and assembly processes with
better environmental performance

12. New environmentally sound processes introduced (Nappi and
Rozenfeld, 2015, 2013)

N/A

31 Define the end-of-life and reverse logistics strategies to be addressed
during product development in order to improve the environmental
performance of the product in the end-of-life phase

13. Degree to which the definition of product life cycle considers
elements that improve sustainability at the end-of-life (Ussui and
Borsato, 2013)

N/A

14. Degree to which sustainable alternatives were considered for
end-of-life planning (Ussui and Borsato, 2013)

N/A

32 Improve the environmental performance of packaging and distribution
during the product development and related processes

15. Degree to which sustainable alternatives for packaging were
verified (Ussui and Borsato, 2013)

N/A

16. Degree to which efficient solutions for logistics were considered
(Ussui and Borsato, 2013)

N/A

39 Structure a systematic procedure to gather ecodesign-related
knowledge

17. Number of knowledge/technology sources (Choi and Ko, 2010) N/A

48 Ensure appropriate communication among departments and different
hierarchical levels concerning ecodesign

18. Communication level between departments (Choi and Ko, 2010) N/A

50 Make environmental considerations a part of the daily routine of the
employees involved with product development

19. Number of functions with environmental responsibilities (Nappi
and Rozenfeld, 2015, 2013)

N/A

51 Integrate ecodesign into the product development and related
processes standards and procedures

20. Application of ecodesign (Nappi and Rozenfeld, 2015, 2013) N/A

54 Formulate, update and monitor mandatory rules (internal standards)
and/or product requirements in order to comply with environmental
product-related legislations and/or regulations

21. Degree to which the product meets environmental legislation
requirements (Ussui and Borsato, 2013)

N/A

22. Degree to which current environmental laws for products are
being met (Ussui and Borsato, 2013)

N/A

23. Products that were produced under environmental or social
standards (Nappi and Rozenfeld, 2015, 2013)

N/A

24. Compliance to product standards (Vanek et al., 2008) N/A
25. Degree of attention to regulatory, environmental and industry
standards (Hauser, 2001)

N/A

60 Check the environmental performance of products during the phase
assessments (gates)

26. Number of critical/major issues assessed at the phase review
(Hauser, 2001)

N/A

61 Define and measure environmental performance indicators for product
improvement

27. Number of sustainability aspects (social, environmental and
economic) considered for defining performance indicators (Ussui
and Borsato, 2013)

N/A
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Table 3
Consolidated list of the proposed process-related performance indicators.

# Ecodesign management practices Proposed process-related performance indicators Suggested units

1 Examine the relevant internal and external
drivers for the development of products with a
better environmental performance

1. Number of examined internal/external drivers for
ecodesign

Number of drivers examined

2 Assess technological and market trends
(including new customer requirements)
related to ecodesign

2. Rate of market trends (%) related to ecodesign Percentage of market trends (in relation to the total
number of trends)

3. Rate of technology trends (%) related to ecodesign Percentage of technology trends (in relation to the
total number of trends)

4. Rate of customer demands (%) related to ecodesign Percentage of customer demands (in relation to the
total number of trends)

3 Ensure alignment among strategic and
operational dimensions concerning
environmental issues in product development

5. Product development alignment with business strategy
concerning environmental issues

Dimensionless (qualitative/scale)

6. Alignment with corporate strategy and core competence
concerning environmental issues

Dimensionless (qualitative/scale)

4 Clearly define the goals to improve
environmental performance of the products
under development

7. Rate of environmental goals (%) Percentage of environmental goals (in relation to
the total number of goals)

8. Ambition level of environmental goals Dimensionless (qualitative/scale)
9. Feasibility of environmental goals Dimensionless (qualitative/scale)

5 Include the environmental goals into the
product target specifications

10. Rate of environmental requirements (%) in product
target specifications

Percentage of environmental requirements (in
relation to the total number of requirements)

11. Integration level of environmental requirements into
traditional product requirements

Dimensionless (qualitative/scale)

6 Integrate the environmental dimension in the
strategic decision making process jointly with
the traditional aspects

12. Rate of strategic decisions (%) made considering
environmental dimension

Percentage of decisions considering environmental
dimensions (in relation to the total number of
decisions)

13. Rate of decisions (%) changed due to environmental
concern

Percentage of changed decisions (in relation to the
total number of decisions)

7 Establish product-related vision, strategy and
environmental roadmaps in the strategic level
at the company

14. Number of environmental issues in strategic roadmaps Number of issues
15. Integration level between environmental issues and
product-related vision

Dimensionless (qualitative/scale)

8 Strategically consider the product
environmental performance in the company
portfolio management

16. Number of products with enhanced environmental
performance in the portfolio

Number of products

17. Number of discontinued products due to environmental
concerns

Number of products

18. Revenue from products with enhanced environmental
performance

Monetary units

10 Incorporate product-related environmental
goals into the technological strategy

19. Rate of environmental goals (%) considered in
technological strategy

Percentage of environmental goals (in relation to
the total number of goals)

20. Expected environmental improvements due to new
technologies

Dimensionless (qualitative/scale) or Number of
improvement or Types of improvement

21. Rate of new technologies (%) with environmental gains Percentage of new technologies with
environmental gains (in relation to the total
number of new technologies)

11 Identify customers’ and stakeholders’
requirements and priorities concerning the
environmental performance of products

22. Integration level of environmental issues into marketing
methods and tools (e.g. focus groups, interviews, surveys
etc.)

Dimensionless (qualitative/scale)

23. Number of initiatives targeted at actively creating
market demands regarding environmental performance of
products

Number of initiatives

24. Number of initiatives targeted at identifying other
stakeholders’ requirements (e.g. communities,
shareholders, suppliers, government etc.)

Number of initiatives

13 Identify and/or develop new technologies that
can contribute to improve the environmental
performance of the developed products

25. Breadth of implementation of environmental-oriented
technologies in the product portfolio

Dimensionless (qualitative/scale)

26. Comparative environmental gains of new technologies
vs. incumbent technologies

Dimensionless (qualitative/scale) or Number of
environmental gains

27. Rate of research and development projects (%) with
environmental-oriented technology

Percentage of environmental-oriented
technological R&D projects (in relation to the total
number of R&D projects)

28. Investment rate (%) in environmental-oriented
technology research and development projects

Percentage of monetary units invested in
environmental-oriented technological R&D projects
(in relation to the total number of R&D projects)

29. Rate of environmental-oriented implemented
technologies (%)

Percentage of technologies with environmental
focus (in relation to the total number of
technologies)

14 Perform functionality analysis to determine
requirements for a product and find new ways
to deliver the functions with a better
environmental performance

30. Rate of sustainability-oriented solutions (%) Percentage of sustainability-oriented solutions (in
relation to the total number of solutions)

15 Improve the interaction between product and
service developments in order to explore the
potential to offer solutions with a better
environmental performance

31. Rate of products (%) with service offerings enabling an
increased environmental performance

Percentage of products with service offering that
enables superior environmental performance (in
relation to the total number of products)

32. Revenue from product-service integrated offerings with
superior environmental performance

Monetary units

(continued on next page)

V.P. Rodrigues et al. / Journal of Cleaner Production 156 (2017) 293e309 301



Table 3 (continued )

# Ecodesign management practices Proposed process-related performance indicators Suggested units

33. Number of new environmental-oriented business model
opportunities identified due to product-service integrated
offerings

Number of new opportunities

16 Define a strategic roadmap for the development
and implementation of new technologies that
allows a better environmental performance
over the product life cycle

34. Rate of environmentally-oriented technology a (%) in the
roadmap

Percentage of environmental-oriented technologies
(in relation to the total number of technologies in
the roadmap)

35. Investment rate (%) in environmentally-oriented
technology research and development projects

Percentage of monetary units invested in
environmental-oriented technology R&D projects
(in relation to the total amount invested on R&D
projects)

36. Rate of environmentally-oriented implemented
technologies (%)

Percentage of environmental-oriented technologies
that were implemented (in relation to the total
number of implemented technologies)

17 Evaluate the environmental performance of
technologies

37. Rate of technologies (%) with impact assessment Percentage of technologies with impact assessment
(in relation to the total number of technologies)

18 Consider the environmental performance as
one selection criterion for the product concept
and design options

38. Rate of new environmentally-oriented conceptsb (%) Percentage of new environmental-oriented
concepts (in relation to the total number of
concepts)

19 Evaluate the environmental performance of
products during the product development
process

39. Rate of products (%) with evaluation of environmental
performance in the early stages of product development
process

Percentage of products with evaluation of
environmental performance in the early stages (in
relation to the total number of products under
development)

40. Rate of products (%) with evaluation of environmental
performance in the late stages of product development
process

Percentage of products with evaluation of
environmental performance in the late stages (in
relation to the total number of products under
development)

41. Rate of products (%) using the results of environmental
evaluation during decision-making in the product
development process

Percentage of products with evaluation of
environmental performance with results used for
decision-making in product development (in
relation to the total number of products under
development)

20 Establish priorities on the environmental
impacts to be minimized over the entire life
cycle of the product

42. Rate of products (%) with established priorities of
environmental impacts to be minimized over the entire life
cycle

Percentage of products with establish priorities for
environmental impacts (in relation to the total
number of products)

21 Consider the trade-offs among the
environmental requirements and the
traditional requirements of a product (such as
quality and cost)

43. Rate of products (%) with prioritized environmental
requirements in the trade-off analysis

Percentage of products with prioritized
environmental requirements in trade-off analysis
(in relation to the total number of products)

22 Identify the ecodesign guidelines that can be
applied in product design in order to increase
the environmental performance of the product
under development

44. Alignment level between ecodesign guidelines and the
product’s environmental targets

Dimensionless (qualitative/scale)

23 Develop and/or customize environmental
product-related guidelines to support product
development

45. Customization level of ecodesign guidelines Dimensionless (qualitative/scale)

24 Incorporate the environmental aspects in the
identification, qualification and management of
suppliers

46. Rate of suppliers (%) identified, qualified and managed
based on their environmental performance

Percentage of suppliers identified, qualified and
managed based on environmental performance (in
relation to the total number of suppliers)

47. Rate of relationships (%) terminated due to low or non-
compliant environmental performance

Percentage of relationships/contracts terminated
due to low or non-compliant environmental
performance (in relation to the total number of
terminated relationships/contracts or the total
number of relationships/contracts)

48. Rate of new suppliers (%) identified and selected due to
their superior product-related environmental performance

Percentage of new suppliers identified and selected
due to environmental performance (in relation to
the total number of new suppliers)

49. Coverage of environmental aspects (%) in the
identification, qualification and management of suppliers

Dimensionless (qualitative/scale)

25 Consider and involve the total value chain for
improving the environmental performance of
products

50. Degree of value chain partners’ involvement in
improving the environmental performance of products

Dimensionless (qualitative/scale)

51. Rate of downstream/upstream value chain partners (%)
involved in the improvement of environmental
performance of products

Percentage of partners involved in improving
environmental performance of products (in relation
to the total number of partners)

26 Establish cooperation programs and joint goals
with suppliers and partners aiming to improve
the environmental performance of products

52. Number of cooperation programs focused on
environmental performance improvement in collaboration
with value chain partners

Number of programs

53. Number of joint goals in the value chain focused on
environmental performance improvement

Number of joint goals

27 Develop a “green” incentive scheme for the
ecodesign implementation and management

54. Coverage of environmental-related incentives linked to
ecodesign implementation and management across
hierarchical levels

Dimensionless (qualitative/scale)

28 Select and/or develop new manufacturing and
assembly processes with better environmental
performance

55. Integration level of environmental considerations in
designing new manufacturing and assembly processes

Dimensionless (qualitative/scale)

56. Integration level of environmental considerations in the
selection of new manufacturing and assembly processes

Dimensionless (qualitative/scale)
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Table 3 (continued )

# Ecodesign management practices Proposed process-related performance indicators Suggested units

57. Rate of new manufacturing and assembly processes (%)
with increased environmental performance

Percentage of new manufacturing/assembly
processes with increased environmental
performance (in relation to the total number of new
manufacturing/assembly processes selected or
developed)

58. Investment rate (%) in newmanufacturing and assembly
processes with increased environmental performance

Percentage of monetary units invested in new
manufacturing/assembly processes with a view to
increasing environmental performance (in relation
to the total amount invested in newmanufacturing/
assembly processes)

29 Optimize the existing production processes in
order to improve the environmental
performance of products during manufacturing

59. Enhancement of environmental performance of
manufacturing processes over time

Dimensionless (qualitative/scale)

60. Rate of actions/initiatives/programs (%) towards
enhancing environmental performance of manufacturing
processes

Percentage of actions/initiatives/programs with
environmental focus for manufacturing processes
(in relation to the total number of action/initiatives/
programs targeted at improving manufacturing
processes)

61. Investment in enhancing environmental performance of
manufacturing processes

Monetary units

30 Develop the technical support processes (e.g.
maintenance, change of spare parts, etc.) aiming
to improve the environmental performance of
the product over its entire life cycle

62. Rate of products (%) in the portfolio with extended
lifetime due to environmental-related technical support
processes

Percentage of products with extended lifetime due
to technical support processes (in relation to the
total number of products in the portfolio)

63. Rate of products (%) in the portfolio with increased
operational efficiency due to environmental-related
technical support processes

Percentage of products with increased efficiency
due to technical support processes (in relation to
the total number of products in the portfolio)

31 Define the end-of-life and reverse logistics
strategies to be addressed during product
development in order to improve the
environmental performance of the product in
the end-of-life phase

64. Rate of products (%) in the portfolio with defined end-of-
life and reverse logistics strategies

Percentage of products with defined end-of-life and
reverse logistics (in relation to the total number of
products in the portfolio)

32 Improve the environmental performance of
packaging and distribution during the product
development and related processes

65. Rate of products (%) with environmentally-enhanced
packaging/distribution

Percentage of products with environmentally-
enhanced packaging/distribution (in relation to the
total number of products in the portfolio)

33 Elaborate and communicate recommendations
to consumers on how to improve the
environmental performance of the product
during the use and end-of-life phases

66. Rate of products (%) with environmental
recommendations to consumers regarding use and end-of-
life

Percentage of products environmental
recommendations to consumers regarding use and
end-of-life (in relation to the total number of
products in the portfolio)

67. Relevance of the information provided to consumers
regarding the product’s use and end-of-life

Dimensionless (qualitative/scale)

34 Communicate the environmental performance
and benefits as part of the total value
proposition of the product, exploring the green
marketing opportunities

68. Rate of products (%) with eco-label Percentage of products with eco-label (in relation to
the total number of products in the portfolio)

35 Monitor the product environmental
performance during use and end-of-life phases
of the life cycle

69. Rate of products (%) monitored during use and end-of-
life phases

Percentage of products monitored during use and
end-of-life (in relation to the total number of
products the company has)

36 Communicate to customer and stakeholders the
improvements on the product environmental
performance and consequent economic gains

70. Degree to which product-related environmental
information is shared with stakeholders

Dimensionless (qualitative/scale)

71. Rate of stakeholders (%) informed about the total
amount of economic gains related to ecodesign

Percentage of stakeholders informed about
economic gains (in relation to the total number of
stakeholders)

37 Supply the product development process with
information related to the environmental
performance of materials, processes and
components in the whole product life cycle
phases

72. Rate of consideration of information (%) collected during
life cycle in new product development projects

Dimensionless (qualitative/scale) or Percentage of
the amount of environmental information
considered as input for new development projects
in relation to the total amount of environmental
information collected during life cycle

38 Define and measure performance indicators for
the environmental performance of stakeholders
such as suppliers, after sales, service providers,
recyclers, etc.

73. Coverage of performance indicators for different
stakeholders

Dimensionless (qualitative/scale)

39 Structure a systematic procedure to gather
ecodesign-related knowledge

74. Concentration level of ecodesign-related knowledge
across functions

Dimensionless (qualitative/scale)

75. Investment in ecodesign-related knowledge
management

Monetary units

40 Perform internal and external benchmarking of
the environmental performance of products
and/or ecodesign best practices

76. Rate of products (%) benchmarked for environmental
performance

Percentage of products benchmarked for
environmental performance (in relation to the total
number of benchmarked products)

77. Coverage of environmental-oriented criteria used in
benchmarking analysis

Dimensionless (qualitative/scale)

42 Deploy and maintain an environmental policy
and/or strategy in the product level

78. Rate of product-related strategies (%) based on
environmental policy and/or strategy

Percentage of product-related strategies based on
environmental policy/strategy (in relation to the
total number of product-related strategies)

43 Establish a prioritized program for the
implementation and management of ecodesign

79. Rate of investment (%) in the ecodesign program

(continued on next page)
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Table 3 (continued )

# Ecodesign management practices Proposed process-related performance indicators Suggested units

Percentage of monetary units invested in the
ecodesign program (in relation to the total
investment in monetary units)

80. Coverage of environmental issues of ecodesign program Dimensionless (qualitative/scale)
81. Rate of business units (%) involved in the ecodesign
program

Percentage of business units involved in ecodesign
(in relation to the total number of business units)

82. Rate of functional areas (%) involved in the ecodesign
program

Percentage of functional areas involved in
ecodesign (in relation to the total number of
functional areas)

44 Clearly define the product-related
environmental goals for the whole company

83. Rate of product families (%) with clearly defined
environmental goals

Percentage of product families with defined goals
(in relation to the total number of product families)

45 Increase consciousness and awareness of the
company in regards to the application
opportunities and benefits of ecodesign

84. Level of employee awareness regarding opportunities
and benefits of ecodesign application across functions

Dimensionless (qualitative/scale)

85. Number of initiatives targeted at promoting
opportunities and benefits of ecodesign application in the
company

Number of initiatives

46 Ensure commitment, support and resources to
conduct the activities related to ecodesign

86. Amount of resources available related to ecodesign Monetary units or number of people
87. Number of higher executives with ecodesign
performance related to their pay bonuses

Number of higher executives

88. Rate of employees (%) with ecodesign performance
related to pay bonuses per functional area

Percentage of employees with ecodesign
performance related to pay bonuses (in relation to
the total number of employees in the functional
area)

89. Rate of employees (%) with ecodesign performance
related to pay bonuses per business unit

Percentage of employees with ecodesign
performance related to pay bonuses (in relation to
the total number of employees in the business unit)

47 Deploy the responsibilities and authorities
among people of different areas and
hierarchical levels

90. Number of functional areas with responsibilities and
authorities over ecodesign implementation

Number of functional areas

91. Number of hierarchical levels with responsibilities and
authorities over ecodesign implementation

Number of hierarchical levels

49 Provide ecodesign-related training for the
employees involved in the product
development and related processes

92. Rate of employees (%) trained in ecodesign-related
topics

Percentage of employees trained in ecodesign-
related topics (in relation to the total number of
employees or the total number of employees
working on ecodesign)

93. Level of employees’ knowledge regarding ecodesign-
related topics

Dimensionless (qualitative/scale)

94. Rate of acquired knowledge (%) shared among other
employees

Dimensionless (qualitative/scale)

95. Level of access to ecodesign knowledge base by
employees

Dimensionless (qualitative/scale)

50 Make environmental considerations a part of
the daily routine of the employees involved
with product development

96. Integration level of ecodesign into employees’ daily
activities

Dimensionless (qualitative/scale)

51 Integrate ecodesign into the product
development and related processes standards
and procedures

97. Maturity level of ecodesign implementation and
management

Dimensionless (qualitative/scale)

98. Integration level of ecodesign into product development
standards and procedures

Dimensionless (qualitative/scale)

52 Conduct management reviews to evaluate the
effectiveness of the environmental issues
consideration in the product development and
related processes

99. Frequency of ecodesign management reviews Reviews per unit of time (e.g. month, quarter, year
etc.)

100. Effectiveness of corrective actions taken after
ecodesign management reviews

Dimensionless (qualitative/scale)

53 Select and customize ecodesign methods and
tools according to the company’s needs

101. Integration level of ecodesign methods and tools into
the product development process

Dimensionless (qualitative/scale)

102. Integration level of environmental issues into existing
methods and tools

Dimensionless (qualitative/scale)

103. Coverage of ecodesign methods and tool across the
product development process

Dimensionless (qualitative/scale)

104. Number of employees properly trained or capable of
using ecodesign methods, tools and outputs

Number of employees

54 Formulate, update and monitor mandatory
rules (internal standards) and/or product
requirements in order to comply with
environmental product-related legislations
and/or regulations

105. Comprehensiveness of product-related environmental
legislation requirements

Dimensionless (qualitative/scale)

106. Compliance level with product-related environmental
legislation requirements

Dimensionless (qualitative/scale)

55 Effectively integrate product-related
environmental goals into the corporate strategy

107. Integration level of environmental goals into the
corporate strategy

Dimensionless (qualitative/scale)

56 Select the relevant people from functions across
the company to be involved in the ecodesign
activities

108. Number of people per function engaged in ecodesign
activities

Number of people

57 Implement the Life Cycle Thinking into the
product development and related processes

109. Integration level of Life Cycle Thinking into the product
development and related processes

Dimensionless (qualitative/scale)

60 Check the environmental performance of
products during the gates (phase assessments)

110. Rate of projects (%) with checked environmental
targets during the phase assessments

Percentage of projects with checked environmental
targets (in relation to the total number of projects)

61 111. Coverage of performance indicators for different
product development stages

Dimensionless (qualitative/scale)
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consolidated list. The indicators which did not achieve the mark of
5 experts were instantly disregarded as not aligned. Having been
through the expert evaluation, 21 indicators were deemed as not
aligned and therefore excluded from the consolidated list. Table 3
displays the final and consolidated list of 114 indicators which
were evaluated as aligned by 5 experts or more.

It is noteworthy that the proposed indicators are not meant to
be an end result in terms of achieving superior sustainability per-
formance, but rather a means to managing it. For instance, some of
the indicators proposed in this paper are to be measured on the
basis of a numerical count of different entities (e.g. people, drivers,
functional areas, products, etc.), and these counts form the basis of
how companies can structure their performance measurement of
product development processes, with a view to achieving sus-
tainable performance by continuous monitoring and enhancement.
Proposing to apply these indicators alone, in their raw data formats,
would not be sufficient when seeking for improved corporate
sustainability performance, but the customization and application
of these indicators can chart a path for companies to develop their
competences further, in terms of resources, processes and
responsibilities.

Two ecodesign management practices did not have any in-
dicators assigned, after the evaluation of experts. These practices
are: practice 41 (“formulate the company environmental policy and/or
strategy”) and practice 58 (“measure and monitor the environmental
feasibility of new product development projects”). Since our objective
in this research was grounded on offering a set of meaningful and
aligned performance indicators for measuring ecodesign manage-
ment practices, we reviewed the existing literature, found relevant
gaps and proposed new process-related performance indicators.
Once these indicators were subjected to expert evaluation and then
filtered accordingly, no new indicators were to be proposed
without proper validation. Therefore, the lack of indicators for
these two practices is a limitation of our current research meth-
odology and is addressed in the final remarks of this paper.

Twenty-eight management practices directly consider envi-
ronmental performance of products (namely practices 4, 8, 11,
13e19, 22, 25, 26, 28e38, 40 and 60e62), from a process
perspective. Usually, environmental performance assessments are
primarily targeted at the impacts of a company’s product portfolio
and its relevant operations (e.g. supply chain and related opera-
tions). Therefore, environmental performance assessment is typi-
cally carried out at an operational level (i.e. at a product level),
supported by many different and specific methods, tools and ap-
proaches. Given that the ecodesign management practices are
instantiated at the strategic and tactical levels of the product
development and its related processes, the focus of these 28
management practices is geared towards streamlining, in varying
degrees, the use of information gained from the environmental
performance assessments performed at the operational level. In

this sense neither the practices’ nor the indicators’ purpose to
prescribe the particular operationalization of the environmental
performance assessment as such e an aspect which is covered by
the deployment of management practices into ecodesign opera-
tional practices and into the application and customization of
methods and tools (see Sections 2.2 and 2.3).

Special considerationwas dedicated in suggesting units for each
one of the proposed indicators as a way to further define the po-
tential metrics to be utilized and type of data to be collected for
measuring performance as well as addressing one critical gap
concerning the indicators derived from literature.We highlight that
these units are suggestions, and should not be seen as rigidly pre-
scriptive. Out of the 114 proposed process-oriented performance
indicators, 57 of them (42,2%) had their units suggested as
“Dimensionless (qualitative/scale)”, which points to the need for
developing case-specific and company-made qualitative metrics
(e.g. through the use of surveys, questionnaires, focus groups,
grades, qualitative judgments/evaluations etc.) or scale (e.g. based
on Likert scales or psychometric test, among other methods).

As an illustrative example, consider the proposed performance
indicator “degree of value chain partners’ involvement in improving
the environmental performance of products” for practice 25
(“consider and involve the total value chain for improving the envi-
ronmental performance of products”). This is a qualitative indicator
used to capture the extent to which a company’s particular value
chain is being directly involved in improving products’ environ-
mental performance. Depending on the company’s key objectives
and strategies, specific methods and measurement instruments
could be developed in order to collect data: (a) a survey with value
chain partners with questions based on Likert scale showing how
much they agree/disagree on being involved in the improvement of
the product’s environmental performance; (b) a graded scale (e.g.
from 0 to 10) against which key managers an decision-takers in the
value chain readily assess their own involvement in such activity,
with results being summarized across the actors or (c) a 5-level
scale could be developed to be qualitatively evaluated and judged
by higher managers and experts on the degree to which value chain
partners are involved (very low involvement, low involvement,
medium involvement, high involvement, very high involvement) e
this could be done for individual (key) partners and/or periodically
evaluated over time with a view to comparing the trends.

The results of this research provides a source of knowledge for
deriving, implementing and streamlining performance indicators
for ecodesign management. The application, customization and
adaption of the indicators must be driven, informed and revised
based on the organization’s strategic drivers and performance
management systems. Therefore, Organizations should focus on
selecting a sub-set of indicators that are meaningful and suitable to
be implemented and measured. We emphasize that the imple-
mentation of the full set of indicators proposed and reported in this

Table 3 (continued )

# Ecodesign management practices Proposed process-related performance indicators Suggested units

Define and measure environmental
performance indicators for product
improvement

112. Level of alignment between performance indicators
and the decisions taken in product development

Dimensionless (qualitative/scale)

62 Define and measure performance indicators for
the 5 of the ecodesign program

113. Coverage of performance indicators for different
projects in the ecodesign program

Dimensionless (qualitative/scale)

114. Level of alignment between the performance indicators
and the decisions taken in the ecodesign program

Dimensionless (qualitative/scale)

a Environmentally-oriented technology can be defined as a new technology which is fundamentally aimed at reducing the product’s environmental burden, compared to
the incumbent technologies.

b An environmentally-oriented concept is a concept which is fundamentally targeted at reducing the product’s overall environmental burden, compared to other concepts
which don’t have environmental performance as a selection criterion.
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research is rather unrealistic and undesirable, from a business
perspective.

Within this context, the performance indicators reported and
proposed by this research are predominantly useful for organiza-
tions seeking higher capability levels in the application of the
ecodesign management practices. In particular, the indicators can
potentially support companies moving from capability level 3 to
capability levels 4 or 5, a situation in which the use of indicator is
required as a way to measure, monitor and improve upon the
application of the management practices. Fig. 4 presents the overall
application method prescribed by the EcoM2 (Pigosso et al., 2013),
along with a schematic representation of how the performance
indicators can be used in organizations. In step 1, a diagnosis of the
organization’s current maturity profile is performed, which defines
the current capability level for each one of the 62 ecodesign man-
agement practices. Step 2 defines the desired capability level for
each one of the ecodesign management practices, according to the
organization’s strategic drivers. This gap between the current level
and the desired level is translated into roadmaps and action plans
(Step 3), which will be implemented and streamlined in the orga-
nization (Step 4). For the ecodesign management practices that had
their current capability level defined as either 1, 2 or 3 and desired
capability level of either 4 or 5, the process-related indicators will
be needed in order tomonitor and control performance, leading the
companies through EcoM2 steps 3 and 4.

As a hypothetical example, take a certain company that is
actively working on improving its capabilities in ecodesign man-
agement. After performing the EcoM2 assessment and having the
current capability levels for the ecodesign management practices
(Step 1), the company decides that 5 practices e 2 practices should
be improved from the current level to the levels 4 and three other
practices should be improved to capability level 5, according to the
company’s strategy (Step 2). Regarding the rest of the ecodesign
management practices, the company decides to maintain some of
them at their current capability levels, while improving others to
capability levels 2 or 3 (which don’t require process performance
indicators). Therefore, to properly plan and carry out the capability-
enhancing activities for these ten particular practices moving to
capabilities 4 and 5 (Steps 3 and 4), the company has to derive
process-related performance indicators. In such a context, the in-
dicators proposed by this research for these ten particular practices

play a role in supporting the company towards achieving higher
capability levels in ecodesign. The indicators to be used during the
capability progression should be the same in order to provide
consistency and measurement alignment for the company to
measure its capability development. Therefore, there is no need for
changing the performance indicators for different capability levels
(e.g. the indicators adopted at capability level 4 should be the same
ones adopted at capability level 5). In that sense, the selection
process of performance indicator does not depend on the capability
at which the company is operating, but rather on other intrinsic
factors, such as corporate culture, performance measurement sys-
tems in place, available information, other indicators at use etc.
Table 4 consolidates the information of this hypothetical example
regarding the hypothetical EMPs implemented, along with their
current and desired capability levels and the process indicators that
could be potentially directly applied, adapted or customized.

5. Final remarks

This paper presented and proposed a set of process-oriented
performance indicators for measuring sustainability performance
of ecodesign implementation through the use of ecodesign man-
agement practices, based on the EcoM2. The performance in-
dicators presented in this paper were (i) retrieved from literature
via the execution of a systematic literature review (Rodrigues et al.,
2016a) and (ii) proposed through the definition of a rigorous and
structured research methodology approach. After consolidation, 27
indicators were pulled from scientific literature and another 114
indicators were proposed. The reporting and proposal of new
process-oriented performance indicators has the fundamental
objective of supporting manufacturing companies while seeking
for higher maturity in their ecodesign implementation and man-
agement. Even though the particular selection and prioritization of
indicators was not covered by the scope of this research, this
established repository of indicators are available for organizations
and decision-makers to freely use, adapt and customize to their
own specific context.

As emphasized in this paper, the repository of indicators can
potentially support companies moving from capability level 3 to
levels 4 or 5. As the repository is not proposed to be used a fixed list
of indicators, their application should be subjected to the organi-
zation’s strategic drivers and context. The main academic contri-
butions of this paper are twofold: (i) the systematization,
consolidation and synthesis of knowledge regarding ecodesign
performance measurement from a process-oriented perspective,
which helps filling one of the fundamental gaps found in literature
of ecodesign, implementation, management and performance
measurement; and (ii) a proposal of new process-oriented perfor-
mance indicators towards measuring specific ecodesign manage-
ment practices, which can be further explored, improved, validated
and adapted. Complementarily, the potential practical contribu-
tions of this paper are related to the: (i) identification and proposal
of process-related performance indicators and their respective
links to the application of ecodesign management practices in in-
dustrial contexts; (ii) the development of a repository of perfor-
mance indicators that can be readily and easily accessed by
companies; (iii) a support tool for organizations that are seeking to
improve their capability level in a set of chosen ecodesign man-
agement practices, moving from formalized approaches to moni-
tored/controlled and continuously improved approaches, therefore
requiring indicators for measuring their process-level performance.

To lay out the foundation for further development in this strand
of research, some current limitations of this study must be indi-
cated. Firstly, no insights were provided in terms of how to
particularly define specific metrics, scales or more granular units of

Fig. 4. Schematic illustration representing the use of the performance indicators
within the context of the EcoM2 application (with overall steps 1 through 4 adapted
from Pigosso et al. (2013)).
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measurement for each one of the indicators (for product-oriented
performance indicators, see the review carried forth by Issa et al.
(2015)). Secondly, the performance indicators presented and pro-
posed are not mapped out against indicators that exist in other
levels of the organization e neither in operational levels (e.g.
product-related indicators) nor higher-level corporate levels (e.g.
balanced-score card metrics and corporate performance such as
overall turnover, cost structure, enterprise risk measures etc.),
which might hamper the direct adoption of companies within their
own (strategic) performance measurement system. Thirdly, no
practical guidance for organizations on how to select, prioritize,
customize or adapt the performance indicators is provided in this
research.

In line with our remarks on the fact that the indicators alone are
not sufficient condition for achieving higher sustainability perfor-
mance, the strong alignment between indicators at the process-
level with other in more strategic or operational levels is of
fundamental importance towards integrating the company’s effort
on measuring performance. This avoids tensions in the organiza-
tions, such as the results reported in Petala et al. (2010). The authors
performed an analysis on the role of product development briefs in
the actual deployment of corporate sustainability. After analyzing
more than 200 briefs, they found that incorporating sustainability
aspects and considerations at the process level is not a sufficient
condition for materializing tangible results, with a large gap be-
tween tools’ development and their usage and implementation.
This accounts and adds for the need of an integrated and holistic
view of indicators development and, more broadly, of performance
measurement systems.

Nevertheless, these limitations can be properly tackled by a
number of potential lines of development for future research con-
nected to this paper by: (i) investigating further the development
and application of performance indicators for practices 41 and 58,
which did not have any indicator assigned bymeans of applying our
current method; (ii) developing practical guidelines based on ac-
tion research and literature from both the academic and industrial
domains - validated through case studies - on how to select,
customize and adapt indicators, as well as how to define specific
metrics and scales focused on ecodesign (e.g. web-based interactive
solution); (iii) performing a thorough analysis of the indicators that
were deemed as not aligned during the assignment and evaluation
procedures with a view to identifying gaps to be filled by the
proposal of new ecodesign management practices; (iv) structuring
empirical research methods geared towards collecting relevant
data from companies which are recognized for their superior per-
formance in product development measurement and (v) perform-
ing an integrative research with the objective of connecting the
process-level indicators of this paper with both product-level
(operational) measures as well as higher-level strategic

indicators, which are typically used for deriving business cases for
sustainability initiatives and programs.
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Abstract: The business benefits attained from ecodesign programs in manufacturing companies
have been regularly documented by several studies from both the academic and corporate spheres.
However, there are still significant challenges for adopting ecodesign, especially regarding the
evaluation of these potential business benefits prior to the actual ecodesign implementation.
To address such gap, this study proposes an exploratory and theory-driven framework based on logic
models to support the development of business cases for ecodesign implementation. The objective
is to offer an outlook into how ecodesign implementation can potentially affect key corporate
performance outcomes. This paper is based on a three-stage research methodology with six steps.
Two full systematic literature reviews were performed, along with two thematic analyses and
a grounded theory approach with the aim of developing the business case framework, which was then
evaluated by seven industry experts. This research contributes to the literature of ecodesign especially
by laying out an ecodesign-instantiated logic model, which is readily available to be adapted and
customized for further test and use in practice. Discussions on the usefulness and applicability of the
framework and directions for future research are presented.

Keywords: ecodesign implementation; business case; logic model; sustainable product development;
performance framework; ecodesign maturity model

1. Introduction

Practitioners and researchers have been continuously reporting potential business benefits
achieved by the implementation of ecodesign efforts within corporate contexts, e.g., higher innovation
level [1,2], increased revenue and development of new markets and business models [3,4], risk and
cost reduction [5,6], brand equity [7–9], compliance [10–12], among others. However, many challenges
still hamper the identification of the business benefits related to the implementation of ecodesign,
especially in regards to the lack of evaluation mechanisms for the potential benefits for the business
performance [13–16]. In addition, ecodesign efforts have been intensely focused on assessing
performance from a pure environmental perspective with a strong emphasis on the product’s technical
features, such as shape, material or energy consumption [17,18]. Low levels of attention have been
positioned on organizational processes underpinning the adoption and maintenance of ecodesign [1,17].
The underlying rationale of the process-oriented approach is that by tackling ecodesign implementation
at the process level, companies will assure consistent integration and alignment across the company’s
portfolio—i.e., improved product development processes will result in products with enhanced
sustainability performance [19] and business outcomes.
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Given that the reported business benefits emerging from ecodesign usually exceed the
environmental dimension of business performance—such as emissions, pollution, energy consumption,
materials usage etc.—a triple bottom line approach aimed at enabling and enhancing the managerial
and process-oriented perspective of the implementation is required [20–22] to deriving a consistent
business case for action. The business case for sustainability-related efforts and initiatives have been
increasingly discussed in the literature for several decades [23,24]. In short, a business case can be
understood as a collection of arguments and lines of thought that support and document the main
reasons why an organization should accept or advance a certain cause [24,25].

The concept of business cases for sustainability-related initiatives touches upon considering
and exploring the existing relationships between voluntary environmental and social activities and
corporate economic success [26], alongside questions regarding how to manage, advance and innovate
on those relationships. However, the majority of the business cases in the literature account for
a posteriori analysis of the effects of past sustainability-related practices, projects or programs [2,4,6],
as opposed to an a priori, predictive business cases, which are focused on laying out the theoretical
foundation for collecting information and measuring the performance of sustainability-related efforts
in a proactive fashion towards deriving a subsequent business case.

Within this context, logic models have become a popular way of identifying the elements of
a program’s design, operation and its effects [27]. The logic model depicts the logical sequence of events
to occur through an initiative or intervention to bring change as a response to a current specific state [28].
In the logic model, a collection of inputs underpins the execution of certain activities, which produces
direct effects (outputs) [29,30]. These outputs can eventually influence longer-term performance
and goals, which are typically depicted in the logic model, known as outcomes/impact [29,31,32].
The degree of tangibility varies across the levels of the logic model, from the inputs/resources to the
outputs and outcomes/impact. In summary, the logic model can be a representative framework of
an initiative’s potential to influence performance, and the sequential logic behind this influence.

With that, the research draws upon the particular concept of ecodesign management practice [19],
and seeks to offer an integrative outlook into how ecodesign capabilities will potentially affect corporate
performance over time (e.g., revenue, market share, expenses, risk etc.). The focus of this research is
positioned at investigating ecodesign from a process perspective within the corporate sphere. With that,
this research addresses the following questions: (1) how does the implementation of ecodesign
management practices can potentially affect corporate performance? (2) how can logic models support
conceptualization and evaluation of the relationships between ecodesign practices and business
benefits? The study proposes an exploratory, theory-driven logic model framework to support the
development of business cases for ecodesign, targeted at key managers and decision-makers across
the organization. This exploratory research goes further into qualitatively linking the development
of ecodesign management capabilities with its potential business benefits. This piece of research
largely contributes to the literature of ecodesign in by offering an ecodesign-instantiated logic model
framework, which is readily available for practical use. Furthermore, the research develops and
offers a logic model framework based on which other quantitative and qualitative methods can
be developed and added in order to achieve more robust measurement mechanisms for potential
ecodesign business benefits.

2. Theoretical Background

This section briefly presents and discusses the two main constituents of the theoretical background
of this research: (i) the Ecodesign Maturity Model (EcoM2) and (ii) the general theory of logic
models. In particular, the EcoM2 was selected as the theoretical background of this research
because it is established in the literature and it is the only available framework that offers
a maturity-based and systematic approach to ecodesign implementation and management [33], as of
today. Additionally, the EcoM2 has been adopted in several large multinational manufacturing
companies (see, for example, [34–36]).
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2.1. The Ecodesign Maturity Model (EcoM2)

The EcoM2 is a management framework geared towards supporting the systematic integration
of ecodesign into the product development processes (e.g., strategy, value chain, marketing, logistics
etc.) [19]. The model has been recently enhanced with mangement practices coming from the
product/service-systems (PSS) [37,38] and the social innovation [39] fields, integrating the business and
social aspects, which have been typically overlooked within the product development space [17,40,41].
Three fundamental elements are part of the EcoM2 [19]: (i) ecodesign management practices;
(ii) maturity levels and (iii) an application method, which are further described.

2.1.1. The EcoM2 Practices

The practices in the EcoM2 framework form a consistent body of knowledge and can be
categorized into management and operational practices [19]. The management practices are fundamentally
related to the integration of ecodesign at the strategic and tactical levels of product development,
whereas the operational ones are product-specific and intimately attached to the technical features and
charactrersitics of a the design and life cycle of a particular product (or line of products) [19]. While the
management practices are process-oriented and generic, threfore being applicable to any type of
manufacturing company—irrespective of the product’s specific characteristics [19]—the operational
ones are product-oriented, and therefore, specific. As a convention, all best practices in the EcoM2
(at a process level) will be reffered as ecodesign management practices (EMP), since this is an established
nomenclature within the EcoM2 framework and across its updates over time. The EMPs are the main
object (unit of analysis) of this paper. The total number of EMPs in the EcoM2 is fifty-one.

Examples of ecodesign management practices include [19,37,39]: (i) “monitor the product
environmental performance during use and end-of-life phases of the life cycle” [38] (p. 218); (ii) “consider and
involve the total value chain for improving the environmental performance of products” [38] (p. 217); (iii) “collect
information about legal issues and standards related to the environmental performance of products” [38] (p. 216);
(iv) “incorporate environmental considerations into the technological strategy” [38] (p. 216) and (v) “identify
customers’ and stakeholders’ requirements and priorities concerning the environmental issues” [38] (p. 216).
These practices are therefore related to the product development processes, as opposed to particular
characteristics of a company’s products. In this sense, the management practices take a process
standpoint which aims at integrating the entire company’s portfolio of products.

2.1.2. The EcoM2 Maturity Levels

The maturity levels are defined according to a grouping of two variables [19]: (i) the evolution
levels and (ii) the capability levels [19,42] of the management practices. The five evolution levels
defined by the EcoM2 represent a recommendation of the stages to be trailed towards ecodesign
implementation. The evolution is built from evolution level 1, in which the company displays little
experience in ecodesign and the company does not typically apply ecodesign practices, up to evolution
level 5, when the company fully incorporate environmental concerns into its corporate, business and
product strategies [19]. Regarding the capability levels, the model also defines a 5-point capability
scale for qualitatively measuring how well the company applies an ecodesign management practices,
based on the CMMI [19,43]. The capability levels are [19]:

• Capability level 1 (incomplete) means that a practice is not contemplated by the company or is
partly applied in incomplete way;

• Capability level 2 (ad hoc) means that a practice is only applied to accomplish specific tasks or
correct targeted problems, i.e., in an ad hoc format;

• Capability level 3 (formalized) means that the practice is formalized and documented in
processes, with allocated resources, infrastructure and responsibilities;

• Capability level 4 (controlled) means that the management practice has its performance measured
and constantly controlled with the application and use of process-related indicators;
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• Capability level 5 (improved) means that the management practice has its performance
continuously improved over time, based on measurement and monitoring.

2.1.3. The EcoM2 Application Method

The EcoM2 prescribes an application method with 4 steps, which are being represented here as
an adaptation from [19] organized in two main phases. Figure 1 displays the schematic representation
of the EcoM2 application method, with the main outputs and the positioning of the business case.
Phase 1 consists of 3 steps:

• the diagnosis involves the definition of the company’s current maturity profile, whose main
output is the current capability levels of the management practices;

• the definition of a vision for improved maturity, according to a corporate vision and strategic
drivers, and whose main output is the desired capability levels for the management practices and

• the deployment of actionable roadmaps for implementation, based on the identified gap between
the current capability levels (Step 1) and desired capability levels (Step 2).

The second phase embodies the implementation of the improvement projects. These projects
are detailed and outlined in the roadmaps, accompained by strategies and best practices for change
management and performance measurement and tracking [19]. The business case plays a crucial role
in bridging the gap between the deployment of structured roadmaps and their real and consistent
implementation. The business case for ecodesign implementation should be used in order to bridge
the gap between the deployment of roadmaps and action plans and the actual implementation of such
roadmaps, which will ultimately result in higher levels of ecodesign maturity.
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2.2. Logic Models: The Structure Underpinning the Business Case Rationale

A logic model can be defined as a systematic and visual tool to present and share an organization’s
understanding of the relationships among the resources required to operate a program, its related
activities, and the intended changes or results [30]. In the logic model, a set of resources (or inputs)
activities are all the actions that are necessary to produce desired direct results, commonly named
outputs [29,30,44]. These outputs will, in turn, generate outcomes, which are changes in behavior,
knowledge, skills, status or level of functioning [29–32]. Outcomes are typically less tangible as they
are not the immediate results of an action. Therefore, the logic model is particularly useful to depicting
the underlying assumptions and bases upon which the ecodesign practices are expected to lead to the
occurrence of another event [45].

Through a logic model lens, the ecodesign management practices can be defined and seen
as activities that are embedded into the product development and related processes. Once these
activities are carried out, they produce direct results (outputs) which, in turn, create changes or benefits
(outcomes) at a more aggregated level in an organization [46]. This line of reasoning—connecting
activities and their resources to ultimate changes/benefits—is known as logic model (or theory of
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change or performance frameworks or chains of reasoning) [27,47]. Logic models are particularly
useful to plan, manage, account for, assess or evaluate the relationships between what a program
(i.e., set of activities) requests in terms of resources and which accomplishments are sought [45]. It is
noteworthy that in real contexts, there is a wealth of interaction between outputs and outcomes,
and relationships are not always one-to-one. Figure 2 displays a hypothetical example of a logic model
structure for a physical artifact. It is noteworthy that in real contexts, there is a wealth of interaction
between outputs and outcomes, and relationships are not always one-to-one.
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3. Research Methodology

The general research approach was composed of three main phases, which are separated in six
steps (Figure 3).
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management practices).

3.1. Phase 1: Development of a Theoretical Logic Model Framework

The first step (Step 1) put forward a systematic literature review (SLR) based on the methodology
prescribed by [49], which builds upon the three sub-steps: (1) planning of the review process;
(2) execution of the SLR and (3) analysis of results. The selection and evaluation procedures were
performed in accordance to the inclusion criteria defined by the protocol. For each one of the selected
studies, relevant data were captured, cataloged and analyzed [49].

The main objective of the SLR was to identify the structural elements of the logic models proposed
or analyzed by the academic literature. The search string was composed of the main keyword
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(“logic model”) and three other relevant and recurrent synonyms (“theory of change”, “performance
framework” and “chain of reasoning”) [27,47] were added to the title field of the search string.
Two electronic databases were used, namely Web of Science and Scopus, due to their high relevance
and coverage. The searches were limited to documents originally written in English only.

Subsequently, the second step (Step 2) comprised an approach built upon grounded theory [50–52],
accompanied by a content analysis. It was performed in order to examine and elicit emerging patterns
within the data corpus [53,54]. The grounded theory approach was also aided by a content analysis [55]
of generic business process management and practices within organizational contexts [22,56–58].
The combination of the SLR with the grounded theory approach on Phase 1 gave rise to a fundamental
understanding of the logic model theory and an overview of its structural elements.

3.2. Phase 2: Instantiation of an Ecodesign-Specific Logic Model Framework

The second started with the performance of a thematic analysis focused on (i) deriving thematic
clusters of ecodesign management practices (Step 3); (ii) developing specific outputs and outcomes for
each one of the ecodesign management practices in the EcoM2 (Step 4) and (iii) systematically reviewing
the literature in order to derive a database of business performance outcomes (Step 5). The main
objective of deriving thematic clusters of practices was to facilitate the evaluation and application of
the logic model framework by companies, according to their own drivers or requirements. The outputs
and outcomes generated in this phase would then compose the instantiation of the ecodesign-specific
logic model framework.

Thematic analysis is a method for capturing and analyzing themes/patterns within a body
of data [59,60]. In our case, the body of data was composed of all the 51 ecodesign management
practices present in the EcoM2. Moreover, the thematic analysis had an inductive approach,
i.e., the themes/patterns emerged exclusively from the data, without any attempts to fitting them into
a larger theoretical frame [53]. Also, the ecodesign management practices display commonalities and
recurring themes, which makes thematic analysis an adequate method for analysis [53].

For Step 3 (Thematic Analysis I), the thematic analysis focused on deriving clusters of ecodesign
management practices. Subsequently, Step 4 (Thematic Analysis II) focused on the main aspects of
generic activities within the product development space and the fundamental content of each one of
the ecodesign management practices in order to develop a consistent list of outputs and outcomes.
This thematic analysis had the main objective of understanding how management practices could
potentially fit into the generic structure of the logic model. Furthermore, triangulation methods were
used in order to improve research rigor, validity and trustworthiness [52]. In particular, investigator
triangulation [61,62] was applied, entailing that multiple researchers conduct the analytical process in
an attempt to significantly reduce bias. In these particular steps of the research approach, the authors
analyzed the data separately and held three subsequent meetings to discuss and compare the emerging
themes until agreement was finally reached for all elements.

The following (Step 5) involved a focused SLR, also based on the procedure set forth by [49],
which was further detailed in the beginning of Section 3.1. The main objective of this second SLR was to
identify which outcomes were being generally reported as relevant and strategic business benefits in the
literature, and to which dimensions of the triple bottom line the outcomes were related. No restrictions
were derived in terms of what types of business were reporting the benefits. Three main keyword
groups were defined, along with their related keywords: (i) “corporate” and seven related keywords
(“enterprise”, “organizational”, “organisational”, “financial”, “business”, “market”, “competit*”);
(ii) “performance” and one related keyword (“bottom line”) and (iii) “indicator” and seven related
keywords (“measure”, “metric”, “index”, “indices”, “framework”, “map”, “score”). The keywords
were inserted into the title field of the search string on the Web of Science database. Searches were
limited to cover documents in English only.
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3.3. Phase 3: Evaluation of the Ecodesign-Specific Logic Model Framework

The evaluation by experts (Step 6) was performed with the purpose of improving the validity of
the proposed ecodesign-specific logic model framework. The workshops were aimed at: (a) validating
the most relevant business performance outcomes based on selection of three companies in different
industry sectors and (b) having the underlying rationale of the ecodesign-specific logic model evaluated
by the experts, in terms of usefulness and applicability in their own organizations. The evaluation
process took place under a series of three workshops, with an average duration of two hours
each. Seven impartial industry experts—representing three companies from different industry
sectors—participated in the evaluation phase.

It is very important to highlight that the workshop-based process of evaluation was highly
structured and standardized, with all the workshop session rigorously following the steps described
under this section. All the sessions were based on structured procedures and rules, which applied to
all three of them. The evaluation procedure was performed with a total of 7 experts, with carefully
documented and selected backgrounds and experiences. This particular number of experts contributes
to maximizing the probability of replicating the results reported in this paper. If the evaluation was
carried out with only one or two experts, results would be hardly replicated since they would be largely
dependent on individual answers and standpoints. On the other hand, since there is a “saturation
effect” in such a structured evaluation procedure, a larger number of experts might have probably had
very little marginal contribution to the overall results and the contributions of this study.

More particularly, the organizations and experts were selected on the basis of their relevant overall
exposure to recent ecodesign program implementations within the context of product development
processes. In particular, the selected companies had varying degrees of exposure to the EcoM2
framework, ranging from pure awareness to full implementation. However, their knowledge of the
EcoM2 was not defined as a criterion mainly because it is not required to be familiar with the EcoM2
in order to apply and evaluate the logic model framework.

All companies were carrying out ecodesign implementation projects and other sustainability-
related initiatives at the time of the realization of the workshops. Furthermore, these experts hold
positions at their companies that allow them to actively participate in the core decision-making process
regarding implementations in product development processes (e.g., Vice-President of Environment
and Sustainability, the Product Environmental Specialist, Global Head of Environment, Health and
Safety, among others). This enables them to adequately evaluate which types of rationale should be
put forth in order to advance any sustainability-related activities in their organizations (i.e., building
the business case for their particular organization).

The consolidated list of business performance outcomes from the SLR (Step 6) formed the
theoretical basis of the workshop. The most recurrent outcomes were listed on a poster for prioritization.
Initially, participants were asked to choose the three most relevant strategic-level decision-makers
in their organizations if they were to present a business case for sustainability-oriented initiatives
in product development (i.e., typically chief-level positions at large multinational organizations).
This step is underpinned by the widely recognized need to tailor the business case argumentation to
meet the requirements of different stakeholders [7,23,63], which is reflected in the choices of which
business performance outcomes to focus.

Next, participants were requested to identify the three to five most important business
performance outcomes for each one of the selected decision-makers from the previous step. To aid the
exercise, participants were invited to think about concrete cases of implementation projects carried
out recently at their organization and how the most compelling arguments were put forth to the key
decision-makers. Finally, the instantiated logic model framework from Phase 2 was presented to all
participants and 3 to 5 examples of ecodesign management practices were highlighted. Participants
were also given time and resources to think on the relationships between the logic model’s components
and use the business performance outcomes they had defined. Workshop participants were then invited
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to evaluate the usefulness and applicability [64] of the logic model framework at their organizations in
an unstructured interview setting, pinpointing the strengths and weaknesses of the framework.

4. Results and Discussion

This section exhibits the results and provides discussion for each one of the research methodology
phases. Section 4.1 presents the results and discussion for the development of a theoretical logic model
framework, while Section 4.2 tackles the development of a ecodesign-specific logic model framework,
lastly, Section 4.3 addresses the final phase of the research methodology on the evaluation of the
ecodesign-specific logic model framework by industry experts in a workshop setup.

4.1. Results and Discussion from the Development of a Theoretical Logic Model Framework (Phase 1)

The SLR for logic models resulted in a total of 636 papers retrieved, with 126 unique results
coming from Web of Science, 349 unique results from Scopus and 161 papers that were indexed in both
electronic databases. Lastly, 87 papers were entirely read and finally selected, representing 33.8% of
the papers analyzed in the previous step. If measured against the amount of papers retrieved from the
databases, the 87 selected papers represent 13.7%. Figure 4 illustrates the results achieved with the
SLR on logic models, based on the application of the review protocol as described under Section 3.1.
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For each one of the 87 resulting papers, the elements were listed on an electronic database, along
with the main topic addressed by the paper. There is a wide range of topics covered by the paper—with
examples spanning different knowledge areas—and the logic models could be grouped into six
topics: (i) healthcare interventions and public policies (23 papers); (ii) international and sustainable
development (15 papers); (iii) educational interventions and programs (13 papers); (iv) organizational
programs and evaluation—e.g., innovation, leadership, supply chain, R&D, capacity development,
ergonomics, collaboration employee wellness etc. (12 papers); (v) community-based program
evaluation (8 papers) and (vi) academic and research-based programs (7 papers). The remaining
9 papers present and discuss generic logic models, with no connection with specific topics. The full
database of categorized logic models with the description of their structural elements and the
main topic they are addressing can be accessed via the link http://www.ecodesign.dtu.dk/Process-
Performance and as Supplementary Material of this paper.

Topics related to public policies dominate the use of the logic model to represent change and
impact, in line with what was reported by the literature [31,65]. However, the corporate and business
applications of logic models are still emerging and present a large potential for growth. Out of the
87 retrieved papers in the SLR, 12 of them (13.8%) were tackling topics within the business sphere.
This presents an opportunity for businesses to learn from several years of experience in stringent
performance measurement practices and applications of logic models in the public and not-for-profit
sectors. As sustainability performance measurement becomes increasingly more sophisticated and
complex [66] and new stakeholders are being constantly engaged [67,68], a collaborative and
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cross-sector development of logic models has the potential of bringing high value for the organization’s
integrated performance measurement.

The most recurrent elements within the logic model structures were: activities, outputs and
outcomes, with some slight variations. The elements of outcomes were also represented differently
across the reported logic models, as some of the studies have emphasized different timescales for
the outcomes (namely long-, medium- and short-term outcomes). In general, when outcomes are
split in different timescales, they offer a set of sequential preconditions [66]: short-term outcomes
potentially representing changes in individuals and groups, medium-term ones connected to changes
in skills and practices and long-term outcomes related to broader changes in conditions or states.
Several studies also use the term “impact” to represent elements at a level close to what would be the
long-term outcomes [69–71]. In general, the studies applying the term “impact” are usually referring
to societal impacts on the long-run and, therefore, could be potentially used as a replacement for the
long-term outcomes. Figure 5 displays the resulting theoretical and generic logic model framework.
It is noteworthy that the input and the impact elements were not explicitly considered in the resulting
logic model framework because both elements were not consistently reported across the reviewed
logic models in the literature.
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Additionally, the role of assumptions is also presented in the logic models with varying degrees
of importance. Some studies do not mention the assumptions that were made, while others provide
a detailed account of the assumptions behind the logic model. To illustrate the idea behind the concept
of assumptions in the logic models, consider the following management practice from the EcoM2:
“develop a ‘green’ incentive scheme for the development of products with increased environmental
performance” [16,19,42], which is considered to be an “activity” in the model. To evaluate its potential
impact, it is necessary to draw some assumption in terms of its reach, scope and magnitude within
the company. For example, an assumption could be “all employees are impacted by the incentive
scheme developed”, another assumption could be formulated as “only employees working in the
R&D structure will be initially impacted by the incentive scheme”. Please note that each one of the
assumption might lead to very different outputs, which in turn will lead to different initial outcomes
and business performance outcomes.

The lack of explicit assumptions might hamper the credibility and validity of the logic model,
as the relationships might become harder to be operationalized and understood by relevant
stakeholders. With that, the resulting logic model framework not only covers the most recurrent
elements in the literature, but also makes explicit delineation of assumptions. Additionally, it also
marks the temporal distinction between the outcomes, placing them within a business context.

4.2. Results and Discussion from the Instantiation of the Ecodesign-Specific Logic Model Framework (Phase 2)

Each one of the steps in Phase 2 directly addressed each one of the elements of the generic logic
model framework. Figure 6 shows the relationship between each one of the steps in Phase 2 and the
correspondent logic model element they are addressing. The activities for the instantiated model were
pulled from the Ecodesign Maturity Model (EcoM2) [19], while Step 3 performs a thematic analysis
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focused on deriving ecodesign management clusters to address the categorization of practices for the
element “activity”. Further on, Step 4 performs a complementary thematic analysis to generate a list of
outputs and initial outcomes for the logic model. Finally, the SLR on business performance outcomes
generated a database to fill in the final element of the logic model framework (business benefits).Sustainability 2018, 10, x FOR PEER REVIEW  10 of 25 
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4.2.1. Instantiating the Activities of the Ecodesign-Specific Logic Model

The thematic analysis (Thematic Analysis I, Step 3) carried out on the ecodesign management
practices [19] gave rise to 11 distinct thematic clusters of practices. This step is addressing the element
“activities (practices)” of the logic model on Figure 6. The clusters were designed and defined under
an inductive approach, without any prior theoretical framework against which practices should fit.
Therefore, the practices are sufficiently homogeneous within the clusters, at the same time they are
appropriately heterogeneous across the clusters.

The clusters are particularly important to support managers in quickly identifying the practices
by theme. This might allow decision-makers to draw better connections between the practices and
their organization’s context and structure. Table 1 shows the thematic clusters and corresponding
examples of practices to illustrate the clusters. The development of outputs and initial outcomes,
also shown in Table 1, are discussed under Section 4.2.2. The database displaying all the practices for
all thematic clusters can be accessed via the link http://www.ecodesign.dtu.dk/Process-Performance
and as Supplementary Material of this paper.

http://www.ecodesign.dtu.dk/Process-Performance
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Table 1. Examples of practices in each one of the thematic clusters, with its outputs and initial outcomes.

Cluster Thematic Cluster Number of Practices Example of Practice [16,19,42] Outputs Initial Outcomes

1 Environmentally-enhanced
technological strategy 5 practices

Identify and/or develop new technologies that can
contribute to improve the environmental

performance of the developed products [16,19,42]

New environmentally- enhanced
technologies

Products with
environmentally-enhanced technology

2
Development of support
processes, training and
knowledge for ecodesign

4 practices Get knowledge of how to develop products with
a better environmental performance [16,19,42] Ecodesign knowledge

Environmentally-enhanced products

Informed/conscious
environmental-related decisions

Systematized trade-off analysis

3 Incentives and awareness
for ecodesign 2 practices

Develop a “green” incentive scheme for the
development of products with increased

environmental performance [16,19,42]
Incentive schemes for ecodesign Employee motivation, engagement

and productivity

4 Marketing and communication
for ecodesign

2 practices
Elaborate and communicate recommendations to
consumers on how to improve the environmental

performance of the product during the use and
end-of-life phases [16,19,42]

Recommendations to consumers

Consumer engagement and retention

Employee motivation, engagement
and productivity

Identification of ecodesign-related
opportunities and benefits

5
End-of-life strategies, packaging

and operations 5 practices Monitor the product environmental performance
during use and end-of-life [16,19,42]

Environmental performance during
use and end-of-life Information for end-of-life decisions

Consumer behavior data

Recommendations to
customers/stakeholders for use and

end-of-life

Input data for product development
decision-making

6
Strategic management of
ecodesign implementation 9 practices

Identify internal and external drivers for the
development of products with a better
environmental performance [16,19,42]

Internal drivers for the
development of products with

better environmental performance

Alignment and consistency with
internal drivers

External drivers for the
development of products with

better environmental performance

Alignment and consistency with
external drivers

7 Portfolio management and
environmental trends 4 practices Evaluate the environmental feasibility of new

product development projects [16,19,42]

Environmental feasibility of new
product development

projects evaluated

Input data for product development
decision-making
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Table 1. Cont.

Cluster Thematic Cluster Number of Practices Example of Practice [16,19,42] Outputs Initial Outcomes

8 Product development
management

11 practices
Engage relevant people from functions across the

company in the integration of environmental issues
into product development [16,19,42]

Relevant people engaged in
ecodesign across the company

Employee motivation, engagement
and productivity

Relevant people identified across
the company

Employee awareness regarding
environmental issues

9 Value chain management 3 practices
Establish cooperation programs and joint goals with

suppliers and partners aiming to improve the
environmental performance of products [16,19,42]

Cooperation programs and joint
goals with suppliers and partners

Superior value chain
environmentally-oriented integration

Sharing of environmental information
among suppliers/partners

10 Regulatory compliance 2 practices
Collect information about legal issues and standards

related to the environmental performance of
products [16,19,42]

Information about legal
issues collected

Reaction and anticipation to
regulatory changes and trends

Information about
standards collected

Potential for regulatory-driven
innovation in products and services

11 Program management and
ecodesign benchmarking 4 practices Benchmark the environmental performance of

competitor products
Benchmarks against
competitor products

Identification of innovation
opportunities in products and services

based on benchmarks
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Within this context, the ecodesign management practices can be defined and seen as activities that
are embedded into the product development and related processes. Once these activities are carried out,
they produce direct results (outputs) which, in turn, create changes or benefits (business performance
outcomes) at a more aggregated level in an organization [46]. Figure 7 displays a hypothetical example
of logic model for an ecodesign practice.
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4.2.2. Instantiating the Outputs and Initial Outcomes of the Ecodesign-Specific Logic Model

The first thematic analysis underpinned the development of the second thematic analysis
(Thematic Analysis II, Step 4). For each one of the clusters of practice, a set of outputs and initial
outcomes were defined. This step is simultaneously addressing two elements of the logic model
on Figure 6: “outputs” and “initial outcomes”. The outputs and initial outcomes were defined in
accordance to the generic logic model framework put forth as a result of the Phase 1 of the research
methodology. This step is particularly important because it provides a preliminary repository of
outputs and initial outcomes. Table 1 exhibits a selection of practices with their correspondent
outputs and initial outcomes derived from the thematic analysis with triangulation. The full database
containing all the outputs and initial outcomes defined in the thematic analysis can also be accessed
via the link http://www.ecodesign.dtu.dk/Process-Performance and as Supplementary Material of
this paper.

4.2.3. Instantiating the Business Performance Outcomes of the Ecodesign-Specific Logic Model

Lastly, the last step of second phase of the research approach (Step 5) comprehended the
performance of the SLR for business performance outcomes, which are the long-term outcomes
representing the business benefits companies can potentially report. This step is addressing the
element “business performance outcomes (business benefits)” of the logic model on Figure 6. Therefore,
these are the outcomes that are specifically important for companies to decide for implementing
a certain program or advancing a specific subject. The SLR for business performance outcomes resulted
in a total of 199 papers retrieved. Fifty-four papers were selected and fully read (27.3% of the total).
Figure 8 illustrates the results of the SLR on the business performance outcomes.
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The resulting 54 papers were carefully reviewed with the objective of extracting the business
performance outcomes reported by the papers. In total, 360 business performance outcomes were
identified, and the relevant information was extracted and recorded on an electronic spreadsheet.
The business performance outcomes were then classified according to the triple bottom line dimensions.
Subsequently, the business performance outcomes were classified in categories and sub-categories
according to the main business topic they were associated [72]. Six categories emerged from the data
for the classification of business performance outcomes: (i) regulatory; (ii) environmental and social
engagement; (iii) marketing; (iv) learning and development; (v) efficiency and effectiveness and (vi)
financial. The outcomes in the categories were split into a total of 21 sub-categories and duplicates
were removed. The total number of unique business performance outcomes was 303.

Figure 9 displays the distribution of business performance outcomes according to the dimensions
of the triple bottom line, and Figure 10 exhibits the distribution of the consolidated business
performance outcomes as per the categories and sub-categories of performance. The consolidated list of
6 categories and 21 sub-categories displayed on Figure 10 was used in the evaluation workshops with
the industry experts. Finally, Table 2 presents examples of business performance outcomes that were
retrieved from the SLR. The full database containing all the business performance outcomes be accessed
via the electronic link http://www.ecodesign.dtu.dk/Process-Performance and as Supplementary
Material of this paper.
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Table 2. Examples of business performance outcomes extracted from the SLR.

TBL Dimension Category Business Performance Outcome Reference

Economic Marketing Brand value [73]

Economic Profitability Company profitability [74]

Economic Revenue Revenue growth [75]

Economic Customer satisfaction Customer loyalty rate [76]

Social Corporate citizenship Community support/involvement [77]

Social Organizational
development

Information dissemination
(i.e., enhancement of the quality of
decision-making/solution development)

[78]

Social Employee welfare
Human capital investment (wages,
benefits, training and education) as
percentage of profit

[79]

Environmental Emissions to
environment Total emission of glasshouse gasses [80]

Environmental Resource efficiency Material consumption [79]

Environmental Energy efficiency Energy management 1 [81]
1 “This variable assesses rational use of energy; the adoption of internal measures of energy economy, including the
substitution of equipment and other pollution sources; the substitution of pollutants and non-renewable sources for
clean and renewable energy ones” [81].

4.3. Results and Discussion from the Evaluation of the Ecodesign-Specific Logic Model Framework (Phase 3)

This sub-section provides an initial summary of the evaluation procedure of the ecodesign-specific
logic model framework with company experts, with the final framework presented in Figure 11 and
evaluation summaries on Table 3 (companies’ main characteristics) and Table 4 (summary of the main
advantages and disadvantages). Subsequently, a more detailed account of strengths and weaknesses
of the framework is provided under Sections 4.3.2 and 4.3.3. Under Section 4.3.4, a path forward for
the application of the framework is outlined and discussed.
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4.3.1. Summary of the Evaluation of the Ecodesign-Specific Logic Model Framework

Based on the data collected during the workshops with company experts, the theoretical logic
model for business cases was revisited and changed to accommodate the suggested improvements.
A few considerations were recurrent in all workshops and they have, therefore, underpinned the
changes to the theoretical logic model that was initially defined (Section 3.1). In summary, the visual
changes were mainly based on the positioning of the logic model elements and the removal from
the input element. Experts suggested to display the logic model in a way that the levels at the
organizational were explicit, making it more intuitive. Therefore, the elements of the ecodesign-specific
logic model framework were rearranged in a hierarchical setting, with the activities representing the
process-level, while the outputs, initial outcomes and business benefits are representing different levels
of the corporate level.

Furthermore, experts corroborated what the analysis of management practices in the literature
had suggested: the inputs to the ecodesign management practices are roughly homogeneous [20,22]
and therefore should not be explicitly differentiated in the model, as it would be a time-consuming
and non-value adding activity. From an investment perspective, the implementation of the ecodesign
management practices does not require a large set of different types of resources to be successfully
carried out—i.e., the overwhelming majority of the ecodesign management practices are consistently
dependent on a fixed set of inputs—namely information, people, organizational structure and
information systems (both software and hardware), and this is consistent across the 51 practices.
Therefore, the evaluation of inputs was deemed not necessary for a successful development of the
business case for ecodesign. With that, Figure 10 displays the final structure of the logic model
framework, along with examples that were raised during the workshop.

As previously mentioned under the research methodology section, the methodological setup
regarding the evaluation workshops were designed in order to maximize the probability of replicating
the results reported in this piece of research. Therefore, the results have a rather high degree of
consistency, especially when replicating the research carried out in this paper by: (i) carefully following
the same procedure have laid out in the research methodology and (ii) being able to access the same
number of experts with a rather similar mix of backgrounds, experience and related industrial sectors,
which is the main reason these aspects of the evaluation phase were highlighted on Table 3 and
discussed accordingly.

4.3.2. The Strengths of the Logic Model Approach for Deriving Ecodesign Business Cases

The framework is suited for capturing and conceptualizing an initial business case at the process
level and for directly aiding executives and employees in the way they currently think about the
business returns of sustainability-related initiatives and programs. The logic model adds more as
a visual account of the causal relations in the business case, linking activities in the process and the
potential long-term outcomes. The logic model framework is also useful to pinpoint the types of
evidence and data within the company (and across its value chain) that needs to be properly collected,
if the company is not already doing so. The addition of data further validates and supports the claims
and assumptions put forth in the logic model.

The logic model framework is also flexible enough to be readily embedded into a company’s
daily thinking and operation. In particular, for companies engaged in raising awareness regarding
sustainability topics, the framework can be employed for e.g., workshops and other engaging
co-development activities. The logic model was found to be particularly useful to creating a structured
story for each one of the stakeholders, which is something in line with what the literature of logic
models has prescribed [46]. This “storytelling” aspect of the logic model framework was appealing
to several experts and allowed them to think on new strategies to get the attention of their intended
target audience in terms of developing the business case for ecodesign.
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Table 3. Summary of the companies’ main characteristics and related results from the evaluation procedure (Phase 3).

Company Industry Roles Represented in the Workshop Prioritized Business Performance
Outcomes (Ranked)

Main Internal Stakeholders for
the Ecodesign Business Case

A Medical devices
and services

• Global Head of Environment, Health and
Safety (EHS) Development, with more than
11 years of work experience as ecodesign
program manager and leader

1. Growth (related to both sales
and market share)

2. Risk
3. Customer satisfaction
4. Brand reputation
5. Profitability

• CEO
• Director of Product

Development/Innovation
• Director of Operations

B Automotive and
aerospace

• PhD Specialist on Design for Robustness,
holding over 16 years of experience in product
development and technology roadmapping;

• Manager of R&D development methods, with
more than 12 years of experience in product and
technology development, along with experience
in product/service-systems;

1. Profitability
2. Customer satisfaction
3. “Air worthiness” 1

4. Growth
5. Productivity

• Director of
Product Development

• Director of
Business Development

• Director of Operations
and Manufacturing

C
Equipment for

construction and
related industries

• Vice-President of Environment and
Sustainability, holding more than 12 years of
experience in executive roles;

• Product Environmental Specialist, with over
15 years of experience in leadership roles
involving product development and
management of ecodesign;

• Technology Risk Analysis Leader, more than
21 years of experience in quality assurance,
risk management/mitigation and product
development processes;

• Sustainability Program Leader, with more than
11 years of experience in sustainable innovation
and technology roadmapping and development.

1. Customer satisfaction
2. Total cost of ownership
3. Operational effectiveness
4. Profitability
5. Market share

• CEO
• Director of

Product Development
• Director of Marketing and

Product Portfolio

A business performance outcome deemed as very important by the experts at Company B. “Air worthiness” is a concept based on a composed indicator simultaneously related to safety,
risk and compliance. Since safety is a crucial issue in the aerospace industry, Company B takes this corporate measure very seriously, along with their financial measures.
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Table 4. Summary of the main advantages and disadvantages regarding application of the ecodesign-specific logic model framework for business cases.

Company Main Strengths Regarding the Application of the
Ecodesign-Specific Logic Model Framework

Main Weaknesses Regarding the Application of the
Ecodesign-Specific Logic Model Framework

A

• Suited for capturing and conceptualizing an initial business case
internal study

• Potential for helping employees to structure their thoughts on
business benefits and elaborate working documents

• Lists of outputs, initial outcomes and business performance
outcomes are particularly useful as a point of departure for
further customization

• Quantification methods and evidence must be added to the logic
model rationale in order to derive a full-fetched business case

• Language must be constantly adapted to fit the company’s own
terminology/lexicon

• The model can quickly grow in size and complexity and should
be used on a step-by-step basis

B

• High readiness level in terms of embedding the framework into
the company’s daily thinking and routine operations

• Useful for tailoring a specific “story” for each one of the many
important stakeholders of a business case for ecodesign

• Flexible and generic enough to be embedded into the company’s
existing performance measurement systems

• Potential for making more diffuse/intangible practices more
operational and concrete

• Potential conflicts and challenges when integrating multiple logic
model views for different audiences

• Concerns over the assumptions might arise and hamper the
development of a consolidated business case

• The framework offers no support for developing the relationships
on data from the company’s management systems

C

• Potential for enhancing the development of business case with a
view of how things can change (improve) internally

• Relevant tool for internal awareness-raising workshops the
company is promoting on sustainability

• It is a communication tool to be readily incorporated into internal
materials and training resources

• The practices’ clusters are helpful for targeting groups of
stakeholders internally and aim at their daily concerns

• The business case framework risk being too vague if assumptions
are not properly grounded and if business performance outcomes
are not carefully selected

• The lead time for developing and applying the business case can
be long for consensus-oriented corporate cultures

• To be a valuable tool, it requires a deep understanding of
organizational processes, product development and
ecodesign/EcoM2 framework
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In general, the logic model framework can potentiate the discussion around the development
of business cases for ecodesign, especially for companies that have been stuck in the sustainability
conversations for a while. There is a strong role to be played by the framework as a communication tool
to be embedded into internal materials, workshops and training resources. Moreover, the definition
of thematic clusters of ecodesign management practices is particularly helpful towards targeting
specific groups of stakeholders and aiming at their main daily activities/issues. In connection to
that, the preliminary list of outputs, initial outcomes and business performance outcomes compose in
important point of departure for companies to further apply and customize the business cases for their
particular contexts.

4.3.3. The Weaknesses of the Logic Model Approach for Deriving Ecodesign Business Cases

In general, since developing the business case is mainly an argumentation process, language
plays a crucial role. One of the drawbacks of the framework is that is still very qualitative in nature,
and language must be constantly adapted and reviewed in order to employ the right company
terminology/lexicon, so it can be widely recognized internally. Also, further investigation is required
in order to derive a full and complete business case picture, especially in relation to quantifying the
relationships and building a robust tool for decision-making processes. It must be noted that the
logic model can also grow in size and complexity rather quickly, hinting that it should be used on
a step-by-step basis or even focused on one particular thematic cluster at a time as not to overwhelm
stakeholders or overload the cause-and-effect rationale.

Furthermore, there might be potential conflicts and difficulties in integrating multiple logic model
views for different audiences or stakeholders into one shared vision. Even though it is crucial to
establish one line of thinking for each one of the target groups, difficulties might arise when drawing
a concise and broader picture of what the business case looks like. Concerns over assumptions and the
need for operationalizing each one of the terms used in the business case are also current limitations
of the framework. As it is now, the framework does not offer any support towards grounding the
business case relationships on data from e.g., management systems or other sources. Therefore, a better
connection with existing key performance indicators and other performance measurement initiatives
within product development must be sought as one of the promising areas of further development of
the framework.

4.3.4. What Is Next? Applying the Ecodesign-Specific Logic Model Framework in Companies

The ecodesign-specific logic model can be applied by companies in order to derive business cases
aimed at advancing the ecodesign program internally. With that, an application procedure is proposed
in alignment with how the EcoM2 is typically applied. However, this does not mean that the full
implementation of the EcoM2 is a prerequisite for the application of the logic model framework for
ecodesign. Companies can simply access all the information regarding the management practices,
the clusters, outputs, initial outcomes and business performance outcomes and start structuring their
own logic model framework, focused on specific areas of interest. The EcoM2 prescribes an application
method with 4 steps, which are being represented here as an adaptation from [19], organized in two
main phases, as described under Section 2.1.3. Figure 12 displays the schematic representation of the
EcoM2 application method, with the main outputs and the positioning of the business case.

Since comparing the application of the business case framework in small and large companies
was not the goal with this study, it is not possible to draw any fundamental conclusion from the
data that have been collected. However, on a speculative note, we believe that the idiosyncrasies of
startups and small and medium companies must be rigorously considered in the development of
the ecodesign business case, and in particular when developing the assumptions, mainly because
small and large companies may differ in several dimensions: (i) availability of data; (ii) stability of
their business models and (iii) order of magnitude of impacts (e.g., 5% increase in sales might not
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be relevant for a small startup business, but might be a very significant sum for a big corporation),
among other factors.Sustainability 2018, 10, x FOR PEER REVIEW  20 of 25 
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In summary, this business case for ecodesign can be viewed as a first attempt towards linking the
development of ecodesign capabilities—at the process level—with broader corporate performance
indicators (business benefits). It implicitly links the efforts towards systematizing the activities within
the product development process with the outcomes for the business. This is particularly important
because product development processes are key to embedding sustainability in organizations, since it
is believed that approximately 80% of the sustainability performance of a product is defined in the
early stages of its product development [82]. Therefore, if companies want to move and align their
agenda and contributions towards the sustainable development [83,84], product development should
be carefully considered and emphasized. In particular, capturing sustainability performance in product
development is a complex and difficult endeavor [85–87] and if carried out inappropriately, misleading
measures and wrong signals might be disseminated across the organization, which in turn results
in poor decision-making [85]. In this sense, the logic model-based framework has the potential of
properly addressing fundamental process-related aspects of the product development [22,56,88] and
turn them into an a priori (inferred) business case, as opposed to posteriori analyses of the results of
previously implemented practices or projects.

5. Final Remarks

This research was geared towards answering two main research questions: (1) how does the
implementation of ecodesign management practices can potentially affect corporate performance?
(2) how can logic models support conceptualization and evaluation of the relationships between
ecodesign practices and business benefits? A conceptual framework—based on logic models—was
derived as a business case structure for ecodesign implementation. This was achieved by following
a three-stage research methodology, organized in 6 steps. Two full systematic literature reviews were
performed, coupled with two thematic analyses and a grounded theory approach. The resulting
conceptual framework had its usefulness and applicability was then evaluated by 7 industry experts.
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In general, developing a business case is a context-dependent effort and should be carefully
custom-built to fit its intended audience’s language and general requirements. Based on the data
gathered for this study, it is possible to argue that even the development of the relationships between
the elements of a logic model should resonate with the company’s strategic drivers and should be
built with a view to improving its performance measurement systems over time. This means that the
logic model framework might configure the first steps towards building the full-fetched business case
rationale and support the collection of relevant data. The logic model does not represent an end in
itself. It is a means to achieving the higher aim of developing consistent and data-driven business
case for ecodesign. It is important to highlight that corporate performance is influenced by a wide
range of different factors—both internal and external to the companies and their value chains—and
the proposed framework accounts only for the potential effects of ecodesign on corporate performance.
There is no pretension to capture the full range of influencing factors, which was initially deemed
as impractical.

5.1. Contributions to the Literature

This research was exploratory in its nature and aimed at laying out the foundation to build
consistent business case rationales through the lens of the theory of logic model. It is a first attempt
towards qualitatively linking the development of ecodesign management capabilities with the potential
business benefits. By addressing this topic, the contributions to the literature are manifold: (1) it defines
a structured approach for depicting and visualizing intangible and somewhat fuzzy rationales for
sustainability-oriented business cases; (2) aligns the theory of logic models with practical and readily
implementable ecodesign-based applications within organizational spheres; (3) adds evidence on the
suitability of applying logic models in corporate contexts, expanding the applications of the theory
to different fields of knowledge; (4) offers a structural framework against which novel quantitative
and qualitative methods can be potentially derived to assessing sustainability performance within
a corporate context; (5) contributes to education in ecodesign and/or sustainable design, more broadly,
by being embedded into the program curricula as an introductory framework aimed at developing
business cases for action regarding ecodesign implementation (and other frameworks and quantitative
methods could follow); and (6) directly contributes to the ecodesign theory and practice by laying out
an ecodesign-instantiated logic model theory, which is readily available to be adapted and customized
for further test and use in practice.

5.2. Limitations and Future Research

However, this research also presents limitations. These can be enumerated as follows: (1) the
purely qualitative nature of this research might limit the tangibility of the results; (2) the research offers
no guidance on how to specifically derive the relationships/assumptions connecting the elements or
how to gather and apply corporate data within the logic model framework; (3) due to its exploratory
nature, the evaluation procedure relied on an intense workshop-based interaction with companies,
which enabled the capture of a wealth of details but was still constrained under the participants’
background, experience and roles; (4) the logic model framework does not quantify changes in the
capability levels of the practices (i.e., the goal of ecodesign implementation programs).

With a view to both addressing those limitations and developing the field further, several streams
of future research could be derived: (a) explore methods for quantifying the relationships with a view
to bringing dynamic elements into play and simulate different implementation routes; (b) develop
guidelines for how to derived relationships between the business case elements and their underpinning
assumptions and links with existing corporate management systems; (c) perform cross-industry or
cross-national surveys, based on the logic model framework put forth here, in order to evaluate its
usefulness and applicability in different contents and aim for higher results’ generalizability power;
(d) explicitly integrate the concept of capability into a quantitative simulation model so as to explore
how changes in the capability levels might reflect on higher order business benefits; (e) investigate
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connections and synergies with indicators proposed by standards (e.g., ISO 14000, ISO 26000 etc.) and
integrated reporting initiatives; (f) explore the potential implications for ecodesign/sustainable design
education and how the framework can be adapted to become a teaching tool; and (g) conduct and
analyze the actual implementation of the logic model framework in industrial cases with a view to
enhancing its validity and applicability-based, for instance, on action research methods.
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Abstract 
Several potential business benefits obtained from ecodesign are consistently reported by academic 
studies and companies. These benefits comprise increased innovation potential, development of new 
markets and business models, reduction in risks and costs, improvement of organizational brand, among 
others. However, there are still significant challenges for adopting ecodesign, specially concerning the 
capture and measurement of the expected business benefits. To address such gap, this paper proposes 
an exploratory concept of a simulation-based business case for ecodesign implementation, grounded on 
a System Dynamics approach. The study builds upon the Ecodesign Maturity Model (EcoM2) and the 
related capabilities of ecodesign managements practices, offering an integrative outlook into how 
ecodesign capability building can potentially affect corporate performance outcomes over time. 
Preliminary results point towards the potential for managers and key organizational decision-makers to 
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1 INTRODUCTION 

Ecodesign can be seen as a proactive approach towards the integration of environmental concerns into 
product development and its related processes, e.g. operations, marketing, strategy etc. (Pigosso et al., 
2013). Several practitioners and academics have been reporting potential business benefits gained 
through the implementation of ecodesign, such as increased levels of innovation, development of new 
markets and business models, reduction in liability, risks and costs, improvement of organizational 
image and legal compliance, among others (Plouffe et al., 2011; Haned et al., 2015; ISO, 2011; IRRC 
Institute, 2015). However, there is a set of challenges that still hinder adoption of ecodesign in the 
corporate space, mainly regarding the capture and measurement of the potential business benefits (Boks, 
2006; McAloone, 1998; Boks and Stevels, 2007; Rodrigues et al., 2016a). Moreover, ecodesign efforts 
have been primarily discussed, evaluated and assessed in terms of product-related environmental 
performance, based on technically-oriented measures, such as product’s shape, material and energy 
consumption (Issa et al., 2015; Rodrigues et al., 2016b; Handfield et al., 2001). Because the ecodesign 
business benefits go typically beyond the single dimension of environmental performance, an approach 
based on the triple bottom line (Elkington, 1997; Elkington, 1994) and geared towards enabling the 
managerial perspective of ecodesign implementation is required (Pascual and Stevels, 2004; Pigosso 
and Rozenfeld, 2012) to deriving a consistent business case.   
The business case for sustainability-related efforts and initiatives have been increasingly discussed in 
the literature for several decades (Schaltegger and Lüdeke-Freund, 2012; Carroll and Shabana, 2010). 
In short, a business case can be seen as a number of arguments and lines of reasoning that supports and 
documents the reasons why the business community should accept or advance a certain cause (Carroll 
and Shabana, 2010). Within the space of business cases for sustainability, the concept touches upon 
considering and exploring the existing relationships between voluntary environmental and social 
activities and corporate economic success (Schaltegger et al., 2012), alongside with questions regarding 
how to manage, advance and innovate on those relationships.  
With a maturity-based framework for ecodesign implementation and management (EcoM2) as the main 
theoretical backbone (Pigosso et al., 2013), this paper draws upon the particular concept of capability of 
ecodesign management practices (Pigosso et al., 2013), and seeks to offer an integrative outlook into 
how capability building on ecodesign will potentially affect corporate performance parameters over 
time. These parameters may include - but are not limited to – aspects related as revenue, market share, 
expenses, risk, employee productivity, among others.  
The focus of the research is positioned at examining the dynamics of the development of ecodesign 
capabilities in a corporate context. Besides the dynamic aspects, the integration of sustainability 
concerns into product development per se is also seen as a complex task, with high levels of 
interrelatedness among variables (Rodrigues et al., 2016; Tatikonda, 2007; Costa et al., 2014). 
Therefore, approach based on System Dynamics (SD) is selected. System Dynamics was initially 
proposed as an application of control theory to socio-technical complex systems, supported by 
computational modelling and simulation, and targeted at analyzing complex and dynamic behavior (Liao 
et al., 2015; Lee et al., 2012; Forrester, 1971; Forrester, 1995; Sterman, 2001). Some fundamental 
characteristics of such dynamic and complex systems are: constantly changing and past-dependent; 
tightly coupled and governed by feedback (solid interaction among variables with feedback loops); self-
organizing (structure determines behavior over time); adaptive (resistance to change and adaptation to 
new policies); and non-linear (effects are not typically proportional to the cause) (Sterman, 2000; 
Repenning and Sterman, 2001; Sterman, 2001). Within this context, this paper seeks to offer an initial 
approximation through the lens of System Dynamics towards addressing the question how does the 
development of ecodesign capabilities affect corporate performance over time? This paper proposes a 
first exploratory and theory-driven concept of a simulation-based framework to support the business 
case for ecodesign implementation, targeted at key managers and decision-makers across the 
organization.  

2 THEORETICAL BACKGROUND: THE ECODESIGN MATURITY MODEL 

This paper builds upon the Ecodesign Maturity Model (EcoM2) as the main theoretical background. The 
EcoM2 consists of a management framework that offers a systematic, step-by-step approach for the 
integration of ecodesign into product development and related processes, such as procurement, 
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manufacturing, strategy, among others (Pigosso et al., 2013). The model has been recently updated with 
the incorporation of new practices aimed at developing environmentally sustainable product/service-
systems (PSS) (Pigosso and McAloone, 2016) and social innovation (Pigosso and McAloone, 2015). 
The model encompasses three main elements:  
1. Ecodesign practices: comprehensive selection of over 600 practices that are classified in two main 

categories, according to their characteristics and object of interest (Pigosso and Rozenfeld, 2012; 
Pigosso et al., 2014): a) ecodesign management practices (EMP), a collection of practices related 
to the integration of environmental issues into the strategic and tactical levels of the product 
development process. The management practices are generic and applicable to any company, 
regardless of product characteristics (Pigosso et al., 2013), and b) ecodesign operational practices,  
product-related practices directly connected with technical characteristics of product design and 
elements of its material life cycle.  

2. Maturity levels: set of successive stages for the integration of sustainability aspects into product 
development processes;  

3. Application method: a prescriptive approach based on continuous improvement to support 
companies during the implementation of ecodesign-related projects and management phases. 

The maturity levels are based on the assessment of the ecodesign management practices (EMP) defined 
as a combination of the (i) evolution levels and (ii) capability levels (Pigosso, 2012; Pigosso et al., 2013). 
The 5 evolution levels defined by the EcoM2 represent a recommendation of the stages to be trailed 
towards ecodesign implementation. The evolution is built from evolution level 1, in which the company 
displays little experience in ecodesign and the company does not typically apply ecodesign practices, 
up to evolution level 5, when the company fully incorporate environmental concerns into its corporate, 
business and product strategies (Pigosso et al., 2013). 
Regarding the capability levels, the model also defines a 5-point capability scale for qualitatively 
measuring how well the company applies an ecodesign management practices, based on the CMMI 
(Chrissis et al., 2011; Pigosso et al., 2013). Capability level 1 (incomplete) means that a practice is not 
considered at all or is applied in an incomplete form. Capability level 2 (ad hoc) says that a practice is 
only applied to accomplish specific tasks or correct targeted problems, i.e. in an ad hoc way, while 
capability level 3 (formalized) means that the practice is formalized in structured documents and 
processes, with the right resources, infrastructure and responsibilities in place. One step further, 
capability level 4 (controlled) brings the ecodesign management practice to a controlled/monitored 
space, meaning that performance is measured and monitored with the support of key performance 
indicators. Finally, capability level 5 (improved) means that the ecodesign management practice has its 
performance continuously and systematically improved over time, based on measurement and 
monitoring (Pigosso et al., 2013).   
Built around the systematization and organization of ecodesign practices according to maturity levels, 
the EcoM2 offers an application method with 4 overall steps, organized in two main phases. Figure 1 
displays the schematic representation of the EcoM2 application method, with the main outputs and the 
positioning of the business case. Phase 1 consists of 3 main steps: 1) the diagnosis of the current maturity 
profile, whose main output is the current capability 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 capability levels (Step 2). The second phase encompasses the implementation of the 
improvement projects that are outlined in the roadmaps, along with strategies for change management 
and progress measurement (represented in Figure 1 as Step 4). 
The business case plays a crucial role specifically in bridging the gap between the deployment of 
structured roadmaps and their real and consistent implementation. The business case simulation 
framework uses the current and desired capabilities derived from Steps 1 and 2, respectively, to simulate 
the expected behavior of selected corporate performance indicators over time. This is considered under 
a specific set of circumstances and assumptions that are outlined in this paper on Section 4.  
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Figure 1. Schematic representation of the EcoM2 application method, the main 
outputs and the positioning of the business case simulation framework 

3 RESEARCH METHODOLOGY 

The theory-driven research methodology adopted in this paper was built around a generic System 
Dynamics approach based on (i) conceptualizing the system and the problem; (ii) formulating variables, 
relationships and parameters; (iii) testing and evaluating model’s behavior and (iv) analyzing policies 
and use (Luna-Reyes and Andersen, 2003; Lee et al., 2012; Sterman, 2000). Within this frame of 
research and aimed at building a first exploratory concept of the business case simulation framework to 
analyzing the dynamic behavior of ecodesign implementation, the research methodology was designed 
with 4 steps, involving the development of the theoretical foundation for the business case simulation 
framework. The steps are described as follows:  
1.   Literature analysis: the relevant literature was analyzed mainly in regards to the (i) EcoM2 

management practices, (ii) the reported business benefits of ecodesign implementation and 
management and (iii) evidences for building the initial assumptions for the quantitative 
relationships in the System Dynamics model (Luna-Reyes and Andersen, 2003). Due to the 
exploratory nature of this research, a sub-set of the ecodesign management practices was selected. 
The underlying reasoning for this selection was to follow established practices in the field of 
quantitative modelling – specially for SD models – which assert that a preliminary working model 
should be valued over greater level of details, which can be added only as necessary (Sterman, 
2000). With that purpose in mind, the ecodesign management practices covering the areas of (i) 
end-of-life and related strategies; (ii) product’s concept, requirement and trade-off management 
and (iii) evaluation and communication of product’s environmental performance were selected.  

2. Cross-content analysis: the selected ecodesign practices were then cross-analyzed: (i) against 
selected business benefits, reported in specialized literature as gained through the implementation 
of ecodesign and broader sustainability-related initiatives under the business case framework 
proposed by (Willard, 2005), and (ii) against each other with a view to deriving the existing 
interrelationships among the practices in terms of their influence on each other.      

3. Qualitative modelling based on causal loop diagram (CLD): the causal loop diagram is a 
conceptualization tool that captures the relationship among relevant variables and represent the 
feedback processes, which in turn drive the dynamics of a system (Sterman, 2000; Lee et al., 2015). 
The sub-set of ecodesign management practices defined Step 1 formed the basis of the CLD. 
Furthermore, the practices’ relationships with the corporate performance outcomes - materialized 
as a result of the literature analysis (Step 1) and cross-content analysis (Step 2) – were also explored 
and outlined in the CLD. The methodological approach for building the CLD follow the guidelines 
defined by Sterman (2000) and recommendations and procedures outlined by the overall 
methodology of Group Model Building (Vennix, 1996). With iterative processes, the main 
variables and influencing factors were elicited based on the specialists’ knowledge, judgment and 
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experience; 
4. Quantitative modelling based on stock and flow diagrams (SFD): the qualitative CLD was then 

transformed into a stock and flow diagram, which aims at describing the accumulations (stocks) 
and rates of increase/decrease (flow), based on the variables on the CLD (Liao et al., 2015; 
Dangelico et al., 2010; Sterman, 2000). At this stage, it is also common to add new variables that 
are relevant for a better representation of the simulation and the system’s structure (Liao et al., 
2015; Geum et al., 2014). For the exploratory purposes of this paper and due to limitations of time 
and space, a working simulation model was built and tested for 2 practices within the selected sub-
set of EMP. The practices were selected due to their particularly different scopes, and profiles of 
influence on the performance outcomes. Furthermore, only two practices were selected so an in-
depth exploration of the fundamental modelling structures, details and challenges could be carried 
out before developing a larger, more detailed and complex business case model. Both the CLD and 
the SFD were built using the software package Stella Architect version 1.1.2, developed by isee 
systems.  

4 RESULTS AND DISCUSSION 

4.1 Structure of the model: the causal loop diagram 
In the causal loop diagram, the relevant variables are connected by unidirectional arrows, which 
represent causation (causal arrows), as opposed to simple correlation between variables. Each one of 
these causal arrows have a polarity assigned, being either positive or negative. If a generic variable A is 
the cause of generic variable B (A Æ B), the positive polarity (+) means that “if A increases, B will 
always be higher than it would have been”, while a negative relationship (-) amounts to the fact that “if 
A increases, B will always be lower than it would have been” (Sterman, 2000, p.141). A simpler, yet 
non-rigorous way of perceiving the polarities is to interpret the positive polarity as “A and B move in 
the same direction” and negative polarity as “A and B move in the opposite direction” (Sterman, 2000, 
p.141). Formally, the positive link A Æ B is defined as 𝜕𝐴 𝜕𝐵⁄ > 0, whereas the negative link A Æ B is 
defined as 𝜕𝐴 𝜕𝐵⁄ < 0.  
The final CLD obtained through the performance of the described method is illustrated in Figure 2. The 
polarities and main feedback loops are highlighted in the diagram. The positive feedback loops are self-
reinforcing and, therefore, denoted with the letter R. Reversely, the negative loops are balancing (self-
correcting) and, therefore, takes a letter B. All negative feedback loops have goals, which represents the 
desired state of the system (Sterman, 2000). In this particular CLD, all the goals are explicitly described 
as the practice’s desired capability level (marked in green in the CLD). 
According to the criteria defined in the methodology section, the following six EMP were selected 
(Pigosso et al., 2013): 1) monitor the product environmental performance during use and end-of-life 
(EMP 1); 2) communicate the environmental performance improvements as part of the total value 
proposition of the product, exploring the green marketing opportunities (EMP 2); 3) evaluate the 
environmental performance of products during development (EMP 3); 4) consider the environmental 
performance as one selection criteria for the product concept and design options (EMP 4); 5) manage 
trade-offs among the environmental requirements and the traditional requirements of a product (e.g. cost 
and quality) (EMP 5) and 6) find new ways to deliver the functions with a better environmental 
performance (EMP 6). All the practices are marked in blue in the CLD.  
Since the practices can be seen as activities carried out throughout the product development process, 
key outputs of such activities were explicitly depicted in the CLD as a connecting layer to the higher-
level performance outcomes (benefits). The practice’s outputs are marked in black in the CLD, whereas 
the performance outcomes are marked in bold blue. Furthermore, each one of the selected practices has 
their respective mechanisms of capability building and capability erosion, inspired by the concepts in 
the literature of capability dynamics (Rahmandad and Repenning, 2016) and performance heterogeneity 
(Dierickx et al., 1989). The variables of capability building and capability erosion are marked in brown 
in the diagram. All the reinforcing (R) and balancing (B) loops in this diagram have the same structure. 
The reinforcing loop represented by the variables “capability level Æ capability erosion Æ capability 
level” is based on the idea that as capability increases, erosion decreases, if everything else is held equal. 
Similarly, the higher the erosion, the lower the capability will be, ceteris paribus. The two negative links 
form a self-reinforcing loop. 
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Figure 2. The resulting causal loop diagram for the business case modeling and simulation 

 
Additionally, the balancing loop represented by the variables “capability level Æ capability building Æ 
capability level” represents the notion that the higher the capability, the lower the levels of capability 
building that will be required to reach the goal (desired capability), whereas the higher the capability 
building effort, the higher the capability level, if everything else is held equal. The negative and positive 
links form the balancing loop, with the desired capability level as the explicit goal. For simplicity and 
to avoid excessive repetitive variables in the CLD, we have not added the current capability levels in 
the diagram, since it will be represented as a property of the capability level in itself (initial value or 
starting point).  
All the outputs – results from the practice’s application – are displayed in the diagram with a positive 
link from the practice’s capability level. This type of relationship means that the higher the capability 
level of a practice, the higher the consistency and relevance of the related output. As an example, if the 
capability of EMP 1 (“monitor the product environmental performance during use and end-of-life”) is 
increased, then (i) consumer behavior data; (ii) information for end-of-life decisions and (iii) 
recommendations to customers/stakeholders for use and end-of-life will be more consistent and relevant, 
which – in turn – can generate superior corporate performance. It’s also noteworthy that the CLD 
considers and structures (a) the relationship among different outputs and (b) the relationships between 
the outputs and the practice’s capability level – for instance, the output from EMP 3 “input data for PDP 
decision-making” supports the capability building for EMP 4. This type of relationship is due to the fact 
that the practices are relatively independent of each other in terms of capability development, however 
one practice’s output might facilitate the capability development for another practice.  
Some of the outputs were selected and then, in turn, connected to three key performance outcomes 
(benefits), retrieved from the literature: 1) risks of poor reputation (Willard, 2005; Saeidi et al., 2015), 
2) reputation and brand equity (Saeidi et al., 2015; Park et al., 2014; Maden et al., 2012) and 3) revenue 
from innovative integrated offerings (e.g. combinations of products and services) (IRRC Institute 2015; 
Willard 2005; Clemens 2006; Schaltegger et al. 2012). The outputs that are directly linked to the 
performance outcomes are replicated in the diagram with a light grey color, meaning they represent 
“ghost variables” (replications of existing variables). This occurs as a way to improve the readability of 
the model and avoid crossed arrows in the diagram. Note that the majority of the connecting arrows in 
the performance outcomes are marked with double parallel bars, which signifies the importance of 
delays in those relationships. Delays are crucial in describing and understanding dynamic systems 
(Sterman, 2000).  
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4.2 Behavior of the model: the stock and flow diagram 
The SFD quantitatively depicts the dynamics and the emergent behavior of the system’s representation. 
Conceptually, stocks are variables which accumulate over time, while flow are rates which alter the 
system’s state (Sterman, 2000; Lee et al., 2012). The fundamental stock-flow structure of this model 
relates to the representation of the capability levels as stocks, and the variables of capability building 
and capability erosion as flows. This formulation was inspired by well-known applications of System 
Dynamics in the analysis of corporate capability dynamics (Repenning and Sterman, 2001; Rahmandad 
and Repenning, 2016). All the three performance outcomes (risks of poor reputation, reputation/brand 
equity and revenue from innovative offerings) are also represented as stocks, with specific flows for 
representing their increase and their erosion. The simplified version of the SFD – containing EMP 2 
(“communicate the environmental performance improvements as part of the total value proposition of 
the product, exploring the green marketing opportunities”) and EMP 6 (“find new ways to deliver the 
functions with a better environmental performance”) – is represented in Figure 3.  
The capability stocks are initialized with the current capability. The capability building flow is 
constructed based on the fundamental System Dynamics structure know as “stock management 
structure” (Sterman, 2000, p. 524) – the formulation takes into account the adjustment for stock and the 
expected outflow (capability erosion). This formulation is used since the capability structure is goal-
seeking, aiming at achieving the desired capability level set for the practice. Additionally, the capability 
erosion flow is based on a graphic function (or table function), in which the erosion increases when the 
capability increases from 1 to 2 – the point at which it reaches the peak - and then decreases once the 
capability grows from 2 onwards. The erosion mechanisms are basically grounded in the idea of 
“organizational forgetting”, which has turnover and insufficient organizational memory systems as the 
main causes (Rahmandad and Repenning, 2016).  

 
Figure 3. The 3-layered simplified stock and flow diagram for the business case simulator 

On one hand, EMP 2 has three main outputs: (i) recommendations to customers and stakeholders for 
use and end-of-life; (ii) customer and stakeholder awareness regarding the environmental performance 
of products and (iii) support for customers’ and stakeholders’ purchase decisions (e.g. empowering them 
with information for making better decisions). On the other hand, EMP 6 displays only one output: eco-
innovative concepts. The patterns of behavior for these four outputs were based on assumptions 
informed by clues in the literature, expert judgment (Lee et al., 2012; Lee et al., 2015) and previous 
applications of the EcoM2 model in organizational contexts in manufacturing companies. All 
assumptions were constructed with table functions in the software package. The simulation was set to 
run for 48 months (four years), since a characteristic ecodesign implementation roadmap might take up 
to 24 months to complete, and the organization might typically reap the performance benefits within 4-
year range. The delays are explicitly considered in all the relationships with delay marks.  
Furthermore, random effects are considered in the risks’ flow, the reputation erosion flow and in the 
revenue erosion flow. This is due to the exogenous nature of those variables, which are not being 
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considered within the boundaries of this model. Since we cannot accurately predict or estimate the 
external/market influences on risks, revenue and reputation, we have set random distributions to play a 
role in eroding reputation and revenue, and building systemic risks for the organization. Recognizably, 
this can be further explored and improved in later versions of the simulation model. The parameters 
were constructed based on literature points of reference (IRRC Institute, 2015) and relative arbitrary 
scale (dimensionless - %), which is intended to be used as a source for investigating potential 
increase/decrease of performance outcomes, based on a current base case. Therefore, these indexes are 
intended to represent the potential relative contribution of ecodesign to the performance outcomes. 
A sensitivity analysis was performed for the simulation model, with 6 different scenarios, based 
respectively on the current capability of practice 2, desired capability for practice 2, current capability 
of practice 6 and desired capability for practice 6. Figure 4 shows the curves of each one of six scenarios 
for the three performance outcomes, with the respective labels showing the parameters in the 
abovementioned order. For instance, the solid blue line shows the scenario in which the current 
capability for both practices 1 and 6 is set as 1, whereas desired capability for both practices is 5.  
Under the considered generic assumptions and circumstances, the risks of poor reputation seem to be 
more sensitive to the initial conditions of the capability (current capability), with higher and more 
persistent risks for scenarios starting with capability 1 for both practices. When current capabilities are 
high (greater or equal 3), the risks fluctuate around very low values. Furthermore, the reputation and 
brand equity shows a behavior similar to revenue, however it tends to be more sensitive to the increase 
of capability, compared to revenue. Performance increases in reputation and brand equity are 
materialized faster in this example due to the nature of EMP 2, which is based on stakeholder’s 
awareness and the development of recommendations for use and end-of-life. These aspects - if 
systematized through the increase of capability - can benefit the company faster than the materialization 
of revenues, which depends upon the development and commercialization of new or improved versions 
of products and/or services. Therefore, the delays involved for reaping revenue benefits are particularly 
longer than the ones for reputation. However, this fact is counterbalanced by the exclusive influence that 
EMP 6 has on revenue, which makes it closer to the overall behavior of reputation and brand equity. 
Clear exceptions are manifested when the current capability of practice 2 is particularly low, cases in 
which the reputation erosion dominates the behavior and presents very discreet improvements in 
reputation/brand equity (green and purple dashed lines).   

 
Figure 4. Summary of sensitivity analysis based on six different scenarios for current and desired 
capabilities of practices 2 and 6 

It is also important to emphasize that, in this illustrative example, EMP 2 dominates the influence on the 
performance outcomes, since its outputs have direct influence on all three of them, whereas EMP 6 
outputs are exclusively linked to the revenue outcome. This explains the modest increment in revenue 
when EMP 2 is being increased from 1 to 2, while EMP 6 is building capability from 1 to 4.  
When the desired capability for practice 2 is low (capability 2) or medium (capability 3), and the current 
capability of both practices is low (capability 1), the risk erosion dominates the behavior, with the same 
happening for reputation and brand equity. This does not mean that the company is absolutely exposed 
to an unacceptable degree of risks, but rather that the efforts on ecodesign capability development are 
not being sufficient to counterbalance the negative effects of systemic risks and benefits’ erosion. 
Finally, if we look into the “longest capability development journey” scenario, with capabilities moving 
from 1 to 5 for both practices, we see a “worse-before-better” type of behavior for the risks. This means 
that sometimes, under the development of ecodesign capabilities, companies might face higher degrees 
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of uncertainty and materialized risk, which will later be offset by the emergence of improved 
performance outcomes, such as revenue and reputation. 

5 CONCLUDING REMARKS 

This paper presented a first exploratory concept of a business case simulator for ecodesign. It is expected 
that decision makers use the tool to assess the potential benefits of ecodesign and test multiple scenarios 
(what-if questions) with a view to deriving more robust implementation policies, in alignment with 
corporate sustainability strategy and main drivers. Indeed, the modelling and simulation approach is an 
ongoing and iterative activity aimed at refining the dynamic hypothesis and generating insights on the 
system’s behavior. Since the model presented in its current form is a first approximation of what the 
dynamic hypothesis would look like and how the basic modelling structures could be arranged and 
defined, limitations of the study can be pointed out: (i) the initial assumptions and the preliminary state 
of the model limit the full utility of the results; (ii) some variables, such as the capability erosion, are 
highly aggregated and can therefore be broken down into other relevant variables (e.g. turnover and 
“organization memory” factors).  
The paper’s main contribution resides in laying out a first rationale upon which a full and operational 
ecodesign business case can be built. Therefore, the potential areas of future research include: (i) 
extending the model to other areas of ecodesign practices; (ii) systematizing data collection and 
validation through the use of qualitative methods in order to overcome the absence of historical data 
(e.g. interviews and case studies in corporate contexts); (iii) developing more robust indexes, parameters 
and patterns of behaviors for the variables relying on the use table functions and (iv) instantiating 
advanced future versions of the model with case company data. 
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Abstract 

The lack of quantified mechanisms aimed at evaluating the potential business benefits of ecodesign prior to its 
implementation is a major barrier to wider adoption in manufacturing companies. There is a need to understand how 
the development of ecodesign capabilities at the process level affect overall corporate performance over time. Drawing 
upon the Ecodesign Maturity Model (EcoM2) as the theoretical foundation, this paper systematically reviews the 
literature (i) on relevant applications of dynamic modeling and (ii) relationships between ecodesign management 
practices and key business performance outcomes, in order to develop a simulation-based framework, aimed at deriving 
business cases for ecodesign implementation. The business case simulator is subjected to the judgement of six industry 
experts regarding is applicability and usefulness. The results are discussed and future research streams – coupled with 
improvement opportunities – are pointed.   
 
Keywords: ecodesign implementation, system dynamics, business case, sustainable product development, 
sustainability. 

1. Introduction 

Despite the significant growth in the number of researchers and corporations reporting the benefits of 
ecodesign-related efforts [1–3], a number of challenges still hinder a broader and consistent implementation 
of ecodesign in manufacturing firms. There is a particular lack of proper mechanisms to evaluate the 
potential business benefits originated by ecodesign [4–8], which can be defined as a proactive approach for 
the integration of environmental aspects and considerations into product development processes [9,10]. 
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 [11–16]. In general, most 
business cases typically account for a posteriori analysis of the influences ecodesign-related practices, as 
opposed to a priori, predictive business cases, which focuses on how to collect information and measure 
performance. 

The integration of ecodesign aspects into product development is considered a complex task, with high 
interconnectedness among variables over time [17–19]. Therefore, this is a problem that displays dynamic 
complexity, which arises from the interactions of several agents and relationships over time [20]. 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) and non-linear (i.e. effects are not typically 
proportional to the cause) [20–22]. With the objective of addressing systems displaying such dynamic 
complexity, the System Dynamics (SD) method was proposed as an application of control theory to socio-
technical complex systems, supported by computational modelling and simulation, and targeted at 
analyzing complex and dynamic behavior [22–25]. SD 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 [20,24,26–29].   

With a maturity-based management framework for ecodesign implementation and management, namely 
the Ecodesign Maturity Model (EcoM2) [9,30,31] as the theoretical background, this paper draws upon the 
particular concept of capability of ecodesign management practices with the main objective of 
understanding how ecodesign-related capability building might theoretically influence a range of corporate 
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performance outcomes over time (i.e. revenue, market value, expenses, resource efficiency etc.). Capability 
levels can be understood as a qualitative measure of how systematic a company applies a certain ecodesign 
management practice, in the context of the EcoM2 [9]. Regarding the capability measurement within the 
EcoM2, the model defines a 5-point scale, based on the CMMI [9,32]. The 5 capability levels are [9,15]: 
level 1 (incomplete) means that a practice is not considered at all or is applied in an incomplete way; level 
2 (ad hoc) defines 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 management practice to a controlled/monitored space, meaning that performance is measured 
and monitored; level 5 (improved) means that the ecodesign management practice has its performance 
continuously and systematically improved over time. 

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 implementation within manufacturing firms. 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.  

2. Research Methodology 

With a view to building a simulation-based business case framework for ecodesign implementation, the 
research methodology employed in this paper is comprised of five phases, which are depicted in Figure 1, 
along with their main results. These phases are further explained in this section.  

 
Figure 1 – 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 Dynamics proposed in terms of how to approach 
the modelling of capability within a process-oriented context. The systematic literature review was based 
on the procedures proposed by [33], which builds upon three sub-steps: (1) planning of the review process; 
(2) execution of the systematic literature review 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 
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capability (OC), product development (PD) and project management (PM) - due to their complementarities 
and proximity as research fields. In particular, the field of project management was included in the 
systematic literature review because it has been traditionally very well connected to cases and applications 
in the product development space in the literature of System Dynamics [34,35].  The review protocol was 
tailored to support three independent 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 terms were 
combined with the "system dynamics" keyword ("product development", "engineering design", "concurrent 
engineering", "eco-design", "ecodesign" and "design for environment"). Finally, for the field of project 
management, the "project management" 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 
System Dynamics and its rigor in the selection of publications to be covered by the database [36,37]. Only 
journal papers in English were searched. Two inclusion criteria were defined for the papers to meet: (1) 
propose, report or review at least one SD 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 figures 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 SD 
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 aspects of the 
paper were also recorded in order to support content analysis. A repository of selected papers was finally 
consolidated and systematized in 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 [38,39]. These elements and patterns were composed of SD 
formulations, conceptualizations or any other modelling strategies that were relevant to the dynamic 
modelling effort in this research. In particular, the content analysis aimed at identifying SD structures 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 SD model based on formulations derived from 
the 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 SD modelling approach was derived, following a 
traditional SD methodological procedure 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 [20,24,40]. The SD 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 [20,23,41]. The SD 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 management 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 implementation, 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 development of the business cases. For this, an inductive 
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thematic analysis [42,43] was employed towards analyzing themes/patterns within the body of 51 ecodesign 
management practices of the EcoM2. This methodological procedure is further detailed in [15], 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 examples of practices in the cluster [15].  

Table 1 – Clusters of ecodesign management practices, with examples, adapted from [15]. 

Cluster Thematic cluster  
[15] 

Number of 
practices in the 

cluster 

Example of ecodesign management practice in the 
cluster (retrieved from [7,9,15,44]) 

1 Environmentally-enhanced 
technological strategy 5 practices Assess technological and market trends related to the 

environmental performance of products 

2 
Development of support 
processes, training and 

knowledge for ecodesign 
4 practices 

Develop the technical support processes (e.g. maintenance, 
change of spare parts, etc.) aiming to improve the 

environmental performance of the product over its entire life 
cycle 

3 Incentives and awareness for 
ecodesign 2 practices 

Increase consciousness and awareness about the 
opportunities and benefits of the integration of 
environmental issues into product development 

4 Marketing and communication 
for ecodesign 2 practices 

Communicate the environmental performance and benefits 
as part of the total value proposition of the product, 

exploring the green marketing opportunities 

5 End-of-life strategies, 
packaging and operations 5 practices Select and/or develop new manufacturing and processes 

with improved environmental performance 

6 Strategic management of 
ecodesign implementation 9 practices Develop business, product and market strategies 

considering the environmental trends 

7 Portfolio management and 
environmental trends 4 practices Strategically consider the product environmental 

performance in the company portfolio management 

8 Product development 
management 11 practices Implement Life Cycle Thinking 

9 Value chain management 3 practices Consider the environmental aspects in the identification, 
qualification and management of suppliers 

10 Regulatory compliance 2 practices Formulate mandatory rules and/or product requirements 

11 Program management and 
ecodesign benchmarking 4 practices 

Conduct management reviews to evaluate the effectiveness 
of the integration of environmental issues into product 

development and related processes 

 

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 [15] 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 organization’s current state [15,45–47]. The 
logic model structure may vary according to the application context and data available, and in this paper 
the clusters of ecodesign management 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 database of business performance outcomes [15]. The selected outcomes were: (1) 
customer satisfaction (35 mentions); (2) market value (30 mentions); (3) employee welfare (30 mentions); 
(4) liquidity (21 mentions); (5) revenue (17 mentions); (6) expenses (17 mentions); (7) emissions (13 
mentions); (8) operational effectiveness (11 mentions); (9) resource efficiency (10 mentions); (10) 
customer satisfaction (10 mentions). Based on these 10 selected business performance outcomes and the 



MANUSCRIPT FOR SUBMISSION  
 

 5 

11 clusters of  ecodesign management practice, a protocol for the systematic literature was developed.  

The same methodological procedure adopted in Phase 1 [33] 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 efficiency" and "customer satisfaction") and (iii) keywords related to the 
overarching topic ("product development", "ecodesign", "eco-design", "eco-efficiency", "concurrent 
engineering", "product/service-systems", "eco-innovation" and "corporat*"). 

Due to relevance, coverage [36,37] and comprehensiveness, both Scopus 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.  Two inclusion criteria were defined: (1) report of evidence – either 
theoretical or empirical – regarding the relationships between the theme of the cluster (e.g. “regulatory 
compliance”) and a business performance outcome (e.g. “expenses”) 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 between clusters and business performance outcome. A scheme 
based on procedure suggested by [48] for the classification of effects between two elements was followed. 
The authors suggest classification matrix based on the intensity of the relationship, where 3 values are 
possible: 1 means that the influence is “below average”, while 2 means “on average” and 3 means “above 
average” [48]. For this particular systematic literature review, the evidence presented by the papers were 
classified with: 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. case study or 
review of other case studies) and value 3 was assigned for papers in which the empirical evidence was more 
generalizable (e.g. comprehensive surveys, data-rich quantitative models, meta-analysis etc.). Figure 2 
shows the generic structure of the relationship matrix. Based on these relationships and the SD 
conceptualization, the business case simulator could be developed. 

 
Figure 2 – Generic structure of the relationship matrix (clusters of practice x business performance outcomes) based 

on evidence retrieved from the papers selected in the systematic literature review 
 
2.4. Phase 4: development of the business case simulator for ecodesign 

The clusters of practice formed the building blocks of the business case simulator, against which the 
conceptual SD structure developed under Phase 2 was applied. Because the entire research was driven by 
understanding how the development of ecodesign capabilities would potentially affect corporate 
performance, two inputs were required for the business case simulator: the current capability level and the 
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desired capability level for each one of the 11 clusters of practice. Given that the clusters are aggregations 
of practices, the cluster’s current capability was calculated with the mode. The mode is a statistical concept 
that refers to the value with the highest number of occurrences in a given set. In the event of a tie, the lowest 
capability level was chosen to represent the current capability level of the cluster.  

The fundamental SD structure developed under Phase 2 was expanded and adapted to cover all clusters of 
ecodesign management practices, following SD best practices for quantitative modelling [20,49]. 
Furthermore, the evidence-based relationships found under Phase 3 informed the quantification of the 
relationships in the SD model. The business case simulator for ecodesign was also built on Stella Architect 
version 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 SD-based 
models built on Stella. With this, the business case simulator was freely available via a URL link and ready 
to be evaluated 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 [9,15,50]. Three 
manufacturing companies from different sectors (refrigeration compressors, cosmetics and aeronautics) 
were selected based on their previous knowledge and application of the EcoM2 framework. All experts 
involved in this evaluation procedure were familiar with the EcoM2 and its application method. Table 2 
exhibits a summary of the roles of the experts.  

Table 2 – Summary of the roles of the industry experts involved in the evaluation of the business case simulator 

Company Industry Roles of the experts 

A Cosmetics, beauty products and 
personal hygiene items 

• Innovation Analyst and Researcher, with 6 years of 
practical and academic experience in ecodesign and 
environmental management 

B 

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

• Head of Design for Environment, with more than 20 
years of practical experience in ecodesign, both from a 
technical and managerial perspectives; 

• Product Development Manager, with over 8 years of 
practical and academic experience in integrated product 
development, product stewardship and circular economy; 

C 
Compressors for air 
conditioning and refrigeration 
products 

• Marketing Director, with over 20 years of experience in 
marketing, innovation management and ecodesign 
implementation;  

• Project Management Officer, with more than 12 years of 
practical and academic experience in product development 
and ecodesign implementation; 

• Lean Manufacturing Manager, with over 10 years of 
experience in quality and environmental management, 
continuous improvement and ecodesign management. 

 

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 business case in their own businesses, under the auspices 
of the EcoM2. Furthermore, experts who are already familiar with the framework 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 framework, companies with 
background knowledge of EcoM2 application 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 
accessible via an URL link, which can be accessed via http://www.ecodesign.dtu.dk/process-performance. 
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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 assumptions 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 – based on the questionnaire developed by [44,50] – was presented to 
the experts. The questionnaire evaluated 9 dimensions of the business case simulator based on multiple-
choice questions. The dimensions were: utility, consistency, completeness, applicability, simplicity, clarity, 
objectivity, data and the clusters of practice (in terms of how they were defined). The scale of available 
responses was: “very satisfactory”, “satisfactory”, “need improvement” and “unsatisfactory”. An open field 
for comments, suggestions and/or questions was available for each one of the questions, however a response 
was not mandatory. Finally, a final open question invited participants to write about their general comments 
and impressions of the business case simulator.  

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. 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 SD-related approaches in the three different 
fields.  

Table 3 - Number of papers analyzed in the systematic literature review per field 

SLR Evaluation  
Steps 

Organizational 
Capability 

Product 
Development 

Processes 

Project  
Management Total per step 

Total number of 
papers 346 66 80 492 

Abstract and 
keywords 231 45 38 334 

Schematic figures, 
introduction and 

conclusion 
188 37 10 255 

Selected papers  
(% of total number of 

papers)  
7 (2,02%) 3 (4,54%) 0 (0%) 10 (2,03%) 

 

Even though the search in the fields of organizational capability was expected to provide the largest number 
of selected papers - due to its relevance to the core topic of our modelling efforts - it turned out to be the 
second lowest yield (2,02%). One of the main reasons for such a low yield 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 "systems thinking" lens, therefore neither providing a suggestion of SD structure 
nor a modelling strategy. Moreover, as capability itself has become a very broad a widely used term, several 
papers were dismissed because they were treating capability 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 SD 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 processes, the majority of the papers developed 
models or analysis at a very granular level (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 (e.g. based on 
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the classic Bass diffusion model [51]). Furthermore, most of the SD applications in product development 
were not explicitly modelling the concept of capability. 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. 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 – an aspect that could be further embedded 
in a business case framework. In a broader sense, this particular field has not informed our modelling efforts 
towards building a generic approach for capability development in ecodesign. Therefore, it is possible to 
assert that relevant literature on SD applications to the modelling of capability in organizations is scarce 
and highly concentrated on few researchers and research groups. Table 4 provides a summary and overview 
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. 

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 

[52] X  Stock and flow formulation of organizational 
capability 

[53] X  Theoretical considerations on capability erosion 

[54] X X Discussion on capability definitions (general) and 
typology, and stock and flow formulation (specific) 

[55]  X Further development on the concept of capability 
traps 

[56] X  Stock and flow formulation of organizational 
capability 

[57]  X  
Conceptualization and formulation of the capability 

traps [21]  X 

Product Development 
Processes 

[58]  X Application of System Dynamics to a socio-
technical context 

[59]  X Concept of "firefighting" in product development 

[35]  X Overview of dynamic modelling applied to PD 
processes 

 

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 ecodesign 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 
organizations are "bundles" of capabilities and resources [54]. The resources can be composed of tangible 
assets (e.g. human resources, machinery, capital etc.) or intangible assets (e.g. intellectual property, 
reputation etc.), while capabilities can be understood as organizational routines through which 
organizations perform several tasks in order to produce products and services [54,60]. Capabilities, in turn, 
can be distinguished between operational and dynamic capabilities [61]. 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-order routines that firms use to extend their competences and 
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change other capabilities [54,62–65]. In the EcoM2, the capability levels are defined as a measure of how 
systematic a company applied an particular ecodesign management practice [9,32]. 

Aligned with the formulations in the literature [52,56], 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 [66], managers can only influence its 
rate of change over time, as opposed to influencing its stock level directly. Figure 3 displays the generic 
structure of a stock and flow diagram to represent the capability of ecodesign management practices [67]. 

 
Figure 3 – Generic stock and flow structure for cluster's capability 

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 [20], 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

= 𝐶𝐼 − 𝐶𝐸   (1) 

𝐶𝐼 = SMTH(CE, Averaging Time) + (DC−C)
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) [20], 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 [20]. 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 insufficient organizational memory as the main elements driving the erosion of capability 
[53]. The capability erosion flow is based on a graphic function (also known as table function), in which 
the erosion decreases when the capability increases, as a result of the increased level of systematization, 
documentation and routineness reached at higher capability levels [9], therefore 𝐶𝐸 = 𝑓(𝐶). 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 ambiguous 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 [20].  

3.2.2. Linking capability to corporate performance 

Corporate performance is formulated as a Cobb-Douglas function of the capability, in line with the 
literature on organizational capability [20,52,56,68]. This is a very well-known production function 
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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, [69]). 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 = 𝐴𝐿𝛼𝐾𝛽  (3) 

In Equation (3), 𝛼 and 𝛽 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 approximately 𝛼% increase 
in the output, if everything else is held equal. Similarly, a 1% increase in K will lead to an approximately 
𝛽% increase, ceteris paribus. If 𝛼 +  𝛽 = 1, then the function displays constant returns to scale. If 𝛼 +
 𝛽 < 1, returns to scale are decreasing and, if 𝛼 +  𝛽 > 1, returns to scale are increasing. More generally, 
the Cobb-Douglas function can be written as follows for N inputs: 

𝑌 = 𝑓(𝑥) = 𝐴 ∏ 𝑥𝑖
𝜆𝑖𝑁

𝑖=1  , 𝑥 = (𝑥1, … , 𝑥𝑁)   (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 = 𝐴𝐶1
𝛼𝐶2

𝛽  , 𝑤𝑖𝑡ℎ   𝛼 > 0 𝑎𝑛𝑑 𝛽 > 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 [9] - parameters 𝛼 
and 𝛽 can be normally defined such as 𝛼 + 𝛽 > 1. For instance, setting 𝛼 = 0.8 𝑎𝑛𝑑 𝛽 = 0.6, 
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 SD representation of such model is presented on Figure 4. 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 (𝐶1 and 𝐶2) 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).  

 
Figure 4 – Simplified and generic SD model for a business case with two generic practices and one performance 

outcome (e.g. revenue). 

 

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 from Web of Science, and 125 papers were indexed in both 
databases. With the application of the inclusion 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 



MANUSCRIPT FOR SUBMISSION  
 

 11 

outcome, using the value provided in the Research Methodology section. Although all 85 papers were 
individually 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 intensity of 
the 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. 

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 - 2 1 - - 3 - 9 

2.Development of 
support processes, 

training and 
knowledge for 

ecodesign 

- - 2 3 1 - 2 - 1 9 

3.Incentives and 
awareness for 

ecodesign 
1 1 1 2 1 1 1 - 2 10 

4.Marketing and 
communication for 

ecodesign 
3 2 - 3 3 - 1 - 2 14 

5.End-of-life 
strategies, packaging 

and operations 
1 2 - - 2 2 2 1 2 12 

6.Strategic 
management of 

ecodesign 
implementation 

1 3 - 3 1 - 3 3 2 16 

7.Portfolio 
management and 

environmental trends 
- 3 - - 3 - 2 - - 8 

8.Product 
development 
management 

1 1 - 2 1 2 1 1 3 12 

9.Value chain 
management 1 1 - 2 2 - 2 1 3 12 

10.Regulatory 
compliance 1 1 - - 1 3 1 1 - 8 

11.Program 
management and 

ecodesign 
benchmarking 

- - - 2 - - - 1 1 4 

TOTAL 10 16 3 19 16 8 15 11 16 114 

 

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 relationship, but rather that 
this particular relationships has not been explored in the sources surveyed in this systematic literature 
review. 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. The most 
influential cluster, measured by the sum of the modes of its relationships, is cluster 6 - strategic 
management of ecodesign implementation (16 points), followed 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 – 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 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 
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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 company’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, performance 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 operations. 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: revenue (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 [70] 
which, simply put, is geared towards reporting on both financial and non-financial measures in an integrated 
way. 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 SD model structure presented in this paper to cover other clusters of practice can, 
therefore, 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 
implementation 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 business performance outcomes. In terms of actual 
implementation of ecodesign, it is important to highlight the positioning of the business case within the 
process of implementing ecodesign. In the context of the EcoM2 application, a particular method is 
prescribed for manufacturing companies to follow. Figure 5 displays a schematic representation of the 
application method, along with the roles of the business case.  

 
Figure 5 - The EcoM2 application method and the positioning of the business case (adapted from [67]) 

The first phase has 3 application steps: 1) the diagnosis of the current maturity profile, whose main output 
is the current capability 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 levels 
(Step 2). The second phase entails project implementation, outlined in the roadmaps, together with efforts 
in change management 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 deployment of structured roadmaps with actual, 
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consistent implementation – 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 circumstances and assumptions.  

In the SD 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 according to the mode 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 reports and studies from the systematic literature review, when information was available 
(see for example [1–3,71–85]). 

The simulation’s user interface [86] 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 simultaneously see. Figure 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.    

 
Figure 6 – Interface of the business case simulator for ecodesign, displaying three outcomes: profitability, emissions 

and customer satisfaction. 

3.5. Results and discussion from Phase 5: evaluation of the business case simulator by industry experts 

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 a multinational 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 



MANUSCRIPT FOR SUBMISSION  
 

 14 

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 multinational 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 organization 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 ecodesign in their entire product portfolio 
in the next decade.  

All six experts reported that they were familiar with the EcoM2 before being introduced to the business 
case simulator. Experts 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 “unsatisfactory”. 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. Figure 8 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 particular, 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 – 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 strategic decision-making, some topics could still be even more aggregated when 
displaying the business case, and further disaggregated back into more granular topics when 
implementation 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 
evaluated as “unsatisfactory”. Furthermore, there were no relevant differences in responses patterns across 
the different companies that participated in the evaluation procedure.  

 
Figure 8 – Consolidated summary of scale-based answers from the evaluation questionnaire (n = 6) 

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 reported 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” scenarios. 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 organizational contexts.  
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As for the weaknesses of the business case simulator, the industry experts considered that decision-makers 
would be willing to understand more about the underlying SD 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 important not to create a “black box” effect, which 
would eventually decrease trust and confidence in the simulator. This is a particularly important aspect of 
SD modelling, as highlighted in the literature [87–89]. 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 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 framework would impose higher barriers to learning how the business case works and how the 
implementation would unfold, together with the realization of the benefits. Experts mentioned that in order 
to be of value, the business case must build on top of a well performed diagnosis and a structured corporate 
strategy, otherwise it might take too long to define the next steps in terms of ecodesign implementation and 
understand 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 development of ecodesign capabilities – within an EcoM2 context – would 
potentially affect corporate performance over time. The SD methodology was applied to build a simulation-
based business case framework, informed by theory-driven data. Instantiated 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 – and their patterns – were emphasized over numerical accuracy. 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; (b) structuring a SD-oriented approach for modelling the capabilities of ecodesign 
management practices and their potential behavior over time, in an implementation setting – this could also 
be applied in different contexts, beyond ecodesign; (c) supplying practitioners with a practical tool for 
deriving the first versions of a business case for advancing ecodesign in manufacturing companies. Still,  
the limitations of this research are to be acknowledged: (i) the choice of keyword groups entered into the 
databases might have limited the comprehensiveness of the literature reviews; (ii) the lack of empirical 
evidence/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 evaluation does not allow 
generalization of the results; (iv) only companies 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 simulator and (d) setting up evaluation and testing 
procedures with companies that have not applied the EcoM2 yet.  

The results highlighted that the SD methodology is an adequate tool for modelling organization capability 
in the product development space. Despite the scarcity and concentration of the studies applying SD to 
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organizational capability, an initial foundation could be built in order to instantiate specialized knowledge 
in ecodesign implementation. It is important to emphasize that this research is part of a broader effort 
towards 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 SD-oriented 
approach with a view to deriving solid results. Furthermore, other aspects of decision-making regarding 
ecodesign implementation could be explored, such as the behavioral dimension (individuals and teams) and 
the organizational dimension (structure and governance). 
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