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The capacity of the human mind for formulating and solving complex problems is very small compared 
with the size of the problems whose solution is required for objectively rational behaviour in the real world 
— or even for a reasonable approximation to such objective rationality 

—Herbert Simon 1947 
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SUMMARY 
 

This PhD thesis aims at environmental management in the rapidly growing wind energy sector. 
The objective was pursued within the applied setting of a leading wind energy company Siemens Wind 
Power (SWP) which operates at all points in the value chain of wind energy technologies.  

Life cycle assessments (LCA) were performed for four representative European wind energy plants 
covering onshore and offshore markets and two power generator technologies (direct drive and geared). 
The assessed functional unit was the supply of 1 kWh to the grid. The systems were set to include all 
components from the power station up to the grid. The boundaries included all life cycle stages, from 
extraction of raw materials to their end of life (EoL). The results showed that the energy payback time – 
the time it takes for a plant to generate as much energy as is used during its lifecycle -  is less than one 
year for all plants. The greenhouse gas emissions were found to be under 7 and 11 g CO2-eq/kWh for 
onshore and offshore plants respectively. Impacts from offshore plants are higher due to more impact 
dense infrastructure (more metals); and more fuel needed for installation and maintenance. In both 
markets larger turbines with advanced generator technology performed better.  

For all plants, most of the induced environmental impacts are due to the use of materials in the 
infrastructure (>70% contribution to climate change). The negative impact of materials can be offset (~ 
20-30% for climate change) through material recycling at the EoL due to avoided production of primary 
materials. Beyond climate change, focus should be placed on human toxicity and respiratory health risks 
from inorganic particles. The EoL being the most uncertain part of the system needs to be seen in the 
context of future wind energy demand. The projected growth of global wind energy (cumulative capacity 
growing from ~0.4 TW in 2014 to ~1.7 TW in 2050) implies a huge material demand to support a future 
low carbon economy. This calls for recycling maximisation particularly for disused infrastructure such as 
offshore cabling, and via rethinking of product design to make use of recovered materials in new product 
development. It is essential that environmental burdens from recycling, do not offset the benefits from 
avoided primary production. 

The LCA results provided a scientific basis for ecodesign. They facilitated environmental target 
setting in all organisational and functional levels from high level strategic planning down to management 
and monitoring of individual facilities. LCA was aligned with the formal product development process 
within SWP and the results were related to stakeholders dealing with design, manufacturing, service and 
supply chain aspects. The analysis revealed that it is relevant to extend environmental initiatives across 
value chains. Manufacturing processes within the SWP boundaries were found to contribute less than 1% 
to the climate change impact from the life cycle. This calls for dialogue, collaboration and innovation 
across organisations e.g. through data sharing and increased transparency.  

Ecodesign activities were also tested in a context of social practice. An iterative ecodesign process 
based on participatory methods took place over four years and five iterations. Outcomes showed how 
LCA results can be used to build awareness, motivate discussion and eventual environmental action. 
Ecodesign implementation was facilitated via ensuring leadership commitment, provision of 
environmental information, formalised processes, stakeholder involvement to ensure feeling of 
ownership, and clear communication based on successful ecodesign cases. Throughout the period the 
rate of requests for assistance in target setting and for additional LCAs was increased. This indicates a 
gathering momentum in environmental management.  
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DANISH SUMMARY 
 

Denne ph.d.-afhandling tilstræber at operationalisere bæredygtighed i den spirende og 
eksponentielt voksende vindenergi-sektor. Dette mål blev forfulgt med en af de førende producenter, 
Siemens Wind Power (SWP), som case. Med udgangspunkt i de nuværende procedurer og organisering, 
blev bæredygtighed undersøgt i SWPs aktiviteter, der spænder over hele livscyklus for vindkraft-
teknologier. 

Som udgangspunkt anvendtes Livscyklusvurderinger (LCA) til at skabe et kvantitativt overblik over 
de miljømæssige konsekvenser af vindkraft-teknologier. Funktionen levering af 1 kWh til nettet blev 
vurderet for 4 repræsentative europæiske vindkraftværker dækkende onshore og offshore markeder 
samt de to vigtigste generator teknologier (direkte drev og gearede). Resultaterne viste, at energi 
tilbagebetalingstiden er mindre end 1 år for alle vindkraftværker. Udledningen af CO2-ækv. er mindre end 
7 og 11 kg CO2-eq / MWh for henholdsvis onshore og offshore. Offshore har større klimabelastning på 
grund af, dels at møllerne bruger flere materialer, og at de anvendte materialer har større belastning (flere 
metaller), dels at installation og vedligeholdelse er mere krævende bla. i forhold til brug af brændstoffer. 
På begge markeder er de større møller med mere avanceret generator teknologi (direkte drev) mere 
effektive. Klimaforandringerne viste sig at være en tilstrækkelig indikator til identifikation af miljømæssige 
hotspots. 

For alle anlæg forårsages mere end 70% af klimabelastningen af materialeforbruget og det skyldes 
hovedsageligt fundamenter, ståltårne, naceller og vinger. Hvis materialerne genanvendes ved 
bortskaffelse (End-of-Life, EoL) kan de erstatte nye materialer og føre til undgået produktion af disse, 
hvilket kan reducere den samlede klimabelastning 20-30%. EoL er den mest usikre del af systemet og skal 
ses i sammenhæng med den fremtidige efterspørgsel efter vindenergi. Den forventede vækst i 
vindkapacitet (1.7 TW i 2050) som svar på en ønsket reduktion af CO2-udledning, fører til massiv 
efterspørgsel efter materialer til vindmøller. Dette kræver en optimering af materialegenanvendelse, 
f.eks. via oprettelse af urban minedrift, især for ”lagrede” materialer såsom offshore kabler samt gennem 
nytænkning af produktdesign, for at kunne anvende fremtidige genanvendte materialer som f.eks. dem 
fra fremtidig genanvendelse af møllevingerne. For at dette skal være en fordel, skal de miljømæssige 
belastninger fra urban minedrift og genvinding være mindre end dem som man undgår ved 
primærproduktionen. 

LCA resultaterne udgør det videnskabelige grundlag for udviklingen af miljøvenligt design. LCA-
resultaterne faciliterede ligeledes udviklingen af målsætninger for miljøet på alle organisatoriske og 
funktionelle niveauer, fra det øverste strategisk planlægningsniveau, som har overblikket over alle 
aktiviteter, til det lokale ledelsesniveau, som inkluderer f.eks. overvågning af energi, materiale- og 
affaldsstrømme. Udførelsen af LCA blev afstemt med den formelle produktudviklingsproces hos SWP og 
LCA-resultaterne blev diskuteret med interessenter inden for design, fremstilling, service, og supply chain. 
Produktionen indenfor SWPs egne porte har en miljøbelastning på mindre end 1% af den samlede 
belastning og analysen viste således, at det er yderst relevant at udvide miljøindsatsen på tværs af 
værdikæder. Dette kræver dialog, samarbejde og innovation på tværs af organisationer, f.eks gennem 
udveksling af data, øget gennemsigtighed og fælles miljøovervågning. 
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Udover de formelle aktiviteter blev miljøvenligt design udført som led i en social praksis. En 
iterativ Ecodesign proces baseret på participatoriske metoder fandt sted i løbet af 4 år og 5 iterationer. 
Resultaterne af denne proces viste, hvordan LCA resultater kan bruges til at opbygge bevidsthed, motivere 
diskussioner og potentielt føre til øget miljøindsats. Gennemførsel af miljøvenligt design afhænger af flere 
aspekter bla. en forpligtelse fra ledelsen, tilvejebringelse af robust, men enkel miljøinformation, 
formaliserede processer, inddragelse af interessenter for at sikre engagement og ejerskab, samt klar 
kommunikation baseret på vellykkede ecodesign cases. Gennem iterationerne steg antallet af 
anmodninger om støtte til fastsættelse af mål og ønsker om udførsel af yderligere LCA'er. Ud over den 
indirekte markedsføringsværdi kan dette indikere et stigende moment i den miljømæssige interesse. 
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PREFACE - SYNTHESIS THREAD 
 
This report is the output of an Industrial PhD project. According to the Innovation Fund Denmark that 
manages the program and partly funded the project, this is “a three-year industrially focused research 
project and PhD education which is carried out in a collaboration between a company, an Industrial PhD 
candidate and a university”. As an Industrial PhD student I was employed in by Siemens A/S and was 
enrolled at the Technical University of Denmark. The purpose of an Industrial PhD study is to allow for a 
research project where results are applied in an enterprise setting. Through the process “1) the company 
gets a candidate able to carry out high quality research and create results that can lead to commercial 
gain; 2) the company strengthens its relations to existing and new collaboration partners at the university; 
3) the public sector research institution strengthens its relations to the business sector, and a foundation 
for new research is created” (IF 2016). 
 
The objective of this industrial PhD study has been to operationalise sustainability in an organisation. This 
means to support the transition towards developing more sustainable products. The fast growing wind 
energy industry was chosen as area of application. Thus, the research was applied at the Wind Power unit 
of Siemens A/S. To meet the research objective three research questions were formulated:  
 

1. What is a sustainable product?  
2. How can an organization transition towards developing more sustainable products?  
3. How can the chances for transitioning towards more sustainable practices be improved? 

 
These have been answered in 6 scientific manuscripts found in the appendix and listed in Box 1. The 
synthesis report outlined here bellow is a standalone summary which aims to put the research in context; 
to present the research paradigm followed; to present and discuss the main findings and future 
perspectives. It, is meant for a general audience who has an interest in the topic of sustainability and how 
to integrate it in organisations. 
 
Section 1 Introduction: The research is framed. The research topic touches upon the contemporary quest 
for sustainability and the need to legitimise corresponding initiatives. The introduction further clarifies 
the motivation for this industrial PhD project. It presents the application area and argues for its relevance. 
 
Section 2 Research paradigm: The research design following Design Research Methodology (DRM) is 
explained and visualised, linking the research goals, means and outcomes. The underlying ontological and 
epistemological grounds are discussed. 
 
Section 3 Research outcome: 
 Section 3.1 sets the criteria for developing sustainable products on the grounds of Life Cycle 

Management (LCM) and its two principles: Life Cycle Thinking (LCT) and stakeholder participation. It 
argues for the use of Life Cycle Assessment in this project and the non-use of Social Life Cycle Assessment 
(SLCA). It also discusses qualitative methods to approach stakeholder participation.  
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 Section 3.2 employs LCA to assess the environmental impacts related to the life cycle of wind energy 
technologies. It presents the scope, the system description and the main results. 

 Section 3.3 explores how the results can be used within the organisation. It relates them to formal 
product development processes and corresponding stakeholders in order to identify the changes that 
LCA can trigger. Given the insights brought by the results, implications for the future and sets the wind 
energy sector in a circular economy context are discussed. 

 Section 3.4 makes a first suggestion about how the gained knowledge can be formally integrated within 
the organisation to support ecodesign. It further uses empirical findings to check the feasibility of the 
suggestion within the organisational context. 

 Section 3.5 suggests an informal process for integrating sustainability aspects within an organisation 
through practice theory. An iterative and participatory ecodesign framework is presented. Lessons 
learned based on cross-functional stakeholder feedback during the design iterations are discussed. 

 
Section 4 Answers to the Research Questions & Limitations: Explicit answers to the research questions 
are provided and key findings are outlined. 
 
Section 5 Conclusion: The study is concluded, the main contributions are presented and suggestions for 
future research are made. 
 
Box1: Scientific papers as output of the PhD study. Listed according to order appearance in the synthesis report 

Paper 1: Bonou A., Hauschild M.Z., 2015, Social Life Cycle Assessment (S-LCA) Methodology. In the 
keynote paper: Sutherland J., Richter J., Hutchins M., Dornfeld D., Dzombak R., et. al. The Role of 
Manufacturing in Affecting the Social Dimension of Sustainability. CIRP Annals - Manufacturing 
Technology. Vol: 65 (2), pp: 689-712. doi: 10.1016/j.cirp.2016.05.003 
 
Paper 2: Bonou A., Olsen S.I., Hauschild M.Z., 2015, Introducing life cycle thinking in product 
development – A case from Siemens Wind Power. CIRP Annals - Manufacturing Technology. Vol 64 (1), 
pp:45-48. doi:10.1016/j.cirp.2015.04.053. 
 
Paper 3: Skelton K., Bonou A., Remmen A., 2016, Tentative title: Sustainable innovation in the design of 
wind turbines: Challenges from a stakeholder and life cycle perspective. Journal of Business Ethics -in 
preparation 
 
Paper 4: Bonou A., Skelton K., Olsen S.I., 2016, Ecodesign framework for developing wind turbines. 
Journal of Cleaner Production. Vol 126, pp:643-653. doi:10.1016/j.jclepro.2016.02.093. 
 
Paper 5: Bonou A., Laurent A., Olsen S.I., 2016, Life cycle assessment of onshore and offshore wind 
energy: environmental management throughout the value chain. Applied Energy. Vol: 180, pp:327-337. 
doi: 10.1016/j.apenergy.2016.07.058 
 
Paper 6: Bonou A., Dannemand Andersen P., Olsen S.I., 2016, Wind energy carbon savings vs material 
consumption - a call for circular thinking. Journal of Industrial Ecology -submitted 
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1 INTRODUCTION 
 

1.1 Setting the frame- economy, ecology and sustainability 
 
Language is the common tool humans have to not only communicate but also create meaning (Pinker and 
Jackendoff 2005). Hence, etymology is used here to ground the concepts under study by understanding 
their origins. For the synthetic words ecology and economy the common unit eco implies the physical 
place where one lives, in a broad sense the natural environment. As for the second units, the one of eco-
logy is rooted in reason (also the root of logic) while that of eco-nomy is rooted in rule (Dimitrakos 1953). 
Ecology then, implies the use of logic to describe the natural environment, while economy describes the 
rules humans have set to manage this environment and inductively exercise power on it. Changes in 
economic activity and their effect on ecology is what gives substance to sustainability. This is the ability 
to sustain which means to endure without failing. The subject to which the concept refers to (what is to 
be sustained) is a matter of philosophical debates. Yet sustainability implies setting conditions for the 
economy so that this subject is maintained over time.  
 
Human economy, its relation to ecology and the perception of sustainability have been varying in time 
and space depending on climate, culture and societies’ state of affairs. Looking at modernity (the time 
after industrial revolution) it is characterised by population and economic growth with simultaneous 
increase of demand and supply of energy and resources. Compared to preindustrial times population has 
risen by more than factor 4 (from 1.6 to 7 billion) while energy use per capita per year has risen by more 
than factor 4.5 (going from 0.4 toe to approximately 1.8 toe) (Belyaev et al. 2002; EIA 2011)(Belyaev et al. 
2002; EIA 2011). The economic evolution of the past 200 years has allowed for rising living standards. In 
the period 1800-2015, life expectancy has more than doubled; child mortality has dropped by more than 
factor 10; youth literacy rates rise; average global income has grown; and aside several issues of 
inequality, extreme poverty has globally decreased (Gurven and Kaplan 2007; gapminder.org 2015; The 
World Bank 2015). However, humans dominate the planet. Indicatively between one-third and one-half 
of the land surface had been transformed by human activities already in late 90’s (Vitousek 1997). Our 
intervention to ecosystems, has today led today to 500 land animal species going extinct with a similar 
trend observed in the sea (McCauley et al. 2015; Ceballos et al. 2015).  
 
Concerns on the environmental impact of human economic activity are present throughout modern 
history and the scientific method has been used for understanding it. For instance, Fourier presented 
evidence on the correlation between the atmosphere, its gases and temperature already in 1824 while 
research on anthropogenic global warming was published in 1896 by Arrhenius (Fleming 1998). 
Awareness and related political movements though have grown stronger after World War II. Several 
prevailing policy strategies today can be tracked back to the post-war period. The concept of Corporate 
Social Responsibility (CSR), currently getting a lot of hype, is rooted to Howard Bowen’s Social 
Responsibilities of the Businessman from 1953 (Carroll 1999). Alarms for resource consumption, scarcity 
and economic growth are present during early 1960s (Bensusan-Butt et al. 1964). At that time, worries 
around population growth already expressed by Malthus in 1798 re-emerged (Ehrlich 1970; Short 1998) 
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while the concept of commons first discussed in 1800 (Lloyd 1980)(Lloyd, 1980) revived in the well-known 
Tragedy of the commons (Hardin 1968). In 1972 the Club of Rome published the well known The Limits to 
Growth report (Meadows 1972) to raise awareness on the pressure on natural resources from human 
activities. The reoccurring and growing concerns on human economy and the use of natural, human and 
economic capital were embodied in the term sustainability first used in 1972 (Berkes and Folke 1992; Kidd 
1992). Sustainability which was in 1987 introduced as a UN policy concept in the report Our common 
future (WCED 1987) remains rather vague in its meaning (Lélé 1991; Mebratu 1998). Different 
philosophical approaches have been used to interpret the concept and define what it is to be sustained 
i.e. whether it is the human species, the environment, the potential of future generations etc. The 
definition of well-being, of need, of development are still debated (Rist 1997; Wilkinson 2001; Hess 2013; 
Rinne et al. 2013). The issues of equality and equity over time, e.g. between generations, and space, e.g. 
between countries, and of the role of humans within and in relation to nature are abundant in scientific 
and popular literature. The various narratives and interpretations have also lead to different political and 
economic discourses. For instance, the debate that started during the 1960s between resource pessimists 
and resource optimists around whether or not technological progress will ensure access to resources and 
potential for growth still stands (Smith 1978; Neumayer 2002; Stiglitz 2011).  
 
Despite the philosophical debates various aspects of sustainability have progressively been introduced in 
public policy agendas most typically related to environmental management. This is also a contextual 
concept. It got its meaning once nature started being considered as a constituent of economy that -
consequently- needed to be managed. Environmental management has been transitioning following the 
evolution of the human-nature relationship, which has changed since the 50’s from being anthropocentric 
(where nature is a pool of resources and human progress comes through infinite economic growth), to 
being biocentric (where humans are considered to be in constraint harmony with nature) (Colby 1991). 
For instance, what once was called swamps that needed to be drained and used is today called wetlands 
under preservation. Corresponding environmental management strategies have emerged and evolved. 
The initial passive tactics seen e.g. in the dilute-and-disperse practices (e.g. for effluents from 
manufacturing) were followed by reactive ones like the end-of-pipe approaches, (pollutants are treated 
after being generated) that were further followed by proactive ones, seeking prevention rather than 
treatment (e.g. through cleaner production initiatives) (Jacquemin et al. 2012). We currently embrace 
holistic or systems thinking approaches. Rooting again in etymology, holistic means that different 
constituents of a whole are interconnected and explicable only by reference to it. For example, a holistic 
design of a product implies that all product-related aspects (from conceptualisation, to production, to its 
relation to the user) need to be accounted for during design. In this way, the product is understood and 
better fitted within its surroundings.  
 
Holistic approaches in management serving the sustainability concept have most evidently emancipated 
in Life Cycle Management framework. This facilitates links between economic, social and environmental 
dimensions of production, incorporating a company, its entire value chain and the society in which it 
operates (UNEP/SETAC 2007; UNEP/SETAC 2009). Related sustainability initiatives can be observed in 
public policies such as sustainable consumption and production schemes, in low carbon economy 
strategies, in resource efficiency roadmaps and in the vision for a circular economy. Beyond 
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environmental aspects, social ones (i.e. the underlying moral principles guiding decisions in a globalised 
economy) also penetrate public policies. Global supply chain sustainability initiatives and extended 
producer responsibility concepts are in this direction. Consequent regulatory schemes have been set in 
place to ensure policy implementation. Maybe the most explicit emancipation of sustainability is seen in 
the recent United Nations’ Sustainable Development Goals for 2030, major policy “beacons” for the future 
(EC 2009; EC 2011; Connolly et al. 2012; Lifset et al. 2013; EC 2015a; UN 2015; UNGC 2016).  
 
Reacting to this rising sensitivity of the public, businesses are gradually engaging in sustainability. Apart 
from shifting to cleaner technologies (Clift 1995), corporations are attempting to engrain environmental 
and social aspects in their corporate agendas. For instance, they follow voluntary standardised integrated 
life cycle based environmental management schemes such as the ISO 14000 series which includes more 
than 15 relevant standards (ISO 2009). On the social side, they introduce CSR in their value proposition 
(Lindgreen and Swaen 2010; Carroll 2015) and comply with standards such as ISO 26000, (2010) on social 
responsibility. They increasingly adopt concepts such as design for sustainability (Arnette et al. 2014) and 
they have begun to employ related triple bottom line accounting models (Slaper and Hall 2011) and 
monitor their sustainability performance through corresponding indexes e.g. Dow Jones Sustainability 
Indices, (2015).  
 
As a result there has been a proliferation of sustainability declarations in all types of economic activity, 
from consumer products (e.g. sustainable shoes), to industrial sectors (e.g. sustainable manufacturing 
etc.). This unsustainable use of the word sustainability (Worldwatch Institute 2013), might reflect one 
more motive behind such initiatives. While societal and environmental values accompany them, a main 
argument for their corporate endorsement is the business case for long term profit (Konar and Cohen 
2001; Hartman et al. 2007; Carroll and Shabana 2010). This bears the risk of ethical blindness and 
greenwashing (Laufer 2003; Delmas and Burbano 2011) according to which such sustainability claims 
remain rather cosmetic. The risk is amplified by modern marketing research which uses colour psychology 
(Grimes and Doole 1998; Saad and Gill 2000; Singh 2006) and linguistic turns to influence rational and 
emotional responses exemplified in “paint it green and name it sustainable” practices.    
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1.2 How to operationalise sustainability – problem definition and research questions 
 
Within the above frame, companies are required not only to legitimise their sustainability claims but also 
to find ways to operationalise the concept as an integrated part of their corporate practice. The fulfilment 
of this dual need has been the motivation for this Industrial PhD project. 
 
The project was initiated by the Corporate Technology (CT) department of Siemens AG, a “strategic 
partner to Siemens operative units that provides services along the entire value chain – from research and 
development to production and quality assurance, as well as optimized business processes” (Siemens AG 
2016a). In previous research, CT had been involved in developing methods and tools for guiding corporate 
decisions towards a more sustainable direction. The work was based on the realisation, supported by 
literature, that in order for sustainability related criteria to influence business decisions, these need to be 
combined with other business principles such as the economic ones. In this direction a useful concept is 
that of ecoefficiency -often defined as the ratio between economic value added and environmental impact 
added (Huppes and Ishikawa 2005).  Different methods have been developed evaluating and aggregating 
cost and environmental indicators to ultimately result in a numerical ratio of the two (Rebitzer and Seuring 
2003; Rüdenauer et al. 2005). The Eco-Care-Matrix (ECM) (Figure 1) is the corresponding tool CT 
developed for operationalising the concept and making it usable by decision makers (Wegener et al. 2009; 
Wegener et al. 2011).  
 

 
Figure 1. The Eco-Care Matrix (ECM). A tool for relative ecoefficiency assessments showing whether a solution needs 
ecodesign (B), design-to cost (C), or if it is greener compared to a reference (A) (Wegener et al. 2011) 
 
The venture is not new; companies and institutions have increasingly used eco-efficiency in an attempt to 
assess the combined environmental and economic performances of product systems, processes, and/or 
corporations (UN 2004; Hahn et al. 2010). Simplified ecoefficiency analysis tools (Product sustainability 
index (PSI), BASF ecoefficiency analysis) have already been introduced for industrial and chemical 
applications (Saling et al. 2002; Rüdenauer et al. 2005; Quariguasi Frota Neto et al. 2009). Similar analytical 
management tools have been developed for corporate applications on a more general level, e.g. for 
assisting the mapping and management of environmental impacts along the whole supply chain (EcoSCAn, 
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COMPLIMENT). These, combine parts of multicriteria analysis and environmental indicators to provide 
detailed information on the overall business environmental impact. (Olsthoorn et al. 2001; Schmidt and 
Butt 2006; Hermann et al. 2007; Koplin et al. 2007; Srivastava 2007; Faruk et al. 2008; Hommffmann and 
Busch 2008). Such tools, are often based on state of the art methodologies for sustainability assessment; 
so they can indeed set the focus right for more sustainable transitions. Nevertheless, literature suggests 
that corporations are still striving to integrate them and the concept of sustainability in routinely decision 
making. This is seen for instance in the difficulty to implement ecodesign in daily practice (Baumann et al. 
2002; Schischke et al. 2006; Luttropp and Lagerstedt 2006; Knight and Jenkins 2009). The later is defined 
by ISO 14006 as “a process integrated within the design and development that aims to reduce 
environmental impacts and to continually improve the environmental performance of the products, 
throughout their life cycle from raw material extraction to end of life.” (Maderna-Fernandez 2013).  
 
Exploring the nature of decision making might be useful in that respect. The abovementioned decision-
support attempts are grounded on the premise that management choices have well framed boundaries; 
that decisions are taken via an analytical process, mathematically represented; that actors are rational 
and can explicitly express criteria and preferences. This idea of rational actor model (Gowdy 2009) adheres 
to a positivism paradigm where a Cartesian philosophy and classical mechanics are employed to research 
human behaviours (Hodgson 2008). Yet social theorists, with Simon pioneering the field, suggest that 
rationality is relative, purposive and not exclusive to affective behaviours (Simon 1997; Pham 2007). 
Building on that, behavioural economists and institutional theorists direct the focus to social 
environments (Scott 1981; Friedland and Alford 1991). They invite to perceive all constituents of these 
environments (e.g. individuals, groups, physical artefacts, norms, boundary objects such as the 
aforementioned tools etc.) as actors of a network that put together through different assemblages, 
implicitly or explicitly, shape the decision making process (Powell 1990; Latour 2005; Müller 2015; 
Domingo et al. 2015). Seen through this prism, methods and tools, albeit necessary, are not adequate for 
satisfying the ecodesign purpose. 
 
So taking a step back, this project revisited the fundamental purpose of all method and tool development: 
to transition from a current corporate practice to a more sustainable one. With this in mind, three 
research questions (RQ) were formulated:  
 

 RQ1: What is a sustainable product? – the aim is to set the criteria for sustainability, providing a 
solid foundation for legitimising corresponding initiatives, e.g. for setting environmental targets 
 

 RQ2: How can an organization transition towards developing more sustainable products? - the 
aim is to support an organisation to integrate the findings of RQ1 into their operations 
 

 RQ3: How can the chances for transitioning towards more sustainable practices be improved? - 
the aim is to understand how to develop the support of RQ2 in a more effective and efficient way 
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1.3 Application – wind power technologies 
 
It was decided to pursue the research objective in the applied setting for the Wind Power unit of Siemens 
A/S (SWP). The company provided a fertile environment due to a combination of factors:  
 

(1) Is a market leader: Has a strong market share and wide product portfolio within wind power 
technologies. It is amongst the three largest wind turbine manufacturers globally (MAKE Consulting 2015; 
Navigant 2015) and holds 80% of European offshore market in 2014 (Corbetta et al., 2014).  
 

(2) Had no experience with life cycle approaches: This was the first attempt to assess the environmental 
impact of its portfolio in a life cycle perspective and suggest corresponding improvements. Given the 
magnitude of its market share adopting more sustainable practices could influence the market.  
 

(3) Provided a dynamic, multi-stakeholder environment: SWP has a large scope of activities across a wind 
turbine’s life cycle, e.g. design, planning, engineering, production, operation. Access to actors, processes 
and data provided a better understanding of the sector. The location of headquarters, production and the 
R&D activities, allowed for physical presence and direct observations. 
 

(4) SWP is part of a larger organization with prior experience in environmental management: Siemens AG 
has ongoing activities e.g. in the context of ISO 14001, OHSAS 18001, operational health and safety, 
industrial and product-related environmental programs (Siemens AG 2016b). Is internationally 
acknowledged for its sustainability efforts as seen from the high rankings in the Dow Jones Sustainability 
Index, German Sustainability Award, and Carbon Disclosure Project (Siemens AG 2016c).  
 

(5) SWP had engaged in complementary research activities running parallel to this project. A second 
industrial PhD study was being conducted by Kristen Skelton (Aalborg University). The study focused on 
the sociological aspects of ecodesign, aiming to identify effective ways for its implementation in a specific 
organizational context. Realizing the complementarity of the two projects, we decided to engage in 
multidisciplinary research and run the research projects in collaborative manner.  
 

(6) Besides the interest of the specific company, the entire wind energy sector is relevant to this research’s 
purpose. Wind energy, has a 23% annual increase rate in installed wind capacity over the past 10 years 
raising the number of turbines spinning around the world to 268 000 by the end of 2014 (GWEC 2014a; 
GWEC 2014b). A 2014 review (Karlsson et al. 2014) identified ten scenarios for future wind development 
till 2050 from organisations such as the International Energy Agency and the Global Wind Energy Council. 
The reported values, which range widely, estimate 1800-7000 TWh electricity generated from wind 
globally by 2030 and 2400-14000 TWh by 2050 compared to the 153.4 TWh in 2014 (GWEC 2014a). 
Benefits are seen in relation not only to climate change mitigation and energy security but also to 
increased employment; in Europe wind industry is expected to provide over 334,000 direct and indirect 
jobs by 2030 (Olz et al. 2007; Corbetta et al. 2015).  This massive industry growth raises questions, 
however, regarding the end of life (EoL) treatment of the hundreds of thousands of existing turbines 
(Akesson et al. 2012; Ortegon et al. 2013) and the future resource needs of the new infrastructure (Kleijn 
2012). It also calls for integrating sustainability considerations in product development and its strategic 
planning (Cherrington et al. 2012; Setchi et al. 2015; Gupta et al. 2015).  
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2 RESEARCH PARADIGM 
 
This section aims to clarify how I viewed knowledge in the context of this project, how I placed myself in 
relation to this knowledge and the methodological strategy I used to un/discover it (Guba and Lincoln 
1994). First the methodology is laid out (how did I go about for acquiring knowledge); then the ontology 
(What is real?) and epistemology (what can be known?) in the context of this research are discussed.  
 

2.1 Methodology 
 
This project aimed to change the current way products are developed towards a more sustainable one. 
Its purpose thus falls in the general purpose of design, which, put in Simon’s words, aims “at changing 
existing situations into preferred ones” (Simon 1996). On the same line, Blessing and Chakrabarti describe 
design as “the process through which one identifies a need and develops a solution to fulfill it” (i.e. a 
product, process or system). In this latter definition there are two elements of design: the development 
of understanding and the development of support.(Blessing and Chakrabarti 2009).  

Design is by nature unique: it aims to create a situation that does not exist yet; tools, methods, resources 
and context are case dependent; the knowledge and experience of the team (researchers and research 
participants) is constantly growing. So what is an appropriate methodology for conducting research in 
design? Literature suggests that there is no straightforward answer and identifies lack of scientific rigor 
when doing research in design (Love 2000; Horváth 2004; Galle 2006). To address this issue Blessing and 
Chakrabarti propose a design research methodology (DRM) which was adopted here. DRM is “an 
approach and a set of supporting methods and guidelines to be used as a framework for doing design 
research”. (Blessing and Chakrabarti 2009). A second issue identified in design research is the lack of use 
of the results in practice. This is inherently addressed in this project: the research was conducted in the 
applied context of a company where the designed support was to be put in practice. For this research 
project the four main stages in relation to the Design Research Methodology were:  

1) Research clarification: The overall aim was to understand how product developers can produce more 
sustainable products and hence develop methods and tools to support them. Sustainability was therefore 
a key criterion for developing of a new product, i.e., in the case of this project, a wind energy technology. 
The environmental aspect of sustainability can be quantified through Life Cycle Assessment (LCA) which 
was employed to warrant scientifically robust environmental target setting. We assumed that Social life 
Cycle Assessment (SLCA) might provide similar warranties for the social aspect of sustainability. A review 
of the relevant literature (paper 1) revealed that due to methodological immaturity and inherent 
weaknesses related to value choices this cannot be the case. Thus, SLCA was not further pursued in the 
research. A second key criterion of project success was to integrate sustainability within an organization. 
Two factors were found key for this. One was stakeholder participation which facilitates engagement and 
allows for commonly constructing perceptions. Another was the alignment of the support with formal 
organizational procedures. In other words, the criteria aligned with the Life Cycle Management framework 
and its two basic principles: 1) Life Cycle Thinking and (2) stakeholder participation. 
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2) Description 1: DRM suggests that descriptive studies should be carried out to understand more deeply 
the existing situation prior to describing the desired one. Empirical research was carried out in the form 
of a life cycle based ecodesign case study (paper 2). The purpose was to understand the factors affecting 
the development of more sustainable products, namely the environmental impact of a typical wind power 
blade; its formal product development process; the stakeholders involved in the process and their roles. 
We additionally decided to observe and interview (paper 3) designers at work to obtain a better 
understanding of the existing situation, before moving on to the next stage and start developing support 
to address these factors.  

3) Prescription: the purpose of this stage is to use the findings from Description 1 to describe the vision 
on how addressing one or more factors in the existing situation would lead to the realisation of the 
improved situation. An ecodesign framework employing participatory action research has been iteratively 
developed and implemented for building internal capacity on ecodesign (paper 4). During this stage we 
conducted action based research implementing a multimethod approach. 

4) Description 2: DRM proposes a further study to investigate the impact of the support and its ability to 
realize the desired situation. A second descriptive study was carried out covering the entire wind energy 
service. A modular parameterized LCA model was built in the previous stage so that the components of 
wind energy service could be assessed individually or combined per demand. We used the tool to perform 
a detailed LCA of four wind power plants (two onshore and two offshore) including two different power 
generation technologies (geared and direct drive) (paper 5). We aimed to a) implicitly validate the 
proposed approach by demonstrating the uptake of the LCA results by various stakeholder groups in the 
company b) to identify design, managerial and methodological implications (paper 6).  

Blessing and Chakrabarti (2009) invite to not interpret DRM as a set of stages and supporting methods to 
be executed rigidly. Indeed, the methodology was applied in an iterative and non-linear way were the 
different stages were also occurring in parallel. Iterations were commonplace within each stage as is 
implicitly seen in the development of the iterative ecodesign framework of the Prescription stage (paper 
4). Iterations also occurred between stages. For instance, the insights from the interviews during the 
Descriptive study -1 (paper 3) revealed a) that it was unfeasible to integrate LCA in the organization in the 
way originally suggested after the ecodesign case study (paper 2); and b) the necessity for constructing a 
common understanding regarding sustainability. The results of the empirical study in the Descriptive study 
-2 (paper 5) revealed the need for, erstwhile unplanned, in depth studies on the end-of-life related 
environmental impact and on related circular business models (paper 6).  

Figure 2 outlines the structure of the research design and describes each of the activities and outputs in 
relation to the overall DRM research methodology and its iterations. The elements of the project that 
have been presented so far are also included. The ecodesign iterations presented in paper 4 are also 
included in Figure 2, with the aim to justify the reasoning for their execution from a design research and 
methodological point of view. Each of the six papers (see Box 1) found in Appendix contributes either as 
a whole or as excerpts, to different elements and phases of the project. These contributions are briefly 
visualised in Figure 2 and all papers are referenced throughout this synthesis report. 



11 
 

Figure 2. The four stages of DRM, the links between them; basic means used in each stage and the main outcomes, linked to the scientific papers: P1-P6 
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2.2 Ontology and Epistemology  
 
Having presented the research methodology, I here take a step back and briefly explain the philosophical 
imperatives that guided it.  

Within this research frame my stance towards the nature of knowledge lies primarily within subjectivism: 
reality can only be known imperfectly and is shaped by our perceptions, i.e. the knowledge we gain 
implicitly or explicitly (Holden and Lynch 2004). Four combined factors have lead me towards this position: 
1) the nature of design: it is a cognitive activity undertaken in a social dynamic context rather than in 
insularity. This context bears the realities (i.e. world understanding/points of view) of the research 
participants which are shaped by their background knowledge, beliefs and empirical experiences; 2) the 
research goal: to operationalize sustainability in an organization. This required to intervene in a social 
entity (the company) by introducing a change and to further work towards normalizing this intervention 
(making it part of common practice). Relating to Simon’s definition of design, the prefered situation 
needed to be consciously “crafted”; 3) the applied nature of an industrial PhD project: I was 
simultaneously shaping and I was being shaped by the social setting I was placed; 4) the nature of 
sustainability: the concept aims more to shape a value system based on certain moral principles rather 
than to prove a universal truth. Sustainability is based on consensus rather than on proofs.  

The essence of reality in this frame, seems to be more plastic than solid and I my role in this project was 
to make an impression of this reality and further shape its new state. Inductively, epistemology and 
ontology were fused since myself as researcher and the object of research were interactively linked so 
that the findings were created as the investigation process (Guba and Lincoln 1994; Packer and 
Goicoechea 2000). The epistemological stance of subjectivism governs the theoretical perspective that I 
selected; that of postpositivism, asserting that: a) the knowledge we gain is based on modifiable 
conjectures (Popper 2014), which we need to justify based on certain warrants e.g., LCA could provide 
such a warrant for environmental sustainability); b) my own background (e.g. knowledge and values) can 
influence what i observe and the choices I make. This reflects in several choices, e.g. in selecting the wind 
industry as an area of application; in not pursuing SLCA as a meaningful method to characterize social 
sustainability; in refocusing the research from building a rational multicriteria decision support tool, to 
engaging in practice theory.  

Postpositivism deals with three issues: the quality of data; the use of an integrated approach; and the 
context of the studied phenomenon (Frane 2004). These reflect in the way research goals were 
formulated. Postpositivism also underlies the research approach that was of a constructivist and 
contextualist nature. Contextual because all research participants (including myself) were part of a natural 
setting and our realities cannot be understood isolated from it. Constructive because rather than seeking 
an ultimate truth, I perceived the truth as being transactional: a product of social interactions and the 
individuals’ thoughts (constructed reality). I focused on understanding the contextualized meaning of 
multiple points of view (i.e. realities) with the goal of creating a joint collaborative reconstruction. On 
these grounds, the research was conducted through iterative generative and reflective fashion so that 
theory and practice could be integrated and knowledge could be created through social response (Nonaka 
2010). 
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3 RESEARCH OUTPUT 
 
The research flow is described in Section 2. Yet, the presentation of results is done in an aggregated 
manner. The purpose is to concretise the knowledge brought from all iterations in one concise narrative 
that maintains simplicity and coherence: first the sustainability criteria are set (Research Clarification 
which includes paper 1); then the full set of quantitative sustainability assessment results derived during 
the course of the project are presented (Descriptive study 1-paper 2 and Descriptive study 2-papers 5 and 
6); a first suggestion for integrating LCA in the organisation is done (Descriptive study 1-paper 2) and the 
value brought to stakeholders is proved, which partly also serves as a validation of the approach, 
(Descriptive study 1-paper 2 and Descriptive study 2-paper 5); the feasibility of the suggestion is checked 
in the informal organisational context (Descriptive study 2-paper 5); based on the findings a suggestion is 
made for iteratively developing ecodesign support (Prescriptive study-paper 4).  
 

3.1 Setting sustainability criteria – a Life Cycle Management framework  
 
Repeating what was stated in the introduction, Life Cycle Management facilitates links between economic, 
social and environmental dimensions of production, incorporating a company, its entire value chain and 
the society in which it operates (UNEP/SETAC 2007; UNEP/SETAC 2009). It thus seems a suitable 
framework for companies to manage sustainable innovation (see also Section 1 of paper 3). There are two 
fundamental principles involved in LCM: 1) Life Cycle Thinking (LCT), and 2) inter- and intra-organisational 
stakeholder participation. This research adopts these two as its guiding principles. The factors that 
influence them and will be considered as criteria for sustainability are further concretised here bellow.  
 
3.1.1 Life Cycle Thinking (LCT) 
 
LCT attempts to capture the entire life cycle of a product or system over time and space throughout its 
lifecycle from cradle to grave, i.e. from extraction of the materials through production and use or 
operation of the system until its end-of-life (EoL). It is a relevant conceptual approach given the globalised 
economy where decision power lies with designers and strategic decision-makers but the environmental 
and social impacts extend across the value chain, i.e. decisions (taken typically in the richest part of the 
world) for outsourcing production (typically to much poorer parts of the world) bear the responsibility for 
outsourcing impacts (Heiskanen 2002; Remmen and Munster 2003; Finkbeiner 2011). Within LCT there 
are methods for characterising the performance of products and systems across their life cycle, e.g. for 
assessing environmental impacts life cycle assessment is a state of the art methodology (EC-JRC 2010). 
 
Life Cycle Assessment (LCA)  
 
LCA is a state of the art methodology to assess multiple environmental impacts in the context of LCT. For 
each accounted process, it quantifies the consumption of resources; also the substances (e.g. CO2) and 
wastes emitted from it. It further employs natural sciences to describe causal links between these 
emissions and their contributions to various environmental impact categories at a midpoint level (for 
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example, quantifying the potential contribution of various emissions to climate change) (see also Figure 2 
in paper 5). From a midpoint level in order to provide support to decision makers, there are normalisation 
and weighing techniques to allow for comparison across impact categories (e.g. global warming vs ozone 
depletion). However, these are methodologically debated and currently are neither standardised nor 
recommended. LCA also attempts to directly model emissions up to an endpoint level, linking them to 
impacts in three areas of protection (AoP) i.e. human health, the natural environment and natural 
resources.  
 
LCA was formally conceived in 1969 to assess the packaging function in the Coca-Cola company (Hunt 
1996). Today, the methodology has been standardised (ISO 14040, 2006; ISO 14044, 2006) yet is under 
continuous development (Finnveden et al. 2009). LCA allows the identification of so-called hot spots and 
improvement potentials over the full life cycle. It can provide the scientific basis for systematic target 
setting in the context of environmental management. It can guide product design and choice of 
production processes (Hauschild et al. 2004; Hauschild et al. 2005; Karlsson and Luttropp 2006; Thrane 
and Eagan 2007). It is increasingly promoted for policy-making, e.g. for integrated product policy the 
European Commission concluded that “Life Cycle Assessments provide the best framework for assessing 
the potential environmental impacts of products currently available” (EC 2015b). Mature industries, such 
as the automotive, use it to support more sustainable product development and manufacturing (Orsato 
and Wells 2007; Umeda et al. 2012; Chang et al. 2014). In relation to energy systems, the 
Intergovernmental Panel on Climate Change (IPCC) recognises LCA as “a particularly useful methodology 
for determining total system impacts of a given technology” (IPCC 2011). Indeed, LCA is used to assess 
alternative power technologies and the environmental performance of electricity grids (corresponding 
review of LCA applications in the renewable energy sector is done in paper 5- Section 1).  In this research 
it was assumed that LCA can provide a warrant for environmental sustainability. Its results have been used 
to guide scientifically solid environmental target setting in the company.  
 
Social Life Cycle Assessment (SLCA) (paper 1) 
 
Social Life Cycle Assessment (SLCA) encompasses the lifecycle of services/products and it relates them to 
the social entities that are part of or are being affected by them. Being inspired from environmental LCA 
it follows a similar, rational, decision analysis framework. In the literature review (paper 1) we attempted 
to get a better understanding of it and evaluate whether the method can provide a satisfying warrant for 
social sustainability. The review aligning with other literature (Macombe et al. 2013; Chhipi-Shrestha et 
al. 2014; Wu et al. 2014)  revealed a number of problematics in relation to:  

(1) The object of assessment (i.e. what is to be assessed?) and its boundaries: Similar to LCA, in SLCA an 
object of assessment needs to be defined and the assessment results ultimately need to be related to it. 
This can vary from a product, to an organisation to an economic sector (Arcese et al. 2013; Hosseinijou et 
al. 2013; Martínez-Blanco et al. 2015). Particularly the social impacts on a product level (e.g. the social 
impacts of “a bottle of milk”) can be conceptually challenging. The boundaries of the assessment can also 
range accounting for supply chains, product chains or economic sectors but in a non comprehensive way 
(Macombe et al. 2013).  
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(2) The reason to perform the SLCA (why do we want to assess social impacts?): These can vary and the 
differences in motivation relate to the applied, or inherently perceived, definition of an area of protection. 
This represents social aspects that we care about (human health, security, human rights etc.). Reitinger et 
al. (2011) find that “papers on S-LCA show a broad consensus that the additional AoP should be human 
wellbeing itself “. However, as discussed in the introduction of this work, there is no commonly agreed 
definition of wellbeing. To bypass the fuzziness, researchers often proclaim their own understanding of 
the concept which has resulted in a plethora of wellbeing definitions in the SLCA literature (Table 2 in 
paper 1).  

(3) The criteria warrantying social sustainability: The ambiguity in defining the AoP propagates to the next 
levels of SLCA, for instance when identifying criteria (impact categories) that describe properties of the 
AoP (i.e. what is included in wellbeing?). The issues to be assessed vary between stakeholders such as 
workers, consumers, communities (Table 3 in paper 1). Corresponding impact pathways need to be 
identified. Figure 3 shows an example for the impact category Child Labour. It links incidences of child 
labour to their immediate impacts and resulting consequences which influence the AoP Wellbeing.  

 
Figure 3. Impact pathway for the impact category Child Labour (Jørgensen et al. 2010)  

 
(4) The choice of indicators and metrics to represent impacts in a meaningful manner. Indicators can be 
quantitative based on scoring systems or qualitative (e.g. job satisfaction). The quantification of these can 
often be problematic  (Karina et al. 2011; Wu et al. 2014). Corresponding data can be collected on a case 
and site-specific (Dreyer et al., 2010a, 2010b), or on a generic level e.g. country or sector specific provided 
by databases such as the Social Hotspots Database (SHDB) (Benoit-Norris et al. 2012) (see e.g. Table 6 in 
paper 1). The former requires time and is often unfeasible. The latter might lack representativeness.  
 
(5) Proving causalities: The causal links between indicators and impacts can be direct (e.g. number of 
occupational accidents) or indirect (e.g. % rate of union association used as an indicator of freedom of 
association). However, causality is often difficult to be established between indicators and the object of 
assessment e.g. how to link the “right to union association” with a product such as “a wind turbine blade”?  
 
(6) Sorting, rating, aggregating: SLCA aims to compile all data in one quantitative assessment, thus 
measuring techniques also need to be defined. These are aggregation formulas involving rating and 
weighting systems so that all metrics across the life cycle can be related to the object of analysis (Wu et 
al. 2014). The meaningfulness of the process, the usefulness and the usability of the results can often be 
questioned.  
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The common source of all the above problematics is the rationalisation and quantification of value 
choices. Such choices are also present in LCA when it comes to trade-offs between environmental impacts. 
The difficulty to resolve methodological challenges is reflected in the strongly debated normalisation and 
particularly weighting methods (Itsubo 2015; Laurent and Hauschild 2015). This difficulty is heavily 
amplified in S-LCA since social sustainability is almost entirely about value choices. Especially for 
multinational companies that operate in a dynamic global economic environment, using quantitative 
approaches for assessing social impacts inevitably entails strong ambiguities. Attempts to harmonize or 
standardize these have so far not been successful. The review concluded that while quantitative 
approaches as LCA can adequately describe environmental impacts based on scientifically valid causal 
chains, they lag behind in giving meaning to the social dimension of sustainability. Since SLCA cannot yet 
provide a warrant for social sustainability it was not further pursued in this research.  
 
Taking a step back, on a conceptual level, assuming that different social units can be deconstructed and 
subjected to measurable requirements, might not be suitable e.g. Falque et al. (2013) question the 
compartmentalisation of human wellbeing. In a similar line social theorists such as Scerri and James 
(2010), argue that sustainability more than the fulfilment of indicators, is about the way individuals 
engage with each other and the difficulties in negotiating behaviours. This links to the second aspect of 
LCM, i.e. stakeholder participation. 
 
3.1.2 Stakeholder participation 
 
Stakeholder participation aims to take account of the viewpoints and wishes of multiple stakeholders over 
issues which affect them. In a life cycle perspective it promotes inclusiveness of actors across value chains 
when pursuing the vision of transitioning towards more sustainable practices (Rauschmayer et al. 2015; 
Bocken et al. 2015). Society, local community, workers, value chain and consumers is an indicative (not 
exhaustive) list of stakeholders when taking a company or product perspective (UNEP/SETAC 2009).  

Participation can take various forms with increasing levels of involvement; information, consultation, 
collaboration, partnership and self-mobilisation (IPCC 2007). Despite the ambiguity caused by the multiple 
context dependent definitions, participation overall creates engagement, and tackles the difficulty 
individuals and organisations have in adopting a view of shared responsibility e.g. across the global supply 
chain (UNEP/SETAC 2007; Reed 2008; Luyet et al. 2012; Bano and Zowghi 2015).  

Participation thus facilitates the construction of meanings and corresponding behaviours; modern 
behavioural theories provide useful frameworks for analysis and to understand how this occurs. For 
example, social practice analyses social units with common basis for practice, described as communities 
of practice, where individuals go through a participatory process of collective reflection-in-action (Wenger 
2000; Reckwitz 2002; Simonsen 2012). Through this process practices, learning, knowledge and identity 
are connected and commonly constructed. This research has built upon this approach in an attempt to 
build capacity and to identify opportunities and barriers for integrating sustainability aspects in an 
organisational culture (see also the introduction of paper 4).  
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3.1.3 Research boundary delimitation 
 
Following the research motivation (Section 1.2), point of research departure is a company and its intention 
to develop more sustainable products (where sustainability was interpreted in relation to life cycle 
thinning and stakeholder participation as explained earlier in this section). The research boundary is set 
in relation to this motivation which leads to a number of implications: 

(1) The “reason d’ être” of the product has not been questioned. For instance, it was beyond the scope to 
investigate the possibility for transitioning towards other products that provide similar service such as 
small scale wind turbines for urban applications. 

(2) There is a relativist’s approach to sustainability (how to make better products?) and not an absolute 
one (are these products good enough?) (Hauschild 2015). This also reflects in the research boundaries 
that are set within the company’s range of influence investigating what the company can change, in order 
to offer a more sustainable product, ceteris paribus. 

(3) The thinking part of life cycle thinking is done from the company’s viewpoint. Following the previous 
point focus is placed to the company context: its operations and how these are understood in relation to 
their life cycle impacts. The viewpoint of other actors across the life cycle would be shaped differently 
depending on their corresponding contextual factors. For instance the local community context is affected 
by aesthetics, noise, ownership aspects etc., which leads to several issues of social acceptance well 
discussed in literature (Jobert et al. 2007; Wüstenhagen et al. 2007; Hammami et al. 2016) and a different, 
often negative perception for the sustainability of wind power. Such factors although important are 
beyond the company’s influence therefore they not considered in this research (however acknowledging 
the need for a broader scope and more sustainable energy planning, corresponding suggestions for future 
research are given in Section 5). This contextual understanding of life cycle thinking propagates to the 
operationalization of stakeholder participation  

(4) The research limits its analysis of stakeholder participation primarily to the intra-organizational 
perspective (paper 3 Figure 1). External stakeholders (customers, suppliers, sub-suppliers, subcontractors, 
regulators, certification bodies, research institutes, competitors etc.) are only indirectly included from the 
inputs of internal stakeholders (paper 3 Figure 2). A broader scope was unfeasible in the context of this 
PhD project. The difficulty for capturing and fairly accounting for all these alternative viewpoints (paper 
1) was also an underlying reason why S-LCA was not pursued.   
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3.2 Understanding the impacts - LCA of wind energy technologies 
 
LCA methodology was employed to assess the environmental impacts from contemporary state of the art 
wind energy technologies being employed in a European context. The LCAs were conducted according to 
the International Reference Life Cycle Data System (ILCD) guideline (EC-JRC 2010). The functional unit (FU) 
upon which the systems were assessed (ISO 14040 2006a) was defined as “the supply of 1kWh delivered 
to the grid” and reflects the primary function of the systems. To ensure technological and market 
representativeness, SWP planners and engineers provided inputs to define the technical specifications 
and the size of the plants based on 2013 data and near-future sales. The plants (Table 1) (compiled from 
Table 1 in paper 5 and Table 1 in paper 6 )include both onshore and offshore markets and the two major 
power generating technologies, direct drive and geared (Chen and Li 2008).  
 
Table 1. Technical specifications of the assessed wind power plants. The plant names correspond to direct drive (D) and geared 
(G) generator technologies and the turbines’ capacity in rounded MW (papers 5&6) 

Market Plant 
name 

Turbine  
(MW-rotor 
diameter in m) 

Hub  
height 
(m) 

Wind 
speed 
(m/s) 

Losses* 

(%) 
Energy to grid 
/turbine/year 
(MWh) 

Lifetime 
(y) 

Turbines 
/park (nr) 

Cable distance 
/turbine (km) 

onshore G2 2.3-108 99.5 8.5 10 11169 20 20 13 

D3 3.2-113 92.5 8.5 10 14403 20 20 13 

offshore G4 4.0-130 68.25 9.5 15 20528 20 80 30/22** 

D6 6.0-154 87.72 10 15 31045 25 80 50/22** 
*wake, electrical and availability losses, **sea/land 

 
The systems (Figure 4) include all elements from the wind turbine as far as the distribution network (i.e. 
the grid) but without accounting for back-up or energy storage systems. The system boundaries (Figure 5 
and paper 5-Figure 1) include the life cycle of the wind energy plants from extraction of raw materials to 
the EoL. Given the descriptive nature of the assessment aiming to document the analysed system, the 
modelling principle chosen for the inventory followed an attributional LCA approach (EC-JRC 2010).  
 
Multifunctionality (processes that perform many functions) was addressed by system expansion. This is 
reflected in the waste treatment technologies where incineration and recycling lead to the avoided 
production of energy and materials (Figure 5 and Table 3). 
 

 
Figure 4. System boundaries for onshore (left) and offshore (right) wind energy plants (Siemens AG 2014) 
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Figure 5. System boundaries of the LCA for assessing the provision of 1 kWh to the grid by a wind energy plants (paper 5) 
 

3.2.1 Data collection and system modelling 
 
Primary data were collected internally via material experts, engineers, etc. and externally from suppliers 
and operators (detailed accounts of all inventory items are given in supporting Table S1 of paper 5). The 
difference between the two markets is mostly due to installation and operation i.e. offshore plants require 
190 times more energy during installation per installed MW compared to onshore, while onshore 
installation requires more than 3000 m2 of road construction per plant, additional parking areas etc.  
 
Regarding the infrastructure, differences are related to material types e.g. onshore foundations are made 
of steel reinforced concrete while steel monopiles are used offshore. Also, to material weight e.g. offshore 
plants require 20 times more materials for cabling compared to onshore due to armouring of cables but 
also distance from shore. Table 2 (Table 2 in paper 5) shows the weight and composition for the capital 
infrastructure in the plants i.e. turbines, foundations, substations, cabling (gravel for road construction is 
excluded from the table). For onshore plants most of the weight is due to concrete (in foundations), while 
for offshore it is due to metals (mainly steel).  
 
Table 2. Aggregated inventory for capital infrastructure (turbines, foundations, substations, cabling) (paper 5) 

Onshore plants (average G2&D3) Offshore plants (average G4&D6) 
Infrastructure (t) 3.57E+03 Infrastructure (t) 1.42E+04 
Infrastructure materials wt% Infrastructure materials wt% 
Concrete 72.8% Steel 73% 
Steel 20.5% Iron 6.4% 
Iron 1.8% Concrete 4.7% 
Epoxy 1.2% Plastics 3.6% 
Glass fibre 1% Epoxy 2.4% 
Plastics 0.8% Glass fibre 2.3% 
Aluminium 0.7% Aluminium 2% 
Copper 0.7% Copper 1.4% 
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The materials found in the plants are the ones typically found in infrastructure equipment (paper 6-
Section 2.1). Main metals are: (1) Iron - the world’s most used metal, consumed in volumes three orders 
of magnitude higher than all other metals (Fenton 2015); (2) Copper - second to silver as the best electrical 
and thermal conductor - as high demand due to electrical applications such as electrification and use of 
electronics (Ayres et al. 2002); (3) Aluminium - globally the most common metal in terms of reserves. In 
some applications it can substitute copper (Messner 2002; Gordon et al. 2006).  
 
Aside from the metals, composite materials are also dominant. These are found in blades and foundations. 
Blades are made of epoxy-infused glass fibre and balsa wood. Market experts expect the global glass fibre 
production to have an annual growth rate 9% between 2014-2019 (marketsandmarkets.com 2015). 
Meanwhile wind energy, is emerging as the fastest growing end use application market (industry-
experts.com 2012). In contrast to the aforementioned metals there are currently no economically viable 
recycling technologies for blades (Pickering 2006; Job 2013). Concrete used for foundations and buildings 
is also a composite material, cement being the basic constituent. Recovered concrete can be used as 
aggregate in the construction sector, typically in road bases, and in the cement industry (Meyer 2009).  
 
Main assumptions for the EoL of the wind energy plants are given in Table 3 (paper 5-Table 3 & paper 6-
Figure 4). As other literature also suggests, e.g. (Ortegon et al. 2013), the EoL of wind energy plants, is the 
most uncertain life cycle stage. Uncertainties are due to lack of inventory data for technologies in the 
present e.g. recycling of metals, and in the future e.g. recycling of blades. They are also due to 
geographical differences in treatment e.g. collection of aluminium in construction and demolition waste 
can range 15-90%(Schlesinger 2006; GARC 2009). More complete overview of the EoL aspects of the 
identified materials and related literature are given in Sections 2.1 and 4.2 of paper 6.  
 
Table 3. Modelling assumptions for the EoL treatment of the main materials in wind energy plant systems (paper5) 

Waste type % collected  Treatment method Avoided product 

Metals  

50% from 
foundations and 
offshore cables/ 
90% from all others 

Recycling (energy 
requirements based on 
(Grimes et al. 2008) 

Average material in the market; substitution rate 
90wt%  

Plastics 100% 
Incineration (based on 
ecoinvent v3.1) 

Electricity and heat based on the lower heating values 
from ecoinvent v3.1 

Blades  100% 

Shredding (28kWh/t) and 
incineration in cement 
production  
 

Epoxy substitutes heavy fuel; rate based on the 
calorific values of epoxy 32 MJ/kg (Walters et al. 2000) 
and heavy fuel oil 43MJ/kg 
Glass fibre substitutes sand (40wt%) and clay (60wt%) 

Concrete 50% 
Recycling (crushing based 
on ecoinvent v3.1) Crushed gravel; substitution rate 90wt%  

Gravel  75% Reuse  Crushed gravel; substitution rate 90wt%  
  
For modeling the background processes, e.g. extraction of the materials, waste treatment etc., the study 
relied on generic data from the ecoinvent v3.1 database (Weidema et al. 2013). For future incineration 
the marginal energy mixes were adjusted for electricity (coal 11%, gas 25%, nuclear 22%, hydro 16%, 
biomass 6%, wind 13%, solar 7%) and heat (oil 16%, natural gas 39%, biomass 23%, CHP 22%) (Connolly 
et al. 2012; WEC 2013). All EoL operations were modelled based on ecoinvent v.3.1 data without 
technological adjustment to future conditions.  
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3.2.2 Carbon footprint and energy payback time 
 
The LCA results for climate change ranged for onshore and offshore from below 7 to 11g-CO2eq/kWh 
(Table 4 and paper5-Table 4). The values are consistent with the findings of IPCC (Wiser et al. 2011) and 
other scholars assessing similar technologies (Martínez et al. 2009; Garrett and Rønde 2013; Owens and 
Chapman 2013; Haapala and Prempreeda 2014; Nugent and Sovacool 2014) (see also paper 5-Section 
3.1.1). The carbon savings from deploying high shares of wind energy to the grid are obvious, e.g. in 
Denmark fossil emissions from typical alternative energy sources to wind energy are 0.99 kg CO2eq/ kWh 
from coal and 0.53 kg CO2eq/kWh from natural gas (Treyer and Bauer 2016). A second indicator of focus 
relevant to energy systems is energy payback time (EPBT)1 which was found less than 1 year for all plants.  
 
Table 4 Climate change potential (gCO2-eq) and energy payback time (months) per FU (kWh for lifetime) (paper5) 

 
 
In both markets, drivers for better performance are: (1) the advanced technology, i.e. direct drive 
generators and optimised blade design and (2) the size, i.e. the bigger turbines perform better which 
reflects the economies of scale effect also discussed in other literature (Lenzen and Munksgaard 2002; 
Tremeac and Meunier 2009). In this study it was not possible to distinguish between those two causes. 
Across markets, the climate change impacts of the offshore plants were ~ 70% higher than onshore due 
to (1) offshore infrastructure which is heavier (Table 2) and more impact dense (Figure 12) and (2) 
resource intensive operations for installation, servicing, and decommissioning (paper 5-Table S3).  
 
The systems, in line with what IPCC suggests (Wiser et al. 2011) were found mostly sensitive to the 
technical specifications as indicatively seen for the D6 plant in Figure 6 (paper 5-Figure 3). The tornado 
diagram shows, for different assumptions, the per cent change of results compared to the reference 
scenario. 
 

 
Figure 6. Change (%) of climate change impact of the D6 plant due to change in assumptions ceteris paribus (paper 1) 

                                                
1 The amount of time that the system needs to run in order to produce the amount of energy equivalent to the primary energy 
consumed throughout their life time (Gagnon 2008). 
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3.2.3 Environmental hotspots and contribution analysis  
 
LCA results were used to identify hotspots in two dimensions: across the life cycle of the product and 
within each life cycle stage to the maximum resolution level according to the available data (for the whole 
plants see paper 5, for a case study on blades see paper 2). As Figure 7 (paper 5-Figure 4) shows for 
climate change, most of the impacts are due to extraction and production of materials (hereafter called 
“materials”).  

 
Figure 7. Percent contribution of life cycle stages to the total impact for the four assessed wind energy plants: onshore (G2, D3) 
and offshore (G4, D6) (paper 5) 
 
The results are in line with the 78% impact from materials reported by other literature, e.g. Haapala and 
Prempreeda, (2014) (see also paper5-Section 3.2) and consistent with the IPCC conclusion that 
infrastructure is mostly responsible for the wind energy systems’ environmental performance (Wiser et 
al. 2011).  
 
Figures 8&9 (paper5-Figures 5&6) further show the relative contribution of the power plants’ individual 
components. Towers and foundations are the main contributors to climate change onshore. Foundations 
and cables are the main contributors offshore. the impacts from cabling are higher for offshore plants 
given the material requirements (Table 2). The figures also demonstrate that within each market the 
nacelles with direct drive generators have a higher impact share compared to geared ones. However, a 
comparison merely on a component level is not possible since system equivalency is not established 
(paper 5-Section 3.2.1). 
 
Given the domination of materials in the overall impacts, savings from recycling at the EoL of the plants 
are important (Figure 7). These though need to be interpreted in relation to the corresponding 
assumptions, e.g. Figure 6 showed how changes in the collection and recovery rates influence the results. 
The impacts from the end of life are further discussed in Section 4.3 (also in paper 5, Section 4.4 and paper 
6, Section 4.2). 
 
Beyond climate change, all ILCD recommended impact categories (Hauschild et al. 2013) were assessed 
at a midpoint level and presented in Figures 8&9. With the exception of the impacts related to land use 
(where installation stage is most relevant due to the road construction) impacts from materials prevail 
across impact categories (see also paper 5-Tables S2&S3).  
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Figure 8. Contribution (%) of ‘Materials’ to life cycle impacts and relative contribution of components - onshore (paper 5) 
 

 
2Figure 9. Contribution (%) of ‘Materials’ to life cycle impacts and relative contribution of components - offshore (paper 5) 
 
 
Which impact categories to focus on? 
 
Even though “materials” is the most relevant life cycle stage across impact categories, distinguishing the 
most environmentally relevant components remains a strenuous task. Figures 8&9 show that relevant 
importance of the components changes from one impact category to another. To identify which 
environmental impacts are most relevant, Figure 10 (paper 5-Figure 7) shows the end point modelling 
results for human health, and directs attention also to impacts from particulate matter and toxicity. The 
latter is consistent with other literature arguing that shifting from the current European electricity 
generation mix to wind avoids carbon but could raise human toxicity impacts (Laurent et al. 2012). 
However, in LCA different impact categories are associated with different uncertainties. Indicatively the 
Monte Carlo analysis for quantifying the inventory uncertainty for the D3 inventory gave a coefficient of 

                                                
2 The graph reflects differences in data collection: For D6 there are aggregated data for the tower, the transformer unit and the 
power unit while for G4 these are given separately. Also for the D6 nacelle and generator inventory data are given separate 
from the nacelle while for G4 they are aggregated.  
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variation of 6% for climate change, 12% for respiratory inorganics and more than 200% for human toxicity 
(see paper 5-Figure S2).  
 

 
Figure 10. End point modelling results for Human Health (paper5) 
 
In the context of this research, climate change was used as a main indicator to inform ecodesign (see also 
paper 5-Section 4.1). Rather than optimising the environmental performance, this choice aimed to 
operationalise LCA in an applied setting and it addressed a stakeholder-expressed need to balance 
simplicity and scientific robustness (paper 4-Section 4.2.2). Climate change was the easiest impact to 
communicate; and it was adequate for overall hotspot identification. Indeed, the inventory items 
contributing more than 1% to climate change are given in Table 5 (paper 5-Table 5). Altogether, these 
contribute more than 90% to the total climate change impact. The same items are also the ones mostly 
(> 75%) contributing in each of all other environmental impact categories as well (paper 5-Tables S2&S3).  
 
Table 5. Inventory items that together contribute more than 75% in all the assessed environmental impact categories. 
Contribution (%) to climate change (CC) is given. The EoL is expressed as percentage of the other life cycle stages. (paper 5)  

LC Stage Inventory items % contribution to CC 
  Onshore  

G2-D3 
Offshore  

G4-D6 
Materials Tower  26-24% 9-11% 

Foundation  18% 29% 
Nacelle 11%-13% 9-10% 
Blades 11%-12% 7% 
On/re cables  5% 2-1% 
Off/re cables - 10-13% 
Hub 4%-5% 3-5% 
Transformer unit 1% <1% 
Power unit 1% <1% 

Manufacturing Tower  2-1% <1% 
Nacelle & hub 2% 1% 
Cables <1% 2% 
Waste mgmt. <1% 1%-2% 

Installation Gravel road 4%-3% - 
Cable laying  1% 3% 
Vessel use - 4% 
Foundation setting <1% 4%-3% 

Operation Service <1% 1% 
Dismantling Vessel use - 3% 

Foundation removal <1% 3%-2% 
Cable removal <1% 1% 

End of Life Tower recycling -(19-18%) -(6%-8%) 
Foundation recycling -4% -(11-10%) 
Nacelle recycling -(6% -5%) -4% 
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Table 5 also implies a shared responsibility (and inductively accountability) beyond organisational 
boundaries across the value chain. Taking the case of the plants’ components, these require decisions 
from multiple manufacturers. For blades all design and manufacture occurs within SWP. For nacelles, 
design and assembly occurs in SWP but all manufacturing occurs at suppliers. Foundations and towers, 
even though designed by SWP, are accordingly manufactured and delivered on the power plant site by 
local suppliers. Responsibility for the cables (particularly relevant to offshore plants as seen in Figure 9), 
lies beyond SWP. Despite the challenge of shared responsibility, Section 3.3 (see also paper 5-Section 4) 
aims to exemplify what is the value LCA results could bring if integrated in decision making. Discussion is 
focused on SWP which has operations spanning accross most life cycle stages of the wind power plants. 
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3.3 Proving the value LCA brings in a formal context 
 
In order to integrate the knowledge brought by LCA in decision-making, it is first relevant to understand 
the context and formal structures under which an organisation operates.  

3.3.1 Understanding the formalities 
 
In SWP, the Product Lifecycle Management (PLM) is the overarching management process (Table 6). Its 
goal is to facilitate the development of products by combining various people, processes, information and 
tools (see also paper 2-Section 2, paper 3-Section 3.2, paper 4-Section 3.1). Products in PLM represent 
new or revised products, components, technologies or services, hereafter collectively called products. 
 
Table 6. PLM stages, corresponding PDP requirements locked at the end of each stage and potential LCA integration (paper 2) 

Stage/Milestone 
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PLM consists of four stages: Define, Realise, Commercialise and Phase Out (note that PLM ends with the 
end of product marketing and not with the EoL). Within each of these stages the gathered relevant 
knowledge is shared via adequate deliverables that are reviewed and evaluated by the management team 
at the end of each stage (i.e. gate). The approval of the deliverables means continuation of the business 
case, locking of the relevant decisions and passing to the next stage. 
 
The Fuzzy Front End represents the time between when a product idea is conceived and when resources 
are given to its formal development (Gassmann and Schweitzer 2014). It is characterised as an 
unstructured and informal period involving three activities: (1) strategic planning, (2) idea generation, (3) 
specification (Rosenau et al. 1996) named Scoping and Feasibility in SWP’s terminology. On this strategic 
level a need is identified in the market for a new solution (e.g. more power capacity). Alternative technical 
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solutions are prioritised and the best enters the Product Development Process (PDP). This is a structured 
and formal period when the tangible changes in product development occur. During the PDP a 
corresponding product that could provide the solution identified on a strategic level (e.g. a blade with a 
larger swept area) is developed following a Stage-Gate model (Cooper 1990). The PDP has a linear form 
and is divided into five technically distinguished stages (Table 6). These include the R&D tasks required for 
the product design to be specified, tested and validated. At the end of R&D when the product and 
production details have been settled, the PDP ends and the project is handed over for commercialisation. 
 
This procedural analysis demonstrates that decisions related to the final product are taken and locked-in 
at the strategic front end with the approval of the product requirement specifications (PRS) and the 
product design specification (PDS) (Table 6). After those PDP gates, structural changes are no longer 
feasible and no improvement initiative can be taken. Consequently, product material related 
environmental targets should be part of Feasibility and Scoping. This stage depends on top management 
strategic decisions related to market and economic factors. Engaging stakeholders at that level is 
therefore pivotal as also discussed in Section 3.5 and in other literature e.g. in Dewulf (2004) (see also 
paper 4-Section 4.2.2, paper 3-Section 4.3). 
 

3.3.2 Proving the LCA value in the formal context 
 
Within this formal framework, six clusters of SWP internal stakeholders were identified as giving input, 
namely: Design, Factories, Supply chain, Sales, Field projects and Service (paper 2- Section 2). They are 
mobilised in the assessment of alternative technology ideas to collect technical, cost, and other data 
factored in for decision-making. For each cluster, the research attempted to investigate the value of LCA 
information and potential changes encouraged by the LCA results (paper 2-Section 4, paper 5-Section 4). 
 
Engineers during Design can be informed on measures to develop components with lower impacts. 
Figures 7,8&9 identified wind energy plants’ components as the main contributors to most environmental 
impacts and further demonstrated the relative contribution of these. 
 
Component contribution depends on the type and quantity of materials used. As seen in Figure 11 (paper 
6-Figure 1), for the case of the onshore D3 plant, concrete foundation corresponds to 76% of weight but 
only 22% of the impact. Blades on the other hand comprise only 2.6% of the weight but 15.2% of the 
climate impact. As such the blades have the highest impact density (impact per unit mass). This view 
demonstrates the high contribution of the metals and the blades’ materials 
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Figure 11. Material content in the D3 components (%wt) and corresponding impact (%contribution to climate change) (paper 6) 
 
For the onshore D3 and the offshore D6 plants, Figure 12 (paper 5- Figure 8) shows both the consumed 
weight (x axis) and the corresponding climate change impact (y axis). The materials presented cover more 
than 98% of infrastructure weight (i.e. turbines, foundations substations, cables). The figure allows in a 
simple view to evaluate what drives the contributions. For instance, as also seen in Figure 11, epoxy and 
concrete have similar contribution. Figure 12 exemplifies that for concrete this is driven from the weight 
(see also Table 2) while for epoxy it is due to the impact density of the material (epoxy is 48 times more 
impact dense than concrete based on data from ecoinvent v3.1). Entries on the diagonal have an impact 
density equal to 1. 

Onshore D3 Offshore D6 

 
Figure 12. Material consumption and corresponding GHG emissions for the materials used in infrastructure (turbines, 
foundations, substations, cabling). Materials at the left of the x-y diagonal imply a ratio kgCO2-eq/kg >1. Values are given per 
plant and not per FU (paper 5) 

Concrete Steel Epoxy Iron Copper Glass fibre Polymers Aluminium Lubricants REE Teflon Lead 
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Within formal product development the engineering teams responsible for each component can use such 
information on two levels: (1) For product upgrades: these comprise non-major structural changes (i.e. 
material substitution is out of scope). Taking the blade example, product revisions typically aim to 
maximise energy output with less material use which implies that the engineering targets are synergetic 
with the environmental ones (paper 3-Section 5.1). In such a blade revision a comparative LCA on the 
basis of the case given in paper 2 allowed to quantify the environmental improvements. (2) For new 
product development: LCA can inform the front end of R&D where there is a higher potential for 
innovation. Note that in this fuzzy stage it is relevant to consider other impact categories in addition to 
climate change in order to evaluate trade-offs and prevent potentially unnecessary costs of alternative 
explorations, e.g. LCA studies have shown that bio-based fibreglass is not necessarily environmentally 
friendlier than its conventional counterpart (Birkved et al. 2013).   
 
Apart from product design the LCA results can also inform process design. Indicatively, the blade inventory 
includes not only the final product but also the materials consumed during R&D.  Such information can be 
used to set targets for material-loss minimisation during design iterations.  
 
Stakeholders in Factories can optimise manufacturing processes and facility management. Factories are 
typically monitored for energy consumption and waste production. However, for the case of blade 
manufacturing most of the impacts are due to material use (Figure 13, paper 2-Figure1). These include 
direct materials consumed during production (controlled by process engineers) or indirect materials 
consumed in other activities e.g. packaging from suppliers etc. (monitored by the facility managers). LCA 
results can support the corresponding groups to prioritise environmental improvements. 
 

 
Figure 13. Climate change impact contribution (%) from materials and energy use and waste generation during blade 
manufacturing (paper 2)  

 
Supply chain managers can evaluate suppliers and initiate collaborative environmental initiatives. 
Environmental criteria (e.g. transport distances, emission data etc.) can be added to other criteria typically 
used to evaluate suppliers such as quality and cost. In this line, LCA results have provided insights for the 
impacts related to the supply chain. Figure 14 shows the regions affected by first tier supply chain 
operations for a specific new installation in Europe. The plant operator has used the information together 
with other socioeconomic criteria such as local employment to characterise the site (PWC 2016) .  
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Figure 14. Countries affected by SWP and first tier suppliers’ operations for one European installation 
 
Internally, in efforts to move towards a collaborative supply chain management proposed by literature 
(Attaran and Attaran 2007; Kumar and Pugazhendhi 2012) the company has engaged 58 SWP suppliers in 
relevant initiatives such as data sharing and target setting (Uebelhoer et al. 2013). 
 
Employees in Sales can communicate environmental initiatives to exernal audiences and use the results 
for benchmarking. Four Environmental Product Declarations (EPDs) were produced and made available 
to the public to communicate the LCA results. The results have also been communicated in platforms such 
as the European Wind Energy Association (EWEA) annual wind energy event (Siemens AG 2014; Siemens 
AG 2016d). Leveraging communication of environmental initiatives can encourage stakeholders to 
identify common interests and synergies potentially shifting their agendas towards joint environmental 
efforts.  The results can further be used for benchmarking of components or products (i.e. turbines) 
according to what is practiced within more mature industry sectors such as the automotive industry 
(Chanaron 2007).  
 
Operations on the field (Field projects) can be optimised environmentally and with respect to logistics. 
Hotspots can be identified in transport, installation and commissioning operations in the field. This is 
particularly relevant to offshore plants for which optimisation of logistics has high priority due to the high 
transport costs (Blanco 2009; Timilsina et al. 2013). Additionally, the LCA results can act as a driver for 
mapping stakeholders who have influence over activities; Indicatively SWP dictates decisions in only 5 out 
of 14 identified installation processes. On the basis of the LCA results a dialogue has been initiated with 
external stakeholders to facilitate commonly driven environmental monitoring activities. 
 
Information from Service can be combined with that from Design to identify trade-offs. Hotspots can be 
identified for service and maintenance activities and optimised accordingly to what is suggested under 
the Field projects. Impacts from maintenance can be combined with those from design and manufacturing 
to better inform about the performance of alternative options such as the power generator technologies. 
 
Strategic environmental target setting. The presented analysis can support environmental management 
planning in all organisational and functional levels from top strategic planning (giving the helicopter view 
of all operations) through production level (energy, material and waste flows) to product development 
(component revisions or new product development). It therefore fulfils the need to get the focus right in 
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ecodesign (Hauschild et al. 2004; Byggeth and Hochschorner 2006). This is particularly relevant on a top 
management level when deciding where to allocate resources for environmental initiatives. For example, 
for both onshore and offshore plants, the impacts from manufacturing at SWP facilities are less than 1% 
of the total plant impact and therefore don’t feature in Table 5. Thus broadening the scope of 
environmental target setting becomes relevant i.e. the current strategic target for Siemens AG is to lower 
the manufacturing impact by 50% by 2020 and be carbon neutral by 2030 (Siemens AG 2016e). For the 
case of SWP in a life cycle perspective, the 2020 target would lead to less than 0.5% reduction of the total 
impact; let aside the carbon neutrality quest. In other words, conventional environmental target setting 
risks setting targets that have little relevance to overall life cycle impacts. 

3.3.3 Management & research implications-a call for circular thinking 
 
Aside their direct relevance to PLM the LCA results direct the focus to the EoL stage, where 20-30% of the 
climate change impacts can be offset due to recycling with resulting avoided metal production. As seen in 
table 6 EoL is beyond the boundaries of PLM where SWP has little influence. Thus the LCA results for EoL 
did not have direct use or implications. Yet, they served as a basis for discussing alternative business 
models in the organisational and societal levels of sustainable innovation (e.g. related to extended 
producer responsibility and product service systems) (paper 4-Section 4.1.2). They were also a driver for 
putting the wind energy sector in the emerging policy context of circular economy (EC 2015a) which is 
briefly discussed in this section (see also paper 6).  
 
Circular economy puts recycling in the centre of economic activity by transforming waste into a resource. 
From an environmental perspective the rationale is that the recovery of materials is less energy intensive 
and therefore preferable to primary material extraction (Grimes et al. 2008). There is also a strong 
economic argument because waste streams include resources that are already processed and available 
for use if recovered and can thus generate additional value. For example, the inventories of the assessed 
wind turbine components include silver, lead and zinc in addition to the metals already discussed. 
Hagelüken (2010) notes that such precious metals have become the economic drivers for the recycling of 
electronics and terms these as “paying metals”. The aim of setting wind energy plants in the context of 
circular economy would be to maximise the use of materials stored in infrastructure stocks. The reason 
for doing so is found in market dynamics  
  
Setting global economic activity and infrastructure needs in a historic perspective, Figure 15 (paper 6- 
Figure 3) shows that the primary extraction of the main metals and minerals used in the wind power plant 
infrastructure has seen exponential growth since 1900 (note the logarithmic scale). Demand for these 
materials is expected to keep growing in the future given the current trends of population growth, rise in 
global income and rising product complexity (paper 6, Section 3).  
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Figure 15. Evolution of primary material extraction with time (Kleijn, 2012; USGS, 2016) and estimated material stocks for the 
cumulative wind energy capacity installed for 2014, 2030 and 2050 according to the reference “New Policies’ scenario of GWEC 
(GWEC 2014c) (paper 6) 
 
Roughly assuming that the globally installed capacity within each market (onshore/offshore) can be 
covered by plants equivalent to the ones assessed in the LCA (Table 1), an estimate of the total materials 
required in the needed infrastructure (turbines, substations, cables) can be carried out (see also paper 6-
Section 3.1). The quantities given in Figure 15 correspond to cumulative installed capacity in 2014 and the 
projected capacities for 2030 and 2050. To put the numbers in perspective, in 2014 there were 49 760 
MW onshore and 1 713 MW offshore newly installed wind capacity (GWEC 2015). The estimated materials 
required for these new installations represent 0.5% of global primary production for aluminium and steel, 
1% for copper and 4% for rare earth elements (REE) (USGS 2016). Looking at the future, indicatively for 
copper, the 2050 cumulative stock in wind energy installations will be equivalent to total global primary 
production of 1985. Moreover, the future use of copper is heavily underestimated since requirements 
related to conductivity issues of integrated grids (smart grids/supergrids) are excluded (Kleijn and van der 
Voet 2010; Kleijn et al. 2011).  
 
Thus, low carbon economy, while abating climate change, places a burden on resource consumption. A 
parallel focus needs to be put in the composite materials in the blades not only due to the high 
environmental impacts (Figures 12) but also due to the current lack of EoL treatment technologies and 
secondary markets to absorb the material stocks. The two focus areas of material recovery maximisation 
and secondary material use point towards circular thinking.  
 
Wind energy within circular economy – a life cycle perspective 
 
Engineering-wise there are two major conditions to pursue this vision. The first concerns establishing 
urban mining (where urban is used here to imply sourcing of materials in the technosphere). A promising 
starting point to explore this are hibernating stocks; obsolete system parts which have not yet become 
waste but are not in use. This includes equipment and infrastructure below ground or below seabed level 
(i.e. cabling, foundations, steel monopiles). These are typically left in situ (see Table 3), although there is 
a demand for the metals they contain. In addition to collection, appropriate technologies for dismantling 
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and recycling are necessary to allow material recovery. The second condition is about shifting the design 
of products and systems to ensure future disassembly and recyclability and to accommodate the reuse of 
recovered materials, e.g. recovered glass fibres from obsolete blades. Literature, has long suggested 
concepts such as Design for disassembly and design for recycling (Boothroyd and Alting 1992; Gaustad et 
al. 2010; Soh et al. 2015). Yet, there are several technical challenges to design changes and the potentials 
for material substitution. For example, there is an upper limit to how much recycled glass fibre can be 
used in new concrete production after which the end product loses quality (Correia et al. 2011).  
 
The two circular economy conditions can be put in a life cycle perspective in order to set environmental 
requirements. To understand the challenges, Figure 16 (paper 6-Figure 5) shows the EoL treatment 
impacts (EoL assumptions are given on Table 3) compared to the impacts from material use, e.g. recycling 
the tower offsets almost 80% of its materials’ impacts. 
 

 
Figure 16. Climate change impact from EoL treatment expressed as percentage of the impact from material use (paper 6) 
 
Despite the uncertainties in recycling rates and treatment technologies (Table 3), the results allow a 
discussion of the tradeoffs between savings and burdens from EoL treatment (see also paper 6-Section 
4.2). They also exemplify the issue of cascading recycling; if the secondary function is similar to the primary 
one then savings are high (e.g. the case of tower). If it is of lower value and quality then so are the savings 
(e.g. the case for blades).  
 
Setting then the two conditions of circular economy in an LCA perspective, the requirement is that the 
environmental burdens from urban mining and well-tuned recycling chain including collection, sorting and 
reprocessing (e.g. through metallurgical operations) must not counterbalance the benefits of avoided 
virgin resource extraction.  
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3.4 Setting LCA in the formal organisational context- A suggested roadmap & Reality 
check 

 
Understanding the formal PDP process allowed for a first prescription on how LCA could be integrated in 
the formal organisational context. The roadmap outlined here bellow builds on similar literature examples 
for integrated approaches e.g. Brondi and Carpanzano (2011) suggest an LCA-based simulation of 
production systems and Hara et al. (2009) suggest a CAD system to integrate human and product activity. 
 
(1) The information collected by the identified stakeholder groups can be fed into a screening LCA during 
Scoping to evaluate and compare alternatives. The LCA results in combination with market and economic 
factors can be reflected in the Product Requirement Specification (PRS) that is the output of the Scoping 
stage.  

(2) During the feasibility study of the PLM, each stakeholder group might evaluate alternative concepts 
that best satisfy the PRS. The results of the iterations can be retrofitted to a dynamic modular LCA model 
which will be continuously updated, and it can then be used for hot spot identification, substitution 
evaluations and KPI appointment to each group. In this way LCA results become embedded in the product 
Design specification (PDS) which is the output of the this stage;  

(3) When the design is carried out, a refined LCA model can be made based on specific inventory data 
available from design drawings, manufacturing processes and tool specifications, serviceability concepts 
as well as supplier specific data for the purchased materials parts and tools. The dynamic LCA model is 
further developed to reflect the added accuracy during the iterative design loops. It will register, evaluate, 
and compare the alternative scenarios coming out of the R&D processes providing information about 
environmental properties of the design in the same way that other engineering tools can inform about 
e.g. the functional properties of materials in the product. The details of manufacturing installation and 
operation can be assessed and optimised progressively from the first to the final prototype until all 
specifications related to materials, production processes and purchased technologies have been 
optimised and are locked with no further possibility for major changes.  

(4) With the end of the design phase and the handover to the operations for serial production, a complete 
LCA from cradle to factory gate is ready, which can be used for external communication to customers and 
the public, or it can be used internally to feed the information back to the prior stages of the PDP. The 
dynamic LCA model is constantly updated to reflect the actual conditions during serial production and can 
be used to initiate product and process upgrades, it can inspire new product development, or provide a 
reference for future technology evaluations. During commercialisation accurate data from service and 
maintenance can be gathered to further improve the model. 

Through this integrated approach, LCA can provide the basis for scientifically solid environmental 
improvement analysis throughout the PLM and it can contribute to all phases of an effective life cycle 
planning, management and control.  
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However, the feasibility of this pre-prescription is based on a number of premises regarding PDP and its 
role. Indicatively it is assumed that: the PDP is an established mature process; it represents the product 
development reality; the stages are distinguished and stakeholders recognise their roles in them; there 
are established feedback loops and knowledge sharing; stakeholders are well integrated.  A positive 
attitude towards the integration of sustainability throughout the PDP is also assumed.  To get a better 
understanding of the PDP in practice, and either validate or reshape the contextual reality perceive up to 
this point, a second, empirical and more exploratory study was done.  

3.4.1 Understanding the informal context 
 
We interviewed fourteen representative employees who routinely interact with PLM and stand on 
different organizational functions and hierarchical levels in the company. Among them: the Director of 
Technology, the Head of Product Marketing, a Product Platform Manager, Technology Engineers, 
Structural and Material Designers, Procurement and Environmental Specialists (see paper 3-Table 2). The 
interviews were semi-structured (the interview guide is given in paper 4-Table C of the appendix) and they 
were of an “informal conversational” nature which is suitable for making participant observations 
(Blessing and Chakrabarti 2009). We covered topics related to the product development process, the 
participation of internal and external stakeholders in it, and the vision for integrating life cycle thinking in 
it (paper 3-Tabe 1). The interviews were conducted individually and were one hour in duration. During 
the discussions we used different boundary objects to align meaning, aid the understanding and overcome 
potential communication barriers with respondents, in accordance to what literature suggests (Akkerman 
and Bakker 2011). Content analysis was mainly data driven and involved post-defined coding similar to 
what is done in Ahmed et al. (2003). Since both the researchers and the interviewees were employees of 
Siemens AG under confidentiality restrictions, the raw data (i.e. transcripts) cannot be presented. Yet, by 
including the draft manuscript of paper 3, the reader can get an impression of the several challenges 
related to integrating sustainability within the organisation. Main challenges regarding the practical use 
of PDP are summarised here bellow in relation to the premises mentioned in the previous section: 
 
(1) The PDP is an established mature process: The maturity of formal processes, are reflective of the wind 
industry that is young and thus still immature. The process is less than 10 years old, while continuous 
organizational changes are occurring as a result of the industry’s growth: “The PLM organization has 
changed three times so of course this affects the process ” (Product Platform Manager).  
 
(2) The process represents the product development reality: The process was developed as a top-down 
request from Siemens AG (so exogenous), copied originally from another business and it still does not 
correspond to the business reality: “There are some challenges with our PLM and gate modelling […] This 
process is made for an entire turbine which we never make all at once” (Project Manager) 
 
(3) Stages are distinguished and stakeholders recognise their roles in them: there is less formality in the 
fuzzy front end. This was known from literature (Barquet 2013) and is also recognized by the Product 
Platform Manager: “a (product development) process will never be done; it’s simply something that needs 
iterations again and again.”  Consequently, at this stage boundaries are not easily distinguished as is also 
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supported by the Head of Product Marketing who daily interacts within the PLM: “to me it’s still not 
entirely clear, although I sit on this, whether this (deliverable) is before scoping or before feasibility.” The 
later design stages are more formalised but yet the decision power is not always clear. For instance within 
engineering functions, some engineers were uncertain of their own ability to enable changes (e.g. for 
substituting materials).  

 (5) There are established feedback loops for knowledge sharing: Capturing and keeping knowledge is a 
challenge particularly for environmental issues. The Product Portfolio Manager and EHS Engineer 
(environment) confirm that lessons learned often stay within the project and are not carried forward to a 
central database that can be used in future projects. The Project Manager (process design) also indicates 
that there are no requirements to document lessons learned. He then informs about a PLM revision to 
include a formal link to the lessons learned in the scoping stage of future projects. 

 (7) The stakeholders are well integrated: the Product Platform Manager admits that PLM remains 
primarily centered on engineering activities and links with other functions or other functional processes 
are not as established. Particularly during the fuzzy front end of the PLM only a small group of stakeholders 
formally interact, i.e. market and economy functions. Some respondents, i.e. EHS and Quality Specialists 
would like more involvement in the earlier PLM stages 

Additionally to these points the discussions with the interviewees gave useful insights for the variety of 
individual or group behaviours and attitudes. As a Technology Engineer (material placement) mentioned: 
“in one project I saw three different project managers and all of them were different. With one, we had 
weekly meetings with all cross-functions and it was very important that everyone attend, while for another 
it was based on individual function’s activities” In a similar way attitudes towards decision making might 
vary even when formal processes exists. The Quality Specialist (working with suppliers) provides an 
example: “One of the things we do a lot of here at SWP is we set up a spreadsheet, put in a lot of values 
and then there comes a figure out at the other end and then we can do a prioritization. That is one way to 
do it but that is not the way I like to do it.” He then refers to a participatory group process for supplier 
selection which occurs in practice: “because there are a lot of things you cannot put into spreadsheets.”   
 
The formal analysis revealed that deciding factors for projects success would be to develop a formal 
ecodesign process aligned with the formal PLM process (paper 4-Section 3.3) and to start working towards 
establishing eKPIs within it (paper 4-Section 4.2.1). The informal analysis revealed a young, dynamic 
environment, with altering functions, intentions, attitudes, and with no prior experience in formal 
environmental targeting, let alone a life cycle based one. Thus, the envisioned use of an advanced dynamic 
LCA model was deemed contextually unfeasible. Further elaborating on a tool e.g. by adding criteria such 
as costs did not seem an effective way towards reaching the goal (operationalising sustainability within 
the organisation). This impression was strengthened by the negative feedback from engineers when 
presented with the very first LCA results of a wind turbine blade combined with cost analysis (paper 4- 
Section 4.2.2). 
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3.5 Setting LCA in an informal context- an iterative and participatory approach 
  
The quantitative assessment in Section 3 was necessary in order to carry out meaningful environmental 
target setting. Relating the results to the identified stakeholders groups and demonstrating the value 
brought, was useful as a proof of concept. Integrating the results in formal organisational processes by 
establishing eKPIs and an ecodesign process, as suggested in Section 3.4, was required within the specific 
organisational framework.   
 
However environmental improvements can also be placed at the informal context in the fuzzy areas 
between all the structured process roles, where responsibilities and expectations are less explicit. 
Therefore, beyond quantitative and procedural analyses, ecodesign activities were performed and 
analysed in the frame of social practice within SWP (paper 4). They were further aligned with the two 
principles of LCM; stakeholder participation and life cycle thinking . Within the overall non-linear, iterative 
design methodology of this PhD presented in Section 2, we used Lewin's, (1946) self-reflective spiral for 
developing ecodesign support (see Figure 2). This involved planning, putting ecodesign into action, 
observing the outcomes and re-formulating based on the results.  
 
Employee inputs were collected through continuous dialogue in an informal setting and through a series 
of activities ranging within the scale of stakeholder involvement: a) participation, e.g. workshops and 
focus groups, b) consultation, e.g. interviews and c) information, e.g. education and training. The methods 
and tools used during the design are suggested by Blessing and Chakrabarti, (2009) and an overview of 
them is given in the appendix of paper 4 (Table A). A number of boundary objects (company 
documentation, concept rating scales, interaction canvas, training and communication material etc.) 
enabled stakeholders to align their meanings and understanding around ecodesign. The functions, 
activities and the corresponding outputs for each iteration are described in Table 7.  
 
This PhD project contributed to the iterations by providing all the engineering work for the LCAs; related 
informational and educational material; and training. It also contributed in designing and conducting the 
interviews in I-4; in participating in focus group work with project managers during I-3;  and in giving 
overall technical guidance regarding life cycle based target setting. The in-depth design of the activities, 
their theoretical delineation to practice theory and the sociological insights from the application of 
Etienne Wenger’s communities of practice approach (Wenger 2000) has been the topic of a second 
Industrial PhD, conducted by Kristen Skelton and Aalborg University. As mentioned in the introduction, 
the two research projects were conducted in parallel in a complementary fashion. The combination of the 
two studies would give to the reader full insights on both technical and sociological aspects of ecodesign.  
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Table 7. Iterations contributing to the design of Siemens Wind energy’s ecodesign framework across four years (paper 4) 
Iteration  Timeframe Methods and outputs Stakeholder participation 
I-1 2011 Suggestions for environmental review points in PLM (gates/milestones) Environment Health and Safety (EHS) specialists (2) 

Workshop with EHS specialists to specify environmental review points in PLM (gates/milestones) EHS and Quality specialists (20+) 
Refinement to suggested environmental review points in PLM (gates/milestones) Quality specialist (1) 

I-2 2012 Eco Care Matrix (ECM) (combining LCA and LCC) applied to a product component (Wegener et al., 2011, 
2009) 

EHS specialists (6) 

Workshops (3) with cross-functions to determine ECM applicability EHS specialists (6), Sales, Marketing, 
Communication specialists (5), PLM, Project 
Managers, Design Engineers (13) 

I-3* 2012-2013 Suggestions for environmental review points in PLM (gates/milestones) and instruction with appended 
checklist and target setting guide 

EHS specialists (2), Project manager (1) 

Workshop with Project Managers to gather feedback for environmental review points and instruction  Project Managers (8), EHS specialists (5) 
Pilots with 6 component projects Project Managers (6), EHS specialists (4) 
Questionnaires to gather feedback on process 1 year post implementation Project Managers (10) 
Refinement to Instruction with checklist and target setting guide to include health and safety EHS specialists (4), Project Managers (1) 

I-4 2013-2014 Semi-structured interviews with cross-functions to determine: 1) environmental and life cycle relevance 
in current product development practices, and 2) stakeholder participation in current product 
development practices (Table C, supporting information) 

PLM, Project Managers, Design Engineers (10), 
Procurement specialist (1), Quality specialist (1), 
EHS Specialists (2) 

Suggestions for Ecodesign Framework including environmental review points in PLM (gates/milestones) EHS specialists (5) 
Workshop with Design Engineers to gather feedback for Ecodesign Framework (applied in another 
division of Siemens AG) 

EHS specialists (4), Design Engineers (3) 

Pilots with 2 product platform projects EHS specialists (3), PLM, Design engineers (6) 
I-5 2014 LCAs performed on four product platforms and EPDs compiled (Siemens AG, 2014) EHS specialists (5), Design Engineers (+20), PLM 

(representing a steering committee) (3)  
Workshops (4) with Sales and PLM specialists to educate about LCA and LCA results, and to discuss 
external communication of LCA results 

EHS specialists (3), Sales, Marketing, 
Communication specialists (60), PLM specialists 
(30) 

Extension of iteration 3 by: 1) including environmental information and target setting guide in pre-
existing design manual (company-wide), 2) including health and safety information in instruction with 
appended checklist and target setting guide (specific to the one business unit) 

EHS specialists (4) 

* The third iteration was applied to one business unit while the other iterations were company-wide 
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3.5.1 Learnings from ecodesign iterations 
 
This participatory action research (Kemmis et al., 2014) gave insights into the opportunities and 
barriers stakeholders face for operationalising sustainability in daily practice (note that the interviews 
gave also insights  regarding the day to day implementation of PDP discussed in Section 3.4.1). Main 
findings from the iterations shown in Table 7 are summarised here and are further detailed in papers 
3&4. 
 
 Changes in organisational structure affect the capacity for adopting ecodesign 
Although employees in I-2 confirmed the potential use of environmental information both externally 
and internally, interviewees in I-4 explained that integrating this information within a changing 
organisational context is challenging. SWP keeps adjusting to the emerging needs of the evolving wind 
energy market: Its workforce grew more than a seven fold between 2004 and 2009 (Siemens AG, 
2009). Consequently, it goes through transformations in working culture, structure and routines, e.g. 
by introducing the PDP. Factors such as customer involvement further influence corporate practice, 
e.g. through external interference. Within such a dynamic organisational frame, the priority is to keep 
pace with technological innovations such as changes of products, services and production methods. 
Thus, environmental initiatives fall behind. Formality can partly tackle this challenge. 
 
 Formality facilitates ecodesign but doesn’t guarantee it 
Formality provides a procedural framework facilitating practice. During I-4 it was discussed that prior 
to PDP, environmental initiatives were ad hoc. It facilitates reporting and monitoring of knowledge, 
e.g. during product design iterations. It is linked to allocation of resources; if environmental targets are 
not in PDP, resources for environmental improvements are not secured. Stakeholders expressed in I-
3 a need for explicit environmental reviews in PDP and for alignment of those to their other personal 
and organisational targets. Aligning LCA and ecodesign process with PDP (I-3) as well as the intention 
for process diagrams, assigned roles and eKPIs in the future are in that direction.  
 
Formality might provide the platform for action but does not always facilitate it, e.g. I-4 revealed that 
although engineers can offer environmental improvement ideas and possess interest, they have low 
decision power in the formal PLM. Formality also does not guarantee action; in I-3 project managers 
admitted they did not prioritise ecodesign although being formally designated as the responsible role. 
This lack of prioritisation could be attributed to an ambiguity around responsibility and accountability. 
In relation to that, the task of engaging the leadership becomes pivotal. 
 
 Ecodesign needs to be supported by top management  
The LCAs and their use in ecodesign was the first attempt to integrate LCT within daily practice in SWP. 
However, it was initiated by external drivers i.e. corporate functions beyond the wind energy 
organisation and customers. Lack of higher management ownership within SWP diffuses to the lower 
hierarchical levels as seen in the aforementioned project managers’ case. It can also be distressing, 
e.g. engineers in I-4 were concerned that they would be expected to do more within the same time 
and cost constraints. Since executive leadership is what moderates innovation (Jung et al., 2003; 
Tushman and Nadler, 1986), developing a sustainability culture on a top management level is a 
prerequisite for ecodesign, particularly if the company is to explore radical organisational innovations, 
e.g. within circular economy. Thus, I-4 and I-5 targeted stakeholders operating in the Fuzzy Front End. 
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Johansson (2002) and Dewulf (2004) confirm the importance of management involvement since 
decisions affecting ecodesign are made at strategic levels. Shelton (1995) though cautions that 
ecodesign must be embedded in, owned by, and customised to the different cross-functions.  
 
 Engagement is facilitated by involvement  
The nature of LCT promotes involvement as seen from the employee inputs in I-2 to I-4. Design 
engineers when presented with the concept suggested the involvement of other functions throughout 
PLM such as service specialists. Employees in procurement suggested involving suppliers. Positive 
outcomes of involvement were also seen in practice, e.g. an engineer initiated material savings in 
production after being presented with the LCA results. Also after I-5, LCA results were used as a basis 
for dialogue with customers for environmental initiatives during offshore installation (Section 4.2). 
Involvement can lead to quality improvements but is not without risk, e.g. disclosure of information, 
logistic heaviness and possible lack of meaningfulness. Thus balancing inclusivity and leanness still 
remains a strenuous subject. As for the nature of involvement, to enable ownership, initiatives should 
be adjusted to the different groups which approach ecodesign differently in terms of focus and tools, 
e.g. quantitative targets for process optimisation is relevant in manufacturing while supplier 
collaboration is relevant in assembly. 
 
 Involvement based on knowledge- the need for robust but simple information 
Throughout the iterations stakeholders expressed the need for robust but simple environmental 
information. LCA as a methodology fulfils the criterion for robustness and the choice of carbon 
footprint satisfied the balance between simplicity and effectiveness. Yet the issue of complexity was a 
concern throughout all iterations. This could be attributed to practical causes i.e. the lack of resources 
and lack of alignment between LCM and PLM. Given the challenges in conceptually integrating LCT, 
the discussions around the choice and understanding of indicators beyond climate change did not 
reach a mature level. Only indicative examples were presented for obvious cases, e.g. the blades’ 
contribution to ozone depletion (Figures 8&9). Keeping information simple allowed for a constructive 
dialogue on the barriers and opportunities for future action.  
 
 Involvement based on communication -clarity and empathy matter 
Clarity of messages can have positive effect in raising interest and curiosity as seen in the case of an 
engineer in I-4 who was impressed by the level of detail LCA provided regardless of results. Remaining 
sensitive to stakeholder needs and perceptions would further prevent from politicising the initiatives 
and assigning blame, e.g. a second engineer from the same group perceived the LCA results showing 
high impacts as a disgrace to their work.  The possibility that environmental impacts will evoke 
emotions such as pride for one’s work, and fear for competition should be factored in when planning 
how to construct a dialogue regarding environmental performance. In line with literature (Johansson, 
2002) (Bras, 1997) we found that showcasing successful project improvements through design 
solutions increases motivation and enhances cooperation.  
 
The above points might seem self-evident they can however serve as a reminder that beyond the 
normative analysis and numerical results is the reality of introducing these results to people; and that 
the quest for rooting sustainability in corporate and engineering practices should not neglect the work 
needed for negotiating power and for constructing behaviour. 
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4 ANSWERS TO THE RESEARCH QUESTIONS & LIMITATIONS 
 
To summarise the objective of this PhD study was is to operationalise sustainability in an organisation. 
The research design addressed three issues in an integrated way 1) What is a sustainable product? 2) 
How can an organization transition towards developing more sustainable products? 3) How can the 
chances for transitioning towards more sustainable practices be improved? The Wind Power unit of 
Siemens AG was used as a case for research application. The research pathway and answers to the 
research questions are given here bellow:  
 
(1) What is a sustainable product?  

Criteria for sustainability were set 1) life cycle thinking and 2) stakeholder participation. Life cycle 
thinking refers to environmental and social considerations. The environmental ones can be quantified 
through LCA, which is a methodology scientifically grounded, broadly used for policy making and 
industrial applications and is recommended by the IPCC for assessing energy systems. Regarding the 
social aspect, a review (paper 1) on the current status of SLCA revealed that the methodology it is not 
yet comprehensive in describing and quantifying the social aspects of sustainability. Given the 
challenges, SLCA was not further pursued in this project. However qualitative aspects of social 
sustainability are implicitly included in stakeholder participation. This aims to take account of the 
viewpoints and wishes of multiple stakeholders over issues which affect them. In this research 
stakeholder participation was operationalised through a social practice paradigm within the case 
organisation.  

A modular parameterised LCA model was built for the company to be able to assess the wind power 
portfolio. The model was employed to assess the impacts of four state of the art multi-megawatt 
onshore and offshore wind energy plants with direct drive and geared power generator technologies 
(paper 5). The greenhouse gas emissions were found to be under 7 and 11 g CO2-eq/kWh for onshore 
and offshore plants respectively. Impacts from offshore plants are higher due to more impact dense 
infrastructure (more metals); and more fuel needed for installation and maintenance. In both markets 
larger turbines with advanced generator technology performed better. The demand for and use of 
materials was the most impactful life cycle stage in all environmental impact categories (contributed 
more than 79% and 70% to climate change onshore and offshore respectively). Beyond climate change 
human toxicity and impacts from particulate matter dominate the impacts for human health. 
Responsibility for these impacts is distributed across the value chain since planning, designing, 
manufacturing and operating is component-dependent and lies within different stakeholder groups. 
In the light of the LCA results, design and managerial implications were discussed mainly in relation 
the EoL (paper 6). This being the most uncertain part of the system was seen in the context of future 
wind energy demand. The projected growth of global wind energy (cumulative capacity growing from 
~0.4 TW in 2014 to ~1.7 TW in 2050) implies a corresponding growth in material demand to support a 
future low carbon economy. This calls for recycling maximisation particularly for disused infrastructure 
such as offshore cabling, and via rethinking of product design to make use of recovered materials in 
new product development. This is particularly relevant for the composite materials in the blades for 
which currently there are no recycling technologies or corresponding markets. The current practice of 
shredding the blades and using them in cement production exemplifies the issue of cascading 
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recycling. Setting circular economy in a life cycle perspective it is essential that environmental burdens 
from recycling, do not offset the benefits from avoided primary production.  

(2) How can an organization transition towards developing more sustainable products?   
 
An analysis of the formal organisational context (paper 2) allowed: 1) to align the LCA process with the 
product development process (PDP) and suggest a roadmap for integration; 2) to identify conditions 
for LCA integration namely: the need for a formal eKPIs, the need for a formal ecodesign process, the 
need to prioritise LCA integration in the fuzzy front end of the PDP; 3) to identify stakeholder groups 
taking part in PDP and create a proof of concept for the usefulness of the LCA results. An empirical 
analysis (paper 3) of the informal organisational context further revealed that developing tools and 
aligning with the procedural frameworks albeit necessary are not adequate for integrating 
sustainability in an organisation. Contextual factors influencing daily practice also need to be 
understood. In the case under study these included: low industry maturity with consequent 
continuously changing organisational context, weak procedural grounding, conflicting stakeholder 
perceptions related to their possibility for involvement (as a consequence of the two previous points). 
This analysis also revealed the diversity of stakeholders’ behaviours and attitudes in terms of decision 
making.  

 
(3) How can the chances for transitioning towards more sustainable practices be improved?  
 
The contextual reality revealed that false perceptions on the role of LCA can be a barrier for integrating 
sustainability in daily practices. Satisfying the stakeholder participation criterion served to commonly 
construct (and thus align) meanings. We conducted empirical iterative and participatory ecodesign 
activities that evolved over four years and five iterations (paper 4). The activities served as a dialogue 
between the researchers and the object of research (the organisation and its stakeholders) in order to 
clarify the purpose of ecodesign, understand its usefulness, align expectations on what it should 
contain, investigate how it can be done in practice. In other words, focus was shifted from single 
ecodesign applications to an integrated approach.  
 
Limitations 

Limitations of this study which affects its generalizability can be identified: First, it’s a single case 
company. The approach followed in order to design support has not been tested in other company 
cases thus its validity is challenged. A second limitation stems from the contextual approach. Context 
dependent factors include that the case company is a multinational one, it operates in a business to 
business level, it deals with capital infrastructure, its products have long product development time 
which does not allow for flexibility in changes, it has strong focus on technology, it is risk aversive due 
to the nature of the industry, it organizationally evolves following the growing demand of the emerging 
market. The qualitative findings from the ecodesign iterations can shed light in the challenges other 
industries with similar characteristics face however some of them are relevant only to this company 
(e.g. the fact that PDP was a top down requirement from Siemens AG has case specific implications). 
Another limitation comes from the constructivist approach and the exploratory nature of the research 
which allowed for some degree of subjectivity. For instance, the interviews reflect the realities of the 
specific internal stakeholders’ responses. A validation of whether these responses can be generalized 
across the organization, or whether external stakeholders are well represented, hasn’t been done. 
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Last, the validation of the designed support has been proved throughout the iterations e.g. by the 
raising demand for LCA support, the more positive attitude towards LCA and tools such as ECM, by 
establishing eKPIs in PDP, by the extended use of the LCA results for communication internally and 
externally. Yet, proving proof of the cause effect relationship between this research and these 
sustainability initiatives remains open. 
 
Despite the limitations, this research provides rich content and a candid view of a company seeking to 
improve its environmental management. Further, it stems from real life challenges in an existing multi-
national company (being part of the company allowed for access to data, direct contact with 
employees, understanding of the organizational context and culture). Both the research design which 
is of a generic nature and the findings may therefore provide useful information for managers and 
researchers seeking to introduce environmental considerations into product development, and 
organizations on a more general level.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



46 
 

 
 
 
 
 
 



47 
 

5 CONCLUSION 
 
This research aimed to operationalise sustainability within an organisation. It focused on the 
exponentially growing wind energy sector. LCAs of four state of the art contemporary wind turbines 
and associated infrastructure revealed environmental hotspots and provided a solid basis for 
environmental target setting and ecodesign. The findings also revealed how decisions in product 
development affect the performance of the product over its life cycle. They exemplified how causes of 
impacts are distributed among actors across the value chain, suggesting a need for collaborative efforts 
towards sustainability initiatives. They provided grounds for discussing potential changes and more 
sustainable practices in terms of engineering and business models. To facilitate integration of life cycle 
thinking in an applied setting, results were aligned with formal organisational processes and their value 
was discussed in relation to corresponding stakeholders. 
 
The research also showed that robust scientific information although necessary is not sufficient for 
operationalising sustainability. A corresponding behaviour is also needed which takes account of, and 
implements findings. To induce this an ecodesign framework was developed using an iterative, action 
research design approach which relied on the participation and feedback of cross-functional 
employees. Throughout the iterations the rate of internal requests to assist in target setting and to 
perform additional LCAs increased. However, a monitoring mechanism to argue on the cause of this 
evolution was not included in the research design. Retrospectively, methods to prove causalities could 
have been useful to validate whether the change was due to the interventions or due to indirect drivers 
such as customer requests or marketing. Despite the uncertainty behind the motives, an 
environmental momentum is gradually gathering.   
 
 

5.1 Contribution to existing literature and suggestion for future research 
 
Aside its direct industrial application, this research built upon and further contributed to scientific 
literature. Evidence for that is found in the journal publications mentioned in Box 1. Main contributions 
are presented here bellow. 
 
Regarding LCA of wind energy technologies, this research provided state of the art life cycle inventories 
that could be included in corresponding databases and used by the LCA community (researchers and 
practitioners). Results are informing about the performance of individual plant and turbine 
components. This level of detail is not found in other literature to the authors knowledge. Particularly 
the LCA based comparison between turbines with direct drive and geared generators has not been 
presented before. The research also gives more insights in the offshore market where a bibliography 
is limited (Wiser et al. 2011; Nugent and Sovacool 2014). Regarding environmental impacts, contrary 
to other research which typically focusses in carbon footprint (Dolan 2012) and energy payback time 
the LCA results are given for all 14 ILCD recommended midpoint impact categories and they direct 
focus on toxicity and particulate matter impacts based on an endpoint modelling. This finding 
strengthens the point of Laurent and Espinosa (2015) that shifting from a fossils-based European mix 
to wind power significantly reduces carbon footprint but might leave the human toxicity impacts at 
the same or even higher level.  About the EoL management which is an emerging need and for which 
there is lack of data (Akesson et al. 2012; Ortegon et al. 2013), this research provides latest insights for 
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blade treatment e.g. provided by ongoing research projects (GenVind 2016). Additionally building 
upon existing literature (Kleijn et al. 2011) the EoL of the wind power plants are put in the circular 
economy context, currently a key policy making strategy (EC 2015a). In terms of overall plant climate 
carbon footprint, the findings are consistent with other literature (Martínez et al. 2009; Wiser et al. 
2011; Garrett and Rønde 2013; Owens and Chapman 2013; Haapala and Prempreeda 2014) and the 
elicited values were expected, confirming Dolan (2012) that “new process-based LCAs of similar wind 
turbine technologies are unlikely to differ greatly”. However, this project went one step further linking 
the results to corresponding stakeholders with an intention to have the results actively used for 
environmental target setting. This responds to a need for integrating sustainability considerations in 
product development and its strategic planning (see Section 1.3). Suggestions linking the wind energy 
LCA results with their potential implications in management are missing from existing literature 
particularly in relation to an energy system planning level. For instance, a review prepared for the for 
the Smart Energy for Europe Platform concludes that there is abundance of literature for the technical 
aspects of energy systems planning while the conceptual ones are less covered and where they are 
they are done so in an inhomogeneous way (Weber et al., 2013). The authors, in line with other 
literature (Gustafsson et al., 2014; Huang et al., 2015; Jami and Walsh, 2014) concluded that a systemic 
approach to energy planning and enhanced stakeholder involvement and participation are crucial for 
transitioning to a low carbon economy. Based on these findings possibilities for future research can be 
identified for 
 
 End of life treatment: There is a need for inventory data of existing treatment technologies; for 

developing recycling technologies for composite materials (such as the ones in rotor blades); for 
investigating alternative business models and secondary market creation to absorb the recovered 
materials. 
 

 LCA methodology development: LCA methodological challenges will need to be addressed, e.g. in 
relation to defining a functional unit that will inherently include multiple product loops; to 
allocating impacts to these loops; and to clarifying the boundaries of ecosphere and technosphere. 

 
 System boundary expansion: Extending the scope would enhance the understanding of life cycle 

impacts of wind energy, e.g. the impacts from backup systems and energy storage requirements 
that are currently excluded from the system boundaries could be investigated.  

 
 Value chain inclusiveness: Extending the boundaries to include stakeholders across the energy 

system value chain would allow the identification of the barriers and conditions for operating within 
the organisational and societal levels of sustainable innovation. This could allow issues of social 
acceptance to be addressed; an area where wind energy is challenged (Ribeiro et al. 2011; 
Hammami et al. 2016) 

 
Regarding the approach for integrating sustainability in the organisation: This research suggested 
continuous iterations and learning amongst the different communities where individuals go through a 
participatory process of collective reflection-in-action in accordance to what literature suggests 
(Wenger 2000; Reckwitz 2002; Simonsen 2012). Earlier ecodesign discourse did not focus on 
embedding the life cycle tools and concepts within business processes but rather on pilot projects, 
often neglecting the work needed for process integration and behavioural change (Brezet and Rocha 
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2001; Charter 2001; Ammenberg and Sundin 2005; Boks 2006). The intention of this work was to 
employ a multidisciplinary tactic, bridging engineering and social theory to make an alternative 
suggestion acknowledging that “design is governed by natural laws as well as human purpose” (Simon 
1996). This participatory approach intrinsically also addresses the issue of social sustainability. It 
follows suggestions of social theorists such as Scerri and James, (2010) that sustainability more than 
the fulfilment of indicators, is about the way individuals engage with each other and the difficulties in 
negotiating behaviours. In this project the negotiation process was experienced within the limited 
boundaries of an organization. Yet, seen in the context of value chains a similar approach can be useful 
not only for addressing issues of social acceptance of wind power but also in general for the future 
SLCA methodological development. It can provide an alternative to the current, scientifically not solid 
(see e.g. Arvidsson et al. (2014)) indicator-based approach which assumes that different social units 
can be deconstructed and subjected to measurable requirements. Turning towards social and 
behavioural theories is in line with other recent SLCA literature, e.g. Macombe et al. (2013) also 
question the compartmentalisation of human well-being. Summarizing the future research potentials, 
there is a need for: 
 
 An integrated approach to sustainability: Further research is needed into cross boundary practice 

and system integration so methods, data and tools can be combined for decision-making. 
 

 Integrating social theories and SLCA:  Quantitative approaches for measuring social impacts such 
as SLCA could be combined with behavioural theories and social practice paradigms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 



51 
 

6 REFERENCES 
 
Ahmed S, Wallace K, Blessing L (2003) Understanding the differences between how novice and experienced designers 

approach design tasks. Res Eng Des 14:1–11. 
Akesson D, Foltynowicz Z, Christeen J, Skrifvars M (2012) Microwave pyrolysis as a method of recycling glass fibre from used 

blades of wind turbines. J Reinf Plast Compos 31:1136–1142. doi: 10.1177/0731684412453512 
Akkerman SF, Bakker A (2011) Boundary Crossing and Boundary Objects. Rev Educ Res 81:132–169. doi: 

10.3102/0034654311404435 
Ammenberg J, Sundin E (2005) Products in environmental management systems: drivers, barriers and experiences. J Clean 

Prod 13:405–415. doi: 10.1016/j.jclepro.2003.12.005 
Arcese G, Lucchetti M, Merli R (2013) Social Life Cycle Assessment as a Management Tool: Methodology for Application in 

Tourism. Sustainability 5:3275–3287. doi: 10.3390/su5083275 
Arnette AN, Brewer BL, Choal T (2014) Design for sustainability (DFS): the intersection of supply chain and environment. J 

Clean Prod 83:374–390. doi: 10.1016/j.jclepro.2014.07.021 
Arvidsson R, Baumann H, Hildenbrand J (2014) On the scientific justification of the use of working hours, child labour and 

property rights in social life cycle assessment: three topical reviews. Int J Life Cycle Assess 161–173. doi: 
10.1007/s11367-014-0821-3 

Attaran M, Attaran S (2007) Collaborative supply chain management. Bus Process Manag J 13:390–404. doi: 
10.1108/14637150710752308 

Ayres RU, Ayres LW, Råde I (2002) The Life Cycle of Copper, its Co-Products and By-Products. In: nternational Inst. Environ. 
Dev. World Bus. Counc. Sustain. Dev. http://pubs.iied.org/pdfs/G00740.pdf. Accessed 10 Oct 2016 

Bano M, Zowghi D (2015) A systematic review on the relationship between user involvement and system success. Inf Softw 
Technol 58:148–169. doi: 10.1016/j.infsof.2014.06.011 

Baumann H, Boons F, Bragd A (2002) Mapping the green product development field: Engineering, policy and business 
perspectives. J Clean Prod 10:409–425. 

Belyaev LS, Marchenko O V., Filippov SP, et al (2002) World Energy: State of the art and trends in development. In: World 
Energy and Transitions to Sustainable Development. Kluwer Academic Publishers, p 269 

Benoit-Norris C, Cavan DA, Norris G (2012) Identifying Social Impacts in Product Supply Chains:Overview and Application of 
the Social Hotspot Database. Sustainability 4:1946–1965. doi: 10.3390/su4091946 

Bensusan-Butt DM, Barnett HJ, Morse C (1964) Scarcity and Growth: The Economics of Natural Resource Availability. Econ J 
74:441. doi: 10.2307/2228499 

Berkes F, Folke C (1992) A systems perspective on the interrelations between natural, human-made and cultural capital. 
Ecol Econ 5:1–8. doi: 10.1016/0921-8009(92)90017-M 

Birkved M, Corona A, Markussen CM (2013) Selection of environmental sustainable fiber materials for wind turbine blades - 
a contra intuitive process? Risoe Int Symp Mater Sci Proc 34:193 – 202. 

Blanco MI (2009) The economics of wind energy. Renew Sustain Energy Rev 13:1372–1382. doi: 10.1016/j.rser.2008.09.004 
Blessing LTM, Chakrabarti A (2009) DRM, a design research methodology. Springer London, London 
Bocken NMP, Rana P, Short SW (2015) Value mapping for sustainable business thinking. J Ind Prod Eng 32:67–81. doi: 

10.1080/21681015.2014.1000399 
Boks C (2006) The soft side of ecodesign. J Clean Prod 14:1346–1356. doi: 10.1016/j.jclepro.2005.11.015 
Boothroyd G, Alting L (1992) Design for Assembly and Disassembly. CIRP Ann - Manuf Technol 41:625–636. doi: 

10.1016/S0007-8506(07)63249-1 
Brezet H, Rocha C (2001) Towards a Model For Product-oriented Environmental Management Systems. In: Tischner U, 

Charter M (eds) Sustainable Solutions: Developing Products and Services for the Future. Greenleaf Pub, pp 243–262 
Brondi C, Carpanzano E (2011) A modular framework for the LCA-based simulation of production systems. CIRP J Manuf Sci 

Technol 4:305–312. doi: 10.1016/j.cirpj.2011.06.006 
Byggeth S, Hochschorner E (2006) Handling trade-offs in Ecodesign tools for sustainable product development and 

procurement. J Clean Prod 14:1420–1430. doi: 10.1016/j.jclepro.2005.03.024 
Carroll AB (1999) Corporate Social Responsibility: Evolution of a Definitional Construct. Bus Soc 38:268–295. doi: 

10.1177/000765039903800303 
Carroll AB (2015) Corporate social responsibility. Organ Dyn 44:87–96. doi: 10.1016/j.orgdyn.2015.02.002 
Carroll AB, Shabana KM (2010) The Business Case for Corporate Social Responsibility: A Review of Concepts, Research and 

Practice. Int J Manag Rev 12:85–105. doi: 10.1111/j.1468-2370.2009.00275.x 
Ceballos G, Ehrlich PR, Barnosky AD, et al (2015) Accelerated modern human-induced species losses: Entering the sixth 

mass extinction. Sci Adv 1:e1400253–e1400253. doi: 10.1126/sciadv.1400253 
Chanaron JJ (2007) Life Cycle Assessment practices: benchmarking selected European automobile manufacturers. Int J Prod 

Lifecycle Manag 2:290. doi: 10.1504/IJPLM.2007.016293 
Chang D, Lee CKM, Chen C-H (2014) Review of Life Cycle Assessment towards Sustainable Product Development. J Clean 

Prod 83:48–60. doi: 10.1016/j.jclepro.2014.07.050 
Charter M (2001) Integrated Product Policy and Eco-product Development. In: Tischner U, Charter M (eds) Sustainable 

Solutions: Developing Products and Services for the Future. pp 98–116 
Chen Z, Li H (2008) Overview of different wind generator systems and their comparisons. IET Renew Power Gener 2:123–



52 
 

138. doi: 10.1049/iet-rpg:20070044 
Cherrington R, Goodship V, Meredith J, et al (2012) Producer responsibility: Defining the incentive for recycling composite 

wind turbine blades in Europe. Energy Policy 47:13–21. doi: 10.1016/j.enpol.2012.03.076 
Chhipi-Shrestha GK, Hewage K, Sadiq R (2014) “Socializing” sustainability: a critical review on current development status of 

social life cycle impact assessment method. Clean Technol Environ Policy 579–596. doi: 10.1007/s10098-014-0841-5 
Clift R (1995) Clean Technology-An introduction. J Chem Technol Biotechnol 62:321 – 326. 
Colby ME (1991) Environmental management in development: the evolution of paradigms. Ecol Econ 3:193–213. doi: 

10.1016/0921-8009(91)90032-A 
Connolly D, Vad Mathiesen B, Østergaard PA, et al (2012) HEAT ROADMAP EUROPE 2050 First pre-study for EU27. Brussels 
Cooper RG (1990) Stage-gate systems: A new tool for managing new products. Bus Horiz 33:44–54. doi: 10.1016/0007-

6813(90)90040-I 
Corbetta G, Ho A, Pineda I (2015) Wind energy scenarios for 2030.  
Correia JR, Almeida NM, Figueira JR (2011) Recycling of FRP composites: reusing fine GFRP waste in concrete mixtures. J 

Clean Prod 19:1745–1753. doi: 10.1016/j.jclepro.2011.05.018 
Delmas MA, Burbano VC (2011) The Drivers of Greenwashing. Calif Manage Rev 54:64–87. 
Dewulf W (2004) Integrating eco-design into business environments - A multi-level approach. Prod Eng ECO-DESIGN, 

Technol GREEN ENERGY 55 – 76. 
Dimitrakos D (1953) Great Dictionary of the Greek Language. Piroga, Athens 
Dolan SL (2012) Life Cycle Greenhouse Gas Emissions of Utility-Scale Wind Power.  
Domingo L, Buckingham M, Dekoninck E, Cornwell H (2015) The importance of understanding the business context when 

planning eco-design activities. J Ind Prod Eng 32:3–11. doi: 10.1080/21681015.2014.1000398 
Dow Jones Sustainability Indices (2015) Industry Group Leaders 2015. http://www.sustainability-

indices.com/review/industry-group-leaders-2015.jsp. Accessed 6 Jan 2015 
EC (2009) Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of the use 

of energy from renewable sources and amending and subsequently repealing Directives 2001/77/EC and 
2003/30/EC. Brussels 

EC (2011) The Roadmap to a Resource Efficient Europe (COM(2011) 571). 
http://ec.europa.eu/environment/resource_efficiency/about/roadmap/index_en.htm. Accessed 24 Feb 2016 

EC (2015a) Circular Economy Strategy. http://ec.europa.eu/environment/circular-economy/index_en.htm. Accessed 10 Oct 
2016 

EC (2015b) European Platform on Life Cycle Assessment (LCA). In: Eur. Comm. Environ. 
http://ec.europa.eu/environment/ipp/lca.htm. Accessed 5 Jan 2016 

EC-JRC (2010) International Reference Life Cycle Data System (ILCD) Handbook - General guide for Life Cycle Assessment - 
Detailed guidance., 1st edn. Publications Office of the European Union, Luxembourg 

Ehrlich P (1970) The population bomb. New York Times 47. 
EIA (2011) International Energy Statistics-U.S. Energy Infromation Administration. 

http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=44&pid=45&aid=2&cid=regions&syid=2005&eyid=2009&
unit=QBTU. Accessed 5 Jan 2016 

Falque A, Feschet P, Garrabe M, et al (2013) Social LCAs. CIRAD 
Faruk AC, Lamming RC, Cousins PD, Bowen FE (2008) Analyzing, Mapping, and managing Environmental Impacts along 

Supply Chains. J Ind Ecol 5:13–36. 
Fenton MD (2015) IRON AND STEEL, U.S. Geological Su rvey, Mineral Commodity Summaries.  
Finkbeiner M (2011) Towards life cycle sustainability management. Springer 
Finnveden G, Hauschild MZ, Ekvall T, et al (2009) Recent developments in Life Cycle Assessment. J Environ Manage 91:1–21. 

doi: 10.1016/j.jenvman.2009.06.018 
Fleming JR (1998) Historical Perspectives on Climate Change. Oxford University Press Inc. 
Frane A (2004) Methodological and Epistemic Framework: From Positivism to Post-positivism. In: Measuring National 

Innovation Performance. Springer, Berlin, Heidelberg, pp 5–7 
Friedland R, Alford RR (1991) Bringing society back in: Symbols, practices and institutional contradictions. In: Powell W, 

Dimaggio P (eds) The New Institutionalism in Organisational Analysis. University of Chicago Press., Chicago,  
Gagnon L (2008) Civilisation and energy payback. Energy Policy 36:3317–3322. doi: 10.1016/j.enpol.2008.05.012 
Galle P (2006) Worldviews for Design Theory. In: Friedman K (ed) Wonderground: Proceedings of the 2006 Design Research 

Society International Conference, Lisbon, Portugal, 01-04 November 2006. Design Research Society, pp 1–12 
gapminder.org (2015) A fact-based world view. http://www.gapminder.org/. Accessed 5 Jan 2016 
GARC (2009) Global Aluminium Recycling: A Cornerstone of Sustainable Development. http://www.world-

aluminium.org/media/filer_public/2013/01/15/fl0000181.pdf. Accessed 10 Oct 2016 
Garrett P, Rønde K (2013) Life cycle assessment of wind power: comprehensive results from a state-of-the-art approach. Int 

J Life Cycle Assess 18:37–48. doi: 10.1007/s11367-012-0445-4 
Gassmann O, Schweitzer F (2014) Managing the Unmanageable: The Fuzzy Front End of Innovation. In: Gassmann O, 

Schweitzer F (eds) Management of the Fuzzy Front End of Innovation. Springer International Publishing,  
Gaustad G, Olivetti E, Kirchain R (2010) Design for Recycling. J Ind Ecol 14:286–308. doi: 10.1111/j.1530-9290.2010.00229.x 
GenVind (2016) Recycling of composite materials from the industry. http://genvind.net/index_EN.htm. Accessed 10 Oct 

2016 



53 
 

Gordon RB, Bertram M, Graedel TE (2006) Metal stocks and sustainability. Proc Natl Acad Sci 103:1209–1214. doi: 
10.1073/pnas.0509498103 

Gowdy J (2009) Microeconomic theory old and new: A student’s guide. Stanford University Press 
Grimes A, Doole I (1998) Exploring the Relationships Between Colour and International Branding: A Cross Cultural 

Comparison of the UK and Taiwan. J Mark Manag 14:799–817. doi: 10.1362/026725798784867581 
Grimes S, Donaldson J, Cebrian Gomez G (2008) Report on the Environmental Benefits of Recycling. London 
Guba EG, Lincoln YS (1994) Competing paradigms in qualitative research. In: Denzin NK, Lincoln YS (eds) Handbook of 

qualitative research, 2nd edn. Sage Publications, pp 163–194 
Gupta K, Laubscher RF, Davim JP, Jain NK (2015) Recent developments in sustainable manufacturing of gears: a review. J 

Clean Prod. doi: 10.1016/j.jclepro.2015.09.133 
Gurven M, Kaplan H (2007) Longevity Among Hunter- Gatherers: A Cross-Cultural Examination. Popul Dev Rev 33:321–365. 

doi: 10.1111/j.1728-4457.2007.00171.x 
GWEC (2014a) Global Wind Report Annual Market Update 2014. http://www.gwec.net/wp-

content/uploads/2015/03/GWEC_Global_Wind_2014_Report_LR.pdf.  
GWEC (2014b) Wind In Numbers. http://www.gwec.net/global-figures/wind-in-numbers/. Accessed 10 Oct 2016 
GWEC (2014c) Global Wind Energy Outlook. http://www.gwec.net/wp-content/uploads/2014/10/GWEO2014_WEB.pdf. 

Accessed 10 Oct 2016 
GWEC (2015) Global Wind Statistics 2014. http://www.gwec.net/wp-

content/uploads/2015/02/GWEC_GlobalWindStats2014_FINAL_10.2.2015.pdf. Accessed 20 Mar 2015 
Haapala KR, Prempreeda P (2014) Comparative life cycle assessment of 2.0 MW wind turbines. Int J Sustain Manuf 3:170. 

doi: 10.1504/IJSM.2014.062496 
Hagelüken C (2010) Securing the supply of precious and special metals - The need of closing the loop. Ceram Eng Sci Proc 

31:3 – 14. 
Hahn T, Figge F, Liesen A, Barkemeyer R (2010) Opportunity cost based analysis of corporate eco-efficiency: a methodology 

and its application to the CO2-efficiency of German companies. J Environ Manage 91:1997–2007. doi: 
10.1016/j.jenvman.2010.05.004 

Hammami SM, chtourou S, Triki A (2016) Identifying the determinants of community acceptance of renewable energy 
technologies: The case study of a wind energy project from Tunisia. Renew Sustain Energy Rev 54:151–160. doi: 
10.1016/j.rser.2015.09.037 

Hara T, Arai T, Shimomura Y, Sakao T (2009) Service CAD system to integrate product and human activity for total value. 
CIRP J Manuf Sci Technol 1:262–271. doi: 10.1016/j.cirpj.2009.06.002 

Hardin G (1968) The Tragedy of the Commons. Science (80- ) 162:1243 – 1248. 
Hartman LP, Rubin RS, Dhanda KK (2007) The Communication of Corporate Social Responsibility: United States and 

European Union Multinational Corporations. J Bus Ethics 74:373–389. doi: 10.1007/s10551-007-9513-2 
Hauschild M, Jeswiet J, Alting L (2005) From Life Cycle Assessment to Sustainable Production: Status and Perspectives. CIRP 

Ann - Manuf Technol 54:1–21. doi: 10.1016/S0007-8506(07)60017-1 
Hauschild MZ (2015) Better – But is it Good Enough? On the Need to Consider Both Eco-efficiency and Eco-effectiveness to 

Gauge Industrial Sustainability. Procedia CIRP 29:1–7. doi: 10.1016/j.procir.2015.02.126 
Hauschild MZ, Goedkoop M, Guinée J, et al (2013) Identifying best existing practice for characterization modeling in life 

cycle impact assessment. Int J Life Cycle Assess 18:683–697. doi: 10.1007/s11367-012-0489-5 
Hauschild MZ, Jeswiet J, Alting L (2004) Design for Environment — Do We Get the Focus Right? CIRP Ann - Manuf Technol 

53:1–4. doi: 10.1016/S0007-8506(07)60631-3 
Heiskanen E (2002) The institutional logic of life cycle thinking. J Clean Prod 10:427–437. doi: 10.1016/S0959-

6526(02)00014-8 
Hermann BG, Kroeze C, Jawjit W (2007) Assessing environmental performance by combining life cycle assessment, multi-

criteria analysis and environmental performance indicators. J Clean Prod 15:1787–1796. 
Hess PN (2013) Economic growth and sustainable development. Routledge 
Hodgson G (2008) Metaphor and pluralism. In: Fullbrook E (ed) Pluralist Economics. Zed Books, London, pp 128–150 
Hoffmann VH, Busch T (2008) Corporate Carbon Performance Indicators. J Ind Ecol 12:505–520. doi: 10.1111/j.1530-

9290.2008.00066.x 
Holden MT, Lynch P (2004) Choosing the Appropriate Methodology: Understanding Research Philosophy. Mark Rev 4:397–

409. doi: 10.1362/1469347042772428 
Horváth I (2004) A treatise on order in engineering design research. Res Eng Des 15:155–181. doi: 10.1007/s00163-004-

0052-x 
Hosseinijou SA, Mansour S, Shirazi MA (2013) Social life cycle assessment for material selection: a case study of building 

materials. Int J Life Cycle Assess 19:620–645. doi: 10.1007/s11367-013-0658-1 
Hunt RG (1996) LCA - How it Came about - Personal Reflections on the Origin and the Development of LCA in the USA. Int J 

Life Cycle Assess 1:4 – 7. 
Huppes G, Ishikawa M (2005) A framework for quantified eco-efficiency analysis. J Ind Ecol 9:25–41. 
IF (2016) Industrial PhD. http://innovationsfonden.dk/en/application/erhvervsphd. Accessed 4 Oct 2016 
industry-experts.com (2012) Glass Fiber Reinforcements – A Global Market Overview. http://industry-

experts.com/verticals/chemicals-and-materials/glass-fiber-reinforcements-a-global-market-overview. Accessed 10 
Oct 2016 



54 
 

IPCC (2011) Summary for Policymakers. In: IPCC Special Report on Renewable Energy Sources and Climate Change 
Mitigation. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA 

IPCC (2007) Climate Change 2007: Impacts, adaptation and vulnerability. Contribution of Working Group II to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom 

ISO (2009) Environmental management The ISO 14000 family of International Standards.  
ISO (2010) ISO 26000:2010 Guidance on social responsibility.  
ISO (2006a) ISO 14040:2006. Environmental management—Life cycle assessment—Principles and framework.  
ISO (2006b) ISO 14044:2006. Environmental management—Life cycle assessment—Requirements and guidelines.  
Itsubo N (2015) Weighting. In: Hauschild MZ, Huijbregts MAJ (eds) Life Cycle Impact Assessment. LCA Compendium – The 

Complete World of Life Cycle Assessment. Springer International Publishing,  
Jacquemin L, Pontalier P-Y, Sablayrolles C (2012) Life cycle assessment (LCA) applied to the process industry: a review. Int J 

Life Cycle Assess 17:1028–1041. doi: 10.1007/s11367-012-0432-9 
Job S (2013) Recycling glass fibre reinforced composites – history and progress. Reinf Plast 57:19–23. doi: 10.1016/S0034-

3617(13)70151-6 
Jobert A, Laborgne P, Mimler S (2007) Local acceptance of wind energy: Factors of success identified in French and German 

case studies. Energy Policy 35:2751–2760. doi: 10.1016/j.enpol.2006.12.005 
Jørgensen A, Lai LCH, Hauschild MZ (2010) Assessing the validity of impact pathways for child labour and well-being in social 

life cycle assessment. Int J Life Cycle Assess 15:5–16. doi: 10.1007/s11367-009-0131-3 
Karina P, Ramirez S, Petti L, Sciences E (2011) Social life cycle assessment: methodological and implementation issues. 

Public Adm 11:11–17. 
Karlsson K, Mischke P, Miketa A, Wagner N (2014) Global energy perspectives with an emphasis on wind energy. In: Larsen 

HH, Petersen LS (eds) DTU International Energy Report 2014 Wind energy — drivers and barriers for higher shares of 
wind in the global power generation mix. DTU National Laboratory for Sustainable Energy,  

Karlsson R, Luttropp C (2006) EcoDesign: what’s happening? An overview of the subject area of EcoDesign and of the papers 
in this special issue. J Clean Prod 14:1291–1298. doi: 10.1016/j.jclepro.2005.11.010 

Kidd C V. (1992) The evolution of sustainability. J Agric Environ Ethics 5:1–26. doi: 10.1007/BF01965413 
Kleijn R (2012) Materials and energy: a story of linkages. Leiden University 
Kleijn R, van der Voet E (2010) Resource constraints in a hydrogen economy based on renewable energy sources: An 

exploration. Renew Sustain Energy Rev 14:2784–2795. doi: 10.1016/j.rser.2010.07.066 
Kleijn R, van der Voet E, Kramer GJ, et al (2011) Metal requirements of low-carbon power generation. Energy 36:5640–

5648. doi: 10.1016/j.energy.2011.07.003 
Knight P, Jenkins JO (2009) Adopting and applying eco-design techniques: a practitioners perspective. J Clean Prod 17:549–

558. 
Konar S, Cohen MA (2001) Does the Market Value Environmental Performance? Rev Econ Stat 83:281–289. doi: 

10.1162/00346530151143815 
Koplin J, Seuring S, Mesterharm M (2007) Incorporating sustainability into supply management in the automotive industry - 

the case of the Volkswagen AG. J Clean Prod 15:1053–1062. 
Kumar RS, Pugazhendhi S (2012) Information Sharing in Supply Chains: An Overview. Procedia Eng 38:2147–2154. doi: 

10.1016/j.proeng.2012.06.258 
Latour B (2005) Reassembling the Social: An Introduction to Actor-Network-Theory. Oxford University Press, 
Laufer W (2003) Social accountability and corporate greenwashing. J Bus Ethics 43:253 – 261. 
Laurent A, Espinosa N (2015) Environmental impacts of electricity generation at global, regional and national scales in 

1980–2011: what can we learn for future energy planning? Energy Environ Sci 8:689–701. doi: 10.1039/C4EE03832K 
Laurent A, Hauschild M. (2015) Normalisation. In: Hauschild MZ, Huijbregts MAJ (eds) Life Cycle Impact Assessment. LCA 

Compendium – The Complete World of Life Cycle Assessment. Springer International Publishing,  
Laurent A, Olsen SI, Hauschild MZ (2012) Limitations of carbon footprint as indicator of environmental sustainability. 

Environ Sci Technol 46:4100–8. doi: 10.1021/es204163f 
Lélé SM (1991) Sustainable development: A critical review. World Dev 19:607–621. doi: 10.1016/0305-750X(91)90197-P 
Lenzen M, Munksgaard J (2002) Energy and CO2 life-cycle analyses of wind turbines—review and applications. Renew 

Energy 26:339–362. doi: 10.1016/S0960-1481(01)00145-8 
Lifset R, Atasu A, Tojo N (2013) Extended Producer Responsibility. J Ind Ecol 17:162–166. doi: 10.1111/jiec.12022 
Lindgreen A, Swaen V (2010) Corporate Social Responsibility. Int J Manag Rev 12:1–7. doi: 10.1111/j.1468-

2370.2009.00277.x 
Lloyd WF (1980) W. F. Lloyd on the Checks to Population. Popul Dev Rev 6:473. doi: 10.2307/1972412 
Love T (2000) Philosophy of design: a meta-theoretical structure for design theory. Des Stud 21:293–313. doi: 

10.1016/S0142-694X(99)00012-5 
Luttropp C, Lagerstedt J (2006) EcoDesign and The Ten Golden Rules: generic advice for merging environmental aspects into 

product development. J Clean Prod 14:1396–1408. doi: 10.1016/j.jclepro.2005.11.022 
Luyet V, Schlaepfer R, Parlange MB, Buttler A (2012) A framework to implement Stakeholder participation in environmental 

projects. J Environ Manage 111:213–9. doi: 10.1016/j.jenvman.2012.06.026 
Macombe C, Leskinen P, Feschet P, Antikainen R (2013) Social life cycle assessment of biodiesel production at three levels: 

A literature review and development needs. J Clean Prod 52:205–216. doi: 10.1016/j.jclepro.2013.03.026 



55 
 

Maderna-Fernandez J (2013) ISO 14006 as a guide for ecodesign. Dyna 88:514 – 517. 
MAKE Consulting (2015) Global wind turbine O&M 2014. www.consultmake.com/media/121042/140630_global-wind-

turbine-o_m.pdf.  
marketsandmarkets.com (2015) Fiberglass Market by Type (Roving, Yarns), by Application (Composites, Insulations) & by 

Region - Trends & Forecast to 2020. http://www.marketsandmarkets.com/Market-Reports/fiberglass-market-
6124844.html. Accessed 20 Feb 2016 

Martínez E, Sanz F, Pellegrini S, et al (2009) Life cycle assessment of a multi-megawatt wind turbine. Renew Energy 34:667–
673. doi: 10.1016/j.renene.2008.05.020 

Martínez-Blanco J, Lehmann A, Chang Y-J, Finkbeiner M (2015) Social organizational LCA (SOLCA)—a new approach for 
implementing social LCA. Int J Life Cycle Assess 20:1586 – 1599. doi: 10.1007/s11367-015-0960-1 

McCauley DJ, Pinsky ML, Palumbi SR, et al (2015) Marine defaunation: Animal loss in the global ocean. Science (80- ) 
347:1255641–1255641. doi: 10.1126/science.1255641 

Meadows DH (1972) the Limits to Growth. Earth Island 
Mebratu D (1998) Sustainability and sustainable development: Historical and conceptual review. Environ Impact Assess Rev 

18:493–520. doi: 10.1016/S0195-9255(98)00019-5 
Messner F (2002) Material substitution and path dependence: empirical evidence on the substitution of copper for 

aluminum. Ecol Econ 42:259–271. doi: 10.1016/S0921-8009(02)00052-6 
Meyer C (2009) The greening of the concrete industry. Cem Concr Compos 31:601–605. doi: 

10.1016/j.cemconcomp.2008.12.010 
Müller M (2015) Assemblages and Actor-networks: Rethinking Socio-material Power, Politics and Space. Geogr Compass 

9:27–41. doi: 10.1111/gec3.12192 
Navigant (2015) World energy market update 2015.  
Neumayer E (2002) Scarce or Abundant? The Economics of Natural Resource Availability. J Econ Surv 14:307–335. doi: 

10.1111/1467-6419.00112 
Nonaka I (2010) Tacit Knowledge and Knowledge Conversion: Controversy and Advancement in Organizational Knowledge 

Creation Theory. doi: 10.1.1.178.1274 
Nugent D, Sovacool BK (2014) Assessing the lifecycle greenhouse gas emissions from solar {PV} and wind energy: A critical 

meta-survey. Energy Policy 65:229–244. doi: http://dx.doi.org/10.1016/j.enpol.2013.10.048 
Olsthoorn X, Tyteca D, Wehrmeyer W, Wagner M (2001) Environmental indicators for business: A review of literature and 

standardization methods. J Clean Prod 9:453–463. doi: 10.1016/S0959-6526(01)00005-1 
Olz S, Sims R, Kirchner N (2007) Contribution of Renewables to Energy Security. 

https://www.iea.org/publications/freepublications/publication/so_contribution.pdf. Accessed 10 Oct 2016 
Orsato RJ, Wells P (2007) The Automobile Industry & Sustainability. J Clean Prod 15:989–993. doi: 

10.1016/j.jclepro.2006.05.035 
Ortegon K, Nies LF, Sutherland JW (2013) Preparing for end of service life of wind turbines. J Clean Prod 39:191–199. doi: 

10.1016/j.jclepro.2012.08.022 
Owens E, Chapman S (2013) Valuing the Greenhouse Gas Emissions from Wind Power. Int J Energy Eng 3:41–54. doi: 

10.5963/IJEE0302006 
Packer MJ, Goicoechea J (2000) Sociocultural and Constructivist Theories of Learning: Ontology, Not Just Epistemology. 

Educ Psychol 35:227–241. doi: 10.1207/S15326985EP3504_02 
Pham MT (2007) Emotion and rationality: A critical review and interpretation of empirical evidence. Rev Gen Psychol 

11:155–178. doi: 10.1037/1089-2680.11.2.155 
Pickering SJ (2006) Recycling technologies for thermoset composite materials—current status. Compos Part A Appl Sci 

Manuf 37:1206–1215. doi: 10.1016/j.compositesa.2005.05.030 
Pinker S, Jackendoff R (2005) The faculty of language: what’s special about it? Cognition 95:201–36. doi: 

10.1016/j.cognition.2004.08.004 
Popper K (2014) Conjectures and refutations: The growth of scientific knowledge. Routledge 
Powell W (1990) Neither Market nor Hierarchy: Network Forms of Organization. Res. Organ. Behav. vol. 12 295 – 336. 
PWC (2016) The economic contribution of the Clyde Extension wind farm construction project. 

http://sse.com/media/424606/SSE-Clyde-Extension_PwC_FINAL-26082016.pdf. Accessed 7 Oct 2016 
Quariguasi Frota Neto J, Walther G, Bloemhof J, et al (2009) A methodology for assessing eco-efficiency in logistics 

networks. Eur J Oper Res 193:670–682. 
Rauschmayer F, Bauler T, Schäpke N (2015) Towards a thick understanding of sustainability transitions — Linking transition 

management, capabilities and social practices. Ecol Econ 109:211–221. doi: 10.1016/j.ecolecon.2014.11.018 
Rebitzer G, Seuring S (2003) Methodology and application of Life Cycle Costing. Int J Life Cycle Assess 8:110–111. doi: 

10.1007/BF02978436 
Reckwitz A (2002) Toward a Theory of Social Practices: A Development in Culturalist Theorizing. Eur J Soc Theory 5:243–263. 

doi: 10.1177/13684310222225432 
Reed MS (2008) Stakeholder participation for environmental management: A literature review. Biol Conserv 141:2417–

2431. doi: 10.1016/j.biocon.2008.07.014 
Reitinger C, Dumke M, Barosevcic M, Hillerbrand R (2011) A conceptual framework for impact assessment within SLCA. Int J 

Life Cycle Assess 16:380–388. doi: 10.1007/s11367-011-0265-y 
Remmen A, Munster M (2003) An introduction to Life-cycle thinking and management. Copenhagen 



56 
 

Ribeiro F, Ferreira P, Araújo M (2011) The inclusion of social aspects in power planning. Renew Sustain Energy Rev 15:4361–
4369. doi: 10.1016/j.rser.2011.07.114 

Rinne J, Lyytimäki J, Kautto P (2013) From sustainability to well-being: Lessons learned from the use of sustainable 
development indicators at national and EU level. Ecol Indic 35:35–42. doi: 10.1016/j.ecolind.2012.09.023 

Rist G (1997) The history of development: from Western origins to global faith. Zed Books 
Rosenau MD, Griffin A, Castellion GA, Anschuetz NF (1996) The PDMA Handbook of New Product Development, 1st edn. 

John Wiley & Sons Inc., New York 
Rüdenauer I, Gensch C-O, Grießhammer R, Bunke D (2005) Integrated Environmental and Economic Assessment of Products 

and Processes: A Method for Eco-Efficiency Analysis. J Ind Ecol 9:105–116. 
Saad G, Gill T (2000) Applications of evolutionary psychology in marketing. Psychol Mark 17:1005–1034. doi: 10.1002/1520-

6793(200012)17:12<1005::AID-MAR1>3.0.CO;2-H 
Saling P, Kicherer A, Dittrich-Krämer B, et al (2002) Eco-efficiency analysis by basf: the method. Int J Life Cycle Assess 7:203–

218. doi: 10.1007/BF02978875 
Scerri A, James P (2010) Accounting for sustainability: combining qualitative and quantitative research in developing 

“indicators” of sustainability. Int J Soc Res Methodol 13:41–53. doi: 10.1080/13645570902864145 
Schischke K, Mueller J, Reichl H (2006) EcoDesign in european small and medium sized enterprises of the electrical and 

electronics sector status quo and the road towards EuP. In: IEEE International Symposium on Electronics and the 
Environment. pp 233–238 

Schlesinger ME (2006) Aluminum recycling. Taylor & Francis 
Schmidt W, Butt F (2006) Life cycle tools within Ford of Europe’s product sustainability index: case study Ford S-MAX & Ford 

Galaxy. Life Cycle Manag 11:315 – 322. 
Scott WR (1981) Organizations : rational, natural, and open systems. Prentice-Hall 
Setchi R, Liu Y, Li W (2015) Editorial for the special issue of decision support for sustainable design and manufacturing. J Ind 

Prod Eng 32:1–2. doi: 10.1080/21681015.2014.1000404 
Short R (1998) An essay on the principle of population.  
Siemens AG (2016a) Siemens Corporate Technology. http://www.siemens.com/innovation/en/home/corporate-

technology.html. Accessed 3 Oct 2016 
Siemens AG (2016b) Product-related environmental protection. http://w5.siemens.com/cms/supply-chain-

management/en/supplier-at-siemens/basic-information/environment/product/pages/stewardship.aspx. Accessed 3 
Mar 2016 

Siemens AG (2016c) Public recognition and awards. 
http://www.siemens.com/about/sustainability/en/sustainability/reporting/rankings.htm. Accessed 3 Mar 2016 

Siemens AG (2014) Environmental Performance- Assessing the environmental impact of Siemens wind turbines. 
http://www.energy.siemens.com/hq/en/renewable-energy/wind-power/epd.htm. Accessed 1 Jun 2015 

Siemens AG (2016d) EWEA 2015 Annual Wind Energy Event- “Siemens wind power solutions every step of the way.” 
http://www.siemens.com/fairs-events/en/home/fair/2015/ewea.html. Accessed 20 Mar 2016 

Siemens AG (2016e) Siemens to be climate neutral by 2030. 
http://www.siemens.com/press/en/feature/2015/corporate/2015-09-co2-neutral.php?content[]=Corp. Accessed 10 
Oct 2016 

Simon HA (1997) Administrative Behaviour, 4th edn. The Free Press, New York 
Simon HA (Herbert A (1996) The sciences of the artificial. MIT Press 
Simonsen J (2012) Routledge international handbook of participatory design. Routledge 
Singh S (2006) Impact of color on marketing. Manag Decis 44:783–789. doi: 10.1108/00251740610673332 
Slaper T, Hall T (2011) The Triple Bottom Line : What Is It and How Does It Work? Indiana Bus Rev 4–8. 
Smith V (1978) Scarcity and growth reconsidered. Am J Agric Econ 60:284 – 289. 
Soh SL, Ong SK, Nee AYC (2015) Application of Design for Disassembly from Remanufacturing Perspective. Procedia CIRP 

26:577–582. doi: 10.1016/j.procir.2014.07.028 
Srivastava SK (2007) Green supply-chain management: A state-of-the-art literature review. Int. J. Manag. Rev. 9:53–80. 
Stiglitz JE (2011) Scarcity and Growth Reconsidered. Routledge 
The World Bank (2015) Poverty Overview. http://www.worldbank.org/en/topic/poverty/overview. Accessed 5 Jan 2016 
Thrane M, Eagan P (2007) EcoDesign. In: Kørnøv L, Thrane M, Remmen A, Lund H (eds) Tools for Sustainable Development. 

Aalborg Universitetsforlag, Aalborg, pp 267–291 
Timilsina GR, Cornelis van Kooten G, Narbel PA (2013) Global wind power development: Economics and policies. Energy 

Policy 61:642–652. doi: 10.1016/j.enpol.2013.06.062 
Tremeac B, Meunier F (2009) Life cycle analysis of 4.5MW and 250W wind turbines. Renew Sustain Energy Rev 13:2104–

2110. doi: 10.1016/j.rser.2009.01.001 
Treyer K, Bauer C (2016) Life cycle inventories of electricity generation and power supply in version 3 of the ecoinvent 

database—part II: electricity markets. Int J Life Cycle Assess 21:1255–1268. doi: 10.1007/s11367-013-0694-x 
Uebelhoer K, Guder J, Holst JC, Heftrich B (2013) Greenhouse Gas management along the supply chain at Siemens. In: LCM 

2013.  
Umeda Y, Takata S, Kimura F, et al (2012) Toward integrated product and process life cycle planning—An environmental 

perspective. CIRP Ann - Manuf Technol 61:681–702. doi: 10.1016/j.cirp.2012.05.004 
UN (2015) Transforming our World: The 2030 Agenda for Sustainable Development A/RES/70/1.  



57 
 

UN (2004) A Manual for the Preparers and Users of Eco-efficiency Indicators. In: United Nations Conference on Trade and 
Development UNCTAD/ITE/IPC/2003/7. United Nations, Geneva,  

UNEP/SETAC (2007) Life cycle management: A business guide to sustainability. 
http://www.unep.fr/shared/publications/pdf/DTIx0889xPA-LifeCycleManagement.pdf. Accessed 10 Oct 2016 

UNEP/SETAC (2009) Life Cycle Management: How business uses it to decrease footprint, create opportunities and make 
value chains more sustainable. http://www.unep.fr/shared/publications/pdf/DTIx1208xPA-LifeCycleApproach-
Howbusinessusesit.pdf. Accessed 10 Oct 2016 

UNGC (2016) Supply Chain Sustainability. https://www.unglobalcompact.org/what-is-gc/our-work/supply-chain. Accessed 3 
Oct 2016 

USGS (2016) Energy minerals, Commodity Statistics and Information. http://minerals.usgs.gov/minerals/pubs/commodity/. 
Accessed 10 Oct 2016 

Vitousek PM (1997) Human Domination of Earth’s Ecosystems. Science (80- ) 277:494–499. doi: 
10.1126/science.277.5325.494 

Walters RN, Hackett SM, Lyon RE (2000) Heats of combustion of high temperature polymers. Fire Mater 24:245–252. doi: 
10.1002/1099-1018(200009/10)24:5<245::AID-FAM744>3.0.CO;2-7 

WCED (1987) Report of the World Commission on Environment and Development: Our Common Future. Oxford University 
Press, Oxford 

WEC (2013) World Energy Scenarios: Composing energy futures to 2050. London 
Wegener D, Finkbeiner M, Geiger D, et al (2009) Comprehensive Approach to Energy and Environment in the Eco Care 

Program for Design , Engineering and Operation of Siemens Industry Solutions. RISO Int Energy Conf 45–52. 
Wegener D, Finkbeiner M, Holst J, et al (2011) Improving Energy Efficiency in Industrial Solutions – Walk the Talk. Proc Risø 

Int Energy Conf 2011 187–196. 
Weidema BP, Bauer C, Hischier R, et al (2013) The ecoinvent database: Overview and methodology, Data quality guideline 

for the ecoinvent database version 3.  
Wenger E (2000) Communities of Practice and Social Learning Systems. Organization 7:225–246. doi: 

10.1177/135050840072002 
Wilkinson A (2001) The sustainability debate. Int J Oper Prod Manag 21:1492 – 1502. 
Wiser R, Yang Z, Hand M, et al (2011) Wind Energy. In IPCC Special Report on Renewable Energy Sources and Climate 

Change Mitigation. In: Edenhofer O, Pichs-Madruga R, Sokona Y, et al. (eds). Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA,  

Worldwatch Institute (2013) State of the World 2013-Is Sustainability Still Possible? Island Press, Washington Covelo 
London 

Wu R, Yang D, Chen J (2014) Social Life Cycle Assessment Revisited. Sustainability 6:4200–4226. doi: 10.3390/su6074200 
Wüstenhagen R, Wolsink M, Bürer MJ (2007) Social acceptance of renewable energy innovation: An introduction to the 

concept. Energy Policy 35:2683–2691. doi: 10.1016/j.enpol.2006.12.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



58 
 

 



59 
 

 
 
 
 
 
 
 

APPENDIX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



60 
 

 



Paper 1 

61 
 

Social Life Cycle Assessment Methodology 
 
Alexandra Bonou and Michael Hauschild  
Division for Quantitative Sustainability Assessment, Department of Management Engineering, Technical University 
of Denmark, 2800 Kgs. Lyngby, Denmark 
 
Section 4 in the keynote paper: Sutherland JW, Richter JS, Hutchins MJ, et al (2016) The role of 
manufacturing in affecting the social dimension of sustainability. CIRP Ann - Manuf Technol 65:689–712. 
doi: 10.1016/j.cirp.2016.05.003 

 1 Why take a product life cycle perspective on social impacts? 

 
Current policy frameworks such as the United Nations’ Sustainable Development Goals for 2030 (United 
Nations, 2015) and the focus on sustainability of supply chains (United Nations, 2010) (as operationalised 
through the Global Social Compliance Programme and ISO 26000’s Guidance on Social Responsibility (ISO 
26000, 2010; The Consumer Goods Forum, 2006)) call for shifting the corporate focus from shareholder 
to stakeholder value conception. They also imply more direct accountability towards customers, 
employees, and the communities that in one way or another are influenced by a company's manufacturing 
operations. 
 
The decision power in manufacturing lies with designers and strategic decision makers but the 
environmental and social impacts extend across the value chain. Take as examples electronic equipment, 
cars, and renewable energy products. While they are exported and used around the globe, their design is 
defined by specific companies and they are produced and their content of precious or scarce metals is 
extracted from limited parts of the world, often in emerging economies under dire conditions (Peck, 
2003). Exponential growth of these manufacturing sectors such as the one reported for wind energy 
(GWEC, 2014) fosters exponential growth in primary production (Kleijn, 2012) that may be associated with 
adverse social effects as seen e.g. in the often quoted example of mining (Humphries, 2012; Owen and 
Kemp, 2013). Thus decisions (taken typically in the richest part of the world) for outsourcing production 
(typically to much poorer parts of the world) bear the responsibility for also outsourcing social impacts. 
 

 
Figure 1. The company designing and producing the product exerts influence on large parts of the value chain (Hauschild et al., 
2008) 
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With influence follows responsibility for a company that wishes to behave in a sustainable manner. Social 
Life Cycle Assessment (S-LCA) becomes a relevant conceptual framework and methodology for identifying 
and accounting for social impacts occurring in other parts of the world in a globalised economy. It 
encompasses the lifecycle of services or products provided as output of economic activity and it relates 
them to the social entities that are part of or are being affected by the decisions made by designers and 
other decision makers along the company’s value chains. S-LCA thus encompasses life cycle thinking and 
targets stakeholder inclusiveness aligning with global policy targets (Griggs et al., 2013), with concepts 
such as ‘sustainable innovation’, corporate social responsibility (CSR) initiatives and holistic life cycle 
oriented management frameworks (Boons et al., 2013; Sarmah et al., 2015; UNEP/SETAC, 2007)  
 
S-LCA was introduced the first time at an LCA method development workshop in 1993 under the auspices 
of the Society of Environmental Toxicology and Chemistry (SETAC), but little activity took place in terms 
of methodological development until a decade later (Benoît et al., 2010). The inspiration came from the 
methodological considerations in environmental LCA which had been standardised in the 1990’ies (ISO 
14040, 2006; ISO 14044, 2006). The epistemic S-LCA community which has evolved since then mainly 
counts participants from engineering and environmental science, drawing on insights from social science 
with the aims to develop a harmonized and operational methodology for the purpose of such an 
assessment. A literature search carried out by the authors in 2015 found 90 scientific publications on S-
LCA in the open literature. Table 1 gives examples of case studies found in various sectors (e.g. energy, 
waste, agriculture). The literature also has a number of reviews of the field of S-LCA aiming to systematize, 
describe and conclude the S- LCA learnings (Jørgensen et al., 2008; Li and Kruijssen, 2010; Parent et al., 
2010; Karina et al., 2011; Chhipi-Shrestha et al., 2014; Wu et al., 2014; Mattioda et al., 2015). 
 
Table 1. Case studies from the field of social LCA  

Sector Topic 

Energy Biofuels (Blom and Solmar, 2009), photovoltaic modules (Traverso et al., 2012)  

Agro industry Cut roses (Franze and Ciroth, 2011) , fertiliser application ((Martínez-Blanco et 
al., 2014a) 

Electronics Eco-labelled notebook (Ciroth and Franze, 2011) , laptop computer(Ekener-
Petersen and Finnveden, 2013) 

Building 
technologies 

building materials selection (Hosseinijou et al., 2013) 
 

Public services Integrated water resource management and integrated packaging waste 
(Lehmann et al., 2011), used cooking oil waste management (Vinyes et al., 2012), 
informal recycling (Umair et al., 2015) 
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 2 S-LCA methodology structure 
 
Several methodological frameworks for S-LCA have been suggested in literature (Brent and Labuschagne, 
2005; Dreyer et al., 2010a; Hunkeler, 2006; Jørgensen et al., 2007; Lagarde and Macombe, 2013; Martínez-
Blanco et al., 2015; Norris, 2006; Reitinger et al., 2011; UNEP/SETAC Life Cycle Initiative, 2009). The most 
commonly used by practitioners is the one provided by the guidelines from the UNEP/SETAC Life Cycle 
Initiative, which has been applied to assess a variety of economic activities since its publication in 2009 
(including most of the cases in Table 4.1).  
 
The quantitative S-LCA frameworks generally respects the fundamental structure of the ISO 14040 
standard and follows the same decision analysis approach as the environmental LCA:  

● Problem definition (goal) 
● Structuring of the problem and analysis of objectives and main stakeholders (as part of the scope 

definition)  
● Scoring, sorting and ranking of alternatives (in the impact assessment).  

 
Uncertainty and sensitivity aspects which are prescribed by ISO 14044 (2006) as elements of the 
interpretation in environmental LCA, are often not treated quantitatively in S-LCA although they are 
widely discussed in the existing literature as an inherent challenge. Sensitivity analysis may be used to 
identify the dominating links in the value chain and focus the data collection efforts here as shown by 
Dreyer et al. (2010b). The following sections outline the methodological advancements in S-LCA in relation 
to these aspects.  
 

2.1 Problem definition –‘what’ and ‘why’? 
 
Depending on the context and goal of the study the object of the assessment (the ‘what’) can vary from a 
product/system (e.g. (Hosseinijou et al., 2013) assess concrete and steel) to the organisation level for 
general decision support (e.g. through the social organizational LCA (Martínez-Blanco et al., 2015)) to an 
economic sector level (e.g. for tourism (Merli, 2013)). What is in common is the relevance of considering 
social impacts in the life cycle of the object. 
 
The reason to perform the S-LCA also varies and the differences in motivation relate to the applied (or 
inherently perceived) definition of the Area of protection (AoP) of the S-LCA. An AoP represents aspects 
that we care about and that we want the LCA to reveal the potential of the studied product system to 
damage (Hauschild and Huijbregts, 2015). Environmental LCA typically operates with three AoPs, viz. 
Human health, Natural Environment and Natural resources (Hauschild et al., 2012). While the first of these 
three is also relevant for S-LCA, it is evident that other aspects are at stake here, and a new AoP is needed. 
Reitinger et al. (2011) find that “papers on SLCA show a broad consensus that the additional AoP should 
be human well-being itself “ (paraphrasing recommendations by Dreyer et al. (2006); Jørgensen et al. 
(2008); UNEP/SETAC Life Cycle Initiative (2009) and Weidema (2006)).  
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However the fuzziness of the concept ‘well-being’ leads to a plethora of more precise definitions in S-LCA 
literature, context and culture dependent. S-LCA scholars perceive it independently or as an addition to 
existing LCA AoPs e.g as part of human health. It is further linked to several societal levels: from the 
individual (subjective perceptions) to the society (intrinsic values) while some place it in the fuzzy area 
inbetween since individuals are part of and responsible for constructing societies. Table 2 lists proposals 
found in the literature on how to target the definition of an AoP for S-LCA. The ambiguity in how to define 
the AoP propagates to all following levels of S-LCA analysis. 
 
Table 2. Suggestion of how to define or approach an AoP for S-LCA 

AoP definitions Reference 
Add human well-being within human health  Weidema (2006) 
A description of the state of an individual’s life situation UNEP/SETAC Life Cycle 

Initiative (2009) 
The existence of physical, mental and social well-being of workers Fontes et al. (2014) 
Internal human resources, external population, macro social performance and 
stakeholder participation 

Brent and Labuschagne 
(2005) 

Human Dignity and Well-being, “representing the value of a good and decent 
life enjoying respect and social membership and with fulfilment of the basic 
needs”. 

Dreyer et al. (2006) 

Safety, quality of life and equity for decision-making in an enterprise Hutchins et al. (2009) 
Autonomy, well-being, freedom and fairness Reitinger et al. (2011) 
The individual well-being is treated as a part of global population’s well-being Ekener-Petersen (2013) 
Social aspects involves human beings and the society, in which they live, as well 
as societal attributes (norms, rules, etc.) 

Swarr (2009) 

Include the social performance of a government or other country-related 
entities 

Ekvall (2011) 

Individual well-being, is related to a product system (individual AoP), and 
national well-being (wealth) (societal AoP) 

Jørgensen et al. (2010) 

Societal AoP related to the capital approach: enhancing different types of social 
capitals (or social sustainability) 

Nazarkina and Le Bocq 
(2006) 

 

2.2 Problem structuring –‘for whom’ and ‘from whom’? 
 
The setting of the societal boundaries (‘for whom are the impacts assessed?’) involves choosing the 
stakeholder groups for whom the impacts will be assessed and it depends on the problem definition. The 
UNEP/SETAC guideline includes the society, local community, workers, value chain and consumers as an 
indicative (not exhaustive) list of stakeholders when taking a company or product perspective. Macombe 
et al. (2013) find that S-LCA is applied at multiple assessment scales like: chains of companies; product 
chains; economic sectors or even countries. In order to tackle the serious challenge of missing information 
by using generic data from statistical sources, the higher-level sector/industry/country data have been 
frequently used. The Social Hotspots Database, SHDB, and its related methodological approach (Benoit-
Norris et al., 2012; Norris, 2012) were designed particularly for high-level product category assessment 
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and screening the social hot-spots from the sector and country level, instead of for a particular product’s 
value chain. 
 
A separate issue is to identify ‘from whom’ the impacts will be assessed. This relates to how ‘stakeholder 
participation’ is perceived and applied throughout the assessment. Typically it is the commissioner of the 
study and the practitioners conducting the assessment who define the problem and the objectives of the 
analysis as part of the goal definition of the S-LCA.  
 

 2.3 Objectives analysis- choosing criteria, indicators and metrics  
 
In the scope definition the objectives of the goal definition are analysed to scope the analysis, and define 
the assessment criteria and the indicators and metrics that are used to represent them in the study. 
 
2.3.1 Impact categories – which social impacts to consider?  
 
The criteria describe the properties of the AoP (‘what is included in well-being?) and following the example 
from environmental LCA they can be expressed as categories of impact, which are represented by a 
characteristic indicator in the assessment of impacts. The indicator can be found on different levels 
depending on the proximity of the impact to the AoP. Using the impact pathway-thinking from 
environmental LCA, they can refer to a mid-point in the causality chain from action to AoP (impact 
categories representing infringement on human rights, labour conditions, governance and transparency, 
social relations, cultural aspects) or they can be located closer to or at an end-point (quality of life, 
diversity, human health, security, quality appreciation) representing the AoP. Figure 2 shows an example 
of an impact pathway for the impact category Child Labour linking incidences of child labour to their 
immediate impacts and resulting consequences with influence on the AoP which here is defined as 
“Overall well-being”. 
 

 
Figure 2. Impact pathway for the impact category Child Labour (Jørgensen et al., 2010)  

 
Some authors even suggest criteria to accompany their AoP definition. Reitinger and co-workers thus 
suggest eight impact categories to describe well-being, i.e. life, knowledge and aesthetic experience, work 
and play, friendship, self-integration, self-expression, transcendence and fairness (Reitinger et al., 2011). 
Dreyer and co-workers point out that the selection of relevant indicators for social impacts may be 
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strongly case dependent but also stress the need of a standardised set of indicators. They suggest the 
combination of a set of mandatory indicators defined (based on internationally agreed standards - in casu 
the International Labour Organisation (ILO) conventions of workers’ rights based on UN’s universal 
declaration of human rights) with a set of more case-specific indicators which may be defined for the 
study (Dreyer et al., 2006). The issues that are assessed typically vary between different stakeholders 
across the value chain (workers in the upstream parts of the chain, consumers in the use stage and 
community at large). Table 3 shows social topics commonly found in social assessment initiatives. 
 
Table 3. Frequency of social topics covered in comprehensive sources for social assessment (UNEP/SETAC, HDI, MDGs, OECD, 
GRI, UNGS, ISO26000, ISEAL, COSA, WBSCD, IRIS, ETI, NEF, GSCP and others) (Fontes et al., 2014) 

Stakeholder 
group Social topic considered 

Frequency of 
reference Other topics referenced in the sources  

Consumer Health & safety 7/19 Transparency, Privacy, Feedback mechanism 

Worker 

Health & safety 13/19 

Civil and political rights, Food security, Right to marry and 
protection of family, Remediation, Freedom of thought, 
opinion, expression, or religion,Inhumane treatment, Social 
dialogue, right to work, Liberty and security, Well being 

Wages 10/19 
Social benefits  10/19 
Working hours 7/19 
Child labour 10/19 
Forced labour 9/19 
Discrimination 13/19 
Freedom of association 9/19 
Training and education 7/19 

Community 

Health & Safety 8/19 Access to immaterial resources, Respect of indigenous 
rights, Secure living conditions, Delocalization & migration, 
Cultural heritage, governance, public policy, Promoting 
social responsibility, Respect of intellectual property rights, 
Supplier relationships Corruption, Contribution to economic 
development, Fair competition, Prevention & mitigation of 
armed conflicts, Technology development 

Access to tangible resources 7/19 
Community engagement 6/19 

Local employment 4/19 
 
The choice of which social impacts to include in the study reflects back to the problem definition and the 
stakeholder involvement in the assessment process. Also local or national norms and conditions define 
which social impacts are relevant to consider in an S-LCA. As examples of specific impacts that may have 
different relevance dependent on the context of the study, Dreyer and co-workers mention corruption 
and bribery, payment of income tax, prevention of illiteracy and contribution to health care, e.g. in areas 
where HIV/AIDS causes big societal problems (Dreyer et al., 2006). Ambiguities can also be created by the 
highly local- or even site-specific nature of the assessments. The social impacts that are caused depend 
on the social entities involved, their cultural, ethical, moral aspects, perceptions and beliefs, and on the 
company conduct. The latter is a function of inherent company characteristics like company culture and 
management practice and of the risk environment as constituted by the local culture and traditions as 
well as norms that may vary from sector to sector. Social impacts are thus often influenced by companies’ 
behaviour much more than by the technical nature of the processes themselves (Dreyer et al., 2006; 
Spillemaeckers, 2006), and this makes analysis of very local conditions highly relevant in the impact 
assessment of S-LCA, which constitutes one of the main challenges of the field (Hauschild et al., 2008). To 
make such causalities stronger, sector specific social impacts are also explored. In a life cycle context the 
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relevant impacts for manufacturing and product development are discussed in Brent and Labuschagne 
(2005; Labuschagne and Brent (2004); Sandin et al. (2011). 
 
 
2.3.2 Indicators – what are the proxies that describe the impacts? 
 
Separate from the choice of social impact is the choice of indicator to represent them in a meaningful 
manner. Causal links between indicators and impacts can be direct (e.g. number of occupational accidents 
(Hosseinijou et al., 2013)) or indirect (e.g. % rate of union association used as an indicator of freedom of 
association (Hsu, 2013)). They can also be qualitative (e.g. ‘job satisfaction’) or quantitative and semi 
quantitative based on scoring systems (Wu et al., 2014). Environmental LCA has had long discussions 
about the appropriate choice of indicators (Hauschild and Huijbregts, 2015) but little attention has been 
given to the topic in the S-LCA community although the representativeness of indicators is an issue that 
is discussed amongst social theorists e.g. the adequacy of GDP to meaningfully represent welfare 
(Fleurbaey, 2009).  
 
2.3.3 The metrics- how to measure or model the impacts?  
 
2.3.3.1 Selecting measuring techniques 
 
Impact categories can be distinguished in Type I or Type II models according to the applied evaluation 
system (UNEP/SETAC Life Cycle Initiative, 2009). In Type I, the indicators give a relative position of the 
analysed system compared to a Performance Reference Point. The impacts are not measured in the form 
of “unit per output”, thus losing the direct link to the object of the assessment (or the AoP) and they do 
not allow for immediate comparisons. The assessment in Type I models use aggregation formulas 
involving scoring and weighting systems to compile various types of indicators. As an example, “Fair 
Salary” could be assessed through semi quantitative indicators such as: 1 if the total workforce of the firm 
paid the minimum payment is below 5%, 0 otherwise. This kind of data allows the identification of a 
performance according to a “relevant activity flow”, e.g. the percentage of a product system possessing 
different attributes (Andrews, 2009; Norris, 2006)). The S-LCA results are representative of the product 
system’s “share” in terms of the activity variable, but they focus on the behavior of the companies in the 
value chain rather than the processes of the product system, and the quantitative link to the functional 
unit is lost and needs to be restored or created in some way if needed to meet the goal of the study. Table 
4 from (Wu et al., 2014) shows examples of S-LCAs following a Type I approach.  
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Table 4. S-LCA studies applying a Type I approach (Wu et al., 2014) 

 
Notes: 1 Geographical specification: “no specification” means that it can be directly adopted to future studies without further adjustment of the 
impact assessment method; “country name-specific” means that the normalizing/weighting is country-specific and needs to be adjusted for future 
studies (e.g., weighting method of Schmidt et al. 2005 and Hsu et al. 2013 apply the country-level statistic data for Germany/Taiwan); 2 Some 
methods are developed to specifically study a particular product system; thus, the social issues covered and (sub)categories identified are related 
to a particular product system. Nevertheless, the characterization model is not affected by the selection of indicators/(sub)categories; 3 Case 
study means that a real-world case was analyzed and is indicated by *; example means a hypothetical study; 4 Grave-to-grave means that only 
the EoL stage was analyzed; 5 Multi-criteria means that three levels of criteria are measured (a. establishing of guidelines and practices; b. the 
communication and delegation of responsibility for integration into daily work; c. systematic active control of the integration). The scores of the 
three levels are multiplied to obtain the score for each managerial measure 

 
Type II models use impact pathways passing through a midpoint to an endpoint level implying quantitative 
causality throughout the assessment as illustrated in Figure 2. Hunkeler (2006) thus translates the hours 
of labour required for each unit process into the capacity of the employees to access housing, health care, 
education, and necessities. Weidema (2006) links quantitative inventory items, such as child labour, to 
damage categories, such as autonomy Infringement and ultimately quantifies well-being in Quality 
Adjusted Life Years. Table 5 shows examples of S-LCAs following a Type II approach. 
 
Table 5. S-LCA studies applying a Type II approach (Wu et al., 2014) 
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Both assessment types have issues related to systematic identification of relevant stakeholders and 
accurate representation of real-world causal relationships (Wu et al., 2014). A combination of the two is 
suggested by Parent et al. (2010) and Chhipi-Shrestha et al. (2014) in a combination of check lists, 
reference points and alternative impact pathway approaches.  
 
2.3.3.2 Collecting data 
 
In environmental LCA the inventory analysis compiles information about elementary flows of relevance 
to the environmental impact categories and their associated indicators as they are defined in the scope 
definition. The elementary flows are physical flows of substances between the processes of the product 
system and the surroundings. In S-LCA the focus is not on physical flows but on interactions that result in 
the social impacts included in the study. The inventory information that needs to be collected depends on 
the nature of the chosen indicators, and for indicators located late in the impact pathway (see Fig. 2) on 
the way in which they are modelled. Sometimes indicator results are collected directly from the 
companies in the value chain. This may be the case for very site-specific Type I approaches as in Dreyer et 
al. (2010a) and (2010b) where the needed information about probability of incidences of child labour, 
forced labour or discrimination at the company is collected from the companies. When more generic Type 
II approaches are used, the relevant inventory information could be the number of working hours together 
with a classification of the company according to its location and sector. This is the case for the Social 
Hotspots Database (SHDB) which is a global database that facilitates data collection on social impacts on 
a general level (Benoit-Norris et al., 2012; Norris, 2012). “Hotspots” refer to production activities in the 
supply chain that may be at risk for social issues. The database is made up of country and sector-specific 
indicator tables combined with a model to determine the countries and sectors with the highest share of 
working hours along the value chain of the product. In total over 400 publicly available data sources have 
been reviewed and over 200 incorporated (Norris, 2012). Social topics are based on the Guidelines from 
the UNEP/SETAC Life Cycle Initiative and have been compiled in Twenty Social Theme Tables (example 
seen in Table 6).  
 
Table 6. Example of SHDB characterised social issues (Norris, 2012) 

Category Social themes Data indicator Characterised issue 
Labour 
rights and 
decent work 

Child labour Child Labour % in country Risk of Child Labour in country 

Child Labour % by sector Risk of Child Labour by sector 
Wage assessment Minimum Wages (USD) Average 

Unskilled Wages (USD) in country 
Risk of Country Average Wage being < 
Minimum Wage 

Non-Poverty Guideline (USD) 
Average Unskilled Wages (USD) in 
country 

Risk of Country Average Wage being < 
Non-Poverty Guideline 

 

 3 S-LCA challenges and outlook 
 
The existing S-LCA methods still lack maturity and their practical implementation is challenged by lack of 
data of sufficient specificity. The choice of assessment scale (unit process, company, industrial sector, 
country) is often not consistent with the goal of the study (Macombe et al., 2013). The choice of social 



Paper 1 

70 
 

impacts is found not scientifically solid (Arvidsson et al., 2014). Overall indicator appropriateness and 
representativeness is questionable (see 4.5.2). Regarding data collection ‘Desktop search’ based on 
statistics found in literature, on company internal and publicly available reports or in databases such as 
SHDB may lack the required site specific representativeness while site specific data collection (surveys, 
interviews, direct observations) requires time and is often not feasible in earlier tiers of the value chain. 
Apart from data availability there are also difficulties in quantifying the qualitative data (Karina et al., 
2011). Ambiguous is also the allocation of impacts to the object of the assessment as well as the 
aggregation over the life cycle as the link to the product system can be less straight forward than in 
environmental LCA where it is based on physical flows associated with the functional unit. Such challenges 
are seen in the case studies e.g. in the assessment of fertiliser application (Martínez-Blanco et al., 2014b). 
Overall, the flexibility for subjective judgments in selection of social criteria, indicators and assessment 
methods jeopardises the meaningfulness of the results (Jørgensen et al., 2008; Li and Kruijssen, 2010).  
 
Environmental LCA quantifies emissions (of substances and wastes) and consumption of resources related 
to a defined product or system. It further employs natural sciences to describe causal links between these 
emissions and their contributions to various environmental impact categories. The causality between 
emissions and impacts, the relative accuracy in allocating them to specific actions across the life cycle 
makes quantitative methods adequate for building that methodology. Environmental LCA is 
methodologically challenged when it comes to trade-offs between environmental impacts. This is 
reflected in the debated normalisation and particularly weighting methods (Itsubo, 2015; Laurent and 
Hauschild, 2015) This lack of consensus showcases the difficulty in rationalising and quantifying value 
choices in environmental LCA, a difficulty that is heavily amplified in S-LCA since social sustainability is 
much more about value choices. Using quantitative approaches for assessing social impacts thus 
inevitably entails strong ambiguities, and attempts to harmonize or standardise these have so far not been 
successful. 
 
S-LCA attempts to encompass all social entities being part of or affected by value chains. But who is the 
decision maker that will define the problem (social sustainability) and the criteria (such as social topics 
and indicators) that need to be satisfied? Is it the companies, the consumers, all related actors, globally 
agreed social norms etc? Decision makers (individuals or social units) relate differently (rationally or 
inexplicitly) to the problem and the criteria. And how can different cultures, values, ethics and working 
norms be appropriately represented? Multinational companies operate in a dynamic and volatile global 
environment in terms of both supply chain and market. In such a stochastic context an indicator-based 
approach assuming that different context-dependent social units can be deconstructed and subjected to 
measurable requirements, is challenged by social theory.  
 
After a good decade of S-LCA methodology research it is not clear to what extent the future development 
will mirror that of environmental LCA with international standardisation and scientific consensus building 
around central elements of the methodology and modelling of individual categories of impact. The 
different scientific foundations of environmental and social LCA mean that they face very different 
challenges as emphasized above, but it seems beyond doubt that life cycle approaches to assessment and 
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management of social impacts from products, companies and their value chains will continue in the 
future.  
 
Abbreviations 
HDI: Human Development Index 
MDGs: Millennium Development Goals  
OECD: Organisation for Economic Co-operation and Development  
GRI: Global Reporting Initiative  
UNGC: United Nations Global Compact 
ISEAL: International Social and Environmental Accreditation and Labelling Alliance 
COSA: Committee on sustainability assessment  
WBSCD: World Business Council for Sustainable Development  
IRIS: A catalogue of generally accepted performance metrics managed by the Global Impact Investing 
Network (GIIN)  
ETI: Ethical trading Initiative 
NEF: New Economics Foundation 
GSCP: Global Social Compliance Programme 
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Abstract 
How can use of LCA improve the environmental sustainability of wind industry products? An analysis 
of a case study from Siemens Wind Power identifies the knowledge offered by LCA that is relevant to 
each step of the product development process (PDP). The study illustrates the difference that this 
knowledge can make to the decision making in the PDP and to the environmental sustainability of the 
product. Based on these findings, the study concludes with a discussion of barriers for LCA integration 
in the PDP of complex products and possible measures to overcome them. 

Keywords 
Product development, Lifecycle, Wind Energy 

 
1. Life Cycle thinking in Wind Power technology development 
 
The total installed capacity of wind power has experienced a 25% annual increase rate over the last 
decade and International Renewable Energy Agency’s (IRENA) projections predict a 500% increase in 
the electricity generation from wind energy between 2010 and 2030 [1].This creates a challenge for 
the manufacturers to keep satisfying the growing demand and market requirements and calls for 
ensuring the sustainability of production and product development.  
 
During the last decade major manufacturers as well as system operators and academia have published 
extended life cycle assessments (LCA) of their products and systems [e.g 2,3]. Despite the transparency 
of the reporting and its marketing value, little has been published on the integration of life cycle 
thinking in daily routines in the product development process (PDP) or in the strategic planning of the 
manufacturers. 
 
Learnings from mature industries such as the automotive highlight the value of integrating such 
considerations in their PDP in order to set the focus right on ecodesign to avoid trade-offs between 
environmental impacts and to set road maps for target setting and innovation [4,5]. The business 
benefits of integrating life cycle considerations and transitioning from a single product to a product 
service system perspective have also been discussed [6-8]. As for the operational part there is an 
increasing number of publications linking LCA to product development and management processes 
and coupling environmental assessments with intelligence systems for effective product life cycle 
management and decision support towards sustainability [9-13]. However, to invest and effectively 
uptake tools and services that support LCA integration to daily operations, the business case needs to 
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be proved to the decision makers. In this sense the challenge related to first introducing life cycle 
thinking in an organisation and arguing for the value brought to various stakeholders across the system 
still remains relevant. 
 
The fact that the wind power industry is young and processes still immature and open to changes 
makes it fertile for idea exploration in terms of life cycle thinking integration. In the context of 
responsible innovation it is hence the intention of this paper to use the case of a wind turbine rotor 
blade manufactured by Siemens Wind Power, one of the global market leaders in the sector, and prove 
the value brought by integrating LCA in the existing PDP which is currently under development. In the 
process, conditions, process requirements and barriers that need to be overcome will be identified. 

 
2. Rotor blade Product Development Process (PDP) 

 

To evaluate where in the PDP the knowledge brought by LCA can make a difference, a mapping of the 
current PDP is done (Table 1). On the strategic level, which is prior to the PDP and outside the scope 
of the current paper, the need is identified in the market for a new solution (e.g. more power capacity). 
Then a corresponding product that could provide this solution (e.g. an upgraded blade with larger 
swept area) is developed following a stage gate PDP model [14] which has a linear form and is divided 
into five technically distinguished steps (Table 1): There is an initial scoping and feasibility exploration 
of technical solutions which are prioritized before the best enter R&D. There the product design is 
specified, tested and validated. At the end of the R&D when all the knowledge is gathered and the 
product and production details have been settled the PDP ends and the project is handed over for 
commercialization. Within this PDP six clusters of internal stakeholders have been identified as giving 
technical input: supply chain, factories, design, sales, field projects and service. 
 
Each cluster is mobilized in the assessment of alternative technology ideas to collect technical cost and 
risk data and evaluate them against criteria related to technical specifications and cost estimations 
ensuring product quality and economic feasibility and competitiveness within guaranteed health and 
safety conditions. The gathered relevant knowledge is shared via adequate deliverables that are 
reviewed and evaluated by the management team at the end of each step ‘gate’. The approval of the 
deliverables means continuation of the business case, locking of the relevant decisions and passing to 
the next gate 
 
Table 1. PDP steps, corresponding requirements locked at the end of each step and potential application of LCA 
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2.1 Requirement for environmental target 
 
The current version of the PDP does not contain mandatory deliverables for environmental targets. 
However, there is a strategic requirement for gate level environmental targets to be followed up 
throughout all the PDP steps. To operationalise that a conceptual framework was developed for 
integrating environmental considerations in the PDP in the form of a DfE process based on the 
technical report ISO/TR 14062, Integrating Environmental Aspects into Product Development. 
According to this DfE environmental requirements need to be set indicating life cycle stages affected 
and evaluating improvement potentials.  
 

3. LCA of a rotor blade 
 
An attributional LCA study was performed to quantify the overall environmental performance of a 
wind power blade. Its goal was to support a weak point analysis and detailed ecodesign and the 
functional unit and reference flow of the LCA is one rotor blade. Primary data was gathered for the 
foreground system, representing actual conditions at the manufacturer driving material use and 
consumption in the production stage based on: 1. Bill of materials (BOM): material composition of the 
final product; 2. Indirect material: cut off/losses during the production process and auxiliary material 
required for the manufacturing processes; 3. Other material consumed in background in the 
production facilities and not related directly to the final product nor to the manufacturing processes, 
and 4. Energy consumption, and waste production and treatment during manufacturing. All alternative 
suppliers providing the aforementioned materials were identified and quantities for transported mass 
and transport distances accurately specified.  
 
Generic data from the life cycle inventory database ecoinvent v2.2 [15] was used for modelling of the 
background system, i.e. extraction of resources and production of materials and standard 
components, power supply, water supply, waste treatment technologies and transport technologies.  
Since the aim of the present study is to identify the added value brought by LCA in each step of the 
PDP rather than to provide specific LCA results for all impact categories and areas of protection, the 
results are shown only for climate change in CO2-eq for simplification and given that stakeholders in 
this first experience with LCA are familiar with CO2-eq but are easily overwhelmed by multiple impact 
categories or highly aggregated endpoint impacts.  
 
LCA results are used to identify potential environmental improvements according to impact intensity. 
The main impact contributors (hot spots) are identified in two dimensions: across the life cycle of the 
product and within each life cycle stage to the maximum resolution level according to the available 
data (Figure 1 a-c). It allows the stakeholders in each level to identify the activities over which they 
have an authority or influence. It also provides the scientific basis for environmental target setting.  
However the absolute impact scores do not give an indication of the environmental improvement 
potentials. To get these, the impact can be correlated with the consumption levels through an equi-
diagonal plot (Figure 2) so that a prioritization of environmental initiatives can be made based on the 
relative importance of materials. 
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4. LCA integration in PDP  
 
The LCA results need to be coupled with the PDP in order to evaluate the feasibility of potential 
initiatives and answer questions such as: where in the PDP are the decisions locked?, which is the 
appropriate gate for each target?, to which stakeholder group are the initiatives relevant? What kind 
of changes can the LCA results trigger? These questions will be answered here for the two life cycle 
stages that according to the LCA results count for more than 90% of the emissions viz. Direct materials 
and Manufacturing (Figure 1a).  
 
a) Direct materials: include the BOM that will end up on the final product (fiberglass, epoxy, wood etc). 
Consumption of these materials is responsible for more than 60% of the total impacts (Figure 1a). 
Epoxy and fiberglass are the prevailing contributors accounting respectively for 50% and 30% of ’Direct 
materials (BOM)’ (Figure 1-a).  
 
Decisions related to the final product are taken and locked at the very front end of the PDP with the 
approval of the Product development specifications (PDS) at the end of ‘Product definition’ (Table 1). 
After that PDP point structural changes are no longer feasible and no improvement initiative can be 
taken. Consequently product material related environmental targets should be part of the Product 
Requirement Specifications (PRS) defined during scoping (Table 1).  
 
The PRS depend on top management strategic decisions prior to PDP related to market and economic 
factors and are influenced by several R&D engineering groups researching the type and quantities of 
materials to be used in the final product. In the case under study, for a simple upgrade of the blade no 
environmental initiatives can be taken related to material substitution. However optimizing the design 
to lower the material consumption is still possible. Such target is anyway aligned with existing targets 
related to maximizing output and minimizing cost (more energy output with same material use). The 
results of the technical iterations during feasibility study can be retrofitted to a dynamic LCA model 
[16] which will be continuously updated, and it can then be used for hot spot identification and KPI 
appointment to each stakeholder group. In this way LCA results become embedded in the Product 
design specification (PDS).   

Related to the direct materials the knowledge brought by LCA can be looped back in the strategic level 
prior to PDP as a driver for initiating new R&D projects for substitution evaluations e.g. exploring the 
possibility of substituting fiberglass with alternatives. LCA can also prevent unnecessary costs of such 
explorations. As an example, LCA studies have shown that biobased fiberglass is not necessarily 
environmentally friendlier than the conventional alternative [17]. 

b) Manufacturing: Activities taking place during ‘Design’ (Table 1) are second in focus in terms of 
environmental relevance accounting for more than 20% of total climate change impacts (Figure 1a). 
The ‘Manufacturing’ emissions come from the consumption of indirect materials-not ending up in the 
final product (60%), from total facility energy consumption (30%) and waste (10%) (Figure b).  

Manufacturing materials are either consumed during production processes (‘indirect’) controlled by 
process engineers in the factories or they are consumables not related to production (‘others’) (e.g. 
from offices, packaging from suppliers etc) which together with the overall energy consumption and 
waste production are monitored by the facility managers. Zooming further in on the indirect materials 
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consumed during manufacturing they can be further distinguished in a) cutoffs and losses (e.g. 
fiberglass and epoxy losses) identification of which gives incentives to the production engineers for 
process optimization and efficient material use and b) auxiliary materials that are part of the tooling 
and equipment in various steps of the production process (such as plastic vacuum bags used during 
manufacturing).  

Teflon and epoxy are two materials which the LCA results indicated as major contributors in 
‘Manufacturing’ (Figure c) and with high improvement potential. The feasibility for reducing them is 
realistic both according to PDP formal restrictions (the initiative does not require structural changes, 
and gives the possibility for production process optimization) and according to technical, supply chain 
and financial criteria. By reducing their consumption by 20% there will be a 3% improvement of the 
total climate change impacts. Conventional targets such as reducing electricity consumption would not 
only require higher effort but also lead to lower improvements e.g. 20% reduction of the total 
electricity consumption leads to a 1% improvement of the total system, 2 times lower than the savings 
driven by the LCA results.  

Figure 1: Climate change impact contribution (CO2-eq) from different life cycle stages for a wind turbine blade (a), from 
material and energy use and waste generation in the manufacturing stage (b) and detailed material losses and auxiliaries 
used in manufacturing (c) 

Figure 2: Relative importance of indirect materials depending on material consumption and corresponding CO2-eq emissions 
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4.1 LCA relevance to different stakeholders in PDP 
 

Each of the 6 identified stakeholder clusters can benefit from such an analysis and make different use 
of the LCA results depending on their role in the company  
 
(1) Supply chain: A dialogue can be initiated with suppliers both in terms of data collection and target 
setting. Supplier rating can be done based on environmental criteria (e.g. transport distances, emission 
data etc.) and environmental monitoring of sourcing and planning activities related to third parties 
[18] can be carried out.  
(2) Factories can be subjected to a dynamic monitoring and prioritized minimization of losses, 
auxiliary material use, waste and energy consumption during production and assembly.  
(3) Design: getting the focus right when developing new products and components based on findings 
in the LCA.  
(4) Sales: Environmental Product Declarations (EPDs) can be used for marketing and sales.  
(5) Field projects: Hotspots can be identified for transport, installation and commissioning of wind 
turbine projects in the field and related to either own or customer’s activities. Measures can be 
identified to mitigate existing impacts e.g. through alternative end of life (EOL) treatment scenarios 
[19-21].  
(6) Service: Hotspots can be identified for service and maintenance activities and optimised combined 
with logistics. Maintenance impacts can be traded off against impacts from design and manufacture 
for less maintenance. 
 

4.2 LCA added value  
 
The LCA results (Table1, Figures 1a-c) give an added value to the PDP by contributing to: 
(1) Identify the relative importance of different life cycle stages and what contributes most in each 
stage; 
(2) Prioritize target setting related to the impact intensity, the improvement potential and the 
feasibility for each stakeholder; 
(3) Prioritize actions across the PDP and the company stakeholders; 
(4) Identify energy and waste reduction potentials throughout the life cycle in accordance with the 
internal guidance for energy savings and waste reduction; 
(5) Develop an environmentally oriented supply chain management; 
(6) Communicate information of environmental relevance to the costumer; 
LCA can provide the basis for scientifically solid environmental improvement analysis throughout the 
PDP and it can contribute to all phases of an effective life cycle planning, management and control. 
 

4.3 Barriers for LCA integration in PDP 
 
To synthesize a roadmap of how LCA can be brought into use to influence the decision making 
throughout the PDP (Table 1), the following barriers have had to be addressed:  
 
(1) Multiple decision contexts: To better inform decisions, the LCA goal and scope needs to be aligned 
with the objectives of each PDP stage. Meso/macro level decision support can be provided at the front 
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end of the PDP, micro decision support can be provided throughout the PDP and environmental 
accounting can be done at commercialisation when all decisions and processes are locked.  
(2) Change possibility: The progression from one PDP stage to the next passes through decision points 
where the required degree of completion is verified. Hence the possibility to make changes during the 
PDP is reduced as the development process progresses, and it is therefore important to identify the 
LCA relevance to each of the steps and effectively embed it in the process at a point where adaptation 
is still possible. 
(3) Dynamic process: There is a need for a dynamic process where LCA results inform each design 
iteration the same way as all other engineering or business evaluations; a transparent platform that 
will at any point reflect the current state of the product’s environmental performance with the level 
of precision that is relevant and possible.  
(4) Low accuracy: The earlier in the PDP process the larger the possibility to fundamentally influence 
the environmental performance of the product, but also the larger the uncertainty and hence the 
lower the possibility of performing accurate LCAs. By embedding LCA into each PDP step, its results 
can be co-evaluated together with other factors under the same uncertainty condition. 
(5) Commitment: Raising environmental awareness, training the relevant stakeholders and ensuring 
management commitment is necessary for an effective LCA integration in PDP and effective 
improvements. 

 

5. Conclusion and further research 

In the context of the growing wind power manufacturing industry this paper argued for the need to 
ensure product development sustainability. It introduced LCA in the PDP and proved the added value 
in identifying environmental improvement potentials and setting relevant environmental targets. 3% 
total savings were achieved due to two feasible actions driven by LCA an improvement 2 times better 
compared to conventional actions that would require more effort and resources. For an integration of 
LCA to a more strategic level, further work is needed by expanding the scope from PDP to product life 
cycle management process (PLM) and from a component level to the wind turbine and the wind power 
plant level.  
 
Barriers related to complexity that need to be addressed include: (a) number and type of components, 
subject to constant engineering changes handled by elaborated intelligent management systems (b) 
global framework of manufacturing facilities, supply chains and life cycle stages operating 
simultaneously (c) long product life time and long product development time which demands 
information updates and dynamic integration of knowledge of past performance (d) multiple or even 
conflicting interests and different levels of ownership and dependency. 
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Abstract 
Life cycle management is a framework for managing sustainable innovations in business. The capacity to 
contribute to sustainability and provide new business opportunities depends on the extent to which life 
cycle thinking is applied and the participation of stakeholders. An exploratory case study is made to 
investigate the innovation focus and practices, and to assess to what extent stakeholder participation and 
life cycle thinking are integrated in product development practices. A multi-method combination of 
document analysis and semi-structured interviews with cross-functional employees is applied to Siemens 
Wind Power. The results identify a number of challenges inhibiting the degree to which sustainable 
innovation can be applied. Process formality, maturity and complexity are found to be contentious issues 
relating to the innovation focus and operationalization of product development. Inclusiveness, decision-
making and knowledge management are additional challenges that affect the degree of stakeholder 
participation. Although life cycle thinking and environmental activities are deemed relevant to the 
company’s business, the scope of sustainable innovations can be expanded and is dependent on broader 
applications of life cycle thinking and stakeholder participation, particularly in the early product 
development stages. 
 
Keywords 
Sustainable innovation, life cycle management, stakeholder participation, product development, 
challenges, wind turbine industry 

 
 

1 Innovating for sustainability 
 
In this section the authors introduce a framework for sustainable innovation (SI) and concepts around life 
cycle thinking and stakeholder participation in order to analyse the specific case study.  
 
1.1 A framework for sustainable innovation 
 
Megatrends such as climate change, globalization, demographic change, and urbanization are affecting 
individuals and economies throughout the world. As a result, interest in SI is increasing with companies 
and regions competing to differentiate themselves and transform these challenges into business 



Paper 3 

84 
 

opportunities (Boons et al., 2013). But in order to effectively do so, they must change their traditional 
approaches and ways of thinking about products, technologies, processes, and business models to 
encompass a more holistic, environmental perspective (Nidumolu et al., 2009). 
 
In comparison to eco-innovation or environmental innovation, SI is broadly defined by a limited number 
of definitions (Carrillo-Hermosilla et al., 2010). In this research, sustainability-driven innovation involves 
intentional changes that are made to the tangible outcomes of product development, e.g. products, 
services and technologies, as well as to the intangible organizational aspects, e.g. processes, practices and 
business models in order to contribute to the environmental, social and economic value of a company 
(adapted from Little, 2005; NBS, 2012a).  
 
SI can be classified in a number of ways. Quist and Tukker (2013) differentiate between authors using a 
historical division based on the environmental management technologies available at a specific time 
(Jackson, 2009). Others classify SI based on the level of impact or degree of innovativeness (Weterings R. 
and Smeets E., 1997). More recent works combine the degree of innovativeness with types of 
environmental improvements (Carrillo-Hermosilla et al., 2010; Eco-innovation Observatory, 2013; NBS, 
2012a). In this research, SI is defined using the latest approach by NBS, (2012a) and the Eco-innovation 
Observatory (2013) and is divided into three categories: technological, organizational and societal. 
 
At a technological level, e.g. products, services and technologies, a company seeks to optimize efficiency 
within its operational fences and reduce risks. Interaction with stakeholders is limited. External 
collaboration helps to compensate for a lack of resources or expertise and to enhance legitimacy or the 
license to operate. SI examples at the technological level are end-of-pipe solutions or early cleaner 
production activities.  
 
At an organizational level, e.g. value chains and industries, a company’s focus widens into the supply chain 
and on the social dimensions of sustainability. Reasons for collaborating are also extended beyond mere 
compliance. At this level, the company’s mind set shifts from “doing less harm” to “creating shared value.” 
SI examples at the organizational level are cleaner production activities spread throughout the value 
chain, corporate social responsibility, extended producer responsibility and product-service-systems. 
Moving beyond this level implies a shift in the company’s underlying motivations and business model to 
better reflect societal needs.  
 
At a societal level, e.g. socio-economic transitions, a company creates new business models and value 
propositions based on SI. Participation with more diverse stakeholders occurs and these relations become 
increasingly interdependent. The circular economy concept, sustainable cities and mobility are examples 
of SI at the societal level.  
 
Increasing engagement with stakeholders is needed as a company moves from the technological level 
towards the societal level. Companies can operate in more than one level and are termed “ambidextrous 
organizations” (NBS, 2012a). A review by NBS (2012a) found that only 2% of companies are ambidextrous, 
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while 70% and 28% operate at technological and organizational levels respectively. None of the companies 
reviewed operate at a societal level. 
 

1.2 Using life cycle management to approach sustainable innovation 
 
Life cycle management (LCM) is a business management framework to analyse and manage SI. It 
encompasses the three levels of SI (technological, organizational and societal) and goes beyond traditional 
approaches by facilitating links between economic, social and environmental dimensions within a 
company, its entire value chain and within the society in which it operates (UNEP/SETAC, 2007; 
UNEP/SETAC, 2009). There are two fundamental principles involved in LCM: 1) life cycle thinking (LCT), 
and 2) inter- and intra-organizational stakeholder participation (Figures 1 and 2). The capacity of LCM to 
contribute to SI and provide new business opportunities depends on the extent to which LCT is applied 
and stakeholders engaged (Carrillo-Hermosilla et al., 2010; Quist and Tukker, 2013). 

 
Figure 1. An intra-organizational view of participation across-functions in a company (UNEP/SETAC, 2007) 
 

 
Figure 2. An inter-organizational view of participation across a company’s value chain (Remmen A. and Munster M., 2003) 
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Regarding the second LCM principle, participation represents the action of taking part in something 
(Oxford Dictionaries, 2015). There are varying forms of participation with increasing levels of involvement, 
e.g. information, consultation, collaboration, partnership and self-mobilisation (IPCC, 2007). In this 
research, the authors lend from the World Bank's (1996) definition of stakeholder participation: “a process 
through which internal and external stakeholders influence and share control over product development 
initiatives and the decision and resources which affect them.” Stakeholder participation from numerous 
disciplines, both intra- and inter-organizationally, is thus seen as a key element in achieving SI.  
 
However, there are challenges related to stakeholder participation. One is that there are many definitions 
of participation because the term is used in different contexts (Luyet et al., 2012). When speaking about 
intra-organizational participation, challenges arise because organizational functions typically work in their 
own realms of expertise with their particular projects and interests (UNEP/SETAC, 2007). Inter-
organizationally, challenges emerge because companies can become silo-oriented and have difficulties 
adopting a view of shared responsibility. Despite these challenges, there are advantages for stakeholder 
participation, including: tacit knowledge acquirement, new innovations, stakeholder satisfaction, reduced 
risk, improved brand image, and increased transparency (Luyet et al., 2012; UNEP/SETAC, 2007).  
 

1.3 Sustainable innovation in the wind industry 
 
Wind power is the frontrunner among renewable energy technologies in Europe (EWEA, 2009). Since 
2000, over 28% of Europe’s new installed capacity has been from wind (EWEA, 2014a) and it could provide 
up to a third of European electricity by 2030 (EWEA, 2009). This rapid growth challenges manufacturers 
to continuously fulfil the growing demand and market requirements while also contributing to the 
sustainable design of wind energy. Knowledge from mature industries, i.e. automotive highlight the value 
of integrating life cycle considerations and inspire ways of facilitating SI (Binder and Clegg, 2010; Orsato 
and Wells, 2007). However the inclusion of stakeholders raises challenges related to the product 
development process becoming less linear and more open-ended. Verbs such as “meandering” (Tellioglu 
et al., 1998) or “oscillating” (Bratteteig, 2003; Löwgren and Stolterman, 2007) have been used to describe 
the iterative process of negotiation and decision-making, which becomes more chaotic and ambiguous 
with the increasing inclusion of stakeholders in product development.  
 

1.4 Purpose and research questions 
 
With this background, the aim of this paper is to examine the LCM principles: stakeholder participation 
and LCT in product development and how they can support SI. Using Wind Power and Renewables division 
of Siemens AG as a case company, hereafter referred to as SWP, the paper investigates the following 
questions:  

1) How is product development organized? Section 3 assesses the innovation focus and product 
development processes. It also presents a number of operational challenges.  
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2) How are stakeholders involved in product development? Section 4 evaluates the degree of 
internal and external stakeholder participation and discusses the challenges related to their 
participation. 

3) How is LCT and environment integrated in product development? Section 5 describes the 
perceived relevance of LCT and environment in PLM and its associated challenges, while section 
6 concludes with the implications for SI. 

This research limits its analysis of stakeholder participation primarily to the intra-organizational 
perspective (Figure 1); while external stakeholders are only indirectly included from the inputs of internal 
stakeholders (Figure 2).   
 
 
 
2 Research design and methodology 
 
This section describes the case study design and the data collection methods. 
 
2.1 Case study design 
 
An exploratory case study was chosen within SWP. The authors sought to understand the product 
development process and evaluate the current levels of stakeholder participation and LCT in order to 
determine future implications on SI. Exploratory case studies pose explanatory questions such as “how” 
and “why” and are considered important in early research stages when there are many uncertainties 
(Karlsson C., 2009).  
 
A number of reasons justify SWP as a good case: 1) it is ranked amongst the three largest wind turbine 
manufacturers globally (BTM Consult ApS, 2015; MAKE Consulting, 2015) so it’s size and market share 
provide a dynamic, multi-stakeholder environment; 2) it has a large scope of activities across a wind 
turbines life cycle, e.g. planning, engineering, production, operation; 3) it has ongoing activities related to 
the technology and organizational levels of SI, e.g. ISO 14001, OHSAS 18001, operational health and 
safety, industrial and product-related environmental programs. It also has more recent activities related 
to the societal level of SI, e.g. closed-loop environmental activities; and 4) its product designs have large 
environmental improvement potentials. Literature reveals that design and manufacturing activities 
contribute to the majority of the environmental impact of wind turbines (Aso and Cheung, 2015; Siemens 
AG, 2014a). Also, the wind industry generally provides little focus on the end of life (Ortegon et al., 2013) 
while SWP does incorporate this life cycle stage (Siemens AG, 2014a).  
 

2.2 A mixed methods approach to data collection 
 
The use of multiple research methods across multiple time periods is usually involved with case study 
research, e.g. triangulation (Woodside, 2010). Triangulation of the case study evidence was based on: 1) 
content analysis of company-specific process diagrams and documents related to product development, 
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2) semi-structured interviews with cross-functional employees at different hierarchical levels, and 3) 
direct observations. 
 
As a first step, the company-specific Product Lifecycle Management (PLM) process was selected for 
diagram and document analysis. This is because it is the overarching process for all other innovation 
processes in SWP. It was used to: 1) determine the innovation focus and sequence of activities, 2) identify 
relevant stakeholders and interpret their degree of participation, and 3) evaluate the current level of LCT 
and integration of environmental activities.  
 
The quality of the company-specific content was assessed to ensure validity using Scott's (1990) criteria: 
authenticity, credibility, representativeness, and meaning. Since the material was classified as official and 
originates from a legitimate origin, it was assumed to be authentic, meaningful and representative to the 
company’s operations. However, the material representativeness may be moderately affected because 
there were a number of organizational changes and one process revision between the time of data 
collection and writing but potential effects on the conclusions are negligible. Company material was also 
deemed credible because it undergoes an internal review process before publication and the authors 
responsible for its creation can validate it.  
 
Subsequent to content analysis, semi-structured interviews were conducted directly with cross-functional 
employees from different hierarchical levels. The interviews contributed to a broader understanding of 
the company-specific content because the respondents were able to verify the actual activities. They also 
provided a deeper understanding of stakeholder participation including the various interactions amongst 
different stakeholder groups and the associated challenges. The respondents interviewed were selected 
based on their perceived significance and participation in PLM.  Although external stakeholders were not 
interviewed, the employees referred to them during the semi-structured interviews. The authors 
acknowledge that this does not reflect the viewpoints of external stakeholders but how the internal 
stakeholders interpret them. 
 
The interviews were conducted individually and were one hour in duration. They were divided into three 
themes to focus on the specific areas of inquiry (Table 1). They also used different boundary objects to 
align meaning, aid in the understanding and overcome potential communication barriers with 
respondents. 
 
Table 1. Program used during the semi-structured interviews 

Areas of inquiry Discussion topics Boundary objects 
Product development process Innovation focus 

Product development process 
Operational challenges 

Company-specific process diagrams 
and documents 

Stakeholder participation Internal participation 
External participation  
Stakeholder-related challenges 

Poster paper and pens 

LCT and environment Integration of LCT and environment 
Implications on SI 

LCT and target setting diagrams 
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Fourteen respondents were interviewed and are categorized in Table 2. They routinely interact with PLM 
and represent different organizational functions and hierarchical levels in the company. 
 
Table 2. Overview of the organizational functions interviewed and their organizational perspective in relation to the PLM 

Organizational perspective Organizational function 
Management Director of Technology 

Head of Product Marketing 
Product Platform Manager 

Process and document design Project Manager (process design) 
Project Manager (process design) 

Cross-functions Project Manager (component) 
Design Engineer (structural) 
Design Engineer (materials) 
Design Engineer (project management)  
Technology Engineer (material placement) 
Procurement Specialist (commodities) 
Quality Specialist (suppliers) 
EHS Specialist (ergonomics) 
EHS Specialist (environment) 

 
 
3 Product development in Siemens Wind Power 
 
This section assesses the innovation focus and product development process. After which it presents a 
number of operational challenges related to product development.  
 
3.1 A technologically-focused innovation process 
 
Respondents are asked about innovation at the company-level. They are presented with a scale (NBS, 
2012b) that indicates innovation(s) the company applies (Figure 3). It ranges from technological (left) to 
societal (right) level innovations, where the impacts are felt in the socio-technical system outside company 
boundaries.  

 
Figure 3. SWP’s innovation focus placed in the left (technology driven) as indicated by the turbine (adapted from NBS, 2012b) 
 
The majority of respondents place SWP on the left side of the scale primarily because innovation relates 
to the wind turbine itself. In some cases SWP participates in innovations directed towards the right side 
of the scale, e.g. SWP operates with the overall aim to reduce the levelized cost of energy (Siemens AG, 
2015a) so renewables can be more competitive in comparison to traditional energy sources. However, 
societal level innovations do not represent the core business of SWP. The Director of Technology admits 
that from a management perspective, the company’s perception of itself is more right leaning than actual 
practice: 
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“If you take it from a very top level (Siemens AG level) then we are interested in smart grid 
and other societal level activities. But as I see it from my position (Wind Power and 
Renewables division level), I would say that we’re a typical, heavy engineering company 
(concerned mostly with technological level activities).” (Director of Technology) 

 
Respondents generally see SWP’s left-leaning position as a good thing since the company’s goal is to 
maintain a strong market position and that is reflected in its core competences of designing and 
manufacturing wind turbines. Some respondents, e.g. Product Platform Manager, Technology Engineer 
(material placement) and Design Engineer (materials) indicate that SWP is moving more towards the right 
of the scale. Interestingly, the Product Platform Manager places SWP furthest to the right for a number 
of reasons, e.g. the rotor blade manufacturing uses a novel process that has health and safety advantages 
over traditional processes; the direct drive technology contains 50% fewer moving parts than comparable 
geared turbines thus reducing infrastructure, installation and servicing materials and costs while 
optimizing energy output. It also has extended the wind turbine’s lifetime from 20 to 25 years (Siemens 
AG, 2015b). Further, SWP’s products are included in the Siemens’ environmental portfolio, which is the 
most comprehensive globally (Eberl, 2011; Pfitzner and Lutz, 2015; Siemens AG, 2015c).  
 
 
 

3.2 Product Lifecycle Management: a process for managing product development 
 
The PLM is the overarching process for all engineering processes in SWP (Figure 4). It includes the 
customer-oriented strategic planning, design and development, monitoring and phase-out activities of 
the whole product life cycle. The goal of PLM is to increase customer value and profit through the 
development of products and does so by combining various people, processes, information and tools. 
Products in PLM represent new or revised products, components, technologies or services hereafter called 
products.  
 

Figure 4. Overview of Siemens Wind Power's product lifecycle management process 
 
The PLM is a formal process consisting of four stages and seven sub-stages: 1) Define, 2) Realize, 3) 
Commercialize, and 4) Phase Out. The Fuzzy Front End represents the time between when a product idea 
is conceived and when resources are given to its formal development (Gassmann and Schweitzer, 2014). 
It is characterized as an unstructured and informal period involving three activities: 1) strategic planning, 
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2) idea generation, and 3) specification (Rosenau et al., 1996), or Scoping and Feasibility in SWP’s 
terminology. The Product Development Process (PDP) represents the time where the tangible changes in 
product development occur. It is characterized as a structured and formal period. Progress in product 
development is controlled through gates and milestones.  
 
Employing a Stage-Gate system intends to reduce complexities and risks throughout product 
development while also improving speed, quality and thereby profitability for SWP. Such a system design 
is supposed to:  
 

“expertly integrates numerous performance-driving practices into an easy-to-understand 
recipe for success. Its robust design engages users of all decision-levels and functions, 
enabling quality execution, timely Go/Kill decisions, alignment and speed. The result: superior 
products reaching markets faster and generating better profits.” (Stage-Gate Innovation 
Consultants, 2015)  
 

3.3 Operational challenges in product development  
 
Despite what the Stage-Gate system promises, respondents highlight a number of operational challenges 
related to product development that extend beyond the PLM and Stage-Gate system: 1) formality that is 
the degree of structure and number of requirements that must be formally controlled, 2) maturity 
representing the degree to which routines in product development are established, and 3) general 
product development complexities as the need to include multiple factors in product development. 
3.3.1 Formality of PLM 
 
Company-specific process documents describe the gates and milestones that projects must formally pass. 
Gates assess the degree of project completion and confirm the continued business justification; while 
milestones are less formalized checkpoints to ensure the project is progressing and that pre-defined 
requirements can be verified. A number of reviews exist to ensure potential problems are addressed and 
associated actions are implemented in due time within PLM. Roles are defined for certain internal 
stakeholders, e.g. it is the project manager’s responsibility to ensure gate and milestone readiness, while 
it is the designated steering committees task of organizing gate reviews. PLM formality is affirmed based 
on this process description and the linearity in the process diagram (Figure 4). 
 
Most respondents recognise the value of formal processes, i.e. PLM because it allows for additional 
control measures and a specific level of quality in product development. The Project Manager (process 
design) gives the example, where “there are a lot of compliance and regulatory requirements that have 
an impact on how we design the products.” In some cases however, formality can hinder SI and limit 
stakeholder participation. In a question directed at the Procurement Specialist (commodities) regarding 
supplier-driven SI, she states: “I would say it happens all the time but I rarely use a new supplier in projects 
because the (supplier) qualification process is fairly long and the (project) time frame is too short.” In this 
case supplier selection is confined and non-qualified suppliers are sometimes not considered even if they 
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have SIs that have the potential to improve a products environmental performance and reduce cost. 
Additionally, the Quality Specialist emphasizes that there are too many formal tasks that need to be 
completed before additional time is used to improve linkages between quality and product development 
processes, “[…] that’s not including working over and above to find new ways of working, innovating and 
improving the current processes.” 
 
There is less formality in the Fuzzy Front End (Figure 4), which is typical in the early PLM stages. This is the 
time between when an expected product is known and when effort is given to its development (Gassmann 
and Schweitzer, 2014). It is characterised by higher uncertainties and information is more important than 
a structured approach (Barquet et al., 2013). This is supported by the company-specific process 
documents that describe this stage, e.g. deliverables and roles to a lesser extent than other PLM stages. 
This is also supported by the Head of Product Marketing who daily interacts within the PLM: “to me it’s 
still not entirely clear, although I sit on this, whether this (deliverable) is before scoping or before 
feasibility.” Informality in the fuzzy front end is also recognised by the Product Platform Manager: “a 
(product development) process will never be done; it’s simply something that needs iterations again and 
again.”  
 
Informality in the Fuzzy Front End allows for an iterative approach, where product ideas can be reviewed 
and improved incrementally. This approach helps stakeholders better adapt to changes in the product 
specifications, mitigate risks earlier, leverage lessons learned and reduce the complexities often 
encompassing the product development process. The Project Manager (process design) says “we need to 
be agile but also have a process that allows us to take formal decisions and document the consequences 
and risks so they are visible throughout the whole organization.” However, company-specific process 
documents reveal that only a small group of stakeholders formally interact during this stage of the PLM, 
i.e. market and economy functions. Some respondents, i.e. EHS and Quality Specialists would like more 
involvement in the earlier PLM stages and see this informality as a challenge. They would also like more 
formal requirements relating to EHS and quality in the early product requirement specification (PRS). The 
Project Manager (process design) explains that there are formal EHS reviews in the PLM but they remain 
informal, “all projects have to perform EHS reviews, even though they are official but not formalized so 
each project must determine how to approach EHS individually […] we still need formalization of them 
(EHS reviews).” 
 
3.3.2 Maturity of PLM 
 
The PLM was created within the past ten years  based on a top-down request from Siemens AG, requiring 
all development projects utilize the Stage-Gate system: “We needed to develop a process that fit to SWP’s 
needs but we also needed to respect that there was a lot of similar work from other divisions in Siemens 
AG that could be utilized.” (Project Manager (process design)) It has since undergone a number of revisions 
to customize and expand it according to different cross-functional needs.. Despite these annual revisions, 
there is consensus from respondents that cross-functions must be linked even more.  
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The maturity of formal processes’, are reflective of the wind industry’s maturity. Continuous 
organisational changes are occurring as a result of the industry’s growth: “The PLM organization has 
changed three times so of course this affects the process […] this is where PLM needs to be more 
professional and that’s on-going work.” (Product Platform Manager) The EHS Specialist (environment) 
speaks about his experience working with the different cross-functions and claims that their processes 
have varying degrees of maturity that relates to their ability to work with SI.  
 
3.3.3 General product development complexities  
SWP operates in a business environment that is characterized by company and industry challenges of 
unknown dimensions, including: 
 
Product complexity: a wind turbine has many components, e.g. rotor blades, gearbox, generator, tower 
and software mechanisms for the turbine to operate, e.g. integration and control systems. There are an 
estimated 8,000 parts in a typical wind turbine (AWEA, 2015; GWEC, 2015). The number of design 
possibilities for these components and software mechanisms is also increasing (Wagner and Mathur, 
2013). Further, a wind turbine requires a robust design that optimizes technical and economic aspects 
due to its industrial application. 
 
Business diversification: SWP has a large scope of activities across a wind turbines life cycle including 
planning, engineering (R&D including laboratory tests), production (manufacturing and assembly) and 
operation (installation and service). Further, some of these activities are co-located, while others are 
geographically dispersed.  
 
Thus, there are difficulties encompassing all of these activities in a standardized product development 
process. An example was provided by the Quality Specialist (suppliers) in relation to the difference 
between manufacturing of the blades and assembly of the nacelle: “So in nacelle they have a big focus on 
the supplier quality but here we have focus on the specific raw materials and on the manufacturing 
process.” Another example emphasizes the different design perspectives of those designing the whole 
turbine versus those designing only the blade:  
 

“There are some challenges with our PLM and gate modelling […] This process is made for an 
entire turbine which we never make all at once […] But in the future we will always make new 
blades for existing turbines and make new generators with existing blades.” (Project Manager 
(component)). 

 
Product diversification: SWP offers two product markets, i.e. onshore and offshore. These have different 
project contexts and require different designs as explained by the Head of Product Marketing, “SWP has 
a more project driven offshore market and a more product driven onshore market. Onshore is more one 
product for multiple application areas and that’s a broader scoping exercise, than it is one project with one 
customer (offshore).”  
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Product development: there is an intensifying pressure for SWP to deliver more innovative, high-quality 
products and services to market faster (Burchardt, 2012).  Long design time and high prototyping costs 
also compound the challenges related to product and service development.  
 
Young, high growth industry: the wind industry is relatively young (Kaldellis and Zafirakis, 2011) and is 
currently experiencing rapid growth (EWEA, 2014b; GWEC, 2014). In 2014, the global wind market grew 
by 44% with wind power installations exceeding 51 GW and investments rising 11% (GWEC, 2015). Due to 
its age, the industry still requires “buy-in” from critics who don’t acknowledge wind power as a viable or 
competitive source of energy production. This also has implications on the PLM’s maturity (section 3.3.2). 
 
Economic aspects: economics within the wind industry have a direct impact on the number of orders SWP 
receives, e.g. if there is an economic recession or if the energy prices of conventional power sources 
decreases. Reducing costs associated with offshore wind is also vital for future technology development, 
e.g. using levelized cost of energy (LCoE) and Society’s cost of energy (SCoE) (Siemens AG, 2015a). 
 

4 Stakeholder participation in Siemens Wind Power 
 
This section evaluates the degree of stakeholder participation and discusses the associated challenges. 
 

4.1 Internal stakeholders and innovation within the company  
 
Respondents are asked about internal stakeholder participation. A second scale (NBS, 2012b) is used to 
determine how innovation extends across SWP to include different functions (Figure 4). It ranges from 
stand-alone (left) to integrated (right), where innovation is embedded cross-functionally and in the 
company’s visions and culture.  

 
Figure 5. SWP’s internal stakeholder participation placed between stand-alone and integrated as indicated by the turbine 
(adapted from NBS, 2012b) 
 
SWP is placed in the centre of the scale based on interview responses: 
 
The EHS Specialist (environment) suggests stand-alone (left), indicating that silos do exist between some 
cross-functions and communication could be improved amongst them. 
 
The Quality Specialist (suppliers) suggests SWP is in the centre: “I cannot answer that question because 
it’s very much dependent on where you look at it from. Within the commodity groups we are very well 
integrated in the blade domain. If you look at the commodity groups in the nacelle domain, they work less 
cross-functionally.“ 
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The Project Manager (component) suggests integrated (right): “projects are cross-functional include 
various departments, e.g. design, process, quality, cost, production, documentation so it’s indeed out here 
(right) and we’re doing a good job of it.” However, this comes from a project-perspective and not a 
company-perspective.  
 
The Project Manager (process design) suggests a shifting position to the right (integrated): “It is good to 
include everyone. Just three to four years ago it was very much engineer-driven and most project managers 
would challenge if it was really necessary to include requirements from the various domains – they would 
say ‘Do we really need to hear all those guys every time we have to do something, can we not just do 
without them?’ – so it has changed a lot.” 
 
The Product Platform Manager suggests stand-alone (left) but also indicates a shifting trend towards to 
integrated (right): “We have silos, no doubt, it’s one of our biggest challenges but it is moving this way 
(pointing right) and in some cases we’re here (left) and others over there (middle). I think it’s moving in 
the right direction.”  
 
The Director of Technology’s response corresponds with the former but indicates the difficulties in 
achieving a right-leaning company: “There have been high efforts to move us and we haven’t so much. It 
is culture shift and that’s not that easy.”  
 

4.2 External stakeholders and innovation beyond the company  
 
Respondents are asked about external stakeholder participation. A third scale (NBS, 2012b) is used to 
indicate how innovation extends outside of SWP to include external stakeholders in the innovation 
process (Figure 5). The scale ranges from insular, where the company stands apart from society (left) to 
systematic, where the company sees itself as part of a wider system and reliant on external stakeholder 
participation (right).  
 

 
Figure 6. SWP’s external stakeholder participation placed between insular and systemic as indicated by the turbine (adapted from 
NBS, 2012b) 
 
SWP is placed in the centre of the scale based on interview responses: 
 
The Quality Specialist (suppliers) suggests systemic (right): “I think we are part of a system and (externally) 
interacting with a lot of suppliers, for example. A lot of our materials are developed by our supplier.” 
However, he also indicates the high number of product certification requirements that potentially limits 
innovation based on external collaboration: “If you’re talking about developing a customized blade for a 
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customer, you must remember we have an external certification process so we cannot easily change the 
design – certification is needed every time we make a new blade.” 
 
Despite working on a daily basis with suppliers, the Procurement Specialist (commodities) suggests insular 
(left): “Engineers could get a lot of good input from the suppliers because they know exactly what the 
engineers are working with […] But the engineers would like to come up with the ideas […] and that’s just 
a shame because some of the issues we have now, the suppliers said two or three years ago they could fix 
them.”  
 
The Product Platform Manager recognizes SWP’s position changes depending on the context and suggests 
SWP is in the centre: “Of course that’s very different. We believe we do the best and know best but we are 
also considering very much and giving input, so we run up and down this scale every day.”  
 
The Quality Specialists (suppliers) does not think SWP’s inherent belief that the company “knows and does 
best” is a negative thing but rather: “If you ask people here what we are doing we probably say we make 
the best blade in the world […] and if you say you’re the leader, then you are alone because you are in the 
lead and everyone is behind you.”   
 
The EHS Specialist (ergonomics) suggests insular (left): “I think we like to think of ourselves as being very 
systemic (right) but actually I think we’re quite insular (left).” The Director of Technology, Technology 
Engineer (material placement), Design Engineer (project management), and Project manager (process 
design) also consent by placing the company more to the left of the scale.  
 
Some respondents indicate SWP is moving towards a more systematic approach, particularly because of 
requests by customers and authorities: “We are aware that we need to do that (external participation) 
and within a short time frame we have moved from being down here (indicates a left-leaning position). 
But no doubt the future SWP is going to the right. The driver will be customer involvement and then 
legislation.” (Director of Technology) 
 

4.3 Stakeholder challenges in product development 
 
A number of stakeholder challenges emerge in relation to product development: 1) inclusiveness that is 
the degree of cross-functional and external stakeholder involvement, 2) knowledge management 
representing the need to share knowledge and loop it back into product development, and 3) general 
decision-making complexities as the choices made based on the preferences and values of the decision 
maker(s). 
 
4.3.1 Inclusiveness 
 
PLM intends to involve cross-functional stakeholders and facilitate improved coordination and 
communication amongst them. A number of functions are listed as relevant in the company-specific 
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process documentation. However, respondents’ perceptions of how effectively they are included in PLM 
differ: 
 
Regarding inclusiveness in the PLM design the Project Manager (process design) claims: “We wanted to 
design it with a bottom-up approach so we involved people from different functions in weekly meetings.” 
While, the Quality Specialist (suppliers) disagrees: “I mean it’s just a diagram and it might be fine for the 
people that develop it but we are not fully covered.” 
 
Regarding inclusiveness in PLM projects the Product Platform Manager claims: “In theory everyone is 
invited prior to Feasibility to give input.” Referring to a more specific design project he goes on to explain: 
“We’ve been extremely open! There are 2000 structured documents that people can go through. They have 
weekly information meetings where 50-60 people attend from all over SWP.”  However, he admits there 
is risk in revealing too much and how it becomes increasingly difficult to capture the requests of many. 
 
Overall, PLM remains primarily centred on engineering activities. Links with other functions or other 
functional processes are not as established. The Product Platform Manager admits: “This is where the 
other functions, i.e. procurement and EHS need to prepare themselves to work according to PLM. 
Engineering has done this and it can be improved but the rest of the house doesn’t understand it. They 
don’t know who to give input to. And that’s where I’m saying the rest of SWP is not really included.”  
 
Respondents generally view external stakeholder participation as a good thing, where quality 
improvements are seen as the main benefit: “Some research institutes have better inspection equipment 
then we have and we should use that knowledge. […] And it is common for former employees of SWP and 
other manufacturers are working for our customers or inspection bodies, so they have a lot of experience 
and know where to put their fingers on specific quality issues.” (Director of Technology) 
 
However, there are also identified risks relating to external stakeholder participation, i.e. confidentiality 
and the increasing power of external stakeholders. These risks are important considering they have 
multiple customer orders and multiple development levels, e.g. R&D and serial production operating in 
the same facility, thus the risk of having external stakeholders present is high. The Director of Technology 
goes on to say: “We now have the customer who is deeply involved in the process […] and they ask more 
questions and want to be deeply involved in the process because its such big business, e.g. billions euro 
investment.”  
 
4.3.2 Knowledge management 
 
Two variables related to knowledge management are identified: 1) capturing and feeding back knowledge, 
and 2) subjective knowledge sharing. 
 
Capturing and keeping knowledge and keeping within SWP is a challenge, e.g. documented and looped 
back in all relevant process stages for current and future project. Documentation is more established in 
the later PLM stages. The Product Portfolio Manager and EHS Engineer (environment) confirm that lessons 
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learned often stay within the project and are not carried forward to a central database that can be used 
in future projects: “we tend to loose knowledge when a project closes and we keep reinventing the wheel.” 
Regarding feedback loops, the EHS Engineer (environment) notes that if knowledge is forwarded, it is 
based on the “good will of people.” The Project Manager (process design) also indicates a challenge 
because there are no requirements to document lessons learned. Despite the same people working 
between projects, there is the risk that knowledge will be lost should they leave the project or company 
all-together. He then informs about a PLM revision to include a formal link to the lessons learned in the 
scoping stage of future projects. 
 
Knowledge sharing is often dependent on individual stakeholders. For example, a project manager can 
have an inclusive approach where all functions are included in project meetings and project information 
is easily accessible. Alternatively, a project manager may limit contact and communication with point 
contacts in specific functions. This challenge is raised by the Technology Engineer (material placement): 
“in one project I saw three different project managers and all of them were different. With one, we had 
weekly meetings with all cross-functions and it was very important that everyone attend, while for another 
it was based on individual function’s activities.” The Product Platform Manager emphasizes the 
responsibility of individual project participants to relay relevant information from project meetings back 
into their functions: “some of the guys of course go back and are very busy so they don’t get the 
information to their site, so we need to make sure they know what to do with it and also what kind of 
responsibility they have (in communicating it).” 
 
4.3.3 General decision-making complexities 
 
The PLM partially guides decision-making by providing requirements, reviews, and tools to facilitate 
choices. However the respondents identify a number of variables that aren’t necessarily reflected in the 
process:  
 
Routine lock-in: the Quality Specialist (suppliers) provides an example about decisions around supplier 
qualification. The established process includes a checklist to prioritize suitable suppliers, but there are 
certain criteria that are not encompassed in the checklist, e.g. social aspects, willingness to optimize their 
own processes, etc. 
 

“One of the things we do a lot of here at SWP is we set up a spreadsheet, put in a lot of values 
and then there comes a figure out at the other end and then we can do a prioritization. That 
is one way to do it but that is not the way I like to do it.”  

 
He then refers to the commodity groups where supplier selection also occurs and is based on a 
participatory group process: “because there are a lot of things you cannot put into spreadsheets.”   
 
Multiple agendas:  stakeholders come with divergent views, expectations and strategic intents. In PLM 
there are a number of cross-functions interacting but operating with different intentions and overall goals. 
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The Product Portfolio Manager highlights: there are different key performance indicators (KPIs) in different 
departments. I can have KPIs in my projects and you can have another set that are completely different.” 
 
Power: participation denotes the sharing of decision-making abilities and this can lead to changes in 
design routines that can be seen as disruptive to traditional practices. Different stakeholders have varying 
levels of influence and power that affect the decision-making process and this can lead to conflicts or 
uncertainties. For example, a customer can request a change at any point in the PLM and it will be 
considered. However, some engineers are uncertain of their own ability to enable material substitutes. 
For example, the Product Portfolio Manager explains: “If its structural changes than we cannot do it 
because we are limited by what is allowed (already approved by certification bodies).” In line with this, the 
Head of Product Marketing responds :  
 

“That’s a grey zone that I don’t have an answer to but it comes down to the significance of 
the change. If the material in the component has impact on the structure and therefore has 
to go through additional tests, then of course it would be a significant change and any 
structural change is a commercial risk but if it's a process optimization then I don’t think so.” 

 
Transparency: reporting decisions is inconsistent, particularly in the fuzzy front end of PLM. The Director 
of Technology and Head of Product Marketing indicate better documentation after the fuzzy front end of 
PLM (Figure 4), while the EHS Specialist (environment) indicates the need for more robust EHS 
documentation throughout all of PLM. 

 

5 Life cycle thinking in Siemens Wind Power 

This section describes the perceived relevance of LCT and environment in PLM and its associated 
challenges. 
 

5.1 Relevance of life cycle thinking and environment 

SWP operates in the renewable energy sector, delivering so called “green” products and services. The 
respondents therefore recognise the importance of environment: “we are working in a green company 
and we are making green products so this is a special focus on the manufacturing to not use 
environmentally unfriendly materials for example, or have a lot of waste.” (Technology Engineer (material 
placement)) 
The company is also awarded the highest awards in international rankings and ratings, e.g. Dow Jones 
Sustainability Index, German Sustainability Award, and Carbon Disclosure Project so SWP’s environmental 
approach to sustainability is widely acknowledged (Siemens AG, 2014b). As a part of these indexes, the 
company must fulfil its green claims by having management systems and other formal initiatives in place, 
and this requires they are in line with both technology and organizational level activities. The Project 
Manager (component) verifies that environmental activities are highly synchronous with existing design 
activities: “I would say that environmental improvements are driven from a general purpose of engineering 
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to make longer blades with the same load. We are reducing material use and producing much more energy 
with the same material (in whole turbine).”   
 
Although engineering goals originate as cost and quality targets, they are synergetic to environmental 
targets. External pressure also links environment to innovation due to increasing customer requests for 
product-related environmental information, e.g. green product claims from competitors, green public 
procurement requirements, etc.: “a year after launching PLM, we were contacted by some people from 
project execution. […] They received many customer requests to document how we dealt with EHS in our 
processes.” (Project Manager (process design)) 
 

5.2 Challenges integrating life cycle thinking and environment 
 
Although environment is deemed relevant, it does not imply integration throughout the company.  
Environment was not included in the first PLM version. The Project Manager (process design) explains 
that environment is included in the everyday business but the activities governing it remain informal. 
Supporting this: “we work with environmental reduction and we reduce materials but it’s not a measured 
KPI in the project. So we’re still missing the environmental part of the EHS KPI.” (Project Manager 
(component)) The EHS Specialist (environment) notes: “I think it happens but not because people give a 
conscious effort to making sure that it needs to be part of the process. But it takes time to totally integrate 
EHS into the business and you need to build maturity in the cross-functions from the start.” 
 
After the first PLM revision: “a cross-functional EHS community workshop was arranged where roughly 30 
people attended. The goal was to scope what should be included in an official EHS review. The meeting 
resulted in a mandatory PLM requirements and a draft of the various elements. However there are 
discrepancies who should be responsible for the resources.” (Project Manager (process design))  
 
The current EHS review is graphically emphasized with a different colour than other reviews, therefore 
indicating some degree of importance. However, the EHS review is labelled only as “safety and 
compliance”, which indicates a reactive approach to environment. The EHS Specialist (environment) 
confirms the new EHS requirements are limited in scope, i.e. concerned with legislative requirements like 
the CE marking. Also, environment is overshadowed by descriptions of health and safety. “Health and 
safety, i.e. zero harm is well-established and has become business-as-usual in SWP. Whereas, it’s much 
less clear how environment should be integrated. I think environment can be a bit vaguer, if that’s the right 
terminology.” EHS Specialist (environment) 
 
The integration of environment remains a contentious subject. Speaking from his involvement in a 
number of innovation projects the EHS Specialist (environment) explains: “some projects already have 
quite reasonable EHS people and procedures in place, while others really didn’t have much of a concept of 
the whole thing.” Also, the EHS review does not play a role until later in the PDP (Figure 4), meaning EHS 
is excluded from any strategic product planning, e.g. minimal-to-no emphasis in the PRS and PDS. Who to 
involve, e.g. specialists in waste, chemical, ergonomics etc. and how to address environmental issues 
remain unclear. The EHS Specialist (environment) attributes these challenges to company maturity. 
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6 Implications for sustainable innovation in Siemens Wind Power 
 
The implications for sustainable innovation become apparent when the SI framework (section 1.1) is 
combined with the interview responses pertaining to SWP’s product development process (section 3), 
stakeholder participation (section 4) and LCT (section 5) (Figure 7). 
 

 

 
Figure 7. SWP in relation to the framework for sustainable innovation (as indicated by the turbine) (adapted from NBS, 2012b) 
 
SWP’s core business and competences lie in the design, manufacture and service of wind turbines, 
resulting in a technologically-focused innovation process, e.g. wind turbine components, manufacturing 
technologies (Figure 7). There are examples, where the company works at the organizational and societal 
levels but this is not SWP’s core focus. The PLM is the overarching process for engineering in SWP and it 
involves a number of cross-functions. Thus, it is a rational platform for addressing SI. However, challenges 
related to process formality and maturity could be a barrier for SI. Alternatively, or correspondingly, SI 
could be addressed in other functional areas of SWP, e.g. business development, procurement, etc. 
Although there are general complexities related to product development, i.e. business and product 
diversification, they can also be seen as opportunities for addressing SI. For example, SWP’s large scope 
in activities address all life cycle stages of a wind turbine, enabling many opportunities for SIs across the 
technological, organizational and societal levels. 
 
Both internal and external stakeholder participation is categorized within the organizational level of SI 
(Figure 7). SWP perceives stakeholder participation as essential and has improved in recent years based 
on interview respondents. But interviewees highlight their interest in participating even more throughout 
PLM, i.e. quality, procurement and EHS specialists. Further participation with external stakeholders could 
be mutually beneficial, particularly with suppliers as indicated by the Procurement Specialist 
(commodities).  If SWP is to contribute to SI in all three levels, e.g. technological, organizational and 
societal then participation with a more diverse group of stakeholders is needed during product 
development. Also, the reasons for participating with different stakeholders should be to create more 
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shared value. With this shift, general stakeholder complexities are reduced, e.g. multiple agendas, 
transparency, etc. 
 
LCT and environment are considered relevant and important to SWP, especially because they operate in 
the cleantech sector. SWP is also frequently awarded for its SI efforts at both the technology and 
organizational SI levels. Existing design activities, e.g. cost reductions and quality improvements are often 
synchronous to SI, e.g. material reduction. However they could be better linked to the PLM, e.g. through 
formal environmental requirements in the PRS or cross-functional environmental KPIs. The integration of 
environment remains a contentious subject and could be improved at the societal level of SI.  
 
There are many opportunities for SI at the technological level, e.g. traditional waste reduction in the 
manufacturing processes, optimization of the products energy output, increased efficiencies in 
transportation and logistics, etc.. There are also opportunities for SI at the organizational and societal 
level, e.g. supply chain optimization, end-of-life producer responsibility, etc., but it requires broader 
applications of LCT and stakeholder participation, particularly in the fuzzy front end of PLM. LCT must be 
introduced to the various cross-functions in the future, in order to show the holistic effects of design 
activities and synergies between cross-functions (Bonou et al., 2015).   
 
Limitations of this study are the single case company and exploratory nature, which affects its 
generalizability. Also, the qualitative nature of this study introduces some degree of subjectivity, e.g. 
external stakeholders are only reflected through the realities of internal stakeholders’ responses. Despite 
these limits, it provides rich content and a candid view of a company seeking to improve its environmental 
management. Further, this research stems from real life challenges in an existing multi-national company 
in the wind industry. Some tensions revealed in the analysis are not inherent to this company’s specific 
context, but can be found across companies striving to achieve SI. The findings indicate that stakeholder 
participation and LCT should not be seen as detriments to product development but supportive functions 
to ensure product development progresses with holistic and sustainable perspectives.  
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Abstract 
Despite a wind turbines perceived environmental benefits, there are still many improvements that can 
be made in the product development process to improve its environmental performance across life 
cycles. This is especially important as the wind power industry continues to grow, both in volume and 
size, in response to increasing global market demands. Planning, implementing, monitoring, 
documenting and communicating product related environmental activities of wind turbines in a life 
cycle management context is the focal point of this article. The development and application of an 
ecodesign framework specific to the organizational context of Siemens Wind Power is described. The 
framework was developed using an iterative, action research design approach which relied on the 
participation of cross-functional employees. Five iterations occurred over a four year time frame and 
methods such as workshops, pilots, interviews and life cycle assessment methodologies were applied. 
The ecodesign framework was aligned with the company’s formal product lifecycle management 
process. When combined with life cycle assessment, the framework can identify potential 
environmental improvements and contribute to coherent and transparent environmental target 
setting. Examples of this are demonstrated at the technological, organizational and societal levels of 
the company. Lessons learned obtained during the design iterations call for assigned responsibility 
through key performance indicators at project and functional levels; adaptive learning approaches to 
ecodesign based on continuous improvements; and additional capacity building amongst employees 
in life cycle thinking. The article proposes that a life cycle based ecodesign framework can be a driver 
for sustainable innovations in components, product systems, technologies and business models. 
 
Keywords 
Ecodesign; life cycle management; sustainable innovation; stakeholder participation; iterative design; 
wind power 

 
 

1 Life cycle management in the wind power industry  

Today’s energy systems are transitioning to deploy high shares of renewable energy (EWEA, 2014; 
REN21, 2015). For example the global installed wind capacity had a 23% annual increase rate in the 
period 2005-2014 (GWEC, 2014). According to the International Energy Agency wind power could 
generate up to 18% of the world’s electricity by 2050 compared with 2.6% in 2013 (IEA, 2013). On a 
European level wind power is the frontrunner among renewable energy sources and is supported by 
regulatory and economic measures (European Commission, 2009a; Mulder, 2008; TPWind Advisory 
Council, 2006). Following the sector’s growth, an increasing number of assessments related to wind 
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power technologies have been performed by authorities, technology developers and other 
stakeholders to evaluate their environmental and societal consequences (Angelakoglou et al., 2014; 
Martínez et al., 2009; Premalatha et al., 2014; Wüstenhagen et al., 2007). Apart from documenting the 
environmental, social and economic impacts, these assessments can contribute to product related 
improvements in the context of life cycle management (LCM) and ecodesign. 
 
LCM is a broad management framework to assist companies in mapping, assessing and managing their 
operations with respect to sustainability related criteria across entire value chains (UNEP/SETAC, 2007, 
2009). There are two fundamental LCM principles:  

 Inter- and intra-organizational stakeholder participation; 
 Life Cycle Thinking (LCT). 

 
Correspondingly, ecodesign refers to the systematic integration of environmental aspects in product 
design and development in order to reduce the adverse environmental impacts associated with a 
product across its life cycle (ISO, 2011). The first principle calls for a participative approach which 
accounts for multiple stakeholders taking decisions across this value chain (Sarmah et al., 2015; Vezzoli 
et al., 2015). Participation can be expressed through varying forms and allows for increasing levels of 
involvement e.g. information, consultation, collaboration, partnership and self-mobilisation (IPCC, 
2007). Literature highlights the risks and benefits of stakeholder participation in the decision making 
process related to sustainability and innovation (Bano and Zowghi, 2015; Reed, 2008). Reported 
advantages of participation include: tacit knowledge acquirement, new innovations, stakeholder 
satisfaction, reduced risk, improved brand image, and increased transparency (Luyet et al., 2012; 
UNEP/SETAC, 2007). Participation from internal stakeholders, specifically cross-functional employees, 
is the focus in this article. 
 
The second principle is a conceptual approach which attempts to capture the entire life cycle of a 
product or system, from cradle to grave (Remmen & Munster, 2003). This becomes relevant in today’s 
economy where environmental and social impacts expand across globalised value chains. To account 
for such impacts life cycle thinking can be operationalized through ecodesign. Ecodesign is defined as 
the systematic integration of environmental aspects in product design and development in order to 
reduce the adverse environmental impacts associated with a product across its life cycle (ISO, 2011).  
 
Ecodesign also shares these principles but is more an operational approach to LCM. Much literature 
exists on ecodesign practices and tools (Brezet, 1997; Domingo et al., 2015; Tischner et al., 2001) and 
many sources reference specific industries i.e. automotive and electronics that apply ecodesign tools 
such as life cycle assessment (LCA) and environmental target setting (Alves et al., 2010; Muñoz et al., 
2005). Yet, most examples occur on an insular level where pilot demonstrations outnumber systemic 
changes where ecodesign is an integrated aspect of organizational behaviour. The need for company 
and industry transitions towards more sustainable behaviours becomes prominent in order to achieve 
global policy targets such as Sustainable Consumption and Production which represents one of the 17 
Sustainable Development Goals (UNDP, 2015). This challenge is also faced by the energy sector which 
has been identified as a priority production area by the UNEP (2010). The wind power industry is 
experiencing exponential growth which has implications on material use across all life cycle stages, 
despite the benefits associated with the production of renewable energy. The purpose of this paper is 
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to explore the application of ecodesign principles and methods within a wind power manufacturer 
who is responsible for the design, manufacture, construction, and maintenance of wind turbines.  
 

1.1 Research goals  
 

With this background, the authors aim to investigate how ecodesign and LCM concepts can be 
incorporated in product development for wind power technologies to support sustainable innovation. 
The research goals are to: 
 

1. Analyse how an ecodesign framework was developed according to a specific organizational 
context and the LCM principles. This aim is addressed in section 2 of the article. 
 

2. Present the ecodesign framework and indicate how it was aligned with existing product 
development processes in the case company. This aim is addressed in section 3 of the article. 
 

3. Indicate how the ecodesign framework can be applied in combination with LCA methodologies 
and communicate lessons learnt from the ecodesign framework’s development and pilot 
within the case company. This aim is address in section 4 of the article. 

 
This research has been conducted in the applied setting of the Wind Power and Renewables division 
of Siemens AG, hereafter referred to as Siemens Wind Power (SWP). The setting provides a generative 
opportunity to pursue the research objectives since the company a) is a major player that is ranked 
amongst the three largest wind turbine manufacturers globally (BTM, 2013) and operates within a 
range of activities spanning across a wind turbines life cycle, b) is already engaging in activities that 
support ecodesign and environmental awareness across the value chain according to the European 
legislation (European Commission, 2009b), and c) is relatively young meaning organizational aspects 
are not yet fully established and are thus conducive to standardization improvements. 
 

2 Methodology for developing the ecodesign framework 
 
The ecodesign framework was iteratively developed in four years using a multimethod approach to 
facilitate stakeholder engagement. The framework is also aligned with the LCM principles related to 
stakeholder participation and life cycle thinking.  
 

2.1 An iterative research design 
 
The research process followed a non-linear and iterative methodology (Blessing, 2009). The ecodesign 
framework was designed with constructive and reconstructive iterations of Lewin's (1946) plan-act-
observe-reflect spiral. Developing the ecodesign framework involved planning the framework based 
on document analysis, applying the framework by putting ecodesign into action, observing the 
outcomes by gathering user feedback and then re-formulating the framework based on user inputs. 
The ecodesign framework was designed within the period 2011-2014, evolving over five iterations. The 
latter iterations are thus based on a combination of user inputs and the self-reflective learning gained 
from previous iterations. The spiral’s cycles of planning, acting, observing and reflecting do not always 
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occur in a linear or simultaneous fashion but rather overlap and sometimes run in parallel which is a 
common characteristic of iterative designs (Blessing, 2009). 
 

2.2 Participatory and multimethod elements  
 
The ecodesign framework follows suggestions by social theorists like Ho (2005) and Reckwitz (2002) 
who place routinized practices and their construction at the centre of behavioural analysis.  Social units 
with common basis for practice, described as “communities of practice” (Wenger, 2000) go through a 
participatory process. Participation is described as “a process of investigating, understanding, 
reflecting upon, establishing, developing and supporting mutual learning between multiple 
participants in collective ‘reflection-in-action’” (Simonsen, 2012). To establish the ecodesign 
framework in a participatory way, the authors use action research which involves team work as part 
of a community of practice to improve the way solutions are reached (Chevalier, 2013; Lewin, 1947; 
Susman and Evered, 1978).  
 
To enable a participatory approach various methods were applied during the design process. Some 
iterations used quantitative approaches in order to investigate the degree to which phenomena 
occurred while in other iterations qualitative approaches were used to investigate the nature of things 
(Blessing, 2009). The use of multimethod tools such as the ones listed bellow and further detailed in 
supporting information (Table A) facilitated the environmental and technical employees to construct 
a common understanding of ecodesign.  
 

 Document analysis e.g. company process diagrams, procedures, organizational charts 
 Workshops (supporting information Table B) 
 Semi-structured interviews (supporting information Table C) 
 Questionnaires 
 Visualization materials e.g. conceptual models of life cycle thinking 
 Canvas mapping e.g. stakeholder mapping, functional mapping, rating scales 
 Pilot projects to test tools and approaches 
 LCA and Life Cycle Costing 

 
Employee inputs were collected through continuous dialogue in an informal setting and through a 
series of activities ranging within the scale of stakeholder involvement: a) participation i.e. workshops, 
b) consultation i.e. interviews, and c) information i.e. training. The participatory nature enabled an 
open and responsive approach for the various inputs from the employees, it aimed to ensure feasibility 
of the outcomes and facilitated engagement and ownership as literature suggests (Bano and Zowghi, 
2015). It also led to capacity building on life cycle thinking and ecodesign. The involved stakeholders, 
participatory methods and the corresponding iterative outputs for each iteration are also outlined in 
Table 1.  
 
Based on the combination of user inputs, the research design can be further classified as critical 
participatory action research (Kemmis et al., 2014). This is due to the participatory approach in the 
iterations, the social and educational process for those collectively involved, and the degree of 
evolution in practice. 
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Table 1. Ecodesign iterations applied at Siemens Wind Power 
Iteration  Timeframe Methods and outputs Stakeholder participation 
I-1 2011 Suggestions for environmental review points in PLM (gates/milestones) Environment Health and Safety (EHS) specialists (2) 

Workshop with EHS specialists to specify environmental review points in PLM (gates/milestones) EHS and Quality specialists (20+) 
Refinement to suggested environmental review points in PLM (gates/milestones) Quality specialist (1) 

I-2 2012 Eco Care Matrix (ECM) (combining LCA and LCC) applied to a product component (Wegener et al., 2011, 
2009) 

EHS specialists (6) 

Workshops (3) with cross-functions to determine ECM applicability EHS specialists (6), Sales, Marketing, 
Communication specialists (5), PLM, Project 
Managers, Design Engineers (13) 

I-3* 2012-2013 Suggestions for environmental review points in PLM (gates/milestones) and instruction with appended 
checklist and target setting guide 

EHS specialists (2), Project manager (1) 

Workshop with Project Managers to gather feedback for environmental review points and instruction  Project Managers (8), EHS specialists (5) 
Pilots with 6 component projects Project Managers (6), EHS specialists (4) 
Questionnaires to gather feedback on process 1 year post implementation Project Managers (10) 
Refinement to Instruction with checklist and target setting guide to include health and safety EHS specialists (4), Project Managers (1) 

I-4 2013-2014 Semi-structured interviews with cross-functions to determine: 1) environmental and life cycle relevance 
in current product development practices, and 2) stakeholder participation in current product 
development practices (Table C, supporting information) 

PLM, Project Managers, Design Engineers (10), 
Procurement specialist (1), Quality specialist (1), 
EHS Specialists (2) 

Suggestions for Ecodesign Framework including environmental review points in PLM (gates/milestones) EHS specialists (5) 
Workshop with Design Engineers to gather feedback for Ecodesign Framework (applied in another 
division of Siemens AG) 

EHS specialists (4), Design Engineers (3) 

Pilots with 2 product platform projects EHS specialists (3), PLM, Design engineers (6) 
I-5 2014 LCAs performed on four product platforms and EPDs compiled (Siemens AG, 2014) EHS specialists (5), Design Engineers (+20), PLM 

(representing a steering committee) (3)  
Workshops (4) with Sales and PLM specialists to educate about LCA and LCA results, and to discuss 
external communication of LCA results 

EHS specialists (3), Sales, Marketing, 
Communication specialists (60), PLM specialists 
(30) 

Extension of iteration 3 by: 1) including environmental information and target setting guide in pre-
existing design manual (company-wide), 2) including health and safety information in instruction with 
appended checklist and target setting guide (specific to the one business unit) 

EHS specialists (4) 

* The third iteration was applied to one business unit while the other iterations were company-wide 
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2.3 Life cycle based elements  
 
The participatory design process previously described stems from a qualitative perception of sustainability 
and is in line with the argument that sustainability is about more than just the fulfilment of indicators; 
instead it is about the way individuals engage with each other (Scerri and James, 2010). However 
ecodesign also needs to rely on quantitative approaches for target setting. Facts based evidence is needed 
to direct environmental target setting and answer questions such as “how to assess the environmental 
impacts?” and “which of these impacts are deemed relevant for setting and measuring improvement 
targets?”. LCA is a scientific methodology, which can be used to answer such questions (EC, 2010). 
 
LCA quantifies environmental inputs and outputs in the life cycle of products. It further employs natural 
science to identify and describe causal links between these and the related environmental impacts. LCA 
ensures scientific robustness, assists in identifying the products largest impacts, compares alternatives, 
and thereby sets the focus right for ecodesign (Hauschild et al., 2004). For these reasons LCA was the 
preferred methodology for environmental assessments at SWP and has been used within the ecodesign 
framework development to support environmental target setting in the product development process 
when relevant. 
 
Life cycle based elements were employed from the first to the last design iteration evolving and expanding 
in scope and goals. In I-2 (of Table 1) an LCA and Life Cycle Costing method was performed for a rotor 
blade, which is a key component of a wind turbine. The results were presented to employees from 
engineering, project management and communication functions to gather input on the tools application. 
In I-5 four full scale LCAs were performed which covered a large percentage of SWPs product portfolio 
and presented in the form of Environmental Product Declarations (EPDs) (Siemens AG, 2014a). The LCAs 
covered the entire life cycle encompassing raw material extraction, materials processing, manufacturing, 
installation, operation and maintenance, and dismantling and end-of-life. Analyses were also carried out 
for both onshore and offshore wind power plants. The project took two years to complete, it involved a 
number of cross-functions and it had a steering committee designated that consisted of six product 
managers. The project was successful from an ecodesign practice perspective, in that it:  

 Initiated constructive dialogue with external stakeholders of the extended value chain i.e. 
suppliers and customers; 

 Informed multiple employees and managers from different functions outside of Environment, 
Health and Safety (EHS); and  

 Increased the motivation and initiated momentum for further product related environmental 
activities. 

 

3 The resulting ecodesign framework in an organisational context 
 
The ecodesign framework was aligned with SWP’s existing processes in order to reduce the gap between 
the framework developers and end users. This validates the ecodesign framework and its accompanying 
tools in an applied setting. The framework’s association with established company processes related to 
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product development are detailed in section 3.1 and 3.2. The final ecodesign framework described in 
section 3.3. 
 

3.1 Existing process for product development 
 
Product Lifecycle Management (PLM) is the overarching process for all other product development 
activities in SWP (Figure 1). It includes the customer-oriented strategic planning, design and development, 
monitoring and phase-out activities of the whole product life cycle. The goal of the process is to increase 
customer value and profit through the development of products and does so by combining various people, 
processes, information and tools (Stark, 2011). Products in PLM represent new or revised products, 
components, technologies or services hereafter called product.  
 

 
Figure 1. Overview of Siemens Wind Power's product lifecycle management process 
 
The company’s PLM consists of four stages and seven sub-stages:  
 
Define: a new or revised product is defined and strategically planned. This stage, often termed the Fuzzy 
Front End, represents the time between when a product idea is conceived and when resources are given 
to its formal development (Gassmann and Schweitzer, 2014). It is characterised as an unstructured and 
informal period because information is more important than a structured approach (Barquet et al., 2013). 
During scoping product ideas and market trends are acquired and evaluated and a product requirement 
specification is formed. During feasibility a product design specification is iteratively defined and different 
technical solutions are evaluated based on feasibility. The requirement and design specifications are than 
aligned and the Product Development Process is employed. 
 
Realize: in contrast to the Fuzzy Front End, the Product Development Process represents the time where 
the tangible changes in product development occur. It is characterized as a structured and formal period. 
Product design is carried out and a number of prototypes are built for test and evaluation. Progress in 
product development is controlled through gates and milestones following the Stage-Gate system 
(Cooper, 1990).   
 
Commercialize: the product design is transferred to the supply chain for serial production, product 
monitoring and servicing.  
 
Phase Out: the end of PLM signifies the closure of production and marketing followed by the end of 
guarantee and service time.  
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3.2 Need for alignment 
 
Alignment with the PLM was a natural choice for two main reasons:  

 Ecodesign literature supporting alignment with formal product development processes; and  
 SWP being a very process oriented company. Further explanations are provided below. 

 
A number of authors suggest the need for environmental checkpoints within the product development 
process (Bras, 1997; Johansson, 2002). Aligning environmental reviews in the already established and 
formalised PLM via a number of gates and milestones is thus a logical way to organize and manage product 
related environmental activities at SWP and satisfy the integrated management system requirements. 
Lindahl (2006) also indicates that ecodesign should be adjusted to different company contexts and to 
different communities within a company because they possess different cultures and have different 
practices for performing tasks. A decision to have a flexible method linked to the PLM was made by 
environmental specialists in I-1 and was later reinforced by engineers in I-3 and I-4 (Table 1). It ensures 
ecodesign will remain in the context of SWP’s innovation activities and it attempts to reduce the gap 
between the framework developers i.e. EHS functions and the end users i.e. engineers and project 
managers. 
 
SWP considers processes the backbone of its operations. Processes are a main entry point into the 
integrated management system and act as a compliance measure with internal and external stakeholder 
requirements. Furthermore, processes maintain product excellence in respect to quality, environment, 
health and safety. Processes are used to document workflows; describe tasks, deliverables and interfaces; 
and assign roles and responsibilities at SWP.  
 
The ecodesign framework correlates best with the PLM stages when the Product Development Process is 
employed. This is because the Product Development Process: 

 Has the broadest scope of all sub-processes covering all critical aspects of product development, 
involves both strategic and tangible aspects and the largest number of cross-functional 
stakeholders; 

 Is based on a number of sequential phases that must be approved via a milestone or gate review;  
 Is defined more extensively than the other sub-processes and undergoes a revision process every 

year; and 
 Is the most referenced sub-process by cross-functional employees.  

 

3.3 The ecodesign framework 
 
The ecodesign framework presented in Figure 2 was designed based on the international standards for 
ecodesign, specifically ISO/TR 14062:2002 and ISO 14006:2011. After which, it was aligned with the PLM 
process, or more specifically the Product Development Process. 
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Figure 2. Overview of Siemens Wind Power's aligned ecodesign framework  
 
In line with Birch et al. (2012) the terms ecodesign and design for environment are used synonymously. 
This article uses the term ecodesign but SWP’s ecodesign framework uses design for environment in its 
title and descriptions. This is because the design for X (where X can be Serviceability, Disassembly, 
Remanufacturing, etc.) concept is well known to a number of disciplines due to its practitioner focus and 
has experienced a high success rate in industrial applications (;Dombrowski et al., 2014; Huang and Mak, 
1998). Using design for environment is thereby an attempt to decrease the division between product 
development and environmental functions, who have traditionally operated separate from one another, 
by giving more meaning to the end users (Ehrenfeld and Lenox, 1997). 
 
The ecodesign framework can run on three levels: 
 
Product: ecodesign decisions begin in the Fuzzy Front End (scoping and feasibility in PLM) and can affect 
one or a range of products in the portfolio e.g. substitution of material x for all wind turbines by 20xx.  
 
Component: ecodesign begins in the early Product Development Process stages (feasibility and design in 
PLM) and affects one or more components e.g. reduction of process waste during blade y production, 
reduction of parts for nacelle z. 
 
Systems: ecodesign decisions are driven outside PLM on a project basis and affect cross-functions other 
than engineering and project management e.g. environmental targets related to suppliers, project 
installation, service, etc. 
 
Furthermore, it is divided into seven stages, encompasses the full product life cycle and correlates with 
specific gates and milestones throughout PLM: 
 
Environmental requirements: the framework begins by identifying, evaluating and prioritizing 
environmental requirements according to significance and improvement potential. Examples include 
legislation, stakeholder requirements, strategic goals, high impacts realized in former LCAs, annual targets 
and market analyses.  
 
Environmental strategy: a reference product is selected, cross-functional team designated, and 
environmental product strategy formulated based on the prioritized requirements. 
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LCA decision and eKPIs: an explicit decision whether an LCA, EPD, or other forms of communication are 
necessary. Environmental improvement targets eKPIs are formulated and responsibility is assigned. There 
are minimum requirements of one LCA and one EPD per product platform and one environmental 
improvement target per project. These steps are to be performed in parallel to the PLM and recorded in 
the requirement specification.  
 
Preliminary data collection: in relation to these decisions preliminary data is collected. 
 
Implementation, evaluation and preliminary results: the LCA methodology and ecodesign framework are 
iteratively applied and evaluated after the product design specification is defined. 
 
Final results: Design changes during prototyping, simulations or tests are compared against the reference 
product e.g. via bills of materials, design drawings, supplier specifications, waste measurements, etc. Final 
results and environmental effects are documented, including trade-offs prior to serial production. 
 
Communication: Relevant aspects and improved environmental features of the product should be 
included in an environmental communication plan that can be directed at external stakeholders for 
informative purposes or used internally for management and employee motivation. 
 
To address the environmental assessment and improvement needs, methods and tools that serve 
different purposes accompany the ecodesign framework, (see Table 1 and supporting information) For 
example, guidelines, which are also known as process descriptions, were created to facilitate ecodesign, 
conduct LCAs and compile EPDs. A checklist is used to ensure management involvement i.e. checklists are 
to be completed and filed alongside other PLM documentation by the project manager. An environmental 
target setting guide encompassing all life cycle stages of a wind farm project ensures focus in life cycle 
based improvement targets and enforces capacity building (I-3 of Table 1). Use of such methods and tools 
is also in line with literature (Byggeth and Hochschorner, 2006; Karlsson and Luttropp, 2006). 
 

4 Results after applying the ecodesign framework  
 
The discussion, in this section on the usefulness of the ecodesign framework are based on the authors’ 
empirical work throughout the four years and are synthesized based on the iterations from Table 1 i.e. 
inputs from cross-functional employees during the workshops and semi-structured interviews and 
outputs from the application of LCA. The empirical results are also supplemented with literature. Section 
4.1 discusses the benefits of combining the ecodesign framework, which is a qualitative element, with the 
quantitative elements of LCA. Section 4.2 highlights some lessons learned based on the iterations and may 
prove useful to other companies interested in ecodesign. 
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4.1 Combining qualitative and quantitative ecodesign elements 
 
LCA is used to show how quantitative methods can inform strategic target setting in SWP in the support 
of sustainable innovation. Sustainable innovation can occur at three levels: 

 Technological (section 4.1.1); 
 Organizational (section 4.1.2); and  
 Societal (section 4.1.3) (Eco-innovation Observatory, 2013; NBS, 2012).  

 
The purpose is to identify the added value brought by LCA in product development throughout the 
ecodesign framework at these different levels.  
 
The goal is not to extensively detail the inventory data or focus on the accuracy of the specific LCA results. 
For this reason, assessment results are shown at midpoint level and only for one impact category i.e. 
climate change (kgCO2-eq). SWP also uses climate change in its EPDs because:  

 Stakeholders are more aware of, and can more easily relate to, this impact category (Weidema et 
al., 2008);  

 Energy systems are globally a main contributor to CO2 emissions (Canadell et al., 2007); and  
 Alternative energy sources are evaluated upon their contribution to climate change (Evans et al., 

2009).  
 
A full scale LCA was conducted for an average, European onshore wind power plant with 20 SWT-2.3-108 
wind turbines. The system has been modelled in SimaPro v.8 Software on the basis of ecoinvent v2.2 
(Frischknecht et al., 2004) background data. The impact assessment has been done based on the 
recommendations by the International Reference Life Cycle Data System (EC, 2010). The details of the 
LCAs are reported in separate publication and it is beyond the scope to present them here. Instead the 
authors aim to showcase the value of LCA the results in initiating discussions towards sustainable 
innovation. For this reason Figure 3 illustrates the contribution of the life cycle stages to climate change 
and presents the contribution of the different plant components to the impacts from the life cycle stage 
‘materials’. 
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Figure 3. Contribution of life cycle stages to climate change for an average wind power plant (20 SWT-2.3-108 turbines) 
Materials and manufacturing account for more than 90% of a wind turbines impact. This is in line with 
literature, e.g. Haapala and Prempreeda (2014)  report a 78% contribution from materials to the total 
impact for a two MW turbine while Guezuraga et al., (2012) report more than 84%. IPCC also identifies 
infrastructure the main culprit for a systems environmental performance (Wiser et al., 2011).  
 
Conventional environmental target setting in SWP focuses on energy and waste reductions during the 
manufacturing stage. However, the manufacturing stage accounts for only 8% of the total impact in a life 
cycle perspective. Conversely, the tower is the most significant component in the materials life cycle stage. 
Ensuring steel recycling at the end of life would lead to environmental savings due to the avoided 
production of primary steel (negative values in Figure 3)  
 
This broad systems view identifies hot spots and the relative importance of different life cycle stages. It is 
particularly useful in the Fuzzy Front End of the PLM (Figure 1) because it can be used for strategic 
environmental planning to indicate where efforts and resources can be directed to maximise 
improvements across the life cycle.  Its use it thus, directed towards the top and middle management 
functions in product development that have the ability to make strategic decisions e.g. platform owners, 
chief technology officer, chief engineers. The next three subsections will position LCA within the 
technological, organizational and societal levels of sustainable innovation.  
 
4.1.1 Technological level: sustainable innovation within the company 
 
The technological level represents sustainable innovation on an individual component i.e. rotor blade, or 
a technology i.e. casting process. The value of LCA based environmental target setting was investigated 
for the case of a rotor blade design. LCA results revealed that the consumption of materials i.e. epoxy and 
glass gibre is responsible for more than 60% of the total impacts associated with the blade. LCA results 
highlighted e.g. that cutting down on materials such as Teflon and epoxy could be more effective 
compared to conventional targets for energy savings during manufacturing (Bonou et al., 2015).  
4.1.2 Organizational level: sustainable innovation across the supply chain  

The organizational level represents sustainable innovation in a value chain. Based on SWPs internal 
documentation, customer requests in regards to LCAs and other environmental information have 
increased between 2011 and 2014. Further, some customer requests have become more sophisticated 
with some customers inquiring about the total cost of ownership and the levelized cost of energy (Oliveira, 
2012). Thus life cycle thinking on a cost assessment level is an emerging external driver. The LCA results 
revealed that steel recycling at the end of life could offset 19% of climate change impact due to the 
avoidance of primary steel production. Such information could be combined with an economic 
assessment of the end of life management of the wind power plants i.e. the savings from selling the metal 
scrap in the secondary steel market. In an interview in I-4 (Table 1) however, the head of product 
marketing indicates that such information is not a typical prerequisite in tenders, nor is strategic life cycle 
planning.  
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Similarly another example of sustainable innovation at the organizational level is that of alternative 
business models, such as the transition from the sale of an asset to that of a service, or product-service 
system (Cherrington, 2012; Mont, 2002;). In relation to wind turbines, ownership of the generator could 
be retained by SWP who then sells the function of the product i.e. energy production through a leasing 
agreement rather than the sale of a tangible asset i.e. wind turbine. Doing so could improve the service 
the generator receives and extend its lifetime, while also securing ownership over the magnets that 
contain rare earths that are vulnerable to supply and cost volatilities (Hatch, 2012). In an interview in I-4 
(Table 1) the head of product marketing acknowledged the strategic potential of a buy-back system but 
challenged its feasibility and its implications to the current business case. 
 
4.1.3 Societal level: sustainable innovation to create shared value in society  
 
The societal level represents sustainable innovation and socio-economic transitions across broader 
society, involving a number of other stakeholders outside the traditional value chain. Customer requests 
have not only grown, but have also matured in their scope of sustainability. The broadening of focus from 
an environmental to a societal one adds additional dimensions of impact assessment. Growing concerns 
about the wind power industry are related to its societal benefit i.e. social acceptance, local community 
involvement and local employment opportunities (Thabrew et al., 2009). 
 
In such cases, methodologies such as Life Cycle Sustainability Assessment can be employed where LCA is 
coupled with Life Cycle Costing and Social LCA  to support decisions that encompass all sustainability pillars 
in a life cycle perspective (Kloepffer, 2008;). An example from I-5 (Table 1) relates to a number of projects 
where LCA data was combined with economic and social criteria to help customers determine the positive 
benefits of wind power plants to society using different life cycle methodologies. The social cost of energy 
is another example where SWP has iterated. The company has determined that broadening the scope of 
electricity cost calculation is necessary in order to compare different energy technologies based on actual 
social burdens and benefits. The calculations indicate that the cost of wind power, and specifically 
offshore wind power, is 60€/MWh in comparison to traditional fossil based energy sources that range 
between 61 and 107€/MWh (Siemens AG, 2014b).  
 

4.2 Lessons learned from the ecodesign frameworks design iterations 
 
Section 4.1 aimed to demonstrate the kind of discussions that quantitative approaches like LCA can 
intrigue and the kind of changes it can direct towards. However, ecodesign efforts in SWP to date, have 
been primarily about developing tools and processes and engaging stakeholders rather than making actual 
product improvements. In I-2 of Table 1 functions other than environmental specialists reveal strong 
support for, and interest in, having more environmental information. Specialists from sales, 
communication, engineering and project management functions confirm the potential use of 
environmental information both externally and internally. The following are a number of lessons learned 
from the iterations. They include calling for assigned responsibility through eKPIs at project and functional 



Paper 4 

118 
 

levels; adaptive learning approaches to ecodesign based on continuous improvements; and additional 
capacity building amongst employees in life cycle thinking. 
 
4.2.1 Assigned responsibility through key performance indicators 
 
In I-3 of Table 1, the instruction with appended checklist and target setting guide underlines the project 
managers’ responsibility in setting environmental targets and the environmental specialists’ role as 
support function. Recent literature indicates a lack of sustainability integration in project management 
functions (Brones et al., 2014; Marcelino-Sádaba et al., 2015), which is one reason why requirements for 
project managers were established at SWP during I-3, rather than engineers who are traditionally 
identified as the key stakeholder function in ecodesign. Moving from the tactical to strategic level, 
literature also suggests the responsibility at the product portfolio management level (Brook, 2014). 
 
Still, formalisation is not enough to ensure engagement in sustainability initiatives. A year after piloting 
the checklist and environmental target setting in I-3 of Table 1, 12 project managers provided feedback 
on their capacity building needs (Table 2). All 12 respondents indicated that eKPIs were relevant to 
product development projects and five believed that their position in the PLM was correct. However, only 
three respondents were aware of the checklist and eKPI requirements and only one thought the 
procedure was implemented and fully functioning. Four respondents believed there were obstacles 
preventing them from focusing on, or allocating time to, environment subjects altogether. Evidence 
suggests there is interest in ecodesign but further capacity building is needed for the environmental 
requirements in PLM. A number of suggestions for improving the current target setting process were 
made, including more target setting support from environmental specialists and design engineers. 
 
Table 2. Capacity building needs obtained through employee feedback one year after onset 

Responses to environmental checklist and target setting guide (I-3 of Table 1) Number in support (12 total) 
Environmental target setting is relevant to product development projects 12 
Environment is placed in the correct PLM gates and milestones 5 
Awareness of the checklist and environmental target setting requirements 3 
Procedure is implemented and fully functional 1 
Obstacles exist and prevent focus on, or allocation to, environment improvements 4 

 
Same is the picture on a strategic level. During I-4 of Table 1 the product portfolio manager expressed 
difficulties integrating environment, as there were no overarching portfolio strategies related to 
environmental improvements. This lack of engagement also relates to cross-functions operating with 
different intentions and overall goals throughout the PLM.  
 
To address these challenges eKPIs are recognized as important elements in assigning responsibility at four 
different levels: portfolio; project, employee; and functional. Setting eKPIs would assign accountability 
and help to maintain commitment and continuity that now is ad hoc e.g. I-4 of Table 1 one project 
manager emphasized that environmental improvements were often inherently part of cost or quality 
targets but not explicitly labelled as such.  Thus, eKPIs would be more effective if combined with existing 
measures i.e. also in I-4 of Table 1 another project manager stressed the need for ecodesign activities to 
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be closely linked to employees’ personal performance measurements and functional targets. Co-creating 
such eKPIs together with the employees that use them would further strengthen engagement. Petersson 
et al. (2013) indicate that ownership is a motivational factor for employees, particularly when they have 
contributed to developing indicators that suit their specific work situations.  
 
4.2.2 An adaptive learning approach based on continuous improvements  
 
The ecodesign framework’s development has followed an iterative process of continuous improvement 
and cross-functional participation (ISO, 2002; 2011). It occurs in a phased approach that starts small and 
incrementally expands throughout the company with the overall aim to become rooted in the 
organizational culture, or routine way of developing products.  Shelton (1995) suggests this gradual 
evolution helps to generate learning and minimize opposition from management and cross-functions. The 
iterations presented in Table 1 between 2011 and 2014 show the adaptive learning which can be 
summarized below: 
 
External drivers lead to internal momentum: Creating the ecodesign framework and using LCA were 
externally driven by requirements primarily from customers. In I-4 of Table 1, a design engineer admitted 
that unless there is a legislative or customer requirement, little attention is paid to product related 
impacts.  However, after completing the EPDs in I-5 the environmental specialists have received internal 
requests to assist in target setting and to perform additional LCAs, indicating some degree of internal 
environmental momentum.  
 
Combining top down and bottom up approaches: Shelton (1995) emphasizes the importance of corporate 
functions leading the initial stages of ecodesign implementation but cautions that it must be embedded 
in, owned by, and customized to, the different cross-functions. For this reason bottom up (I-2 and I-3 of 
Table 1) and top down (I-1, I-4 and I-5 of Table 1) approaches were used. Feedback identified the need for 
more management attention in the gate and milestone reviews, in addition to more training and capacity 
building. Design engineers in I-4 of Table 1 also expressed their need for more ecodesign knowledge and 
requested the involvement of other functions throughout PLM.  
 
Need for simple but scientifically robust information: Concerns about complexity were raised in all 
iterations of Table 1, particularly with respect to tool use. Between I-1 and I-3 the number of 
environmental review points in PLM was significantly reduced and between I-3 and I-5 the checklist was 
simplified. In I-2 there was a lot of opposition to combining environmental with cost data e.g. the Eco Care 
Matrix (Wegener et al., 2009; 2011). However, the head of product marketing insisted that any 
environmental tool must be closely interlinked with existing PLM tools. Ecodesign tools and 
methodologies i.e. workshops, procedures, checklists, LCAs, etc. are used to assess and improve products. 
Their usefulness and success requires a balance between complicated and oversimplified elements. Ritzén 
(2001) advocate that tools facilitate learning and collaboration amongst users provided they are resource 
efficient and remain easy to comprehend and apply.  
 
Different tools for different cross-functions: In SWP there are different business units that manufacture, 
assemble and service wind turbines. These have different contexts and will approach ecodesign differently 
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both in terms of focus as well as in terms of tools e.g. process optimization is important in manufacturing 
while supplier collaboration is important in assembly. The iterations in Table 1 involved different 
ecodesign activities i.e. workshops, checklists, LCAs that resonate differently to the different functions, 
otherwise referred to as practice communities. 
 
Different ecodesign possibilities for different product, technology and service types: Product maturity 
affects the degree of ecodesign possible; incremental ecodesign e.g. optimizations in mature products 
and radical ecodesign e.g. modifications in existing and new products with high growth potential (Shelton, 
1995). A project manager in the manufacturing business unit indicated during I-3 of Table 1 that eKPIs are 
easier applied to product revisions rather than to new products due to lower uncertainties.  
 
Engaging relevant stakeholders ensures feasibility: Ecodesign should target a number of cross-functions. 
It was suspected while piloting in I-3 and confirmed in I-4 of Table 1 that eKPIs in the Product Development 
Process was late in the PLM. A design engineer explained that if eKPIs were not specified in the 
requirement specification then resources would not be allocated for environmental improvements. He 
emphasized that engineers can offer environmental improvement ideas and possess interest, but have 
relatively low decision power in the PLM. Thus, I-4 and I-5 have begun targeting the product portfolio 
managers operating in the fuzzy front end alongside the project managers and design engineers. 
Johansson (2002) confirms that environmental issues must be included when establishing a company’s 
technology strategy. The environmental product strategy is included in the second stage of the ecodesign 
framework (Figure 2). Future ecodesign work at SWP must expand to involve other cross-functions 
including procurement and service specialists. 
 
Engaging management at the right time is catalytic: Timely management involvement will also ensure 
support for resource allocation i.e. time, funding or training. In I-4 of Table 1 design engineers expressed 
concerns that they would be expected to do more within the same time and cost constraints of a project. 
In I-5 the resource availability for additional LCA studies remains unclear. Dewulf (2004) stress the 
importance of management involvement since many decisions affecting ecodesign must be made at 
strategic levels. Improvement options most environmentally beneficial are those requiring a change of 
business strategy or technology, which can only be initiated by management.  
 
Communication and stakeholder skills facilitate learning and thereby implementation: Environmental 
specialists should also be equipped with stakeholder management techniques to better communicate 
ecodesign, particularly LCA results. Most employees were highly interested in the LCA results during I-2 
and I-5 of Table 1. However, there were a group of design engineers in I-4 who were introduced to LCA 
results that revealed high environmental impacts for the component they were responsible for. One of 
the engineers was highly disgruntled by the LCA results, claiming they were a “disgrace to their work”, 
while another was more impressed by the level of detail LCA provided regardless of the specific results. 
The authors agree that disagreement is often a good basis for discussion but LCA is not intended to assign 
blame. Environmental specialists should remain sensitive to stakeholder needs and perceptive to the way 
results are presented. Clear and objective communication of ecodesign progress e.g. by showcasing 



Paper 4 

121 
 

successful project improvements can increase motivation, facilitate buy-in and enhance cooperation from 
technical functions if done correctly (Johansson, 2002). 
 
In support of continuous improvements, maturity models and improvement roadmaps (Pedersen, 2002; 
Pigosso et al., 2013) have been previously recommended to assist companies in systematically 
implementing ecodesign and could potentially help SWP in its continued efforts. 
 

4.2.3 Further capacity building in life cycle thinking needed 
 
Employee feedback showed a weak understanding of the different life cycle stages and perceived 
relevance to their functions. Especially I-2 to I-4 of Table 1, reveal the difficulties employees have in 
understanding life cycle thinking (Figure 4) and its relevance to product development. Some employees 
could relate to life cycle stages neighbouring their functional scope e.g. impacts associated with material 
extraction and transport for a procurement specialist. However, the greater the distance between the 
employees’ function and a life cycle stage, the harder it was to perceive the dependencies. This is likely 
associated with a lack of related training in and a lack of visible environmental product strategy. However, 
all employees understood the relevance of life cycle thinking during manufacturing. Manufacturing was 
most tangible because employees had the ability to make product and process improvements. Also, 
environmental activities in SWP have traditionally been production-oriented e.g. cleaner production so 
employees have a better understanding of, and experience with, that life cycle stage.  

Figure 4. Conceptual model of life cycle thinking used to determine how it applies to the daily work of internal cross-functions 
(Siemens AG, 2014a) 

 
Although manufacturing has a low impact compared to other life cycle stages, it provides a fertile ground 
for communicating concepts. Competence training is necessary to increase the awareness and 
understanding of cross-functions from a life cycle thinking perspective. Bras (1997) and Johansson (2002) 
also suggest effective forms of capacity building which include, training of the product development 
functions, support from environmental specialists and examples of good environmental business cases.  
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5 Ecodesign framework for driving sustainable wind turbine innovations 
 
The purpose of this article was to propose a life cycle based ecodesign framework in the context of SWP 
and demonstrate how it can be used as a driver for sustainable innovations in components, product 
systems, technologies and business models. 
 
In section 2 the authors described how an ecodesign framework was developed using an iterative, action 
research design approach which relied on the participation of cross-functional employees. Stakeholder 
involvement was an inherent part of the framework’s development through the use of participatory 
methods and tools in order to elicit input from the employees at different hierarchical levels. The authors 
and employees worked collaboratively to propose a new course of action towards more environmentally 
oriented product development practices.  
 
The participatory nature enabled an open and responsive approach to the various employee inputs. The 
framework was developed based on ISO/TR 14062:2002 and ISO 14006:2011. Five iterations occurred 
over a four year time frame and methods such as workshops, pilots, interviews and LCA were applied. To 
date, it continues to be adjusted and implemented based on cross-functional employee feedback.  
 
In section 3 the authors presented the ecodesign framework and indicated how it was aligned with the 
company’s formal product development processes. The framework was adjusted to SWP’s existing PLM 
process in order to facilitate user adoption since employees were accustomed to working with formalized 
processes, milestones and gate reviews.  
 
In section 4 the authors exemplified applications of ecodesign using the framework in combination with 
LCA. When combined with LCA, the framework can identify potential environmental improvements and 
contribute to coherent and transparent environmental target setting. This is because LCA serves as the 
quantitative backbone of ecodesign and assists in the uptake of life cycle thinking. Three select cases 
demonstrated how both LCA and life cycle thinking can support sustainable innovation broadening the 
focus from a technological level to organizational and societal levels. The examples showed that LCA 
enables the company to perform environmental target setting that is scientifically robust and make 
efficiency and transparency improvements. The information provided by LCA gives a novel view of the 
company’s processes and products, thus identifying risks and opportunities that may otherwise not have 
been acknowledged. 
 
Further, lessons learned obtained during the design iterations were presented and indicate: 

 The importance of official procedures and assigned responsibility: the ecodesign framework 
correlates with gate and milestones throughout the PLM and requires one eKPI per project. 
Further responsibility could be assigned via portfolio, employee and functional specific eKPIs. 

 The need for adaptive learning approaches based on continuous improvements: the iterations 
allowed for progressive advancements and continuous improvements in the development of an 
ecodesign framework. Other important points related to a combination of approaches from 
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bottom up to top down, a simplified approach balanced with quantitative methods, variables in 
approach and tool selection depending on cross-function and project scope, importance of 
employee and management participation, and the positive effects of communication and 
stakeholder management skills on learning. 

 The need for capacity building in life cycle thinking: this lesson is a pre-requisite to the previous 
and should be an integrated element in the framework. 

 
Although the lessons learned may appear self-evident many companies continue to struggle in rooting 
sustainability in their design practices. Given this fact, the lessons learned can be a reminder that beyond 
normative views e.g. how things should be; there is often another reality i.e. how things are. This research 
demonstrates the value of life cycle thinking in an applied setting and shows how ecodesign can initiate 
constructive dialogues with multiple stakeholders and build sustainability momentum. The process and 
learnings may provide useful information for managers and researchers seeking to introduce 
environmental considerations into product development, and companies on a more general level. Earlier 
ecodesign discourse did not focus on embedding the life cycle tools and concepts within business 
processes but rather on pilot projects and ad hoc approaches, often neglecting the work needed for 
process integration and behavioural change (Ammenberg and Sundin, 2005; Brezet and Rocha, 2001; 
Charter, 2001).  
 
The intention of this paper was to shift the focus from the single ecodesign applications to an integrated 
approach based on continuous iterations and learning amongst the different functional communities. 
Such an approach requires further research into cross boundary practice and system integration so 
methods, data and tools can be combined for various levels of environmental decision-making. 
 
Acknowledgements 
This research has been carried out as two industrial Ph.D. projects in the Wind Power and Renewables 
division and the Corporate Technology department of Siemens AG. Funding was provided by Innovation 
Fund Denmark. The opportunity and support is gratefully acknowledged, particularly from Tine H. 
Jørgensen. The authors are further thankful for the honesty and openness of those interviewed and for 
their lively discussions. 
 
References 
 
Alves, C., Ferrão, P.M.C., Silva, A.J., Reis, L.G., Freitas, M., Rodrigues, L.B., Alves, D.E., 2010. Ecodesign of automotive 

components making use of natural jute fiber composites. J. Clean. Prod. 18, 313–327. doi:10.1016/j.jclepro.2009.10.022 
Ammenberg, J., Sundin, E., 2005. Products in environmental management systems: drivers, barriers and experiences. J. Clean. 

Prod. 13, 405–415. doi:10.1016/j.jclepro.2003.12.005 
Angelakoglou, K., Botsaris, P.N., Gaidajis, G., 2014. Issues regarding wind turbines positioning: A benchmark study with the 

application of the life cycle assessment approach. Sustain. Energy Technol. Assessments 5, 7–18. 
doi:10.1016/j.seta.2013.10.006 

Bano, M., Zowghi, D., 2015. A systematic review on the relationship between user involvement and system success. Inf. Softw. 
Technol. 58, 148–169. doi:10.1016/j.infsof.2014.06.011 

Barquet, A.P.B., C.A. Pigosso, D., Rozenfeld, H., 2013. Systematic Approach to Formulate PSS Development Project Proposals in 
the Fuzzy Front End, in: Meier, H. (Ed.), Proceedings of the 5th CIRP International Conference on Industrial Product-



Paper 4 

124 
 

Service Systems. Springer International Publishing, Bochum, pp. 121–131. doi:10.1007/978-3-642-30820-8 
Birch, A., Hon, K.K.B., Short, T., 2012. Structure and output mechanisms in Design for Environment (DfE) tools. J. Clean. Prod. 

35, 50–58. doi:10.1016/j.jclepro.2012.05.029 
Byggeth, S., Hochschorner, E., 2006. Handling trade-offs in Ecodesign tools for sustainable product development and 

procurement. J. Clean. Prod. 14, 1420–1430. doi:10.1016/j.jclepro.2005.03.024 
Blessing, L.T.M., 2009. DRM, a design research methodology. Springer. 
Bonou, A., Olsen, S.I., Hauschild, M.Z., 2015. Introducing life cycle thinking in product development – A case from Siemens Wind 

Power. CIRP Ann. - Manuf. Technol. doi:10.1016/j.cirp.2015.04.053 
Bras, B., 1997. Incorporating environmental issues in product design and realization. Ind. Environ. 20, 7 – 13. 
Brezet, H., van Hemel, C. 1997. Ecodesign: a promising approach to sustainable production and consumption, UNEP and TU 

Delft: Paris, France.  
Brezet, H., Rocha, C., 2001. Towards a Model For Product-oriented Environmental Management Systems, in: Tischner, U., 

Charter, M. (Eds.), Sustainable Solutions: Developing Products and Services for the Future. Greenleaf Pub, pp. 243–262. 
Brones, F., de Carvalho, M.M., de Senzi Zancul, E., 2014. Ecodesign in project management: a missing link for the integration of 

sustainability in product development? J. Clean. Prod. 80, 106–118. doi:10.1016/j.jclepro.2014.05.088 
Brook, J.W., 2014. Integrating sustainability into innovation project portfolio management - a strategic perspective. J. Eng. 

Technol. Manag. 34, 46 – 62. 
BTM, 2013. World Market Update 2013. 
Canadell, J.G., Le Quéré, C., Raupach, M.R., Field, C.B., Buitenhuis, E.T., Ciais, P., Conway, T.J., Gillett, N.P., Houghton, R.A., 

Marland, G., 2007. Contributions to accelerating atmospheric CO2 growth from economic activity, carbon intensity, and 
efficiency of natural sinks. Proc. Natl. Acad. Sci. U. S. A. 104, 18866–70. doi:10.1073/pnas.0702737104 

Charter, M., 2001. Integrated Product Policy and Eco-product Development, in: Tischner, U., Charter, M. (Eds.), Sustainable 
Solutions: Developing Products and Services for the Future. pp. 98–116. 

Cherrington, R., 2012. Producer responsibility: Defining the incentive for recycling composite wind turbine blades in Europe. 
Energy Policy 47. 

Chevalier, J.M., 2013. Participatory action research : theory and methods for engaged inquiry. Routledge. 
Cooper, R.G., 1990. Stage-gate systems: A new tool for managing new products. Bus. Horiz. 33, 44–54. doi:10.1016/0007-

6813(90)90040-I 
Dewulf, W., 2004. Integrating eco-design into business environments - A multi-level approach. Prod. Eng. ECO-DESIGN, Technol. 

GREEN ENERGY 55 – 76. 
Dombrowski, U., Schmidt, S., Schmidtchen, K., 2014. Analysis and Integration of Design for X Approaches in Lean Design as basis 

for a Lifecycle Optimized Product Design. Procedia CIRP 15, 385–390. doi:10.1016/j.procir.2014.06.023 
Domingo, L., Buckingham, M., Dekoninck, E., Cornwell, H., 2015. The importance of understanding the business context when 

planning eco-design activities. J. Ind. Prod. Eng. 32, 3–11. doi:10.1080/21681015.2014.1000398 
Eco-innovation Observatory, 2013. Europe in Transition: Paving the Way to a Green Economy through Eco-innovation. Annual 

Report 2012. 
Ehrenfeld, J., Lenox, M., 1997. Implementing design for environment: a primer. Digital Equipment Corporation, Maynard, 

Massachusetts. 
European Commission, 2009a. DIRECTIVE 2009/28/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 23 April 2009 

on the promotion of the use of energy from renewable sources. OJ L 140/16. 
European Commission, 2009b. DIRECTIVE 2009/125/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 21 October 

2009 establishing a framework for the setting of ecodesign requirements for energy-related products. OJ L 285/10. 
European Commission Joint Research Centre Institute for Environment and Sustainability, 2010. International Reference Life 

Cycle Data System (ILCD) Handbook - General guide for Life Cycle Assessment - Detailed guidance., 1st ed. Publications 
Office of the European Union, Luxembourg. 

Evans, A., Strezov, V., Evans, T.J., 2009. Assessment of sustainability indicators for renewable energy technologies. Renew. 
Sustain. Energy Rev. 13, 1082–1088. doi:10.1016/j.rser.2008.03.008 

EWEA, 2014. Wind energy scenarios for 2020. 
Frischknecht, R., Jungbluth, N., Althaus, H.-J., Doka, G., Dones, R., Heck, T., Hellweg, S., Hischier, R., Nemecek, T., Rebitzer, G., 

Spielmann, M., 2004. The ecoinvent Database: Overview and Methodological Framework (7 pp). Int. J. Life Cycle Assess. 
10, 3–9. doi:10.1065/lca2004.10.181.1 



Paper 4 

125 
 

Gassmann, O., Schweitzer, F., 2014. Managing the Unmanageable: The Fuzzy Front End of Innovation, in: Gassmann, O., 
Schweitzer, F. (Eds.), Management of the Fuzzy Front End of Innovation. Springer International Publishing. 
doi:10.1007/978-3-319-01056-4 

Guezuraga, B., Zauner, R., Pölz, W., 2012. Life cycle assessment of two different 2 MW class wind turbines. Renew. Energy 37, 
37–44. doi:10.1016/j.renene.2011.05.008 

GWEC, 2014. GLOBAL WIND REPORT ANNUAL MARKET UPDATE 2014. 
Haapala, K.R., Prempreeda, P., 2014. Comparative life cycle assessment of 2.0 MW wind turbines. Int. J. Sustain. Manuf. 3, 170. 

doi:10.1504/IJSM.2014.062496 
Hatch, G.P., 2012. Dynamics in the Global Market for Rare Earths. Elements 8, 341–346. doi:10.2113/gselements.8.5.341 
Hauschild, M.Z., Jeswiet, J., Alting, L., 2004. Design for Environment — Do We Get the Focus Right? CIRP Ann. - Manuf. Technol. 

53, 1–4. doi:10.1016/S0007-8506(07)60631-3 
Ho, T.H., 2005. Modeling the Psychology of Consumer and Firm Behaviorwith Behavioral Economics. 
Huang, G., Mak, K., 1998. Re-engineering the product development process with “design for X.” Proc. Inst. Mech. Eng. 212, 

259–268. doi:10.1243/0954405981515671 
IEA, 2013. Technology roadmap - Wind energy. Paris. 
IPCC, 2007. Climate Change 2007: Impacts, adaptation and vulnerability. Contribution of Working Group II to the Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change, Genebra, Suíça. Cambridge University Press, 
Cambridge, United Kingdom. 

ISO, 2011. ISO 14006:2011 Environmental management systems -- Guidelines for incorporating ecodesign. 
ISO, 2002. ISO/TR 14062:2002 Environmental management - Integrating environmental aspects into product design and 

development. 
Johansson, G., 2002. Success factors for integration of ecodesign in product development. Environ. Manag. Heal. 13, 98–107. 

doi:10.1108/09566160210417868 
Karlsson, R., Luttropp, C., 2006. EcoDesign: what’s happening? An overview of the subject area of EcoDesign and of the papers 

in this special issue. J. Clean. Prod. 14, 1291–1298. doi:10.1016/j.jclepro.2005.11.010 
Kemmis, S., McTaggart, R., Nixon, R., 2014. The action research planner : doing critical participatory action research. Springer 

International Publishing. 
Kloepffer, W., 2008. Life cycle sustainability assessment of products. Int. J. Life Cycle Assess. 13, 89–95. 

doi:10.1065/lca2008.02.376 
Lewin, K., 1947. Frontiers in Group Dynamics: II. Channels of Group Life; Social Planning and Action Research. Hum. Relations 1, 

143–153. doi:10.1177/001872674700100201 
Lewin, K., 1946. Action Research and Minority Problems. J. Soc. Issues 2, 34–46. doi:10.1111/j.1540-4560.1946.tb02295.x 
Lindahl, M., 2006. Engineering designers’ experience of design for environment methods and tools – Requirement definitions 

from an interview study. J. Clean. Prod. 14, 487–496. doi:10.1016/j.jclepro.2005.02.003 
Luyet, V., Schlaepfer, R., Parlange, M.B., Buttler, A., 2012. A framework to implement Stakeholder participation in 

environmental projects. J. Environ. Manage. 111, 213–9. doi:10.1016/j.jenvman.2012.06.026 
Marcelino-Sádaba, S., González-Jaen, L.F., Pérez-Ezcurdia, A., 2015. Using project management as a way to sustainability. From 

a comprehensive review to a framework definition. J. Clean. Prod. 99, 1–16. doi:10.1016/j.jclepro.2015.03.020 
Martínez, E., Sanz, F., Pellegrini, S., Jiménez, E., Blanco, J., 2009. Life cycle assessment of a multi-megawatt wind turbine. 

Renew. Energy 34, 667–673. doi:10.1016/j.renene.2008.05.020 
Mont, O.., 2002. Clarifying the concept of product–service system. J. Clean. Prod. 10, 237–245. doi:10.1016/S0959-

6526(01)00039-7 
Mulder, A., 2008. Do economic instruments matter? Wind turbine investments in the EU(15). Energy Econ. 30, 2980–2991. 

doi:10.1016/j.eneco.2008.02.005 
Muñoz, I., Rieradevall, J., Domènech, X., Gazulla, C., 2005. Using LCA to Assess Eco-design in the Automotive Sector: Case Study 

of a Polyolefinic Door Panel (12 pp). Int. J. Life Cycle Assess. 11, 323–334. doi:10.1065/lca2005.05.207 
NBS, 2012. Innovating for sustainability: A guide for executives. 
Oliveira, W.S. de, 2012. Cost-effectiveness Analysis for Wind Energy Projects. Int. J. Energy Sci. 2. 
Pedersen, C.., 2002. Environmental, health, safety and social life cycle management of moulded-fibre packaging for consumer 

electronics, in: EcoDesign 2003: Third International Symposium on Environmentally Conscious Design and Inverse 
Manufacturing. Tokyo, pp. 779–785. 



Paper 4 

126 
 

Petersson, L., Lennart, S., Bellgran, M., 2013. GREEN KPI’S AS DRIVERS FOR ENVIRONMENTAL IMPROVEMENTS ON SHOP FLOOR 
LEVEL – A CASE STUDY AT ABB, in: The 6th International Conference on Life Cycle Management in Gothenburg 2013. 
Gothenburg. 

Pigosso, D.C.A., Rozenfeld, H., McAloone, T.C., 2013. Ecodesign maturity model: a management framework to support 
ecodesign implementation into manufacturing companies. J. Clean. Prod. 59, 160–173. doi:10.1016/j.jclepro.2013.06.040 

Premalatha, M., Abbasi, T., Abbasi, S.A., 2014. Wind energy: Increasing deployment, rising environmental concerns. Renew. 
Sustain. Energy Rev. 31, 270–288. doi:10.1016/j.rser.2013.11.019 

Reckwitz, A., 2002. Toward a Theory of Social Practices: A Development in Culturalist Theorizing. Eur. J. Soc. Theory 5. 
Reed, M.S., 2008. Stakeholder participation for environmental management: A literature review. Biol. Conserv. 141, 2417–

2431. doi:10.1016/j.biocon.2008.07.014 
Remmen A., Munster M., 2003. An introduction to Life-cycle thinking and management. Copenhagen. 
REN21, 2015.Renewables 2015 Global Status Report. Paris. 
Ritzén, S., 2001. Actions for integrating environmental aspects into product development. J. Sustain. Prod. Des. 1, 91 – 102. 

doi:10.1023/A:1014446421205 
Sarmah, B., Islam, J.U., Rahman, Z., 2015. Sustainability, Social Responsibility and Value Co-creation: A Case Study Based 

Approach. Procedia - Soc. Behav. Sci. 189, 314–319. doi:10.1016/j.sbspro.2015.03.227 
Scerri, A., James, P., 2010. Accounting for sustainability: combining qualitative and quantitative research in developing 

“indicators” of sustainability. Int. J. Soc. Res. Methodol. 13, 41–53. doi:10.1080/13645570902864145 
Shelton, R.D., 1995. Organizing for successful DFE: lessons from winners and losers, in: Proceedings of the 1995 IEEE 

International Symposium on Electronics and the Environment ISEE (Cat. No.95CH35718). IEEE, pp. 1–4. 
doi:10.1109/ISEE.1995.514938 

Siemens AG, 2014a. Environmental Performance- Assessing the environmental impact of Siemens wind turbines [WWW 
Document]. URL http://www.energy.siemens.com/hq/en/renewable-energy/wind-power/epd.htm (accessed 6.1.15). 

Siemens AG, 2014b. Redefining the cost debate - The concept of society’s cost of electricity [WWW Document]. URL 
http://www.energy.siemens.com/hq/en/renewable-energy/wind-power/SCOE.htm 

Simonsen, J., 2012. Routledge international handbook of participatory design. Routledge. 
Stark, J., 2011. Product lifecycle management : 21st century paradigm for product realisation. Springer. 
Susman, G.I., Evered, R.D., 1978. An Assessment of the Scientific Merits of Action Research. Adm. Sci. Q. 23, 582–603. 

doi:10.2307/2392581 
Thabrew, L., Wiek, A., Ries, R., 2009. Environmental decision making in multi-stakeholder contexts: applicability of life cycle 

thinking in development planning and implementation. J. Clean. Prod. 17, 67–76. doi:10.1016/j.jclepro.2008.03.008 
Tischner, U., Schmincke, E., Rubik, F., Prösler, M. 2000. How to do EcoDesign. Ein Handbuch für die ökologische und 

ökonomische Gestaltung. Verlag form, Frankfurt am Main.  
TPWind Advisory Council, 2006. Wind Energy : A Vision for Europe in 2030. 
UNDP, 2015. Sustainable Development Goals [WWW Document]. URL 

http://www.undp.org/content/undp/en/home/librarypage/corporate/sustainable-development-goals-booklet.html 
UNEP, 2010. Assessing the environmental impacts of consumption and production - priority products and materials [WWW 

Document]. URL http://www.unep.org/resourcepanel-old/Publications/PriorityProducts/tabid/56053/Default.aspx 
UNEP/SETAC, 2009. Life Cycle Management: How business uses it to decrease footprint, create opportunities and make value 

chains more sustainable [WWW Document]. URL http://www.unep.fr/shared/publications/pdf/DTIx1208xPA-
LifeCycleApproach-Howbusinessusesit.pdf 

UNEP/SETAC, 2007. Life cycle management: A business guide to sustainability [WWW Document]. URL 
http://www.unep.fr/shared/publications/pdf/DTIx0889xPA-LifeCycleManagement.pdf 

UNEP/SETAC Life Cycle Initiative, 2009. Guidelines for Social Life Cycle Assessment of Products. United Nations Environmental 
Programme. 

Vezzoli, C., Ceschin, F., Diehl, J.C., Kohtala, C., 2015. New Design Challenges to Widely Implement “Sustainable Product-Service 
Systems.” J. Clean. Prod. 97, 1–12. doi:10.1016/j.jclepro.2015.02.061 

Wegener, D., Finkbeiner, M., Geiger, D., Olsen, S.I., Walachowicz, F., Universität, T., Tub, B., Sut, S., 2009. Comprehensive 
Approach to Energy and Environment in the Eco Care Program for Design , Engineering and Operation of Siemens 
Industry Solutions. RISO Int. Energy Conf. 45–52. 

Wegener, D., Finkbeiner, M., Holst, J., Olsen, S.I., Walachowicz, F., 2011. Improving Energy Efficiency in Industrial Solutions – 



Paper 4 

127 
 

Walk the Talk. Proc. Risø Int. Energy Conf. 2011 187–196. 
Weidema, B.P., Thrane, M., Christensen, P., Schmidt, J., Løkke, S., 2008. Carbon Footprint. J. Ind. Ecol. 12, 3–6. 

doi:10.1111/j.1530-9290.2008.00005.x 
Wenger, E., 2000. Communities of Practice and Social Learning Systems. Organization 7, 225–246. 

doi:10.1177/135050840072002 r 
Wiser, R., Yang, Z., Hand, M., Hohmeyer, O., Eld, D.I., Jensen, P.H., Nikolaev, V., O’Malley, M., Sinden, G., Zervos, A., 2011. Wind 

Energy. In IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation, in: Edenhofer, O., Pichs-
Madruga, R., Sokona, Y., Seyboth, K., Matschoss, P., Kadner, S., Zwickel, T., Eickemeier, P., Hansen, G., Schlömer, S., von 
Stecho, C. (Eds.), . Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 

Wüstenhagen, R., Wolsink, M., Bürer, M.J., 2007. Social acceptance of renewable energy innovation: An introduction to the 
concept. Energy Policy 35, 2683–2691. doi:10.1016/j.enpol.2006.12.001 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Paper 4 

128 
 

 



Paper 4 Supporting Information 

129 
 

Table A. Methods and tools used during the ecodesign framework’s iterative design supported by four purposes (based on Adams, 1993; Cross, 2000; Jones, 
1970; Pahl, 1996; Roozenburg, 1995) 

Purpose 1. Contextual clarification: understanding the scope and context of the research 

Defining objectives  Contextual aspects of ecodesign, e.g. alignment with company processes, LCM principles, international standards, etc. 
Literature review Published ecodesign resources i.e. process design, industrial ecodesign best practices, LCAs on wind power technologies 

Document analysis of company’s product development process  
Interviews and 
workshops 

Semi-structured interviews and interactive workshops conducted with cross-functional employees to understand how they perceive and implement 
environmental and life cycle based initiatives (Tables B and C for more detailed information) 

Observations Daily participation on site at SWP which provided an understanding of product development routines and organizational culture 
Managing knowledge 
from previous iterations 

Employee feedback in the form of minutes of meetings, workshop questionnaires, concept ratings, brainstorm outputs 
Inputs were used to re-contextualize the arena and reformulate the tasks at the onset of each iteration 

Purpose 2. Idea generation: brainstorming potential solutions to the problem 

Brainstorming  Cross-functional employees were asked to reflect on specific design challenges and produce ideas of environmental relevance in a given short time 
period 

Concept challenge  Cross-functional employees were asked to critique existing product development processes to address LCT e.g. idea generation around transitioning 
into product-service systems and  closing the loop between waste and resources   

Removing mental blocks  Cross-functional employees were presented with ideas related to system transformation and radical innovation e.g.  closed loop recycling of rotor 
blades is technically unfeasible which opens the research field to open loop recycling and industrial collaborations with other manufacturing fields 

Functional innovation  LCAs were performed to which the quantitative results provided argument for re-evaluating the product development targets and including 
environment and health and safety considerations  

Capacity building  Training was given to some employees e.g. product development, sales and service functions regarding LCA results and their potential use internally 
to improve existing business processes 

Purpose 3. Test feasibility:  understanding how ecodesign can be implemented in existing routines and processes  

Decision analysis To identify and evaluate the compatibility of suggested solutions we mapped the PLM process, the decisions related to each process step, and the 
corresponding cross-functional employees involved  

Mathematical modelling 
i.e. LCA 

LCAs were performed to assess the environmental impacts of components and systems and to  develop the quantitative basis for environmental target 
setting within the ecodesign framework 

Structure models Process flow diagrams were used to model the potential integration of environmental requirements in existing company processes 
Conceptual models Visualisation of LCT models, their results and their potential use were used to explore the likliness of ecodesign adoption 
Purpose 4. Evaluation of proposals: identify and characterize the compatibility of suggested solutions 

Procedures  A procedure was created that included a checklist and target setting guide to be used in SWP’s product development process 
Weighing The environmental criteria were qualitatively weighed against other decision criteria within each group of cross-functional employees e.g. technical 

performance and costs to indirectly assess their importance.  
Quantitative scales were used to characterize where SWP stands in terms of sustainable innovation  
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Table B. Workshop structure and content, ½ day with project managers 
Introduction – Learning objectives 

– Interactive presentation of environmental activities e.g. introduction to ecodeisgn and LCA, ecodesign drivers,  environmental impacts based on LCA  
Breakout – Roundtable discussions e.g. thoughts, concerns, further input 

– Group brainstorm on environmental aspects for each life cycle phase, environmental targets for project specific designs 
Closing – Wrap up discussion e.g. next steps, questionnaire distributed for feedback 

 
Table C. Semistructured interviews, 1 hour duration per function 

Boundary objects used Subjects discussed 
– Verbal explanation How the one hour, semi-structured interviews are structured 
– Introductory slides (printouts)  To clarify our meanings and understandings around terminology 
– Interaction canvas with poster 

paper and markers 
– Verbal explanation 
 

About the respondants functional role: 
– Your daily work? 
– What is your role? 
– What are your deliverables? 
– Functional interests and targets (KPIs), what are you evaluated on? 
– Stakeholder interactions (int & ext)? 
– Inputs upstream and downstream? 
– Where do you get your ideas from? 
– Tools used? 
– Typical decisions made / criteria for decisions / indicators? 
– How do you decide materials / suppliers / process methods? 

– Company documentation i.e. 
process diagrams and 
organisational charts 

– Verbal explanation 
 

Functional location of the repsondant in the company: 
– Where are you in these organizational diagrams? 
– Can you explain these sub-engineering processes? 

Can you explain the fuzzy front ends of interaction? 
– What are the links between PPM, TP and PDP? 
– Interaction TP slide – who (names) and there relation? 

– Company documentation i.e. 
process diagrams and 
organisational charts 

– Verbal explanation 
 

Questions related to stakeholder participation: 
– When you’re working in a project how do stakeholders interact? Frequency? 
– Is it multidisciplinary? 
– How are things communicated between people? Communication tools? 
– Do you think the interaction or communication can be improved? Why and how? 
– Is the interaction because of the individual personality or the working culture? 
– Do you use internal or external forums or platforms for idea generation? 
– Which functions do you think your work affects? 
– What functions affect you? 
– What functions do your decisions have authority over? 
– Were you ever consulted when the engineering processes were made? 
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– Would you wish to have more input in any of the other sub-processes? Or other parts of product development? 
– How is knowledge from one project maintained and transferred into other projects?  
– Is knowledge documented somehow? Can you give an example? 
– Do you interact with any of the following stakeholders: 

o Customers, Suppliers, Market & economy, EHS, Quality & risk, OPS – factories, OPS – suppliers, Design, Managers, Procurement, 
Sales & project, Project control, Projects / installation / transport, Service, Any others? 

– Life cycle thinking (printout) 
– Verbal explanation 

Questions related to life cycle thinking: 
– Does your work affect other life cycle phases of the product? And if so, how? E.g. customers, suppliers, downstream? 
– Is your work affected by other life cycle phases of the product? E.g. manufacturing, transport & installation, EoL, etc? 

– Verbal explanation Questions related to sustainable innovation: 
– Do you see your role and work relevant to sustainability issues? 
– Can you relate your work to environmental impacts of the product? 
– Do you think with your decisions you affect the environmental impact of the product? How or how not? 
– Were sustainability issues discussed in any of your projects? Why or why not? 
– Retrospectively, do you think there are any sustainability issues that could have been communicated in your projects? Why or why 

not? 
– Do you think more environmental information would positively influence your decisions (e.g. material choice, supplier choice, 

production methods, etc)? 
– Do you see a way to include (more) sustainability issues in future projects? How? 
– Re-present the LCA slide: do you see the LCA results as potentially relevant inputs to the PDP? Do you think these results could 

have been used for this project or for future projects? 
– Using SWT-6.0 press release: Was this project designed with these KPIs or are these just marketing spinoffs? 

– Sustainable innovation scale 
(printout based on NBS, 2012) 

– Verbal explanation 

Evaluation on the degree of sustainable innovation in Siemens Wind Power 
– Where do you rank  Siemens on: 
o Innovation focus: are we focusing just from a product perspective using a traditional and technological approach and 

incremental innovation to maintain business as usual, or are we more focused on the various stakeholders and their 
needs to deliver a product or better yet contribute to a system or solution based innovation, focusing more on radical, 
open, disruptive, user-centered, etc. innovation. 

o Firms view of itself in relation to society: view of its relation/role in society: are we ego-centric and focused on our 
products, needs, requirements, value, etc. or are we taking a more systematic approach to solving bigger issues and 
contributing to better solutions, as a whole for all. 

o Extent to which innovation extends across the firm: how we integrate the various aspects of innovation into the various 
domains/org'l functions. Innovation can indicate LCM of the product (in a general sense and not just from a sustainability 
perspective) 

 

References 
Adams, J.L., 1993. Conceptual Blockbusting: A Guide to Better Ideas, 3rd ed. Addison-Wesley. 
Cross, N., 2000. Engineering design methods : Strategies for product design. Wiley. 
Jones, J.C., 1970. Design Methods: Seeds of Human Futures. John Wiley & Sons, Ltd, New York. 
Pahl, G., 1996. Engineering design : A systematic approach. Springer. 
Roozenburg, N., 1995. Product design: Fundamentals and methods. Wiley. 



Paper 4 Supporting Information 

132 
 

 



Paper 5 

133 
 

Life cycle assessment of onshore and offshore wind energy: from 
theory to application 
 
Alexandra Bonou1*, Alexis Laurent1, Stig I. Olsen1 
 
1 Division for Quantitative Sustainability Assessment, Department of Management Engineering, Technical University 
of Denmark, 2800 Kgs. Lyngby, Denmark 
 
* To whom correspondence should be addressed; e-mail: abon@dtu.dk, Tel.: (+45) 53 23 46 56 

Bonou A, Laurent A, Olsen SI (2016a) Life cycle assessment of onshore and offshore wind energy-from 
theory to application. Appl Energy 180:327–337. doi: 10.1016/j.apenergy.2016.07.058 

 

Abstract 
This study aims to assess the environmental impacts related to the provision of 1 kWh to the grid from 
wind power in Europe and to suggest how life cycle assessment can inform technology development and 
system planning. Four representative power plants onshore (with 2.3 and 3.2 MW turbines) and offshore 
(4.0 and 6.0 MW turbines) with 2015 state-of-the-art technology data provided by Siemens Wind Power 
were assessed. The energy payback time was found to be less than 1 year for all technologies. The 
emissions of greenhouse gases amounted to less than 7 g CO2-eq/kWh for onshore and 11 g CO2-eq/kWh 
for offshore. Climate change impacts were found to be a good indicator for overall hotspot identification 
however attention should also be drawn to human toxicity and impacts from respiratory inorganics. The 
overall higher impact of offshore plants, compared to onshore ones, is mainly due to larger high-impact 
material requirements for capital infrastructure. In both markets the bigger turbines with more advanced 
direct drive generator technology is shown to perform better than the smaller geared ones. Capital 
infrastructure is the most impactful life cycle stage across impacts. It accounts for more than 79% and 70% 
of climate change impacts onshore and offshore respectively. The end-of-life treatment could lead to 
significant savings due to recycling, ca. 20-30% for climate change. In the manufacturing stage the impacts 
due to operations at the case company do not exceed 1% of the total life cycle impacts. This finding 
highlights the shared responsibility across multiple stakeholders and calls for collaborative efforts for 
comprehensive environmental management across organizations in the value chain. Real life examples 
are given in order to showcase how LCA results can inform decisions, e.g. for concept and product 
development and supply chain management. On a systems level the results can be used by energy 
planners when comparing with alternative energy sources. 

 
Keywords 
wind turbine, wind power plant, sustainability, wind energy, energy payback time  

 
1. Introduction  

 
Energy planners need to keep the pace in satisfying an electricity demand which has doubled since 1990 
and is expected to grow by 80% by 2040 [1]. In parallel the need for a low carbon economy  due to 
environmental  and energy security issues calls for higher deployment of renewable energy sources (RES) 
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to the electrical grids around the globe [2]. In a European context wind power is the fastest growing 
renewable energy source. The European Wind Energy Association (EWEA) expects that by 2030 the 
capacity will have increased to 320 GW compared to 129 GW in 2014. By that time wind energy is expected 
to meet more than 24% of EU’s projected electricity demand [3,4].  

There is abundance of literature dealing with technical aspects of wind energy. These include 
technological innovations such as the direct drive generators [5]; measurement of wind data e.g. through 
the use of LIDARs and satellites [6,7]; grid integration technologies covering also issues of transmission 
and storage [8,9]; wind power prediction methods driven by technological and market aspects [10–12]. 
Contrary, a review prepared for the Smart Energy for Europe Platform concludes that the conceptual 
aspects of wind energy system planning are less covered. It also suggests to adopt a systems perspective 
for transitioning to low carbon economy [13]. More recent literature adds that strategic environmental 
assessment (SEA) is of key importance for promoting sustainable wind energy planning [14].  

This dual need for environmental assessment and for a more systemic management and planning can be 
addressed by Life Cycle Assessment (LCA) [15,16]. This is a state of the art methodology for assessing 
multiple environmental impacts of a system over time and space throughout its lifecycle from cradle to 
grave, i.e. from extraction of the materials through production and use or operation of the system till its 
end-of-life (EoL) [17]. The Intergovernmental Panel on Climate Change (IPCC) suggests to policy makers 
that LCA is’ a particularly useful methodology for determining total system impacts of a given technology’ 
[18]. LCA can serve on a systems level for meso-large scale policy evaluations. Foidard et al. use it to assess 
implications of renewables’ integration into the grid. Berril et al. assess 44 scenarios of electricity supply 
in the EU in 2050. Lund et.al further investigate the impacts due to changes in long term marginal 
technologies. Aside energy production, consumption aspects are also assessed, e.g. Rodriguez et al. co-
evaluate energy demand and supply patterns. Laurent and Espinoza highlight the methodology’s potential 
for foresight studies [19–23]. LCA is also used on a technology level, for evaluating power plants and their 
components. Within RES, LCA studies are found for the frequently controversial sector of bioenergy 
production (1st-3rd generation biofuels), [24–27] and for photovoltaic applications [28].  

In the wind energy sector LCA studies cover a wide spectrum of research areas. Some investigate country-
specific environmental improvement potentials, e.g. Xue et al. do it for China [29]. Others  explore 
differences due to geographical differentiation, e.g. Lenzen et al. compare the energy embodied in wind 
turbines in Brazil and Germany [30]. Many assess different technologies and application settings ranging 
from rooftop microgeneration applications to multimegawatt wind turbines [31–33]. Yet, literature gaps 
and limitations can be identified: (i) offshore is less covered compared to onshore. As illustrated in the 
comprehensive critical meta-analysis of Nugent and Sovacool [34], only 2 out of 22 qualified studies 
assessed offshore wind power systems (ii) the assessments do not consistently account for all the life 
cycle. In their review of 44 studies of wind power, Arvesen and Hertwich   find that the “use” and 
particularly “end-of-life” (EoL) stages are partially covered or omitted [35] (iii) environmental impacts are 
not fully covered. The same review notes that most LCA studies consider only greenhouse gas emissions 
and energy demand. This narrow focus, may lead to oversimplifications regarding the “environmental” 
performance of the assessed systems (iv) there is shortage of examples on how to integrate the LCA 
learnings into daily practices. Discussion on the value added by LCA when integrated in decision making 
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is limited and therefore companies and policy makers are still striving to proactively use LCA in the front 
end of their planning. 

To address the identified gaps, we conducted iterative LCA studies in the applied setting of Siemens Wind 
Power. The company is amongst the three largest wind turbine manufacturers in the world in 2014, 
holding more than 86% of the European offshore market  [36,37]. Furthermore, it influences several 
activities across the wind turbines’ life cycle i.e. design, manufacturing, installation, service etc. Our two 
research objectives were: 

(i) to provide an understanding of the environmental impacts of state of the art wind power technologies 

(ii) to showcase how LCA results can inform technology and system planning  

The structure of the paper is as follows: Section 2 presents four wind power plants, their boundaries and 
the corresponding data used for assessing their life cycle. Section 3 presents the assessment results and 
identifies environmental hotspots. Section 4 relates the results to decisions taken for wind power 
technology development. Real life examples from the case company are presented and the potential for 
further LCA integration in technology and system planning is discussed. Section 5 concludes the study and 
provides recommendations for further research. 

 

2. Methods and materials 
 
2.1 Wind power plants: service and system description  
 
The LCAs were conducted according to the International Reference Life Cycle Data System (ILCD) 
Handbook for LCA [17]. As a first step the goal (i.e. the purpose) and scope (i.e. what to analyse and how) 
were identified. The goals of the LCAs and the intended applications coincide with the research objectives 
in Section 1. In terms of scope, the functional unit (FU), which reflects the primary function of the system 
and is the basis of the LCA [38], was defined as “the average supply of 1 kWh electricity delivered to the 
grid”. To ensure technological and market representativeness, SWP planners and experts provided inputs 
to define the technical specifications and the size of representative European wind power plants based 
on 2013 data and near future sales. Both onshore and offshore technologies were assessed separately 
since (i) they have different economic, technological and operational particularities, e.g. in relation to the 
grid connection [39], and (ii) offshore is emerging as an important player in future electricity grids. In fact 
Esteban and Leary estimate that by 2050 around 5.5% of the world’s electricity could come from offshore 
wind [40]. Since it is less covered in literature, thus making its separated assessment a valuable 
information for researchers and stakeholders at large.  

Four plants were therefore defined, covering onshore and offshore systems, each being further 
differentiated into the two major power generating technologies, viz. direct drive and geared-based. Table 
1 provides a detailed overview of these four power plants.  



Paper 5 

136 
 

Table 1. Technical specifications of the assessed wind power plants. In the plant names the letter corresponds to generator 
technologies direct drive (D) and geared (G) and the number to the turbines’ capacity (MW). 

Market Plant 
name 

Turbine 
(MW-rotor 
diameter) 

Hub 
height 

(m) 

Wind 
speed 
(m/s) 

Loss* 

(%) 
Energy to grid 
/turbine/year 

(MWh) 

Lifetime 
(y) 

Turbines 
/park 
(nr) 

Cable 
distance 

/turbine (km) 
onshore G2 2.3-108 99.5 8.5 10 11169 20 20 13 

D3 3.2-113 92.5 8.5 10 14403 20 20 13 
offshore G4 4.0-130 68.25 9.5 15 20528 20 80 30/22** 

D6 6.0-154 87.72 10 15 31045 25 80 50/22** 
*wake, electrical and availability losses,  
 **sea/land 

 

The systems were set to include all wind power plant components from the power station (i.e. turbine) 
up to the distribution wiring. Back-up and energy storage systems were excluded. The system boundaries 
(Figure 1) included the life cycle of the plants from extraction of raw materials to the EoL. Since this is a 
descriptive study aiming to document the analysed system, the modelling principle for the life cycle 
inventory followed an attributional LCA approach [17]. We addressed multi-functionality of processes by 
use of system expansion. For example, in the waste treatment stage, recycling lead to materials recovery, 
thus avoiding respective production from virgin sources (Figure 1 and Table 3). Potential structural 
consequences on other systems i.e. long term implications to the grid due to increased installed capacity 
were out of scope. Out of scope was also the detailed exploration of future treatment technologies of 
blade recycling [41,42]. 

 

Figure 1. System boundaries covering all life cycle stages of all wind power plants 
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2.2 Inventory data collection and modelling 
 
Data were collected for each stage of the system’s life cycle (Figure 1). Detailed accounts of all items 
included in the inventory are given in Table S1 of Supporting Information (SI). Primary data were collected 
internally in SWP from material experts, engineers, etc. and externally from suppliers and operators. The 
difference between the onshore and offshore plants is mostly seen in relation to installation, i.e. the 
onshore plants require the construction of gravel roads while offshore installations require operations at 
sea. The two also differ in terms of infrastructure materials such as cabling and foundations, e.g. steel 
reinforced concrete is used for onshore foundations while steel monopiles are used offshore. The 
aggregated inventories for infrastructure materials are given in Table 2.  

 
Table 2. Aggregated inventory for capital infrastructure (turbines, foundations, substations, cabling) 

Onshore plants (average G2&D3) Offshore plants (average G4&D6) 
Infrastructure (t) 3.57E+04 Infrastructure (t) 1.42E+05 
Infrastructure materials wt% Infrastructure materials wt% 
Concrete 72.8% Steel 73% 
Steel 20.5% Iron 6.4% 
Iron 1.8% Concrete 4.7% 
Epoxy 1.2% Plastics 3.6% 
Glass fibre 1% Epoxy 2.4% 
Plastics 0.8% Glass fibre 2.3% 
Aluminium 0.7% Aluminium 2% 
Copper 0.7% Copper 1.4% 
Wood 0.2% Lead 1% 

 

The EoL of the power plants consists of management of construction and demolition (C&D) wastes and is 
expected to take place in 2040. Modelling assumptions for the EoL of infrastructure equipment, 
summarized in Table 3, were based on expert knowledge within SWP and literature. To model the avoided 
production of electricity from incineration, the composition of the future grid was adjusted to the 
‘symphony’ scenario from the World Energy Council (i.e. coal 11%, gas 25%, Nuclear 22%,  hydro 16%, 
biomass 6%, wind 13%, solar 7%) [43].  

Table 3. Modelling assumptions for the EoL treatment of the main materials in wind power plant systems  
Waste type % collected  Treatment method Avoided product  

Metals  

50% from all 
foundations and 
offshore cables/ 
90% from all other 
components 

Recycling (energy 
requirements based on 
[44] 

Average material in the market; substitution rate 
90wt%  

Plastics 100% 
Incineration (based on 
ecoinvent v3.1) 

Electricity and heat based on the lower heating 
values from ecoinvent v3.1 

Blades  100% 

Shredding (28kWh/t) and 
incineration in cement 
production  
 

Epoxy substitutes heavy fuel. Substitution rate 
based on the calorific values of epoxy 32 MJ/kg 
[45] and heavy fuel oil 43MJ/kg 
Glass fibre substitutes sand (40%) and clay (60%) 

Concrete 50% 
Recycling (crushing based 
on ecoinvent v3.1) Crushed gravel; substitution rate 90wt%  

Gravel  75% Recycling  Crushed gravel; substitution rate 90wt%  
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For modelling the background processes, e.g. extraction of the materials, waste treatment etc., the study 
relied on generic data from ecoinvent v3.1 [46]. All EoL operations, e.g. the use of fuel for dismantling and 
the avoided production of materials, were modelled using background data based on ecoinvent v.3.1 
without technological adjustment.  

The EoL is the life cycle stage least covered  in wind power LCAs and is associated to several uncertainties 
[47]. Temporal ones are due to the long life time of the plants and the difficulty in predicting future 
markets and corresponding treatment technologies, e.g. there are currently no economically viable 
recycling technologies for glass fibre composite materials [48]. Uncertainty is enhanced by the lack of 
inventory data for existing technologies such as recycling of metals as well as the geographical 
differentiation of recycling rates (i.e. collection and recovery) [49,50]. Policy wise, in EU the current 
political target set by the Waste Framework Directive aims at 70% recycling of non-hazardous C&D waste 
by 2020 [51].   

2.3 Impact assessment indicators 
 
Of primary interest for SWP was the system’s contribution to climate change. This was assessed via the 
IPCC findings [52]. Another indicator commonly characterizing electrical power generation and renewable 
energy technologies is energy payback time (EPBT) [53]. This is defined as the amount of time that the 
system needs to run in order to produce the amount of energy equivalent to the primary energy 
consumed throughout its life time. EPBT was assessed via the impact assessment methodology 
Cumulative Energy Demand (CED) v1.09, based on the method published by ecoinvent version 2.0 [54]. In 
addition to climate change, all ILCD recommended impact categories [55] at a midpoint level, were 
assessed (see Figure 2). The impact assessment was also done at endpoint level using ReCiPe 
methodology, where the emissions are related to their damages to the three areas of protection: 
ecosystems quality, human health and natural resources [56]. Endpoint assessments are less accurate 
since causal links between emissions and impacts are weaker [57]. However, the approach is more 
complete since the entire impact pathway is accounted for. The systems were modelled in SimaPro 
software v.8.1 
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Figure 2. Mid- and end-point environmental impact categories assessed [17] 

 

Based on the results a deterministic sensitivity analysis was done considering worst and best case 
scenarios for main uncertainties (i.e. metal collection rates), key assumptions (i.e. recycling substitution 
potentials) and for the system’s technical specifications given in Table 1. An additional probabilistic Monte 
Carlo simulation was done to calculate the uncertainty range of the reference scenarios based on the 
inherent uncertainties of the life cycle inventory used in ecoinvent v3.1. Uncertainties in impact 
assessment were not taken into account since there are no corresponding data. The combined effect of 
software and database choices is also expected to influence the final results but it was out of the scope 
to analyse it further. 

3. Environmental performances of the four wind power plant systems 
 
3.1 Carbon footprint and energy payback time 
 
The climate change impacts during the life cycle of onshore and offshore plants are less than 7 and 11 g 
CO2-eq/kWh , respectively. The energy payback time is less than 1 year (Table 4). The results imply the 
potential GHG savings from deploying high shares of wind energy to the grid. For comparison, in Denmark, 
climate change impacts from fossil sources amount to 990 g CO2-eq/kWh for coal and 530 g CO2-eq/kWh 
for natural gas [58] which are thus approximately 100 times higher than the results.  

Table 4. LCA results for climate change and energy payback time. 

Market Plant 
name 

Turbine 
(MW-rotor 
diameter) 

Climate Change 
g CO2-eq/kWh 

EPBT 
(months) 

onshore G2 2.3-108 6.0 6.2 
D3 3.2-113 5.0 5.2 

offshore G4 4.0-130 10.9 11.1 
D6 6.0-154 7.8 10 
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The system’s sensitivity to major assumptions was done through a scenario analysis considering worst 
and best cases for most influential and uncertain factors. These were (i) the technical specifications given 
in Table 1, i.e. the wind speed, efficiency and life time, which are independent from the LCI modelling but 
they are determining the kWh delivered to the grid therefore directly influencing the results per FU; (ii) 
major EoL assumptions in Table 3, i.e. the C&D collection rate for the foundation materials and the rate 
with which secondary steel substitutes primary production. Assumptions that do not have significant 
influence on the results have not been tested for sensitivity. This is the case of future grid composition, 
which affects the impacts from incineration at the EoL.  

The sensitivity analysis results for the D6 plant, which are representative for all plants are given in Figure 
3. This tornado diagram allows to see the relative importance of the factors and the system’s sensitivity 
to each of them ceteris paribus. The system is mostly sensitive to its technical specifications which is 
aligned with what other literature suggests [59]. 

 
Figure 3. Change (%) of climate change impact of the D6 plant due to change in assumptions ceteris paribus 

 
3.1.1 Comparisons within and across markets  

In both markets drivers for better performance are (i) the advanced technology i.e. direct drive generators 
and optimized blade design, and (ii) the size i.e. the newer turbines are bigger, with approximately 22% 
less material weight per kWh delivered to the grid. This result is aligned with the economies of scale effect 
discussed by Tremeac and Meunier analysing a 4.5 MW and a 250W onshore turbine [60], as well as from 
Lenzen and Munksgaard after conducting a comprehensive review of 72 wind energy studies [61]. In this 
study it is not possible to distinguish between those two causes for attributing the better performance. 
Caduf et al. who also reach the conclusion that bigger is better, note that experience and innovation 
contribute to a better environmental performance [62]. 

Across markets, the greenhouse gas emissions per kWh delivered to the grid for the life cycle of the 
offshore plants are approximately 70% higher than onshore. This finding, is due to (i) the higher 
requirements in capital infrastructure which is both heavier (Table 2) and more impact dense (see also 
Figure 8) compared to onshore, and (ii) resource intense operations offshore, particularly for installation 
and decommissioning stages (see also Table 5 and Table S3 of SI) . These two factors counterbalance the 
benefits of higher energy output.  
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Relating the results to other literature 

The results are consistent with and in the lower range of the values reported by IPCC for renewable 
energy. Wiser et al. made a comprehensive review of 49 wind energy LCA studies (44 for onshore and 12 
offshore) published since 1980 and they report lifecycle GHG emissions between 8 - 20 g CO2-eq/kWh 
with a median at 12.5 g CO2-eq/kWh. They, in line with the present study and with other literature  find 
offshore more impactful than onshore per kWh delivered [59,63]. Comparing to studies assessing systems 
similar to the ones in Table 1: (i) for onshore, Martinez et al. find 6.6 g CO2-eq/kWh (2MW Gamesa turbine 
with 80m rotor blade and 70m hub height for Spanish conditions) [64]. Garret and Ronde find 7-10 g CO2-
eq/kWh for various 2MW Vestas onshore turbines [65]. Regarding the EPBT, Haapala et al. report values 
between 5.4 and 6.2 months for  a 2 MW turbine [32], (ii) for offshore the results are consistent with 
Dolan [66] who reviews 2 empirical and 3 theoretical offshore studies and reports average values between 
9.4 and 14 g CO2-eq/kWh. The critical meta review by Nugent and Sovacool [34], includes only one study 
for UK with a contribution to 13.4 g CO2-eq/kWh [67].  

 

3.2 Environmental hotspots and contribution analyses  

LCA results were used to identify hotspots in two dimensions: across the life cycle of the product and 
within each life cycle stage to the maximum resolution level according to the available data. As Figure 4 
shows for climate change, most of the impacts are due to extraction and production of materials 
(hereafter called ‘materials’). This stage contributes more than 79% and 70% to the climate change impact 
onshore and offshore respectively. These results are in line with the 78% material contribution to climate 
change impacts reported by Haapala and Prempreeda and the 84% contribution reported by Guezuraga 
et al.; both referring to 2MW onshore wind power [32,68]. Likewise the results are consistent with IPCC 
conclusion that capital infrastructure is the most determining factor for the systems’ environmental 
performance which is the case for most renewable energy sources [59,69].  

Given the domination of materials in the overall impacts, their treatment and recycling at the EoL of the 
plants is consequently important and leads to environmental savings due to the avoided production of 
materials (mainly metals) through system expansion (Figure 1) (see Tables S2 and S3 of SI). These savings 
need to be interpreted in relation to the assumptions made on the future treatment of the turbine 
components (Table 2). For example, assuming economic allocation for the substitution of steel based on 
secondary steel price (67%) instead of the reference assumption (90%) there is approximately 11% change 
in the LCA results for climate change (see Figure 3). 
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Figure 4. Percent contribution of life cycle stages to the total impact for the four assessed wind energy plants: onshore (G2, D3) 
and offshore (G4, D6) 

 

3.2.1 Impacts from infrastructure materials  

Figures 5 and 6 focus on the LCA results for ‘materials’ for all ILCD recommended impact categories [55]. 
Cut off is set to 1% contribution to climate change. With the exception of the impacts related to land use, 
where installation stage is most relevant due to the road construction, impacts from ‘materials’ prevail 
across impact categories (see also Tables S2 and S3 of SI).  

The figures allow to see differences between technologies (generators) and markets (onshore/offshore). 
Looking at the relative importance of the components within each plant, the nacelles with direct drive 
generators have a higher impact share compared to the geared ones. In the context of this study a 
comparative assessment on a mere component level (e.g. direct drive generator versus geared) cannot 
be done since system equivalency between the two components is not established. However, product 
developers can use the results to better understand the environmental profile of alternative technologies 
and can combine results from design to those from service in order to minimize the environmental 
impacts from the whole life cycle. Across the two markets differences can be seen in terms of the relevant 
component contributions. Monopiles and cables are the most impactful for offshore plants compared to 
the tower which dominates the component impacts onshore. The impacts from components are further 
discussed in Section 4 in relation to the corresponding materials in them. 
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Figure 5. Contribution (%) of ‘Materials’ to life cycle impacts and relative contribution of components-onshore 

 

 

Figure 6. Contribution (%) of ‘Materials’ to life cycle impacts and relative contribution of components-offshore 

 

3.3 Relevant environmental impacts beyond climate change 

Even though ‘materials’ is the most relevant life cycle stage across impact categories, distinguishing the 
most environmentally relevant components remains a strenuous task. Figures 5 and 6 show that relevant 
importance of the plant components changes from one impact category to another as it can explicitly be 
observed for the case of the blades.  
 
To identify which environmental impacts are most relevant, Figure 7 shows the results from modelling 
the impacts at an endpoint level. This view allows to see that climate change might be the most important 
but is not the only relevant impact. For human health respiratory inorganics (particulate matter) and toxic 
impacts are also worth considering. The latter is in line with Laurent et al. who argue that shifting from a 
fossils-based European mix to wind power significantly reduces carbon footprint but might leave the 
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human toxicity impacts at the same or even higher level [69]. The systems’ contribution to ecosystems 
damages are available in Figure S1 of SI. 
 

 

Figure 7. Relative results per impact category for damages to human health 

 

4 Using LCA results in decision making 

4.1 Selecting environmental KPIs 

To initiate environmental improvements decision makers need to choose criteria and set corresponding 
targets based on KPIs e.g. for minimisation of carbon footprint or toxicity-related impacts. However, 
choosing the environmentally most relevant KPI based on the LCA results can be a challenge. For instance, 
different impact categories come with different uncertainties. Indicatively the Monte Carlo analyses for 
quantifying the uncertainty due to inventory data in D3 plant (representative for all plants) resulted to a 
coefficient of variation 6% for climate change, 12% for respiratory inorganics and more than 200% for 
non-carcinogenic toxicity (Figures S2 of SI). On top, Figure 7 includes methodological biases since 
uncertainties from the impact assessment phase as stated in section 2.2 are not accounted for. Challenges 
are not only due to methodological uncertainties but also due to exogenous factors such as policy and 
legislation. For example, climate change is in political focus which gives an incentive to use carbon 
footprint as a KPI. In addition, some impacts can potentially be monitored within parallel initiatives, e.g. 
SWP complies with European legislation in relation to hazardous substances and also has internal 
standards in relation to declarable substances [70]. Although they both deal with the issue of toxicity, 
such initiatives/tools have a different scope than LCA and can only be regarded as complementary.  

In the context of this research, although all impact categories were assessed, environmental target setting 
was based on climate change. This choice rather than optimizing overall environmental performance it 
aimed to operationalize LCA in the applied setting of SWP. It also addressed the need SWP stakeholders 
expressed for a balance between scientific robustness and simplicity. Climate change (i) was easier to 
communicate due to the current political focus, (ii) was proved adequate for identifying overall hotspots. 
Indeed, the inventory items contributing more than 1% to climate change are given in Figure 8. Altogether 
these contribute more than 90% to the total climate change impact. The same items are also the ones 
mostly (> 75%) contributing to each of all other environmental impact categories as well (see Tables S2 
and S3 of SI). 

0% 20% 40% 60% 80% 100%

G2

D3

G4

D6

Climate change Human Health Human toxicity Respiratory inorganics
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 Table 5. Inventory items that together contribute more than 75% in all the assessed environmental impact categories. 
Contribution (%) to climate change (CC) is given. The EoL is expressed as percentage of the other life cycle stages.  

LC Stage Inventory items % contribution to CC 
  Onshore  

G2-D3 
Offshore  

G4-D6 
Materials Tower  26-24% 9-11% 

Foundation  18% 29% 
Nacelle 11%-13% 9-10% 
Blades 11%-12% 7% 
On/re cables  5% 2-1% 
Off/re cables - 10-13% 
Hub 4%-5% 3-5% 
Transformer unit 1% <1% 
Power unit 1% <1% 

Manufacturing Tower  2-1% <1% 
Nacelle & hub 2% 1% 
Cables <1% 2% 
Waste mgmt. <1% 1%-2% 

Installation Gravel road 4%-3% - 
Cable laying  1% 3% 
Vessel use - 4% 
Foundation setting <1% 4%-3% 

Operation Service <1% 1% 
Dismantling Vessel use - 3% 

Foundation removal <1% 3%-2% 
Cable removal <1% 1% 

End of Life Tower recycling -(19-18%) -(6%-8%) 
Foundation recycling -4% -(11-10%) 
Nacelle recycling -(6% -5%) -4% 

 

Table 5 also reveals the issue of shared responsibility (and therefore accountability) for the corresponding 
impacts beyond organizational boundaries across the value chain. Regarding ‘materials’, which is the main 
contributor to the systems’ life cycle, each of the plants’ components requires decisions from multiple 
manufacturers. For example, all design and manufacturing of blades occurs within SWP with several 
company internal stakeholder groups contributing to product development. For the nacelles, design and 
assembly occurs in SWP but all manufacturing occurs at suppliers. Foundations and towers, even though 
designed by SWP, are accordingly manufactured and delivered to the power plant site by region-
dependent suppliers. Responsibility for the cables, particularly relevant to offshore plants as seen in Figure 
6, lies beyond SWP. All components further rely on market-dependent volatile supply chains. External 
bodies such as regulators or peers also affect the entire system.   

The rest of this section uses climate change as KPI and addresses the second aim of this paper (see Section 
1) which is to exemplify how LCA can inform the product development and system planning if integrated.  

4.2 Materials- LCA can be used for eco-design and product development 

Shifting the focus from components to the materials that compose them, Figure 8 shows the relationship 
between the consumed quantity and the corresponding impact for the materials in the infrastructure of 
the onshore D3 and the offshore D6 plants. The materials presented cover more than 98% of 
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infrastructure weight (i.e. turbines, foundations substations, cables). This view allows seeing whether the 
impact is driven by the type of material or the quantity used, e.g. in the D3 plant epoxy and concrete have 
similar impact. For concrete this is driven from the weight while for epoxy it is due to the impact density 
of the material (epoxy is 48 times more impactful per kg compared to concrete). This view enlightens 
material improvement potentials and can be used by different engineering groups across the product 
development e.g. similar analysis has been done to suggest  meaningful target setting for blade design 
[71].  

Figure 8 shows the importance of the metals found mostly in towers, cables and monopiles. The figure 
also shows that materials used for the blades are impact dense. The results can set the focus to 
investigating alternative advanced structural designs, e.g. comparing between monopiles, tripods, jackets 
and floating offshore foundations as discussed in [59]. Regarding the vast concrete quantities the results 
direct the research to concrete recycling technologies and an optimization of these since, based on LCA 
studies, they currently do not provide net environmental benefits [72].  

Onshore D3 Offshore D6 

   

 

Figure 8. Material consumption and corresponding GHG emissions for the materials used in infrastructure (turbines, 
foundations, substations, cabling). Materials at the left of the diagonal imply a ratio kgCO2-eq/kg >1. Values are given per plant 
and not per FU 

4.3 Manufacturing -  LCA can inform supply chain management and collaborative 
action 

The LCA results provided insights for the impacts related to supply chain. Alternative suppliers were 
mapped and environmental impacts due to transport and partly due to production at their site were 
calculated. Towards a collaborative supply chain management suggested by literature [73]  environmental 
actions can in the future be initiated with suppliers both in terms of data collection, target setting and 
compliance with company requirements. So far 58 SWP suppliers have committed to such a program [74].  
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The near-negligible contribution of the manufacturing in SWP, i.e. less than 1% of the life cycle impact 
(see also section 4.2), puts in perspective the importance of broadening the scope of environmental 
initiatives beyond organizational boundaries where typically companies set targets. Currently SWP has 
the strategic target to lower the manufacturing impact by 50% by 2020 [75]. This would lead to less than 
0.5% reduction of the total impact from the life cycle. Therefore, conventional environmental target 
setting risks setting targets that have little influence on the overall life cycle impact.  

4.4 Installation/Operation – environmental improvement is synergetic to logistics 

LCA results for installation and service show that environmental impacts are primarily related to transport. 
Environmental improvement is therefore synergetic to optimization of logistics, which has high priority 
particularly to the offshore plants due to the high costs [76]. Within SWP when planning such operations, 
LCA results were used to inform about the environmental relevance of alternative business cases i.e. 
alternative modes for transporting the crew to the site. Across organisations, inventory data collection for 
the LCA study has helped the company to map all related operations. Indicatively SWP has decision power 
in only 5 out of 14 identified offshore installation activities. The corresponding LCA results have been used 
to explore sustainability related targets together with other stakeholders such as energy service 
companies.  

4.5 End of life – a significant yet most uncertain life cycle stage 

The EoL is currently outside the operational boundaries of SWP and its inclusion in ecodesign 
initiatives is challenged by uncertainties on a temporal, technological and business level such as 
the long lifetime, the lack of treatment technologies (e.g. for the blades) and the lack of 
established take-back systems [47]. Therefore, LCA results have not had any direct intra-
organisational implications. Rather they have been used to initiate discussions with project 
managers and engineers within SWP in investigating the transition towards more circular 
business models such as the ones established for waste electronics in the context of extended 
producer responsibility [77].  

5 Conclusions and further research 

The objectives of this applied research were (i) to provide an understanding of the environmental impacts 
of state of the art wind power technologies (ii) to showcase how LCA results can inform technology and 
system planning.  The first objective contributes to a currently small pool of studies addressing life cycle 
environmental impacts of wind turbines, especially off-shore. The second objective addresses the 
questions of how LCA results can feed into planning and decisions making in real life applications of wind 
energy systems. 

Four representative European power plants onshore and offshore with 2015 state of the art technology 
provided by Siemens Wind Power were assessed. The energy payback time was found to be less than 1 
year for all plants. The GHG emissions are less than 7 g CO2-eq/kWh for onshore and 11 g CO2-eq/kWh for 
offshore.  

The higher impact of offshore is mainly due to more material requirements for capital equipment 
(monopiles, cables). Offshore also requires more resources (fuel and transport) for installation and 
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maintenance. Overall material and energy requirements do not counterbalance the benefits of higher 
energy output compared to the onshore market. In both markets the bigger turbines with more advanced 
direct drive generator technology perform better than the smaller geared ones.  

In all plants capital infrastructure accounts more than 79% and 70% in climate change impacts onshore 
and offshore respectively. In the manufacturing stage most of the impacts are due to operations at 
suppliers’ sites while the impacts due to operations at SWP do not exceed 1% of the impacts. In the 
installation stage impacts are shared among supply chain actors, while the EoL stage could lead to 
environmental savings reaching 20-30% due to high recycling potentials. The system’s performance is 
highly sensitive to wind speed, life time and efficiency. Climate change was a good KPI for overall hotspot 
identification. However, end point results showed that the assessed systems have also significant 
contribution to human toxicity and impacts from respiratory inorganics. 

The usefulness of the LCA results was discussed on the basis of real life examples from across the life cycle 
of the plants. LCA can be used in product development for eco-design applications e.g. for understanding 
the environmental impacts of materials, therefore supporting the selection of more sustainable 
alternatives. In manufacturing, LCA can be used for more sustainable supply chain management. 
Regarding installation, environmental improvement is synergetic to optimization of logistics. End of life is 
a significant yet most uncertain life cycle stage. The potential savings from recycling at the EoL could feed 
the discussion around transitioning to more circular business models. The approach followed during the 
analysis can give a more systemic perspective to wind power technology planning in terms of 
environmental management [78]. The results also highlight the shared responsibility across multiple 
stakeholders. Extending across organizations collaborative efforts can be initiated for environmental 
management across the value chain, e.g. through data sharing, increased transparency and development 
of common environmental KPIs.  

In light of these findings, the study has however revealed needs for future research: 

 The EOL is the second more crucial and the most uncertain part of the system. Lack of data around 
existing end of life treatment technologies, and lack of recycling technologies for the composite 
materials such as the blades constitute a future research focus point.  Consequently, there is a 
need for investigating alternative business models within the context of circular economy giving 
evidence of life cycle thinking integration into planning of future systems and technologies 

 Extending the boundaries and the scope would enhance the understanding of true life cycle 
emissions of wind power, e.g. Wiedmann et al. show that hybrid and I/O approaches could double 
the assessed impact [67]. Also the impacts due to backup systems and energy storage 
requirements that the current studies exclude from the system boundaries should also be 
investigated.  Such aspects can also be accounted for in cconsequential LCAs which aim to capture 
the impacts of renewable energy policy implementation. 
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Table S1. Inventory activities and primary data sources grouped per life cycle stage.  
Quality evaluation on 3 scale basis (Q). Market specification: (n: for onshore, f: for offshore, n/f: for both). Data type:   material,          fuel/energy            transport             waste 
LCS Description Primary inventory data Q 

M
at

er
ia

ls
 

 n/f Nacelle 2013 Bill of Materials (BOM) from the company’s enterprise resource planning (ERP) system. Component subparts characterized as of their main material, e.g. 
‘steel-S355’ in collaboration with product development SWP engineers. Material composition identified for 97-99% of component weight. The rest has been 
allocated to the identified materials proportionally, e.g. for the D3 nacelle, 753 out of 1061 subparts that cover 99,9% of the nacelle weight have been 
characterized. 

+++ 

 n/f Hub 

 n/f Tower  

 n/f PU /TU 

 n/f Blades (BOM/R&D) Same identification as above. Data cover BOM and all R&D consumption from 3 manufacturing facilities. Allocation per blade based on weight or surface +++ 

 n Foundation  Calculation of reinforced concrete requirements based on standard site of certain friction angle, sand density and buoyancy  +++ 

 n/f Onshore Cables to grid Cable type and length identified for a typical 19 x 3.2 onshore project. Assumed the same in all plants. Material specifications for cables from supplier +++ 

 n/f Onshore substation Data for raw materials in onshore substation on the basis of an off-shore project. No adjustment for the smaller MW output for an onshore plant ++ 

 f Foundation (monopile) Data for type and quality of materials, from a reference project +++ 

 f Offshore cables  Cable materials identified from reference project. Offshore distances are based on expert judgment based on sales data ++ 

 f Offshore substations Material data from reference project. Transformer data from supplier’s EPD. Data scaled for 2pc for 4.0 and 2.5 pc for 6.0 + 

M
an

uf
ac

tu
rin

g 

 n/f Resources in-house Resources for manufacturing nacelles, hubs and blades (including R&D). Data collected from 3 manufacturing sites in DK. Major offices in DK are included +++ 

 n/f Resources in main suppliers  Supplier data for canopy (nacelle) and hub. For cables data are given from supplier for a reference project ++ 

 n Resources for tower man. Data for energy, waste and direct emissions are delivered by a supplier for a reference project  ++ 

 n/f Resources for transformer man. Data from supplier for reference project ++ 

 f Resources for off. cable man. Energy data from average project ++ 

 f Resources for monopile man. Supplier data for energy usage per tonne tower produced ++ 

 n/f Transport from suppliers to SWP 14 Suppliers for the heaviest components, identified for the European projects. Exact distances calculated and extrapolated to the total supplied weight ++ 

 n/f Transport during man. Blades transported between manufacturing facilities in DK +++ 

 n/f Waste from SWP man. Waste from manufacturing nacelle and hub and blades (including R&D waste). Waste data and corresponding treatment from three DK facilities +++ 

 n/f Waste from cable man. Specifications for cables from supplier ++ 

In
st

al
la

tio
n 

 n Gravel road Amount of gravel for roads and stands on wind farm site +++ 

 n/f Transport equipment For nacelle, blades, hub, PU: Data from the company’s ERP system for all platforms except for 6.0 (was still in development). Life time and reuse rates included +++ 

 n Resources at site Data per turbine collected from bills for a reference project and from main crane supplier. Assumed same for both plants.  ++ 

 f Resources for offshore substation   Includes installation at site for both foundation, platform, topside of substation. Data from reference project ++ 

 f Resources for preassembly Data covers start of project to commissioning in a 6 month period for a reference project. Same data for both plants  +++ 

 f Resources for monopile Energy consumption data from reference project ++ 

 n/f Transport of cables to site Supplier data for tkm travelled from supplier to site and corresponding transport modes. Also fuel for cable laying ++ 

 n/f Transport from SWP to site Calculated as an average of predefined reference projects used by in company experts for logistics +++ 

 n/f Transport of substation to site Former data for amount of transport for trucks/machinery from a reference project ++ 

 
n 

Person transport  
Man-months, distances, modes of transport collected for European projects of 2013 with the same type of turbines as the ones assessed. Data adjusted to plant 
size   

+++ 

 
f 

Transport for offshore installation 
Installation Vessel (mobilization, transit to site, return from preassembly, installation at site and at the preassembly port, demobilization) 
Person Transport (transfers from hotel vessels to turbines), Hotel Vessel (consumption for technicians’ accommodation).  

+++ 

 f Transport of monopile to site Fuel consumption from reference project ++ 

 n/f Waste during installation Only total amount of recyclable waste is known. Data per turbine collected from bills for reference project. Same data for both turbines ++ 

op
/n

  n/f Service materials Spare parts for large parts based on historical data and conservative technical evaluations. Service materials per platform for annual service +++ 

 n/f Waste from service Assumption that service waste is the same as the material input for service  + 

 n/f Transport for maintenance Fuel for technicians’ transport based on planned and unplanned service, and transport setup for technicians and parts +++ 

Eo
L 

 n/f Dismantling of turbine at site Has been estimated as a percentage (75%) of resources used during establishment of site + 

 n/f Transport to EoL treatment literature data for distances to disposal sites + 

 n/f EoL treatment of materials Recycling rates from reference project within Siemens AG. Data supplemented by literature and confirmed by company expert  + 
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Table S2. LCA results (impacts/FU) for the onshore wind power plants (the items shown are the ones contributing more than1% to climate change) 
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Table S3. LCA results (impacts/FU) for the offshore wind power plants (the items shown are the ones contributing more than1% to climate change) 
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Figure S1. Endpoint LCA results for ecosystem damages (% contribution to species.yr) 

 

Figure S2. Uncetainty analysis for the LCA results of the D3 plant via Monte Carlo (1000 runs, confidence interval 95%). Uncertainty due to inventory 
data only. 
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Abstract 
Decarbonisation of electrical grids and transitioning to renewables abate climate change i.e. wind 
energy technologies during their life cycle emit 100 times less GHGs compared to fossil sources. 
However, uncertainty related to the end of life treatment of components such as the blades and the 
issue of safe supply of resources for the infrastructure call for attention. In a circular economy context 
materials stocks embodied in wind power plants are resources for the future. For, steel, aluminium 
and copper, recycling technologies are already available. Recycling rates (collection and recovery) 
should be maximised through well-tuned urban mining operations. For the rare earths, recycling 
technologies are still under development. For other stocks such as composites i.e. concrete and mainly 
blades the challenge is higher given the lack of cost effective recycling technologies and of secondary 
markets. A starting point for implementing circular economy can be the obsolete components below 
ground/seabed (cabling, monopiles) that are currently not collected and that contain metals for which 
there is market demand. Setting circular economy in a life cycle perspective, the burdens from 
collecting and recovering resources should not counterbalance the benefits from avoiding primary 
production of the substituted materials. Additionally, manufacturers and product developers need to 
shift towards a multiple cycle way of thinking i.e. to develop technologies and products that are 
designed and manufactured in a way that can be recovered and reused in multiple loops within the 
global market. 
 

Keywords 
Wind power, urban mining, recycling, circular economy, sustainable design 

 
 

1 Wind energy in a life cycle perspective 
 
In the decade 2004-2014 wind energy has exponentially grown with a 23% annual increase rate in 
installed capacity. At the end of 2014 there were 377 GW cumulative capacity produced by more than 
268,000 wind turbines spinning around the world (GWEC 2014b; GWEC 2014c). This rapid 
development is mainly due to political engagement to climate change mitigation strategies that has 
been translated through country road maps, towards renewable energy sources (REN21 2015). The 
development is expected to continue in the years to come. A recent review (Karlsson et al. 2014) of 
projections from organisations such as the International Energy Agency (IEA) and the Global Wind 
Energy Council has identified 10 scenarios for future wind development till 2050. The reported values 
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which range widely, estimate 1800-7000 TWh  electricity generated from wind by 2030 and 2400-
14000 TWh by 2050 compared to the 153.4 TWh in 2014 (GWEC 2014b). According to the reference 
scenario (i.e. ‘New Policies’ scenario) by the IEA wind power will have a 11% share in global electricity 
demand in 2050 (GWEC 2014b). 
 
The benefits for greenhouse gas (GHG) emissions abatement are evident since wind energy 
technologies during their life cycle emit in average 8-20 gCO2-eq/kWh delivered to the grid (Wiser et 
al. 2011) . The values for fossil sources e.g. in Denmark are 0,99 kg CO2-eq/ kWh from coal and 0,53 
kg CO2eq/kWh from natural gas (Treyer and Bauer 2013). However this massive increase raises 
questions regarding the end of life (EoL) treatment of the turbines (Ortegon 2013; Akesson et al. 2012). 
A parallel issue is that of safe supply of resources (Fizaine and Court 2015; Alonso et al. 2012; UNEP 
2010).  Ore grades are deteriorating (Norgate and Jahanshahi 2010; Northey et al. 2014), easy 
accessible deposits become more scarce (T E Graedel et al. 2012) while geopolitical conditions create 
resource security concerns (Buijs and Sievers 2012; Reck et al. 2010; O’Lear and Diehl 2007; Hatch 
2012). Such concerns reflect in corresponding policy initiatives such as the ‘Roadmap to Resource 
efficient Europe’ aiming to optimising resource use (EC 2011). These issues become relevant also to 
electrical systems (Elshkaki and Graedel 2013) and particularly the renewable ones. As Kleijn et al., 
(2011) argue renewable energy systems require more metals per kWh than their fossil counterparts. 
The authors estimate that the transition to renewable sources would yield much higher demand for 
nickel, uranium, silver, molybdenum and, to a lesser extent, copper and aluminum.  
  
To account for such trade-offs and manage them, systemic frameworks for addressing socioeconomic 
and environmental impacts are gaining momentum (UNEP/SETAC 2007; Bocken, Rana, and Short 
2015; Schot and Geels 2008). For instance, life cycle approaches are applied on product level for 
sustainable product development and manufacturing (Chang, Lee, and Chen 2014; Setchi, Liu, and Li 
2015). They also expand on an organisational level through international standards e.g. the ISO 14072 
(ISO 2014) and guidelines (UNEP/SETAC 2015).  More systemic approaches is also seen in business 
models such as product service systems (Mont 2002; Vezzoli et al. 2015) and in the recent focus on 
circular thinking which rises in research, and political agendas as seen in the circular economy package 
adopted by EU in 2015 (EC 2015).   
 
With this background, the intention of this paper is to put the resources found in wind power plants 
in a circular economy context and discuss environmental and resource related implications. A detailed 
Life Cycle Assessment (LCA) of four average European wind power plants has been conducted in 
collaboration with Siemens Wind Power assessing the impacts from delivering electricity to the grid 
based on a functional unit (FU): 1 kWh. This reflects the primary function of the system and is the basis 
of the LCA (ISO 14040 2006). The study concluded that the impact of wind power is less than 7 and 
less than 11 g CO2-eq/kWh for onshore and offshore respectively. It also showed, in line with other 
literature (Haapala and Prempreeda 2014; Guezuraga, Zauner, and Pölz 2012) and with the 
Intergovernmental Panel on Climate Change (IPCC) findings (Wiser et al. 2011) that the materials in 
the infrastructure are the main contributor to global warming (more than 77%) (Bonou, Laurent, and 
Olsen 2016)   
 
On the basis of the same data provided for the above mentioned LCA study  we will (i) analyse the 
material content in representative wind power infrastructure and quantify the associated climate 
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change impacts (ii) understand market status in terms of supply and demand trends for the identified 
materials (iii) estimate current and future cumulative material stocks for the wind power 
infrastructure (iv) discuss EoL treatment options, their implications and set the requirements for 
circular economy implementation 
 

2 Wind power plant –material requirements and related impacts 
 
The European wind power plants for 2015 is represented by the plants in Table 1. These cover both 
onshore and offshore markets and the two mainstream power generator technologies, geared and 
direct drive (Chen and Li 2008). The plants have been defined by SWP experts based on 2013 market 
status and sales.  
 
Table 1. Average European Wind power plant characteristics  

Market/ 
Generator* 

Turbine 
MW-rotor 
diameter 

Tower 
height 
(m) 

Turbine nr 
 

lifetime 
(y) 

TWh to 
grid/plant 
in lifetime 

t/MW 
installed  

kg/MWh to 
the grid in 
lifetime 

Onshore/G 2.3-108 99.5 20 20 4.02 771 8.8 
Onshore/DD 3.2-113 92.5 20 20 5.19 562 6.9 
Offshore/G 4.0-130 68.3 80 20 27.9 372 4.3 
Offshore/DD 6.0-154 87.73 80 25 52.8 344 3.1 
*G: geared generator, DD: direct drive generator 

 
The weight in Table 1 corresponds to the infrastructure. This includes the turbine components, 
foundation, substation and cables to the grid. Further transportation wiring and equipment for 
storage and due to intermittences are excluded.  
 
As part of capital infrastructure (UNEP 2010) the wind power plant can be characterised as a “stock 
driven” stock (Busch et al. 2014). Components can be maintained and replaced but the plant has a 
residence time of at least 20-25 years. To put material consumption in perspective Table 1 relates the 
material requirements to the installed capacity and to the expected electricity production during the 
life time of the plants.   
 
The environmental impacts related to this infrastructure are visualised in Figure 1 for the case of the 
D3 onshore plant. Carbon footprint has been used here  as a proxy for the overall environmental 
performance, in accordance with what literature suggests for infrastructure (Laurent, Olsen, and 
Hauschild 2012). The materials have been modelled in SimaPro software v.8 on the basis of ecoinvent 
3.1 background data. Figure 1 exemplifies that environmental performance depends on the 
combination of impact intensity (kgCO2-eq/kg) and weight (kg). Take the case of concrete foundation; 
it corresponds to 76% of weight but only 22% of the impact.  
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Figure 1. Material content in the D3 infrastructure (%wt) and corresponding impacts (% contribution to climate change) 

 
2.1 Infrastructure materials – current market status 
 
The main materials found in the power plants (Figure 1) are supplied through primary material 
extraction and the collection and recovery of wasted materials (scrap). It is thus relevant to present 
here market information for those in order to estimate future demand (Section 3) and to argue for 
the importance of maximising the reuse of these already extracted resources in a circular economy 
context (section 4).  
 
Iron and Steel: Iron is the world’s most used metal, consumed three orders of magnitude more than 
all other metals (range of million metric tons)(Fenton 2015). 98% of iron ore is mined to make steel 
(World Steel Association 2014) which after 1990 has had an annual growth rate of approximately 10% 
linked to demand in emerging economies due to urbanisation (René Kleijn 2012). High grade ores 
contain in average 60-65% steel (World Steel Association 2014) while China which is the world’s leader 
in export has lower grade ores (USGS 2016). Regarding recycling, the rate of collection and recovery 
of steel scrap has a global average of 83% (World Steel Association 2015) while for the construction 
sector it is approximately 90% (Davis et al. 2007). Given the range of current applications steel demand 
is higher than supply (Johnson et al. 2008). 
 
Copper: Copper, after silver, is the best electrical and thermal conductor and its demand is due to 
electrical applications such as electrification and use of electronics (Ayres, Ayres, and Råde 2002). Due 
to its conductivity properties it is required for electricity wirings e.g. in the US, where 20% of global 
consumption of refined copper occurs, 75-80% of demand is for such electrical applications (Ayres, 
Ayres, and Råde 2002). Copper comes from ores of current global average grade 0.62% Cu (Northey 
et al. 2014) while grades can range 0.47 - 4.04% Cu (U.S. Bureau of Mines 1987). The challenge which 
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also stands for steel is that demand lags behind supply. Indicatively, demand through recycling is 
higher than actual recycling which is seen in the correlation between rise in copper prices and 
corresponding thefts (Sidebottom et al. 2011).  Currently scrap copper has in average 45% collection 
rate (International Copper Association 2014)  
 
Aluminium: globally the most common metal in terms of reserves aluminium is found in bauxite ores, 
with a content of available/extractable alumina (Al2O3) ranging from 31-52% (IAI 2008). Release from 
the ore is electricity demanding i.e. ecoinvent v3.1 database (Weidema et al. 2013) includes 14 
kWh/kg of primary aluminium. In some applications aluminium can be an alternative to copper 
depending on market forces (Messner 2002). Example of such substitution is the overhead power lines 
where aluminium might have lower conductivity than copper but lighter weight (Gordon, Bertram, 
and Graedel 2006). Aluminium recycling from C&D waste can widely range i.e. from 15% in north 
America to 90% in Europe depending on how easy it is to separate (GARC 2009; Schlesinger 2006). The 
available amount of aluminium scrap covers approximately 30-40% of demand (Frees 2008) and same 
as for electricity and copper supply lags behind demand.  
 
Rare Earth Elements (REE) are used in direct drive magnets. Rare not because of lack of reserves 
(which are distributed around the world) but because of their chemical properties, which being close 
to each other make it technologically hard to separate them into individual metals (Long et al. 2012; 
U.S. Department of Energy 2016). Current global demand for rare earth oxides (REO) is estimated to 
be 105,000 tons (+/- 15%) per year (Hatch 2012). Advancements in primary production of REE are 
ongoing i.e. currently a total of 50% loss occurs during the beneficiation process of REE containing 
ores but recovery rate is expected to rise to 75% already by 2016 (Talens Peiró and Villalba Méndez 
2013; Peiró, Méndez, and Ayres 2013).  Scrap collection rate is low, approximately 1% (Binnemans 
2013) and recovery rates can greatly range depending on the technology e.g. in the recycling process 
of permanent magnets containing neodymium, manual dismantling allows for all magnetic material 
to be recovered while mechanical shredding leads to recovery rates less than 10% (Sprecher et al. 
2014). Tsamis and Coyne, (2014) suggest that permanent magnet recycling efficiency could be 55% in 
2020. For the aforementioned metals found in the wind turbines, Figure  presents the main primary 
producers. 
 

 
Figure 2. Main primary producers for metals found in wind power plants and their global share (%) (USGS 2016)  

 
Aside the metals, composite materials are also dominant in the infrastructure. These are found in 
blades and onshore foundations 
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Glass fibre composite blade: The state of the art SWP blades in the wind power plants (see also Table 
1) are a composite product made by epoxy infused fibreglass and wood. Global fibreglass production 
is expected by market experts to have an annual growth rate 9% between 2014-2019 
(marketsandmarkets.com 2015) while wind energy, is emerging globally as the fastest growing end 
use application market for glass fibre (industry-experts.com 2012). In contrast to the aforementioned 
metals there are currently no economically viable recycling technologies for glass fibre composite 
materials (Job 2013) and secondary markets are not established. (Pickering 2006; Pickering 2010) 
discusses alternative mechanical, and thermal treatment options leading to the production of 
powdered fillers and other fibrous products. Particularly for the wind turbine blades recycling options 
including chemical treatment are also investigated by (Beauson, Lilholt, and Brondsted 2014). A 
challenge with blade recycling is related to the particularity of the structure (blades in Table 1 are 53-
78 m long, have an area of 257-545m2) and the loss of the fibre material mechanical properties. 
Potentials for blade recycling will further be discussed in Section 4.  
 
Concrete foundation: is also a composite material, cement being the basic constituent. Almost 95% 
of cement is used in concrete production. Like steel it is mainly used in capital infrastructure. Global 
data on concrete waste generation are not available.  The recovered material from concrete recycling 
can be used as aggregate in the construction sector, typically in road construction, and in the cement 
industry (Meyer 2009). Recycled content of used aggregate is approximately 7% in Europe (WBCSD 
2009).  
 

3 Future material demand and the role of wind power infrastructure 

Extraction of the metals presented in section 2 has exponentially grown with time (Figure 3).   
 

 
Figure 3. Evolution of primary material extraction with time (USGS 2016) (see also René Kleijn (2012) )and estimated material 
stocks for the cumulative wind energy capacity installed for 2014, 2030 and 2050 according to the “New Policies’ scenario of 
GWEC (GWEC 2014a) 

 
Future material demand is expected to continue growing given the current global resources prices and 
investment levels (Garnaut 2012). Drivers for future rise in material demand by 2050 can be identified:  
 
Population growth. There is a projection for 9,6 billion people in 2050 (DESA 2015) and urban 
population is expected to account for 66% of total by the time (DESA 2014) with consequent rise in 
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infrastructure needs which is also experienced currently e.g. between 2005 and 2010, China 
accounted for over four-fifths of the increase in global demand for nearly all energy and metals 
products (Garnaut 2012) 
 
Global income growth. Global GDP per capita is globally growing and World Bank projects a total 
global income to rise to the $135 trillion, up from $35 trillion today (World Bank 2014). The implies 
rise in consumption of consumer goods and consequently of electricity to operate them. Indicatively 
the electricity sector experiences the highest growth in demand from all other final energy carriers. 
Electricity’s share of total energy demand has risen from 9% in the 1970s to over 17% (IEA 2014) 
 
Rising product complexity. To exemplify (Erdmann and Graedel 2011) give the example of a 2000 
computer chip containing 61/92 elements from the periodic table while in the 80s contained only 
16/92. For the case of steel there are currently more than 3500 grades with different physical and 
chemical properties (Yellishetty et al. 2011).  
 
For the main metals in the wind power plant infrastructure (steel, aluminium copper) supply is 
expected to keep lagging behind demand, though for iron, with new mines starting up in Australia and 
Brazil this gap closes (The Gold Report 2014). For the REE demand is expected to have an average 
growth rate 6-9% per year for the next 25 years (Hatch, 2012; Alonso et al., 2012).   
 
Given the growth in wind energy (section 1) it is thus relevant to estimate the resources need to cover 
future installed capacity and to also understand the materials stored in present infrastructure.  
 

3.1 Wind power infrastructure-a metal stock 
 
At the end of 2014 there were: 8759 MW offshore and 368038 MW onshore installed capacity globally 
(91% of all offshore installations in Europe) (GWEC 2014b). In order to estimate the metal content of 
the corresponding infrastructure we have assumed that within each market (onshore/offshore) the 
capacity is covered by an average of the two wind power plants presented in Table 1. Table 2 gives an 
estimate of the metals required to provide the cumulative capacity of 2014. These quantities are a 
stock in use until the end of the plant’s operating lives i.e. the capacity installed in 2014 expected to 
be decommissioned approximately in 2040. After this time the materials will be available for use if 
recovered. 
 
Table 2. Cumulative installed capacity and corresponding material requirements for the infrastructure (based on 2015 
technologies). The future capacities are based on the “New Policies” scenario of GWEC (GWEC 2014a) 

 2014 2030 2050 
Total capacity (MW) 369597 964465 1684074 

St
oc

ks
 

10
3  

to
nn

es
 

Aluminium 1736 4969 8677 
Copper 1718 4571 7981 
Iron & Steel 54646 167006 291613 
REE* <<35 74 130 

*Power generating technologies based on REE containing permanent magnets is a relatively new technology. The infrastructure covering 
the cumulative capacity of 2014 would contain much less REE than what is estimated based on an average of the 4 assessed plants. 
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Table 2 also gives an estimation of the metal requirements to fulfil the future installed capacity in 2030 
and 2050. Our projection is based on 2015 technologies in table 1. Future cumulative installed 
capacities are based on the “New Policies” scenario suggested by GWEC (GWEC 2014a).  
 
To understand today’s status, in 2014 there were 49760MW onshore and 1713MW offshore newly 
installed wind capacity. The materials required for these new installations compared to global primary 
production of that year correspond to 0,5% for aluminium and steel, 1% for copper and 5% for REE.  
Putting the projected cumulative stocks in a historic perspective based on the USGS data in Figure 3, 
the steel requirements to fulfil 2050 cumulative capacity are higher than the 274 million tonnes of 
primary crude steel produced globally due to all economic activity in 1958. The corresponding amount 
for copper is equivalent to the global primary production of 1985. The REE requirements for the 
cumulative capacity of 2030 are equivalent to the global primary production of early 2000. 
    
Besides the future metal demand which calls for material recovery maximisation a parallel issue is 
related to the composite materials particularly in the blades. Blades require attention (i) due to the 
high environmental impacts of the primary materials which yield high impact density for the 
component Figure 1, and (ii) due to the current lack of EoL treatment technologies and secondary 
markets. Note that if the forecasted transition from glass fibre to carbon fibre (McKenna, Ostman v.d. 
Leye, and Fichtner 2016) stands then recycling alternatives are less uncertain since there are already 
viable market options due to economic incentives of carbon fibre recovery (Pimenta and Pinho 2011). 
 
3.1.1 Future material projection -limitations 
 
The assumption of using 2015 technologies for estimating material stocks might lack technological 
representativeness due to the following limitations:  
 
(i) Future technological developments: (Andersen, Borup, and Krogh 2007) reports the factors 
affecting the design of future wind technology, and consequently the types of materials to be used. 
Key factors include substitution due to new materials (replacement of steel, new composites, 
superconducting materials, etc.), new design concepts and main components (power electronics, 
control strategies, etc.) and the future grid conditions (grid structure, power quality, etc.). McKenna 
and coauthors, project that tower components will continue to be constructed from steel and/or 
concrete, although both of these components increasingly in the form a modular construction. 
However for the rotor blades they see a trend towards fully carbon fibre structures (McKenna, Ostman 
v.d. Leye, and Fichtner 2016).  
 
(ii) material requirements lower with time: The assumption of 2015 technologies underestimates the 
weight of the infrastructure covering 2014 cumulative capacity and overestimates future material 
requirements. Looking at the evolution of wind power technologies there has been an exponential 
rise in the size of turbines with a tower height growing from 17 m in 1980 to 100 m in 2010 (Lantz, 
Hand, and Wise 2012). Thus progressively the specific power (material requirements kg/MW) is 
lowering with time due to economies of scale and technological advancements in optimisation of 
materials and design. This overestimation would however be counterbalanced by the material 
requirements in the extended system boundaries such as the ones related to conductivity issues of 
integrated grids (René Kleijn et al. 2011; Rene Kleijn and van der Voet 2010), to energy storage 
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infrastructure, and to material flows during operation e.g. due to spare parts and component 
replacements. 
 
Despite the limitations, the wind energy sector is put in future perspective and the relevance of 
circular economy is further discussed in Section 4.  
 

4 Wind power material stocks in a circular economy context 
 
The exponential supply of primary materials has relied on technological achievements which have 
allowed for increased resource availability and for exploiting previously non existing resources (Cook 
1976). Currently though there is a political shift of focus on already extracted resources and an aim to 
maximise their (re)use. Circular economy puts recycling in the centre of economic activity and of 
product and system design by transforming waste into a resource. The concept is far from new, since 
scrap dealers and recycling of valuables have existed for centuries (René Kleijn 2012). (Radetzki 2009) 
reviews the history of copper tracking it back 7000 ago. Recycling strategies are also established in 
modern policy agendas e.g. the packaging directive dates back to 1994 (Council Regulation (EC) 1994). 
However, in the context of resource depletion and exponential growth of waste production, this 
concept gains momentum as a consideration in future product design.   
 
From an environmental perspective the rational is that recovery of materials is less energy intensive 
and therefore preferable to primary material extraction (Grimes, Donaldson, and Cebrian Gomez 
2008). Although such environmental considerations are within the circular economy concept, the main 
argument for its adoption is often the economic one. This is because waste streams include resources 
that are already processed and available for use if recovered e.g. in the power plants apart from the 
metals discussed in section 2 one can also find silver, tin, lead and zinc. The economic incentive is 
discussed by Hagelüken, (2010) who calls “paying metals” the precious metals that can be recovered 
from urban mining (where here is used to describe mining from the technoshphere which implies the 
man made systems, as opposed to ecosphere which refers to the natural environment). Market drivers 
for the recovery of such materials can also be identified, e.g. zinc demand is increasing steadily and is 
expected by market experts to face a 10% decline in supply due to the 2015 closing down of major 
mining sites such as the Century Zinc, the largest open pit mine in Australia, third country in the world 
in zinc production (USGS 2016; The Gold Report 2014). 
 

4.1 Conditions for pursuing the vision of circular economy 
 
The wind power material stocks discussed in section 3.1 will be stored in infrastructure for more than 
20-25 years. Thus the increased demand for wind energy in the near future cannot be covered only by 
recycling and it will need to depend on primary production. This will also be the case for the future. 
The 2014 stock can only cover 1/3 of the projected 2040 stock. Thus primary extraction cannot be 
avoided; however, the aim within a circular economy context would be to minimize it and maximize 
the use of existing stocks.  
 
Within this context of material demand, engineering wise there are two major conditions to pursue 
the vision of circular economy:  



Paper 6 

166 
 

a) the establishment of urban mining and consequent technologies for dismantling and recovering. At 
the end of the life of the plant, some of the parts can be reclaimed and recycled based on existing 
technology (such as steel towers above ground) while others become outflow driven (hibernating) 
stocks: obsolete system parts while they are not part of the waste management system. As such is 
identified all equipment below ground level such as cabling both on and offshore, onshore reinforced 
steel foundations and offshore steel monopiles particularly the part bellow seabed. For these waste 
streams to the authors’ knowledge there is currently no cost effective technology for collection and 
recovery.   
 
b) the shift in the design of products and systems to both facilitate disassembly and recyclability and 
to ensure usability of the recovered materials; this also implies investigating potentials for material 
substitution. The raising amount and form of elements used in today’s products make it 
technologically challenging to dismantle and recover at the end of life. Regarding the usability of the 
secondary materials Hagelüken discuses that metal compositions in products differ from that in 
primary alloys which leads to a need for sophisticated metallurgical operations for recovery 
(Hagelüken 2010).   
 
The distance between primary and secondary material is even more evident in the case of the 
composites e.g. the properties of the blade are different than the glass fibre, epoxy and wood that 
compose it. The secondary material recovered after the recycling also has different properties and its 
potential use needs to be understood, e.g. (Correia, Almeida, and Figueira 2011) investigate the case 
of glass fibre reinforced plastics used as a filler in concrete and they find that high proportions of the 
material worsen the final product’s performance. The EoL of blades is in the research and corporate 
agendas as seen e.g. in the case of the GenVind project in Denmark where market leading 
manufacturers and research institutes explore alternative recycling and market options (GenVind 
2016).   
 
Additionally to the technological and business challenges, material substitution requires economic 
incentives which might lack due to market constraints. As Gordon discusses for the case of copper, its 
substitution although technically feasible is not cost effective since the price of copper has remained 
low for many decades (Gordon, Bertram, and Graedel 2006).  
 

4.2 Circular economy in a life cycle perspective  
 
On the environmental impact assessment side the case of circular economy is advocated as “green”, 
however quantifying the associated environmental impacts can be challenging. Considering the wind 
power plants, source of uncertainty is the long residence time and consequently the future treatment 
technologies and secondary markets as seen e.g. for the case of blades. Additionally there is limited 
literature and corresponding data on C&D waste treatment despite of recycling goals set e.g. in the 
European Waste Framework Directive (WBCSD 2009; EC 2006). Recycling rates depend on the 
collection rate and the recycling process efficiency (recovery rate). These not only are context 
dependent as discussed for the case of aluminium in section 2.1 but also as (T. E. Graedel et al. 2011) 
discusses terminology is often mixed in literature obscuring data collection. Data availability is also 
limited regarding the material and energy requirements and direct emissions and wastes from the 
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recycling processes however in a circular economy context the well-tuned recycling chain including 
collection, sorting and reprocessing would need to be accounted for.  
Bearing in mind these limitations for the main materials identified in the infrastructure Figure 4 
presents the assumptions for EoL management from the point materials enter the EoL treatment 
facility until the end of recovery of material or energy.  The assumptions are based on expert 
knowledge within SWP and literature: 
 
Metals are recovered with an efficiency of 90% based on the information given in section 2 for steel. 
Given that secondary markets are widely established and that demand is higher than supply (see 
section 3), the metal stocks can be assumed to replace primary production.  
 
Polyethylene is assumed to be incinerated substituting electricity and heat based on future mix of 
electricity (coal 11%, gas 25%, Nuclear 22%, hydro 16%, biomass 6%, wind 13%, solar 7%) (WEC 2013)  
and heat (16% oil, 39% natural gas, 23% biomass, 22% Combined heat and power (CHP)) (Connolly et 
al. 2012).  
 
Blades based on SWP expert knowledge are assumed to be shredded requiring energy 28kWh/t blade 
and then incinerated in cement kilns. The epoxy in blades (47wt%) is assumed to substitute heavy fuel 
with a rate dependent on the calorific value of the two: for epoxy 32MJ/kg (Walters, Hackett, and Lyon 
2000) and for heavy fuel oil 43MJ/kg (The Engineerign ToolBox 2016). The glass fibre in blades (41wt%) 
is assumed to be a solid residue from the incineration process which substitutes clay (60wt%) and sand 
(40wt%) in cement production.  
 
Concrete foundation is assumed to be crushed and used as a substitute for gravel. This is here assumed 
a proxy for ‘aggregate’ which would be used in concrete production or road pavement sub-base as 
literature suggests (see Section 2). 
 

 
Figure 4. EOL treatment assumptions 
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Technological representativeness might be of low accuracy given that with the exception of future 
energy mixes, the rest of potential technological advancements have been disregarded. Within the 
aim of this research though the results showcase the relevance of accounting the trade-offs between 
primary and secondary production and the influence of material substitution potentials. 
 
Figure 5 presents the corresponding percent savings or burdens compared to the impact from material 
use e.g. recycling the tower offsets almost 80% of its materials’ impacts.  Two alternative scenarios 
have been considered depending on the collection rate for the cables and the foundations. For the 
other components 100% collection has been assumed in both scenarios.  
 

 
Figure 5. EoL treatment impact expressed as percentage of the impact from material use 

 
The benefits from metal recycling are expectedly high given the assumed recovery rates and the lower 
energy requirements compared to primary production. Note that within the aforementioned 
limitations there is no distinction in handling steel tower and the nacelle even though the difference 
in complexity of the two would also affect their EoL treatment and the effort required for metal 
separation.  
 
For the case of blades the burdens from treatment offsets the benefits from avoided production, 
showing almost no impacts from the EoL treatment. Given their impact density (Figure 1) treatment 
options and potential material substitution shall be further investigated in order to lower the impact 
from the entire life cycle of the blades. 
 
For the concrete, the treatment assumptions lead to environmental benefits. However other literature 
accounting for extended boundaries and more impact categories suggest opposite i.e.  (Butera 2015) 
discusses that typical C&DW utilisation in road sub-bases does not provide net environmental benefits 
and gravel substitution does not compensate for the impacts of transportation (60-95% of total 
impacts), crushing and leaching.  
 
The treatment of cables leads to environmental burdens, since the processing of the cables and the 
impacts from incineration counterbalance the avoided production of energy and primary material. 
 
The EoL uncertainties such as collection rates, recovery rates and all the impacts related to the 
treatment technologies (choice of technology, material requirements, energy and transport) would 
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highly influence the results. Setting then the two principles of circular economy in an LCA perspective, 
the requirement is that the environmental burdens from the urban mining and the recycling 
technologies shall not counterbalance the benefits of avoided virgin resource extraction. This 
ultimately relates to the substitution potentials of the secondary materials e.g. as Figure 5 implies for 
the blade case, collecting and treating (cutting, crushing and processing) the blade for use in cement 
production might be more impactful than producing the aggregates and fuel that would have been 
used instead. Often secondary materials cannot directly substitute virgin ones which calls for a shift  
towards more sustainable product development practices and ‘design for recycling’ concepts 
(Gaustad, Olivetti, and Kirchain 2010). Such transition would also require cross organisational 
coordination between stakeholders responsible for design, dismantling and EoL (Ortegon, Nies, and 
Sutherland 2013; Andersen, Borup, and Krogh 2007) implying shared responsibility across the value 
chain. A collaborative effort would be needed in order to explore reverse channels for recycling (Sodhi 
and Reimer 2001) to face disassembly difficulties (Desai and Mital 2003; Zussman, Kriwet, and Seliger 
1994) to allow for remanufacturing (Boothroyd and Alting 1992; Soh, Ong, and Nee 2015) and to 
support selection of materials for sustainable product design (Ljungberg 2007).  
 

5 Conclusion 
 
Transitioning to wind energy contributes to climate change mitigation. Decarbonisation though comes 
with the expense of increased resource consumption for the required infrastructure. The main 
materials in the wind power plant infrastructure are metals (copper, steel, aluminium, REE) and 
composites (concrete, epoxy infused glass fibre). The composite materials in the blades are the 
environmentally most significant one in terms of GHG emitted per kg component produced.  
 
For the identified metals there is an exponential growth of primary production and supply lags behind 
demand currently and in the future. Therefore, materials stocks embodied in the wind power plants 
are resources for the future and their recovery should be maximised within a circular economy 
context. For, steel, aluminium and copper, recycling technologies are already available. Their recycling 
rates (collection and recovery) should be maximised through well-tuned urban mining operations. A 
starting point for implementation can be the outflow driven flows such as the ones below 
ground/seabed (cabling, monopiles) that are currently not collected. For the rare earths, recycling 
technologies are still under development. For other stocks such as concrete and mainly blades the 
challenge is higher given that not only recycling technologies need to be developed but also a market 
for the secondary material need to be established.   
 
Setting circular economy in a life cycle perspective, the burdens from collecting and recovering 
resources should not counterbalance the benefits from avoiding primary production of the substituted 
materials. Additionally, to realise the circular economy vision manufacturers and product developers 
need to shift towards a multiple cycle way of thinking; meaning to develop technologies and products 
that are designed and manufactured in a way that can be recovered and reused in multiple loops 
within the global market.  
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