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the ISO 14040/44 standard on LCA. So I could not see the relevance of this question. Why would LCA 
NOT be suitable for PSS? But my supervisors were persistent. “We know people who have trouble 
with the LCA method, because it is tailored for product assessments and cannot capture the service 
elements of a PSS. It is also too static and cannot handle if a need is fulfilled in a radically different 
way”, they said. So I went to my LCA supervisor who had (not surprisingly) a different opinion: “Yes, 
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that they could both learn from each other. I would have to specify how utilising LCA methodology to 
assess the environmental performance of PSS would be different from product assessments and 
what the challenges would be. And based on this, prescribe an approach that would allow LCA 
methodology to be used in a way that would as best as possible tell us if and in which circumstances 
a PSS could lead to environmental improvements. What was also strikingly clear to me when 
reviewing the PSS literature and attending conferences and presentations about PSS – not least the 
emerging concept Circular Economy – was the strong belief that PSS business models such as 
performance-based contracts and sharing systems are inherently better, environmentally, than 
traditional product-based sales. Only few studies had challenged this perception and I felt provoked 
to not only show that these presumed environmental benefits were not necessarily there, but also to 
contribute with supporting tools and methods that would help ensure that the environmental 
potentials of PSS were in fact realised. 

My hope is that this thesis, and the publications it includes, will inspire more studies on the 
environmental potential of PSS and will contribute positively to both the LCA and PSS knowledge 
fields. 

As with any long journey, the PhD process brought many new insights and experiences, for which I 
am grateful. It allowed me to take a deep dive into a completely new industrial landscape, the 
maritime industry, which is very different from any other industries I had previously dealt with. It 
also allowed me to dig deep into fields I already knew a little about, i.e. LCA and PSS, but also into 
fields new to me, such as life cycle costing (LCC), servitisation, service procurement and Circular 
Economy. I was also lucky to extend the PhD journey, due to the birth of my third son, Otto, who was 
well-behaved the few times he went along to meetings to discuss articles under review, or other PhD 
related matters.  

I would like to acknowledge a number of key players, who have made this journey possible.  
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EXECUTIVE SUMMARY 
Product/Service-Systems (PSS) are products and services combined in a system, designed to satisfy 
user needs, often with a focus on delivering product functionality rather than ownership through a 
number of means, such as sharing systems, performance-based contracts, subscriptions etc. PSS can 
foster new business opportunities and are often also associated with improved sustainability, e.g. in 
relation to paradigms such as Circular Economy. However, PSS offerings are not necessarily more 
sustainable from an environmental perspective. For this reason, systematic and quantitative 
assessments of their actual environmental performance are needed. This thesis investigates the 
ability of Life Cycle Assessment (LCA) to serve this purpose and proposes how the method can be 
adapted and tailored to support environmental assessments of PSS.  

During the research, it was found that existing LCA guidelines suffered from the fact that they were 
predominantly product focused and that service inclusion in LCA was a challenge. As such, it was 
found that there was a need to broaden the LCA methodology to: i) better allow for service inclusion 
when assessing environmental impacts of products systems; and ii) better support environmental  
evaluations of PSS, e.g. when comparing a PSS to a traditional business model.  

In order to develop the needed support, this project was structured in two subsequent phases, which 
involved both theoretical and empirical developments as illustrated in Figure i. Ten publications 
documented the findings, of which articles A to E are embedded as chapters in this thesis.  

The empirical development started within the maritime industry, investigating the life cycle of tanker 
ships and opportunities and barriers for PSS adoption, seen from a customer perspective. Later, the 
research moved on to investigate PSS in other industries, in order to ensure generic contributions.  

The theoretical development dealt with LCA applied to services and PSS.  

In project phase 1, it was first investigated how LCA can be applied to complex systems, in order to 
ensure service inclusion and to allow for integration with Life Cycle Costing (LCC), covering the 
economic dimension. Hybrid environmental input-output (EIO) LCA was the method applied, the 
results of which are documented in articles A (case application on a tanker ship) and B (multi-case 
application). The method was found to serve the purpose of ensuring system boundary completeness 
and service inclusion but also had weaknesses, with the most pronounced being data aggregation, 
which can influence data representativeness. In parallel, challenges for using LCA on PSS were 
derived, resulting in article C, which presented three overall challenges: i) identifying and defining 
the reference system to ensure that the right substitutions are compared; ii) defining the functional 
unit to ensure functional equivalence between the compared alternatives; and iii) ensuring a 
sufficient system boundary completeness, not to leave out any important processes.  

In project phase 2, a framework linking PSS to Circular Economy and ultimately absolute resource 
decoupling was proposed to inspire discussion on when circular strategies based on PSS do in fact 
lead to improved sustainability, resulting in article D. Also during this phase, different PSS solutions, 
both within and outside the maritime industry, were assessed, with supplementary articles F, G and 
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H documenting the results. A book chapter on LCC (publication I) supplemented the studies that 
included economic assessments. Finally, with support of expert consultations and structured user 
feedback, the work was combined in the development of the main research outcome: Generic 
guidelines for environmental evaluations of PSS through LCA. The guidelines are documented in 
article E and in a published User Guide (publication J), aimed at both industry and research 
stakeholders.  

The guidelines consist of 6 steps, which are aligned with the phases of an LCA. The focus is on 
addressing the three above mentioned challenges and defining a proper study scoping to ensure: (i) 
that the reference system to which the PSS is compared is explored, in order to identify the relevant 
product systems that the PSS substitutes; (ii) that the systems chosen for analysis are comparable in 
terms of functional outcome and perceived value, since differences in user perceived outcome might 
trigger rebound effects; and (iii) that all relevant processes on which the PSS depends are included in 
the assessment.  

Future work includes full-scale case applications and further enhancement of the User Guide through 
collaboration with relevant stakeholders. Suggestions for future research opportunities include a 
continued investigation of PSS opportunities and barriers from a customer perspective and 
development of structured methods for addressing the dynamic complexity of PSS, to further 
support knowing under which circumstances PSS lead to environmental improvements, taking into 
account user behaviour, systemic changes and rebound effects. 

 

FIGURE i: OVERVIEW OF THEORETICAL AND EMPIRICAL DEVELOPMENT PROCESS AND PUBLICATIONS OUTCOMES 
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DANSK RESUME 
Produkt/Service-Systemer (PSS) er produkter og services kombineret i et system, designet til at 
opfylde brugerbehov. Ofte er fokus på at levere produktets funktionalitet i stedet for ejerskab, f.eks. i 
form a deleordninger, ydelsesbaserede kontrakter, abonnementsordninger osv. PSS kan medføre nye 
forretningsmuligheder og er også ofte associeret med forbedret bæredygtighed, f.eks. i relation til 
paradigmer som Cirkulær Økonomi. Men PSS ydelser er ikke nødvendigvis mere bæredygtige fra et 
miljø-perspektiv. Derfor er der brug for systematiske og kvantitative vurderinger af deres egentlige 
miljømæssige præstation. Denne afhandling undersøger livcyklusvurdering (LCA) som metode til 
dette formål og foreslår, hvordan metoden kan tilpasses til bedre at assistere en miljøvurdering af 
PSS.  

Undervejs i forskningsprojektet, blev det erfaret, at eksisterende LCA guidelines var primært produkt-
orienterede og at inklusion af services i LCA var en udfordring. Der var derfor et behov for at udvide 
LCA-metoden, for bedre at kunne: i) inkludere services ved miljøvurdering af produktsystemer; og ii) 
assistere en miljømæssig evaluering af PSS, f.eks. når et PSS sammenlignes med den traditionelle 
forretningsmodel. 

Projektet havde til formål at udvikle support til disse to formål. Projektet forløb i to faser, som 
involverede både en teoretisk og en empirisk udvikling, som vist på Figur i. Resultaterne blev 
dokumenteret i 10 publikationer, hvoraf de fem (artikel A til E) er inkorporeret som kapitler i 
afhandlingen.  

Den empiriske udvikling startede i den maritime industri, hvor tankskibes livscyklus blev analyseret, 
og generelle muligheder og barrierer for at implementere PSS blev undersøgt fra et kunde-
perspektiv. Senere udviklede projektet sig til at undersøge PSS i andre industrier for at kunne sikre en 
generisk anvendelighed af projektets resultater.  

Den teoretiske udvikling omhandlede LCA i relation til services og PSS. 

I projektets fase 1, blev det undersøgt, hvordan LCA kan anvendes til miljøvurdering af komplekse 
systemer med henblik på at sikre serviceinklusion og tillade integration med økonomisk 
livscyklusvurdering (LCC). ’Hybrid miljømæssig input-output LCA’ blev anvendt som metode og 
resultaterne er dokumenteret i artikel A (analyse af tankskib) og artikel B (analyse af tre forskellige 
cases). Konklusionen var, at denne metode opfylder sit formål om sikre en komplet systemgrænse og 
serviceinklusion, men at den også har svagheder med dataaggregering som den mest væsentlige, da 
dette influerer datarepræsentativiteten. I projektet undersøgtes også generelle udfordringer ved 
brug af LCA i forbindelse med PSS. Resultatet blev artikel C, som præsenterer tre overordnede 
udfordringer: i) identificere og definere referencesystemet og sikre at de relevante substituerede 
produktsystemer sammenlignes; ii) definere ’den funktionelle enhed’ og sikre funktionel balance 
mellem de systemer, som sammenlignes; og iii) sikre en tilstrækkelig komplet systemgrænse, så 
ingen væsentlige processer udelades. 
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I projektets fase 2, udarbejdedes et rammeværktøj, der forbinder PSS med Cirkulær Økonomi og 
’absolut ressourceafkobling’ (afkobling mellem økonomisk vækst og ressourceforbrug). 
Rammeværktøjets formål var at inspirere til diskussion om, hvornår og hvorvidt cirkulære startegier 
baseret på PSS rent faktisk leder til forbedret bæredygtighed. Resultatet er dokumenteret i artikel D. 
Denne projektfase inkluderede også en vurdering af forskellige PSS løsninger både i og udenfor den 
maritime industri. Resultaterne er dokumenteret i artikel F, G og H. Et bogkapitel om LCC (publikation 
I) supplerede de studier, der inkluderede økonomiske vurderinger. Sidste del af projektet 
kombinerede det hidtidige arbejde, og ved hjælp af ekspertkonsultationer og struktureret 
brugerfeedback, blev hovedudbyttet for projektet udviklet: Retningslinjer for miljømæssig evaluering 
af PSS baseret på LCA. Retningslinjerne er dokumenteret i artikel E samt i en udgivet Bruger-Guide 
(publikation J), som er målrettet interessenter fra både industrien og den akademiske verden. 

Retningslinjerne består af seks trin, som er afstemt med faserne i en LCA. Fokus er på at adressere de 
tre ovennævnte udfordringer og definere et passende scope, der sikrer: i) at det referencesystem, 
som et givent PSS sammenlignes med, undersøges med henblik på at identificere de relevante 
produktsystemer, som PSS’et substituerer; ii) at de systemer, som det vælges at analysere, er 
sammenlignelige i funktionelt udbytte og opfattet værdi, da forskelligheder i brugerens opfattede 
udbytte kan medføre ’rebound’ effekter; iii) at alle relevante processer, som PSS’et afhænger af, er 
inkluderet i vurderingen.   

Fremtidigt arbejde inkluderer fuldskala-anvendelse af Bruger-Guiden på virkelige cases samt 
kontinuerligt forbedring af Guiden gennem samarbejde med relevant interessenter. Forslag til 
fremtidige forskningsmuligheder inkluderer fortsat undersøgelse af PSS muligheder og barrierer set 
fra et kunde-perspektiv, samt udvikling af strukturerede metoder til at adressere PSS’ dynamiske 
kompleksitet. Sidstnævnte vil muliggøre at faktorer som brugeradfærd, systemændringer or 
’rebound’ effekter bedre kan medtages i undersøgelser af, under hvilke omstændigheder et givent 
PSS medfører miljøforbedringer.  
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THESIS OVERVIEW 
This thesis is article-based, with the articles embedded as chapters. The thesis consists of four parts 
and 17 chapters:  

In Part 0: Introduction, Chapter 1 introduces the research motivation, research questions and the 
methodological structure of the research. Chapter 2 introduces the theoretical background of the 
research and Chapter 3 introduces the empirical background of the research.  

In Part 1, the explorative and descriptive phase 1 of the project is presented. The aim has been to 
understand the empirical context and derive methodological issues to define the key factors to be 
addressed going forward.  Chapter 4 presents the methods applied. Chapter 5 provides an 
understanding of the empirical context, supported by article A, which is presented in Chapter 6. 
Chapter 7 discusses the environmental input-output (EIO) LCA method, which is then applied in article 
B in Chapter 8. Chapter 9 presents the result of a systematic literature review on environmental 
quantifications of PSS, eventually leading to article C (Chapter 10). Chapter 11 summarises the key 
findings from project phase 1.   

In Part 2, the prescriptive outcomes of phase 2 are presented, consisting of frameworks and guidelines 
to support the environmental evaluation of PSS. Chapter 12 presents the approaches and methods 
applied, and Chapter 13 and 14 present the results in the form of article D and article E, respectively. 
Chapter 15 summarises the key findings from phase 2 of the project and next steps in terms of further 
validation of the developed support. 

Part 3: Conclusions builds upon the presented results and the embedded articles and provides a 
discussion and conclusion. Chapter 16 summarises the answers to the research questions and Chapter 
17 provides overall conclusions in terms of research contributions, research limitations, as well as 
suggestions for future work. 

Article F, G, H and publications I (‘LCC book chapter’) and J (‘User Guide’) are not embedded in the 
thesis but are included as appendices. These publications support the findings and will be referenced 
where relevant. Table i summarises the articles produced during the PhD project and how they relate 
to the thesis chapters. 

  



ix 

TABLE i: OVERVIEW OF PUBLICATIONS PRODUCED DURING THE PHD PROJECT 

Publi-
cation 
number 

Title Short title 
used in 
thesis 

Published in/ 
submitted to 

Publication 
status 

Author 
status 

In thesis 

A From LCC to LCA using a 
hybrid Input Output model - 
a maritime case study 

‘LCC/LCA on 
ship’ 

Procedia CIRP Published First Chapter 6 

B Application of Environmental 
Input-Output Analysis for 
Corporate and Product 
Environmental Footprints—
Learnings from Three Cases 

‘EIO 
application’ 

Sustainability Published First Chapter 8 

C Challenges when evaluating 
Product/Service-Systems 
through LCA 

‘LCA on PSS 
Challenges’ 

Journal of 
cleaner 
production 

Published First Chapter 10 

D Product/Service-Systems for 
a Circular Economy – the 
route to decoupling 
economic growth and 
resource consumption? 

‘PSS and CE’ Journal of 
Industrial 
Ecology 

Published First Chapter 13 

E Guidelines for evaluating the 
environmental performance 
of Product/Service-Systems 
through Life Cycle 
Assessment   

‘PSS 
guidelines’ 

Journal of 
cleaner 
production 

Puiblished First Chapter 14 

F The influence of costs and 
benefits' analysis on service 
strategy formulation: 
Learnings from the shipping 
industry  

‘Maritime 
PSS’ 

Cogent 
Engineering 

Published Co Appendix I 

G Economic and environmental 
impact trade-offs related to 
in-water hull cleanings of 
merchant vessels 

‘Hull 
cleaning 
case study’ 

Journal of 
Industrial 
Ecology 

Published Co Appendix II 

H Evaluating the 
environmental performance 
of a circular business model 
for Merino wool 
next-to-skin garments. The 
case of Armadillo Merino. 

‘Merino 
wool case 
study’ 

The Journal of 
the Textile 
Institute 

Submitted Co Appendix III 

I Life Cycle Costing – an 
introduction 

‘LCC book 
chapter’ 

Hauschild et al. 
(ed.) (2018): Life 
Cycle 
Assessment – 
Theory and 
Practice 

Published Co Appendix IV 

J A Guide for evaluating the 
environmental performance 
of Product/Service-Systems 

‘User Guide’ - Published First Appendix VII 



  

x 
 

TABLE OF CONTENTS 
Preface and acknowledgements ................................................................................................................................. i 

Executive summary ................................................................................................................................................... iii 

Dansk resume ............................................................................................................................................................. v 

List of abbreviations ................................................................................................................................................. vii 

Thesis overview ....................................................................................................................................................... viii 

Part 0: Introduction ...................................................................................................................................................1 

1 Research framing................................................................................................................................................2 
1.1 Research motivation ............................................................................................................................ 2 
1.2 Research questions .............................................................................................................................. 5 
1.3 Methodological framework (DRM) ...................................................................................................... 6 
1.4 Research project structure .................................................................................................................. 7 

2 Theoretical background....................................................................................................................................11 
2.1 Product/Service-Systems ................................................................................................................... 11 
2.2 Life Cycle Assessment ........................................................................................................................ 14 

3 Empirical background .......................................................................................................................................19 
3.1 Maritime industry .............................................................................................................................. 19 
3.2 Other industries and case material .................................................................................................... 21 

Part 1: Project phase 1. Descriptive study of empirical and theoretical fields ......................................................25 

4 Research methods employed for Descriptive Study I ......................................................................................26 
4.1 Phase 1, RQ 1 ..................................................................................................................................... 26 
4.2 Phase 1, RQ 2 ..................................................................................................................................... 27 

5 Environmental issues and PSS opportunities in the maritime industry – results from the action research ....29 
5.1 Environmental issues in the maritime industry ................................................................................. 29 
5.2 PSS procurement in the maritime industry ....................................................................................... 32 

6 Article A. From LCC to LCA Using a Hybrid Input Output Model – A Maritime Case Study ..............................35 

7 Environmental input-Output LCA – strengths and weaknesses .......................................................................43 

8 Article B. Application of Environmental Input-Output Analysis for Corporate and Product Environmental 
Footprints —Learnings from Three Cases ........................................................................................................47 

9 Environmental quantification of PSS - a systematic literature review .............................................................73 
9.1 Planning ............................................................................................................................................. 73 
9.2 Analysis .............................................................................................................................................. 76 
9.3 Findings .............................................................................................................................................. 83 
9.4 Limitations ......................................................................................................................................... 85 

10 Article C. Challenges when evaluating Product/Service-Systems through Life Cycle Assessment ...................87 

11 Summary of key findings in project phase 1 ....................................................................................................99 
11.1 Research gaps .................................................................................................................................... 99 
11.2 Key factors to address in project phase 2 ........................................................................................ 100 

Part 2: Project phase 2. Support for environmental evaluation of PSS .............................................................. 103 

12 Research methods employed for Prescriptive Study and Descriptive Study II ............................................. 104 



xi 

12.1 Phase 2, RQ3 (support #1 and #2) ................................................................................................... 104 
12.2 Phase 2, RQ4 (support #3) ............................................................................................................... 105 

13 Article D. Product/Service-Systems for a Circular Economy: the route to decoupling economic growth 
from resource consumption? ........................................................................................................................ 109 

14 Article E. Guidelines for evaluating the environmental performance of Product/Service-Systems through 
life Cycle Assessment .................................................................................................................................... 125 

15 Summary of phase 2 and next steps ............................................................................................................. 141 
15.1 Developed support in project phase 2 ............................................................................................. 141 
15.2 Further validation of the guidelines and the User Guide ................................................................ 145 

Part 3: Conclusions ............................................................................................................................................... 147 

16 Answers to research questions ..................................................................................................................... 148 
16.1 RQ 1: How to characterise a complex system from an economic and environmental life cycle 

perspective? ..................................................................................................................................... 148 
16.2 RQ 2: What are the challenges when evaluating the environmental performance of a PSS 

through LCA methodology? ............................................................................................................. 149 
16.3 RQ 3: Under which circumstances will PSS solutions lead to environmental improvements? ....... 150 
16.4 RQ 4: How can LCA methodology be applied to PSS to evaluate their environmental 

performance? .................................................................................................................................. 151 

17 Overall conclusion ......................................................................................................................................... 152 
17.1 Project contributions ....................................................................................................................... 152 
17.2 Research limitations ........................................................................................................................ 154 
17.3 Future work ..................................................................................................................................... 154 

Bibliography .......................................................................................................................................................... 156 

Appendices ........................................................................................................................................................... 163 

Appendix I: Supplementary article F. The influence of costs and benefits’ analysis on service strategy 
formulation: Learnings from the shipping industry ...................................................................................... 165 

Appendix II: Supplementary article G. Economic and Environmental Impact Trade-Offs Related to In-Water 
Hull Cleanings of Merchant Vessels .............................................................................................................. 187 

Appendix III: Supplementary article H. Evaluating the environmental performance of a circular business 
model for Merino wool next-to-skin garments. The case of Armadillo Merino............................................ 203 

Appendix IV: LCC book chapter. Life Cycle Assessment - Theory and Practice – Chapter 15: Life Cycle Costing – 
an introduction .............................................................................................................................................. 227 

Appendix V: Supplementary case analysis from systematic literature review ..................................................... 251 

Appendix VI: Overview of feedback to guidelines version 2 ................................................................................. 257 

Appendix VII: User Guide. Guide for evaluating the environmental performance of Product/Service-Systems 
................................ ...................................................................................................................................... 271 



  

xii 
 

LIST OF FIGURES 
Figure 1: Combination of the two research fields: PSS and LCA ............................................................... 3 
Figure 2: Research fields and industry domains within the overall research project. .............................. 4 
Figure 3: The DRM framework, adopted from Blessing and Chakrabarti (2009). ..................................... 6 
Figure 4: Research aims against DRM stages ............................................................................................ 8 
Figure 5 Project structure and the publications’ contribution to research questions .............................. 9 
Figure 6. The LCA framework, adopted from ISO 14040......................................................................... 15 
Figure 7: Project phase 1 in relation to the DRM framework ................................................................. 25 
Figure 8: The review process. Numbers are: (2000-2014 review)+(2015-2017 update) ........................ 75 
Figure 9: Publications according to publication year .............................................................................. 76 
Figure 10: Project phase 2 in relation to DRM framework ................................................................... 103 
Figure 11: The guideline development process following the hypothetico-deductive approach ........ 106 
Figure 12: Framework: From PSS to CE strategy to absolute resource decoupling .............................. 142 
Figure 13: Comparing a PSS with a reference system in terms of environmental impact .................... 143 
Figure 14: Front page of User Guide ..................................................................................................... 145 
Figure 15: Overview of theoretical and empirical development process and publications outcomes . 153 
 

LIST OF TABLES 
Table 1: The need for quantitative assessments quoted from PSS review articles .................................. 2 
Table 2: Identified drivers and barriers for PSS adoption in the maritime industry ............................... 32 
Table 3: EIO LCA strengths based on literature ....................................................................................... 43 
Table 4: EIO LCA weaknesses based on literature................................................................................... 44 
Table 5: Mitigation strategies for EIO LCA weaknesses .......................................................................... 45 
Table 6: Key words used for systematic literature review ...................................................................... 73 
Table 7: Grouping of publications from systematic literature review .................................................... 74 
Table 8: Analysis of quantitative cases (group A) identified in systematic literature review ................. 79 
Table 9: User evaluation of the guidelines v.2 ...................................................................................... 107 
Table 10: Guideline requirements and how the guidelines support the evaluation process ............... 144 
Table 11: Further validation plan: Identified improvement opportunities and how to address .......... 146 

 



  

1 
 

PART 0: INTRODUCTION 
 

This part of the thesis introduces the research framing and the project background from both a 
theoretical and empirical perspective. 
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1 RESEARCH FRAMING 
1.1 RESEARCH MOTIVATION 
Product/Service-Systems (PSS) is a concept originating from a strong sustainability perspective. Core 
within the research of PSS is the idea of dematerialising the way needs are fulfilled, by providing utility 
to consumers through the use of services rather than products (Mont, 2002). From a business and 
marketing perspective this entails a move from a goods-dominant logic to a service-dominant logic 
(Vargo and Lusch, 2008), and the principle behind PSS is a shift from a perception that value is mainly 
embedded in a physical artefact to a perception, where the activities associated with the product are 
considered to be a better understanding of value (Tan et al., 2010). This logic is emphasised in many 
sustainable production and consumption frameworks, such as ‘Functional Economy’, ‘Performance 
Economy’ and ‘Circular Economy’. As such, there exists an implicit assumption that PSS business 
models can and will play an important role in the transition towards a more sustainable society. It is 
true that the potential for PSS to contribute to resource efficiency and lower environmental impacts 
has been both theoretically proven and exemplified. However, as will be clear in the literature review 
presented in Part 1 of this thesis, only little work has been carried out, where the environmental 
benefits have been thoroughly assessed and quantified. Furthermore, research shows that there is no 
guarantee that a PSS is environmentally superior to its alternatives, if the PSS is not intentionally 
designed to achieve improved environmental performance. And even for such cases, unexpected user 
behaviour and rebound effects are known to counteract the expected benefits (Bartolomeo et al., 
2003; Goedkoop et al., 1999; Tukker and Tischner, 2006). Thus, there is a need to discover ways to 
assess the environmental performance of PSS, in order to support decision-making during PSS design, 
PSS procurement and PSS implementation and operation. 

Table 1 shows some examples of quotations from relevant review articles, which emphasise and 
comment on the need for (quantitative) assessments of environmental impacts of PSS. 

TABLE 1: THE NEED FOR QUANTITATIVE ASSESSMENTS QUOTED FROM PSS REVIEW ARTICLES 

Quotes Reference 
“With regards to topic, tools need to be developed, which enable the modelling of PSS 
[]. Similarly, assessment tools are also required that reveal when a PSS has a clear 
environmental benefit and so provide useful information on which a customer can base 
decisions []. “ 

(Baines et al., 2007) 

“…literature and practice indicate that Product Service Systems and models are not 
inherently more eco-efficient… Such business model innovation generally needs to be 
married with efficiency and value in waste innovations. In addition, to achieve greater 
system-level impact, product and service usage volume would also need to be 
mitigated.” 

(Bocken et al., 2014) 

“The business models of the PSS frequently emphasize its economic aspects, and 
therefore, in future studies, researchers should delve into the environmental and social 
aspects of this topic. “ 

(Beuren et al., 2013) 

“In sum, it has to be concluded that PSS will not by definition be more resource-
efficient or ‘circular’ than product systems.” 

(Tukker, 2015) 

“Nowadays environmental analyses mainly employ qualitative and descriptive 
methodologies: there is a need for new quantitative methodologies, capable of 
describing and evaluating also indirect effects on social and environmental dimension 
attributable to PSS.” 

(Annarelli et al., 2016) 
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One of the most recognised methodologies for assessing environmental impacts of products and 
systems is Life Cycle Assessment (LCA). LCA should in principle be applicable to products and services, 
as well as their integration into systems. However, LCA is traditionally product-centric, focusing on 
mapping and comparing products and materials, while limited attention has been given to services 
and PSS.  

Thus, there is a need to broaden the LCA methodology to better support environmental evaluations of 
PSS and to become better at including services when assessing product systems. 

To summarise, there is a need for knowledge and adapted methods to support environmental 
evaluations of PSS, as illustrated in Figure 1.  

 

 

FIGURE 1: COMBINATION OF THE TWO RESEARCH FIELDS: PSS AND LCA 

While the overall research focus presented above leads towards generic applications, the research 
presented in this thesis was also highly influenced by the overall project setup and the empirical 
context within which the PhD project was founded. The PhD project was conducted in collaboration 
with another PhD project that focused on PSS from a life cycle economic perspective, working mainly 
within the research field of Life Cycle Costing (LCC). The two PhD projects would thereby cover two 
out of the three (economic, environmental and social) pillars of sustainability, delimiting the project 
from focusing on measuring social impacts. Both PhD projects were co-funded by the TORM 
Foundation. TORM is a Danish shipowner operating tanker ships on the global market and the TORM 
Foundation is a philanthropic foundation, supporting projects that enhance knowledge and 
opportunities in the maritime industry.  

As such, the overall research project consisted of two collaborating PhD projects on PSS from a life 
cycle perspective, focusing on environmental and economic life cycle insights, respectively, and both 
with an empirical starting point within the industrial company TORM and the maritime industry in 
general. Figure 2 shows the three research fields and the industry domains addressed in this thesis. 
From the original project description, the project aim was to generate results applicable not only for 
TORM, but for the whole maritime industry in general – and even other industry domains, supporting 
a research goal of generating generic academic results. The theoretical background covering the three 
research fields (PSS, LCA and LCC) is presented in Chapter 2 and the empirical background covering the 
three industry domains is further described in Chapter 3.  



 Chapter 1 
  

4 
 

 

FIGURE 2: RESEARCH FIELDS AND INDUSTRY DOMAINS WITHIN THE OVERALL RESEARCH PROJECT. THE PHD PROJECT PRESENTED IN 

THIS THESIS FOCUSED PRIMARILY ON PSS AND LCA, WHILE A COLLABORATING PHD PROJECT FOCUSED ON PSS AND LCC. 

The research motivation from the overall project setup was spurred from a previous research project 
called PROTEUS (Mougaard et al., 2013), which focused on developing PSS, organising PSS and 
enhancing organisational capabilities for offering PSS in the Danish maritime industry – seen from the 
supplier’s point of view. In this research project, focus shifted towards the customer perspective, and 
the overall aim was to better understand how procurement and implementation of PSS may or may 
not enhance the life cycle performance of ships, from both an economic and environmental 
perspective.  

To investigate the potential influence of PSS, it was chosen to assess the economic and environmental 
life cycle of a tanker ship, and investigate how LCC and LCA could work together in this regard. A ship 
might be defined as a complex system as it consists of multiple materials, mechanical systems and 
support services, which work together in order to make the ship function. Furthermore, multiple 
inputs of products and services are required over the life cycle, and consumption of these depends on 
many criteria, including market mechanisms, sailing patterns, legislation, etc. (see sub-section “about 
complex systems” below). Thus, the initial research motivation in this PhD project was to investigate 
how complex systems such as tanker ships may be characterised from an economic and 
environmental life cycle perspective. This would lay the basis for investigating how PSS would affect 
the life cycle performance.  

The PhD project was also influenced by the fact that research on PSS and sustainability was starting to 
merge with the upcoming research field Circular Economy (CE), e.g. the theme of the 9th CIRP IPSS 
Conference (IPSS 2017) was ‘circular perspectives on Product/Service-Systems’ (McAloone et al., 
2017). The CE is seen as an alternative to the linear take-make-dispose economy and aims to keep 
products, components, and materials at their highest utility and value at all times (Bocken et al., 
2017). PSS are increasingly proposed as strategies and business opportunities that can support a 
transition towards a CE, in which economic growth can thrive while ensuring an overall reduction in 
use of finite resources (Ellen MacArthur Foundation, 2015; Michelini et al., 2017).  Knowing that PSS 
are not by default more sustainable (Tukker and Tischner, 2006), this spurred the motivation to 
investigate in more detail under which circumstances PSS are more sustainable in the context of CE.  
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To summarise, the problems presented above may be stated as the following research needs, which 
support the research motivation in this thesis:  

 The need to be able to characterise complex systems (e.g. tanker ships) from a combined 
economic and environmental life cycle perspective. 

 The need to broaden the LCA methodology towards inclusion of services. 
 The need to understand under which circumstances a PSS contributes to environmental 

improvements, in order to support stakeholders promoting PSS as means to reach a more 
sustainable society. 

 The need to adapt the LCA methodology to PSS, in order to support decision-making.  

These four research gaps provided the basis for the formulation of the research questions addressed 
in this thesis.  

ABO UT  CO MP LEX  SY ST EMS 
In this thesis a system is defined as complex, when it consists of multiple sub-systems and relies on 
multiple inputs of interrelated products and services. As such, a complex system is simply an 
arrangement of a large number of various but interrelated elements. It is, however, acknowledged 
that ‘complexity’ is one of the most challenging intellectual, scientific and technological topics of the 
21st century (Suh, 2003). A distinction is often made between ‘complicated’ and ‘complex’ systems 
(Rickles et al., 2007). Another related distinction is between ‘detail complexity’ (driven by the number 
of variables) and ‘dynamic complexity’ (heightened by any subtlety between cause and effect) (Senge, 
2006). In this thesis, when discussing the need to characterise complex system from a life cycle 
perspective, the definition of a complex system is closely related to what some scholars might define 
as a ‘complicated’ system or ‘detail complexity’, in the sense that the issue deals with how to assess a 
system that consists of multiple sub-systems. However, as the thesis move beyond describing the 
reference system and starts investigating the influence of PSS and the conditions for ensuring 
environmental improvements, the research will touch upon subjects such as unpredictable user 
behaviour and rebound effects, both of which can be perceived as closely related to ‘dynamic 
complexity’. 

1.2 RESEARCH QUESTIONS 
Based on the above research motivation, the overall research question addressed in this thesis is: 

Overall RQ: How to evaluate the environmental performance of PSS solutions using LCA 
methodology? 

Within this research question, four sub-questions were raised: 

RQ1: How to characterise a complex system from an economic and environmental life cycle 
perspective? 

RQ2: What are the challenges when evaluating the environmental performance of a PSS through LCA 
methodology? 
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RQ3: Under which circumstances will PSS solutions lead to environmental improvements? 

RQ4: How can LCA methodology be applied to PSS to evaluate their environmental performance? 

The four research questions built upon each other. RQ1 had the purpose of investigating how to map 
complex systems, in order to investigate the potential influence a PSS solution might have. As such, 
focus was placed on creating a baseline mapping of the economic and environmental profiles of the 
system in focus (the reference system), i.e. tanker ships. RQ2 had the purpose to identify how LCA had 
previously been applied to PSS and the challenges involved in doing so. This laid the basis for 
developing approaches towards dealing with these challenges. RQ3 built upon the identified 
challenges, but also took into account the research specifically conducted within the maritime 
industry. The aim was to conclude under which conditions a PSS is more likely to entail environmental 
improvements for the system in focus. RQ4 aimed to prescribe a solution to how LCA methodology 
may be applied when evaluating the environmental performance of PSS. 

1.3 METHODOLOGICAL FRAMEWORK (DRM) 
The overall methodological framework of the research was the Design Research Methodology (DRM) 
by (Blessing and Chakrabarti, 2009). The methodology allows for a systematic approach for doing 
design research, in which the overall goal is to improve the existing situation by first creating an 
understanding of the design phenomenon and then developing and validating a support to improve 
the design practice. While supporting methods and tools can be found within the DRM framework, for 
this PhD project, the approach was mainly used as an overall framing of the study.  

 

FIGURE 3: THE DRM FRAMEWORK, ADOPTED FROM BLESSING AND CHAKRABARTI (2009). 
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Four overall stages exist within the DRM framework: Research clarification, Descriptive Study I (DS I), 
Prescriptive Study (PS) and Descriptive Study II (DS II), see Figure 3. The four stages are introduced in 
the following: 

Research clarification 
The purpose of the research clarification is to formulate a realistic and worthwhile research goal. In 
this stage a current understanding and expectations are developed, including an initial picture of the 
existing situation and the desired outcomes of the research project. It is in this stage that the overall 
research plan is developed. 

Descriptive Study I (DS I) 
The purpose of DS I is to obtain a better understanding of the existing situation and identify the key 
factors to address in the PS stage. 

Prescriptive Study I (PS) 
The purpose of the PS is to use the increased understanding of the existing situation to create a vision 
of how key factors may be addressed and the desired, improved situation realised. Based on this, the 
support is developed, which can take many forms (examples are guidelines, methods, procedures 
etc.). 

Descriptive Study II (DS II) 
The purpose of DS II is to evaluate the support developed in the PS stage. Similar to the DS II stage, the 
aim is to create understanding, but where DS I focuses on understanding the existing situation, DS II 
aims to understand the impact of the support developed. DS II can be either initial or comprehensive. 

In the following, the research project structure in relation to the DRM stages is presented. 

1.4 RESEARCH PROJECT STRUCTURE 
The research project was structured within two overall phases: Phase 1 aimed at providing inputs to 
Research Questions 1 and 2 and Phase 2 aimed at providing inputs to Research Questions 3 and 4. 
Activities within Phase 1 were mainly descriptive in nature and activities within Phase 2 were mainly 
prescriptive. Figure 4 shows the connection between project phases, research questions, and DRM 
stages.  
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FIGURE 4: RESEARCH AIMS AGAINST DRM STAGES 

In the following, the iterative process of research clarification and the two project phases in relation to 
the DRM framework are presented.  

RES EA R CH CLARI FI CATI ON  
The early research clarification consisted of an initial review of existing literature within the research 
fields PSS, LCA (together with LCC) with the aim of identifying relevant research gaps. Furthermore, an 
initial understanding of the characteristics of the maritime industry was developed based on literature 
review and through workshops and meetings with industry stakeholders. Based on the acquired 
understanding of both the theoretical and empirical landscape, an initial research plan and a set of 
research questions were developed. Through several iterations and as the project evolved, the overall 
research motivation and the research agenda presented above emerged and the overall research goal 
and the four research questions were formulated. Figure 5 shows the two subsequent project phases 
and the relations to the DRM stages, Research Questions and the publications produced during the 
project.  
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FIGURE 5 PROJECT STRUCTURE AND THE PUBLICATIONS’ CONTRIBUTION TO RESEARCH QUESTIONS  

PHA S E 1:  DES CRI PTIV E S TU DY  O F EMPIRI CA L A ND  T H EOR ETI CA L FI ELD S (PART  1 O F 
TH ESI S) 
The first phase of the project aimed at creating an improved understanding of the empirical context as 
well as identifying methodological issues to focus on in the subsequent part of the project. Since the 
aim was to improve understanding of the existing situation and propose key factors to address when 
developing support, this project phase belonged to the DRM stage ‘Descriptive Study I’. Methods 
applied and results from phase 1 are presented in Part 1 of the thesis. 

Three overall empirical and methodological key findings were identified in this project phase: 

 Empirical findings that specifically apply to the maritime industry: Based on the life cycle 
profile of a tanker ship and the characteristics of the maritime industry, it was found that PSS 
opportunities coupled with environmental impact reduction strategies should follow cost 
reduction strategies and/or compliance issues and the main focus should be on fuel savings. 
The process of deriving this finding is documented in Chapter 5 and article A (Chapter 6), 
which provided insights to answer RQ 1 specifically in the context of the maritime industry. 

 Generic finding: In order to characterise complex systems from a combined economic and 
environmental perspective, the proposed LCA methodology should be able to build on 
financial data and include service elements. An approach based on environmental input-
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output (EIO) LCA was tested and results are documented in Chapter 7 and article B (Chapter 
8), which provided generic insights to answer RQ 1. 

 Generic finding: Specific requirements and challenges need to be addressed when developing 
LCA-based approaches for evaluating the environmental performance of PSS. Results are 
documented in chapter 9 and article C (Chapter 10), providing answers to RQ 2. 

PHA S E 2:  SU PPO RT  FO R ENVI RON MEN TA L EVA LU ATIO NS  O F PSS (PAR T 2 OF T H ESIS) 
The second phase of the project aimed to propose and test approaches to evaluate the environmental 
performance of PSS. Methods applied and results from phase 2 are described in Part 2 of the thesis. 

In the project, three types of support were developed and tested:  

 Support # 1 (maritime industry context): An life cycle-based approach for evaluating the costs 
and benefits of PSS to support if and under which circumstances a PSS would be successful in 
the context of the maritime industry, providing input to RQ 3. Results are documented in 
supplementary article F (Appendix I). 

 Support # 2 (generic context): a generic framework of enablers and requirements for a PSS to 
result in absolute resource decoupling in the context of Circular Economy, also providing input 
to RQ 3. Results are documented in article D (Chapter 13). 

 Support # 3 (The main research outcome): Generic guidelines for evaluating the 
environmental performance of PSS, answering RQ 4. Results are documented in article E 
(Chapter 14) and in a User Guide (Appendix VII). 

As the main outcomes of the PhD project, the guidelines were evaluated and refined through expert 
interviews and written feedback, case study applications, and user feedback reiterating the 
Prescriptive Study (improving the guidelines) and Descriptive Study II (evaluating the guidelines). The 
final result was a User Guide intended to support industry professionals and academics in evaluating 
the environmental performance of PSS through LCA methodology (Kjaer et al., 2017) (Appendix VII).  

  



 Chapter 2 
  

11 
 

2 THEORETICAL BACKGROUND 
This chapter presents the overall theoretical framing of the thesis, introducing the two main research 
fields in focus: PSS and LCA (together with its economic counterpart LCC). Throughout the thesis, 
individual articles each have their own theoretical framing and literature review, allowing them to also 
stand alone as independent papers. 

2.1 PRODUCT/SERVICE-SYSTEMS 
PSS DEFINI TION  A ND  EVOLUTION  O F T HE  FI ELD 
According to recent review articles  (Beuren et al., 2013; Haase et al., 2017), the most cited definitions 
of PSS are those of Goedkoop et al. (1999) and Mont (2002) who pioneered some of the first work on 
PSS in relation to environmental sustainability. Goedkoop et al., (1999) define PSS as “A marketable 
set of products and services capable of jointly fulfilling a user’s need” (p. 18), and Mont (2002) define 
PSS as “A system of products, services, supporting networks and infrastructure that is designed to be: 
competitive, satisfy customer needs and have a lower environmental impact than traditional business 
models.”  

Another early definition is that of Manzini et al. (2001) who define it as: “a business innovation 
strategy offering a marketable mix of products and services jointly capable of fulfilling a client’s needs 
and/or wants - with higher added value and a smaller environmental impact as compared to an 
existing system or product”. 

As such, while some early definitions pay specific attention to the requirement (or potential) of 
reducing environmental impacts, more recent PSS definitions leave out the environmental dimension, 
e.g. in Boehm and Thomas (2013) who combine different research contributions and define PSS as “an 
integrated bundle of products and services which aims at creating customer utility and generating 
value”.  

As also noted by Baines et al. (2007), all of the definitions essentially refer to “product(s) and 
service(s) combined in a system to deliver required user functionality” (Tukker, 2015), which is the 
definition adopted in this thesis. 

The shift from a sustainability focus towards a stronger focus on business and customer value is not 
only seen in the evolvement of PSS definitions but also in the general evolution of the PSS field as it 
started merging with other related concepts such as servitisation (Baines et al., 2007; Vandermerwe 
and Rada, 1988) and ‘service-dominant logic’ (Vargo and Lusch, 2008). The recent reviews by Annarelli 
et al. (2016) and Tukker (2015) confirm that even though PSS started its development linked to 
sustainability and environmental aspects, these are no longer the most influential aspects of the 
research stream, and most of more recent literature (post 2006)  focuses on new business 
development and improving competitiveness, rather than on sustainability.  

The PSS classification proposed by Tukker (2004) has become one of the most used ways of 
distinguishing between different types of PSS (Beuren et al., 2013; Tukker, 2015). Three categories are 
distinguished, ranging from a pure product to a pure service, in the following order: 
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Product-oriented PSS: The business model is still traditional in the way that products are sold 
to the customer; however, services are added over the product life cycle. Examples include 
maintenance service or advice/consultancy. 

Use-oriented PSS:  The product still plays a central role, but is available to the user through 
leasing, renting, or sharing schemes. As such, the product ownership stays with the PSS 
provider. 

Result-oriented: The category is closest to offering a pure service where the provider and 
customer agree on a principal result, and no pre-determined product is involved. Examples 
include per-per-service unit (e.g. pay per copy instead of buying the copy machine) and 
activity management/outsourcing. 

The concept of PSS is connected to various knowledge fields such as Engineering & Design, Business 
Management, Information Systems/Computer Science (Boehm and Thomas, 2013) as well as 
Environmental Science and Social Sciences (Annarelli et al., 2016). 

Much PSS research is carried out in relation to the knowledge fields Engineering & Design. Various 
design strategies related to different types of services have been proposed (Tan et al., 2010), and a 
series of tools, methodologies and/or guidelines supporting the PSS design process have been 
published over the years (Annarelli et al., 2016). 

 ‘Servitisation’ is the main concept that relates PSS to the knowledge field Business Management. 
Servitisation is the process of manufacturing companies transitioning their businesses to build new 
revenue streams based on services, away from the transactional production-only modus operandus, 
and the research field has grown substantially during the last two decades (Baines et al., 2017). A 
famous example is Rolls-Royce Aerospace as one of the early examples of a manufacturing company 
transforming their business to deliver ‘power-by-the hour’ instead of selling engines for aircrafts 
(Smith, 2013). In the servitisation literature, much focus is on the organisational transformation and 
capabilities necessary within the manufacturing firm. Future research opportunities have been 
recognised to include a greater understanding of customer behaviours, and increased focus on 
manufacturers becoming advanced service customers themselves (Baines et al., 2017). As such, 
servitisation research starts to look more closely at the customer perspective, however still from the 
view of the manufacturer. The related field of ‘service dominant logic’ pays great attention to the 
provider-customer relations and the ‘co-creation of value’ (Vargo and Lusch, 2008), but does not deal 
explicitly with PSS from a customer perspective (a company as a PSS buyer). Examples of analysing PSS 
opportunities and barriers from both a provider and buyer perspective exist (e.g. Lingegård and 
Lindahl (2015)), however studies dealing explicitly with PSS from a buyer perspective still seem rare.  

In recent years the PSS research has paid great attention to the role of digitization and data analysis in 
the context of PSS, as the evolution of Big Data, Internet of things (IOT), and RFID and sensor 
technologies enable PSS providers to gather data about the customer’s operation processes, in order 
to design and sell value-added services, such as condition-based monitoring along the product life 
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cycle (e.g. Lerch and Gotsch (2015); Opresnik and Taisch (2015)). This explains the connection of PSS 
to the research fields Information Systems and Computer Science mentioned above. 

Despite the evolution of the field described above, sustainability has remained a core theme in the PSS 
research, connecting it closely to the research fields of Environmental Science and Social Science.   

PSS A ND  ENVI RON MEN TA L S US TAI NA BI LIT Y 
After many (mainly qualitative) assessment and reviews of PSS performance (Tukker, 2015) it has 
become clear that a PSS business model does not in itself lead to environmental improvements (e.g. 
Corvellec and Stal (2017)). Just the fact that a product is serviced throughout its life cycle, offered 
through a leasing scheme, or offered ‘as a service’ does not mean that the PSS provider also has 
incentives to incorporate resource efficiency or reduce environmental impacts.  

For PSS, the potential to realise improved sustainability comes from moving product centres away 
from the product sold and towards delivering a functional result. All materials, products and 
consumables used to deliver the result now become cost factors, creating an incentive to minimise 
their use  (Tukker, 2015). As such, a PSS business model may create incentives to save resources and 
thereby reduce environmental impacts through what is sometimes referred to as ‘dematerialisation’ 
(Mont, 2002). Another potential for PSS to improve the environmental performance is through 
facilitating the introduction of new, cleaner and potentially disruptive innovations. An example is the 
company Riversimple, which does not sell cars but offers ‘mobility as a service’ and uses this to create 
a ‘whole system design’, in which they utilise an innovative, ultralight, hydrogen fuel cell driven car 
(Riversimple, 2017). For such innovative products, a PSS business model is seen as a way to penetrate 
the market, since it eliminates the need for a (potentially high) down-payment for a product that 
might be perceived as risky by the customer, and instead the customer only pays for the outcome e.g. 
through a fixed monthly fee.  

As such, PSS business models have the potential to enable business model innovations for 
sustainability. (Bocken et al., 2014) define business model innovations for sustainability as: 
“Innovations that create significant positive and/or significantly reduced negative impacts for the 
environment and/or society, through changes in the way the organisation and its value-network 
create, deliver value and capture value (i.e. create economic value) or change their value propositions.”  

During recent years, PSS as a potential sustainable business model has gained attention specifically in 
the context of the Circular Economy (CE). The CE is defined as “a regenerative system in which 
resource input and waste, emission, and energy leakage are minimised by slowing, closing, and 
narrowing material and energy loops. This can be achieved through long-lasting design, maintenance, 
repair, reuse, remanufacturing, refurbishing, and recycling” (Geissdoerfer et al., (2017), p. 759). PSS 
are often highlighted as means to facilitate the CE, through e.g. product life extension and product 
sharing (Bocken et al., 2017). 

It is not the first time PSS has been linked to sustainable product and consumption paradigms.  
Previous examples include the Functional Economy (Stahel, 1997), the Performance Economy (Stahel, 
2010) and, more recently, the Sharing Economy (Cheng, 2016). While these paradigms focuses more 
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generally on sustainability through offering services instead of products, the CE pays greater attention 
to ensuring resource circularity through e.g. reuse, re-manufacturing and recycling and how offering a 
PSS and retained ownership can enable these actions for closing material loops. However, the CE also 
looks beyond these end-of-use strategies towards a more general philosophy of ensuring a 
‘decoupling of resource consumption from economic growth’ (Ellen MacArthur Foundation, 2015), in 
which also sharing systems and providing functional results to enable durable and better utilised 
products become relevant. 

Finally, whilst a PSS are acknowledged to have the potential to qualify as a sustainable business model 
archetype (Bocken et al., 2014), it has also been known from the very beginning of the PSS research 
that unexpected user behaviour and so-called rebound effects (when actual savings are less than 
expected because of behavioural or systemic responses) might counteract the potential benefits 
(Goedkoop et al., 1999). The circumstances that need to be in place for a PSS to actually result in 
environmental improvements are exactly what are in focus in this PhD thesis.    

Different attempts have been made to evaluate the environmental potential of PSS. Tukker (2004) 
links different factors influencing sustainability potential to the PSS type. Others propose semi-
quantitative approaches based on different sustainability criteria (e.g. Allen Hu et al., (2012); Xing et 
al., (2013). As highlighted in the research motivation, the lack of quantitative studies and approaches 
to support PSS evaluations are evident. For the purpose of quantitative environmental assessments, 
Life Cycle Assessment (LCA) is the most dominant approach and being a standardised and 
scientifically-based tool, it is the method in focus in this thesis. 

2.2 LIFE CYCLE ASSESSMENT  
LIFE CYCLE AS S ES S MENT – A  S TA ND AR DI S ED  TOOL 
Life Cycle Assessment (LCA) is defined as “a tool to assess the potential environmental impacts and 
resources used throughout a product’s life cycle, i.e. from raw material acquisition, via production and 
use stages, to waste management” (Finnveden et al., 2009). The method traces back to the 1960’ies, 
but it wasn’t until 1990 that SETAC coined the term ‘Life Cycle Assessment’ (Hauschild et al., 2018). 
Since then, the method has been standardised by the International Organization for Standardization 
(ISO), and in 2006 the existing standards were merged into the current standards ISO 14040 and 
14044 (ISO, 2006a, 2006b). 

An LCA consists of four phases, as shown in Figure 6 which are briefly described in the following: 
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FIGURE 6. THE LCA FRAMEWORK, ADOPTED FROM ISO 14040 

A study starts with a goal and scope definition. The goal definition aims to answer why the study is 
performed, who the intended audience is etc., and as such sets the context of the LCA study and its 
basis of the scope definition (Hauschild et al., 2018). In the scope definition the functional unit and the 
system boundary is decided.  

In ISO 14044, the functional unit is defined as: (the) quantified performance of a product system for 
use as a reference unit (ISO, 2006b). Hauschild et al. (2018) elaborate by defining it as “a quantitative 
description of the function or service for which the assessment is performed, and the basis of 
determining the reference flow of product that scales the data collection in the next LCA phase, the 
inventory analysis” (Hauschild et al., 2018, p. 61). The functional unit is core within LCA, as it provides 
the reference to which all other data in the assessment is normalised (Weidema et al., 2004). 

The system boundary decides which activities and processes are parts of the product system being 
studied. The scope definition also deals with geographical and temporal boundaries, as well as choice 
of impacts to be assessed. 

The inventory analysis is where data are collected and calculations performed to quantify relevant 
inputs and outputs of a product system being studied. As such, it collects information about the 
physical flows in terms of input of resources, materials and products and output of emissions, waste 
and valuable products for the product system (Hauschild et al., 2018). 

In the impact assessment phase, the gathered inventory data are associated with specific 
environmental impact categories and category indicators, thereby attempting to understand these 
impacts (ISO, 2006b). In the impact assessment phase, the inventory results are translated into 
relevant indicators, either on individual level (e.g. CO2 equivalents is the indicator for the impact 
category ‘global warming’) or by weighting impact categories into a single score.  
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The final phase is the interpretation of the inventory and impact assessment results, in order to 
answer to the goals of the study. This phase influences all of the three subsequent phases, which 
illustrates the iterative nature of an LCA study. 

RELATION  TO  LI FE CY CLE CO STIN G  (LCC) 
While LCA quantifies environmental impacts over a product’s life cycle, life cycle costing (LCC) 
calculates economic costs, and can as such form the economic pillar in a sustainability assessment of a 
product system. Three variants of LCC can be distinguished:  

Conventional LCC is carried out from the perspective of a single stakeholder, often the user of 
a solution and is as such synonymous with Total Cost of Ownership (TCO). 

Environmental LCC (eLCC) is aligned with LCA in terms of system boundaries, functional unit, 
and methodological steps (Hunkeler et al., 2008). Instead of taking a single actor perspective, 
costs are mapped over the product life cycle.  

Lastly, Societal LCC includes monetarisation of externalities, including both environmental 
impacts and social impacts. The aim of the societal LCC is to support decision-making on a 
societal level including governments and public authorities in the sense that it includes costs 
associated with environmental and social impacts stemming from the product system being 
studied.  

Publication I, ‘LCC book chapter’ (Appendix IV), provides a detailed introduction of the three types of 
LCC. 

The eLCC is the most common LCC variant, when performing an LCC together with an LCA. However, 
where an LCA maps and adds all impacts over the product life cycle, an eLCC does not add the costs of 
all actors in the life cycle. Since the cost of one actor is the revenue of another, this process would end 
up aggregating the same costs multiple times. Instead, an eLCC is concerned with the value added at 
each stage of the life cycle. Value added is the difference between the sales of products and the 
purchases of products or materials by a firm, covering its labour costs and capital costs as well as its 
profits. An eLCC can be used to determine which life cycle stages are dominating and to compare 
different alternatives in terms of life cycle costs. 

From the perspective of LCA as a knowledge field, LCC is seen as way of integrating economic 
considerations in to a life cycle study. Usually, the LCC and LCA studies are carried out in parallel and 
are based on different data sources. However, as will be shown in article A, (Chapter 6), LCC can also 
form the basis of an LCA study. This is a novel but relevant opportunity, given the fact that many 
industrial companies are more concerned with optimising the financial bottom line than reducing 
environmental impacts. Developing approaches and methods that can easily integrate environmental 
assessments with economic assessments might incentivise more companies to also incorporate 
environmental considerations in their operations. One method for doing so is the so-called input-
output based approach, which is introduced in the following. 
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PRO CES S-B AS ED  AN D  I NPUT-O UTP UT-B A S ED  LCA 
Traditionally, LCA can be considered a bottom-up approach, where inputs and outputs of individual 
processes are collected and added together to form an overall result. For the life cycle of a simple 
product, such as a window or a chair, this exercise is feasible. However, when dealing with more 
complicated systems such as ships, factories or even cities, such a bottom-up approach would be 
resource demanding, if not impossible.  

An alternative to the bottom-up process-based approach is the environmental input-output (EIO) 
approach, which builds on environmental extended input-output tables. Almost all countries regularly 
compile input-output (IO) tables as part of their national accounts. An IO table accounts for all product 
flows between sectors in the economy. The IO table can be extended with direct emission and 
resource data for each sector, making it possible to calculate the life cycle impacts from cradle to gate 
per monetary unit spent for each product output. 

The first IO models were developed for economic calculations by U.S. economist, Leontief in 1936 
(Leontief, 1936). In 1970, Leontief introduced IO analysis in environmental application (Leontief, 
1970). Today, environmental extended IO databases are extensively utilised for analysing regional and 
global environmental impacts (Onat et al., 2017). The EIO approach has so far mainly been used as a 
method to account for impacts (mainly greenhouse gas emissions) along supply chains, in order to 
attribute impacts to the final consumer of products or to account for country-level impacts in a 
consumption-based manner in contrast to territorial accounting (also called production perspective) 
(Kokoni and Skea, 2014). The production (territorial) perspective refers to environmental pressure at 
the source and is widely accepted as an accounting method for national greenhouse gas emissions. 
However, it does not account for burden shifting or carbon leakage, both of which can occur if 
domestic production is moved abroad (Clift and Druckman, 2015). As such, the EIO approach is used to 
support arguments that consumers, companies or countries should accept responsibility for the 
‘hidden’ (global) supply chain impacts associated with the products and services they consume. The 
integration with LCA is still limited (Onat et al., 2017). As such, EIO LCA is much less commonly used 
than traditional process-based LCA. Nevertheless, it provides opportunities to compile LCA studies of 
complex systems in a relatively fast and inexpensive manner. Furthermore, since EIO models usually 
report in monetary units, the approach provides an opportunity to compile LCA studies on the basis of 
an LCC using financial data as a starting point for the assessment. Chapter 7 provides an overview of 
the strengths and weaknesses of EIO LCA, and introduces the hybrid LCA approach, which combines 
process-based LCA and EIO-based LCA. The approach is tested on three cases in Kjaer et al. (2015a) - 
article B (Chapter 8). 

LCA AN D PSS 
As previously mentioned, PSS originates from a strong sustainability perspective, and in one of the 
very first publications on PSS (Goedkoop et al., 1999). the use of LCA to assess the environmental 
goodness of PSS was demonstrated. Three examples – car sharing, laundrette-service, and ‘vegetables 
by subscription’ – were quantitatively assessed, where the so-called e-vector was plotted in a chart 
showing the cumulative environmental load and the cumulate value, on each respective axis. The 
overall conclusion was that the outcome is very much determined by the assumptions on consumer 
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behaviour, but that the analyses in the project showed a positive perspective of PSS to potentially 
unlink environmental pressure from economic growth. Since then, both the fields of LCA and PSS have 
grown substantially and both research fields have become more mature. Nevertheless, since this first 
publication, surprisingly little research has been carried out on combining the two fields. As will be 
clear in subsequent chapters of this thesis, only few cases where LCA has been applied to PSS exist. 
Furthermore, existing LCA guidelines are intrinsically product-focused and do not deal explicitly with 
services and PSS. Nevertheless, Life Cycle Assessment (LCA) as a method has a similar objective as PSS, 
as it also promotes the search for improvement potentials throughout entire life cycles and in this way 
sets the frame to encourage thinking in systems rather than in single-product solutions; all this while 
basing on a methodological framework that is fully in place (Bey and McAloone, 2006). Thus, the 
intention with the research presented in this thesis is to understand and propose how LCA can be 
applied to PSS. 
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3 EMPIRICAL BACKGROUND 
This chapter introduces the empirical background of the maritime industry and the main case 
company, TORM, as well as the empirical background of the other industrial sectors, which have been 
dealt with in the PhD project. As such, the PhD project went beyond addressing issues in the maritime 
industry sector.  It was the aim of the project to develop generic approaches and methods for 
environmental evaluations of PSS. From an environmental perspective, the maritime industry is 
inherently simplistic, in the sense that the main environmental issues are closely related to the 
massive burning of fossil fuels. In order to shed light on a broader spectrum of environmental issues 
and PSS potentials and thereby create a more generically applicable view on environmental evaluation 
of PSS, it was decided to broaden the empirical context towards other industries. 

The criteria for selecting case material within other industries than the maritime can be divided into 
two subsets, as follows. 

Firstly, in relation to RQ 1, where the aim was to characterise (i.e. describe) a complex system, the 
case selection criteria were that supplementing cases should represent complex systems and be able 
to represent the customer perspective (similar to a shipowner) in procuring/purchasing services, i.e. 
be able to represent the reference system within which PSS opportunities could potentially be 
explored. 

Secondly, in relation to RQ 3 and 4, where the aim was to develop support for environmental 
evaluations of PSS and which included testing the developed support on different PSS cases, the 
criterion was that the selected cases should be able to complement the cases within the maritime 
industry, in terms of life cycle environmental performance. While cases in the maritime sector 
represented PSS strategies aimed at reducing resource consumption (i.e. fuel) during product 
operation in a good way, other industries could better represent other types of PSS strategies such as 
those supporting product sharing, product longevity and product circularity (reuse, re-manufacturing, 
recycling). 

3.1 MARITIME INDUSTRY  
TH E MARITI ME IN DU ST RY  A ND  PSS 
The maritime industry covers many activities, from fishing, ferry operation, recreational sailing and 
global cargo transport to offshore installations, such as wind turbines and oil rigs. The research in this 
thesis is concerned with the merchant shipping industry, in terms of transport of cargo between 
seaports, with specific focus on tanker ships. The shipping industry accounts for more than 80% of the 
global trade by volume (United Nations Conference on Trade and Development, 2017) and is as such 
of great importance in the world economy. Shipping is considered an energy-efficient and cost-
effective method of international transportation for most goods (Gilbert and Bows, 2012; The Danish 
Shipowners’ Association, 2012). In Denmark, the maritime industry has a production value equivalent 
to 9,5% of the total GDP of Denmark (Economic Counsil of the Labour Movement, 2016). Denmark has 
a long maritime history, both within shipbuilding (in shipyards), ship operation (by shipowners), and in 
the supply chain (component suppliers). However, a combination of the financial crisis in 2008 and 
fierce competition from primarily Asia drastically reduced shipbuilding in both Denmark and the rest 
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of Europe. Instead most of merchant shipbuilding moved to the East (Mougaard et al., 2013). In 
Denmark and Europe this resulted in a shift in bargaining power from shipyards to shipowners, and 
suppliers of the maritime industry to a larger extent had to consider shipowners and not shipyards as 
their main customers (Mougaard et al., 2013). This resulted in an increased focus on after-sales 
services and support, essentially providing opportunities to offer PSS solutions. In the research project 
PROTEUS (PROduct/service-system Tools for Ensuring User-oriented Service), PSS opportunities from 
the view of the suppliers in the Danish maritime industry were investigated, resulting in a series of 
industry recommendations and tools. The PhD project presented in this thesis was part of a 
subsequent spin-out research project, investigating PSS in the maritime industry, this time from the 
view of the customer – the shipowner. 

The maritime industry has a strong reputation of being conservative (Heisman and Tomkins, 2011; 
Olsen, 2010). The expectation is that a ship must be profitable from very first day of operation, and 
apart from a few exceptions very little attention and money is generally put into research and full-
scale experiments with new technologies (Olsen, 2010, p. 43).  Furthermore, there is not only a 
physical distance between the ships in operation at sea and the managing office on shore, but also 
great cultural differences that cause a so-called ‘gap between ship and shore’ (Pagoropoulos, 2017). 
Crew on-board the ships often come from various nationalities and are frequently replaced, which 
introduces communication barriers and lack of long term commitment. Combined with the fact that 
the crew are continuously concerned with the day-to-day operation and ensuring that safety 
standards are kept and operational problems solved to maintain the ship’s profitability, radical shifts 
in operational procedures and implementation of new innovative solutions are difficult. 

The conservative culture of the industry was corroborated in the activities of the PROTEUS project and 
emerged as a general reluctance to experiment with new business models (Andersen et al., 2013). The 
Industry is, however, slowly accepting the need to change through increased pressure from ports, 
customers, and regulators (Heisman and Tomkins, 2011). The shift of the shipbuilding industry from 
Europe to the East, combined with diminishing order-books (Rex et al., 2016), has led to an increased 
focus on improving the existing fleet. Danish suppliers and shipyards started to focus on retrofit 
concepts and on optimising the existing fleet of ships, to fit better with current operational 
requirements and regulations. New, innovative projects were initiated such as Green Ship of the 
Future (‘Green ship of the future’, 2017), focusing on technological innovation and the PROTEUS 
project, focusing on PSS as a way of enhancing suppliers’ competitiveness. 

ENVIRON MENT A L CO NS ID ER ATION S  A ND  SHI P LI FE CY CLES 
The maritime industry contributes to a variety of environmental issues, ranging from CO2 emissions, 
NOx and SOx emissions, sea pollution (oil spills, plastic and other wastes), to dislocation of marine 
species transported in ballast water or through attachment to the ship hull, essentially affecting the 
local biodiversity. The main regulatory body in the maritime industry is the International Maritime 
Organisation (IMO), the UN agency responsible for international shipping. The agency is the global 
standard-setting authority for the safety and security of shipping and the prevention of pollution. 



 Chapter 3 
  

21 
 

LCA has been used in relation to new ship design (Fet, 1998; J. H. Schmidt; J. Watson, 2013; MariTerm 
AB and SSPA Sweden AB, 2004; Tincelin et al., 2010), different retrofit options (Gilbert et al., 2017), 
material efficiency through design for reuse  (Gilbert et al., 2017) and assessments of different fuel 
types  (Bengtsson et al., 2011; Winebrake et al., 2007). Ships are characterised by having long life 
cycles (typically above 20 years) and even though alternative power sources are being investigated 
and tested, merchant ships generally continue to have a high dependency on the use of fossil fuel for 
propulsion. This typically makes the use-stage of the ship a dominating life cycle stage, in terms of 
environmental impacts. However environmental issues also exist in production and scrapping life cycle 
stages. It has been estimated that close to 2% of the world’s steel production is used for ship building 
and ship repairing (Gratsos and Zachariadis, 2009). Ships for scrapping are usually sent for breaking in 
China and the Indian Sub-continent, where the labour cost is low and scrap steel is valuable (Gilbert et 
al., 2017). Ship breaking poses a wide range of environmental and health risks. Finally, in the use 
stage, other impacts than the direct impacts from fuel combustion exist, including the indirect impacts 
from fuel production, operational support and maintenance, use of port and freight services and 
supply chain impacts  (Ewing et al., 2011; Kjaer et al., 2015b).   

CA S E CO MPA NIES 
The main case company in the project, TORM A/S, is one of world’s leading carriers of refined oil 
products. At the time when this PhD project started, TORM was operating a fleet of approximately 100 
ships, and at the time of writing, the number was around 80. TORM’s main office is located in 
Hellerup, Denmark, with a global presence, including offices in USA, Singapore India and the 
Philippines. In November 2012, TORM completed a restructuring with the cooperation of the 
company’s lenders. This ensured a stable platform for the coming years. However, at the time when 
this PhD project started, the financial situation was still uncertain. The research conducted within 
TORM was primarily carried out during 2014 and beginning of 2015. During this period, the company 
had a strong focus on ensuring a stable day-to-day operation, in order to attract investors. The 
inherent uncertainty about the company’s future did not negatively influence the project, in terms of 
getting access to data or willingness to allocate time and resources to the researchers. However, by 
the end of 2014, the department in which the researchers were employed closed down and during the 
following months, many of the employees, with whom the researchers were engaged, transferred to 
other companies. The researchers saw this as an opportunity to seek similar cases in other industry 
branches and decided to pursue opportunities of investigating PSS within other empirical contexts, 
both within and outside the maritime industry. Still in collaboration with TORM, the researchers 
initiated case studies investigating PSS opportunities, also in collaboration with suppliers. Specifically, 
the researchers initiated meetings and workshops with Hempel, who is a supplier of marine 
antifouling paints for ship hulls and Alfa Laval, who supplies key technologies within heat transfer, 
separation and fluid handling.   

3.2 OTHER INDUSTRIES AND CASE MATERIAL 
This section provides a brief overview of the industries and case material not related to the maritime 
industry, but nevertheless utilised in the project. The first two cases (Danish regional healthcare 
organisations and Healthcare company, Novo Nordisk A/S) were chosen because of their 
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characteristics as organisations dealing with complex systems and due to their interest in utilising the 
EIO approach for environmental footprint accounting from a cooperate perspective. This would allow 
for testing the EIO approach in other industry contexts to derive more generic conclusions. The bike 
sharing system and the textile industry were chosen due to their differing characteristics from those of 
the maritime industry. It had been discovered that the main environmental focus for tanker ships was 
the combustion of fuel during product (ship) operation, inevitably steering PSS opportunities to focus 
on resource (fuel) efficiency. Since the PSS concept also offers opportunities such as resource sharing 
and resource circularity (e.g. reuse, recycling), other industry contexts had to be explored to enable 
generic frameworks and guidelines for environmental evaluations of PSS.    

DANI S H R EGIONA L H EA LT H CA R E OR GA NIS ATIO NS 
Denmark is administratively divided into five geographical Regions, which share the responsibility for 
all treatment provided by the Danish Healthcare System, with the primary function being provision of 
hospital services. In order to apply and evaluate the use of EIO LCA for corporate and product 
environmental footprints, full carbon footprint accounts for three of the five Danish Regions were 
demonstrated by the PhD researcher in collaboration with consultancy company NIRAS A/S. In relation 
to the PhD project, the purpose was to utilise EIO LCA in a combined environmental and economic 
characterisation of complex systems, in which ‘green’ procurement opportunities and PSS potentials 
could be identified. Results are presented in article B (Chapter 8). 

HEALTH CAR E CO MP ANY,  NOVO  NO R DISK  A/S 
Novo Nordisk is a global healthcare company, whose core business is diabetes care. As with the 
regional healthcare organisations presented above, a corporate environmental footprint analysis was 
utilised to demonstrate and evaluate the use of EIO LCA to characterise a complex system. For Novo 
Nordisk, the approach was demonstrated through an Environmental Profit and Loss Account. Results 
are presented in article B (Chapter 8). 

BIK E S HA RIN G S YST EM IN COP EN HA G EN,  GO  BI KE 
During the project, the need to have a simple and easy-to-understand case emerged. As challenges for 
using LCA to evaluate PSS began to emerge, a case was needed that could be used, when 
demonstrating and discussing the challenges with experts and other stakeholders. Later on, when 
guidelines for evaluating the environmental performance of PSS were developed, the case was used to 
exemplify and as teaching material. A bike sharing system appeared to serve this purpose well as, it 
represents a typical PSS and seemed easy to relate to. At the same time, it demonstrates well the 
complexity involved in evaluating a PSS, since a bike sharing system substitutes many different 
transport modes and has several target users. The bike sharing system in Copenhagen, Go Bike, was 
used as the main inspiration; however the quantitative data used for evaluation were mainly 
hypothetical.  

TH E T EXTI LE I ND U STR Y 
As the project progressed (phase 2) an opportunity to collaborate with Cranfield University on a real-
life PSS development project presented itself.  A circular business model for merino wool next-to-skin 
garments, offered as a PSS to the British military, was quantitatively evaluated based on the first 
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versions of the guidelines for evaluating the environmental performance of PSS, which were 
developed in phase 2 of the PhD project. The results are presented in supplementary article H 
(Appendix III). The case study was part of a collaborating masters thesis project looking more generally 
at PSS for textiles in the context of Circular Economy. A number of PSS cases all related to the textile 
industry were examined and qualitatively evaluated, essentially contributing to refining and improving 
the developed support during phase 2 of the project. Three of the case companies in focus were Vigga 
(VIGGA, 2016) Washa (Washa, 2016) and De Forenede Dampvaskerier A/S (De Forenede 
Dampvaskerier, 2017), which are all qualitatively analysed in article D (Chapter 13).  

  



 Chapter 3 
  

24 
 

 

  



  

25 
 

PART 1: PROJECT PHASE 1. DESCRIPTIVE 
STUDY OF EMPIRICAL AND THEORETICAL 

FIELDS 
 

This part of the thesis presents methods and results from phase 1 of the project, providing inputs to 
RQ 1 and RQ 2, see Figure 7. The overall aim of this project phase was to identify key factors to 
address, when developing the support in phase 2.   

 

FIGURE 7: PROJECT PHASE 1 IN RELATION TO THE DRM FRAMEWORK 



 Chapter 4 
  

26 
 

4 RESEARCH METHODS EMPLOYED FOR DESCRIPTIVE STUDY I 
4.1 PHASE 1, RQ 1 
To be able to assess to what extent or under which circumstances a given PSS would be 
environmentally beneficial to implement, it was first decided to better understand the reference 
system, which the PSS would affect. In this case, the reference system was defined as complex systems 
(as defined in Chapter 1.1), and the main empirical object at the point of departure of the project was 
tanker ships, in the context of the maritime industry. The overall research project had a dual objective: 
To be able to assess a PSS from both an economic and an environmental perspective. Furthermore, it 
was an objective that the assessments should be carried out from a life cycle perspective, i.e. to avoid 
sub-optimisation of specific activities or stages in the system’s life cycle, and to a greater extent take 
total life cycle costs and environmental impacts into account.  

The first research objective was therefore to be able to characterise a complex system from an 
economic and environmental life cycle perspective (RQ 1). 

Two sub-questions may be formulated, to better explain what is here meant by ‘characterise’: 

• How to identify barriers and opportunities for PSS in a complex system from an economic and 
environmental life cycle perspective? 

• How to quantitatively assess a complex system from an economic and environmental life cycle 
perspective? 

The first question required a qualitative analysis of the reference system, in order to better 
understand the empirical context. The aim was to identify barriers and opportunities for PSS, not only 
from an economic and environmental incentive but also taking the contextual conditions, such as 
legislative requirements, organisational structures and business practices into account. 

The second question required a quantitative analysis of the reference system, in order to establish an 
objective profile of where in the system the economic and environmental incentives would be 
strongest, i.e. to identify ‘hotspots’ in terms of specific life cycle stages and/or activities with higher 
costs and with higher environmental impacts. 

The methods applied for creating this improved understanding were: action research supported by a 
literature review and multiple case studies as explained in the following. 

ACTION  R ES EA R CH 
During phase 1 of the project, about half of the researcher’s time was spent in TORM. In order to 
acquire a thorough understanding of the empirical context of the maritime industry, action research 
was applied as a method. The main purpose of action research is to influence or change some aspects 
of whatever is the focus of the research, whilst at the same time drawing conclusions based on the 
observations made during the intervention (Robson, 2011). As such, in action research, the researcher 
is actively involved in a change process, often in an organisational setting, whilst simultaneously 
conducting research. In this case, the purpose was to explore the maritime industry setting as the 
reference system in which potential PSS solutions would be employed and their potential assessed. 
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Thus, the objective was to identify areas where there was a potential for and interests in PSS solutions 
and subsequently (in the prescriptive study) to assess the environmental and economic consequences 
of employing such PSS solutions. 

The qualitative part of the action research included of a series of semi-structured interviews with 
employees across departments, covering responsibility areas such as safety & compliance, finance, 
procurement and technical operations. Furthermore, the researchers were actively engaged in a 
department focused on energy efficiency and innovation projects. They participated in meetings and 
workshops and gathered information through both observation techniques and interventions, by 
participating in various development projects. The research within TORM was supplemented with 
meetings and workshops with stakeholders from other companies and organisations, including other 
shipowners, maritime OEM suppliers, and industry organisations, such as the Danish Shipowners’ 
Association. The main learnings relevant for the environmental assessment of PSS in the maritime 
industry setting are presented in Chapter 5. 

The quantitative part of the action research consisted mainly of a case study, with the purpose of 
creating a combined economic and environmental life cycle profile of the main product system in 
focus: tanker ships. The result was a combined LCC and LCA of a selected group of tanker ships. The 
result is documented in article A (Chapter 6). 

This part of the research also included improving and updating a tool for monitoring relevant 
environmental data (primarily direct emissions from the ships) used for reporting within the company.  

LITERA TU R E R EVI EW  -  EIO LCA  
In the quantitative assessment carried out during the action research, LCA was combined with LCC, in 
order to characterise the economic and environmental profile of a tanker ship. The LCA method 
applied was hybrid EIO LCA, which is a relatively new approach. In order to position the contribution 
of this research, a literature review on EIO LCA was carried out. The main outcome was an overview of 
strengths and weaknesses of EIO LCA. The result is presented in Chapter 7.  

MULTIP LE CA SE ST UDI ES 
In order to further elaborate on the use of EIO LCA in characterising complex systems, a multiple case 
study approach was employed, supplementing the case study of tanker ships with two environmental 
footprint analyses on a corporate level: one of the Danish healthcare company Novo Nordisk and one 
of three Danish regional healthcare organisations. The result of applying EIO LCA on the three distinct 
cases is presented in article B (Chapter 8). 

4.2 PHASE 1, RQ 2 
Once a better understanding of the reference system was achieved, it was possible to start 
investigating potential PSS. However, to be able to evaluate the environmental performance of a PSS, 
a methodology for doing so needed to be established. The first step was to review existing literature 
on environmental evaluations of PSS. Even though LCA is a common method for environmental 
evaluations in general, only few cases on PSS existed, and challenges for using LCA were alluded to, 
but not specifically addressed. 
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The second research objective was therefore to identify challenges when evaluating the 
environmental performance of a PSS through LCA methodology (RQ2). 

The methods applied were a systematic literature review and a literature review supplemented by 
expert interviews. 

SYST EMATI C LI T ER AT U RE R EVI EW  – ENVIRO N MENT A L QU ANTI FI CATI ON O F PSS 
In order to find out to what extent the environmental performance of PSS had been quantitatively 
evaluated, a systematic literature review was conducted, with the primary aim to find published cases 
where LCA or similar methodology had been used to assess PSS. 

Based on the review, the challenges for using LCA as a methodology for evaluating the environmental 
performance of PSS started to appear. 

The result of the literature review is presented in Chapter 9.  

LITERA TU R E R EVI EW  – LCA COR E LIT ERAT U RE 
The systematic literature review of environmental quantifications of PSS was supported by a review of 
LCA standards, guidelines and other review articles, in order to identify core steps and general 
challenges in LCA. The methods and combined results from the systematic literature review and the 
LCA review are presented in Kjaer et al. (2016) - article C (Chapter 10). 

EXP ERT  IN TERVI EW S 
A set of LCA and PSS expert interviews were conducted to support the literature reviews. The semi-
structured interviews were used to further elaborate and discuss the challenges for LCA on PSS. The 
interview process and the identified challenges are presented in article C (Chapter 10). 

The final chapter of part 1, Chapter 11, summarises the findings of phase 1 of the project. 
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5 ENVIRONMENTAL ISSUES AND PSS OPPORTUNITIES IN THE 
MARITIME INDUSTRY – RESULTS FROM THE ACTION RESEARCH 

In Chapter 3, the characteristics of the maritime industry were introduced. In this chapter, the main 
learnings from the action research conducted within the maritime industry are presented. Focus is on 
the presenting the main environmental considerations and the drivers and barriers for implementing 
PSS in the context of the maritime industry, with special attention paid to the tanker shipping industry, 
within which the majority of the action research was employed. 

5.1 ENVIRONMENTAL ISSUES IN THE MARITIME INDUSTRY 
Through the interviews and participatory action research conducted within TORM and through 
supplementary interviews and workshops with other industry stakeholders, it became evident that 
two main drivers for environmental improvements dominate in the maritime industry, in particular for 
tanker shipping: Regulatory compliance and economic costs.  

Interviews revealed that the regulatory frameworks are continuously evolving and for a shipping 
company, it is very important to comply with the standards set by the International Maritime 
Organisation (IMO), as it is a prerequisite for conducting legal business. The compliance frameworks 
are also great innovation drivers in the industry and in many cases shipowners will lobby for new 
regulations that they can live up to themselves, in order to increase competitiveness. 

Another major driver is the economic costs. The main economic cost for a tanker shipping company is 
the cost of fuel for ship propulsion. Fuel expenses constitute between 40% and 70% of the voyage 
costs, depending on fuel prices (TORM, 2013, 2014). Especially in periods when fuel prices are high, 
there are great incentives for saving fuel to reduce costs and maximise the turnover. Reducing fuel 
consumption not only equates to economic savings but also a reduction in emissions from fuel 
combustion and other environmental impacts related to fuel production and combustion.  

An environmentally conscious agenda is however not a driver on its own, simply because it is not 
viewed as important for the core business. The following example illustrates this. When presented 
with the overall project goal constituting the two collaborating PhD projects, one of the interviewed 
managers stated that ‘being green’ is not a competitive advantage per se, but even so, environmental 
issues represent a great risk to the company. He used the example of ‘a tonne of oil in the water’ (an 
oil spill), which would cost the company ‘a thousand times’ more than a ton of oil in the tank. As such, 
environmental issues are of great concern within the maritime industry, however the incentives are 
driven mainly by compliance requirements and potential risk of added costs.  

The interviews also revealed a general lack of long term considerations and a relatively limited life 
cycle outlook. The action research was conducted in a period where focus was on stabilising the day-
to-day business, e.g. investments in energy efficient equipment should have a short payback period. 
Newbuilds (commissioning or buying new ships) were on hold and focus was on ensuring that the 
existing vessels in the fleet were compliant and functional. The two main drivers, regulation and 
economic costs, together with the company situation, had to be taken into account when exploring 
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the life cycle environmental perspective in the context of PSS, due to their influence on what would be 
of interest to the company. 

The action research revealed four main environmental issues of potential interest to explore further, 
as described in the following. 

GLO B A L WA R MIN G (GR EEN HOU S E G A S EMI SSIO NS) 
Greenhouse gas (GHG) emissions from fuel combustion are contributing to global warming. 
International shipping accounts for 2.7% of the world emissions and 10% of the transport sector (The 
Danish Shipowners’ Association, 2012). Until now, international climate conventions (e.g. The Paris 
Agreement) do not allocate responsibility for emissions from international shipping to any party, but 
do include emissions from this sector in overall accounting of global emissions and in global emission 
reduction goals. For the sector, it is expected that the main regulating body, IMO, will implement 
strategies to effectively reduce GHG emissions from the sector to help enable that global average 
temperatures are kept well below two degrees above pre-industrial levels (Aldo Chircop and Meinhard 
Doelle, 2017). So far, GHG emissions are not directly regulated by the IMO, however some measures 
towards reducing emissions have been established. As of 1 January 2013 it is mandatory for all new 
ships to have an Energy Efficiency Design Index (EEDI) and all operating ships must have a Ship Energy 
Efficiency Management Plan (SEEMP). Furthermore, in 2016, IMO adopted mandatory requirements 
for ships of 5,000 gross tonnage and above, which must now collect consumption data for each type 
of fuel oil they use (IMO, 2017). The action research revealed that regulation in this area is not 
perceived as being very strict, since the regulation focuses mainly on data collection, which the 
shipowners would do already, in order to ensure an energy efficient operation, with the incentive to 
cut costs on fuel.  Combined with the fact that the industry is excluded from international climate 
conventions, emissions of greenhouse gasses can be seen as one of the least regulated areas. 
However, since lowering fuel consumption entails a win-win situation in terms of cost and 
environmental impact reduction, reducing GHG emissions through fuel savings was identified as a 
promising area of concern to focus on in the subsequent exploration of PSS solutions. 

SULPH U R O XI D E EMI SSI ONS   
Heavy fuel oil, which is the most common fuel used by the shipping industry, contains large amounts 
of sulphur and when emitted close to shore, the SOx emissions cause environmental impacts and 
entail a health risk to humans. As a result, from 2015, all ships sailing within so-called Emission Control 
Areas (ECAs) close to shore must change to low sulphur fuel or have scrubbers installed that clean the 
exhaust fumes. Low sulphur fuels are more expensive than heavy fuel oil and scrubbers also constitute 
a large investment. As of January 2020 the IMO has set a global limit (also outside ECAs) for sulphur in 
fuel oil used on board ships of 0.5% m/m (mass by mass) compared to todays 3.5% m/m. The action 
research revealed that for a tanker shipping company, the strategy at that time was to switch between 
heavy fuel oil outside ECAs and low sulphur fuel when sailing inside ECAs. How future compliance 
would be solved was still uncertain, and it was not possible to identify PSS opportunities within this 
area.  

 

http://www.imo.org/en/MediaCentre/PressBriefings/Pages/28-MEPC-data-collection--.aspx
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BA LLA ST  W AT ER 
Ballast water is seawater that is pumped in to ensure the stability of a ship. The discharge of ballast 
water poses a risk to the marine environment because living organisms in the ballast water can spread 
to other ecosystems and shift the biological balance (The Danish Shipowners’ Association, 2012). In 
2004 IMO adopted a convention that requires ships to have a ballast water treatment system 
installed. However, it took many years for the convention to be ratified and it first entered into force 
in September 2017 (IMO, 2017). PSS in relation to ballast water treatment systems have been 
explored (Rivas-Hermann et al., 2015). However, at the time of the action research, the convention 
had not yet been ratified and the shipping company was awaiting this to happen, before initiating any 
changes. Therefore, it was chosen not to pursue this area of concern any further.  

ANTI FO ULI NG  P AIN T A ND ECO-TO XI CIT Y  
The hulls of merchant ships are equipped with coating systems (usually an antifouling paint), to 
prevent accumulation of marine organisms on the hull. Fouling especially occurs in high temperature 
water and when ships are idle (not in operation). The fouling introduces a roughness to the hull, which 
provides a frictional resistance with subsequent potential speed reduction, loss of manoeuvrability, 
and increased fuel consumption (Yebra et al., 2004). The antifouling paints contain toxic ingredients 
that prevent fouling and different types of antifouling systems exist (Pagoropoulos et al., 2017). A 
problem with antifouling systems is that while they enable a smooth hull, which reduces fuel 
consumption, they also contain toxic substances that effect the marine environment. As such, there is 
a trade-off between the environmental impact categories affected by fuel consumption, i.e. global 
warming vs. eco-toxicity. According to an interviewed environmental specialist in TORM, tributyltin 
(TBT)-based paints had historically been the most effective in preventing fouling and ensuring a 
smooth hull. However, since 2003, TBT-based paints have been banned by IMO due to their highly 
toxic impacts on the marine environment. Since then, new paints are continuously being developed to 
prevent fouling in a way that is less harmful to the marine environment. During the action research, 
the researcher engaged with the paint manufacturer, Hempel, investigating the PSS potential of 
servicing the paint throughout the life cycle. Several meetings and workshops between Hempel and 
TORM were initiated with the primary focus of sharing knowledge on antifouling systems between the 
two companies. A result was a study of the economic and environmental impact of a hypothetical PSS 
on a hull management system, involving hull cleaning services when the coating efficacy starts to 
degrade. The results are documented in supplementary article G (Appendix II). 

OT HER  ENVI RON MENT A L IS SU ES 
The maritime industry faces a series of other environmental issues, which were touched upon but not 
assessed in detail in the project. These include:  

• NOx emissions from combustion engines contribute to global warming, but also cause other 
problems such as smog, eutrophication, and acidification of soil and water. The shipping industry 
accounts for about a quarter of the world’s NOx emissions (Luttenberger and Luttenberger, 2016). 
Efforts to reduce emissions include installation of better engines and NOX-reducing fuel nozzles.  

• The spread of invasive species to foreign ecosystems caused by fouling on the outer hull of ships 
(this is linked to the issue of efficient coating systems to prevent fouling).  
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• Ship dismantling and recycling, which takes place primarily in South-East Asia under high health 
and safety risks. 

Based on the assessment of the different environmental issues, it was decided that the subsequent 
exploration of PSS solutions would primarily focus on opportunities for fuel savings and the 
environmental impact reduction potential related to this. This would allow for close integration with 
the PhD project, focusing on economic costs and target an area (energy efficiency), which was not 
highly regulated but was at the same time high on the agenda within the main case company, TORM. 

5.2 PSS PROCUREMENT IN THE MARITIME INDUSTRY 
The action research was primarily carried out from the perspective of the shipowner as a potential PSS 
customer.  

DRIV ERS  AND  B AR RI ER S 
The research revealed a number of drivers and barriers for PSS procurement in the maritime industry, 
summarised in Table 2 and explained in the following. 

TABLE 2: IDENTIFIED DRIVERS AND BARRIERS FOR PSS ADOPTION IN THE MARITIME INDUSTRY 

Drivers Barriers 
Supplier specialist knowledge needed 
Data availability and need for utilisation 

Lack of long term outlook 
Supplier distrust and bad experiences 
Economic risk 
Supplier incapability (e.g. lack of global coverage)  

 

The main driver for PSS procurement was found to be the need for specialist knowledge in 
maintaining and operating equipment on board ships since the technical complexity and opportunities 
for optimal utilisation are growing. OEM suppliers are increasingly utilising their expertise to offer 
service agreements that can support maintenance and operation of machinery on board the ships 
throughout their life cycle. Furthermore, shipowners are increasingly installing sensors and monitoring 
equipment on board the ships, to enable the extraction of data on how equipment is performing and 
when and how service and maintenance have been carried out. At the time of the action research, the 
plan was to roll out a new fleet management system that would allow the company to track when and 
where a procedure (e.g. maintenance of an engine) was performed.  The purpose was to become 
better at monitoring the performance of the ships’ operation and the condition of the equipment on 
board. However, it was also revealed that, at that time, data was gathered but not sufficiently 
analysed or translated into useful information that could potentially support decision-making. It was 
found that there was an unexploited opportunity for the suppliers of monitoring and sensory 
equipment to support the shipowner to make better use of the gathered data. However, the 
shipowner decided to build up internal capabilities, to better exploit the gathered data themselves. 

In general, during the action research it became clear that the shipowner had some scepticism 
towards PSS procurement.  Several barriers were revealed: 

Firstly, as mentioned above, at the time of the action research, the shipowner was primarily focusing 
on the day-to-day operation and lacked the long term outlook necessary to benefit from committing 
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to a PSS contract.  As stated by a one interviewed employee: “Focus is on solving the issues here and 
now, which is all very well, but we don't have many considerations on e.g. how new products and 
systems relate to other existing system or if they might not work very well together”. This short term 
outlook was also reflected in the discussions about potential PSS procurement. The shipowner was 
unsure if they might sell the ships in the near future and how that might affect a potential PSS 
contract. 

Another barrier was related to supplier distrust and bad experiences. It was found that shipowners 
were afraid that suppliers would try to benefit from PSS contracts, at the expense of the shipowner. As 
a senior purchaser from another shipowner noted in an external interview: “One could perhaps get to 
thinking that he [the supplier] deliberately set the [maintenance] interval to a high frequency because 
you rarely take a thing like that [the engine] apart ”. In extension he states that “You have no way of 
knowing whether someone [at the supplier] is fiddling with the numbers”. As such, the action research 
revealed a clear barrier against entrusting the supplier to make decisions and take over the 
responsibility for actions, which they (the shipowner) might have chosen to do differently themselves. 
The shipowners also had bad experiences with suppliers offering PSS. In an interview, a chief engineer 
explained: “We were recommending that [a total care package] [...] however it is not possible to have 
a budget for one of these packages, because we would send some parts to [the supplier] that needed 
to be changed but it was up to [the supplier] to decide what needed to be changed or reconditioned 
and they could not say what the cost would be before they had checked what we sent ashore”. 

As such, the supplier distrust was closely related to the barrier of economic risks. At TORM, they often 
ran into supplier monopolies where a certain system on the vessel could only be serviced by one 
supplier, and according to the interviewed company employees, the suppliers are all too aware of 
their monopoly position and tend to use it actively.  

Another risk-related barrier was the risk of suppliers not being able to service on a global scale. Global 
service coverage requires a support infrastructure that is often beyond the means of the supplier. As 
the director of the nautical division in the Danish Shipowners’ Association stated in an interview: “It is 
promising for better service, but the price is also high [...] Sometimes you are promised service around 
the clock around the world, but It is not realistic [...].[a shipping company] had to make a contract with 
one of the suppliers and they promised to be within 36 hours if you had a problem. And then the ship 
was somewhere in South America and it was really not possible [...] There are so many ports around 
the world where you will not get any service of any kind, and the crew on board will have to try to fix it 
themselves. An unintended consequence is that you start working with equipment that is being 
maintained by somebody else and you will have claims going back and forth”. 

The action research revealed that PSS offerings existed mainly as after-sales service contracts, which 
may be classified within the PSS type ‘product-oriented PSS’, and several barriers for ‘performance-
based PSS’ were revealed. However, it was also acknowledged that closer collaboration with suppliers 
would become more and more popular and needed in the future. An interviewed performance 
manager in TORM stated: “it is a very conservative industry, and often big makers such as [Diesel 
Engine Manufacturers] are negatively regarded [...]. We think that they do not want to do anything 
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good for us, the customers, but that is not true; everyone is in this business to make money. But the 
way to look at it is that, when you have too much equipment from one supplier, we need to engage 
with him and make a partnership. We need to make a contract, see them a few times a year. We have 
to benefit from getting original spares, getting them on time. We may be paying a little bit more but in 
the long run the total cost of ownership will be better”. 

ID ENTI FI ED  PSS OPP OR TUNITI ES   
The action research involved several meetings and workshops with both managers from the 
shipowner’s organisation and representatives from the suppliers’ organisations. The meetings and 
workshops were initiated as projects with the aim of discovering collaboration opportunities and 
sharing knowledge. The researchers exploited this opportunity to explore the capability of the 
suppliers to offer PSS solutions and for the shipowner to procure and implement them. Two specific 
case studies were initiated, exploring the PSS potential of hull coating systems (antifouling paint), as 
previously mentioned, and steam production on board (boilers producing steam for different 
purposes, such as machinery heating, cargo heating and accommodation purposes). A study was 
initiated, where a hypothetical performance agreement offered by the antifouling paint manufacturer 
was formulated. Similarly, for steam production, a study of a hypothetical PSS, where performance 
audits of the steam production was offered by the OEM manufacturing the boilers, was formulated. 
Both cases were assessed qualitatively from both the supplier and customer perspectives and 
quantitatively from an economic perspective. Results are documented in supplementary article F 
(Appendix I). Furthermore, for coating systems, the particular service of hull cleanings was assessed 
from both an economic and environmental perspective (supplementary article G (Appendix II)).  

These case studies provided insight into under which circumstances a PSS is beneficial and as such 
provided inputs to the prescriptive phase of the study (phase 2), presented in Part 2 of this thesis. 
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7 ENVIRONMENTAL INPUT-OUTPUT LCA – STRENGTHS AND 
WEAKNESSES 

In article A presented in the previous chapter, environmental input-output (EIO) LCA was 
demonstrated on the case of a tanker ship.  

In order to further conclude on the usefulness of EIO LCA to characterise the environmental profile of 
complex systems, a literature review on the methods strengths and weaknesses was conducted.  

Table 3 and Table 4 provide an overview of the identified strengths and weaknesses of the EIO LCA 
method, as identified in the literature review. The main strength of the EIO LCA method was found to 
be its ability to mitigate process-based LCA’s weakness of system boundary incompleteness. System 
boundary incompleteness leads to so-called truncation errors or cut-offs.  According to the ISO 
standard on LCA the omission of life cycle stages, processes, inputs or outputs are only permitted if it 
does not significantly change the overall conclusions of the study (ISO, 2006b). However, as noted by 
several authors, as long as the complete system is unknown, defining a cut-off criteria that only 
exclude relevant flows is challenging (Huang et al., 2009; Suh et al., 2004; Ward et al., 2017). EIO 
analyses offer a top-down approach without any cut-offs, which makes the approach suitable for 
hotspot analysis and boundary decisions. In relation to PSS, the approach is interesting, since it allows 
for inclusion of services, which are usually difficult to include in LCA and are often represented in 
monetary units (Junnila, 2006). 

TABLE 3: EIO LCA STRENGTHS BASED ON LITERATURE 

EIO LCA Strengths References 

Completeness, avoids truncation errors/cut offs (Hendrickson et al., 1998) 
(Huang et al., 2009) 
(Matthews and Small, 2001) 
(PPR/PUMA, 2012)  
(Suh and Huppes, 2002) 
(Ward et al., 2017) 

Good screening tool/starting point for hotspot analysis and 
boundary decisions 

(Minx et al., 2009) 
(Huang et al., 2009) 
(Matthews and Small, 2001) 
(PPR/PUMA, 2012)  

Shows indirect and feedback relationships among processes and 
sectors 

(Hendrickson et al., 1998) 
 

Rapid and relative inexpensive analysis (Hendrickson et al., 1998) 
(PPR/PUMA, 2012)  
 

Can be used on several levels (product, company, national) – within 
the same framework. 

(Schmidt, 2014) 

Can be used to assess the environmental impacts of purchased 
services 

(Junnila, 2006) 
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The EIO LCA method also has weaknesses. The main weakness is sector aggregation, when sectors are 
too heterogeneous to correctly reflect a particular process or product. Data age was also stated as a 
weakness, however this can be argued to also apply for process-based LCA datasets. Price fluctuations 
and inhomogeneity also influence the representativeness of the data, since most EIO models are in 
monetary units. Other issues depend on the EIO model’s ability to include waste treatment, account 
for regional differences and international trade, and include all relevant environmental indicators. 

TABLE 4: EIO LCA WEAKNESSES BASED ON LITERATURE 

EIO LCA Weaknesses References 

Aggregation (low level of detail, sectors may be too 
heterogeneous to correctly reflect a particular process or 
product) 

(Suh and Nakamura, 2007) 
(Hendrickson et al., 1998)  
(Minx et al., 2009) 
(Finnveden et al., 2009)  
(Matthews and Small, 2001) 
(Suh and Huppes, 2002) 
 

Data age (models usually represents a specific year) (Suh and Nakamura, 2007) 
(PPR/PUMA, 2012)  
(Suh and Huppes, 2002) 
 

Use of monetary unit (price sensitivity) (Suh and Nakamura, 2007) 

Neglecting the use and/or end-of-life phase (Suh and Nakamura, 2007) 
(Hendrickson et al., 1998)  
(Suh and Huppes, 2002) 
 

Insufficient handling of waste treatment (some EIO models) (Suh and Nakamura, 2007)  
(Majeau-Bettez et al., 2011) 

Does not always account for regional differences and 
international trade (some EIO models) 

(Hendrickson et al., 1998)  
(Matthews and Small, 2001) 
(Wiedmann, 2009) 

Limited number of environmental indicators included (Majeau-Bettez et al., 2011) 

Might exclude capital investments and non-transactional 
requirements 

(Majeau-Bettez et al., 2011)  
(PPR/PUMA, 2012)  

 

There are ways to mitigate the weaknesses of the IO-based approach (summarised in Table 5). Many 
of the weaknesses are linked to the underlying IO model and are as such dependent on database 
developers. For example, the issue of sector aggregation may be mitigated through sector 
disaggregation, based on statistical data and process-based datasets (Joshi, 2000; Wood et al., 2015); 
hybrid (monetary and physical) unit databases can mitigate the weakness of price sensitivity (Schmidt, 
2014); and multiregional models and trade-linking can help account for international trade and 
regional differences  (Wood et al., 2015). Database developers are however dependent on data 
availability e.g. from statistical agencies, to mitigate weaknesses such as data age and lack of 
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environmental indicators.  LCA practitioners can also mitigate some of the EIO LCA weaknesses. Hybrid 
analysis represents the greatest opportunity for LCA practitioners to mitigate the weakness of sector 
aggregation. In hybrid LCA, EIO data is combined with process-based data in either a tiered or 
embedded approach (Weidema et al., 2009). In the tiered approach, EIO data are used to supplement 
the process-based. The embedded approach fully integrates the process-based data into the EIO 
model, resulting in the same completeness as the original EIO table but at a higher level of detail. 

TABLE 5: MITIGATION STRATEGIES FOR EIO LCA WEAKNESSES 

EIO LCA Weaknesses Mitigation, database developers Mitigation, LCA practitioners 

Aggregation (low level of detail, 
sectors may be too heterogeneous 
to correctly reflect a particular 
process or product) 

Disaggregation of sectors Hybridisation with process-based 
data 

Data age (models usually represents 
a specific year) 

Frequent updates (depends on external 
stakeholders/statistical agencies) 

 

Use of monetary unit (price 
sensitivity) 

Physical supply-use tables through mass 
flow analysis -> hybrid database 

 

Neglecting the use and/or end-of-life 
phase 

 Include manually in tiered 
approach 

Insufficient handling of waste 
treatment 

Include waste treatment processes in 
database 

Include manually in tiered 
approach 

Does not always account for regional 
differences and international trade 

Multiregional models + trade linking  

Limited number of environmental 
indicators included 

Include more (depends on data 
availability) 

Combine with process-based 
datasets 

Might exclude capital investments internalize into intermediate demand in 
IO models 

Can be included as with any other 
LCA 

 

In the following chapter, article B presents three case studies utilising a hybrid unit EIO database 
combined with the use of hybrid analysis for selected processes. The article also summarises the 
literature review presented above and adds to the discussion on strengths and weaknesses of the 
approach seen from an actual application perspective. 
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ENVIRONMENTAL FOOTPRINTS —LEARNINGS FROM THREE 
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Abstract: An increasing number of companies are expanding their environmental impact 

reduction targets and strategies to include their supply chains or whole product life cycles. 

In this paper, we demonstrate and evaluate an approach, where we used a hybrid Environmental 

Input-Output (EIO) database as a basis for corporate and product environmental footprint 

accounts, including the entire supply chain. We present three cases, where this approach was 

applied. Case study 1 describes the creation of total corporate carbon footprint accounts for 

three Danish regional healthcare organisations. In case study 2, the approach was used as 

basis for an Environmental Profit and Loss account for the healthcare company, Novo 

Nordisk A/S. Case study 3 used the approach for life cycle assessment of a tanker ship. 

We conclude that EIO-based analyses offer a holistic view of environmental performance, 

provide a foundation for decision-making within reasonable time and cost, and for 

companies with a large upstream environmental footprint, the analysis supports advancing 

their sustainability agenda to include supply chain impacts. However, there are implications 

when going from screening to implementing the results, including how to measure and 

monitor the effect of the different actions. Thus, future research should include more detailed 

models to support decision-making. 
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1. Introduction

Companies with ambitious sustainability agendas are starting to expand their efforts from reducing

directly controlled environmental impacts within their own operation to also including supply chain 

embedded impacts [1]. These companies recognize that the indirect impacts from consumption of raw 

materials, machinery, equipment and other supporting products and services can have a significant share 

of the total environmental impact related to the company’s activities. Looking at greenhouse gases as a 

single indicator, carbon footprint studies show that, depending on the sector, embedded emissions 

upstream in the value chain can account for up to and over 90% [2,3]. This is especially the case for 

service-oriented companies, where environmental loads, such as air emissions, are not produced at the 

actual site of activity but are indirect impacts [4]. The growing field of green supply chain management 

reports that many companies experience a pressing need to know how other stakeholders in the value 

chain influence the environmental performance of the products or services that the company delivers to its 

customers [5,6]. This can be supported by another growing field: environmental (especially carbon) 

footprinting (see, e.g., Lenzen [7] or Wiedmann [8]), putting quantitative measures into play—on both 

corporate and product levels. An environmental footprint can be defined as “a measure of natural resource 

usage and environmental impacts for which a company or product is responsible within the life-cycle 

of its entire operations” (adjusted from Ewing et al. [9]). In carbon footprinting, only greenhouse gas 

emissions are captured. 

Life Cycle Assessments (LCA) that are based on Environmental Input-Output (EIO) analyses are 

reported to be a promising approach to achieve environmental quantifications, including all supply chain 

impacts [3,8,10–12]. An EIO analysis is a “top-down” approach, capable of capturing impacts from the 

entire supply chain and is useable as a screening tool to inform estimation of the anticipated life cycle 

emissions [2]. However, the approach is also criticised, mainly for being too aggregated, thus causing 

the need to hybridize with “bottom-up” data collection, where the generic EIO model is evaluated as 

being insufficient [2,13–15]. 

A number of studies on applied EIO analyses can be found in the literature [2,14,16,17]. In most 

of these studies, focus has been on demonstrating EIO analysis as a tool to overcome the hurdles of 

time-consuming data collection and incompleteness of traditional LCA methods. 

In this paper, we take the research a step further. Based on applied EIO analyses, we evaluate how 

the approach can be used by companies in their strategic sustainability work, including supply chain 

management and procurement activities. We attempt to investigate how companies might apply 

EIO analysis for corporate and product environmental footprints, aiming to answer the following 

two research questions: 
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RQ1: What are the Strengths and Weaknesses of the EIO Approach? 

RQ2: How Does Application of the EIO Approach Influence the Companies’ Environmental Agenda? 

To answer these questions, we have conducted a literature review on EIO analysis and used three case 

studies to demonstrate and evaluate the approach, utilising a hybrid EIO database as the basis for the 

calculations. The cases are very diverse in nature but are all characterised as complex systems that 

depend on many inputs of products and services. The first two cases analysed environmental footprints 

on corporate levels and the third case was a life cycle assessment on the product level (albeit as large 

and complex a product as a ship). In total, five companies were involved in the research and they all 

provided feedback on the analyses through meetings, workshops and interviews in order to conclude on 

the applicability of the approach. We discuss the findings with support of relevant external literature. 

The three cases are introduced in the following. 

1.1. Case 1: Corporate Carbon Footprint Account of Three Danish Regional Healthcare Organisations 

Denmark is administratively divided into five geographical Regions, which share the responsibility 

for all treatment provided by the Danish Healthcare System [18], with the primary function being provision 

of hospital services. In addition to their core business of healthcare provision, all five organisations are 

focused on reducing greenhouse gas emissions from their activities, through climate strategies, action 

plans and various initiatives. The total carbon footprint accounts presented in this article were 

commissioned by three of the five Danish Regions, independently of each other. For full reports (in 

Danish) see [19–22]. 

The carbon footprint accounts were commissioned with the purpose of expanding the scope of 

greenhouse gas reporting from use of energy to also include embedded emissions in the delivering 

products and services, in order to show an ambitious climate change agenda and prioritise carbon 

reducing initiatives. The purpose was also to add knowledge to the ongoing process of green 

procurement, including environmental demands in tenders and purchases. Collaboration with the three 

Regions on creating and updating carbon footprint accounts has been ongoing for more than five years. 

1.2. Case 2: EIO Analysis Used for Environmental Profit and Loss Accounting of Healthcare 

Company Novo Nordisk A/S 

An Environmental Profit and Loss Account (EP&L) is an effort to account, in financial terms, for the 

resources upon which a company, and its entire value chain, rely, plus the environmental impacts 

generated. EIO analyses can be used to quantify the environmental impacts, which are then monetised. 

In 2012, sports apparel company PUMA was the first global corporation to publish an EP&L [23]. 

Inspired by this case, in 2013, The Danish Environmental Agency initiated an EP&L of the Danish 

healthcare company Novo Nordisk A/S as a new case example [24,25]. Novo Nordisk is a global 

healthcare company, which core business is diabetes care. The company is responsible for the production 

of more than 50% of the world’s insulin. The company also has leading positions within haemophilia 

care, growth hormone therapy and hormone replacement therapy. Environmental and social 

responsibility is included in the company’s articles of association, and the business philosophy is one of 

balancing financial, social and environmental considerations in what is called the Triple Bottom Line [26]. 

51 



Sustainability 2015, 7 11441 

For Novo Nordisk, conducting an EP&L was a natural step to enhance knowledge on supply chain 

impacts and explore the opportunities to reduce the company’s environmental impact in the upstream 

part of the value chain. 

1.3. Case 3: Life Cycle Assessment of a Tanker Ship Operated by Shipping Company TORM A/S 

TORM A/S operates within the area of clean petroleum product shipping. As in many other shipping 

companies, TORM’s environmental concern has to do with adhering to regulations set by the 

International Maritime Organisation (IMO). Furthermore, after experiencing a period of rising bunker 

fuel prices TORM was incentivised to reduce their ships’ fuel consumption. The economic recession, 

which had its onset in 2008–2009, forced many shipping operators to evaluate a series of operational 

and technical optimisation solutions, in an effort to cover costs and create a sustainable shipping 

environment [27]. In this case study 3, the EIO approach was tested as a method to combine Life Cycle 

Costing (LCC) and LCA in a common framework, using financial data as the main basis of both. This 

article presents the results of the assessment of one of TORM’s tanker ships. The analysis and elaborated 

methodology can be found in Kjær et al. [28]. 

2. EIO Analysis

The first Input-Output (IO) models were developed for economic calculations, by U.S. economist

Leontief, in 1936 [29]. He constructed a linear model of the U.S. economy relating the production inputs 

of goods and services in an economy to the production outputs of other sectors [2,10]. Today, almost all 

countries regularly compile IO tables as part of their national accounts. An IO table accounts for all 

product flows between sectors in the economy. The IO table can be extended with direct emission and 

resource data for each sector, making it possible to calculate the life cycle impacts from cradle to gate 

per monetary unit spent for each product output. Utilising the environmentally extended IO model to 

gain environmental insights is termed an Environmental Input-Output (EIO) analysis. The EIO analysis 

is consistent with how impacts are calculated in a traditional life cycle assessment. The only differences 

are that the transactions between the activities are measured in monetary units instead of physical units, 

such as kilograms or kWh, and that the data collection in EIO is top-down, whereas a traditional or 

process-based LCA typically uses a bottom-up approach. In a process-based LCA, data are collected for 

all the processes that have been identified as important to include within the chosen system boundary. 

This approach has the disadvantage of truncation errors, since it will always be a subjective evaluation 

of which processes to include. Analysts are often forced to simply ignore many facets of life cycle 

impacts due to lack of data availability and time restrictions [30], and, especially, uses of services are 

typically ignored [4]. Studies show that process-based LCAs can underestimate emissions by as much 

as 50% [4,14,31]. Furthermore, doing a comprehensive process-based LCA of all the products and 

services a company are requiring, in both direct operations (in the production chain) and indirect 

operation (administration, R&D, marketing, etc.), would quickly become a prohibitive task. EIO 

analyses offers a top-down approach without any cut-offs and with the possibility of easy inclusion of 

uses that are only measured in monetary terms, such as services [4]. This makes the approach suitable 

for hotspot analysis and boundary decisions [2,10,32]. 
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Despite its many qualities, there are also a number of drawbacks with the EIO approach, as described 

in the literature. The main weakness mentioned is sector aggregation, meaning that sectors may be too 

heterogeneous to correctly reflect a particular process or product [11,17,32–34]. Other potential 

weaknesses, depending on the EIO model, include: data age [17,33], use of monetary units (price 

fluctuations and inhomogeneity) [33], insufficient handling of waste treatment [14,33], a limited number 

of environmental indicators [14], potential exclusion of capital investments [14], and no or limited 

accounting for regional differences and international trade [11,35]. 

Taking a hybrid approach, where the detail level of a process-based LCA is combined with the 

completeness of EIO models, is suggested by many as the way forward to mitigate uncertainty 

in compiling life cycle inventories [2,13,14,32,36–38]. The term hybrid can refer to two things: a hybrid 

database and a hybrid analysis. In a hybrid database, IO analysis and mass flow analysis are fully 

integrated, creating a mixed unit database with biophysical units for all mass and energy products and 

monetary units for all service products and capital goods. The advantage of a hybrid database is the 

possibility of using physical data instead of monetary data when available, since physical data is often 

less uncertain and also more stable over time than monetary data [39]. 

In a hybrid analysis, the “top down” EIO data is combined with “bottom up” process-based data in 

either a tiered or embedded (also called integrated) approach [34,39]. In the tiered approach, EIO data is 

used to supplement the process-based data by, e.g., adding service and capital good expenses to the 

inventory. The embedded approach fully integrates the process-based data into the EIO model, resulting 

in the same completeness as the original EIO table but at a higher level of detail. 

The approach used in the case studies presented in this article was based on a hybrid unit 

EIO database (described in Section 3) and includes the use of hybrid analysis for selected processes. 

Both tiered and embedded approaches were applied, depending on wishes of the study commissioners. 

For the tiered approach, it should be noted that this approach inevitable entailed truncation errors when 

comparing to the fully EIO integrated parts of the analysis. 

This article contributes to the ongoing research on EIO analyses by demonstrating the use of a hybrid 

EIO approach for comprehensive corporate and product environmental footprints and discusses its 

usability for companies in advancing their environmental agenda. 

3. Applied Method

In applying the EIO approach, we utilised a specific database, modelling approach and data collection

strategy, as described in the following. 

3.1. Hybrid Database FORWAST 

The analyses done in the three case studies were based on an EIO database called FORWAST. 

FORWAST was developed as part of the Research Project of the 6th European Union Framework 

Programme [40]. Later improvements of the original FORWAST model are listed in Table 1. 
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Table 1. Modifications of the original FORWAST model. 

Modification  
References for Documentation 

of the Improvements 

Danish agriculture and food industry was further detailed. Hermansen et al. (2010) [41] 

More emissions were added: nitrate, phosphate. Hermansen et al. (2010) [41] 

More emissions were added: particles. Kjær et al. (2011) [22] 

Import to Denmark was divided into import  
from EU27 and from rest of the world (RoW). 

Kjær et al. (2011) [22] 

Land occupation was added as a resource input in the database. Schmidt and Muñoz (2014) [42] 

A model for indirect land use changes was embedded in the model. Schmidt and Muñoz (2014) [42] 

FORWAST is a so-called hybrid database as it is based on economic data from the national accounts, 

as well as process-specific data from life cycle inventories (used for sector disaggregation). The 

transactions in the model are in different units: dry matter for physical products, energy units for 

electricity/heat/steam, and monetary units for other flows in the economy such as services. The database 

distinguishes between different waste fractions and their treatment: recycling, incineration and landfilling. 

Waste streams are determined by detailed mass balances. The model is based on data from 2003. 

The original FORWAST database included 132 products/sectors. In refining the model, relevant 

sectors were disaggregated using statistical data to provide a better match to the specific uses in each of 

the case studies. These sectors included “Chemicals” (to separate pharmaceuticals from other chemical 

products), “Machinery and equipment”, “Health and social work”, “Land transport and transport via 

pipelines”, and “Hotels and restaurants”. 

3.2. Hybrid Modelling 

For relevant processes we hybridised with process-based data. An example was the modelling of 

ambulance transportation used by the Regions (case study 1). The process “Taxi operation”, which was 

a disaggregation of the sector “Land transport and transport via pipelines”, was modified to represent 

ambulance transportation by using the fuel efficiency of the ambulances in the actual fleet. Another 

example from case study 2 (Novo Nordisk) was the modelling of glucose used for insulin production. 

The EIO sector most appropriate for glucose was identified and assessed. Detailed glucose production 

data were merged into the EIO model to make a new and more precise profile for glucose production. A 

full explanation of this particular hybridisation can be found in Høst-Madsen et al. [24]. 

3.3. Data Collection and Analysis 

Since the used database was a hybrid EIO table using both monetary and physical units, upstream 

emissions were calculated either per monetary unit (e.g., Danish krone (DKK)) spent on products or 

services, or from physical consumption such as energy use, fuel use, and materials use in physical units 

(kWh or kg). 

In order to ensure full completeness in scope and full economic balance, complete annual expenditure 

(referred to in this research as “spend”) accounts for each entity (e.g., hospital, production site, ship) were 

provided by the company as the starting point. For the ship, data for five years of operation were gathered. 
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Each spend was assessed and matched against the best representing EIO sector. For very broad and/or 

large spend categories an extra assessment was made, e.g., by gathering invoices from suppliers, making 

it possible to disaggregate the spend category to better match the categories in the EIO model. 

As the FORWAST database required input in the currency EURO2003, all spend were turned into 

2003 prices using inflation indexes and transferred into EUROs by the currency rate in 2003. 

The process of gathering and analysing data is presented in Figure 1. First, all spend were summed 

up for the categories chosen for the final results. Then, for fuel end energy consumption the financial 

input data were replaced with data on actual consumption in physical units for which hybrid processes 

were created for each type of energy sources. The same was done for selected focus areas within, e.g., 

transportation and purchased materials and products, where the companies were able to provide data in 

physical units (kg) to allow more precise calculations. For materials and products where data on uses in 

physical units were not retrieved, dry weight commodity prices for the specific sector as provided by 

FORWAST were applied. As an example, for a ship’s use of engine stores, which mostly covered hand 

tools, we used the average price that the sector “Transport by ship” paid for “Fabricated metal products”. 

Figure 1. Process of data analysis. 

Calculations were performed in SimaPro—software developed to assist LCA and carbon footprinting. 

SimaPro facilitated analyses with both the EIO tables and other large LCA databases, such as Ecoinvent, 

allowing for hybridisation. 

For case study 1 (Regions), the Greenhouse Gas Protocol (GHG protocol) was used as framework for 

presenting the results [43]. The GHG protocol is limited in the environmental scope, as it only deals with 

greenhouse gas emissions. However, it provided a framework, dividing emissions into scopes, which 
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were also used by the Carbon Disclosure Project in their reporting framework [44]. Scope 1 covers 

emissions from sources under the company’s direct control, scope 2 covers indirect emissions from 

purchased energy (e.g., electricity) and scope 3 covers all other indirect emissions upstream and 

downstream in the company’s value chain, including purchased products and services. The International 

Panel of Climate Change (IPCC) global warming potentials in a 100-year time horizon (GWP100) were 

applied to convert single emissions, such as CO2, CO, CH4 and N2O, into a single unit: greenhouse gases 

measured in CO2 equivalents (CO2e). 

For case study 2 (Novo Nordisk), the results were distributed between own operation and supply 

chain impacts, which were further divided into tier 1, 2 and 3 suppliers. The following environmental 

indicators were obtained: Greenhouse gas emissions: CO2e. Air pollution: SO2, NMVOC, NH3, particles 

(<10 µm) and NOx. Water use: Water quantities (m3). The method for monetary valuation is outside the 

scope of this study and can be found in the EP&L methodology report [24]. 

For case study 3 (a TORM tanker ship), CO2e, SO2, particles,and NOx were included in the inventory, 

however the analysis was only used to show results for the carbon footprint of the ship. 

For capital investments, different scopes were applied for the different cases. For the Regions, 

emissions related to capital spend were presented in a separate account to be able to monitor the 

operational development independently of capital investment. Capital spend were merely included to 

highlight that capital investments also have a carbon footprint. For Novo Nordisk, capital spend were 

not included. For the tanker ship, emissions from capital investments (ship building and five year dry 

dock repairs) were distributed over the operational lifespan of the ship. 

3.4. Follow-up and Evaluation 

Different activities where initiated with the companies to get their feedback on the applicability of 

the approach and contributions to their environmental agenda, especially in order to answer RQ2. 

For the Regions, the carbon footprint accounts ran in parallel with consultancy support on climate 

mitigation strategies, involving regular meetings and workshops with key stakeholders. During these 

meetings, it was discussed how the carbon footprint accounts would feed into the strategic work and 

how the effect of initiatives could be monitored in future updates of the accounts. These activities 

provided valuable feedback on the methodology’s usefulness and limitations, as well as knowledge on 

opportunities and barriers for influencing the supply chain. 

For Novo Nordisk, the case study was followed up by a presentation to the management, including a 

discussion on the results and implications of the study. Furthermore, the authors of this paper conducted 

a semi-structured interview with the Programme Director, Corporate Sustainability, in order to get more 

detailed feedback on the applicability of the analysis. Finally, we consulted an expert review of the 

PUMA EP&L [45] as a means to validate the applicability of the approach. In TORM, results were 

presented and discussed at meetings with a vice president in the technical division. Since the primary 

environmental strategy of the company was related to reducing fuel consumption, the discussions 

focussed on which initiatives could contribute to this, including technical retrofits and more efficient 

operation. Thus, in contrast to the first two cases, the study did not reveal any reasons to change this 

agenda, and, therefore, no further discussions on influencing the indirect impacts in the supply chain 

were initiated. 
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Since, in all cases, connecting the environmental footprints to green supply chain initiatives was still 

preliminary, we have supplemented the discussion in this paper with selected core literature on green 

supply chain management. 

4. Case Study Results

This section presents the outcome of the three case studies showing examples of calculated results

and findings in relation to the two research questions. 

4.1. Case Study 1: Total Corporate Carbon Footprint Account of Three Danish Regional  

Healthcare Organisations 

The carbon footprint accounts for the Regions were made as yearly accounts. Results were divided 

into categories and provided for each organisational sector (primarily hospitals) under each Region’s 

administration. Results showed that 15%–21% of greenhouse gas emissions were related to the use of 

energy (scope 1 and 2 in the GHG Protocol), while the remaining 79%–85% were embedded upstream 

the value chain in purchased products and services (scope 3 in the GHG Protocol). Figure 2 shows the 

distribution between scope 1 + 2 and 3 for the year 2011 for all three Regions. 

Figure 2. Corporate carbon footprint accounts for three Danish Regions 2011, division 

between scopes according to the GHG protocol. 

In addition to providing the absolute number in CO2 equivalents (CO2e), a number of key performance 

indicators (KPIs) were established, in order to monitor the development over the years. KPIs included: 

CO2e/employee, CO2e/square meter, CO2e/hospitalised patient days (also called “bed days”), 

CO2e/ambulant visits and CO2e/DKK spend (DKK is the Danish currency). Each Region commissioned 

the studies independently and, thus, had different KPIs and year ranges. As an example, Table 2 shows 
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the development of three KPIs for The North Denmark Region (all organisational sectors included) for 

the years 2007 to 2012. 

Table 2. Key performance indicators (KPIs) for The North Denmark Region 2007–2012. 

KPI 2007 2008 2009 2010 2011 2012

t CO2e/employee 17.4 18.2 17.1 16.5 14.7 14.6 
Kg CO2e/m2 323.6 347.0 351.9 344.1 302.5 302.3 

Kg CO2e/DKK 67.8 63.3 60.9 61.1 56.8 53.2 

The KPI CO2e/DKK helped to show the carbon efficiency in relation to financial spend. Since the 

total carbon footprint would increase or decrease with the annual budget, monitoring CO2e/DKK took 

that variable out of the equation. In Figure 3 we show the carbon footprint in relation to financial spend 

for the Capital Region of Denmark in 2011. The figure shows that “patient articles”, including medicine, 

was the largest spend category, accounting for 38% of the total spend. However, “Patient articles” only 

accounted for 19% of the carbon footprint. This has to do with the fact that medicine is generally relative 

expensive, and a lot of the money spent on medicine goes to service-related activities, such as research 

and development. An example of the opposite was the category “food” that only accounted for 2% of 

the total spent, while it accounted for over 10% of the carbon footprint. 

Figure 3. Corporate carbon footprint account for the Capital Region of Denmark 2011. 

Carbon footprint and financial spend for each category. 

The carbon footprint accounts firstly had the purpose of showing company responsibility and secondly 

to serve as an eye-opener to the indirect emissions embedded in the supply chain (scope 3). In relation 

to RQ1, the strength of the EIO approach was that it made a first screening of the total impact feasible, since 

the analyses were based on annual financial data, which was readily available within the organisations. 
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The main limitation was seen as the ability to move from screenings based on average data to more 

detailed accounts based on data from the actual supply chain in order to initiate and monitor improvements. 

For all three Regions the following focus areas were identified as hotspots and recommended to detail 

and monitor: “energy”, “food”, “transportation” and selected products within “patient articles” and 

“large equipment”. For food, it was recommended to investigate if the amount of meat (especially red 

meat) could be reduced and to reduce the amount of food waste. Monitoring of this area would require 

collecting data on actual purchased amounts in physical units (kg) divided into product categories for all 

participating kitchens and canteens. 

Transportation was divided into patient transport and personnel transport, with patient transport 

constituting the largest part. Before being able to monitor the development within patient transport, it 

would be necessary to implement a system where the transport provider would report information, such 

as: distance travelled (km), occupancy rate (for translation into person*km), and fuel consumption (km/L), 

since these would be the main variables for reducing the impact from the transport service. As a 

supplement to established KPIs related to quality, safety and cost, The North Denmark Region chose to 

measure these environmental related KPIs for planned patient transport and implement them in future 

updates of the carbon footprint account. 

Based on the analysis, it was also recommended to investigate reduction potentials within purchased 

equipment (electrical and non-electrical) and patient articles (medical articles, textiles, hygiene products, 

etc.). A first step would be to acquire more detailed information from the suppliers in order to ensure 

transparency. Relevant data could be: emission data, amount of materials used and production method 

including geography, power use and power sources. Based on this, the Regions would have the necessary 

information to initiate a dialogue with suppliers on how they could improve the environmental 

performance of the products. Thus, in relation to RQ2, the carbon footprint accounts contributed to an 

increased focus on purchase and consumption as important focus areas in the Region’s climate strategies 

and action plans. However, for all three Regions, we did not experience that reducing upstream emissions 

was a highly prioritised political goal from the beginning, and, as in any political organisation, changes 

take time. Nevertheless, within each of the three Regions that commissioned the analyses, passionate 

employees were driving the agenda forward. One concrete result of the carbon footprint accounts was 

the North Denmark Region, which was the first public company disclosing all upstream scope 3 

emissions to the Carbon Disclosure Project (CDP). 

During the work on climate mitigation strategies for the companies, it became clear that focus areas 

were not only decided based on their relative size in CO2e. Other selection parameters such as supplier 

relationship and supplier readiness were also important. As an example, it would not be feasible to ask 

a transportation provider to use electric vehicles for patient transport, since no transport company would 

be able to provide such a fleet. Another selection parameter was the ability to monitor the improvement. 

If it was not possible to gather sufficient data to document improvements, the project would not have the 

required political backup. Other influencing parameters were current political focus (what was “hot 

topics” on the political agenda) and previous initiatives (where they already had commitments). For one 

Region, Region Zealand, five decisive parameters were formulated to prioritise climate change actions:  

(1) CO2—effect (reduction potential)

(2) Implementation costs
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(3) Organisational process

(4) Branding effect

(5) Data availability (to monitor improvements on a detailed level)

Based on these parameters, 11 initiatives were selected for further exploration. The following areas

were aiming at reducing scope 3 emissions: reduction of food waste, food waste as biogas, travel, and 

green procurement. Green procurement had two main focuses; (1) focus on requirements towards energy 

consuming products and (2) focus on requirements towards non-energy consuming products. Again, 

getting from a carbon footprint screening to a robust monitoring system, where improvements can be 

traced and documented, was seen as a challenge needed to be overcome for the EIO approach to be fully 

implemented with political goals and actions. 

4.2. Case Study 2: Novo Nordisk Environmental Profit and Loss Account 

Figure 4 illustrates the total monetised environmental impacts of Novo Nordisk in 2011 for the three 

environmental KPIs: water use, greenhouse gasses and air pollution. The total monetised environmental 

impact amounted to 223 million Euros. The main monetised environmental impact (total 77%) related 

to greenhouse gasses, which supported the company’s own assessment of environmental impacts. 

As shown on Figure 4, impacts were divided according to two spend types: Direct spend and Indirect 

spend. Direct spend related to the production of Novo Nordisk pharmaceutical products and devices, and 

included operational energy usage, water usage and the raw materials purchased from the supply chain. 

Indirect spend covered all products and services, which were not part of the final consumer product. This 

included, i.e., IT equipment, furniture and machinery. 

Figure 4. Total monetised environmental impact distributed between the three environmental 

KPIs: water use, greenhouse gasses and air pollution. 
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Results were furthermore distributed between own operation and tier 1, 2 and 3 suppliers to illustrate 

where in the value chain the main impacts occurred. Tier 1 covered finished products and services, 

tier 2 processed materials and tier 3 raw materials. As shown in Figure 5, the main environmental impacts 

occurred in tier 1 and tier 3 (total 75%). Novo Nordisk’s own operations constituted only 13% of the 

total environmental impact. 

Figure 5. Monetised environmental impacts distributed between tiers, shown for Direct and 

Indirect spend. 

The environmental impacts relating to Indirect spend amounted to 70% of the total. Although the 

majority of impacts lay within Indirect spend, Direct spend was where Novo Nordisk had a greater sphere 

of influence, since the majority of their own operation was represented here, as shown in Figure 5. In other 

words, the majority of Novo Nordisk’s environmental impacts lay outside its direct control and would 

therefore be more challenging to reduce. 

In relation to RQ1, using the EIO approach as the basis for the EP&L was discussed with Novo 

Nordisk, and the uncertainty of the results was taken up as a discussion point. Novo Nordisk has worked 

for many years with conducting LCAs on their products. In these analyses, accuracy in the results was 

considered very important, as it was used for reporting to customers. However, in the case of EP&L, the 

EIO approach was considered appropriate. The uncertainty involved in both environmental impact 

calculations and in the subsequent monetary valuation were not considered crucial, since the analysis was 

primarily used as a communication tool to put new subjects on the agenda—the actual numbers were not 

to be used for reporting or monitoring. In this way, the EP&L assisted in validating current reduction 

strategies and identify whether there were areas which could be included in future strategies. However, 

for the methodology to be fully implemented in the strategic work in Novo Nordisk, it would have to 

develop from a screening tool into a strategic tool that could support decision-making. This process 
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would involve moving from accounting to creating budgets and enable scenario development. Having a 

budget-EP&L would enable comparison of investments before they were made. It would help quantify 

different strategic paths, and help the decision makers in an organisation make more sustainable decisions. 

Similar to the carbon footprint accounts for the three Regions described above, the primary goal of 

the first EP&L was to show that Novo Nordisk took their environmental responsibility seriously and to 

show honesty and transparency regarding the environmental impact of their business. However, in 

relation to RQ2, the process of conducting the EP&L, inspired Novo Nordisk to explore opportunities 

to reduce the environmental impact of the activities that were not directly related to the production of 

their products. In terms of influencing the environmental agenda within the company, the Programme 

Director reported a mind-set change in the company, stating that: “the understanding has changed away 

from the stance that ‘environment is just something, which happens in production’”. 

Being a company with high focus on sustainability, Novo Nordisk’s suppliers were already required 

to document that their work was carried out in accordance with the laws and standards for environment, 

health and safety, labour and human rights, and business ethics. The EP&L provided additional 

knowledge to enhance this work with green supply chain management. Furthermore, the EP&L was an 

eye-opener on how much of the impact was related to Indirect spend. While initiatives within core 

activities related to Direct spend were already well integrated in the organisation, the field of Indirect 

spend would require new initiatives aimed at all suppliers, not only those directly linked to the core 

business, such as production of insulin and devices. 

The EP&L provided more than just measuring impacts; it also served as a risk mitigation tool. As the 

Programme Director put it in the interview: “We need to move away from only thinking about our own 

production; environmental regulations keep getting shrewder, which makes the whole value chain 

important”. Putting a monetary value on company externalities made the company aware of the risk of 

the external costs becoming internalised in the future. If, e.g., a global carbon tax were to be introduced 

(even though this was not seen as likely, but other means might trigger similar consequences), it would 

result in higher prices on products with a high carbon footprint. It would also influence Novo Nordisk’s 

own production facilities and this knowledge could help encourage investments in green technologies 

and energy optimisation. Identified risks were moreover related to other environmental impacts, which, 

in the future, might influence investment decisions, e.g., where to build a new production site. Thus, even 

though the EP&L “only” served to measure impacts for one year, it contributed to inspire and suggest ways 

of working with sustainability in a business context in the future. 

4.3. Case Study 3: Life Cycle Assessment of a Tanker Ship 

The life cycle assessment (LCA) of a tanker ship was based on gathered data for five years of ship 

operation, extrapolated to represent the whole life cycle, which was assumed to be 20 years. Impacts 

from ship building and dry dock repairs were distributed over the operational lifespan of the ship. Further 

assumptions can be found in Kjær et al. [28]. Results showed that the dominant contributor to the carbon 

footprint of a ship was the fuel combustion during the use stage. In CO2e, fuel combustion accounted for 

80% of the impact. The second greatest contributor was extraction and production of the fuel, which 

accounted for 9% of the impact. Thus, only 11% of the carbon footprint was not related to fuel, but 

stemmed from the production and maintenance of the ship including the machinery and equipment on-board 
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the ship, use of crew consumables including food, crew travel and use of services such as inspections, 

port services, yard service, etc. The overall result of the Life Cycle Cost (LCC) and LCA, divided into 

categories, are shown in Figure 6. 

Figure 6. TORM tanker ship. Categories’ relative share of CO2e emissions and financial spend 

The results showed that spend categories with high service content such as operational expenses had 

low CO2e per USD. Port and transit services were somewhat higher due to the use of towage ships when 

in port. Scrapping resulted in net avoided or “negative emissions” to the environment, because the scrap 

was assumed to substitute virgin ore in the iron production. All costs were mapped as value added 

throughout the life cycle to avoid double counting [28]. 

In relation to RQ1, the EIO approach had the advantage that the LCC and LCA could be based on the 

same initial financial data. In contrast to the two other cases presented in this article, the indirect 

emissions constituted only a small part of the overall environmental footprint and, thus, the embedded 

uncertainty in the EIO model used to quantify these indirect impacts could be tolerated. Being closely 

related to cost savings, fuel efficiency was already high on the agenda in TORM. In relation to RQ2, it 

was not considered part of the company strategy to try and influence the indirect impact caused by suppliers, 

and in this sense the environmental agenda of the company did not change as a result of the analysis. 

However, presenting the costs and environmental burden together showed where there were potential 

misalignments between the two and where there were risks of external costs being internalised in the 
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future. In the case study, fuel accounted for 89% of the CO2e but only 36% of the cost. With the 

likelihood of climate change continuing being an increased societal issue in the future, there could be a 

risk of fuel prices rising as a consequence of carbon taxes or other market-based measures. Thus, the 

analysis was used to discuss how the company could gain from increasing the focus on fuel savings, e.g., 

by investing in optimal maintenance, better quality ships, and on longer-term alternative energy sources. 

Strategies for reducing fuel consumption included changes in operational patterns (involving decreased 

speed), hull and performance monitoring, and technical retrofits. Since TORM was merely a ship 

operator and not ship builder, how the ships were designed or might be retrofitted for being energy-efficient 

would require close collaboration with suppliers. It was, however, not considered within the current 

scope to include supply chain related (indirect) impacts in reduction strategies. Potential collaboration 

would focus on how suppliers could help TORM reduce the fuel consumption of the ships. 

5. Discussion

In this paper we discuss strengths and weaknesses of the EIO approach (RQ1) and how the approach

might influence a company’s environmental agenda (RQ2), including green supply chain initiatives. 

Two issues of concern were identified during the research, and are discussed in the following: 

uncertainty of the results (found as the main weakness in relation to RQ1) and integration with strategic 

actions (found as the main challenge in relation to RQ2). 

5.1. Uncertainty 

Uncertainty of the results depended on two aspects: the EIO model used and the data inputs available 

for the study. Model related uncertainties were: data age, geographic reach and sector aggregation. The 

applied model was based on data from 2003, and it was therefore assumed that the technology mix was 

representative of present consumption. The consumer price index was used to translate all spend to 2003 

prices. However, the same general index was used for all types of products and services, which added to 

the uncertainty. In regard to geography, a modified version of the EU27 table was used to represent the 

Rest of the World (RoW). This especially could have influenced the results in case study 3, TORM, who 

have most of their purchases on the global market. Another model related weakness was the limited 

number of included elementary flows in the model. As an example, in case 2 (Novo Nordisk), another 

model was applied for calculating water use, because this was not included in the FORWAST model. 

In regard to sector aggregation, the uncertainty depended on the match between the financial spend 

category and the EIO sector. When an EIO sector was chosen, it was assumed that the purchases could 

be covered by the average products in that EIO sector. However, if the spend category was very broad 

(e.g., “acquisitions”, which could cover many product types), the uncertainty of selecting the right 

EIO sector was high. The same applied to the opposite case where a spend category was very specific 

(e.g., “coffee machines”) but the EIO sector very broad (e.g., “Machinery and equipment”, which 

contained coffee machines but also many other products). Thus, the best match would be when both the 

spend category and the EIO category were specific (e.g., the match of the spend category “medicine” 

and EIO sector “pharmaceuticals”). The next best match occurred when both the spend category and the 

EIO sector were equally broad, hence, it could be assumed that the spend category covered the same 

range of product types as covered by the EIO sector. Figure 7 illustrates the four different situations. 
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Figure 7. Matching spend categories and EIO processes. 

In the case studies, the uncertainty was reduced by disaggregating both EIO sectors (through 

statistical data and hybridisation with more detailed data) and spend categories (e.g., by gathering data 

on supplier invoices). However, this process took time and was, therefore, only done on selected focus 

areas with high importance and/or high volume. The fact that the process of hybridisation can be time 

consuming and require expert knowledge is also confirmed by Ewing et al. [9]. However, one important 

prerequisite for the companies to implement changes was the ability to calculate the effect of potential 

initiatives and monitor the effect after implementation. Thus, the need for more detailed data on selected 

focus areas quickly arose. Data collection and analysis then became an iterative process with the aim of 

reducing uncertainty and improve the analysis framework to better represent the actual circumstances 

regarding the system being analysed. 

5.2. Integrating Environmental Footprint Analysis with Strategic Actions 

In all three cases, the environmental footprint screenings were conducted based on historic data, and 

the analyses were by nature descriptive studies with the aim of showing the relationship between direct 

and indirect impacts and identify hotspots, taking all upstream impacts into account. For case studies 1 

and 2, the purpose of commissioning the study was furthermore to show external stakeholders that the 

companies were responsible and had high standards for environmental concern. This is supported in an 

expert review of the first EP&L conducted for PUMA, where the initiative was seen as an innovative, 

refreshing and honest corporate initiative [45]. As mentioned, one case company used the results in their 

compliance work, by reporting to CDP. 

However, the question is if and how the analysis influenced or changed the companies’ environmental 

agenda and broadened their scope. Case studies 1 and 2 showed that for these organisations and 

companies the amount of supply chain hidden impacts was very high compared to what was currently 

targeted in their reduction efforts. However, for case study 3, the case was quite the contrary and the 

company merely used the study to support their current strategy on reducing direct emissions. Thus, the 

current environmental agenda was only challenged in case studies 1 and 2. For these organisations and 
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companies, getting numbers on the “hidden” impacts inspired them to start implementing actions aimed 

at the indirect impacts caused by the supply chain. However, we also experienced that it was a 

communicational challenge to explain the results in a positive way in order to inspire actions. Arguments 

against included: perception that these impacts were outside the company’s sphere of influence, changes 

would be difficult to implement, and that it would be difficult to monitor the effect of the actions. For 

case study 1, employees responsible for climate change mitigation had previously focused primarily on 

energy consumption and transport. Addressing impacts related to purchased goods and services required 

new and different initiatives. It involved new stakeholders within the organisations, including 

management, procurement and financial accounting. This indicates that for companies to be able to use 

environmental footprints proactively, a coordinated effort between departments and other influencing 

initiatives such as supply chain management and CSR strategies are needed. This is supported in the 

expert review of the EP&L account for PUMA, where it is stated that it is important to align the analysis 

with other efforts and work together as part of a bigger strategy initiative [45]. 

5.2.1. Impact Reduction Strategies 

Using the EIO approach to calculate the impact based on financial data provided the opportunity to 

relate the calculated impacts to the financial spend. This relationship would however only be relevant in 

cases with options to switch from high carbon intensive to low carbon intensive uses. As an example, 

switching from spending money on food products to, e.g., medicine in hospitals would hardly make any 

sense. Focus was, therefore, on how consumption within each category could be optimised. Showing the 

relationship between carbon footprint and financial spend was however interesting, as it highlighted the 

fact that more service-intensive uses had lower impacts per money spend than product-intensive uses. 

The case studies presented in this article, as well as other studies, confirm the fact that services are less 

carbon intensive per monetary unit spend than physical products [46]. 

An EIO-based screening will highlight environmental hotspots totally independent of other 

influencing factors, such as sphere of influence and political/management attention. However, as we saw 

in the case studies, the “hard numbers” were only one of many considerations to take into account when 

prioritising initiatives and efforts within the organisation’s sustainability agenda. For example, in case 

study 1, even though hospital food was chosen as a focus area, it was not considered feasible to cut down 

on the amount of meat for nutrition reasons. Instead, reducing food waste and using food waste for biogas 

production were chosen as feasible strategies. When the different feasible actions were identified, the 

reduction potential could be calculated and key performance indicators formulated. 

Looking at actions aimed at reducing supply chain impact, the companies in case studies 1 and 2 

where initially starting to integrate performance measures in their green purchase and supply 

management. In the following we look at the literature on green supply chain management and discuss 

how the environmental footprint account might be integrated. 

5.2.2. Integration with Green Supply Chain Management 

According to Seuring and Müller [5], governments/authorities, customers, and other stakeholders, 

including NGOs, place a range of “triggers” on the focal companies (buying firms) to increase their 

involvement in green/sustainable supply chain management. The authors divide mitigation strategies 
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into “supplier management for risk and performance”, where standards and management systems, such 

as ISO 14001, as well as supplier evaluation schemes, play central roles, and “supply chain management 

for sustainable products,” where life cycle management is an essential activity [5]. Both strategies might 

be supported by an environmental footprint analysis, putting quantitative measures into play. Supply 

chain management in general might involve all suppliers to the company, and thus relates to the 

accounting approach of case studies 1 and 2. “Supply chain management for sustainable products,” 

evolves around the life cycle of the product or service produced by the company, and relates to the life 

cycle assessment approach demonstrated in case study 3. 

Risk avoidance is often a main driver for supply chain programs [47], and this was also seen in the 

case of Novo Nordisk. Using the EIO approach for the purpose of an EP&L provided an understanding 

of where hotspots were located within the supply chain and was, thus, seen as a risk identification tool. 

As also stated in the expert review of PUMA’s EP&L, the account “provides an early view of emerging 

risks, enabling businesses to respond strategically to protect and enhance shareholder value”. 

Kogg and Mont [6] distinguish between three approaches to how companies address sustainability 

aspects in the supply chain: de-selecting products or suppliers, who does not live up to a certain standard; 

indirect influence through compensation schemes, NGO support, etc.; and direct approaches, such as 

setting up specific requirements, motivate, support and enable sustainable development by inter-organisational 

collaboration. De-selecting products or suppliers, which do not live up to a certain standard, does not 

necessarily reduce the environmental impact, since the suppliers might simply deliver to another 

customer instead. Likewise, the actual effect of using compensation schemes and supporting NGOs can 

be very difficult to measure. It can thus be argued that a company will only make true measurable 

changes through directly influencing the suppliers. In case study 2 (Novo Nordisk), supplier demands 

had so far focused on compliance and reporting of procedures. This is supported by Kogg and Mont [6] 

who state that companies are more likely to report in terms of procedures and steps they have undertaken 

for dealing with suppliers, rather than reporting on the actual outcomes in terms of reductions of 

environmental and social impacts. Thus, measuring and monitoring actual reductions of environmental 

impact is still not common practise. One famous case of supply chain engagement is Walmart, who 

experienced how simply asking suppliers to measure, report and state a reduction target on their 

corporate greenhouse gas emissions led to improvements [48].  

6. Conclusions

Companies are faced with a pressing need to address the environmental impact of their operation. For

many companies, a large share of the environmental impact is embedded in the upstream supply chain, 

requesting the company to act as a responsible customer and implement green supply chain management 

initiatives. In this article we have applied the EIO approach for corporate and product environmental 

footprint accounts, including the entire supply chain. The first research question was: 

RQ1: What Are the Strengths and Weaknesses of the EIO Approach? 

We conclude that the greatest strength of the EIO approach was that it made analyses of the total 

supply chain impacts feasible and enabled identification of hotspots in both direct and indirect 

operations. The possibility of using readily available financial data as starting point made a first 
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screening fast and relatively easy. For corporate footprint accounting, yearly financial accounts together 

with supplier invoices provided the data input. For LCAs of products, Life Cycle Cost (LCC) inventories 

can do the same, as also demonstrated by Junnila [12]. Not having to deal with truncation issues and 

risks of leaving out potentially important contributors, the approach provided an opportunity to prioritise 

all environmental release hotspots equally—independently of where in the value chain they arose. 

However, uncertainty related to the modelling approach was identified as an issue in both literature and 

the case studies. When addressing important focus areas, EIO models need to be optimised by 

disaggregating relevant sectors and hybridising with process-based data in order to gain more 

representative results. Future development of EIO models should have the following focuses:  

• They should have a global scope, thus being multiregional to account for geographical differences.

• They should include the elementary flows needed to support what is of environmental concern.

• They should contain a wide range of both aggregated and disaggregated product groups/industry

sectors in order to enable the best match with available data for the system being analysed.

In the newly announced Exiobase v2, Input-Output tables are integrated with life cycle assessment 

and mass flow analysis, and the database includes trade balanced supply-use tables for 43 countries and 

five Rest of the World regions [49]. This provides a strong platform for creating analyses on various 

levels ranging from environmental footprint of nations to corporate footprints and environmental 

assessment of products [50]. Increasing the level of detail of product groups and sectors will strengthen 

the model even further. Hybridising the model might come from integration with more detailed LCA 

databases, such as EcoInvent, but might also be facilitated through projects where industries make data 

available in order to gain a stronger foundation for the analyses aimed at their specific activities. 

Moving from evaluating the approach as a method towards application of the results, the second 

research question was: 

RQ2: How Does Application of the EIO Approach Influence the Companies’ Environmental Agenda? 

The case studies showed that the approach provided a good foundation for identifying where to 

prioritise when looking for actions that could improve the environmental profile of the system under 

analysis. For the companies and organisations with large upstream environmental footprints, the analyses 

supported advancing their sustainability agenda to include supply chain impacts. When combined with 

monetary valuation of impacts as in an EP&L, the analysis was also reported to serve as a risk mitigation 

tool. The approach seemed less relevant for high-energy consuming products, such as ships, where focus 

necessarily must be on reducing the impact within direct operation. Nevertheless, also in this context, 

the approach provided an overview and put all contributors into perspective. 

However, the magnitude of environmental impact was not the only criteria when the companies 

selected focus areas for their sustainability work. Other influencing factors included: sphere of influence, 

political focus, supplier relationship, and ability to monitor. More work is needed on integrating 

environmental footprints with strategies on green supply chain management and green purchasing, both 

in regards to organisational implications and in regards to calculating the actual environmental effect of 

different actions. In this regard, there is a need for exploring how (hybrid) EIO models can be used 

proactively to support decision-making in the development of more sustainable products and services, 

and may be used as a tool to support investment decisions. 
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Lastly, outside the academic community, development of guidelines for practitioners are needed. 

Huang et al. [2] states that one of the reasons why EIO methods are lacking behind is the lack of expertise 

available to assist companies to undertake EIO studies. 
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9 ENVIRONMENTAL QUANTIFICATION OF PSS - A SYSTEMATIC 
LITERATURE REVIEW 

This chapter presents the process and results of a systematic literature review on environmental 
quantifications of PSS. A systematic literature review is here defined as a type of review that follows a 
strict methodology to enable replicability. The review followed the approach presented by Biolchini et 
al. (2005) consisting of three phases: Planning, Execution and Analysis. 

9.1 PLANNING 
A systematic review protocol inspired by the template in Biolchini et al. (2005) was developed. Here, 
the objective of the review was stated as:  

“The aim of this literature review is to assess to what extent the environmental performance of PSS has 
been quantitatively evaluated in existing literature.” 

Two sub-questions supported this aim: 

What are the environmental strategies supporting the claimed environmental benefits of PSS 
solutions? 

Which approaches have been used and proposed to evaluate the environmental performance of PSS?  

As such, it was the overall aim to capture examples of environmental quantification of PSS in the 
literature, but also to capture conceptual publications and review articles discussing environmental 
evaluation of PSS. This would help derive the challenges and key factors to address when developing 
support for evaluating the environmental performance of PSS. 

The search was based on three keywords: ‘Environmental’ ‘quantification’ of ‘PSS’ and related 
synonyms as presented in Table 6. 

TABLE 6: KEY WORDS USED FOR SYSTEMATIC LITERATURE REVIEW 

Key words Environmental  Quantification PSS 

Synonyms LCA 
Life cycle  
Sustainability  
Green  
Eco 
Footprint 
  

Assessment 
Analysis 
Effect 
Efficiency 
Evaluation 

Product service system 
Integrated solution 
Integrated offering 
Integrated Product Service Engineering 
Service offering 
Total care solution 
Outsourcing 
Leasing 
Functional offering 
Functional product 
Functional sale 
Servitization 
Extended producer responsibility 
Sharing economy 
IPSS 
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The search was conducted in Scopus and Web of Science (WoS).  

The criteria for the initial search were:  

• Searching within title, abstract and keywords 
• From year 2000 
• Journal article 
• English 

The year 2000 was chosen as the starting year, since it was around this time that a wave of major 
research projects on PSS started, which led to considerable advances in the field (Tukker, 2015). 

The review allowed adding reports (grey literature) and conference proceedings that were either 
already in the reviewer’s database (defined as ‘baseline literature’) or found through citation analysis. 

Exclusion criteria: 

• Not about PSS 
• Not discussing or assessing sustainability or environmental aspects 

Since the overall aim of the review was to capture case examples where the environmental impacts of 
a PSS was quantitatively assessed, it was decided to sort publications in three groups, as shown in 
Table 7. Publications in Group A would qualify for an in-depth analysis in relation to the two sub-
questions raised above. Publications that did not pass the inclusion criteria for Group A, would 
however not be excluded from the review but captured in Group B. Publications in Group B and C 
would supplement with discussions on PSS strategies, evaluation methods and general challenges for 
LCA on PSS. 

TABLE 7: GROUPING OF PUBLICATIONS FROM SYSTEMATIC LITERATURE REVIEW 

Group A Group B Group C 
Case examples with quantitative 
assessments (scientific 
publications) 
Main purpose of the article is to 
assess the environmental impact of a 
PSS quantitatively 

Conceptual publications 
Main purpose of the publication is to either 
discuss sustainability/environmental issues 
in relation to PSS and/or propose 
assessment methods (quantitative or 
qualitative). May include cases to illustrate 
a proposed method. 
 
Qualitative cases 
Case studies with qualitative environmental 
assessments of PSS  

Review articles 
Main purpose of the article is to 
review PSS literature to propose 
research agendas, map the 
evolvement of the research field 
and/or review relevant evaluation 
methods. 

 

The first search was carried out in early 2015 and covered articles from 2000 to 2014. The search was 
updated in September 2017, adding articles published between 2015 and August 2017.  

In the following, the first number is the result of the search covering 2000-2014 and the second 
number is the result of the search covering 2015-2017 (xx+yy: xx=2000-2014, yy=2015-2017) 
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The search string resulted in a total of 371+177 articles from Scopus, and 180+201 articles from WoS. 
The process of sorting and excluding articles are shown in Figure 8 and explained in the following: 

After a sorting based on title (articles not about PSS were removed) and remove of duplicates the 
result was 173+162 articles  

After this, a sorting based on abstract reading (or full reading if the abstract did not reveal sufficient 
information) excluded 130+133 articles (articles not about or touching upon environmental or 
sustainability aspects).  

10+3 publications (including reports and conference proceedings) from the baseline collection 
(already in reviewer’s collection) were added. Publications were then divided into three categories: 
review articles, conceptual publications (discussing PSS and environmental issues, but not case-
specific) and case examples. 

 

FIGURE 8: THE REVIEW PROCESS. NUMBERS ARE: (2000-2014 REVIEW)+(2015-2017 UPDATE)  

Finally, based on a full reading, excluded cases (see criteria in Table 7) were grouped with the 
conceptual publications. In total, 22 + 5 relevant publications (including reports, books, theses and 
conference proceedings) were added based on citation analysis. Relevant publications included grey 
literature, explicitly dealing with PSS and environmental quantification and conference proceedings 
demonstrating quantitative case studies using LCA or similar methods.  

The combined review resulted in a total of 106 publications, distributed between 15 review articles 
(Group C), 71 conceptual publications and qualitative case studies (Group B), and merely 20 articles 
presenting one or more PSS cases with environmental quantification (Group A).  
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9.2 ANALYSIS 
Figure 9 shows the full body of included publications according to publication year. The result shows 
that the body of literature has grown substantially over the last decade.  

 

FIGURE 9: PUBLICATIONS ACCORDING TO PUBLICATION YEAR 

Out of the 106 included publications, 45 were journal articles published in Journal of Cleaner 
Production. This journal was absolutely dominant, as no other journal had more than 4 publications 
represented. Since the search focused on scientific journal articles, only 9 publications were from grey 
literature and conference proceedings.  

AN ALYSI S  –  GRO UP  A (QUA NTIT ATIV E CA S E ST UDI ES) 
An in-depth analysis was conducted on the 20 articles within Group A (quantitative case studies). The 
20 articles covered a total of 20 different PSS cases. One article covered three cases, while two cases 
were covered by two articles each. 

Each case was analysed, in order to assist answering the two sub-questions, as follows: 

The following classification criteria were used to analyse the case studies, in order to support the first 
sub-question: What are the environmental strategies supporting the claimed environmental benefits of 
PSS solutions? 

• Type of PSS: Was the assessed PSS product-oriented (PO), use-oriented (UO) or result-
oriented (RO)? 

• PSS Strategies that enable impact reductions: To which PSS strategies were environmental 
improvements attributed? 
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Together with an analysis of the publications in Group B and C, six different PSS strategies with a 
potential to lead to environmental improvements were consolidated. The six strategies are: 

1. ‘Operational support’ enabling direct resource efficiency during use (e.g. through product 
monitoring or user education) 

2. ‘Optimised result’ enabling shifts in product and service elements (e.g. clean technology 
implementation, optimised logistics, durable products)  

3. ‘Product sharing’ enabling optimised product utility through intensified use 
4. ‘Maintenance’ enabling product longevity and/or resource efficiency during use (e.g. through 

preventive maintenance, product repair, upgrades) 
5. ‘Take-back for reuse, re-manufacture, recycle’ enabling product longevity and/or product 

system substitution (e.g. through upcycling) 
6.  ‘Sharing platform’ enabling product system substitutions (e.g. a bike sharing platform enables 

that bikes substitute motorised transport modes) 

The following classification criteria were used to analyse the case studies, in order to support the 
second sub-question: Which approaches have been used and proposed to evaluate the environmental 
performance of PSS?  

• Pre/post assessment: Was the assessment carried out with the purpose to propose or design a 
PSS prior to its implementation (pre-assessment)? Or was the assessment evaluating an 
existing and implemented PSS (post-assessment)? 

• Study scope: What was the scope of the assessment? Three scopes were distinguished: 
o PSS optimisation: the purpose was to optimise an existing PSS, in order to improve the 

environmental performance 
o PSS comparison: the purpose was to compare a PSS with a predefined alternative (e.g. 

the conventional business model) 
o PSS consequences: the purpose was to assess the consequences of introducing a PSS 

on a system level, including an assessment of the product systems that the PSS would 
substitute, i.e. defining the relevant comparable alternatives was part of the study 
scope. 

• Method applied: Was full LCA applied (following ISO 14040/44) or a modified version of LCA? 

The results of the classifications are shown in Table 8.  

The following supplementing information were also derived from the cases (presented in Appendix V) 

• Environmental impacts measured: Which environmental impacts were measured (e.g. CO2e, 
single points etc.)? 

• Economic/Social dimension: Were economic and/or social impacts also assessed? 
• Functional unit: If stated, what was the functional unit? 
• Causes of induced impacts: Which causes of induced impacts (stemming from activities 

introduced by the PSS) were highlighted, if included? 
• Rebound effects: Were rebound effects considered (mentioned and/or assessed)? 
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• Provider/customer relationship: B2B (business to business) or B2C (business to consumer)?  

The following example illustrates how each case was analysed: 

Amaya et al. (2014) analyse bicycle sharing in the city of Lyon. The system is called Velo’v and is a 
bicycle rental system classified as a use-oriented (UO) PSS. In the article they state: “The same 
parameters have been used to characterise and define the two systems: shared bicycles and individual 
bicycles. The Velo’v solution seeks to intensify the use of the bicycles. This means the Velo’v solution 
reduces the number of bicycles necessary to provide the required quality of service to the users” 
(Amaya et al. 2014, p. 19). As such, the PSS strategy is ‘Product sharing’ with the potential to reduce 
the number of bicycles needed through intensified use. One scenario for bicycle redistribution 
(relocation of bicycles to ensure their availability) is included for optimising the intensified use further. 
The authors continue: “However, the lifetime of the bicycles is reduced due to the intensification of use 
whilst maintenance must be increased to ensure availability.” (Ibid, p. 19-20). Two scenarios for 
optimising product longevity are included in the study: Bicycle robustness and bicycle maintenance. 
While bicycle robustness is seen as an eco-design strategy to prolong the technical life of the bicycles, 
bicycle maintenance is attributed to the PSS strategy ‘Maintenance’ with the potential to enable 
product longevity. The study is evaluating an existing PSS and is therefore a post-assessment. Since 
the main purpose of the study is to compare privately owned bicycles to Velo’v’s bicycles, the scope is 
PSS comparison. However, since focus is also on scenarios for optimising the PSS, the scope also 
includes PSS optimisation. The scope would have been ‘PSS consequences’ if the study had included an 
assessment of to which extent the bicycle sharing system substituted privately owned bikes, as well as 
other transport modes. LCA is the method applied. The environmental impacts are measured as 
EcoPoints (single score) using the Eco-indicator 99 method. Economic and social impacts are not 
assessed. The functional unit is stated as: “20,000 users in the city of Lyon (France); each user, on 
average, requires a bicycle twice a day for 15 min each time and the service must be available on the 
market for 12 years. The average percentage of bicycles that go to maintenance after each use (α) is 
initially 5%; with an average time spent in maintenance (tm) of 30 min. The average initial stand-by 
time is 41 weeks per year.” (Ibid, p. 13). The following induced impacts from the PSS were derived 
from the article: increased maintenance to make up for intensified and careless use, increased mass 
(i.e. material use) due to increased product robustness, increased transport needed for bicycle 
redistribution. Rebound effects were not mentioned. The provider/customer relationship is B2C since 
the bicycles are used by consumers. 
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TABLE 8: ANALYSIS OF QUANTITATIVE CASES (GROUP A) IDENTIFIED IN SYSTEMATIC LITERATURE REVIEW 

Case description Case analysis – PSS strategies Case analysis – approaches References 
PSS type 
*defined by 
the authors 

‘PSS strategy’ 
enabling impact 
reductions 

Study 
timing  

Study scope Method  
*defined by 
the authors 

Optimised  waste glass 
collection 
The study assesses a Machine-
to-Machine (M2M) network, 
for planning the collection of 
glass from the municipality’s 
waste bins. From the 
perspective of the waste glass 
collection system, this qualifies 
as ‘operational support’ as it 
enables a reduction in the need 
for truck operation. The M2M 
network is delivered as a result-
oriented PSS, which supports 
the delivery of an ‘optimised 
result’.  

RO*  ‘Operational 
support’ enabling 
direct resource 
efficiency during use 
‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Pre PSS 
optimisation 
(PSS 
comparison) 

LCA* (Lelah et al., 
2011)  
(primary)  
(Bonvoisin et 
al., 2014) 
(supple-
menting) 

Bicycle sharing in the city of 
Lyon 
The study assesses a bicycle 
sharing system in the city of 
Lyon and addresses how 
intensified use (compared to 
privately owned bicycles) 
affects the life cycle 
environmental impacts and 
how the bicycle sharing system 
can be optimised. 

UO ‘Product sharing’ 
enabling optimised 
product utility 
through intensified 
use 
 

Post PSS 
optimisation 
PSS 
comparison 

LCA* (Amaya et al., 
2014) 
 

Paper mill reconditioning 
The study compares (A) the 
traditional type of material 
(virgin) used for core plugs for 
paper mills and (B) the 
‘Polyplank’ material and (C) 
where product reuse and 
material recycling is enabled 
through a take-back agreement. 

RO* ‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Post PSS 
comparison 

LCA* (Lindahl et al., 
2014) 

Clean and dry building 
exterior 
The study compares (A) 
traditional building exterior 
cleaning with (B) cleaning 
using special rented equipment 
and (C) the functional result of 
‘clean and dry building 
exterior’, which enables a more 
efficient cleaning process. 

RO* ‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Post PSS 
comparison 

LCA* (Lindahl et al., 
2014) 

Leasing of a soil compactor 
The study compares (A) 
traditional selling of soil 
compactors with (B) leasing of 
a soil compacter, which 
includes repainting and 
remanufacturing to increase 
product longevity and (C) 
leasing of a soil compacter, 
where the paint is replaced by 
galvanized steel to increase 
product longevity. 

UO* ‘Maintenance’ 
enabling  
product longevity  
‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Post PSS 
comparison 

LCA* (Lindahl et al., 
2014) 
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Case description Case analysis – PSS strategies Case analysis – approaches References 
PSS type 
*defined by 
the authors 

‘PSS strategy’ 
enabling impact 
reductions 

Study 
timing  

Study scope Method  
*defined by 
the authors 

Clothes washing 
The study compares home-
based washing with a laundry 
service. 

RO ‘Operational 
support’ enabling 
direct resource 
efficiency during use 
‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Pre PSS 
comparison 

LCA (Haapala et 
al., 2008) 

‘Conditioned air’ 
The study compares a 
residential air conditioning unit 
with a ‘conditioned air service’, 
which ensures optimal 
maintenance for efficient 
operation and enables 
reuse/recycling of components 
and materials. 

RO ‘Maintenance’ 
enabling resource 
efficiency during use 
‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Pre PSS 
comparison 

‘Stream-lined 
LCA’* 

(Bennett and 
Graedel, 
2000) 

Free-floating car-sharing 
system 
(car2go in Ulm) 
The study models the effect of 
changed consumption patterns 
as a consequence of 
introducing car2go in the 
municipal area of Ulm 

UO ‘Product sharing’ 
enabling optimised 
product utility 
through intensified 
use  
‘Sharing platform’ 
enabling product 
system substitutions 

Pre and 
post 

PSS 
consequenc
es 

Surveys and 
‘para-
meterised 
effect 
analysis’ 
 

(Firnkorn and 
Müller, 2011) 
(pre) 
(Firnkorn and 
Müller, 2012) 
(post) 

Household waste prevention 
on new housing developments 
in the UK 
The study documents an 
exploratory waste prevention 
assessment conducted in order 
to identify the potential of PSS 
to achieve waste prevention on 
new housing developments in 
the UK.  

RO* ‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Pre PSS 
consequenc
es 

Waste 
prevention 
assessment*  
(Mass stock 
analysis) 
 

(Gottberg et 
al., 2010) 

Remanufacturing at Fuji 
Xerox 
The study quantifies the life 
cycle environmental benefits 
achieved by incorporating 
remanufacturing into a product 
system, based on a study of 
Xerox photocopiers in 
Australia. 

PO ‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Post PSS 
comparison 

‘First level’ 
LCA* 

(Kerr and 
Ryan, 2001) 

Re-use of temporary 
buildings 
The study assesses temporary 
buildings made of leased 
materials and building 
components such as shipping 
containers, scaffolding 
materials and lifts. 

UO  ‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Pre PSS 
comparison 

LCA* (Dreijer et al., 
2013) 

Shared household tools (drills 
and lawnmowers) 
The study compares: the 
ownership scenario, sharing 
between 2 and 3 neighbours, 
community-based sharing 
system, and a rental scenario 
for household tools (drills and 
lawnmowers). 

UO* ‘Product sharing’ 
enabling optimised 
product utility 
through intensified 
use 
 

Pre PSS 
comparison 

Simplified 
LCA 

(Mont, 2004) 
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Case description Case analysis – PSS strategies Case analysis – approaches References 
PSS type 
*defined by 
the authors 

‘PSS strategy’ 
enabling impact 
reductions 

Study 
timing  

Study scope Method  
*defined by 
the authors 

Environmental sensor 
applications 
The study analyses a PSS for 
environmental sensor 
application, where sensors 
remain the propriety of the PSS 
provider, who transmit and 
format the sensor information 
into information on indoor or 
outdoor environmental 
conditions (noise, pollution, 
humidity and temperature) as a 
service for the clients (airport 
facilities, urban 
administrations, building 
facilities). The purpose is to 
eco-design the PSS (lower the 
environmental impact) by 
degrading functions while 
maintaining user satisfaction. 

RO ‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Post PSS 
optimisation 

LCA* (Salazar et al., 
2015) 

Business models for transport 
by car in Swedish small 
towns 
The study compares different 
business models (regular 
purchasing, car-pooling, car 
leasing, taxiing) applied to 
private cars. 

UO ‘Product sharing’ 
enabling optimised 
product utility 
through intensified 
use 
‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Pre PSS 
comparison 

LCA* (Nurhadi et 
al., 2017) 

Pallet management strategies 
The study compares three wood 
pallet management strategies: 
single-use expendable, reusable 
buy/sell, reusable leased pool. 

UO ‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 

Pre PSS 
comparison 

LCA* (Carrano et 
al., 2015) 

Servicizing the farming-
livestock sector 
The study analyses the 
organisational and 
environmental effects of 
servicizing three dairy farms by 
comparing the total carbon 
footprint of the farms before 
and after servicizing.  

- ‘Operational 
support’ enabling 
direct resource 
efficiency during use 
‘Optimised result’ 
enabling shifts in 
product and service 
elements 
‘Product sharing’ 
enabling optimised 
product utility 
through intensified 
use 

Post PSS 
comparison 

‘MC3’* (a 
method for 
organisational 
carbon 
footprints) 

(Pereira et al., 
2016) 

Water purifiers for home use 
The study compares the rental 
business model with the 
conventional model of 
manufacturing and selling 
home use-water purifiers. 

UO ‘Operational 
support’ enabling 
direct resource 
efficiency during use 
‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Post PSS 
comparison 

LCA* (Chun and 
Lee, 2017) 
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Case description Case analysis – PSS strategies Case analysis – approaches References 
PSS type 
*defined by 
the authors 

‘PSS strategy’ 
enabling impact 
reductions 

Study 
timing  

Study scope Method  
*defined by 
the authors 

Hull cleaning service of 
merchant vessels 
The study analyses a ‘hull 
management scheme’ that 
monitors the performance of 
the merchant vessels’ 
antifouling paint and advices 
when to perform hull cleanings 
to ensure optimal operation.  

PO ‘Operational 
support’ enabling 
direct resource 
efficiency during use 

Post PSS 
optimisation 

LCA* (Pagoropoulo
s et al., 2017) 

Photocopier in a rental 
service with reconditioning  
The study compares a rental 
service with reconditioning and 
traditional product selling of a 
photocopier. 

UO* ‘Take-back for 
reuse, re-
manufacture, 
recycle’ enabling 
product longevity 
‘Maintenance’ 
enabling  
product longevity 

Post PSS 
comparison 

LCA* (Khumboon et 
al., 2009) 

Making water tourism more 
sustainable 
The study analyses how to 
design and implement a new 
business model for sustainable 
water recreation in a province 
in the Netherlands through 
Eco-efficient Value Creation (a 
method for Eco-costs Value 
Ratio (EVR) benchmarking). 

UO ‘Optimised result’ 
enabling shifts in 
product and service 
elements 

Pre  PSS 
optimisation 

Eco-costs 
Value Ratio 
(EVR) 
model* 
(LCA-based) 

(Scheepens et 
al., 2016) 
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AN ALYSI S  –  GRO UP  B A ND  C 
Based on full reading of the articles and reports included in Group B and C, the following were 
highlighted: 

• Discussions on PSS strategies with environmental impact reduction potential. 
• Discussions on PSS characteristics relevant for environmental assessments. The characteristics 

are presented in article C (Chapter 10).  
• Alternative or adapted LCA methods proposed. 
• Discussions on methodological challenges for evaluating the environmental performance of 

PSS.  

As such, the publications in Group B and C supported the formulation of the six PSS strategies used in 
evaluating the case studies, as well as the process of identifying methodological challenges, which are 
described in detail in article C (Chapter 10). The review articles included in Group C also helped place 
the research in the context of already established consensus within the PSS research field. 

9.3 FINDINGS 
The systematic literature revealed only few case studies, which deals with the quantification of the 
environmental performance, compared to the amount of literature on PSS. Looking at the distribution 
of articles over time, it seems that quantitative case studies are increasing; however the amount of 
published cases is still limited.  The lack of quantified case studies and adapted methods and 
approaches to systematically assess PSS were further highlighted through the review of the 
conceptual publications and review articles.   

In the following, the results of the systematic literature review are summarised, answering to the two 
questions posed in the planning phase of the review: 

What are the environmental strategies supporting the claimed environmental benefits of PSS 
solutions? 

Analysing the 20 cases, all three PSS types (PO, UO, RO) were represented, with use-oriented 
PSS being the most dominantly employed with approximately 50% of the cases. As noted by 
several authors (e.g. Agrawal et al., (2012); Corvellec and Stal (2017), a PSS business model 
does not necessarily enable environmental impact reductions. Thus, based on the case 
analysis and the review of conceptual publications and review articles, six PSS strategies with a 
potential to lead to environmental impact reductions were formulated. The 20 case studies 
covered all six strategies, with ‘Optimised result’ enabling shifts in product and service 
elements and ‘Take-back for reuse, re-manufacture, recycle’ enabling product longevity being 
the most employed (8 counts each) followed by ‘Product sharing’ enabling optimised product 
utility through intensified use and  ‘Operational support’ enabling direct resource efficiency 
during use (5 counts each). It was, however, noted that none of the cases focused on ‘Take-
back for reuse, re-manufacture, recycle’ enabling product system substitution. This would be 
the case when a product is recycled into new applications (e.g. when plastic wastes are used 
to manufacture furniture), i.e. in an open-loop set up. In the analysed case studies, PSS 
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strategies for end-of-use merely focused on product life extension, i.e. product longevity in a 
closed loop set up. 

Which approaches have been used and proposed to evaluate the environmental performance of PSS?  

The case analyses revealed that an environmental evaluation of PSS is equally relevant for 
‘pre’ and ‘post’ assessments, since these were distributed evenly amongst the cases. While 
studies pre implementation were mostly carried out to support designing the PSS,  studies 
post implementation were mostly carried out to document the potential benefit of the PSS 
setup (e.g. comparing traditional project purchase with a rental system) or to support eco-
design (optimising an existing PSS). 

Most of the studies were carried out as ‘PSS comparison’, but some also focused on ‘PSS 
optimisation’. As such, focus was often on ‘proof of concept’ for assumed scenarios. The 
review revealed a limited focus on actual consequences on a system level and/or if the 
comparable alternatives were actual substitutable in the eye of the customer. 

LCA was the main method used. However, some also applied simplified methods (e.g. 
‘streamlined LCA’, ‘First level’ LCA or ‘waste prevention assessment’) or adapted methods 
based on LCA methodology (e.g. ‘parameterised effect analysis’, ‘Eco-costs Value Ratio (EVR) 
model’, the ‘MC3’ method).  

The following supplementing information was further derived from the analysis (reported in Appendix 
V): 

Global warming, characterised as CO2 equivalents (CO2e), was the most measured 
environmental indicator. However, in most cases this was supplemented by other indicators 
and/or summarising all impacts into a single score. For single score measurements, the LCA 
method Eco indicator 99 was the most widely used. Simplified or ‘streamlined’ versions of LCA 
were applied in a few cases, measuring environmental impacts in terms of resource 
consumption (e.g. mass) or single emissions (e.g. CO2 ) and not as characterised indicators. 

Even though the focus of the literature search was on environmental evaluations, 9 out of the 
20 cases also reported the economic impact. Only one study also reported on social impacts 
(local job creation).  

Even though the functional unit (FU) is considered core with in LCA, 7 out of the 20 cases did 
not report a FU. It was also noted that there was very little consistency in how to describe the 
FU.  

Several of the studies reported on important PSS elements, which might counteract the 
impact reduction potential, i.e. causes of PSS induced impacts. The main causes of induced 
impacts mentioned were: increased transportation, infrastructure, packaging, added 
electronic components and networks (e.g. for product monitoring), increased/added material 
use in production stage to ensure product durability, and resources used for remanufacturing. 
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Even though rebound effects are highly discussed in the conceptual literature  (Allais and 
Gobert, 2016; Bartolomeo et al., 2003; Liedtke et al., 2013; Vezzoli et al., 2014), only one study 
considered rebound effects in the assessment, all other studies either did not mention them 
or addressed it as a limitation. 

Fifty percent of the cases represented B2B and fifty percent B2C relations, indicating that 
environmental evaluations of PSS are interesting for PSS providers delivering to both 
professional customers and end consumers. 

The detailed analysis of the 20 identified case studies allowed for a deeper understanding of the 
challenges for evaluating PSS through LCA methodology. However, since the challenges were not 
explicitly discussed in detail in the literature, they had to be indirectly derived from the cases and from 
the remaining body of literature. For this reason, it was found that the challenges needed to be 
further elaborated through expert interviews. Article C (Chapter 10), presents the results from this 
process. 

9.4 LIMITATIONS  
The systematic literature review had two main limitations: 

Firstly, the review focused on LCA on PSS and related synonyms. However, the LCA community might 
not use the same terminology and LCA case studies on systems not classified as a PSS might not have 
been captured in the search. This limitation is difficult to eliminate in a systematic literature review 
based on central keywords. However, in an attempt to mitigate this limitation, a selected number of 
LCA conference proceedings were screened, with the aim of capturing any PSS cases not revealed in 
the search. The screening did not reveal any additional cases.  

Secondly, the detailed case analysis only included scientific publications. PSS case quantifications from 
reports and other grey literature were not systematically searched for and were not included in the 
detailed analysis. As such, the number of articles included in Group A above cannot be regarded as the 
finite number of PSS cases that have been assessed using LCA or similar methods. Including case 
studies from reports might have revealed additional insights. However, by focusing on scientific 
published articles that has been through peer reviews should help ensure that the analysed cases 
represent state-of-the-art.  
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a b s t r a c t

Life Cycle Assessment (LCA) is a state-of-the-art method for conducting environmental assessments of
systems, whether these consist of goods or services, or a combination of the two. However, current LCA
guidelines focus on assessing tangible products and lack specific attention to more complex systems,
such as Product/Service-Systems (PSS), which also consist of intangible elements. PSS imply a shift in
business paradigm from selling specific products to delivering a function, through a mix of products and
services, thereby incentivising resource efficiency as well as user satisfaction. Despite their potential to
reduce environmental impacts, PSS are not by default more environmentally benign compared to con-
ventional systems, and quantifications of their environmental performance are called for. This paper
contributes by showing that specific challenges need to be addressed when using LCA to evaluate the
environmental performance of PSS. We identify a set of PSS characteristics that can challenge an LCA
study. Three relevant scopes are distinguished, where LCA may be applied: (1) evaluating options within
the PSS itself; (2) comparing a PSS with an alternative; and (3) modelling the actual contextual changes
caused by the PSS. We derive three pronounced challenges when conducting LCA within the three
scopes: (i) identifying and defining the reference system; (ii) defining the functional unit; and (iii) setting
system boundaries. We elaborate on how these challenges are discussed in current literature. Recom-
mended future work includes developing adapted guidelines and further empirical case studies that
quantify the environmental changes and impacts caused by introducing PSS.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Life Cycle Assessment (LCA) is a method for evaluating the
environmental performance of products. According to the
ISO14040:2006 standard on LCA, a product may be defined as any
good or service (ISO, 2006a). The methodological steps are there-
fore considered the same, whether the function is fulfilled through
the delivery of a physical product or an intangible service. This
definition implicitly makes the method suitable for environmental
evaluation of what is commonly referred to as Product/Service-
Systems (PSS).

PSS promote a focus shift from selling just products to selling
the utility, through a mix of products and services while fulfilling

the same client demands with less environmental impact (Manzini
and Vezzoli, 2002). In developing and offering PSS, companies
move from traditional manufacturing-based product-sale business
models towards delivering a desired function. A PSS can thus be
seen as the result of a strategy that seeks to optimize the perfor-
mance of a system through supporting users and other stake-
holders in the post-production life cycle stages.

This seems well in line with LCA, which also promotes the
search for improvement potentials throughout entire life cycles and
in this way sets the frame to encourage thinking in systems rather
than in single-product solutions; all this while basing on a meth-
odological framework that is fully in place (Bey and McAloone,
2006). However, as will be shown in this article, using LCA to
evaluate the environmental performance of PSS can be challenging.
While the methodological framework in LCA is considered the
same for products and services, the PSS concept pays greater
attention to the difference between tangible products (such as
machinery), and intangible services and activities (such as main-
tenance), as it is their integration that brings value and creates the
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“system” (Baines et al., 2007). In this sense, PSS is seen asmore than
a combined set of product and service inputs. It is a result of a
design strategy based on new systems of values and innovative
market opportunities (Manzini and Vezzoli, 2003). In their Multi-
level Design Model, Joore and Brezet (2014) place PSS as the
connection between the product-technology system and socio-
technical system, illustrating the PSS0 position in translating soci-
etal needs into novel solutions.

PSS is widely claimed to have the potential to reduce environ-
mental impacts whilst maintaining, transforming, or even adding
to user satisfaction (Salazar et al., 2014). It has even been suggested
as a possible cure to obese consumption patterns (Kang and
Wimmer, 2008). Nevertheless, it is also recognised that PSS solu-
tions do not by default lower environmental impacts (Tukker and
Tischner, 2006). Therefore, quantifications of the claimed benefits
from PSS are called for (Beuren et al., 2013; Tukker, 2013). Being a
method for environmental evaluation, LCA should be helpful in this
regard. However, LCA is typically applied on single product systems,
where the functions are provided by tangible elements and current
guidelines illustrate the method through simple examples (such as
an office chair (Weidema et al., 2004)) or by comparing two types of
products (e.g. wall paints (European Commission, 2010)). Even
though cases exist, where the LCA methodology is also used for
systems that go beyond a single product system (e.g. sites, raw
material strategies, mobility solutions (European Commission, 2010
p 33)), LCA guidelines do not explicitly state how assessments of
these more complex systems might be different or should be
handled. In these cases it is questioned, whether the analysis can be
claimed to be an LCA. As stated in the review by Finnveden et al.
(2009): “With a more narrow interpretation of the LCA concept,
where an LCA is a study of one product's life cycle only, it may be
argued that a study that is using expanded system boundaries,
giving it several functional units, should not be called an LCA at all.
Instead such a study could be called an environmental systems
analysis using LCA methodology”.

What is referred to here as a “narrow interpretation” perhaps
explains the reason why LCA could be perceived as inadequate for
PSS. One reason is that in comparative LCA, functional equivalence
between the alternatives is required according to the ISO standard.
In this sense, LCA is considered best suited for product- or “micro”
level assessments (Kl€opffer, 2014), while PSS often implies
changing the existing socio-technical system (the “meso”-level)
(Joore and Brezet, 2014; Vezzoli et al., 2015) and introduces the
user to rather different intangible values such as ‘priceless’ expe-
riences, brand value, sense of control, ease of access, etc. (Tukker,
2013). Therefore, it has been argued that for PSS, the application
of LCA according to the ISO standard (ISO, 2006a; ISO, 2006b) is not
always possible, since one needs to compare systems that do not
have the exact same functionality (Brezet et al., 2001; Salazar et al.,
2014).

The methodological issues and challenges specific to PSS are
currently not explicit in core LCA literature (what is here referred to
as core literature will be elaborated in Section 2) and no specific
guidelines for assessing the environmental performance of PSS
exist. Such guidelines would be beneficial for researchers and
practitioners, both in the PSS and LCA communities, in their effort
to evaluate the environmental performance of PSS. This article
seeks to take the first step in filling this gap by answering the
following research question: Which challenges might occur when
using LCA to evaluate the environmental performance of PSS? We
identify a set of PSS characteristics that might challenge an LCA and
derive three challenges mainly related to the goal and scoping
phase of the LCA process. We provide suggestions to how they
might be overcome based on current literature and highlight
further work needed. The aim is to assist PSS and LCA researchers in

formulating approaches and guidelines for environmental evalua-
tion of PSS.

The paper is structured as follows. The next section describes
the research method. Section 3 introduces the PSS concept and the
identified characteristics. In Section 4, we present and discuss the
derived challenges and in Section 5, we translate the identified
challenges into some overall recommendations and state future
work needed.

2. Research method

The research method consisted of a systematic literature review
combined with expert consultations. The systematic literature re-
view followed an aprioristically developed protocol (Biolchini et al.,
2005). The aim of the reviewwas to identify cases of LCA on PSS and
how potential challenges were discussed in current publications
within the environmental field of PSS. A search on “environmental
quantification of PSS” and related synonyms was conducted in
Scopus, Web of Science and Science Direct, in order to identify
relevant journal articles. Analyses of citations and screenings of LCA
conference proceedings were performed to expand to so-called
‘grey literature’ (reports and literature not formally published)
and conference papers. A total of 75 publications were reviewed.
However, fromyear 2000e2015 only 11 journal articles were found
to present PSS cases that assessed the use of LCA or similar ap-
proaches (such as simplified or ‘streamlined’ LCA). The limited
number of case studies gave a clear indication that the experience
within the scientific community on conducting LCA on PSS was
limited. Even though the search revealed a larger number of con-
ceptual papers discussing environmental aspects and the concept
of PSS, only a few of these publications discussed the use of LCA
explicitly.

We therefore took a process-based approach to answer the
research question, which is illustrated in Fig. 1. Based on core LCA
literature (presented in Table 1), we identified the steps and general
challenges when conducting an LCA. Building on this, from the PSS
literature, we identified a set of PSS characteristics that might
challenge an LCA.

The identified case studies from the literature review showed
that different scopes can be applied when evaluating the environ-
mental performance of PSS. We therefore derived three different
study scopes (presented in Section 4) and related the identified
challenges to these.

Five PSS experts were consulted to verify PSS characteristics and
five LCA experts were interviewed to confirm and discuss the
identified scopes and challenges. The PSS expert consultation
consisted of presenting and discussing the characteristics through
short semi-structured interviews, some of which were followed up
by e-mail correspondence. The experts were all active, publishing
researchers and had minimum five years of experience within the
field of PSS. The LCA expert consultation consisted of semi-
structured interviews during individual 2 h sessions, where the
PSS concept was presented and LCA-related challenges discussed.
The identified case studies from the literature review were used to
exemplify the challenges. All LCA experts were active, publishing
researchers with minimum ten years of experience within LCA.

To sum up, the challenges presented in this paper were derived
based on LCA literature, PSS characteristics, analyses of the iden-
tified case studies and expert consultation.

3. The PSS concept and its characteristics

In this section we introduce the PSS concept and a set of char-
acteristics, which might influence an environmental evaluation
using LCA as a method.
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A number of PSS definitions have been proposed over the years
(Tukker, 2013), which essentially refer to “product(s) and service(s)
combined in a system to deliver required user functionality”
(Baines et al., 2007). Mont (2004b) assigned four properties to a PSS
(i-iv), by defining it as “(i) a system of products, services, networks
of actors and supporting infrastructure that continuously strives to
be (ii) competitive, (iii) satisfy customer needs and (iv) have a lower
environmental impact than traditional business models”. Property
(iv) supports the importance of quantification, as it suggests that
reduction in environmental impacts is a qualifying characteristic
for a system, in order to be considered a PSS.

As the literature field expanded over the years, PSS literature
started focussing more on new business development and
improving competitiveness and less on sustainability, which has
led to definitions leaving out the environmental dimension
(Tukker, 2013). In more recent literature, when PSS adds environ-
mental considerations they are often labelled eco-efficient PSS
(Ceschin, 2013) or sustainable PSS (SPSS) (Gelbmann and Hammerl,
2014; Vezzoli et al., 2015). These are the type of PSS of interest in
the context of this paper, since they employ environmental stra-
tegies, and it is the potential effect of those that will be evaluated
through the use of LCA.

PSS are commonly classified into three categories (Beuren et al.,
2013; Bocken et al., 2014; Tukker, 2004; Wang et al., 2011): 1)
product-oriented, e.g. after-sale services such as maintenance and
consultancy; 2) use-oriented e.g. car-sharing or carpet leasing; and
3) result-oriented e.g. “pay-per-use”, energy management services,
or chemical management services.

In all three types of PSS, the responsibility of the provider ex-
tends to cover elements in the “after gate” life cycle stages, such as
the use stage and end-of-life (Baines et al., 2007; Evans et al., 2007).
The sustainability philosophy is that moving profit centres away
from the physical products towards the result delivered incentivise
the provider to adopt strategies that will make the offering envi-
ronmental benign, primarily through dematerialisation.

For product-oriented PSS, the provider might implement envi-
ronmental strategies such as:

� Supporting the efficient use of the product, which is e.g. relevant
for energy-using products (Tan and McAloone, 2006).

� Extending the useful lifetime of the product (Hirschl et al.,
2003).

� Reducing waste and optimizing end-of-life treatment through
take-back systems (Baines et al., 2007; Kerr and Ryan, 2001).

Fig. 1. The process of deriving the challenges.

Table 1
Core LCA literature consulted in the process.

Publication type Title Reference

ISO standards ISO 14040 (ISO, 2006a)
ISO 14044 (ISO, 2006b)

Guidelines International Reference Life Cycle Data System (ILCD) Handbook (European Commission,
2010)

Market information in Life Cycle Assessment (Weidema, 2003)
The Product, Functional Unit and Reference Flows in LCA (Weidema et al., 2004)
Guidelines for application of deepened and broadened LCA (Weidema et al., 2009)

Review- and methodology
papers

Life Cycle Assessment Part 1: Framework, goal and scope definition, inventory analysis, and applications (Rebitzer et al., 2004)
Recent developments in Life Cycle Assessment. (Finnveden et al., 2009)
A survey of unresolved problems in Life Cycle Assessment. Part 1: Goal and scope and inventory analysis (Reap et al., 2008)
System Boundaries and Input Data in Consequential Life Cycle Inventory Analysis (Ekvall and Weidema, 2004)
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For use-oriented and result-oriented PSS these strategies might
be extended to also benefit from the fact that the provider retains
ownership of the products. This opens up for additional strategies
such as:

� Increased product utilisation through joint use (Mont, 2004a).
� Easier promotion of clean technology implementation due to
reduced down payment (Shih and Chou, 2011; Vezzoli et al.,
2015).

� Demand-side/activity management that aims at reducing
resource consumption such as energy service company (ESCO)
agreements and material efficiency services including chemical
management services (Anttonen et al., 2013).

Despite the promise of these strategies, the success of PSS and
their ability to reduce environmental impacts is not guaranteed.
Successful implementation depends on user acceptance, contextual
dependencies and potentially induced rebound effects. Moreover,
for the PSS provider a series of success factors need to be in place
such as partnership networks and strategic stakeholder in-
teractions (Vezzoli et al., 2015). All in all, we have identified seven

characteristics of the PSS concept, which might challenge an LCA.
These are presented in Table 2. Many types of PSS exist, differen-
tiating both in terms of the extent of changes they introduce
(ranging from incremental to radical), complexity (amount of flows
and inputs) and environmental strategy (e.g. if different end-of-life
options are considered). Thus, not all characteristics will apply to all
PSS. How profound the characteristics are and thus how they in-
fluence an LCA will be highly case dependent.

In the next section we elaborate on the identified implications
and how it can challenge an LCA study.

4. Challenges in LCA on PSS

LCA follows four phases: 1) Goal and scope definition; 2) In-
ventory analysis; 3) Impact assessment; and 4) Interpretation.
Although presented in sequence with one phase feeding into the
next, the LCA technique is iterative, in order to ensure compre-
hensiveness and consistency of the study (ISO, 2006b).

The first steps in the goal definition are to establish: the inten-
ded application; the reason to carry out the study; the intended
audience; and whether the results are used in comparative

Table 2
PSS characteristics.

Author(s) Quote

(CH1) Enables innovation
(Meier et al., 2010) “Equal focus on product and service development can enable innovations and therefore product and service engineering have to be integrated”
(Manzini and Vezzoli,

2003)
“A product service system (PSS) can be defined as ‘an innovation strategy, shifting the business focus from designing (and selling) physical
products only, to designing (and selling) a system of products and services which are jointly capable of fulfilling specific client demands”

(Ceschin, 2013) “PSSs are in most of the cases radical innovations, because they challenge existing customers’ habits (cultural barriers), companies'
organizations (corporate barriers) and regulative frameworks (regulative barriers)”

(CH2) Affects and relies on user behaviour and perceptions
(Tukker, 2013) “PSS usually do not allow consumers as much behavioural freedom or even leave them with the impression that the PSS provider could

prescribe how they should behave”
(Mont, 2004b, p. 116) “The environmental impacts of [business to consumer] B2C PSSs depend to a large extent on user behaviour”
(Goedkoop et al., 1999) “When we want to compare the situation before and after the introduction of the PS system, we must be aware of the fact that the consumer

behaviour will probably change”
(CH3) Is context dependent
(Manzini and Vezzoli,

2003)
“PSS … rely on existing technologies and socio-cultural context”

(Joore and Brezet, 2014) “Product-service systems, accompanying infrastructure, government legislation and cultural as well as social aspects may form a mutually
interdependent whole”

(Rexfelt and Orn€as, 2009) “The socio-cultural context in which the PSS is offered is an important factor for consumer acceptance”
(CH4) Is (often) a design strategya

(Manzini and Vezzoli,
2003)

“PSS is the fruit of a (mostly unconscious) strategic design. In fact, with the term strategic design it is intended a design activity aiming at an
integrated system of products, services and communication, based on new forms of organization, based on the roles reconfiguration of
different companies, clients and other stakeholders; a design developing a strategy linking long term goals with existing trends and based on
new systems of values and new market opportunities”

(Reim et al., 2014) “In the literature on PSS business models, several case studies and conceptual papers highlight the importance of an adapted product and
service design in which the entire life cycle of the product is considered”

(Evans et al., 2007) “Through the problem-solving design task, the combination and interaction between different key material and immaterial elements enables
actors to produce innovative product-service solutions at a system level and to offer therein an environmental and/or social improvement
potential”

(CH5) Involves the whole product life cycle, often including end-of-life options thereby extending into multiple life cycles
(Baines et al., 2007) “The company [provider] is motivated to introduce a PSS to minimize costs for a long-lasting, well-functioning product and to design products

to take account of product end-of-life”
(Tukker, 2013) “[In service oriented business models] firms will have an incentive to prolong the service life of products, to ensure they are used as intensively

as possible, to make them as cost- and material-efficiently as possible, and to re-use parts as far as possible after the end of the product's life”
(Gelbmann and Hammerl,

2014)
“As typical of SPSS… the notion “re-use” refers to extending the lifespan of commodities, aiming to closematerial loops and thereby increasing
the eco-efficiency of material use and decreasing waste generation”

(CH6) Is a system of tangible (product) and intangible (service) elements
(Tukker and Tischner,

2006)
“A Product-Service System consists of tangible products and intangible services designed and combined so that they jointly are capable of
fulfilling specific customers' needs”

(Wang et al., 2011) “PSS integrates tangible artefact and intangible service to achieve sustainability, improve enterprise competitiveness, and meet customer
needs better”

(CH7) Relies on a supporting background system
(Reim et al., 2014) “Providing services adds several new tasks to the operations of manufacturing or service companies. Because the companies cannot perform

these tasks independently, they must develop networks and partnership infrastructures”
(Mont, 2004b, p. 110) “Infrastructure is an important factor that may support or hinder new service- oriented solutions and PSSs”
(Brezet et al., 2001) “… services always depend on support products, which eas PSS- do cause environmental burden”

a In principle LCA can be used both in the design process and as an evaluation tool. Our literature review revealed that PSS is seen as a design activity by the majority of the
analysed case studies of LCA on PSS, with only a few papers demonstrating LCA on existing PSS offerings (e.g. Lindahl et al. 2014).
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assertions disclosed to the public. A key element in the goal defi-
nition is therefore whether or not the study is of comparative na-
ture. However, ISO (2006b) does not give precise guidance on
different scopes and how the LCA process might differ.

In the absence of a suitable distinction in current literature, we
define three study scopes based on how the environmental per-
formance of a PSS was evaluated in the identified case studies, see
Table 3.

The first study scope “PSS optimization” focuses on the PSS it-
self, in order to identify hotspots and evaluate different improve-
ment options. This evaluation will be relevant both in designing a
PSS to have an optimized environmental performance and in
optimizing a current PSS offering without altering the user
perceived result. This type of study cannot be used to argue that a
PSS is more environmentally benign compared to an alternative
solution, since it is not a comparative study by nature. However,
when the objective of the PSS is to ensure a certain improvement
such as energy, material or transport savings, this type of LCA study
can assess if the environmental impacts caused by the PSS itself
exceed the environmental gains or introduce trade-offs. An
example of such a study is given in Lelah et al. (2011), where po-
tential improvement of a Machine-to-Machine (M2M) enhanced
PSS for waste glass collection is identified and the PSS induced
impacts held up against the benefits from saved transportation.

The second study scope “PSS comparison” resembles a common
LCA setup, where two or more systems fulfilling the same function
are compared. An example is Lindahl et al. (2014) who present
three cases of integrated product service offerings compared to
their traditional business model.

While the “PSS comparison” is focused on evaluating two or
more predefined alternatives, “PSS consequences” seeks to capture
all relevant substitutes and evaluate to what extent they occur.
Thus, “PSS consequences” tries to assess the actual consequences of
implementing a PSS solution into a system and will be especially
relevant for a PSS with a considerable number of substitutes, each
of which create different levels of utility for the user, and which
might complement each other in delivering a specific function.
Even though not utilising a full LCA approach, Firnkorn and Müller
(2011) give such an example in evaluating the environmental ef-
fects of new free-floating car-sharing system in a city, and evaluate
how car-sharing displaces public transportation and private car
driving.

All three scopes have the purpose of evaluating the effect of a
change. Which scope is relevant depends on the purpose of the
assessment and is not to be confused with the modelling approach
during the life cycle inventory (LCI) phase of an LCA. Here, typically

two different modelling approaches are considered; the conse-
quential and attributional approaches. The attributional approach
is defined as a normative approach to modelling (Sonnemann and
Vigon, 2011, p. 132) and by-products are often modelled using
allocation. In contrast, the consequential approach is a cause-effect
based approach (Sonnemann and Vigon, 2011, p. 133), and by-
products are handled using system expansion. It cannot be
argued that the choice between the two approaches and the chal-
lenges involved in this regard is any different for PSS than for other
systems analysed through LCA.

We have identified three overall challenges relevant for LCA on
PSS. In regards to the phases in LCA they are all closely related to
the goal and scope definition, but will influence the subsequent
phases of the LCA process. The challenges are presented in the
following sections, where we explain them from an LCA
perspective, link the identified PSS characteristics to each of them,
and discuss how the challenge might differ according to the study
scope selected.

4.1. Reference system

This section deals with defining the reference system to which
the PSS is compared. While a baseline can be seen as the situation
without the new or optimized PSS, we define the reference system
as the framed scenario(s) to which the PSS is compared. In LCA
terminology this is also referred to as the comparable alternatives,
which deals with identifying the relevant substitutions for the
system under analysis (Weidema et al., 2004). Identifying the
relevant substitutions is a core task in all LCA studies with the
purpose of evaluating the effect of introducing a new product or
service to the market (Weidema et al., 2004). For PSS, the challenge
is even more pronounced. The fact that PSS enables innovation and
novelty in the way needs are fulfilled (CH1), and is often seen as a
design strategy (CH4) adds to the uncertainty of specifying the
correct reference system, since the assessment will often be done
ex-ante - before implementation - when there is no data on how
the market has changed as a consequence of introducing the PSS.

The fact that PSS often rely on behavioural changes (CH2) and
other contextual factors (CH3) to support a successful imple-
mentation means that assumptions regarding these factors need to
be made. Notice that PSS are not necessarily more uncertain,
compared to the “non-PSS” alternative. For a result-oriented PSS
such as “refrigeration service” (Tan et al., 2010) the provider of the
solution retains control over the refrigeration components and
systems. In this way the provider ensures the delivery of a result,
thus reducing uncertainties that arise from e.g. unexpected

Table 3
Study scopes.

Scope Question addressed Description and examples

PSS optimization Which impacts are caused by the PSS and how
to optimise it?

Investigating how to optimize a PSS, which is designed to fulfil a certain
function (e.g. provide information), see e.g. Lelah et al. (2011) or Salazar
et al. (2014). Only variations within the PSS are assessed, since the user
perceived outcome is considered not to be altered.

PSS comparison What are the environmental impacts of the PSS
compared to one or more alternatives that fulfil
the same function in a different manner?

Comparing one or more pre-defined alternatives to the proposed PSS.
Examples include comparing home laundry with industrial laundry
(Haapala et al., 2008) or comparing a residential air conditioning unit
with a “conditioned air service” (Bennett and Graedel, 2000). In these
cases, the PSS is compared to an alternative with a similar functional
outcome.

PSS consequences How do the environmental impacts of the
system change as a consequence of introducing
a PSS?

Evaluating how the PSS changes the contextual system and what is
being substituted by the PSS. Examples include assessing how the need
for transport and the need for different transport options changes as a
result of introducing a car-sharing scheme, see e.g. Firnkorn and Müller
(2011). All relevant alternatives within the contextual system influenced by
the PSS are assessed, together with changes in the user perceived outcome.
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breakdowns or improper use. In stark contrast, uncertainties can be
higher for use-oriented PSS, where the solution is provided as a
platform for users, but the provider has no or limited control over
which users decide to use the system or how they behave. A bike-
sharing system is an example of a use-oriented PSS where there is
not one single alternative to the shared bike in the eye of the user. It
fact, the bike-sharing system could substitute many transport
means such as public transportation, own bike, rented bike, and
walking. It might also increase the need for transport, e.g. when
used by tourists to explore a city (Büttner et al., 2011). Comparing
the bike-sharing system to an owned bike as demonstrated by
Amaya et al. (2014) may be considered a “what if” scenario, as it is
not considered to which extent the bike-sharing system is
substituting owned bikes in comparison with other transport
means. Firnkorn and Müller (2011) take a broader perspective and
evaluate how introducing a car-sharing system substitutes three
different transportation alternatives (public transportation, private
car, borrowed car) and how the overall transport need changes.
Changes in consumption practices and user needs are commonly
known to lead to rebound effects, which is an issue frequently
discussed in the PSS literature, see e.g. Goedkoop et al. (1999), Kuo
and Wang (2012), Mont (2004b, p. 111), Tukker (2004) or Gottberg
et al. (2010) as well as in LCA literature (Vivanco and Voet, 2014;
Weidema et al., 2009). How the reference system is defined will
influence the ability of the LCA to capture rebound effects.

Also related to the reference system are the substitutions when
dealing with multiple life cycles. Even though PSS does not
necessarily pay special attention to end-of-life aspects (Gelbmann
and Hammerl, 2014), in many cases the PSS setup incentivises the
provider to reuse or remanufacture the products (Mont, 2004b, p.
119) and “close the loop” in material use (Thurston and De La Torre,
2007), thereby extending the product's life into multiple life cycles
(CH5). However, there is typically not a one-for-one trade-off be-
tween new goods and second-hand goods (Madsen, 2015; Thomas,
2003). So, for products that are remarketed into a new context they
cannot automatically be assumed to substitute a new version of the
same product. In fact, the product might substitute something very
different or increase utility. Finding data and information onwhat is
being substituted in subsequent life cycles for these types of studies
is important for allocating impacts between life cycles and can be
challenging. However, a suggested procedure is described in e.g.
Ekvall and Weidema (2004) that focuses on identifying the prod-
ucts and the market segments that are affected by the remarketed
products.

Considering whether the reference system can be fixed to one
alternative or needs to be expanded to cover the whole contextual
system is both depending on the study purpose and the type of PSS
under consideration. As a consequence, considering the nature of
the reference system might also lead to a change in study scope(s)
selected. For “PSS optimization” the reference system will be the
PSS itself and is thus relatively easily defined. In contrast, “PSS
comparison” and “PSS consequences” deal with evaluating the ef-
fect of changing to a PSS solution and are by default of comparative
nature. For “PSS comparison” the reference system can be defined
as one or more predefined alternatives to which the PSS is
compared. In these cases, the reference system will often be the
traditional product-sales type business as demonstrated by Lindahl
et al. (2014). When evaluating “PSS consequences”, understanding
the complexity and capturing all relevant alternatives of a PSS
would require a broader definition of the reference system, and
focus will be on identifying and evaluating the actual substitutions.
For traditional product alternatives such as cars and public trans-
portation, studies on cross-price elasticity could indicate the degree
in which one product substitutes another, as the studies evaluate
how the demand for one product responds to the change of the

price of another. In absence of adequate diffusion of PSS (Tukker,
2013), such studies are unlikely to exist for novel PSS solutions
(CH1). For many practical business cases, however, the common
methods to assess market shares for new products and/or services
can be regarded as sufficient to assess these causal effects.

4.2. Functional unit

Compared to other techniques for environmental assessment,
LCA is a relative approach based on a Functional Unit (FU) (ISO,
2006b). An appropriate definition of a FU is therefore a core task
of any LCA. It provides the reference to which all other data in the
assessment is normalised (Weidema et al., 2004). The FU especially
plays an important role in comparison of alternative product sys-
tems. Once the FU is defined it is translated into quantifiable
reference flow(s) to which all other input and output flows quan-
titatively relate (European Commission, 2010).

ISO (2006b) does not provide strict guidelines on how to
structure the FU, but simply states that it should be clearly defined
and measurable. Weidema et al. (2004) however, do provide such
guidelines, but with a strong focus on tangible products and limited
attention to how this might be different for services or complex
systems. They recommend describing the product in terms of its
obligatory, positioning and market-irrelevant properties and
include the obligatory properties in the FU. The International
Reference Life Cycle Data System (ILCD) Handbook proposes to
define the FU by answering the following questions in the defini-
tion: “What?”, “How much?”, “How well?”, and “For how long?”
and to use the division between obligatory and positioning prop-
erties wherever available (European Commission, 2010, p 63). In
general, LCA guidelines emphasise the importance of anchoring the
FU in terms of the function delivered by the product and not in
terms of the product itself (e.g. rather “provide lighting” than “one
lamp” (Rebitzer et al., 2004)). This is especially important to avoid
any differences in functional output in comparative assessments. In
this way, the system boundaries should be expanded to include
alternative ways to provide the same function (Rebitzer et al.,
2004).

Reap et al. (2008) also warn against defining the FU too strictly,
due to the danger of reality not being well reflected, plus possible
changes in customer preferences not being captured. At the same
time they emphasise the importance of specifying and prioritizing
sub-functions when defining the functional unit, referring to
Cooper (2003). As PSS combine tangible and intangible elements
(CH6), they often deliver a combination of sub-functions that
cannot be separated. An example is a laundry service, where the
clothes are washed, dried, packed and transported. Haapala et al.
(2008) compare home-washing and a laundry service and state
the functional unit as: “the annual volume of clothes needing
laundering by 240 households”. However, the assessment only in-
cludes the washing process (including production, use, and end-of-
life of the washing machines) and the transportation process. Since
a laundry service would not deliver wet clothes back to the
customer, the drying process should be included in the assessment
as well as the substituted drying behaviour when compared to
home-washing. The authors acknowledge that the drying process
might also affect the environmental impact and also state that a
laundry service might package the clean clothes, which would not
be done at home (Haapala et al., 2008). For PSS that include mul-
tiple functions, the FU should be supplemented with a description
of these sub-functions and only when sub-functions are equivalent
in the compared systems can they be argued to be left out of the
assessment.

The fact that the FU definition can be challenging for PSS have
also been addressed in the PSS literature (Brezet et al., 2001;
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Goedkoop et al., 1999; Vezzoli et al., 2014). For example Goedkoop
et al. (1999) state that: “the result of a service cannot always be
easily expressed in terms of a functional unit. Many services pro-
vide rather soft elements, which are not easy to catch in a
measurable functional unit”. This relates to the challenge of
capturing the intangible value of PSS in evaluating their perfor-
mance (Tukker, 2013). The fact that PSS affect user behaviour (CH2)
and include intangible elements (CH6) makes it more difficult to
ensure functional equivalence between alternatives.

In order to capture changes in user behaviour, it is argued that
for PSS the FU should be defined broadly, which means e.g. going
from comparing a passenger kilometre of a car with a passenger km
of a train to “average transport behaviour during one year”
(Goedkoop et al., 1999). This will avoid neglecting differences in
performance such as that implied by the rebound effect (Weidema
et al., 2009, p. 22). In both cases, the environmental impact of the
passenger km of a car and a passenger km of a train would need to
be assessed, but the wide definition allows for including behav-
ioural aspects (how many km pr. year) and thereby account for the
rebound effects. Furthermore, this wide definition also allows for
including other transport modes. These would then, however, also
need to be assessed, adding complexity to the study.

It has also been proposed to supplement or replace the func-
tional unit with the economic value of the PSS. Goedkoop et al.
(1999) used the so-called E2 vector to express the environmental
impact in relation to the cumulative value creation over the life
cycle. Vogtl€ander et al. (2002) use a similar approach in their eco-
costs/value model, which has been applied to both products and
PSS (Mestre and Vogtlander, 2013; Scheepens et al., 2015). The
advantage of this approach especially lies during the design stage,
where differences in value outcome can be mitigated in order to
avoid rebound effects. These rebound effects occur when a product
or PSS with lower environmental impact at the same time has a
lower economic value, since when people save money they will
spend them again (Scheepens et al., 2015), often leading to actual
impact savings from an improvement being less than expected.

However, choosing a broad FU or expressing the FU in term of
economic value does not change the fact that it is a matter of user
preferences that determines what is comparable and what is not.
For both “PSS comparison” and “PSS consequences” the LCA prac-
titioner will need to determine which alternatives are relevant in
the eyes of the user and how these affect the FU. Weidema (2003)
suggests using quality specifications to delimit what can be regar-
ded as similar products. In evaluating an existing system, infor-
mation on user preferences can be used to determine which
alternatives exists and thus how they are comparable. However, as
also discussed in section 4.1, this information is not as available
when LCA is used for early PSS design (CH4).

Even though stating that systems shall be compared using the
same FU, ISO (2006b, p. 11) adds that any differences between pa-
rameters should be identified and reported, indicating that a
qualitative description can be used to support a FU. Goedkoop et al.
(1999) also emphasise listing all discrepancies that cannot be fully
expressed in the FU.

To sum up, the challenge of defining the FU concerns two aspects:
how broad or narrow the FU should be (e.g. total transport behaviour
during one year or one single trip?) and how to ensure comparability
of the chosen alternatives, including specifying sub-functions. In
relation to the three study scopes, “PSS consequences”would employ
a broad definition, in order to capture all system dependencies, while
“PSS comparison” might choose a narrower definition with specific
attention given to how the alternatives might differ in terms of
performance. For “PSS optimization” there is no comparison to any
distinct alternative, and the FU definition is less challenging as it can
simply be defined as the function of the PSS.

4.3. System boundary

Once the functional output is established, the system boundary
must be determined, including which processes to include and
exclude (boundary selection and cut-off criteria) and where to use
specific or generic data (ISO, 2006b).

In this process, a distinction between foreground and back-
ground systems is often made. Adopting the management
perspective (European Commission, 2010, p. 96), processes in the
foreground system are those within management of the PSS pro-
vider (either as single operator or as a network), while processes in
the background processes are those operated as part of the system
but that are not under his direct control or decisive influence.While
processes in the foreground system typically use primary inventory
data, processes in the background system often use secondary in-
ventory data e.g. from LCA databases. The fact that PSS is often a
design strategy (CH4) can challenge the data gathering, since data
availability will be limited. A scenario approach will be necessary in
order to account for assumptions. This will also lead to the use of
more secondary data e.g. from LCA databases in the life cycle in-
ventory (LCI) phase.

In general, three types of LCIs can be distinguished: Process-LCI;
Input-Output-LCI; and Hybrid-LCI, where the latter combines Pro-
cess- and Input-Output-based data (Suh and Huppes, 2005). A
process-based LCA gathers data in a bottom-up approach, and for
these assessments, setting appropriate system boundaries between
significant and insignificant processes is a common challenge.
Ideally, the processes that are left out in a process-based LCA should
have an insignificant contribution to the results, but this may not
always be true (Finnveden et al., 2009). For PSS, this becomes even
more pronounced, because of the fact that a PSS is a system of
products and services (CH6) and often relies on supporting prod-
ucts and services (CH7) such as infrastructure, transportation,
maintenance programmes and administration. Even though it has
been proven that a shift from material-intensive industries to less
material-intensive services reduces the greenhouse gases emission
intensity per Gross Domestic Product (GDP), services still have
significant impacts, since they are ultimately anchored to
manufacturing outputs (Suh, 2006). Thus, for many service pro-
viders, a large share of their environmental loads are not produced
at the actual site of activity but are indirect impacts (Junnila, 2008);
one might say that the significant processes are part of the back-
ground system. Thus, while a service by itself might have very
limited environmental impacts, including the products and services
upon which they depend becomes vital (Brezet et al., 2001). While
traditional process LCA often fail at addressing services sufficiently
(Lenzen, 2001), Environmental Input Output (EIO) LCA has been
used to address this issue and together with hybrid approaches the
method is proposed as a prominent means to avoid critical cut offs
also known as truncation errors (Reap et al., 2008; Suh et al., 2004;
Weidema et al., 2009). Junnila (2008) use EIO LCA on service in-
dustries and demonstrates that the environmental impact in-
creases with 50e70% compared to process LCA. Roughly 50% of the
difference is caused by the differences in purchased services
(Junnila, 2008). Kjaer et al. (2015) demonstrate that the use of
financial data as a starting point for a comprehensive analysis of
complex systems is feasible through an EIO approach. Also, in the
MePSS (Methodology for PSS) project's list of tools, EIO LCA is
proposed for analysing or comparing PSS (‘MEPSS - Webtool’,
2004).

However, EIO-based LCA also suffers from limitations depending
on the EIO model used (Kjaer et al., 2015), with the most pro-
nounced limitation being sector aggregation which result in a
higher level of uncertainty in the source data compared to process
LCA (Suh and Huppes, 2005). For assessments of PSS, hybrid

L.L. Kjaer et al. / Journal of Cleaner Production 120 (2016) 95e104 101

95



approaches will most likely be needed, which can be both time
consuming and needs expertise.

Also relevant for the system boundaries is how co-products are
treated during the LCI phase in cases of multi-functional processes.
ISO (2006b) recommends avoiding allocation and use sub-division
or system expansion, also in situations of reuse and recycling,
which is often relevant for PSS (CH5). However, allocation is often
used in LCA and is one of the most discussed methodological issues
in LCA (Finnveden et al., 2009).

To sum up, for PSS, the complexity of the system (often a
combination of multiple product and service elements) (CH6), the
reliance on supporting products and services in the background
system (CH7) and potential extensions to multiple life cycles (CH5)
introduces a risk of significant processes to be either neglected or
assessed with greater inaccuracy, which adds to the uncertainty of
the results.

For all three study scopes, the challenge is about ensuring a
sufficient level of completeness in system boundaries and avoiding
truncation errors, leaving out potentially important contributing
processes. For “PSS Comparison” and “PSS Consequences” this is
complicated further, when ensuring the same level of completeness
in system boundaries when comparing radically different systems
(CH1). This should be solved by applying a cut-off criterion as close
to zero as possible and being consistent when using LCA databases
as secondary data sources.

5. Discussion and conclusions

In this article, the following aspects were found challenging
when using LCA to evaluate the environmental performance of PSS:

1) The assessment evaluates the effect of a (sometimes radical)
change (CH1), where user behaviour and perceived value is
affected (CH2). Its success depend on contextual factors (CH3),
and knowledge about the system is often limited (CH4). These
factors make it challenging to define an appropriate reference
system, ensure functional equivalence in the FU definition and
handle the uncertainties and dynamic nature of the assessment.
Furthermore, PSS often pursue product lifetime extensions
through multiple life cycles (CH5), thereby challenging the
definition of the reference system, which needs to be deter-
mined in order to allocate impacts between life cycles.

2) The complexity of the system (many elements/flows) (CH6) and
its reliance on supporting systems (CH7) challenge the system
boundaries, with completeness and consistency between the
compared systems as main areas of concern.

The identified challenges are pronounced for PSS but cannot be
claimed to be limited to PSS. They can apply to tangible products as
well, especially when dealing with innovative consumer products
such as multifunctional smartphones or disruptive technologies,
where an LCA also has to deal with issues such as radical contextual
and behavioural changes and limited data availability (see e.g.
Miller and Keoleian (2015) on transformative technologies).

Our review of LCA guidelines found that the identified chal-
lenges are implicitly addressed and with no specific attention given
to solutions that consist of both tangible and intangible elements
and involves behavioural changes such as PSS. While solutions to
these challenges have been sporadically proposed, they are not
common LCA practice, and their implementation for PSS has
remained unexplored.

It is acknowledged that further work on a more comprehensive
guidance would be beneficial in the field of non-technical functions
and related studies (European Commission, 2010, p. 67), which in
our perspective also cover PSS. We acknowledge the fact that using

LCA methodology to evaluate PSS should adopt a broad LCA
perspective and that further guidelines for doing so should be
developed. We recommend that specific attention should be given
to the goal and scope definition with elaborated guidelines for
choosing the appropriate scope depending on the study goal and
characteristic of the PSS under consideration. In this paper, we
defined three study scopes, in order to distinguish between
whether the assessment has the purpose of supporting PSS design
optimization; to compare two or more alternatives; or to evaluate
the consequences of implementing a PSS from a broader perspec-
tive. Table 4 provides an overview of how the identified challenges
relate to the three scopes and presents overall recommendations
derived from the research.

For studies evaluating the changes caused by the PSS, specific
attention should be given to describing the reference system and if
it can be fixed to one comparable alternative or needs expansion
towards multiple systems, in order to capture all relevant changes
and rebound effects. The FU should be defined accordingly and
functional equivalence should be matched by composing the
reference system of existing products and services and any dis-
crepancies should be listed as suggested by Goedkoop et al. (1999).
Guidelines should emphasise the importance of including pro-
cesses in the background system, since these often comprise a large
share of the environmental impacts caused by services. Further-
more, the dynamic nature of PSS should be addressed, and more
advanced tools such as Causal Loop Diagrams together with system
dynamics (Laurenti et al., 2014; Lee et al., 2012), and simulation
tools (Komoto et al., 2005; Phumbua and Tjahjono, 2012) can be
used in order to capture dynamic behaviour in PSS.

Despite the identified challenges, we believe that LCA is
applicable to PSS. However, the appropriateness of an LCA
approach, which is based on a single functional unit, and is fully
comparable between systems, has been challenged by some au-
thors. Instead of using a FU, Lagerstedt et al. (2003) suggest
reporting all functional qualities provided by the system in a
systematized way, and provide a visualization of similarities and
differences for both eco-profiles and functional qualities.
Another suggestion is to use satisfaction units to express the FU
(Vezzoli et al., 2014) or use “customer perceived value” instead of
“functionality” as a basis for evaluation (Mestre and Vogtlander,
2013) as discussed in section 4.2. A solution might be to follow
the notion in Finnveden et al. (2009) and use the term “envi-
ronmental systems analysis using LCA methodology” instead of
an LCA when evaluating the environmental performance of
complex systems such as PSS. We suggest that by taking this
broader perspective, environmental evaluations could benefit
from using LCA methodology, while allowing for the necessary
broad definition of the functional unit. It would allow for the
necessary scenario approach to account for complex reference
systems and data uncertainty. Furthermore, an assessment of
differences in value outcome between the compared systems
could help capture and/or mitigate rebound effects. Note, that we
here use the term value outcome and not economic value to
highlight that not only money but also differences in time, space,
technology, access, etc. may lead to behavioural changes, which
can introduce rebound effects.

A limitation of the current study is that no connection is
made between the broad spectrum of different types of PSS and
the identified characteristics and challenges. PSS can be clas-
sified according to different dimensions. One dimension is the
business model. For example, it could be argued that for
product-oriented and result-oriented PSS, the reference system
is more clear and easier to control than use-oriented PSS, where
the solution is provided as a platform to the users and products
might be used less carefully and be discharged of earlier
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compared to owned products (Tukker, 2013). A second dimen-
sion is whether a PSS is in a B2B or B2C context, which is
important because the intangible value of owning products is
stronger for private consumers (Kang and Wimmer, 2008;
Sakao et al., 2009; Tukker, 2013), and can influence user
acceptance. Thirdly, there is a difference between whether an
analysis is done ex-ante or ex-post in terms of the uncertainty,
since ex-ante assessments will be based on estimates rather
than verified data. Knowledge of the system under analysis is
much stronger when the analysis is done post-implementation;
however it is in the design process that most radical changes
can be proposed (Lagerstedt et al., 2003). More work is needed
considering how these and other dimensions could be used to
categorise PSS in order to guide which aspects and methodo-
logical choices to consider in the environmental evaluation.
Finally, one could consider the different life cycle profiles of the
system (Goedkoop et al., 1999) and the environmental strategy
that the PSS promotes. For example, for systems where the
highest environmental impacts occur in the use-stage, such as
most transport options or other energy-consuming systems, the
PSS should focus on environmental strategies addressing this.
In this regard, a challenge not addressed in this article is the
importance of capturing potential trade-offs between life cycle
stages or between impact categories when introducing a PSS.

It has been commonly accepted that PSS is not the sustainability
panacea (Mont, 2004b; Tukker, 2013) and examples have shown that
it is not necessarily the PSS business model that determines whether
environmental gains are received or not (Agrawal et al., 2012; Tasaki
et al., 2006). Asmentioned, futurework includes better guidelines for
environmental evaluation of PSS. Also, addition cases of LCA meth-
odology being used to evaluate the environmental performance of
PSS are called for and especially studies trying to capture the con-
sequences of introducing a PSS into a system is needed, in order to
argue which criteria needs to be in place for ensuring true environ-
mental benefits. Such case studies may assist in identifying meth-
odological challenges and ways to overcome them and thereby
support the development of the LCA method.
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Table 4
The challenges related to the three study scope.

Study scope Reference system Function unit System boundaries

PSS optimization The reference system is the existing PSS. Can be defined as the function of the PSS. All contributing flows including processes
in the background system should be
included in the assessment in order to
identify all relevant hotspots and ensure
completeness in boundary selection.

PSS comparison The reference system is the comparable
alternative(s).

Equivalence between compared systems
needs to be ensured in terms of
functionality (including specifying sub-
functions) and quality. Discrepancies in
perceived value should be listed and
evaluated in regards to potential rebound
effects.

Same as “PSS optimization,” however
concerns about level of completeness
expand to also cover the compared systems.

PSS consequences The reference system is the baseline
situation without the PSS.

Same as PSS comparison, together with a
broader definition of the FU that allows
inclusion of all relevant substitutes as well
as behavioural changes and changes in
other affected systems.

Same as “PSS comparison”.
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11 SUMMARY OF KEY FINDINGS IN PROJECT PHASE 1 
This chapter summarises the research gaps found and addressed in this thesis and the key factors 
identified as important to address when developing support for environmental evaluations of PSS. 

11.1 RESEARCH GAPS 
The main research gap that this thesis aims to address is how LCA methodology can be applied to PSS. 
From the systematic literature review it became apparent that LCA for PSS can be challenging and that 
no tailored guidelines for applying LCA on PSS exist. By supporting the systematic literature review 
with a review of core LCA literature and expert interviews, the challenges for using LCA to evaluate 
PSS were derived and concretised. The remaining gap consisted of developing approaches and 
methods for overcoming the identified challenges.   

Besides this primary research gap, the overall research project also identified a number of related 
research gaps, which are not addressed to as full a degree as the primary focus, but where the 
research nevertheless provides contributions.  

In the following, all the identified research gaps are related to the four research needs presented in 
Chapter 1.1 (research motivation): 

 The need to be able to characterise complex systems (e.g. tanker ships) from a combined 
economic and environmental life cycle perspective. 

Gap: Data collection for LCC and LCA are rarely combined. Only little research and practical examples 
exist, where LCC and LCA are based primarily on the same (financial) data. However, as shown in 
article A, basing an LCA and an LCC partly on the same (financial) data presents an opportunity to ease 
the integration of LCA and LCC and ensure completeness in a combined economic and environmental 
assessment of complex systems through the utilisation of EIO models.  

 The need to broaden the LCA methodology towards inclusion of services. 

Gap: Truncation errors in LCA exist, and services are often left out in assessments. This is especially 
crucial for PSS, as a PSS often relies on service, infrastructure and support systems as inputs, which 
often constitute a fair amount of what can be defined as induced impacts stemming from the PSS. In 
evaluating the environmental performance of a PSS it must be ensured that the induced impacts do 
not counteract the benefit of the PSS, which may be defined as the avoided impacts enabled by the 
PSS. How to ease the inclusion of services and support systems in LCA is a research gap that needs to 
be addressed. So far, the research presented in this thesis has demonstrated how hybrid EIO LCA can 
be an approach to mitigate these truncation errors when mapping complex systems. The hypothesis is 
that the same approach may be applied when accounting for the induced impacts of a PSS.  

 The need to understand under which circumstances a PSS contributes to environmental 
improvements, in order to support stakeholders promoting PSS as means to reach a more 
sustainable society. 
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Gap: PSS are rarely assessed from the perspective of the PSS customer. Much of the research 
conducted on PSS revolves around PSS design, business opportunities and organisational capabilities 
of the PSS provider.  Little work is carried out on PSS from a procurement perspective. The research 
presented so far reveals an opportunity to view and assess PSS from the view of the customer as they 
have great knowledge on drivers and barriers for successful PSS implementation. Unless a PSS is 
accepted and provides value in the eyes of the customer, it will not be successful and as a result will 
not have a potential to achieve environmental improvements either.  

Gap: The necessary enablers and requirements for a PSS to result in environmental impact 
reductions have not yet been explicitly addressed. Even though it is well known that PSS are not by 
default environmentally superior compared to traditional business models, the enablers for a PSS to 
have an impact savings potential and the requirements for such potentials to be realised are not 
elaborated in detail in existing literature.  

 The need to adapt the LCA methodology to PSS, in order to support decision-making.  

Gap: The environmental performance of PSS is rarely quantified and no tailored LCA approach 
exists. Representing the main research gap addressed in this thesis, there is a clear need to establish 
an LCA practice for how a PSS should be evaluated, in terms of its environmental performance. 

11.2 KEY FACTORS TO ADDRESS IN PROJECT PHASE 2 
Based on the findings in project phase 1, the following section describes the key factors to be 
addressed when developing support for environmental evaluation of PSS. 

EVALU ATIN G  PSS IN T H E TAN K ER  S HIP PIN G I ND UST RY 
The research found that several barriers for PSS procurement in the maritime industry exists and a PSS 
proposal should be supplemented by a strong business case. Based on the life cycle profile of a tanker 
ship and the characteristics of the maritime industry, it was found that PSS opportunities and 
environmental impact reduction strategies should follow cost reduction strategies and/or compliance 
issues and main focus should be on fuel savings. The first type of support to be developed in phase 2 
was therefore: 

 Support # 1 (maritime context specific):  A life cycle-based approach for evaluating the costs 
and benefits for PSS in the maritime industry. 

EVALU ATIN G  PSS U SIN G LCA MET HO DO LO GY 
The research found that specific requirements and challenges need to be addressed when developing 
LCA-based approaches for evaluating the environmental performance of PSS.  

It was found that a PSS is not by default environmentally superior, compared to conventional systems. 
First of all, a PSS should be coupled with intentional strategies that have an environmental impact 
reduction potential, in order to enable impact savings. Secondly, it needs to be ensured that PSS 
induced impacts and rebound effects do not counteract the savings, in order to increase the likelihood 
of improved environmental performance. As the project progressed, the importance of Circular 
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Economy (CE) in connection to PSS became evident. The second type of support to be developed was 
therefore decided to be: 

 Support # 2 (generic context): a generic framework of enablers and requirements for a PSS to 
result in absolute resource decoupling in the context of CE.  

During project phase 1, it was found that there is a need for quantitative, objective PSS evaluations 
that focus on:  

• Substitutability (is the PSS substituting what we assume?). Several of the cases analysed in the 
systematic literature review assumed a one-to-one substitutability between the PSS and the 
compared systems. For example, in the case of bicycle sharing presented by (Amaya et al., 
2014), the shared bicycles were compared to privately owned bicycles, even though they 
might also substitute other transport modes within the city. Another example is the case of a 
reconditioning service, presented in Khumboon et al. (2009) where a reconditioned 
photocopier sold in Thailand is compared to a new photocopier sold in USA, even though the 
two products cannot be considered substitutes, since they are sold on two substantially 
different markets. In article C, the challenge was identified as: Defining the reference system. 

• Comparability (is the user perceived outcome of the compared systems similar?) To be able to 
compare different solutions for needs fulfilment, functional equivalence needs to be 
established. Furthermore, if the user perceived outcome in terms of value is very different, 
rebound effects are likely to occur. In article C, the challenge was identified as: Establishing 
functional equivalence between the compared systems in the functional unit (FU) definition. 

• Completeness (are all relevant processes included?). Process-based LCA is often criticised to 
not properly account for all upstream impacts, especially those stemming from services. This is 
considered even more profound for PSS, as they often rely on services and ‘hidden’ process. 
Also, even though the case analyses provided examples of PSS induced impacts, they were not 
always accounted for. For example, in Haapala et al. (2008)) a laundry service is compared to 
home-based laundry, however the drying process is not included in the study. In article C, the 
challenge was identified as: Ensure a sufficient level of completeness in system boundary 
selection. 

As the main outcome of the project, the third type of support to be developed was a set of tailored 
guidelines, taking these considerations and challenges into account: 

 Support # 3 (The main research outcome): Generic guidelines for evaluating the 
environmental performance of PSS through LCA.  

Based on the cases analysed in the systematic literature review (Chapter 9), and the derived 
challenges for LCA on PSS (Chapter 10), the following requirements for the guidelines were 
established: 

• #1 The guidelines should follow the phases of an LCA, with specific focus on supporting the 
goal and scope phase. 
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• #2 The guidelines should support an exploration of the reference system to identify relevant 
substitutions. 

• #3 The guidelines should support the definition of the Functional Unit, which should be 
accompanied by a comparability assessment, which ensure that: 

o All relevant sub-functions are included 
o Differences in user perceived value outcome are assessed (to identify rebound effects) 

• #4 The guidelines should support the identification of relevant contributing flows and include 
‘hidden’ processes (e.g. from services, infrastructure) in the background system. 

• #5 The guidelines should support both ‘pre’ and ‘post’ assessment and allow for both a ‘full 
LCA’ approach and more simplified approaches, i.e. a ‘screening level LCA’ based on 
aggregated data. 

• #6 The guidelines should support a scenario-based approach and focus should be on the 
learnings during the evaluation process, not only the quantified results 
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PART 2: PROJECT PHASE 2. SUPPORT FOR 
ENVIRONMENTAL EVALUATION OF PSS 

 

This part of the thesis presents methods and results from phase 2 of the project, providing inputs to 
RQ 3 and RQ 4, see Figure 10. The overall aim of this project phase was to develop support for 
environmental evaluations of PSS.   

 

 

FIGURE 10: PROJECT PHASE 2 IN RELATION TO DRM FRAMEWORK 
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12 RESEARCH METHODS EMPLOYED FOR PRESCRIPTIVE STUDY AND 
DESCRIPTIVE STUDY II 

12.1 PHASE 2, RQ3 (SUPPORT #1 AND #2) 
During phase 1 of the project, it became clear that a PSS is not by default successful in the eye of the 
customer, nor does it necessarily lead to environmental improvements. Thus, in phase 2 of the 
project, it was investigated under which circumstances will PSS solutions lead to environmental 
improvements (RQ3). Two criteria for a PSS to successfully lead to environmental improvement were 
established:  

• Firstly, the PSS needs to be attractive and adoptable, which means that both the PSS provider 
and the PSS customer should be able to benefit from transitioning towards PSS. The 
developed support in this project (Support # 1) was an approach for cost-benefit analysis of 
PSS in the maritime sector. 

• Secondly, the transition to PSS should lead to an overall environmental impact reduction. The 
developed support in this project (Support # 2) was a generic framework for PSS to lead to 
absolute resource decoupling in the context of Circular Economy (CE).  

Both types of support were prescriptive in nature. Their main purpose was to provide inputs to the 
overall research outcome – the guidelines for environmental evaluations of PSS. As such, the two 
types of support were not evaluated further and did not extend to the Descriptive study II in the DRM 
framework. 

The project investigated the potential of different PSS solutions both within the maritime industry and 
other empirical contexts. The main method for investigating the potential of PSS solutions was 
through case studies. Furthermore, with the aim of proposing a generic framework that could add 
value to the discussion on the ability of PSS to lead to absolute resource decoupling in the context of 
the CE paradigm, a literature review on CE was needed. 

CA S E ST U DI ES 
The first two case studies examined both the manufacturer and customer perspectives of two 
proposed PSS solutions from the maritime sector. LCC was used as a tool to assess the associated costs 
and benefits of the two proposed PSS. Based on the results of the LCC, the drivers and barriers of the 
actual PSS transformation processes were explored through workshops and interviews. The approach 
for evaluating if and under which circumstances a PSS would be successful in the context of the 
maritime industry. The results of the case studies are presented in supplementary article F (Appendix 
I). 

Secondly, one of the PSS cases, a hull management scheme, was assessed from an economic and 
environmental perspective. The environmental assessment included the avoided and induced impacts 
of the PSS for the two impact categories global warming (climate change) and eco-toxicity. The study 
is documented in supplementary article G (Appendix II). 
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Thirdly, to support the development of a framework of enablers and requirements for PSS to lead to 
absolute resource decoupling, a number of PSS cases within the textile industry were examined. The 
results are presented in article D (Chapter 13). 

LITERA TU R E R EVI EW  – CIR CULA R ECONO MY 
Much of the ongoing research on PSS is nowadays closely linked to the sustainability paradigm Circular 
Economy (CE), which challenges the linear ‘take, make, dispose’ economic model by designing 
products, services and systems that reduce waste, resource consumption, and environmental impacts 
through increased reuse, re-manufacturing and recycling of products and materials. Based on the key 
factors identified during project phase 1, it was decided to develop a generic framework that could 
inspire a more critical discussion on the circumstances needed to be in place for a PSS to successfully 
decouple economic growth from resource consumption in the context of CE. The framework was 
inspired by the PSS strategies identified during the systematic literature review presented in Chapter 9 
and was supplemented by a literature review on CE in relation to absolute resource decoupling. The 
result is presented in article D (Chapter 13).  

12.2 PHASE 2, RQ4 (SUPPORT #3) 
The final and ultimate goal of the PhD project was to suggest how LCA methodology can be applied to 
PSS to evaluate their environmental performance (RQ4). During project phase 1 it was discovered 
that LCA was applicable to PSS, however, certain challenges existed and current LCA guidelines did not 
account properly for these. Therefore, it was decided to develop a set of guidelines that would aim to 
support overcoming these challenges and guide the user to perform a study that would evaluate the 
environmental performance of PSS in an objective and structured manner (Support # 3). The process 
of developing and validating the guidelines followed the hypothetico-deductive approach. The 
hypothetico-deductive approach originates from  Popper (1963), who argues that scientists should 
attempt to refute (or disprove) their theories, rather than prove them right (Gill and Johnson, 2010). In 
the approach, the researcher builds on previous knowledge and existing theories to formulate a 
hypothesis and a theory, which is then tested in different contexts (Pigosso, 2012). 

The hypothesis advocated in this research is that environmental evaluations of PSS can be supported 
by a set of guidelines built upon LCA methodology. The guidelines may be defined as the theory 
developed in this research. The main employed research methods used for theory formulation and 
theory testing were structured expert evaluations, user feedback and case studies. 

The guideline development process is illustrated in Figure 11. In total, three cycles were performed for 
the formulation and testing of the guidelines, beginning with a pre-step, which focused on identifying 
the requirements for the development of the guidelines.  
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FIGURE 11: THE GUIDELINE DEVELOPMENT PROCESS FOLLOWING THE HYPOTHETICO-DEDUCTIVE APPROACH 

PR E-ST EP:  GUID ELIN E REQ UI REMEN TS 
Based on the identified challenges (article C (Chapter 10)) and the identified cases from the systematic 
literature review (Chapter 9) a set of requirements were formulated for the development of the 
guidelines (presented in Chapter 11.2).  

DEV ELO PMENT  CY CLE 1:  GUI D ELIN ES  V.1 
It was discovered that the Danish environmental think thank CONCITO had conducted a study of PSS 
sharing systems, based on LCA methodology (Madsen, 2015), but had lacked structured guidelines 
during the process. Being a potential qualified user of the guidelines, CONCITO was presented with the 
guideline requirements from this PhD project and asked to provide user input to these through an 
interview. Simultaneously, other similar guidelines were reviewed, ranging from consolidated LCA 
guidelines (e.g. European Commission (2010); ISO, (2006b); Weidema et al. (2009) to more novel 
guidelines for specific application contexts (e.g. CONCITO (2012); Global e-Sustainability Initiative 
(2010); the ICCA and the WBCSD (2013). Based on these inputs, the first version of the guidelines was 
developed (‘theory formulation 1’ in Figure 11).  

The guidelines were sent to five experts within the field, who were asked to review them (‘theory 
testing 1’). They provided a mixture of written and oral feedback through personal semi-structured 
interviews. Two hypothetical cases, a bike sharing system and a shared lawnmower PSS, were 



 Chapter 12 
  

107 
 

formulated, in order to exemplify the guidelines. Furthermore, the case study of the hull cleaning 
service (supplementary article G) contributed to testing the guidelines. This resulted in consolidated 
improvement opportunities, which laid the basis for the second development cycle.  

DEV ELO PMENT  CY CLE 2:  GUI D ELIN ES  V.2 
Through refinement and consolidation, a revised version (v.2) of the guidelines was developed 
(‘theory formulation 2’ in Figure 11). The guidelines were then tested in connection with a further 
real-life case study, a merino wool garments PSS, supplying to the British military (supplementary 
article H (Appendix III)). This study was mainly executed by external stakeholders, with the PhD 
researcher taking the role of supervisor. In the project, the guidelines were employed and as such 
tested in detail.  

In order to get more user feedback and further validate the guidelines, a two-day course was 
developed and held for researchers, PhD students and industry professionals working with PSS and 
LCA. The course was organised as a Spring School in connection with the annual CIRP IPSS conference. 
The course was arranged as a structured experiment where, during the two days, the students went 
through the guideline steps using three exemplifying cases: the bike-sharing system, the shared 
lawnmower case and the hull cleaning PSS. The course ended with a survey in which the delegates 
provided detailed feedback to each step of the guidelines. The survey also included an overall 
evaluation of five aspects, rating the guidelines on a scale from 1-5 (Table 9). Results were overall 
positive and main positive feedback were that the guidelines helped structure the study process and 
helped create the correct ‘mind-set’ for PSS evaluations. Main suggestions for improvement were 
related to how the guidelines were communicated and visualised.  

TABLE 9: USER EVALUATION OF THE GUIDELINES V.2 

Evaluation aspects Average rating (on a scale from 1 to 5) 
The main purpose of the guidelines is to ensure better informed decision-
making in terms of the environmental goodness and potentials of PSS 
solutions. How well do the guidelines solve this objective? 

4.25 

How applicable did you find the guidelines (for PSS case evaluations) 3.75 
How would you rate the guidelines in terms of: utility/value (how useful 
for decision-makers) 

4.07 

How would you rate the guidelines in terms of: clarity/simplicity (how 
easy to understand) 

3.31 

How would you rate the guidelines in terms of: consistency (structure and 
terminology) 

3.94 

 

The combined user feedback from both the full case applications and from the structured experiment 
during the course resulted in a new set of improvement opportunities, listed in Appendix VI. The 
appendix provides an overview of how each suggestion was treated.   

DEV ELO PMENT  CY CLE 3:  FIN A L GUID ELIN ES  AN D US ER  GUI D E 
The guidelines were revised once more and were further translated into a pedagogical User Guide, 
targeting professionals and researchers working with PSS evaluation. The final guidelines are 
documented in article E (Chapter 14), and the User Guide is found in Appendix VII. 
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13 ARTICLE D. PRODUCT/SERVICE-SYSTEMS FOR A CIRCULAR
ECONOMY: THE ROUTE TO DECOUPLING ECONOMIC GROWTH 
FROM RESOURCE CONSUMPTION?  
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Summary

Product/service-systems (PSS) that focus on selling service and performance instead of
products are often mentioned as means to realize a circular economy (CE), in which
economic growth is decoupled from resource consumption. However, a PSS is no implicit
guarantee for a CE, and CE strategies do not necessarily lead to decoupling economic
growth from resource consumption in absolute terms. Absolute resource decoupling only
occurs when the resource use declines, irrespective of the growth rate of the economic
driver. In this forum paper, we propose a two-step framework that aims to support analyses
of PSS and their potential to lead to absolute resource decoupling. In the first step, we
present four PSS enablers of relative resource reduction that qualify as CE strategies. In
the second step, three subsequent requirements need to be met, in order to successfully
achieve absolute resource decoupling. Conditions and limitations for this accomplishment
are discussed. Danish textile cases are used to exemplify the framework elements and its
application. We expect that the framework will challenge the debate on the necessary
conditions for CE strategies to ensure absolute resource decoupling.
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Introduction

The Ellen MacArthur Foundation (EMF) has stated that
“The circular economy provides multiple value creation mech-
anisms that are decoupled from the consumption of finite re-
sources” (Ellen MacArthur Foundation 2015a, 22). Circular
economy (CE) is increasingly seen as a solution to tackle the
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current resource scarcity issue while ensuring economic growth
and job creation (EC 2015).

CE is often linked to the performance economy, where
goods are sold as services through business models based
on renting, leasing, and sharing, while the manufacturer re-
tains ownership of the product (Stahel 2010). The idea of
using “a mix of tangible products and intangible services
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designed and combined so that they are jointly capable of
fulfilling final customer needs” (Tukker and Tischner 2006a,
1552) is at the core of the product/service-system (PSS)
concept.

In the editorial of the Journal of Industrial Ecology’s special
issue on CE,1 PSS were highlighted as a means to facilitate
CE through, for example, product life extension and product
sharing (Bocken et al. 2017). Given the fact that PSS are often
mentioned as a means to realize CE, there is a risk that all PSS
could be perceived to have this potential. However, PSS do not
automatically lead to a reduction in resource use, as previously
highlighted by several authors (e.g., Tukker 2004; Pigosso et al.
2010; Kjaer et al. 2016; Tukker and Tischner 2006b). In addi-
tion, strategies aiming at resource reduction do not automati-
cally lead to an enhanced sustainability performance (Bilitewski
2012; Andersen 2007). In the above-mentioned special issue on
CE, an important question (among others) was raised: “when
do CE practices lead to net environmental benefits?” (Bocken
et al. 2017, 1). This was on the agenda in Zink and Geyer’s
(2017) paper on CE rebounds, explicitly challenging the ability
of CE to live up to the concept’s intuitive promise of reducing
environmental impacts through less production and consump-
tion. While their argumentation adds valuable inputs to the
discussion we aim to raise with this forum paper, there is still
a need to explicitly address and clarify the resource decoupling
potential of CE strategies in the context of PSS. Resource de-
coupling represents the aim of decoupling economic growth
from resource consumption. Resource decoupling seeks to re-
duce the rate of resource depletion and costs by raising resource
productivity, which is expected to simultaneously reduce en-
vironmental impacts (UNEP 2011). Resource decoupling can
be relative or absolute. While relative resource decoupling fo-
cuses on obtaining less environmental damage per growth rate,
absolute resource decoupling occurs when the resource use de-
clines, irrespective of the growth rate of the economic driver
(UNEP 2011). In a growing population with an increasing av-
erage income, absolute decoupling will occur when the rate
of relative decoupling is greater than the rates of increase in
population and income combined (Jackson 2009). Since rela-
tive decoupling is not enough to ensure an overall decline in
resource consumption, this paper focuses on absolute resource
decoupling.

The questions we aim to answer with this forum paper are:
“When does PSS enable a CE strategy? And when does a CE
strategy lead to absolute resource decoupling?”

With this paper, we wish to inspire a more critical view
when proposing PSS as means to enable CE. Such propos-
als should be supplemented with arguments on how the PSS
enables a relative resource reduction and ultimately how ab-
solute resource decoupling can be ensured. Therefore, we pro-
vide an initial attempt to show the complex route from PSS
to absolute resource decoupling with the purpose to initi-
ate a discussion on how to guide future research that can
help increase the probability of CE strategies actually fulfill-
ing the ultimate sustainability-related goal of absolute resource
decoupling.

Aims and Limitations of Circular Economy

While the concept of CE and its practice have been mostly
developed and led by practitioners (i.e., consultants, business
foundations, and policy makers), the scientific research content
is still young (Korhonen et al. 2018). CE traces back to different
schools of thought (Ghisellini et al. 2016), ranging from envi-
ronmental economics to general systems theory, from industrial
ecology (IE) to more recent theories about the performance
economy (Stahel 2010), cradle-to-cradle, (McDonough and
Braungart 2002), biomimicry (Benyus 2002), and blue econ-
omy (Pauli 2010).

Blomsma and Brennan (2017) found that CE offers a new
framing around the multitude of waste and resource strategies
and provides a discursive space for debate on how they relate to
each other in terms of trade-offs and synergies.

Geissdoerfer and colleagues (2017, 759) combined different
contributions in the field and defined CE as “a regenerative
system in which resource input and waste, emission, and en-
ergy leakage are minimized by slowing, closing, and narrowing
material and energy loops. This can be achieved through long-
lasting design, maintenance, repair, reuse, remanufacturing, re-
furbishing, and recycling.” As such, CE incorporates several
actions for waste minimization and reduction of virgin resource
consumption, all of which are linked to the three main “ac-
tions” within the 3Rs principles: Reduce, Reuse, and Recycle
(Ghisellini et al. 2016). A comprehensive review of CE def-
initions by Kirchherr and colleagues (2017) showed that the
3R framework was the most commonly employed conceptu-
alization of the “how-to” of CE. The 3Rs are embedded in
the well-known CE illustration, depicting the so-called techni-
cal and biological metabolisms (Ellen MacArthur Foundation
2013). The technical metabolism illustrates how the value of
technical materials should be kept through continuous loops
based on strategies such as maintain (i.e., inner loop based on
reduce), reuse/redistribute, and refurbish/remanufacture (i.e.,
middle loops based on reuse), and recycle (i.e., outer loop).

Some authors challenge the focus of CE on waste minimiza-
tion and resource reduction. They emphasize the beneficial de-
sign and innovation opportunities of the CE (e.g., De Pauw
et al. 2014; Braungart et al. 2007; McDonough and Braungart
2013) and argue for the importance of supporting eco-efficiency
with eco-effectiveness, where products maintain their value over
time to positively recouple the relationship between economy
and ecology (Ellen MacArthur Foundation 2013).

In this paper, we take the position that the ultimate aim of
CE is to keep the value of products, materials, and resources
in the economy for as long as possible, and to minimize waste
generation (i.e., ultimately reducing resource consumption).
Furthermore, CE as a concept also focuses on economic value
creation (Lieder and Rashid 2015). Thus, we believe that the
CE concept should aim at combining an overall reduction in
resource consumption with business opportunities (i.e., to en-
sure absolute resource decoupling). Making absolute resource
decoupling operational in a business context is, however, not
straightforward and some challenges have to be overcome.
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While CE strategies may incorporate all of the 3Rs, CE
practitioners often emphasize circular strategies aiming at clos-
ing loops, that is, reuse and recycle (Kirchherr et al. 2017). A
challenge here, however, is that initiatives aimed at reusing
and recycling resources will only reduce primary production
when secondary products/materials actually displace the pri-
mary production (Zink and Geyer 2017). In a reality of growing
demands, secondary (reused/remanufactured/recycled) products
are often sold in addition to primary (new) products, resulting
in environmental impacts of both the primary and secondary
production (Zink and Geyer 2017). Thus, in order to ensure
a net resource reduction, CE strategies based on reuse and re-
cycle should confirm that actual “displacement” takes place.
Furthermore, Geissdoerfer and colleagues (2017, 8) found that
“ . . . it seems clear to most authors that the Circular Economy
is aiming at a closed loop, eliminating all resource inputs and
waste and emission leakages of the system . . . ” If this is truly
the goal of CE and the perception within the CE community,
this would ignore that also circular systems consume resources
and create waste and emissions. There are technical limitations
to materials recycling (Grosso et al. 2017) as well as dissipative
losses in any loops, thus the vision of 100% material recycling
may still be regarded as only theoretically possible in a distant
future (Korhonen et al. 2018), and the feasibility of a closed
loop economy is still unknown (Haupt and Zschokke 2017).

Another issue in assessing the effectiveness of CE strategies
is to avoid to optimize one stage of the life cycle (e.g., end
of life [EoL]) at the expense of other stages (e.g., production)
(Niero and Hauschild 2017). A systemic life cycle perspective
is therefore needed to avoid such burden shifting between life
cycle stages. Last, when discussing the transition from a rel-
ative to absolute resource reduction, evidence is emerging in
the literature, detailing the challenge of overcoming the ef-
fect by which improvements in efficiency lead to increases in
the quantity of goods and services that are provided and con-
sumed, namely rebound effects (Dahmus and Gutowski 2011).
Speculations or reports about rebound effects are also evident
in connection with CE (Haupt and Zschokke 2017; Bocken
et al. 2014; Dahmus and Gutowski 2011; Korhonen et al.
2018).

Aims and Limitations of Product/Service-Systems

Even though PSS originates from a strong sustainability per-
spective, a shift in focus from environmental benefits to eco-
nomic benefits has occurred during the last decade (Haase et al.
2017). PSS are increasingly seen as business strategies created
by companies that intend to strengthen their market position
and create a competitive advantage by other than traditional
transactional product sales.

The most dominant way of describing PSS in the literature
(Tukker 2015) distinguishes three types of PSS, as follows:

� Product-oriented PSS: Products are sold to the user, but
additional services are added, such as maintenance or
product-related consultancy.

� Use-oriented PSS: The business model is geared toward
selling the product function, that is, through leasing or
renting and the product remains the ownership of the
PSS provider.

� Result-oriented PSS: The business model is geared toward
selling a result and is as such closest to offering a pure
service, where no predetermined product is involved.

PSS is often recognized as a promising approach to enhance
the sustainability performance of traditional product systems,
due to its potential to improve resource efficiency by extending
the product lifetime and decoupling value from the delivery
of physical products. However, PSS are no guarantee for re-
source reduction, let alone absolute resource decoupling. For
example, product leasing is not automatically greener (Agrawal
et al. 2012), but might, in contrast, inspire more frequent re-
placements of products. Also, in the case of sharing systems
such as car-sharing, these systems often lead to more people
gaining easier access to products (Madsen 2015), which will
ultimately increase consumption rather than avoiding it. Take-
back services may entail product redistribution and remanufac-
turing. However, as also discussed in relation to CE, second-
hand products do not always replace new products (Thomas
2003), and when sold at lower prices the result is often an over-
all increase in consumption. From a business perspective, this
is positive, as it avoids the cannibalization of the current mar-
ket for new products, but it does not lead to overall resource
reduction.

Rebound effects in relation to PSS are also a commonly
known issue (Kjaer et al. 2016), because a PSS often causes
changes in user behavior, which counteracts the resource re-
duction potential (Mylan 2015; Goedkoop et al. 1999).

From Product/Service-Systems to Absolute Resource
Decoupling: A Proposed Two-Step Framework

So, how to increase the likelihood of PSS to lead to abso-
lute resource decoupling through CE? We suggest a two-step
framework, where (1) the PSS should enable a relative resource
reduction to qualify as a CE strategy (PSS→CE strategy) and
(2) the CE strategy must ultimately lead to absolute resource
decoupling (CE strategy→absolute resource decoupling).

The framework was developed through a review of literature
on PSS strategies and their potential to enable absolute
resource decoupling. The scientific databases Scopus and Web
of Science were searched for journal articles from year 2000 to
August 2017, where the resource and/or environmental impact
reduction potential of PSS were either assessed (qualitatively
or quantitatively) or discussed. Keywords included: “product
service system” and related synonyms (e.g., integrated solu-
tion, functional offering) and “sustainability evaluation” and
related synonyms (e.g., life cycle assessment, eco-efficiency).
Through citation analysis, the collection was enhanced with
relevant conference papers and gray literature (reports).
Based on screenings of titles and abstracts, a total of 106
publications were collected, composing 15 review articles, 65
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Figure 1 A two-step framework from PSS to circular economy strategy to absolute resource decoupling. PSS = product/service-systems.

conceptual publications (primary focus to discuss PSS or
propose assessment methods), and 26 case studies (primary
focus to assess specific PSS cases). Based on the review, five
distinct PSS strategies were identified, and on the basis of how
the literature discusses their resource reduction potentials, four
PSS enablers of resource reduction were derived. These are
presented in the subsequent section, presenting step 1 of the
framework. The second step of the framework was developed
on the basis of the same review, now with the aim of identifying
challenges and limitations for PSS to result in absolute resource
decoupling. Through the lenses of life cycle assessment
methodology, which is recognized as an important decision
support tool in the CE context (Strothman and Sonnemann
2017; Haupt and Zschokke 2017), a supplementary review of
literature discussing limitations of CE and resource efficiency
was conducted as presented in the Introduction section of this
paper. The challenges and limitations for PSS and CE to lead
to absolute resource decoupling were consolidated into three
subsequent requirements, composing step two of the framework.

Framework Step One:
Product/Service-Systems Enablers
of Resource Reduction

Figure 1 shows the overall framework, comprising the two
steps. This section discusses step 1, where the PSS enablers of
resource reduction are linking PSS to CE strategies through two

intermediaries: the PSS strategies (the business actions) and the
resource reduction aims.

Product/Service-Systems Strategies

Five PSS strategies were identified through the literature
review. The references presented are categorized as follows: A:
Review paper; B: Conceptual publication; C: Case study.

� Operational support: The PSS provider supports the prod-
uct operation, for example, through performance moni-
toring or training of customer personnel. (Bocken et al.
2014 (A); Bartolomeo et al. 2003 (B); Pagoropoulos et al.
2017 (C))

� Product maintenance: The PSS provider maintains the
product during use, for example, through preventive
maintenance, repair, or upgrades. (Bocken et al. 2014
(A); Bartolomeo et al. 2003 (B); Manzini and Vezzoli
2002 (C); Bennett and Graedel 2000 (C); Lindahl et al.
2014 (C))

� Product sharing: The PSS provider combines retained own-
ership (i.e., product rental) with sharing of resources
among users. (Bartolomeo et al. 2003 (B); Firnkorn and
Müller 2011 (C); Amaya et al. 2014 (C); Mont 2004 (C))

� Take-back/EoL management: The PSS provider is in charge
of EoL management and decides how products are reused,
remanufactured, refurbished, recycled, etc. (Bocken et al.

4 Journal of Industrial Ecology 114 



F O RU M

2014 (A); Bartolomeo et al. 2003 (B); Manzini and
Vezzoli 2002 (C); Kerr and Ryan 2001 (C); Lindahl et al.
2014 (C))

� Optimized result: The PSS provider delivers a functional
result and dematerializes the offering (e.g., substitute
physical transport with videoconference services). (Bar-
tolomeo et al. 2003 (B); Manzini and Vezzoli 2002 (C))

Table 1 summarizes the five PSS strategies and introduces
how they can support four different PSS enablers of resource
reduction (hereafter “PSS enablers”). Three out of the five PSS
strategies can support more than one PSS enabler. A PSS might
incorporate one or more PSS strategies (as when combining
product sharing and different EoL strategies in a rental scheme,
as exemplified in Allais and Gobert [2016]) and thereby also
combine more than one PSS enabler. Each of the four PSS
enablers is discussed in the following.

Product/Service-Systems Enabler: Operational
Efficiency

Operational efficiency is particularly relevant for product
categories that are resource intensive during the use stage. Es-
pecially for energy-consuming products with long life cycles
(washing machines, tumble driers, weaving machinery, irons,
etc.), the use stage typically dominates in terms of resource con-
sumption (Nordic Council of Ministers 1997; WRAP 2010). For
these products, correct maintenance and efficient operation can
lead to significant reduction of the overall amount of consumed
resources, for example, a shift of the spin speed of a dryer from
1,200 to 1,500 revolutions per minute could result in savings of
0.3 kilowatt-hours per cycle (DEFRA 2009).

PSS that incorporate operational efficiency have the poten-
tial to minimize resource consumption during the use stage by
supporting the user to lower the demand for energy and mate-
rials. Operational efficiency can be embedded in all three types
of PSS:

� Product-oriented: The PSS provider sells the product and
supplement with after-sales services such as consultancy
services, user training, maintenance support, and equip-
ment upgrades;

� Use-oriented: The PSS provider retains ownership of the
product and is therefore usually responsible for maintain-
ing the product and making sure that the product is op-
erated efficiently; and

� Result-oriented: The provider’s responsibility is expanded
to ensure that the product(s) needed to deliver the re-
sult are available. As the user pays for the results, the
provider has incentives to ensure operational efficiency
as it will directly increase their turnover by minimizing
the resource consumption. Furthermore, activity-based
consultancy offers may be directly linked to ensuring re-
source reduction as is known from ESCO agreements
(focused on energy savings—Energy Savings COmpany)
and MASCO agreements (focused on material savings—
Materials Savings COmpany) (Anttonen 2010).

Product/Service-Systems Enabler: Product Longevity

The fast turnover of products (mass consumption) has been
highlighted as a resource-related problem for many product
groups, including consumer electronics (Kalmykova et al. 2015)
and clothing (Mair et al. 2014; Tojo et al. 2012), due to planned,
technological, and perceived obsolescence. Bakker and col-
leagues (2014) mapped the environmental impact of refrig-
erators and laptops and found that despite their increasing en-
ergy efficiency over time, product life extension (through longer
product life, refurbishment, and remanufacturing) is (currently)
the preferred strategy.

PSS incorporating product longevity aim to support users
to keep products in use longer, that is, extending the use stage
and thereby potentially minimizing resource consumption in
the whole life cycle. All three types of PSS might incorporate
product longevity:

� Product-oriented: After-sales services aiming to support
correct maintenance, care taking, and potentially upgrad-
ing can enable not only operational efficiency, but also
lead to the products staying in use for longer time, thereby
prolonging their lifetime;

� Use-oriented: After-sales services might be intensified
when the product is controlled and maintained by the
provider. Furthermore, the provider has the opportunity
to facilitate direct product reuse, for example, through
re-leasing schemes; and

� Result-oriented: Offers the biggest potential, as the cus-
tomer pays for the service delivered (Tukker 2004).
Product longevity would ensure that fewer products
are needed to deliver the result, which would maxi-
mize the providers’ profit. Similar to activity manage-
ment/outsourcing (Tukker 2004), independent consul-
tancy aimed at supporting product longevity can also be
seen as a type of result-oriented PSS, where the service
provider has no direct connection to the production of
the products, but merely supports the user to keep prod-
ucts in use longer.

Product/Service-Systems Enabler: Intensified Product
Usage

Intensified product usage is enabled through product shar-
ing. Sharing systems are classic within the PSS literature (e.g.,
Baines et al. 2007; Mont 2004), and the notion of the sharing
economy is becoming more and more prevalent in the public
debate (Gelbmann and Hammerl 2014; Madsen 2015), also in
relation to CE (Ellen MacArthur Foundation 2015b). Product
sharing is considered a subcategory of use-oriented PSS (Tukker
2004), but intensified product usage might also be utilized in a
result-oriented PSS:

� Product-oriented: not relevant
� Use-oriented: Product sharing presents an opportunity to

intensify the usage of products that are sub-utilized during
their lifetime (Mont 2004). This can be products that are
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Table 1 PSS strategies supporting four different PSS enablers of resource reduction

PSS strategy [type of PSS] PSS enabler of resource reduction

Operational support (e.g., performance monitoring, training of customer personnel)
[Product-oriented, use-oriented, result-oriented]

(1) Operational efficiency

Product maintenance (including repair, upgrades, etc.)
[Product-oriented, use-oriented, result-oriented]

(1) Operational efficiency

(2) Product longevity

Product sharing
[Use-oriented, result-oriented]

(3) Intensified product usage

(4) Product system substitutions

Take-back/EoL management (for reuse, remanufacturing, refurbishing, recycling, etc.)
[Product-oriented, use-oriented, result-oriented]

(2) Product longevity

(4) Product system substitutions

Optimized result (e.g., substitute physical transport with videoconference services)
[Result-oriented]

(4) Product system substitutions

Note: PSS = product/service-systems; EoL = end of life.

only used occasionally (e.g., garden equipment such as
hedge trimmers or dresses for gala dinners) or are only
in use for a short period (e.g., baby clothes). In these
cases, renting the product in a use-oriented PSS setup
may displace individual ownership and thereby reduce
the need for producing the product.

� Result-oriented: The PSS provider might choose to in-
tensify the usage of the products needed to pro-
vide the result in order to exploit unutilized product
capacity.

Product/Service-Systems Enabler: Product System
Substitutions

This enabler focuses on supporting product system substitu-
tions. This can be considered at the PSS level, where shifts in
the way the user fulfils the need is supported (e.g., substituting
physical transport with videoconferences), or at the product
level, where shared, reused products or recycled materials sub-
stitute other more resource intensive products (e.g., when a
car sharing system utilizes electric cars). The enabler can be
incorporated in all three types of PSS:

� Product-oriented: The PSS provider might offer an
after-sales take-back service; enabling that prod-
uct parts and materials can enter into new appli-
cations, where they substitute other products and
materials.

� Use-oriented: Take-back options are even more profound,
since product ownership stays with the PSS provider. A
use-oriented PSS often changes the way users fulfill their
needs and thereby substitute other product systems dur-
ing the use stage. Shared products are often offered on
a platform for users (e.g., a car-sharing system or digital
music platform), where it displaces other types of product
systems (e.g., public transport or CDs). For these cases,

ensuring that more resource intensive systems are substi-
tuted can be challenging, since the provider usually has
no or limited control over which users decide to use the
system (Kjaer et al. 2016).

� Result-oriented: the PSS provider has—in principle—the
greatest control over the resources required to fulfill the
user’s need, which enables shifting the products and tech-
nologies used to deliver the result.

Resource Reduction Aims

Three resource reduction aims are derived from the four PSS
enablers (figure 1). These are:

� Reduce the need for resources during product use: The inten-
tion is to minimize the need for resources during product
use through a direct influence in the use stage of the prod-
uct life cycle. The PSS enabler is operational efficiency sup-
ported by the PSS strategies “operational support” and/or
“product maintenance.”

� Reduce the need for producing the product: The intention is
indirectly to minimize resources usage during production
and EoL stages of the product life cycle by increasing prod-
uct utility in the use stage. The PSS enablers are: intensified
product usage supported by the PSS strategy “product shar-
ing,” or product longevity supported by the PSS strategies
“product maintenance” and/or “Take-back/EoL manage-
ment” for direct reuse.

� Displace more resource intensive systems: The intention is
to direct the PSS or components of the PSS (products
or materials) toward displacing alternative systems, prod-
ucts, or materials in a way that enables a net resource
reduction. The PSS enabler is product system substitution,
supported by the PSS strategies “optimized result” and/or
“Take-back/EoL management” and/or “product sharing.”
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Framework Step Two: Requirements for
Absolute Resource Decoupling

The limitations of CE and PSS, discussed in the Introduction,
were consolidated into three subsequent requirements for abso-
lute resource decoupling: ensure net resource reduction, avoid
burden shifting between life cycle stages, and mitigate rebound
effects (figure 1). Each of the three is presented in the following.

Ensure Net Resource Reduction

The primary requirement for a PSS to lead to absolute re-
source decoupling is that it actually enables net resource reduc-
tion. Ensuring that all relevant comparable alternatives (dis-
placed systems) are included and that all relevant processes
(inputs) are taken into account are crucial aspects when ob-
jectively evaluating the environmental performance of a PSS
(Kjaer et al. 2016). This may be illustrated through a simple
equation:

net resource reduction = avoided resources − induced resources

The resource reduction (and related environmental impact
reduction) potential depends on the resources avoided in the
displaced systems (also taking into account the displacement
rate) and the induced (added/incurred) resources needed for of-
fering the PSS. The principle is the same as shown by Zink and
Geyer (2017) in the case of recycling: The environmental ben-
efit is the difference between incurred impacts of reprocessing
and avoided impacts of primary production.

The requirement “ensure net resource reduction” can be
viewed from different perspectives for each aforementioned PSS
enabler:

� Operational efficiency: The induced processes stemming
from the service itself (e.g., increased consumption of
monitoring equipment, spare parts and upgrades, added
logistics, and indirect resource consumption from the ser-
vice administration) need to be accounted for and must
not exceed the avoided resource consumption in the re-
ceiving system.

� Product longevity: It needs to be ensured that the same
demand is, in fact, fulfilled using fewer resources, since
the aim is to “reduce the need for producing the product.”
Factors such as technological and perceived obsolescence,
where products are discarded despite still being well func-
tioning (Ongondo and Williams 2011; Kalmykova et al.
2015), might counteract the intention of product life ex-
tension.

� Intensified product usage: It needs to be ensured that there
is, in fact, an unexploited potential for sharing in the
existing market and that customers will accept to share
product utility as a displacement of individual ownership
(in order to successfully “reduce the need for producing
the product”).

� For product system substitutions, the aim of “displacing
more resource intensive systems” should help meet the
requirement of net resource reduction, as one needs to

compare the PSS against the displaced systems, in or-
der to conclude that the aim is supported. For example,
when a PSS includes a take-back system, which enables
“recycling,” the resource reduction potential depends on
what the recycled material displaces. This also applies
for shared products that displace alternative products sys-
tems.

The net resource reduction can be improved by designing
and supporting the PSS, in order to displace systems where
most resources are avoided. Furthermore, since a PSS utilizes
materials and products, it can be investigated how the PSS can
be optimized through eco-design (Salazar et al. 2014), in order
to reduce the induced resources.

Avoid Burden Shifting between Life Cycle Stages

Optimizing one life cycle stage might increase resource con-
sumption in other life cycle stages. This is sometimes referred
to as burden shifting between life cycle stages (Laurent et al.
2012). Avoiding burden shifting between life cycle stages is es-
pecially relevant for strategies aimed at supporting specific life
cycle stages. As such, a PSS focused on operational efficiency
might entail redesigning the product, essentially affecting the
resource use during production and/or EoL, potentially result-
ing in burden shifting. Similarly, product longevity and intensified
product usage often require better quality products designed for
high durability. This may result in a higher resource demand
per product produced, and if this is the case, the increased dura-
bility needs to make up for the increased upstream resource
consumption. Also, for energy-consuming products, extending
product life cycles directly or through reuse and remanufactur-
ing is not necessarily better, as remanufactured products might
be less energy efficient than new product generations (Gutowski
et al. 2011). To support this, Bakker and colleagues (2014, 12)
defined the “optimal product lifespan” as “the point in time
where the environmental impacts that arise from using a prod-
uct equal the embedded impacts of a (more energy efficient)
replacement product.” What these examples have in common
is that the total resource use in a life cycle perspective, as well
as external drivers that might affect the individual life cycle
stages, need to be taken into account when evaluating and de-
signing a PSS. In order to deal with the inherent complexity
of the design task, several PSS design guidelines and tools have
been developed over recent years (Tukker and Tischner 2006a;
Manzini and Vezzoli 2002; Ceschin 2014; Chen et al. 2015; Bey
and McAloone 2006; Morelli 2006; Pigosso and McAloone
2016), aiming to support the development of sustainable
PSS.

Mitigate Rebound Effects
All four PSS enablers ultimately aim to reduce the amount of

resources required to fulfil users’ needs. Thus, they have the po-
tential to lead to resource decoupling in relative terms, however
not necessarily in absolute terms. Absolute resource decoupling
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Table 2 Laundry-service (vs. home-washing)

PSS type Result-oriented

User segment B2C

PSS→CE strategy

Conditions

PSS enabler of
resource
reduction

Operational efficiency The PSS enables operational efficiency during the process
from dirty to clean textiles.

Resource
reduction aim

“Reduce the need for resources during use” The aim should be to reduce the resources used for
laundering the textiles in the use stage.

CE strategy→absolute resource decoupling

Requirement is fulfilled, when . . . Limitations

Ensure net resource
reduction

. . . resources needed during the process from dirty
to clean textiles in households (without the
PSS)

> (are higher than)
Resources needed during the process from dirty to

clean textiles in PSS (including
transport/infrastructure, washing, drying, etc.)

Requirement fulfilment depends on how the laundry was
previously done at the household (e.g., if it included
tumble-drying) and how the PSS is designed, including
how the textiles are transported (the infrastructure) and
the type of energy used at the washing facility. As such,
induced processes such as transport needed for collection
and delivery as well as increased tumble drying have to be
accounted for (Heiskanen and Jalas 2003).

Furthermore, the displacement rate might not be 1:1 and
some PSS users might still do some of their laundry at
home in addition to the laundry service.

Avoid burden
shifting between life
cycle stages

. . . the textiles’ durability is not affected Going from home-washing to a laundry-service might
introduce burden shifting between life cycle stages of the
textiles. It needs to be ensured that, e.g., increased use of
automated drying is not resulting in increased abrasion of
the textiles, potentially resulting in decreased durability
(textiles needs to be discarded more often).

Mitigate rebound
effects

. . . the laundering frequency is not affected and
value-adding low-resource intensive services
mitigate or exceed any potential costs-savings

A direct rebound effect occurs if the users start to have
their laundry done more often as a result of increased
convenience and time saved. Indirect rebound effects
occur if users save money by using the service compared
to paying for a washing machine, water, electricity, etc. at
home. It should be noted that the contrary might also be
the case if the service is more expensive for the user. In
this case, the rebound effect would be “negative” (which
would mean a positive result in terms of resource
reduction).

Note: PSS = product/service-systems; B2C = business-to-consumer; CE = circular economy.

can only be ensured when taking into account so-called rebound
effects.

Rebound effects occur when a product is offered at a lower
price, which is often the case with shared, reused, or recycled
products. The saved money will be spent on alternative con-
sumption, which requires additional resources (Fumikazu et al.
2001; Oberender and Birkhofer 2004; Scheepens et al. 2016).
Furthermore, rebound effects are not only caused by changes
in price, but in principle by all constraints that are affected
by the utility level of a product (Hofstetter and Madjar 2003;

Vivanco and Voet 2014). Rebound effects may be defined as
“the derived changes in production and consumption when the
implementation of an improvement option liberates or binds a
scarce production or consumption factor” (Weidema et al. 2009,
23). In an even broader understanding, a rebound effect occurs
when the actual resource reduction from an improvement is
less than expected because of behavioral or systemic responses.
Adapted user behavior is a common cause of rebound effects,
for example, when a more fuel efficient car incentivizes users to
drive more.
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Table 3 Subscription to children’s clothing

PSS type Use-oriented

User segment B2C

PSS→CE strategy

Conditions

PSS enabler of
resource reduction

Product longevity The PSS enables product longevity by avoiding
premature disposal (when the clothes are disposed of
after initial use).

PSS enabler of
resource reduction

Intensified product usage The PSS enables intensified product usage by avoiding
unutilized capacity (when after use, the clothes are
stored in, e.g., a closet).

Resource reduction
aim

“Reduce the need for producing the product” The aim should be to reduce the production of new
garments through displacement of individual
single-use ownership.

CE strategy→absolute resource decoupling

Requirement is fulfilled, when . . . Limitations

Ensure net resource
reduction

. . . resources needed for needs fulfillment (e.g.,
clothing of child from 0 to 2 years)

without VIGGA subscription
>(are higher than)
Resources needed for needs fulfillment (e.g.,

clothing of child from 0 to 2 years)
with VIGGA subscription

The displacement of resources might be lower than
expected due to the fact that children’s garments
already circulate in and between households through
informal channels. This is often left out in statistics,
but needs to be taken into account when assessing the
potentials of reuse schemes (Laitala and Klepp 2015;
Madsen 2015). Also, induced resources stemming from
logistics and supporting IT platform should be
accounted for in the PSS to ensure net resource
reduction.

Avoid burden shifting
between life cycle
stages

. . . additional resources are not required during
production and end of life

The clothes need to be designed for high durability.
However, since product design is part of the VIGGA
concept, careful selection of materials and production
methods could help avoid burden shifting.

Mitigate rebound effects . . . value-adding low-resource intensive services
mitigate or exceed any potential costs-savings

Requirement fulfilment depends on whether users save
or spend more money as a result of subscribing to the
service.

Other changes in user behavior than what is captured
here might trigger rebound effects (e.g., if users save
space in closets, they might consume more of other
products).

Note: PSS = product/service-systems; B2C = business-to-consumer; CE = circular economy; IT = information technologies.

Whereas rebound effects may be difficult to avoid com-
pletely, eco-efficient value creation (Scheepens et al. 2016) has
been proposed as a mean to mitigate them. Eco-efficient value
creation is the process of designing value-adding activities,
which positively influence the customer´s perceived value,
resulting in a higher “willingness to pay” for resource-efficient
solutions, essentially mitigating the economic rebound effect
(Scheepens et al. 2016). The strategy could thus be to ensure
that the overall economic spending on needs fulfilment is not
decreasing.

A PSS may have the advantage that saved money stemming
from reduced resource consumption is, at least partly, spent on

the services (e.g., consultancy). Provided that the money spent
on consultancy equates to or exceeds the amount of money
saved from buying fewer products, the economic rebound effect
could be partly mitigated, since more service intensive uses
typically have lower impacts per money spent than product
intensive uses (Kjaer et al. 2015).

However, rebound effects will often occur as a result of mech-
anisms outside the direct control of the PSS provider. Especially
structural rebound effects (systemic market response to changes
in aggregated total demand) and transformational rebound ef-
fects (systemic societal response to changes in, e.g., consumers’
preferences or social institutions) (Vivanco and Voet 2014)
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Table 4 Leasing of textiles in the healthcare sector

PSS business model Result-oriented

PSS type B2B

PSS→CE strategy

Conditions

PSS enabler of
resource reduction

Product system substitutions The PSS provider retains ownership of the textiles,
and at EoL the textiles are recycled into new
applications, thereby substituting different product
systems (in this case construction materials and
furniture).

Resource reduction
aim

“Displace more resource intensive systems” The aim should be to decrease resource usage in the
displaced products/materials.

CE strategy→absolute resource decoupling

Requirement is fulfilled, when . . . Limitations

Ensure net resource
reduction

. . . resources displaced by the recycled textiles
> (are higher than)
Resources needed for reprocessing

When recycling the textiles into construction
materials and furniture, requirement fulfilment
depends on the alternative materials and
manufacturing process for these products as well as
the resources needed for reprocessing the textiles.

Avoid burden shifting
between life cycle
stages

. . . the textiles’ durability is not affected by
“design for EoL” requirements.

The capability to reprocess the textiles into new
applications might require that certain conditions
are in place, which affects the other life cycle
stages. For example, in order to ensure pure
fractions, the textiles need to be designed in
homogeneous material, which might affect the
durability and shorten the product life span.

Mitigate rebound effects . . . the reprocessed materials/products are of high
enough quality to compete directly with their
substitutes.

Offering the reprocessed material/product at a lower
price or targeting niche markets will inevitably
trigger rebound effects (Zink and Geyer 2017)

Note: PSS = product/service-systems; B2B = business-to-business; CE = circular economy; EoL = end of life.

can be difficult to mitigate. Furthermore, the above proposals
only target the economic rebound effects. Adapted user behav-
ior caused by changes in other consumption factors, such as
changes in time or space, are not accounted for.

Application of the Framework

The framework is applied as follows:

1. Understand how the PSS leads to a CE strategy

a. Identify the PSS enablers of resource reduction and
the resource reduction aims.

b. Describe the conditions for the enablers and aims.

2. Understand how the CE strategy leads to absolute re-
source decoupling

a. Check under which circumstances the requirements
for absolute resource decoupling are fulfilled.

b. Describe the potential limitations of the PSS to fulfil
the requirements.

In order to exemplify the application of the proposed frame-
work when analyzing PSS solutions, we present illustrative cases
of PSS in the Danish textile industry, obtained by means of a
literature review. The cases are exemplary and were selected
based on their potential to allow an enhanced understanding
of the defined PSS enablers and the requirements for absolute
resource decoupling.

We chose the textile industry due to its potential to tran-
sition toward CE (Ellen MacArthur Foundation 2013). Many
textile products such as clothing have short life cycles and, de-
pending on the type of fibers, textile production consumes high
amounts of energy and water and results in significant green-
house gas emissions (Business for Social Responsibility 2009).
In addition, resources are consumed due to the need for laun-
dering, during the use stage. Clothing PSS such as take-back
systems, swaps and subscriptions may provide the industry with
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a mechanism to increase factors such as product quality and
longevity (Armstrong et al. 2015).

In this paper, the proposed framework is intended for generic
use and the principles apply to both business-to-business (B2B)
and business-to-consumer (B2C) relationships. For each illus-
trative case, the user segment will be stated.

Laundry-Service (vs. Home-Washing)
(Business-to-Consumer)

For many everyday textiles, laundering in the use stage repre-
sents the most resource intensive process throughout the prod-
uct life cycle (BSR 2009). Professional laundry-service compa-
nies offer a result-oriented business model, where customers pay
for clean, dry textiles, and the logistics associated with collec-
tion and delivery. Among others, the Danish company Washa
(Washa 2016) provides such a service. Due to economies of
scale, there is a potential for a professional laundry service to
increase resource efficiency of the washing process, compared
to traditional home-washing (Heiskanen and Jalas 2003). The
framework elements are discussed in table 2.

Subscription to Children’s Clothing
(Business-to-Consumer)

Small children usually outgrow their clothes before they are
worn out. Unless the clothes are passed on to siblings or others,
this results in premature disposal and an unutilized potential for
product sharing or reuse. The Danish company Vigga (VIGGA
2016) offers subscriptions to high-quality children’s clothing
based on a use-oriented business model. As the child grows,
items are replaced with new clothing. Clothing is returned to
VIGGA where it is laundered and subsequently reused by a new
subscriber. The framework elements are discussed in Table 3.

Leasing of Textiles in the Healthcare Sector
(Business-to-Business)

In a recent publication, the EMF has assessed the circular
potential for a number of Danish sectors including healthcare
(Ellen MacArthur Foundation 2015b). According to the pub-
lication, leasing of clean textiles represents the most widely
adopted performance-based business model in the Danish
healthcare sector. The business model is a result-oriented PSS
that provides textiles, laundry-service, and associated logistics,
which, in principle, means that all of the four PSS enablers (see
table 1) may be utilized. However, in this example, we focus
on the potential product system substitution in the EoL stage.
Due to the fact that the PSS provider retains ownership of the
textiles, they also have the option to plan for EoL strategies.
Garments from the hospitals can be reused or recycled into
new applications and thereby displace alternative production
of raw materials. The Danish company, De Forenede Damp-
vaskerier (DFD), caters for a number of Danish hospitals, and
due to economies of scale, the PSS provider can guarantee a
large volume of homogenous textiles. This entails that EoL

strategies may become profitable as an alternative to pay for
waste-handling fees. DFD is exploring this potential in collab-
oration with designers, and currently one EoL strategy is to re-
process worn-out work clothes into construction materials and
furniture (De Forenede Dampvaskerier 2017). The framework
elements are discussed in table 4.

Concluding Remarks

In this forum paper, we have highlighted the gap between
the common CE proposed business action “offering products as a
service” and the claimed CE goal of resource decoupling, by ask-
ing: Are PSS for a CE the route to decoupling economic growth
from resource consumption? Our main errand with this paper
has been to challenge the research communities connected to IE
and CE to be more critical, when proposing PSS as means to re-
alizing a CE. Our position is that the ultimate aim of CE should
be to enable absolute resource decoupling, which goes beyond
simply extracting more value from resources. Our vehicle for
discussion has been the proposed two-step framework that links
PSS to CE strategies in the first instance and, subsequently, CE
strategies to absolute resource decoupling. In the first step of the
framework, we propose four PSS enablers of resource reduction,
linking PSS strategies to resource reduction aims to qualify it
as a CE strategy. Second, the framework proposes three sub-
sequent requirements for absolute resource decoupling: ensure
net resource reduction, avoid burden shifting between life cycle
stages, and mitigate rebound effects. These requirements are
not usually considered when proposing a PSS, which poten-
tially leads to suboptimized solutions from an environmental
point of view. The requirements can also be used as a checklist
to avoid claims that CE strategies are intrinsically more envi-
ronmentally sustainable than linear models. As such, the pro-
posed analytical framework is a first step toward consolidating
an approach for companies and institutions to critically analyze
alternative PSS strategies and support their refinement toward
absolute resource decoupling. The framework was demonstrated
by analyzing PSS cases within the Danish textile industry. The
case analyses showed the conditions that needed to be in place
for the PSS to enable relative resource reduction and exem-
plified limitations for achieving absolute resource decoupling.
However, further work is needed to make the framework op-
erational in a business context. Enhancement of the proposed
framework should be based on a combination of theory-driven
(e.g., by means of an enhanced systematic literature review) and
empirical-driven (e.g., evaluation by experts and case studies)
strategies. The proposed framework is currently being used in
connection with the development of guidelines to support ob-
jective evaluations of the environmental performance of PSS.

With the aim of stimulating discussion and further dialogue
in both academia and industry, regarding the role of PSS in
a CE, we invite other scholars to critique and enhance the
proposed framework. To that end, we propose the following
questions: (1) In what ways could the two-step logic of the
analytical framework be further enhanced? (2) What would
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be the best way to test the comprehensiveness of the enablers
and requirements, as well as the relationships between these?
(3) How can rebound effects triggered by customer behavior,
market mechanisms, legislation, technical developments, and
other circumstances not directly influenced by the providing
company be addressed in the formulation and realization of
CE strategies in the context of PSS? (4) How can the overall
feasibility of a “closed loop economy” and absolute resource
decoupling be further assessed?

A key message in this paper is that investigating the resource
decoupling potential of PSS requires a system perspective and
a life cycle approach. It needs to be ensured that the PSS is
designed in a way that the provider can add value and create a
turnover through service offerings, while also reducing the over-
all need for resources. As such, the most important strengths
of enabling CE strategies through a PSS are the (1) ability to
direct and control the use of resources and (2) ability to design
and implement service intensive and value-adding offerings,
essentially dematerializing the need fulfillment and influencing
user behavior. However, as long as these types of offerings are
driven by ensuring economic growth alone, and not by reduced
production and consumption, the proposed resource reduction
aims and the requirements for absolute resource decoupling will
have a difficult time being fulfilled. It is imperative that the bal-
ance of production, consumption, and well-being is addressed as
a key goal for societies and the individuals and businesses within
them to be able to thrive through absolute resource decoupling.
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a b s t r a c t

Product/Service-Systems (PSS) such as integrated solutions, performance-based contracts or sharing
systems are often proposed as means to enable improved environmental sustainability. However, PSS are
not necessarily environmentally benign compared to conventional systems. Quantitative environmental
performance evaluations of PSS are hence needed. Life cycle assessment (LCA) is a commonly used
method for environmental performance evaluation. However, applying LCA in the context of PSS requires
specific considerations, which are not sufficiently addressed by current LCA guidelines. In this article, we
propose a set of guidelines consisting of six steps, which elaborates the LCA process with respect to the
specific consideration for PSS assessment. The guidelines were developed based on identified challenges
for the application of LCA on PSS, a review of existing LCAs on PSS case studies, expert consultations, case
study applications, and structured user feedback. The use of the guidelines is demonstrated on three
exemplifying cases, covering three different scopes for PSS evaluation. By applying the guidelines, the
risk of biased results, predictable rebound effects and significant cut-of errors should be reduced. Future
work includes evaluating the guidelines through full-scale case applications and further development of
dynamic and prospective modelling approaches for assessing systemic consequences and rebound
effects.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The Product/Service-Systems (PSS) concept originates from
a sustainability perspective. One of the most cited definitions of
PSS (Haase et al., 2017) is that of Mont (2002) who defines PSS
as: A system of products, services, supporting networks and
infrastructure that is designed to be: competitive, satisfy customer
needs and have a lower environmental impact than traditional
business models. Since then, the PSS field has grown and envi-
ronmental aspects are no longer the most influential aspects of
the research stream (Annarelli et al., 2016). Nevertheless, PSS
continues to be acknowledged as a potential enabler for tran-
sitioning towards a more sustainable society. Bocken et al.
(2014) explain how PSS plays an important role in the sus-
tainable business model archetype ‘deliver functionality, rather
ing 404, 2800, Kgs. Lyngby.

Kjaer), danpi@mek.dtu.dk
dtu.dk (M. Birkved).
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than ownership’, and PSS are often mentioned as a means to
enable a transition from a linear to a circular economy (Kjaer
et al., 2018). PSS range from product-oriented (e.g. after-sale
services such as maintenance and consultancy) to result-
oriented (e.g. the customer pays for an overall result deliv-
ered) with use-oriented (e.g. product renting, sharing or pool-
ing) categorised in between (Tukker and Tischner, 2006). While
the potential for PSS (and especially result-oriented PSS) to
lead to improved environmental performance is often conveyed
(Tukker and Tischner, 2006), it is also recognised that a tran-
sition towards PSS needs to be combined with e.g. efficiency,
value in waste (Bocken et al., 2014) or ‘clean’ product imple-
mentation (Scheepens et al., 2016), in order to realise this po-
tential. Furthermore, even if a net resource or impact reduction
is established, burden shifting and rebound effects (when
actual impact savings are less than expected because of
behavioural or systemic responses) need to be mitigated (Kjaer
et al., 2018).

As such, evaluating the environmental performance of PSS is
relevant for determining under which circumstances PSS lead to
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Fig. 1. The guideline development process following the hypothetico-deductive
approach.
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environmental improvements, in order to support decision-making
during PSS design and implementation or when optimising existing
PSS.

Life cycle assessment (LCA) is a well-established and stand-
ardised method for environmental evaluations of products. How-
ever, using LCA in the context of PSS is challenging. Current LCA
guidelines are inherently product-focused and do not deal explic-
itly with the characteristics of PSS. Furthermore, relatively few case
studies of using LCA on PSS exist in the scientific literature (Kjaer
et al., 2016). Three main challenges identified in Kjaer et al.
(2016) are:

(i) Identifying and defining the reference system: How to
identify and describe the relevant reference systems to
which the PSS in question are to be compared? Three scopes
for PSS assessments were defined: (1) PSS optimisation
(reference system is the existing PSS); (2) PSS comparison
(the reference system is one ormore pre-defined comparable
alternatives, often the traditional business model); (3) PSS
consequences (reference system is defined as the baseline
situation without the PSS).

(ii) Defining the functional unit: How to ensure functional
equivalence upon definition of the functional unit (FU)? If
relevant sub-functions are not included, an imbalance in
terms of functional outcome and quality occurs. Further-
more, discrepancies in user perceived value may result in
rebound effects.

(iii) Setting system boundaries: How to ensure a sufficient level
of completeness in system boundaries (which includes
products and services in the background system) to avoid
truncation errors, leaving out potentially important
contributing processes?

In this article, we propose guidelines for evaluating the envi-
ronmental performance of PSS applying the LCA methodology. We
explicitly address the three challenges by elaborating the goal and
scope definition phase of the LCA in order to ensure: (i) a proper
exploration of the reference system; (ii) a comparability assess-
ment of the systems to be analysed, to support the functional unit
definition; and (iii) a sufficient inclusion of relevant processes in
the system boundary decision.

2. Research method

The development of the guidelines followed the hypothetico-
deductive approach (Gill and Johnson, 2010), based on a number
of iterations (cycles) for the formulation and test of the theory. A
mix of research methods (e.g. structured expert interview, user
feedback and case studies) were applied (Fig. 1).

Pre-step:
In the pre-step, guideline requirements were formulated (see

section 3).
Cycle 1:
The Danish environmental think-thank CONCITO was identified

as a potential user of the guidelines and was asked to provide input
to the requirements through interviews. Simultaneously, other
similar guidelines were reviewed, ranging from consolidated LCA
guidelines (e.g. ISO (2006); European Commission (2010);
Weidema et al. (2009); ISO (2006); European Commission (2010);
Weidema et al. (2009)) to more novel guidelines for specific
application contexts (e.g. CONCITO (2012); ICCA and WBCSD
(2013); Global e-Sustainability Initiative (2010); CONCITO (2012);
ICCA and WBCSD (2013); Global e-Sustainability Initiative (2010)).
Based on these inputs, the first version of the guidelines was
developed.
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The guidelines were sent to five experts within the field, who
were asked to review them. They provided amixture of written and
oral feedback through personal semi-structured interviews. Two
hypothetical cases, a bike sharing system (case 1) and a shared
lawnmower PSS (case 2), were formulated in order to exemplify the
guidelines’ application. These case studies were supplemented
with inputs from a case study of a hull cleaning service (case 3)
documented in Pagoropoulos et al. (2017). Inputs from the experts
and the case studies resulted in consolidated improvement
opportunities.

Cycle 2:
Through refinement and consolidation, a revised version (v.2) of

the guidelines was developed. The guidelines were then tested in
connection to another case study: a merino wool garments PSS for
the British military, documented in Bech et al. (submitted). In order
to obtain additional user feedback and further validate the guide-
lines, a two-day course for researchers, PhD students and industry
professionals working with PSS and LCAwas developed. The course
was arranged as a structured experiment where the delegates went
through the proposed steps using the aforementioned case 1, 2 and
3. The course ended with a survey in which the delegates provided
detailed feedback to each step of the guidelines, resulting in a new
set of improvement opportunities.

Cycle 3:
The guidelines were revised once more into the final version as

presented in this article, and which also make up the backbone of a
pedagogical User Guide, targeting practitioners working with PSS
evaluation (Kjaer et al., 2017).
3. Guideline requirements

The guideline requirements were identified based on LCA
challenges for PSS (as described in the introduction) and on case
reviews. Twenty cases dealing with the “environmental quantifi-
cation of PSS” were identified by means of an update of the sys-
tematic literature review, carried out by Kjaer et al. (2016) (see
Table 1). The goal was to describe existing approaches for envi-
ronmental evaluations of PSS, based on the study timing (i.e. pre or
post implementation), the study scope and the method applied.
This would influence the guidelines, which should not only deal
with the aforementioned challenges, but also encompass existing



Table 1
Cases of quantitative assessments of PSS.

Case Study
timing

Study scope Assessment method applied.
*As stated in the reference

References

‘Pre’ ‘Post’ PSS
optimisation

PSS
comparison

PSS
consequences

Optimised waste glass collection X X (X) LCA* (Lelah et al., 2011)
(primary)
(Bonvoisin et al., 2014)
(supplementing)

Bicycle sharing in the city of Lyon X X X LCA* (Amaya et al., 2014)
Paper mill reconditioning X X LCA* (Lindahl et al., 2014)
Clean and dry building exterior X X LCA* (Lindahl et al., 2014)
Leasing of a soil compactor X X LCA* (Lindahl et al., 2014)
Clothes washing X X LCA (Haapala et al., 2008)
‘Conditioned air’ service X X ‘Streamlined LCA’* (Bennett and Graedel,

2000)
Free-floating car-sharing system (car2go in Ulm) X X X Surveys and ‘parameterised effect

analysis’
(Firnkorn et al., 2011)
(pre)
(Firnkorn and Müller,
2012)(post)

Household waste prevention on new housing
developments in the UK

X X Waste prevention assessment*
(Mass stock analysis)

(Gottberg et al., 2010)

Remanufacturing at Fuji Xerox X X ‘First level’ LCA* (Kerr and Ryan, 2001)
Re-use of temporary buildings X X LCA* (Dreijer et al., 2013)
Shared household tools (drills and lawnmowers) X X Simplified LCA (Mont, 2004)
Environmental sensor applications X X LCA* (Salazar et al., 2015)
Business models for transport by car in Swedish

small towns
X X LCA* (Nurhadi et al., 2017)

Pallet management strategies X X LCA* (Carrano et al., 2015)
Servicizing the farming-livestock sector X X The CompoundMethod Based on Financial

Accounts (‘MC3’)*
(Pereira et al., 2016)

Water purifiers for home use X X LCA* (Chun and Lee, 2017)
Hull cleaning service of merchant vessels X X LCA* (Pagoropoulos et al.,

2017)
Photocopier in a rental service with

reconditioning
X X LCA* (Khumboon et al.,

2009)
Making water tourism more sustainable X X Eco-costs Value Ratio (EVR) model* (LCA-

based)
(Scheepens et al., 2016)
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approaches.
The review shows that studies conducted pre implementation

(ex-ante) and post implementation (ex-post) seem equally impor-
tant for PSS (even distribution). One case is documented both pre
and post implementation (Firnkorn et al., 2011; Firnkorn and
Müller, 2012). PSS comparisons and/or PSS optimisations are the
most applied scopes, which shows a limited focus on the actual
system changes caused by PSS, which again supports that increased
focus on the reference system is important. Lastly, in most studies,
Table 2
Guidelines requirements based on key findings from literature review.

Requirement # Key findings from literature review

#1 Focus on study scoping The identified challenges are connected to the goal and
scope definition phase of an LCA.

#2 Support reference
system definition

Challenge #1: Define the reference system

#3 Support functional
equivalence

Challenge #2: Establish functional equivalence between the
compared systems in the FU definition.

#4 Support system
boundary definition

Challenge #3: Ensure a sufficient level of completeness in
system boundary selection.

#5 Support different
approaches

PSS are assessed both post and pre implementation and
methods range from ‘full LCA’ to simplified/adapted
versions of LCA.

#6 Focus on scenario-
approach and
qualitative learnings

LCA studies on PSS are subject to uncertainty and results
usually dependent on assumption about user behaviour.
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LCA is stated as the applied assessment method; however some
also apply simplified methods (e.g. ‘streamlined LCA’, ‘First level’
LCA or ‘waste prevention assessment’) or adapted methods based
on the LCA methodology (e.g. ‘parameterised effect analysis’, ‘Eco-
costs Value Ratio (EVR) model’, the ‘MC3’ method).

Together with the identified challenges, the case analyses pro-
vided input to the guidelines requirements, as summarised in
Table 2.
Guideline requirements

#1 Guidelines should follow the phases of an LCA, with specific focus on
supporting the goal and scope phase.
#2 Guidelines should support an exploration of the reference system to identify
relevant substitutions.
#3 The guidelines should support the FU definition, which should be
accompanied by a comparability assessment, which ensure that:
- All relevant sub-functions are included
- Differences in user perceived value outcome are assessed (to identify rebound
effects)

#4 The guidelines should support the identification of relevant contributing flows
and include ‘hidden’ processes (e.g. from services, infrastructure) in the
background system.
#5 The guidelines should support both ‘pre’ and ‘post’ assessment and allow for
both a ‘full LCA’ approach and more simplified approaches, i.e. a ‘screening level
LCA’ based on aggregated data.
#6 The guidelines should support a scenario-based approach and focus should be
on the learnings during the evaluation process, not only the quantified results.

9 



Fig. 2. Overview of steps and sub-steps and how they link to the phases of an LCA process.
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4. Presentation of guidelines

The guidelines aim to support organisations, consultants and
company employees, who are to perform an environmental eval-
uation of PSS. Three competence profiles are needed:

� Strategic decision-maker: formulation of desired learnings and
results interpretation.

� PSS designer: analysing and defining the PSS solution under
study.

� LCA practitioner: performing the quantitative part of the study.

The developed guidelines consist of six steps and a number of
sub-steps (Fig. 2). The first four steps support the goal and scope
definition phase of an LCA. Step 5 supports inventory analysis and
impact assessment and Step 6 supports the Interpretation phase.
Similarly to an LCA study, the study process will be iterative in
nature.

4.1. Step 1: goal definition “what is the purpose?”

In this step, the purpose and desired learnings of the study are
decided, taking into account the intended audience and other
relevant stakeholders. The aim of this step is to define the purpose
and application of the study (sub-step 1.1), the study complexity
(sub-step 1.2) and the time and resources available (sub-step 1.3).
The study purpose and study complexity will be influenced by
whether the study is carried out pre or post implementation. A pre-
assessment will be prospective and more assumptions need to be
made. However, the study will provide valuable knowledge at a
time where it is easier to influence the PSS design and strategies.
130 
This step guides the assessment, in terms of how scenario-based
the approach should be and the level of detail to be involved. As
such, it may already in this step be decided if a ‘full LCA’ is appli-
cable or if a ‘screening LCA’, based onmore aggregated data, is more
suitable. It is also decided whether the study needs to be ISO
compliant.
4.2. Step 2: PSS and reference system exploration “what to
compare?”

In this step, the scope of the study is decided, along with a
definition of the reference system. In sub-step 2.1, the reference
system is decided in relation to the three scopes defined in Kjaer
et al. (2016) (Fig. 3):

� PSS consequences: system-level assessment, focused on ana-
lysing the changes caused by introducing the PSS and identi-
fying all relevant substitutions.

� PSS comparison: compares the PSS with a predefined alterna-
tive, which can either be a non-PSS option (e.g. the traditional
product-sale business model) or an alternative PSS solution (e.g.
product-oriented vs. result-oriented PSS).

� PSS optimisation: evaluates different design options within an
existing PSS.

In sub-step 2.2, the reference system is explored, explicitly
supporting a PSS consequences study scope. Specific attention is
given to identifying the relevant product system(s) that the PSS
substitutes. The relevant substitutions depend on what the PSS
supports. Three types of PSS support are distinguished:



Fig. 3. Three scopes for environmental assessment of PSS.
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� Activity support: The PSS supports or replaces an activity on
behalf of the customer. The reference system is the activity
without the PSS support. The reference system exploration de-
scribes the activity without the PSS, and identifies which ele-
ments the PSS substitutes. For a result-oriented PSS that delivers
a functional result, the PSS might substitute all product and
service elements, while a product-oriented PSS might focus on
supporting specific tasks, often during the product operation
(the use stage). Attention is given to whether or not other life
cycle stages are indirectly affected, as this will affect the later
system boundary definition (in sub-step 4.2). An example of an
“activity support” is a laundry service for private households.
The reference system is the activity of the households doing the
laundry themselves, and only the use stage of the textiles is
directly influenced by the PSS.

� Product support: A product is supported through life cycle ser-
vices (e.g. maintenance, upgrade and take-back services) or
offered as a service (e.g. through pay-per-service-unit). The
reference system is the product systemwithout the PSS support.
The reference system exploration describes the full life cycle of
the substituted product system, and identifies how the PSS af-
fects the life cycle. A product-oriented PSS such as a take-back
service might influence the lifetime or end-of-life treatment of
the product. A use-oriented PSS such as product rental will shift
product ownership from the user to the supplier, which might
influence the product life cycle. An example of a “product sup-
port” PSS is a maintenance service, which can be offered as
either an after-sale service (product-oriented PSS) or be part of a
leasing/rental scheme (use-oriented PSS). Product maintenance
can influence the resource consumption during use as well as
the useful lifetime of the product.

� Platform support: Products and services are offered on a platform
for customers to use (e.g. through subscriptions or short-terms
rentals). The reference system is the situation without the PSS,
encompassing all relevant substituted product systems. When a
PSS is supporting a platform, e.g. a use-oriented PSS such as a
sharing system, the provider has limited control over the
different product systems that the PSS substitute. The reference
system exploration aims to identify these multiple product
systems, which needs to be included in the assessment. An
example of “platform support” is a car-sharing system within a
city, where the PSS substitutes many different transport means
such as private cars, rented cars, taxis, public transport, or even
biking or walking.

In sub-step 2.3, the PSS strategy(ies) and its environmental
impact reduction potentials is described. The purpose is to make a
qualitative assessment of the PSS0 potential to reduce environ-
mental impacts compared to the reference system. Impact reduc-
tion potentials range from direct reductions stemming from
resource efficiency during product use (e.g. through operational
13
support or upgrade services) to indirect reductions, stemming from
intensified product use (e.g. through product sharing) or product
longevity (e.g. through maintenance or reuse). Lastly, impact re-
ductions might come indirectly through shifts in products and
services utilised (e.g. when a PSS delivers an ‘optimised result’ by
utilising cleaner technologies) or through overall shifts in product
systems (e.g. when a PSS enables that customers shift away from
product systems with higher impacts).

In the last sub-step 2.4, the learnings and conclusions from the
previous sub-steps are summarised to decide the systems to be
analysed in terms of relevant PSS scenario variations and the
reference system(s) they will be compared with.

4.3. Step 3: comparability assessment “how to compare?”

This step aims to ensure that the systems chosen for analysis
actually are comparable and that they provide the same function-
ality. The common functionality is defined along with a definition
of the functional unit (FU), upon which the comparison(s) will be
based (sub-step 3.1). Criteria for defining the FU:

� The FU should describe the functional outcome in a measurable
way, typically as a specification of its quantity (how much?),
duration (for how long) and, if relevant, a location (where?).

� The FU should be encompassing enough to be able to capture
the functionality of the PSS and each of the substituted product
systems within the reference system.

� The FU should be descriptive and reflect the activities that the
PSS encompasses.

� It is important not to lock the FU onto a parameter that might
change as a result of the PSS. If, for example, the frequency of the
service is expected to change, this should be variable without
having to change the FU. Instead, the amount of service needed
will be reflected when specifying the reference flows (the
amount of products and services needed to fulfil the functional
unit).
Guidance for each of the three types of PSS support:

� Activity support: The FU can often be narrowed down to rep-
resenting the activity affected by the PSS.

� Product support: The FU should be able to capture changes in
the life cycle of the product system in focus.

� Platform support: The FU needs to capture all the substituted
product systems in the reference system.

The systems are then subdivided into a specification, describing
‘how’ the functionality is provided (sub-step 3.2). Guidance for each
type of PSS support:

� Activity support: overall activity is divided into sub-activities.
� Product support: all activities over the product life cycle are
mapped.

� Platform support: all the product system constellations that the
PSS substitute are listed.

The system sub-division is followed by an assessment of ‘how
well’ the customer perceives the utility and value of the compared
systems, in order to identify differences in performance, which
might trigger rebound effects (sub-step 3.3). The purpose is to
capture ‘non-functional’ performance characteristics to ensure that
the comparison is carried out on an equal basis. While utility of a
solution can be evaluated objectively, the actual value is a subjec-
tive judgement. Both utility and value are affected by consumption
factors. Examples of consumption factors that might change be-
tween the PSS and its reference system are: money (if the PSS is
more or less costly than the alternative), time (when the PSS is more
1 



Fig. 4. Comparing a PSS with a reference system in terms of environmental impact.
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or less time consuming) and access (when the PSS is more or less
available).

Identifying and assessing relevant consumption factors will help
to ensure that the systems are actually comparable from the
perspective of the user e are the assumed substitutions likely to
occur? Furthermore, differences in constrained consumption fac-
tors will likely trigger rebound effects which might entail that the
actual impact savings are less than expected. A rebound effect can
also be ‘negative’ (causing a double-negative), resulting in what we
have termed secondary benefits. Measuring the size and the envi-
ronmental impacts associated with the rebound effect will often be
out of scope of the study. However, a qualitative judgement will
enable that measures can be taken in order to mitigate the rebound
effect e.g. in the design process.

Fig. 4 shows a PSS compared to a reference system. Processes
that do not change in the PSS and the reference system will have
the same impact (the dark part of the PSS bar). Avoided impacts
stem fromprocesses displaced by the PSS and induced impacts stem
from processes added by the PSS. When the avoided impacts are
greater than the induced impacts, the PSS can be said to result in
impact savings, represented by the dotted area. Rebound effects
(illustrated by the red arrow) will lead to a decrease in anticipated
savings, while secondary benefits (illustrated by the green arrow)
will lead to an increase in anticipated savings.

4.4. Step 4: process mapping “what to quantify?”

The purpose of this step is to create an overview of the quan-
titative data that need to be gathered. Visual flowcharts (e.g. a
process tree) may be utilised to create an overview of the included
processes and may visualise which processes are induced (added)
or avoided (displaced or reduced) (sub-step 4.1). Flowcharts are
based on the system subdivision in sub-step 3.2. This is followed by
specifying the system boundary, which delimits which processes
are included in the assessment (sub-step 4.2). In terms of the
reference system, a PSS might only influence one life cycle stage of
the product life cycle (the use stage) but might indirectly influence
the whole life cycle, which then needs to be included within the
system boundary. If the PSS includes decisions between different
end-of-use strategies, the system should be expanded to cover
multiple product systems, since the product system(s) substituted
by the second-hand product or material must be included in the
assessment. Also for a PSS supporting a platform, it will often be
necessary to include multiple product systems within the system
boundary of the reference system. In terms of the PSS, It is
emphasised that it is important not to leave out inputs that might
be significant for the overall induced impacts of the PSS. Inputs that
are often left out, under the assumption that they have insignificant
contributions, include services such as administration, and capital
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goods such as infrastructure and buildings. However, for PSS such
input might constitute a large part of the PSS induced impacts.
Mapping of multifunctional processes (processes with more than
one product/service output), should follow the ISO hierarchy of
how to deal with processes sharedwith other product systems (ISO,
2006). Lastly, the impact categories that are going to be measured
are decided based onwhich are relevant for the system in focus and
the intended audience, also considering risks of trade-offs between
impact categories (sub-step 4.3).

4.5. Step 5: quantification “how to quantify?”

The purpose of this step is to build the LCA model. Inventory
data are gathered for all included processes (sub-step 5.1) and the
quantitative results are generated (sub-step 5.2). Step 5 can in
principle be done by following the life cycle inventory (LCI) phase
and life cycle impact assessment (LCIA) phase, as described in ISO
14044. Since a PSS is often assessed pre implementation, includes
numerous product systems and relies on many inputs in terms of
services, products, and support systems, this will influence the data
collection, which to a larger extent will have to be based on esti-
mates, assumptions and secondary data (e.g. from LCA databases).
While this might introduce uncertainty in terms of data precision,
focusing on choosing the best representative data and modelling
approach should help provide meaningful results.

4.6. Step 6: interpretation and recommendations “what to
conclude?”

In this final step, the results are evaluated and presented, both
quantitatively and qualitatively, highlighting the most important
influencing parameters. First, the quantified results are evaluated in
terms of their validity (sub-step 6.1). This sub-step might include
completeness checks, sensitivity checks and consistency checks as
described in ISO 14044. The result evaluation can be supported by a
scenario analysis, where parameters are varied to find optimums or
break-even cases, in order to argue under which circumstances the
PSS is environmentally superior. Together with the qualitative re-
sults from step 2e4, the overall conclusions are then communi-
cated to the intended audience (sub-step 6.2). Three main aspects
should be highlighted (see also Fig. 4):

� The PSS0 substitutability (avoided impacts): Does the result
depend on the PSS0 ability to substitute specific products sys-
tems and has the study revealed any concerns about their
substitutability?

� The PSS0 dependencies (induced impacts):Does the PSS depend on
support systems, infrastructure and services, which are added,
compared to the reference system? Are any of these processes
left out of the assessment, which could jeopardize the results?

� Rebound effects: Is there a risk that the PSS will increase the
demand for the products/services (direct rebound effect) or
other consumption (indirect rebound effect)?

Finally, if included in the study purpose, a set of recommenda-
tions might be formulated, such as how to optimise the PSS design,
guide the PSS strategies in order to ensure proper adoption, and
mitigate rebound effects (sub-step 6.3). This finale sub-step is
considered optional.

5. Case exemplification

In the following, the guidelines are demonstrated using three



Table 3
System subdivision (e.g. 25% of users change from train þ own bike to train þ bike-
sharing system þwalking). italic markings are the part of the trip that is unchanged.
step 4.

Users Distribution
(% of trips)

Reference system Bike-sharing scenario

A 25% Train þ own bike Train þ bike-sharing
system þ walking

B 45% Train þ metro/
bus þ walking

Train þ bike-sharing
system þ walking

C 10% Car Train þ bike-sharing
system þ walking

D 20% Train þ walking Train þ bike-sharing
system þ walking
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hypothetical PSS case examples, representing the three study
scopes and the three types of PSS support, respectively. To account
for space limits, all three cases have been substantially simplified
and the following steps are not individually elaborated for each
case:
Fig. 5. Flowchart and results
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� Sub-step 1.3: Time and resources. For all cases, limited time and
resources are assumed and what may be defined as a ‘screening
level LCA’ is applied.

� Sub-step 4.3: Impact categories. For Case 1 and 2, global
warming (measured in CO2e) is the impact category considered.
However, for case 3, the trade-off between global warming and
eco-toxicity is of concern and both impact categories are
therefore included. It should be noted that a full assessment
would normally include multiple impact categories.

� Step 5: Quantification. Upstream emission data for greenhouse
gases (GHGs) are based on processes in the EcoInvent database
and/or the hybrid Input-Output model FORWAST (for more in-
formation, see Kjaer et al. (2015)), and direct emission data for
fuel combustion is based on calorific value and CO2 content for
the fuel type in question. The modelling approach for eco-
toxicity in case 3 is described in Pagoropoulos et al. (2017).

� Sub-step 6.1: Result evaluations. No completeness, sensitivity or
consistency checks are included and no further scenarios are
assessed. For case 3, see Pagoropoulos et al. (2017) for a detailed
analysis.
for bike-sharing system.

3 
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5.1. Case 1: bike-sharing system

A municipality of a large city is offering a public, electrical bike-
sharing system called ‘BikeNow’ for the city commuters, locals and
tourists with the purpose of reducing pollution within the city.
Prior to the introduction of BikeNow, the municipality conducted a
survey, asking the city commuters to state how they would pri-
oritise between different modes of transport, if they had the option
to commute by public electrical bikes. Based on this survey, the
municipality would like to know how the carbon footprint from
commuting would change for the commuters stating that they
would change to BikeNow.

Step 1.

1.1 The purpose of the study is to support the municipality (the
intended audience) to quantify whether or not BikeNow
would reduce GHG emissions from the target group com-
muters. This will help support decisions on how BikeNow
should be implemented.

1.2 Since the study is done pre implementation, it is based on
assumptions about user behaviour based on the statements
in the survey. Study complexity is further influenced by the
fact that the bike-sharing system substitutes many different
transport modes. However, focusing only on commuters as a
target group and not locals and tourists reduces the study
complexity.

1.3 N/A

Step 2.

2.1 The reference system is external and defined as the baseline
situation without the PSS, and the scope is therefore PSS
consequences.

2.2 The PSS support is platform support and the PSS substitutes
multiple product systems, since it influences many
commuting options.

2.3 The PSS0 potential to reduce environmental impact comes
indirectly from the sharing platform, as it enables product
system substitutions (when commuters change from one
transport-mode to another, which has less environmental
impacts).

2.4 The systems to be analysed are the current combination of
transport modes for the commuters stating they would
change to the bike-sharing system (the reference system)
and the new combination of transport modes, including
BikeNow (the BikeNow scenario).

Step 3.

3.1 The functionality is to provide transport and the FU is
defined as 5000 citizens commuting for one average month ¼>
200,000 trips (corresponding to 40 trips/month/user). As such,
the whole commuting distance is taken into account and not
Table 4
Reference flows of the two scenarios. e.g. in average, commuters changing from own bik
would use it for 3.3 km and walk the last 0.2 km.

User distribution (% of trips) Reference system

Transport mean Average distance (km

25% Own bike 3.5
45% Metro/bus 3.3
10% Car 12
20% Walking 0.7
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only the distance covered by BikeNow. The 5000 citizens
correspond to 3% of the ca. 170,000 daily city commuters and
is estimated based on the survey result.

3.2 The system subdivision specifies the commuting options in
the reference system and in the bike-sharing scenario as
shown in Table 3. Note, that in the survey, no distinction
between metro and bus was made.

3.3 Examples of important consumption factors to consider are:
time, convenience and money. If the commuting option is
more time consuming or less convenient, e.g. in bad weather,
the substitution might not occur. An indirect rebound effect
comes from users who save money and will increase other
types of consumption.

4.1 Based on the system sub-division, a visual flowchart (process
tree) is created, breaking down the FU into the different
commuting options (Fig. 5a) showing which are induced
(added) and avoided (displaced or reduced). Each
commuting option represents a product system with a life
cycle on its own (subdivision not shown in the process tree).
Walking is assumed emission free. The process for BikeNow
is further subdivided into electric bike (including battery)
production & end-of-life, and bike operation (includes bike
maintenance, administration, docking stations, road use and
electricity production).

4.2 Processes that do not change between the compared systems
are eliminated, leaving only the part of the commuting dis-
tance that would change to be included within the system
boundary, see Table 4.

4.3 N/A.

Step 5. N/A.
Step 6.

6.1 N/A
6.2 Results show that for 5000 commuters using BikeNow, a

total saving of 52 ton CO2ewould be achieved, corresponding
to a 68% decrease in emissions for this segment of com-
muters. The savings come from the commuters changing
from car and metro/bus while changing from own bike and
walking increase emissions. As such, the sharing system's
potential to save emissions depends on its ability to substi-
tute cars and public transport means. The assessment on
utility and value in sub-step 3.3 identified increased time
consumption and inconvenience (influenced by e.g. weather
conditions, bike availability etc.) as relevant consumption
factors. Further scenarios and sensitivity checks should be
developed to account for variations, e.g. by assuming a lower
adoption during winter months. For the BikeNow system,
bike production & end-of-life account for approximately 50%
of the emissions, and bike operation accounts for the
remaining 50%, with maintenance being the dominant
contributor. It is recommended to follow up with an
assessment post implementation and collect more
e, had a transport distance of 3.5 km after changing to bike-sharimng system, they

Bike-sharing scenario

) Train (km) Bike-sharing system (km) Walking (km)

e 3.3 0.2
e 3.3 e

8.5 3.3 0.2
e 0.5 0.2



L.L. Kjaer et al. / Journal of Cleaner Production 190 (2018) 666e678674
representative data on the bike-sharing system and its actual
use, including its users' alternative transport patterns.

6.3 If targeting commuters, recommendations include e.g.
placing charging stations near train stations and areas with
office buildings and large companies to make commuting
journeys as efficient as possible. For an improved design of
the BikeNow system, emphasis should be on using durable
bikes with low maintenance need.
5.2. Case 2: shared lawnmower

Eight households in a residential area have purchased a PSS
involving a shared, large-sized, sit-on-top lawnmower and repair-
service contract for 10 years. The PSS is paid for through common
expenses in the house-owners’ association. After two years, it is
evaluated whether or not the PSS has resulted in impact savings.

Step 1.

1.1 The purpose is to do an environmental assessment post
implementation to evaluate whether the PSS has been a
success or not. The intended audience is the PSS provider,
who will use the results to further develop their business
model.

1.2 Study complexity is relatively low, since data are available
about the use of the PSS and only one application scenario is
considered.

1.3 N/A

Step 2.

2.1 The reference system is external and defined as each
household owning a private normal-sized lawnmower. The
study is a scenario assessment and the scope is thus PSS
comparison.

2.2 The PSS involves supporting a product over its life cycle, thus
the PSS support is defined as product support and the
substituted product system is the normal-sized lawnmower.
Based on interviews with the households, it is discovered
that only four of the households still use the PSS. The other
four households have chosen to go back to using their own
lawnmower.

2.3 The PSS0 potential to result in environmental impact savings
come from optimised product utility through intensified use,
as a result of the product sharing strategy.
Fig. 6. Flowchart and results fo
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2.4 The systems to be analysed are: a) the situation if each
households had owned and used their own individual
normal-sized lawnmower (reference system); b) the situa-
tion if the PSSwere used by all households as assumed before
implementation (PSS1); and c) the current situation two
years after the PSS was purchased (PSS2).

Step 3.

3.1 The functionality is to keep the grass of the lawns below a
desired length and for the two systems the common FU is
defined as: Mowing of 4,800m2 lawn (corresponding to 8
households) in 10 years.

3.2 The systems are subdivided into activities over the product
life cycle and are for this study limited to: lawnmower pro-
duction & end-of-life, repair service and actual mowing
during use.

3.3 Identified consumption factors of relevance include: money
(potential savings in total cost of ownership will lead tomore
consumption), time (the large-sized lawnmower is faster),
space (sharing one lawnmower will leave space in the
garage), access (risk of no availability if the shared product is
in use) and comfort (the normal-sized lawnmower needs to
be walked around, while the large-sized is a sit-on-top type).

Step 4.

4.1 Based on the system subdivision, a flowcart (process tree) is
created (Fig. 6a) showing which processes are induced
(added) and avoided (displaced or reduced).

4.2 The system boundary has been limited to the processes of
lawnmower production & end-of-life, the repair service and
the gasoline production and combustion during use. Three
important changes in flows occur between the PSS1 and PSS2
scenarios (Table 5): In PSS1 (before implementation), it was
assumed that all households would use the PSS as a substi-
tute for their own lawnmower, the use pattern was assumed
to be the same as when the household had their own private
lawnmower (20 times per year), and the need for repair-
service was assumed to be every second year. However, the
actual situation after two years is that four of the households
have stopped using the shared lawnmower and now use
their own lawnmower instead. The main reason is the lack of
flexibility and availability e all too often, when needed, the
shared lawnmower would be in use by someone else.
r shared lawnmower PSS.
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Table 5
Shared lawnmower. product system specifications for the three scenarios.

a) Reference system
8 households use their own normal
size lawnmower

b) PSS1
8 households share large
lawnmower

c) PSS2
4 households (group A) shares large lawnmower, 4 households (group B) uses
their own normal size lawnmower

Use pattern 20 times per year for each household 20 times per year for each
household

Group A: 30 times per year.
Group B: 20 times per year.

Lawnmower
specifications

Normal size (34 kg)
Product lifetime: 5 years
Gasoline use: 1l. per hour
Average operational time per lawn:
30min.

Large size (227 kg)
Product lifetime: 10 years
Gasoline use: 4l. per hour
Average operational time per
lawn: 10min.

Group A: Same as a)
Group B: Same as b)

Repair service
intervals

After 2.5 years (2 times per FU) Every second year (5 times per
FU)

Group A: Every year (9 times per FU)
Group B: Same as a)
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Furthermore, the four households still using the PSS now
mow the lawn 30 times per year on average instead of 20,
mainly because the large lawnmower is faster and (to some
users) more ‘fun’. Finally, the need for repair-service turned
out to be every year, not every second year.

4.3 N/A.

Step 5: N/A.
Step 6.

6.1 N/A
6.2 Results are shown in Fig. 6b. Even though the PSS1 scenario

would increase gasoline use, the avoided production of
normal-sized lawnmowers would reduce GHG emissions by
approximately 30% compared to the reference system.
However, for PSS2, which was the actual situation after two
years, the result is an increase by 12%, due to increased
gasoline use and repair service as well as an unfulfilled po-
tential of normal-sized lawnmower displacement.

6.3 The main recommendation is to make the PSS more attrac-
tive for all households. Another idea that came up from one
of the households was to let one user mown all the lawns in
exchange of a small salary.
5.3. Case 3: hull cleaning service of tanker ships

To prevent biofouling, wheremarine organisms accumulate on a
ship's hull and causes increased fuel consumption (known as ‘fuel
penalty’), tanker ships are equipped with a coating system, in this
Fig. 7. Flowchart and result
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case a biocidal antifouling paint with a copper compound as the
active ingredient that repels fouling. Every five years, the ship is
repainted while in dry-dock (out of operation for periodic mainte-
nance). However, the coating system is often not enough to prevent
fouling and in-water hull cleanings are needed, where a team of
divers clean the hull with brushes. The PSS under study is a hull
management system offered by the paint provider. The provider
monitors thehull and suggestswhen andhowahull cleaning should
be conducted, to ensure that the coating system performs. The PSS
provider wants to optimise the PSS by implementing a performance
agreement in which hull cleanings are initiated every time the fuel
penalty is above a certain threshold. Data are gathered for a group of
tanker ships. With the performance agreement, the number of
cleanings would change from two to six times during the five-year
period between dry-docks and their timing would be optimised.

Step 1.

1.1 The purpose is to evaluate how the optimised PSS influence
the impact on global warming and eco-toxicity compared to
the existing hull management scheme. The intended audi-
ence is the PSS provider, who will use the results to further
develop the PSS in collaboration with the shipowner.

1.2 Data uncertainty in general is relatively high, due to high
variations in operational sailing patterns, how hull cleanings
are performed and how paint is removed after five years of
operation. To focus the study, the data are based on a selected
group of tanker ships and only one application scenario is
considered here. See Pagoropoulos et al. (2017) for a more
detailed study.

1.3 N/A.
s for hull cleaning PSS.
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Step 2.

2.1 The scope is defined as PSS optimisation, since the reference
system is the existing hull management scheme.

2.2 The PSS is the hull management, and the PSS support is
defined as activity support, which only directly influences the
operational life cycle stage of the paint as well as the ship.

2.3 The PSS0 potential to result in environmental impact savings
comes from direct resource efficiency as a result of the
operational support (reduced fuel consumption of the ship).

2.4 The systems to be analysed are: a) the hull management PSS
where hull cleanings are initiated on an ad hoc basis based
on periodic inspections (average twice per five years); b) the
optimised PSS, where hull cleanings are initiated when fuel
penalty is above a certain threshold (average six times per
five years).

Step 3.

3.1 The functionality of the PSS is to monitor and clean the ship
hull, and the FU is defined as: Monitoring and cleaning the
hull of a medium tanker vessel throughout the five year life
cycle of the paint.

3.2 The activity is divided into sub-activities, which include
paint application, ship operation, hull cleanings and paint
removal.

3.3 The main risk of rebound effect identified is that the fuel
savings might work as an incentive for the shipowner to
increase speed, which would alleviate the impact saving.

Step 4.

4.1 The flowchart in the form of a process tree is shown in Fig. 7a.
4.2 The system boundary has been limited to the processes that

change as a result of the optimised PSS, which excludes the
paint application and paint removal. For the impact category
global warming, avoided impacts stem from the decrease in
fuel consumption, which reduces GHG emissions from both
fuel production and fuel combustion. Induced impacts come
from the upstream impacts associated with the actual hull
cleaning activity. To capture all upstream impacts associated
with the hull cleaning activity and ensure a high level of
system boundary completeness, calculations are done in a
top down manner using a hybrid input-output model as
described in Pagoropoulos et al. (2017). For the impact
category eco-toxicity, induced impacts stem from the in-
crease in copper being removed during hull cleaning, which
affects the marine eco-toxicity.

4.3 N/A.

Step 5: N/A.
Step 6.

6.1 N/A.
6.2 Results are shown in Fig. 7b. Even when including induced

impacts from the added hull cleanings, the optimised PSS
would increase the saved GHG emissions by approximately
50% compared to the existing PSS. However, the impact on
eco-toxicity would increase by 80%. As such, there is a trade-
off between impact categories, which would not have been
revealed if only focusing on global warming.

6.3 It is recommended to implement the optimised PSS, but to
ensure that hull cleanings are done as gentle as possible to
reduce impacts on the local marine environment.
1о
5.4. Discussion on case exemplification

The three presented cases exemplify how the guidelines assist
the relevant challenges depending on the study scope and the type
of PSS support. For the bike-sharing system, the PSS supported a
platform and the ability to enable impact savings depended on
which transport modes the bike-sharing system was able to sub-
stitute. Assuming that the bike-sharing system would substitute
the same type of product system (e.g. privately owned bike) would
be a false assumption. It was essential to determine which and to
what extent different transport modes would be substituted. As
such, the case illustrates the importance of a reference system
exploration, supported by the guidelines in Step 2. The case also
illustrated the importance of defining a broad FU that would cap-
ture the full commuting distance (as emphasised in Step 3 of the
guidelines). Only looking at the distance covered by the BikeNow
system would not capture changes in depending transport modes.
The case showed that consumption factors could influence if and to
what extent commuters would adopt and use the bike-sharing
system as a substitute for other transport modes e.g. a private car,
which can be considered more convenient (especially in bad
weather) and is always available. The case exemplifies an assess-
ment done pre implementation, which includes assumptions and
should be supplemented by scenario analyses and sensitivity
checks. Furthermore, an assessment post implementationwould be
essential to determine the actual user behaviour of the system and
check potential misalignments between expectations and reality.

For the shared lawnmower PSS, its ability to enable impact
savings depended on the ability to substitute the individual
ownership and mitigate rebound effects. The guidelines emphasise
the importance of supplementing the FU definition with a
comparability assessment, and for case 2, this was essential to
determine the PSS’ substitutability and causes for rebound effects.
Furthermore, this case study exemplified the relevance of com-
plementing an assessment pre implementationwith an assessment
post implementation to identify and measure the consequences of
a rebound effect.

For the hull cleaning PSS, the PSS supported an activity with the
purpose of reducing fuel consumption. As such, avoided impacts
were easily identified, however the PSS induced impacts had to be
thoroughly assessed, with a focus on ensuring system boundary
completeness to determine if net impact savings could be expected.
The guidelines emphasise the importance of including service in-
puts when defining the system boundary in Step 4. Furthermore,
the case showed the importance of including relevant impact cat-
egories for the system in question, to identify potential trade-offs.
For case 1 and 2, the focus on a single indicator (global warming)
can be seen as a limitation.

6. Conclusions and future work

In this article, we have proposed guidelines for evaluating the
environmental performance of PSS based on the LCA methodology.
The focus of the guidelines is to support the study scoping in terms
of: defining the reference system in order to identify relevant sys-
tems to be analysed; assessing the comparability between the
systems in supporting the functional unit definition; and ensuring
that processes induced by the PSS are sufficiently included. Table 6
summarises how the guidelines support the requirements formu-
lated in section 3.

In order to support the application of the guidelines, an
extended and detailed User Guide targeting practitioners has been
developed (Kjaer et al., 2017). The User Guide contains a general
introduction to PSS and the motivation for environmental evalua-
tions, after which each guideline step is explained in a prescriptive
7



manner. The main text is supported by boxes containing tips, ex-
amples and supplementary information. For each step it is stated
which of the three competence profiles (strategic decision-maker,
PSS designer and LCA practitioner) are needed, and each step
ends with a list of summarising questions.

The main limitation of the research presented in this article is
the limited test of the proposed guidelines into real cases, covering
the full complexity of real-life PSS case studies. Furthermore,
because the guidelines are generic, industry specific considerations
were not taken into account. This makes the guidelines context-
independent but at the same time also requires that sufficient
translation into industry specific contexts is performed.

Futurework includes evaluating the guidelines through full case
applications, as well as continued expert and user feedback.
Furthermore, the following suggestions from experts and users
during the guideline development process have yet to be imple-
mented and will require additional research:

� Extended guidance on how to use scenario, dynamic and pro-
spective modelling approaches to assess different PSS variations
and systemic consequences.

� Better, structured approaches to identify, assess and quantify
rebound effects.

� Improvement of existing LCA databases to allow for better in-
clusion of services.

� Compare and position the guidelines in relation to other
guidelines (e.g. EU PEF guidelines, PAS2050 and the GHG
Protocol).

As such, future work should not only focus on applying the
guidelines, but also on improving and extending them by supple-
mentary methodology development as well as stakeholder specific
guidance.

The proposed guidelines do not solve all the challenges that
exist for evaluating PSS through LCA. A study will not be able to
capture all application scenarios, assumptions will always have to
be made and rebound effects will inevitably occur. However, by
applying the guidelines, the risk of biased results should be reduced
and hopefully the guidelines will inspire more quantitative studies
that move beyond the proof-of-concept stage and evaluate the
actual changes caused by a PSS, to further enlighten under which
circumstances PSS lead to environmental improvements. More
quantitative studies could assist decision-making e.g. when
developing PSS business models and choosing between a product-,
use- or result-oriented PSS. Lastly, the need for quantitative as-
sessments done both pre and post implementation is acknowl-
edged. Pre-assessments can assist decision-making at a timewhere
the PSS design and strategies can be influenced and post-
assessments can be valuable to determine the actual conse-
quences of a change and help prove or disprove if avoided impacts
are in fact realised and rebound effects mitigated.
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15 SUMMARY OF PHASE 2 AND NEXT STEPS 
This Chapter summarises project phase 2 and outlines a plan for how the main research outcome (the 
guidelines + User Guide) could be further enhanced through a future development cycle. 

15.1 DEVELOPED SUPPORT IN PROJECT PHASE 2 
In the project, three types of support were developed and tested. The first type of support was an 
approach to evaluate if and under which circumstances a PSS would be successful in the context of the 
maritime industry. The second type of support was a generic framework, connecting PSS to CE and 
absolute resource decoupling. Finally, the overall outcome of the project: Generic guidelines for 
evaluating the environmental performance of PSS. This section summarises the three developed 
supports and the main learnings from their application, with focus on how support #1 and support #2 
contributed to developing the main research outcome, support #3 (the guidelines). 

SUPPO RT  # 1:  APP ROA CH FO R PSS EV A LU ATI ON IN  T H E MA RITI ME I ND UST RY 
A life cycle-based approach for evaluating the costs and benefits for PSS in the maritime industry was 
proposed and tested on two cases in supplementary article F (Appendix I). The hypothesis was that to 
examine service strategy formulation in the maritime industry, both quantitative and qualitative costs 
and benefits needed to be analysed, from both a customer and supplier perspective, in order to assess 
whether the PSS would be attractive and adoptable, which was the first criterion for a successful PSS 
implementation. Given that for both analysed cases, the main cost savings from the customer 
perspective would come from fuel savings, a direct relation could be established between the 
economic potential and a potential reduction in environmental impact stemming from reduced fuel 
consumption.   

For both case studies, the quantitative economic analysis revealed that although the PSS resulted in a 
decrease in life cycle costs and a possible revenue opportunity, there was also a lack of fundamental 
demand, which could risk complicating the formulation of service strategies. Furthermore, the case 
studies highlighted the importance of both customer and manufacturer capabilities to deliver and 
implement a PSS. These qualitative conclusions would not have been possible, based on the 
quantitative analysis of costs and benefits alone. As such, it was confirmed that to examine service 
strategy formulation, both a quantitative and qualitative assessment is necessary, taking into account 
both customer and supplier capabilities, which are crucial for a successful PSS implementation. It was 
found that the customer needs to be able to adapt and develop capabilities to support the PSS 
implementation, e.g. in the paint performance agreement, the customer would need to support the 
PSS by finding and utilising the windows of opportunity to perform hull cleanings. When to perform 
hull cleanings would not be a decision that the PSS provider (i.e. the OEM) could make without the 
collaboration and capabilities of the customer. Similarly, the OEM would also need to expand their 
capabilities. The boiler OEM, for example, recognised the need to acquire an understanding of the 
whole steam system, while the paint OEM would need to develop data analytic capabilities to monitor 
and assess the life cycle performance of the paint. To summarise, the developed support #1 consisted 
of a quantitative analysis based on life cycle costing, complimented by a qualitative assessment of the 
customer and manufacturer perceptions towards PSS. The main take-away from this, in terms of how 
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it influenced the development of the main research outcome, support # 3 (the guidelines) was the 
confirmation that a proper understanding of the reference system is a key element in a PSS evaluation 
study. The contextual conditions of the reference system (e.g. the main drivers for environmental 
improvements, industry dependent drivers and barriers for a successful PSS adoption, customer 
perceptions and capabilities) are essential to determine whether or not the quantitative results of the 
study are likely to be realised.   

SUPPO RT  # 2:  FR A MEWORK  FOR  PSS,  CE A N D A BS OLUT E R ESO UR CE D ECOUP LIN G 
In article D (Chapter 13), a framework was proposed that coupled PSS with intentional strategies for 
resource reduction and showed the requirements for absolute resource decoupling. The article was a 
Forum paper, which offered a critical view of PSS in relation to CE and the vehicle for discussion was 
the framework that outlined the route from PSS to absolute resource decoupling. Step 1 of the 
framework built on the PSS strategies outlined during the systematic literature review in Chapter 9. 
However, in the framework, the PSS strategies ‘Product sharing’ and ‘Sharing platform’ were shown 
together as ‘Product sharing’. As such, the framework presented five strategies instead of six. Instead, 
in the article when discussing the PSS strategy ‘Product sharing’ it was highlighted that the strategy 
could take different routes to reach the aim of reducing resource consumption (see Figure 12, also 
shown in the article).  

FIGURE 12: FRAMEWORK: FROM PSS TO CE STRATEGY TO ABSOLUTE RESOURCE DECOUPLING 

When developing the User Guide it was decided to explicitly distinguish between ‘Product sharing’ 
which intensifies product use (and thus reduces the need for producing the product) and ‘Sharing 



Chapter 15 

143 

platform’, which require a displacement of more resource intensive systems. The purpose of the 
distinction was to create an awareness of the difference between product sharing that potentially 
substitutes individual ownership of the same product and sharing platforms, which are more 
unpredictable in terms of their substitutions. The figure on p. 27 of the User Guide (Appendix VII) 
shows the six strategies and the impact reduction potentials, which is a merge of the PSS enablers of 
resource reduction and the resource reduction aims, presented in step 1 of the framework. 

Step 2 of the framework (requirements for absolute resource decoupling) built on the literature 
review on CE and PSS presented in the article. In the first requirement (ensure net resource reduction) 
it needed to be ensured that avoided (displaced) resources were larger than induced (added) 
resources. To avoid burden shifting this balance of avoided and induced resources needed to be 
accounted for in a life cycle perspective. Finally, rebound effects might counteract the anticipated 
savings. This view of avoided vs. induced resources and the importance of indirect effects was also 
used in the development of the guidelines as shown in Figure 13, also shown in article E (Chapter 14) 
and on p. 36 of the User Guide (Appendix VII). 

FIGURE 13: COMPARING A PSS WITH A REFERENCE SYSTEM IN TERMS OF ENVIRONMENTAL IMPACT 

As such, the proposed framework in article D served a purpose, both in its own right as a vehicle for 
discussion in the CE community, and contributed to developing the guidelines, in the sense that the 
enablers and requirements of the framework were indirectly incorporated into the guidelines – this 
time with a focus on environmental impacts and not only resources. 

SUPPO RT  # 3:  GUI D ELI NES FO R  EVA LUA TIN G T H E EN VIRON MEN TA L P ERFO R MA N CE O F
PSS 
Article E (Chapter 14) presented the guidelines, which constitute the backbone of the developed User 
Guide (Appendix VII). The intention of the guidelines was to support the LCA process, taking the 
important aspect for PSS evaluations into account throughout the process and creating the right mind-
set for such evaluations. Table 10 summarises how the guidelines support the requirements listed in 
Chapter 11.2. 
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TABLE 10: GUIDELINE REQUIREMENTS AND HOW THE GUIDELINES SUPPORT THE EVALUATION PROCESS 

Guideline requirements How the guidelines support the evaluation process 
#1 Guidelines should follow the 
phases of an LCA, with specific 
focus on supporting the goal and 
scope phase. 

The goal and scope definition phase is divided into four subsequent steps. 

#2 Guidelines should support an 
exploration of the reference system 
to identify relevant substitutions.  

Supported by step 2. 
2.1 Study scope: The distinction between the three scopes (PSS optimisation, 
PSS comparison and PSS consequences) create an awareness that the reference 
system is not a given for PSS, and help the user reflect on how the profile of the 
reference system fits with the study purpose. 
2.2 PSS support: The classification of PSS support (activity support, product 
support, platform support) enables to distinguish between different types of PSS 
and the product systems (or part of product system) they substitute. 
2.3 PSS potential: By identifying the impact reduction potential and link it to 
the PSS strategy, the user needs to reflect on how the PSS is assumed to 
changes the reference system. 

#3 The guidelines should support the 
FU definition, which should be 
accompanied by a comparability 
assessment, which ensure that: 

- All relevant sub-functions
are included

- Differences in user
perceived value outcome
are assessed (to identify
rebound effects)

Supported by step 3. 
The guidelines support the user to define an appropriate FU that is broad 
enough to remain constant between the compared systems to be analysed. The 
FU definition is accompanied by a system sub-division, taking into account the 
type of PSS support defined in sub-step 2.2. Lastly, the FU is accompanied by a 
comparability assessment in terms of utility and value, which help identify 
consumption factors that can trigger rebound effects to allow for mitigation 
strategies to be incorporated.  

#4 The guidelines should support the 
identification of relevant contributing 
flows and include ‘hidden’ processes 
(e.g. from services, infrastructure) in 
the background system. 

Supported by step 4. 
The process mapping is based on the system subdivision, which should mitigate 
that important processes are left out of the assessment. The guidelines 
emphasise not to cut off processes that might entail a significant part of the PSS 
induced impacts. 

#5 The guidelines should support 
both ‘pre’ and ‘post’ assessment and 
allow for both a ‘full LCA’ approach 
and more simplified approaches, i.e. 
a ‘screening level LCA’ based on 
aggregated data.  

Supported in different steps.  
Step 1: It is part of the study goal to determine whether the study is done post or 
pre-implementation and to consider the necessary level of detail for the 
assessment, taking into account desired learnings, relevant application 
scenarios, data availability, and time and resources.  
Step 5: The data gathering process is supported by focusing on the processes 
that have the largest influence on the results and to allow for a relatively high 
uncertainty in terms of data precision to allow for multiple scenario 
assessments. The guidelines do not dictate which impact categories should be 
included or how the impact assessment should be made, but recommend that 
risks of trade-offs between impact categories should be considered. 

#6 The guidelines should support a 
scenario-based approach and focus 
should be on the learnings during the 
evaluation process, not only the 
quantified results. 

This is supported in different steps.  
Step 1: The desired learning should be stated.  
Step 2: The systems to be analysed is defined along with recommendations on 
when to include multiple scenarios for both the PSS and the reference system.  
Step 6: The result communication focuses on providing not only the 
quantitative result, but also the qualitative learnings gathered during step 2-4. 

The User Guide (Appendix VII) elaborates the guidelines and make them operational for practitioners 
by supporting the guidelines with tips, examples and supplementary information boxes. While the 
guidelines can be seen as the academic backbone of support # 3, the User Guide can be seen as the 
broader output, targeting not only researchers and teachers, but also industry professionals. The front 
page of the guide is shown in Figure 14. 
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FIGURE 14: FRONT PAGE OF USER GUIDE 

15.2 FURTHER VALIDATION OF THE GUIDELINES AND THE USER GUIDE 
As presented in Chapter 12.2, the guidelines were developed through three development cycles. 
However, the final version of the guidelines has not been validated and the User Guide has yet to be 
tested by users. The User Guide has furthermore not yet been applied on a real-life full-scale case 
study. Further validation and testing of the guidelines and the User Guide would increase the 
robustness of the guidelines and the usefulness of the User Guide.  

A future development cycle should include testing and enhancing the User Guide through expert and 
user feedback and through full case study applications. This should be supplemented by an 
assessment of the already identified improvement opportunities during the previous development 
cycles, but which were put on hold, either because of time constraints within the PhD project or 
because the suggestions would need a second opinion/further testing (listed in Appendix VI). 

Table 11 provides a consolidated overview of suggestions from experts and users not yet 
implemented. In the table, the improvement opportunities are sub-divided into those that deal with 
improving the guidelines (the backbone), the User Guide (in terms of supporting tips, examples and 
supplementary information) and supporting material not directly related to the guidelines or the User 
Guide. The list should be expanded and enhanced during a future development cycle as described 
above.  
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TABLE 11: FURTHER VALIDATION PLAN: IDENTIFIED IMPROVEMENT OPPORTUNITIES AND HOW TO ADDRESS 

Improvement opportunity How to address 

Improving the guidelines 
Extended guidance on how to use scenario techniques and 
dynamic modelling approaches to assess different PSS 
variations and systemic consequences. 

Literature review on dynamic system modelling (e.g. 
system dynamics and agent-based modelling) and scenario 
development techniques in relation to LCA and PSS.  

Better, structured approaches to identify, assess and 
quantify consumption factors and rebound effects. 

Expert consultations and extended literature review on how 
consumption factors and rebound effects are identified and 
quantified. + Development of novel approaches. 

Increase the guidelines’ robustness by explicitly relating 
them to other similar guidelines 

Compare and position the guidelines in relation to other 
guidelines (e.g. EU PEF guidelines, PAS2050 and the 
GHG Protocol) 

Further validate the method in the area of manufacturing 
companies 

Full case applications involving manufacturing companies 

Improving the User Guide 
The kind of levels of details that should belong to the 
LCA model could be better explained, e.g. when 
illustrating flowcharts 

Create an appendix with a full case application, including 
detailed flowcharts  

Include examples on how to graph results (Step 6.2) Show examples from full case applications + literature 
review of how to graph LCA results 

Enhance supporting the task of developing 
recommendations (Step 6.3) 

Expert consultations + user feedback + literature review on 
using LCA results to support decision-making  

Supporting material 
Supporting LCA database that allow better inclusion of 
services and is tailored towards PSS 

Improvement of existing LCA databases to allow for better 
inclusion of services + development of an easy access LCA 
on PSS database to be used for first level screenings.  

Didactic tool that could support the guidelines, e.g. Use of 
cards, examples, online tools, etc. 

Develop such didactic tools and test on users 

Short courses or videos to support the understanding of 
the guidelines/User Guide 

Create course material and video guides 
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PART 3: CONCLUSIONS 
This final concluding part of the thesis provides summarised answers to the four research questions 
and ends with overall conclusions in terms of an overview of the project contributions and suggestions 
for future work. 
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16 ANSWERS TO RESEARCH QUESTIONS 
16.1 RQ 1: HOW TO CHARACTERISE A COMPLEX SYSTEM FROM AN ECONOMIC

AND ENVIRONMENTAL LIFE CYCLE PERSPECTIVE? 
In Chapter 1.1, a complex system was defined as a system that consists of multiple, interconnected 
sub-systems constituting both product and service elements. When a PSS is proposed and 
implemented, it will influence the existing system – the reference system. Whether the reference 
system is a ship, a hospital, a manufacturing company, or the transport system of a city, it will often be 
considered complex. Often, a PSS will also be considered as a complex system on its own. In relation 
to RQ1, however, characterising a complex system from an economic and environmental life cycle 
perspective focused on the reference system and had the purpose of determining which elements a 
potential PSS should influence to allow economic and environmental improvements.  

The complex system characterisation was based on both a qualitative and quantitative analysis. 

The qualitative analysis helped identify barriers and opportunities for PSS, taking into account the 
industrial setting and both internal and external factors. For example, during the action research 
conducted within the maritime industry (Chapter 5), it was found that the company’s capabilities and 
financial situation played a central role for which PSS opportunities would be feasible to implement. 
An example of an external factor was the legislative framework, which could both drive and hinder 
innovation opportunities. 

The quantitative analysis helped identify economic and environmental hotspots and, in addition, 
revealed potential trade-offs or alignments between economic and environmental incentives. When a 
reference system is defined as complex, it was found that the quantitative analysis is complicated, due 
to the large number of data points that need to be gathered. This is especially challenging for the 
environmental life cycle perspective, which traditionally relies on process-based LCA that gathers data 
in a bottom-up approach. As such, it was found to be an advantage, if the method for the quantitative 
analysis can: i) be based on the same (financial) base data; ii) ease the inclusion of environmental 
impacts from service elements; and iii) ensure system boundary completeness, in terms of covering 
upstream supply chain embedded impacts in a top-down manner. In this research, an EIO-based 
approach was applied that helped overcome these hurdles. However, it was also found that the 
method had weaknesses, with data aggregation being the most critical (Chapter 7). Hybrid approaches 
may be applied to overcome this issue, but other challenges also exist regarding the adoption of the 
method, including lack of expertise available to assist companies to undertake EIO LCA studies as 
identified in article B (Chapter 8). 

The conclusion is that the EIO LCA approach provides a good foundation for identifying where to 
prioritise when looking for actions (i.e. PSS opportunities) that can improve the environmental profile 
of the system under analysis. However, the magnitude of economic or environmental impact is not the 
only criterion, when companies select focus areas for environmental improvements and/or PSS 
opportunities, which confirms the need for the quantitative analysis to be supplemented by the 
qualitative analysis, which can help define other characteristics that influence the possibility of a 
successful PSS adoption. 
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16.2 RQ 2: WHAT ARE THE CHALLENGES WHEN EVALUATING THE
ENVIRONMENTAL PERFORMANCE OF A PSS THROUGH LCA
METHODOLOGY? 

Three challenges were identified for evaluating the environmental performance of a PSS through LCA 
methodology, as detailed in the following.  

REFERENCE SY ST EM  
The first challenge is how to identify and describe the reference system, which the PSS in question 
should be compared to. To support the understanding of this challenge, three scopes for PSS 
assessment were defined in article C (Chapter 10): PSS consequences, PSS comparisons and PSS 
optimisation. For each scope, the reference system is different, ranging from the baseline situation 
without the PSS to the PSS itself. It was found that very few existing studies focus on PSS 
consequences, even though in many cases it is not a given, which product systems a PSS substitutes. 
The challenge is therefore to create an awareness of the importance of defining an appropriate study 
scope and ensure a sufficient exploration of the reference system to determine the relevant scenarios 
and systems to be analysed.  

FUN CTION A L UNI T 
The second challenge is how to describe a FU that allows for comparisons of systems that deliver the 
same functional outcome and are comparable in the eye of the user. The FU definition should be 
accompanied by a comparability assessment that ensures such functional equivalence. However, even 
when all sub-functions are included, unexpected user behaviour or systemic responses might trigger 
rebound effects. Even though these are not easily foreseen or included in the assessment, having an 
awareness of their existence and how they can be triggered can help address them. 

SYST EM BOUN D AR Y 
The third challenge is to ensure that all relevant processes are included in the assessment. A PSS often 
relies on services, infrastructure and support systems, all of which add to what can be termed the PSS 
induced impacts. The challenge here is two-fold. Firstly, all relevant processes need to be identified, 
which is closely related to ensuring that all sub-functions are considered together with the FU 
definition. Secondly, a challenge exists regarding the inclusion of service elements in LCA, since these 
are often not well represented in LCA databases and the impacts from services are often hidden 
within the supply chain, which complicates the data gathering if using traditional process-based LCA. 
This is similar to the challenge of ensuring system boundary completeness for complex systems that 
rely on services. Since a PSS can often also be characterised as a complex system, the hybrid EIO 
approach can be utilised as one proposed method to mitigate this challenge of service inclusion.  
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16.3 RQ 3: UNDER WHICH CIRCUMSTANCES WILL PSS SOLUTIONS LEAD TO
ENVIRONMENTAL IMPROVEMENTS?

There are two criteria for a PSS to successfully lead to environmental improvement: Firstly, the PSS 
needs to be attractive and adoptable, which means that both the PSS provider and the PSS customer 
should be able to benefit from transitioning towards PSS. Secondly, the transition to PSS should lead 
to an overall environmental impact reduction.  

…WH EN  T HE PSS I S  AT TRA CTIV E AN D  A DOP TA B LE 
In order to ensure that a PSS is attractive and adoptable for both the PSS supplier and the PSS 
customer, a quantitative and qualitative assessment of its costs and benefits can be carried out. For 
the maritime industry, an economic incentive was identified as a main driver for PSS attractiveness 
(Chapter 5), and it can be assumed that this also applies to other industries. The economic potential 
can be assessed using cost-benefit analysis based on LCC as demonstrated in supplementary article F 
(Appendix I). This should be supplemented with a qualitative analysis, taking into account industry 
characteristics, and emphasising the importance of both customer and supplier capabilities in 
delivering and supporting the PSS throughout the life cycle. 

…WH EN  T HE PSS LEA D S TO OV ER A LL I MP A CT  RED U CTION S 
Once it is established that the PSS is attractive and adoptable, it needs to be ensured that it has a 
potential to result in environmental impact reductions as illustrated by the framework in article D 
(Chapter 13). The first circumstance that needs to be in place is to ensure that the PSS is linked to a 
relative impact reduction potential. A relative impact reduction can be enabled directly through 
operational efficiency (‘reduce the need for resources during product use’), indirectly though 
intensified use or product longevity (‘reduce the need for producing the product’) and/or indirectly 
through product system substitutions (‘displace more resource intensive systems’).  Note that a 
relative resource reduction is assumed here to be aligned with a relative impact reduction. Once the 
relative impact reduction potential is established, it needs to be ensured that the PSS induced impacts 
do not exceed the avoided impacts, so as to ensure a net impact reduction. Secondly, it needs to be 
ensured that burden shifting between life cycle stages are avoided and lastly, that rebound effects are 
mitigated. 

As these circumstances progress from ensuring that the PSS incorporates an intentional strategy that 
enables impact reductions as the first criteria to mitigation of rebound effects as the last, the 
predictability and ability to control the systemic consequences diminished. As such, a dynamic, 
scenario approach is essential for establishing under which circumstances a given PSS may lead to 
environmental improvements.  
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16.4 RQ 4: HOW CAN LCA METHODOLOGY BE APPLIED TO PSS TO EVALUATE
THEIR ENVIRONMENTAL PERFORMANCE? 

The main vehicle for answering this research questions has been the developed guidelines presented 
in article E (Chapter 14) and the User Guide (Appendix VII). To summarise, LCA can be applied to PSS 
when: 

• The goal statement is followed by a scope definition that incorporate a sufficient exploration
of the reference system to ensure that the relevant systems for analysis is included

• The FU is accompanied by a comparability assessment covering both functional and non-
functional aspects

• The system boundary includes all relevant processes

Furthermore, LCA can be applied to PSS when a certain degree of flexibility is allowed, i.e. screening-
based LCA approaches are allowed as long as this is in agreement with the study purpose and as long 
as the relevant scenarios are included in the assessment, in order to ensure a sufficient degree of 
accuracy to establish meaningful conclusions. Finally, the quantified results should be accompanied by 
the qualitative learnings from the study, in order to focus conclusions in the direction of under which 
circumstances the PSS leads to improved environmental performance.  
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17 OVERALL CONCLUSION  
17.1 PROJECT CONTRIBUTIONS 
The overall research question posed for this thesis was: 

Overall RQ: How to evaluate the environmental performance of PSS solutions using LCA 
methodology? 

The main vehicles to answer this question are the developed guidelines as the main academic 
contribution, and the User Guide as the main contribution towards industry. 

In addition, the research produced a number of other contributions along the way. 

Figure 15 shows the route of the PhD project and how the theoretical and empirical development 
evolved and the outputs in terms of the different publications. The project contributions did not only 
manifest themselves as academic publications, but also contributed towards industry. For the 
maritime industry, the research carried out in collaboration with TORM resulted in increased 
knowledge about opportunities and barriers for PSS and life cycle thinking within the company. 
Through the action research carried out, an increased level of articulation about PSS opportunities and 
life cycle savings was observed. The project also contributed with concrete proposals and evaluations 
of PSS solutions, bringing industry stakeholders from both the supplier and customer side together. 
Towards other industries, the assessment of the merino wool garment PSS contributed to not only the 
continued development of the guidelines, but also as a help to the industry stakeholders, towards the 
formulation of the business case. Lastly, the final outcome of the thesis, the User Guide, is intended to 
support industry in their PSS design and refinement activities. 
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FIGURE 15: OVERVIEW OF THEORETICAL AND EMPIRICAL DEVELOPMENT PROCESS AND PUBLICATIONS OUTCOMES 

The research presented in this thesis has provided an overall critical view on the potential of PSS 
solutions. While acknowledging their potential to drive competitiveness and environmental 
improvements, the research has also showed the complexity involved in realising this potential. For 
businesses, the attractiveness of PSS is not a given. For society, their potential to improve 
sustainability performance is not a given. Even though the identification of opportunities and barriers 
for PSS implementation in industry in this research was limited towards the maritime industry, similar 
challenges (e.g. supplier trust, risk perceptions, lack of long-term outlook) can be expected to exist in 
other industry contexts as well.  

The main research contribution from this thesis has been the merging of the two fields, PSS and LCA. 
Even though both fields originate from a strong sustainability perspective and involves life cycle 
thinking, the research has shown that their integration is not without challenges. However, if PSS are 
continued to be viewed as a vehicle towards realising a more sustainable and circular society, these 
challenges need to be overcome, in order to ensure their actual environmental performance can be 
assessed in a profound and structured way. The main research outcomes, the guidelines and the User 
Guide, are a first attempt at closing this gap. 
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17.2 RESEARCH LIMITATIONS 
As with any research, this project has not been without limitations. Starting from the empirical 
development, a limitation seen from the shipowner point-of-view is the acknowledged gap between 
their main challenges, which revolves around the operational life cycle stage of their product system 
(ships) in a B2B environment, and the proposed guidelines, which aim to cover all types of product 
systems, i.e. also those with short life cycles, those with a circularity potential and those targeting end-
consumers. During the project a challenge has been to balance the goals of developing support 
focused on the maritime industry and developing support for generic purposes. From an academic, 
theoretical viewpoint, the generic nature of the guidelines can be seen as an advantage, but also from 
this perspective the project faced limitations, since the main empirical context was set in the maritime 
industry landscape. During the project, the researcher had to actively pursue PSS cases in other 
industry contexts, but time and resource constraints and the commitment towards the maritime 
industry prevented the research to go as much in depth with other industry contexts as could have 
been desirable.  

17.3 FUTURE WORK 
During the research, several opportunities for future research have been identified and each of the 
published articles present further work needed in their conclusions, some of which have been solved 
during the research, some of which still remain to be solved.  

PSS FRO M T H E CU STO MER  P ERS P ECTIV E 
One area that could benefit from further exploration is the view of PSS from the customer 
perspective. Much of the existing research on PSS focus on the PSS designs process and the 
capabilities and transformation process within the provider organisation. The research presented in 
this thesis has shown that the customer can play an important role, not only as a target user whose 
needs and activities the PSS designer must understand, but also as a collaboration partner in both the 
PSS development and operation. Taking a closer look into the servitisation process of the customer 
and the PSS procurement process could offer new insights to the PSS research field.  

DYN A MI C CO MPLEXIT Y OF PSS 
In chapter 15.2, a plan for a future development cycle for improving the guidelines and the User Guide 
was presented. One of the core tasks in continued development of tools and methods to support 
environmental evaluations of PSS is how to predict and quantify the impact of unexpected 
consequences and rebound effects. How to model the dynamic complexity of PSS is suggested as a 
future research opportunity that needs further work than what has been possible within the framing 
of this project. Existing research on rebound effects is largely based on an acknowledgement of their 
existence, while only few attempts have been made to quantify them or – just as importantly – 
propose systematic methods for predicting and mitigating them.   

Another related subject is the PSS scalability. While a PSS might result in improved environmental 
performance on a small scale, the PSS adoption must occur in larger scales to ensure the disruption 
needed to contribute towards a more sustainable society at large. Today, many of the existing PSS 
with a sustainability agenda suffers from the fact that they target only a fraction of the potential 
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customers. An example is the case used in article D (Chapter 13), Vigga, who offers children’s clothes 
by subscription.  As long as the customer target group is consumers who would otherwise have 
purchased new items and sent them to waste treatment after use, the business model is likely to 
result in reduced resource consumption. However, if the business model was adopted at large scale, 
completely disrupting the market for children’s clothes, would the result be an overall decrease in 
produced children’s clothes, also taking into account that used children’s clothes already today 
circulate through informal markets (i.e. between siblings internally in households, between 
family/friends and through second-hand markets)? Efforts to model the dynamics of PSS should also 
include investigating the consequences when the PSS is scaled-up.  

IMP LEMENT ATION  O F T H E US ER  GUI D E 
Lastly, outside the academic research fields, there is a need to investigate the usefulness and 
applicability of the developed User Guide. The overall interest from industry needs to be explored, 
together with an investigation of which supplementing material should be developed (video material, 
course material, supplementing databases and tools etc.). Simultaneously, the User Guide should be 
applied on full-scale, real-life case studies within different application contexts, preferably conducted 
by external stakeholders who could provide feedback with the purpose of improving the Guide. 
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Abstract: Although servitization as a transformation process is being recognized 
by an increasing number of firms as a source of competitive advantage, the role of 
economic evaluations in service strategy formulation has so far attracted limited 
attention – and predominantly from the manufacturer perspective. This paper as-
sesses how the analysis of costs and benefits of Product-Service Systems (PSS) as 
servitized offerings influences the formulation of service strategies in the shipping 
industry. The study examines both the manufacturer and customer perspectives 
using two case studies from the shipping sector. Life Cycle Costing (LCC) was used as 
a tool to assess the associated costs and benefits of two proposed PSS. Based on the 
results of the LCC, the drivers and barriers of the actual transformation processes 
were explored through workshops and interviews served to map the perspectives 
of both manufacturers and customers. For both case studies the LCC revealed that, 
while the PSS resulted in a decrease in life cycle costs and a possible revenue oppor-
tunity, there was also a lack of fundamental demand for PSS that could complicate 
the formulation of service strategies. Towards formulating service strategies, the 
analysis of costs and benefits highlighted the importance of the abilities of both the 
customer and the manufacturer to deliver and implement a PSS. Moreover, the cus-
tomer perspective highlighted the importance of internal functions and capabilities 
that allowed the customer to implement and benefit from service strategies.
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1. Introduction
In recent years, servitization has attracted considerable attention from both academia and industry.
Through innovation of capabilities and processes, companies eventually shift from selling products to
selling Product-Service Systems (PSS) (Baines, Lightfoot, Benedettini, & Kay, 2009). By definition, PSS
create customer utility and generate value (Tukker, 2015), in an effort to introduce of new profit cen-
tres (Vandermerwe, 1990), plus higher revenues and margins (Gebauer, Fleisch, & Friedli, 2005;
Martinez, Bastl, Kingston, & Evans, 2010; Neely, 2009). Exploratory studies shows that manufacturers
are increasingly offering PSS (Crozet & Milet, 2014; Neely, Benedetinni, & Visnjic, 2011), while the UK
Government’s report on the future of manufacturing identifies servitization as a core element in its vi-
sion for the future of manufacturing (Foresight, 2013). Service strategies are important for PSS, as they 
help guide the servitization process, so that it can result in value in use to the customer (Baines et al.,
2007; Roy & Cheruvu, 2009) and improved corporate competitiveness for the manufacturer (Belvedere, 
Grando, & Bielli, 2013; Miller, Hope, Eisenstat, Foote, & Galbraith, 2002; Shepherd & Ahmed, 2000).

Economic metrics such as costs and revenues are fundamentally connected to value. Settanni, 
Newnes, Thenent, Parry, and Goh (2014) argue that the cost of providing an advanced service 
through a PSS is the cost of delivering value “in use” through an outcome. But while the economic 
benefits and implications of PSS have been explored—most notably in (Lindahl, Sundin, & Sakao, 
2014; Sawhney, 2004)—it is not clear how the analysis of costs and benefits influences the formula-
tion of service strategies.

The focus of this paper is to evaluate the role of costs and benefits for PSS in the formulation of 
service strategies for manufacturers and customers alike. The study placed a particular focus on the 
customer perspective, as we believe that this perspective has remained under-researched in litera-
ture. Owing to the socially engaged character of PSS, we followed a case study approach (Eisenhardt 
& Graebner, 2007), by performing a four-way comparison between two case studies and two per-
spectives (i.e. manufacturer and customer). Performance agreements are a priori defined as the PSS 
under study, and can be seen as a form of advanced service that provides customers with a capabil-
ity, as opposed to simple, more conventional services such as maintenance or customer support 
services (Baines & Shi, 2015; Saccani, Visintin, & Rapaccini, 2014). Performance agreements are in-
vestigated within two case studies from the shipping industry, and in particular two systems that 
play an important role for fuel efficiency on board vessels: coating systems and steam producers.

Our results suggest that the analysis of costs and benefits can support decision-making for both 
manufacturers and customers in pursuing service strategies. However, the quantitative results were 
not the sole outcome of the analysis, as qualitative evidence revealed that customer and manufac-
turer capabilities together with the operating environment have a pronounced influence in service 
strategy formulation.

2. Research background

2.1. Servitization as a transformation process
Manufacturing companies are increasingly integrating services with their product offerings. Yet despite 
the promise that services hold, the transformation from a product centred to a service centred com-
pany is not a trivial step. Servitization is a change process (Martinez et al., 2010); and such can often be 
disruptive, materializing through a combination of long periods of equilibrium followed by short periods 
of radical change (Gersick, 1991). Moreover, preparing the organization to deliver offerings that consist 
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of a combination of products and services is a transformation process that is likely to require new 
mind-sets (Ulaga, 2011) and new capabilities (Brady, Davies, & Gann, 2005; Storbacka, 2011).

Looking specifically at challenges in servitization, extant literature adopts primarily the manufac-
turer perspective (Cakkol, 2013; Davies, 2003; Oliva & Kallenberg, 2003). Martinez et al. (2010) sum-
marize and propose an architecture of challenges for manufacturers to undergo servitization that 
consists of five dimensions: the embedded product-service culture; delivery of integrated offerings; 
internal processes and capabilities; strategic alignment; and supplier relationships. Gebauer et al. 
(2005) explore why manufacturing companies that invest heavily in extending the service business 
do not always achieve higher returns - a phenomenon termed the “service paradox”. They employ the 
expectancy/valance theory of motivation by Vroom (1964) to identify cognitive phenomena that limit 
managerial motivation to extend the service business, and show that expected returns from services 
do not always justify the investment. Empirical evidence from other studies partially supports this 
claim. Neely (2009) observes that while the manufacturing firms that have servitized are larger than 
traditional manufacturing firms in terms of sales revenues, at the aggregate level they also generate 
lower profits and are more likely to go bankrupt. Moreover, Suarez, Cusumano, and Kahl (2013) and 
Fang, Palmatier, and Steenkamp (2008) uncover a convex, non-linear relationship between a product 
firm’s fraction of total sales coming from services and its overall operating margins.

2.2. Role of analysing costs and benefits in service strategy formulation
From the above, it becomes clear that servitization has challenges. As companies move towards 
higher levels of servitization, they depend on capabilities and management practices within the or-
ganization that allow them to manage and implement a PSS business model (Storbacka, 2011). PSS 
business models put demands on the company’s strategy definition, and invite the formulation of a 
service strategy that can influence the competitive strategy of the company and support business 
performance. Baines and Shi (2015) argue that service strategies can help providers and customers 
improve business efficiencies and competitiveness, focus on core competencies, and achieve cost 
savings and growth. However, not all physical products gain the same benefits from integration with 
services (Sakao, Öhrwall Rönnbäck, & Ölundh Sandström, 2013). Therefore, it is our understanding 
that not all systems invite the same potential for service strategies, and that even for promising 
systems not all strategies are likely to succeed. In light of the difficulties in implementing servitized 
operational strategies (Tukker, 2015; Tuli, Kohli, & Bharadwaj, 2007), it is argued that the connection 
between PSS offerings, service strategies, and the servitization process should be more deeply ex-
plored. In this exploration it is important to include the customer in the analysis, as any strategy for 
servitized products needs to focus on the delivery of value to the user (Johnson & Mena, 2008).

As shown in (Baines, Lightfoot, Peppard et al., 2009; Baines & Shi, 2015), the economic evaluation 
is an important part of the value proposition of a PSS. Roy and Cheruvu (2009) recognize both afford-
ability and revenue generation opportunity as an integral part of the competitiveness of a PSS, while 
Storbacka (2011) argues that in formulating a strategy for product-service solutions, the financial 
impact needs to be significant. In the literature various approaches have been proposed for analysis 
of costs and benefits in PSS. Owing to the strong sustainability character of PSS (Tukker, 2015), most 
approaches focus on combining economic, environmental and social benefits to provide a life cycle 
overview of the sustainability performance of the offerings. Lindahl et al. (2014) employ Life Cycle 
Costing (LCC) and Life Cycle Assessment (LCA) to argue on the economic and environmental advan-
tages of three Product Service Offerings against their equivalent product-sales business model. 
Peruzzini and Germani (2014) propose a structured methodology to support the preliminary design 
stages to estimate the global impacts of different PSS design solutions on sustainability. The authors 
use lifecycle approaches, namely LCA, LCC and Social LCA, to measure the impacts of each life cycle 
stage by means of Sustainability Indicators, which are then weighted and combined into a sustain-
ability global assessment indicator. Abramovici, Aidi, Quezada, and Schindler (2014) present the PSS 
Sustainability Assessment and Monitoring (PSS SAM) framework to facilitate sustainability assess-
ment of PSS solutions with multiple modules throughout their entire lifecycle. The proposed frame-
work considers economic, environmental, social and PSS-specific performance through the use of 
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Lifecycle Indicators. It should be highlighted that Lifecycle Indicators associated to economic per-
formance pertain to both the customer and the provider perspectives.

Lastly, an important consideration is the role of qualitative information in analysis of costs and 
benefits. Qualitative information concerns both data collection but also interpretation of the results 
and finally decision-making. Qualitative data collection is an integral part of the analysis, as qualita-
tive methods are used for the elicitation of the necessary knowledge to formally represent the PSS 
(Settanni et al., 2014). Curran, Raghunathan, and Price (2004) argue that cost estimation depends on 
the availability of appropriate information in order to establish causal links between parameters. 
Towards that understanding, interviews are particularly useful, where the key points of knowledge 
required involve not only what is done but also how and why (Settanni et al., 2014). Moreover, quali-
tative information helps the analysis realize its goal, which is not just to calculate the costs and 
benefits, but rather to interpret them and provide a qualitative result, in form of recommendation, 
to the decision-making process (Boardman, Greenberg, Vining, & Weimer, 2010, p. 15). Decision-
making is not exclusively based on the analysis of costs and benefits, but takes into account the 
political and bureaucratic state of the organization, as well as potential risks and cultural factors 
(Boardman et al., 2010; Sakao et al., 2013).

3. Research approach
While the extant literature on PSS and servitization agrees on the importance of financial considera-
tions in PSS, it is not clear how the analysis of costs and benefits of PSS influences the servitization
process, leading to service strategy formulation. Beuren, Gomes Ferreira, and Cauchick Miguel (2013)
corroborate the existence of this gap, as they argue that the economic consequences of transform-
ing a traditional business model to one founded on the PSS should be more deeply investigated,
while Durugbo (2013) recognises the need for more research to evaluate the role of PSS such as
service contracts in aligning short term decision-making to strategy formulation. This study focuses
on this research gap. We acknowledge that despite their importance, economic gains only provide a 
partial view. The role of intangibles cannot be neglected, as they often have a greater impact on
customer satisfaction than price alone (Raja, Bourne, Goffin, Çakkol, & Martinez, 2013). To summa-
rize, any evaluation needs to balance between a quantitative assessment that provides structured
results (Gambelli, Vairo, & Zanoli, 2010), and a qualitative analysis that offers insight on the complex 
social processes involved (Eisenhardt & Graebner, 2007) and establish the causal understanding
between costs and the conditions under which they occur (Hubka & Eder, 1984, p. 59).

Against this backdrop, this study aims at studying the link between the quantitative assessment 
of costs and benefits of PSS and decision-making, as reflected in the formulation of service strategies 
for both manufacturers and their customers.

The research aim is supported by a set of intermediate research objectives:

•  Evaluate costs and benefits for two PSS offerings, particularly from a life cycle perspective

•  Describe how the assessment influences perceptions and supports the formulation of more ho-
listic service strategies

•  Identify critical contextual factors that can determine the success and failure of service strategy 
formulation

Towards those objectives, this study attempts to answer the following research question:

RQ: How does the analysis of costs and benefits of Product –Service Systems influences the 
formulation of service strategies in the shipping industry?

We used a multiple case study as a research method, in order to provide a base for theory building 
and comparisons between the cases (Eisenhardt & Graebner, 2007). Furthermore, we chose to use 

170 



Page 5 of 20

Pagoropoulos et al., Cogent Engineering (2017), 4: 1328792
https://doi.org/10.1080/23311916.2017.1328792

LCC as described in (Hunkeler, Rebitzer, Lichtenvort, & Ciroth, 2008) as a tool to quantitatively ana-
lyse costs and benefits, together with qualitative analyses of the transformation process from both 
the manufacturer and customer point of view, in order to evaluate the influence of the analysis on 
service strategy formulation (Figure 1). We chose to use LCC instead of the more obvious choice of 
Cost/Benefit Analysis (CBA), as defined in (Boardman et al., 2010). This was due to the fact that CBA 
is mainly a policy assessment method (Boardman et al., 2010, p. 2), in contrast to LCC which is more 
focused on comparative assessments (Hoogmartens, Van Passel, Van Acker, & Dubois, 2014).

The research methods and tools that were used are shown in Table 1. Firstly, the study analysed 
related literature to identify the research gap, and proceeded to describe the industry within which 
the cases were operating. Extant literature in PSS and associated research streams suggest there 
are differences between how PSS business models are configured and conducted in different indus-
tries (Lay, Schroeter, & Biege, 2009; Storbacka, 2011). Therefore, focusing on one industry allowed us 
to explicitly identify the impact of industry-specific factors. The formulation of a service strategy, as 
shaped by the results of the qualitative and quantitative analysis, was examined from both the cus-
tomer and the manufacturer perspectives. Finally, results were cross referenced with established 
theory on PSS and associated fields, in an effort to anchor observations and conclusions on existing 
theory and reflect on the implications for service strategy formulation.

For the qualitative part of the analysis, we conducted workshops on how the manufacturer could 
support the customer in PSS implementation and throughout the life cycle of the product. Before 
and after the workshop, semi-structured one hour interviews were conducted by a two-person team, 
in order to view the case evidence in divergent ways (Eisenhardt, 1989). In the initial interview pro-
tocol, the main area of interest was the support throughout the life cycle that manufacturers can 
provide to their customer. However, as the study progressed, the content and focus of the interviews 

Figure 1. Research approach of 
the study.

Table 1. Research methods used in the different phases of the study
Study phases Research methods & tools
Research framing & industry description Review of literature on shipping, servitization, PSS and 

associated terms; Semi structured interviews 

Analysis of costs and benefits of PSS Life Cycle Costing based on invoices, operational data and a 
series of interviews with participating stakeholders

Assessment of customer perception towards PSS Workshops on life cycle support of product systems with 
midlevel managers; Preparatory and follow up semi-struc-
tured interviews

Assessment of manufacturer perception towards PSS Workshops on life cycle support of product systems; 
Preparatory and follow up semi-structured interviews

Exploration & evaluation of results Cross reference with extant literature, participant validation
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adapted to fit each case. Appendix A shows interview questions used in the semi structured inter-
views. Qualitative data relied on audio transcriptions from the interview data, together with the 
collected material from the workshop. Participants in the qualitative study were midlevel managers, 
such as business developers, product managers, performance engineers and project managers. 
Midlevel management was identified as the appropriate target group for the study, since they are 
adequately close to the operation and supplier/customer base, while at the same time responsible 
for aligning their groups’ goals with larger organizational goals (Caughron & Mumford, 2012). Finally, 
interviews were transcribed and coded, and data analysis was performed through systematic com-
parison (Strauss & Corbin, 1990, p. 95) between both the case studies and along the manufacturer/
customer dichotomy.

The research involved three companies across two cases. A shipowner was the primary case com-
pany and represented the customer perspective in both case studies. Two suppliers to the ship-
owner, a Boiler OEM and a Paint OEM participated in one case study each. The shipowner was chosen 
for the collaboration due to its understanding of the concept of PSS and the fact that very open ac-
cess to the necessary data was granted by the company. Both OEMs had previous experience with 
PSS, resulting in differentiated stances and market positioning with respect to PSS. It was assumed 
that the juxtaposition of the two cases would allow us to observe contrasting patterns, and allow us 
to compare the central constructs, relationships and logic of the focal phenomenon within each re-
spective case (Eisenhardt & Graebner, 2007).

In regards to the analysis of costs and benefits, LCC was aligned with LCA (International Organisation 
for Standardization (ISO), 2006) and as a result, the analysis was conducted on the basis of a func-
tional unit. The functional unit provided the reference to which all other data in the assessment was 
normalised (Weidema, Wenzel, Petersen, & Hansen, 2004), and could be translated into quantifiable 
reference flow(s) to which all other input and output flows quantitatively related (European 
Commission, 2010). System boundaries included all costs belonging to processes that were required 
for providing the functional unit. Within LCC, different techniques can be used for cost modelling that 
attempt to relate inputs to outputs (Hunkeler et al., 2008, p. 18). As the two analysed systems were 
different, so were the cost modelling tools that were used in each of the cases. In terms of data col-
lection, LCC was based on data from the operation of the product and the delivery of the services. 
Data sources included primarily invoices, service delivery reports, and daily consumption reports.

4. Case study description

4.1. Shipping industry description
The shipping industry is concerned with the transport of cargo between seaports by ships (Lun, Lai, 
& Cheng, 2010, p. 1). It is one of the most internationalized industries (Lun et al., 2010, p. 1) and of 
paramount importance to the world economy, as it accounts for approximately 90% of the global 
trade (United Nations Conference on Trade & Development, 2013). Central to the industry are the 
ships themselves, which are long-life products with significant maintenance and energy costs (Kjær 
et al., 2015). Ships comprise feature multiple interconnected systems delivered by an extensive sup-
ply chain (Hameri & Paatela, 2005). These characteristics make ships a good candidate for service 
strategies, as the nature of servitization dictates that it mainly benefits organisations that supply 
and operate complex, long-life products that require through-life support (Johnson & Mena, 2008; 
Voss, 2005).

Shipowners are central actors in the industry, with high degree of involvement throughout the 
whole lifecycle of the ship, from procurement and production to operation and recycling. In this 
study the shipowner is responsible for the commercial and technical management of a fleet of prod-
uct carriers, and operates in the tramp shipping business. Vessels in the tramp shipping business 
operate without a fixed schedule, carrying available cargoes between any two ports. Their schedules 
are dictated by economics of supply and demand (Lun et al., 2010; Stopford, 2009), resulting in an 
irregular and unpredictable trading pattern, which poses challenges to planning. Ship operation is 
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also influenced by external factors such as supply/demand imbalances and trade restrictions, mak-
ing the duration and volatility of market circles difficult to predict (Stopford, 2009). This has a signifi-
cant cultural impact on the industry in general, as it invites a short-termed mind-set geared towards 
immediate problem solving.

The shipping industry provides an attractive setting for PSS, albeit fraught with challenges. Due to 
their long life time, complexity (Korpi & Ala-Risku, 2008; Stopford, 2009; United Nations Conference 
on Trade & Development, 2013). Thus, they invite a life cycle perspective as the unit of analysis. The 
international character of the industry means that companies in the maritime sector operate in an 
environment of almost perfect competition (Lun et al., 2010) where cost efficiency is a survival tac-
tic, especially during periods of depressed markets and low profitability (Rex, Andersen, & Kristensen, 
2016). At the same time though, the prevalent short term mind-set in the industry, together with 
practical limitations (Andersen, McAloone, & Garcia I Mateu, 2013; Stopford, 2009) can potentially 
hinder the formulation of PSS and their incorporation into service strategies.

The goal of the analyses was to arrive at a realistic estimate of the potential of PSS offerings in 
reducing life cycle costs for the product system while creating revenue streams for the manufac-
turer. In both cases, formal performance agreements were not currently offered or procured, but 
were perceived as a potential next level of servitization from both the shipowner and the OEMs. In 
order to elicit their benefits, a comparison was made between a baseline scenario and the perfor-
mance agreement.

4.2. Case study I: Coating systems
During the operation of a vessel, a part of the hull is always immersed in the water, and therefore 
marine organisms accumulate on it. This undesirable accumulation of microorganisms, plants, and 
animals is termed marine biofouling (Yebra, Kiil, & Dam-Johansen, 2004), and results in increased 
fuel consumption due to generated roughness; increased corrosion of the hull and higher mainte-
nance costs (Cao, Wang, Chen, & Chen, 2010). To prevent marine biofouling, hulls are equipped with 
antifouling systems. The most important part of the antifouling system is the antifouling paint that 
provides a low-friction, ultra-smooth surface to prevent settling, while dispersing a mix of toxic bio-
cides to hinder fouling (Yebra et al., 2004). In many cases however, aggressive fouling might develop 
on the hull due to high fouling pressure especially in warm waters (Tribou & Swain, 2015), low sailing 
speeds (Yebra et al., 2004) and paint detachment due to mechanical damage or incorrect paint ap-
plication. In these cases, in-water hull cleaning is required. During hull cleaning, the hull is cleaned 
by a team of divers using hull cleaning machines that brush the hull.

Under the hypothetical performance agreement, the manufacturer monitors the performance of 
the paint and coordinates hull cleanings, thus guaranteeing that the antifouling paint performs and 
the extra fuel costs do not exceed a specific threshold. The OEM producing the antifouling paint is a 
developer and manufacturer of marine paints, with research centres and manufacturing facilities 
around the world.

4.3. Case study II: Steam production on board
Steam systems are essential on-board modern vessels. Especially for tanker vessels, a constant sup-
ply of steam is required for accommodation purposes, machinery heating, fresh water production, 
cargo tank cleaning, and heating of cargoes to regulate their viscosity. When the vessel is stationary 
(e.g. during anchorage), one or two boilers are running to provide steam. During sailing, the exhaust 
gases from the combustion engines are circulated through the economizer, where they convert wa-
ter into steam, thus eliminating the need for operating the boiler.

When the vessel is sailing slowly or at low ambient temperature, or is loaded with special cargo 
that must be maintained at a specific temperature (e.g. palm or vegetable oils) more steam is 
 needed and the boiler needs to run during sailing. However, cases where a vessel reports high boiler 
consumption while sailing that is not due to such exceptional circumstances might signify low 
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efficiency of the steam system. This study focuses on the boiler consumption on board one of the 
shipowner’s vessels, hereafter referred to as Study Vessel, where a performance audit was con-
ducted by an external expert. During the audit, a technical expert evaluates the condition of the 
system, identifying saving areas and provide recommendations for efficient use of the steam. Based 
on knowledge gained from the audit, we evaluate a hypothetical PSS, where the audit is performed 
by the OEM manufacturing the boilers, as they have expert knowledge on the steam system. 
Performance audits can be part of a formal performance agreement, under which the shipowner can 
ask for experts to evaluate the performance of the system at a fixed price.

The OEM manufacturing the boiler is part of a parent company, diversified in multiple industrial 
segments such as process industries, power plants, and sea going vessels, with competencies in key 
technology areas such as heat transfer, fluid handling and centrifugal separation.

5. Results

5.1. Case study I: Analysis of costs and benefits for the coating system PSS

5.1.1. Results from life cycle costing
The goal of the analysis is to compare two situations. The baseline situation describes the current 
situation, where vessels are cleaned two times within the five years, while the second situation cor-
responds to the hypothetical performance agreement, where the hull is cleaned when the fuel pen-
alty exceeds a certain threshold. The fuel penalty is defined as the percentage increase in fuel 
consumption compared to the fuel consumption of a foul-free hull. The functional unit of the analy-
sis is the five years of ship transport service, and the reference flow is the total amount of ton-kilo-
metres during this period. Savings from performance agreement are defined as the avoided costs 
from the extra fuel savings, while induced costs come directly from the extra hull cleaning activity/
service and indirectly from the off-hire due to vessels not being able to trade during the cleaning 
process.

This study focuses on a specific antifouling paint, applied on vessels of similar size and character-
istics. The cost of hull cleanings was analysed directly from the relevant invoices, while the opera-
tional profiles of the vessels were extracted from daily reports. The development of fouling and its 
associated fuel penalty throughout the five year period was approximated by a regression model. 
Data collection was based on assessments of the fouling condition of the hull, collected from diver 
inspections before hull cleaning. Before cleaning the hull, divers assess and report the type of foul-
ing, and the degree of coverage for the different parts of the hull. As badly fouled hulls will often 
attract various macrofoulers, the fuel penalty was approximated as being the sum of the contribu-
tion of each type of fouling (i.e. slime, algae and barnacles). The predictions of change in total resist-
ance and required power for each macrofouler were based on the procedure described in (Schultz, 
2007), and the estimates were verified by performance engineers from both the customer and the 
manufacturer.

Figure 2 shows the development of the power penalty and the fuel costs between a baseline sce-
nario of two hull cleanings and a hypothetical performance agreement that would guarantee a 
power penalty below 8%. Notice that the demand for hull cleanings increases in the second half of 
the five year period, with shortening time intervals between hull cleanings. Figure 3 shows the differ-
ence in estimated savings between the baseline scenario and the performance agreement for the 
most likely scenario of average fuel prices and cyclical market conditions. Due to the high volatility 
in fuel prices and the multitude of assumptions involved in the calculations, a confidence interval, 
defined by the best, worst and most likely scenarios, is shown in Figure 3. The life cycle savings for 
the average scenario equalled approximately 500,000 USD during five years of transport service.

The results show a moderate case for more hull cleanings, especially towards the end of the five 
year period, when the active ingredients in the paint have been depleted.
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5.1.2. Reflections from the OEM side
The OEMs attitude towards the performance agreement was elicited through preparatory interviews 
with business developers, service and sales managers, followed by a one-day workshop, which was 
focused on how the OEM could support the shipowner throughout the five-year lifetime of the paint. 
Discussions revolved around how to choose the correct paint type for different ships, and how to 
ensure optimal application and support performance during operation. In terms of service offerings 
and besides selling different paint types, the OEM offered consultancy services during paint applica-
tion in dry-dock. However, the OEM was presently not taking responsibilities for activities in the 
maintenance stage of the paint’s life cycle.

Despite the extensive knowledge on the paint and its characteristics, the OEM did not have access 
to live performance data and had trouble predicting how the paint will perform throughout the life 
cycle due to the vessels’ ever changing trading patterns. Therefore, PSS were seen as a promising 
way to get closer to the customer, and get a better understanding on how the paint performs. 
However, the OEM displayed a product-oriented attitude, as the management-driven long term goal 
was to develop and promote novel paint types that do not require cleaning and protect the hull from 
fouling even during long idle periods. The general perception was that cleaning of the paint should 
first of all be avoided. If cases where cleaning was absolutely necessary, it was seen as a result of 
either the paint not living up to its expectations or the vessel operating outside of the design speci-
fications e.g. long idle periods in warm waters. Tanker tramp shipping was seen as a difficult and 
demanding customer segment, due to the irregular trading patterns and the long idle time.

Figure 2. Development of 
power penalty and associated 
extra fuel costs for the 
baseline scenario against the 
performance agreement.

Figure 3. Summary of life cycle 
savings and extra costs for 
the performance agreements, 
when compared to the baseline 
scenario. The confidence 
interval in the total life cycle 
savings shows the results of 
the sensitivity analysis for the 
Best and Worst scenarios. For 
the average scenario, the Total 
life cycle savings amounted to 
a decrease of 500,000 USD per 
five years of transport service.
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Since developing, testing and launching new paint types is a long process (Willemsen & Ferrari, 
1993; Yebra et al., 2004), in practice many shipowners still applied older paint types. To address this 
need, the OEM provided cleaning guidelines for their products, and could also suggest trustworthy 
cleaning companies with good track records. Therefore, while the OEM shared knowledge with the 
shipowner, in practice the hull cleanings were delivered by an external service network. For the OEM 
to support the performance agreements, it would have to either develop it or collaborate with local 
hull cleaning companies.

In spite of the potential revenues could be achieved from taking over the hull cleaning activities, 
there was no immediate plan to formalise these services into performance agreements as the OEM 
perceived high risks that can be hard to mitigate. Hull cleanings-especially when steel brushes need 
to be used- can damage the paint and diminish its antifouling capabilities. There are also other risks 
beside hull cleanings. Vessels often trade in ports where pollution can cause severe damage to the 
paint, while mechanical damage e.g. during Ship-To-Ship (STS) operations is also a tangible risk.

5.1.3. Reflections from the shipowner side
In contrast to the OEM who would recommend the newest most advanced paint types, the ship-
owner saw it as a risk to pursue novel technologies. While the OEM perceived fouling and the subse-
quent need for cleaning as sign of declining paint performance, the shipowner perceived these 
events as unavoidable since the vessels have irregular trading patterns, and often stay anchored in 
warm waters for longer periods (Pagoropoulos, Kjaer, & McAloone, 2016), so deciding when and 
where to hull clean was an important activity. In the words of a performance manager from the 
shipowner “if one of our vessels ends up staying in West Africa for more than two months, then we 
have to make sure that it gets cleaned before it starts sailing again”. The LCC showed that this task 
could be optimised, both by increasing the frequency of hull cleanings, but also by improving their 
timing.

However, the potential fuel savings and added hull cleaning costs were not the only parameters 
to take into account when deciding to clean. Hull cleanings needed to fit with the operational profile 
of the vessels and they could potentially delay the vessel, resulting in missed trading opportunity. 
And due to differing environmental regulations between ports, as well as restrictions on the days 
that a vessel can stay in anchorage, not all ports are convenient for hull cleanings. As a result, hull 
cleanings could end up being postponed by a few months, resulting in extra fuel costs. Conclusively, 
it became clear that any potential performance agreement depended crucially on the ability to plan 
and align the service to the operational profile of the vessel, which necessarily would require close 
collaboration and a high level of synergy with the shipowner.

Lastly, the shipowner did not perceive it as likely that the OEM would be able to take over the re-
sponsibility for hull cleanings. First of all, the shipowner had vessels with paint types from different 
suppliers, and therefore it was not perceived as likely that a supplier would be willing to make a 
performance agreement for other paint types than their own. Furthermore, the demand for services 
occurs rather late in the life cycle of the paint. Combined with the relatively low frequency of service 
deliveries (4 times during a five year period), it weakens the business case, as this long-term com-
mitment with relatively few incidents where the agreement would be used, did not seem feasible 
from the shipowner point of view.

5.2. Case study II: Analysis of costs and benefits for the steam system PSS

5.2.1 Results from life cycle costing
The goal of the analysis is to evaluate the effect of performance agreements on the boiler consump-
tion from a life cycle perspective. Focus is on comparing the situation before and after the perfor-
mance audit in order to assess its impact. The functional unit of the analysis is one year of ship 
transport service.
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Savings from the performance agreement mainly come from the reduction in fuel consumption, 
the existence and extent of which was assessed through intervention analysis for evaluating exter-
nal effects as described in (Wei, 1994, p. 212), for cases where the timing of the interventions is 
known. In order to assess the life cycle impact of the energy audit, a critical assumption needs to be 
made in regards to the time horizon of the intervention, i.e. how long do the effects last. If we per-
ceive the audit as a knowledge-sharing activity, i.e. similar to training, literature suggests a value 
close to 5 years (Boardman et al., 2010, p. 210). However, in light of the frequent crew changes and 
irregular trading patterns, a time horizon of one year is more representative, which was confirmed 
through discussions with performance engineers from the shipowner’s side. Analysis relied on daily 
consumption reports from the vessel, excluding tank cleaning events, heated cargoes, slow sailing 
speeds and low ambient temperature (Figure 4).

Figure 5 shows the immediate effect of the performance audit on the Study Vessel on boiler con-
sumption at sea. Figure 6 shows the difference in life cycle costs with and without the performance 
agreement, in the most probable scenario of average fuel prices. Due to the high volatility in fuel 
prices and sensitivity of the results to the assumptions, a confidence interval is shown on the Total 
life cycle savings, as defined by the results of the sensitivity analysis. The life cycle savings for the 
average scenario equalled approximately 120,000 USD during one year of transport service.

Figure 5. Summary of life 
cycle savings and extra costs 
for performance agreements, 
when compared to the 
baseline scenario under the 
most probable scenario. The 
confidence interval in the 
Total life cycle savings shows 
the results of the sensitivity 
analysis for the Best and Worst 
scenarios. The life cycle savings 
for the average scenario 
equalled 120,000 USD during 
one year of transport service.

Figure 4. Trend analysis, 
showing the savings from the 
intervention.

Note: The yellow bar shows 
the timing of the performance 
audit.
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The results show that for vessels with high boiler consumption, performance agreements can re-
sult in substantial savings. However, taking a broader view and looking at the fleet-wide perfor-
mance reveals a smaller overall savings potential. Figure 6 shows that, on average, most of the 
vessels report very low boiler consumption and that the Study Vessel is an outlier to the fleet.

5.2.2. Reflections from the OEM side
The OEMs perception towards performance agreements as a service strategy was evaluated through 
a workshop on how the OEM could support the shipowner throughout the operation of the steam 
system, especially through the delivery of advanced services. Moreover, the potential for and atti-
tude towards performance agreements were discussed. Performance agreements were a formal-
ised strategic goal within the OEM, and such agreements were already established for land-based 
segments, as they were seen as playing an essential role in a strategic move for the company from 
selling products to selling knowledge. Competitors are also moving in the same direction.

The OEM saw itself as a highly reputable company that did not compete in price, but in quality and 
value delivered. Furthermore, the OEM already had the global service network necessary but would 
need to formalise the already established mechanisms for service delivery. It was a clear goal of the 
company to start defining service packages for customers to procure. Towards that goal, they recog-
nized the need to get closer to their customers’ core business and become more of a strategic 
partner.

The results of the LCC confirmed the OEM’s perception that energy savings and revenue opportuni-
ties would be possible by delivering advanced services. A fact being that such an audit would require 
extensive knowledge on the whole steam system and not only boilers, since it is rarely the boilers but 
often the system around them that has the biggest potential for optimization.

From the OEM side, towards the customer base, an important consideration was to perform the 
customer segmentation, and match performance agreements to the different needs and profiles of 
the customer base. In the words of an account manager “some of our customers just want us to go 
on board for a few hours, others really want us to get involved. We have to be flexible.”

5.2.3. Reflections from the shipowner side
From the shipowner side, the results were seen as promising. Suggestions and recommendation 
from the findings of the performance audit were shared across the vessels, and led to fleet-wide 
improvements. Thus, the service itself was only a part of the overall solution - the largest benefit 
came from the shipowner’s ability to reflect and implement changes across the fleet. Learnings from 

Figure 6. Boxplot showing the 
average boiler consumption for 
each vessel at sea for the fleet 
segment.
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the performance audit were disseminated across vessels of the same design, resulting in significant 
“spill-over” effects, as shown in Figure 7. Thus, the shipowner naturally questioned the actual need 
for buying PSS that would cover the whole fleet. Instead, focus was on creating functions and pro-
cesses towards the internal market that can capture “the low hanging fruit” in terms of savings, and 
ensure knowledge reuse and dissemination throughout the organization.

Notice that the shipowner’s reflections were not targeted as an attempt to discredit the impact of 
performance audits on energy efficiency. The results showed that expert help can be necessary. 
However, energy efficiency is not seen as a direct causal effect of a specific product-service combi-
nation, but rather as an outcome of multiple interconnected factors. Some of these factors (e.g. 
spare parts quality) have deep roots within the technical characteristics of the system, while other 
factors are linked to behavioural (e.g. maintenance standards by the crew) or operational (e.g. heat-
ing requirements) characteristics. A series of interventions, similar to the ones that would be in-
cluded in a performance agreement, essentially influenced these. However, it would be very difficult 
to estimate a priori magnitude of the effects and guarantee a performance target. As also discussed 
in (Armstrong, 2013), savings require a continuous focus on performance, which necessitates that 
there a constant follow up on the operation of the steam system- a task that would be very difficult 
to carry out for an external stakeholder with limited access to the shipowner’s operation.

6. Discussion
The discussion section attempts to summarize and reflect on the findings of the study. At first, the
findings of the quantitative analysis are compared to those of the qualitative analysis. Moreover,
given the embedded character of the multiple case study (Yin, 2003), the manufacturer perspective
is juxtaposed against the customer perspective, particularly elucidating the influence of contextual
factors for both perspectives. Lastly, findings are compared to existing literature on PSS.

Table 2 summarizes the findings of the four-way case study.

In both case studies, the analysis of costs and benefits showed a decrease in life cycle costs for the 
customer and a possible revenue opportunity for the manufacturers. Substantial savings on the or-
der of 100,000 USD per year per ship can be attained by improving the way in which ships are being 
managed through a PSS implementation.

Figure 7. Spill-over effects 
from knowledge dissemination 
within the shipowner. Fuel 
savings during the evaluated 
period are equal to the 
difference between the actual 
and the projected consumption. 
Notice that while the audit was 
conducted only on the Study 
Vessel, Vessel 3 showed the 
biggest improvement in the 
group and Vessel 1 achieved 
the desired goal of zero boiler 
consumption at sea.

Note: The yellow bar shows 
the timing of the performance 
audit.

179 



Page 14 of 20

Pagoropoulos et al., Cogent Engineering (2017), 4: 1328792
https://doi.org/10.1080/23311916.2017.1328792

Their benefits however are shown to depend on technical parameters i.e. the frequency of the in-
tervention and the prior condition of the system. For any service strategy to be successful, it must be 
optimized in regards to such parameters. Increasing the frequency at which the service is delivered 
is likely to diminish the life cycle savings, and might run the risk of not breaking-even. Furthermore, 
services are not always needed, as in many cases the systems under study are performing ade-
quately without the need for external interventions. This shows that, for the systems that were 
studied, there are issues that can often lead to lack of fundamental demand for PSS, which can 
complicate the formulation and subsequent implementation of a service strategy. These two limita-
tions highlight the fact that formulating a service strategy requires careful consideration, accurate 
prediction and in depth understanding of the life cycle of the physical product.

LCC provided a strong foundation for quantifying costs and benefits stemming from PSS. However, 
the quantitative results were not the only influencing parameters, as qualitative parameters had a 
strong influence on service strategy formulation for both customers and manufacturers.

When, in light of the results of the analysis, we investigated the manufacturer perception towards 
service strategies, we saw that it depends on both the manufacturers’ and the customers’ ability to 
support the PSS offering. In both cases, manufacturers need to expand their capabilities to service 
and support systems that are outside of their own product portfolio. The boiler OEM for example 
recognized the need to acquire an understanding of the whole steam system, while the paint OEM 
would need to develop data analytic capabilities to monitor and assess the life cycle performance of 
the paint. Furthermore, the customers’ capabilities proved also to have an influence on the manu-
facturers’ service strategy. Specifying and implementing a service strategy needs to consider the 
customer requirements, strengths and weaknesses. The tanker tramp shipping segment was seen 
as particularly challenging by the paint OEM, impeding formulation of formalized agreements. 
Moreover, customer segmentation was seen as an important step by the boiler OEM in addressing 
the varying needs and requirements of the customer base.

Table 2. Key constructs from analysis of costs and benefits, and their influence on service 
strategy formulation
Key observed 
constructs from 
analysis

Associated research 
phase

Influence on 
customer service 
strategy formulation

Influence on 
manufacturer service 
strategy formulation

Revealed economic 
potential, verified by the 
existence of savings and 
revenues

Analysis of costs and 
benefits

Has a positive effect, helps 
the customer formulate a 
strategy in order to capture 
savings through PSS 
adoption

Has a positive effect, helps 
the manufacturer 
formulate a strategy in 
order to capture revenues 
through PSS implementa-
tion

Lack of fundamental 
demand for PSS

Analysis of costs and 
benefits

Questioned the need for 
formalized agreements

Questioned the economic 
viability of the PSS

Results depend on custom-
ers’ ability to support and 
implement PSS offering

Analysis of costs and 
benefits/Assessment of 
customer perception 
towards PSS

Focus area in service 
strategy implementation

Need to identify customer 
requirements, strengths 
and weaknesses in service 
strategy implementation

Results depend on 
manufacturers’ ability to 
support and implement 
the PSS offering

Analysis of costs and 
benefits/Assessment of 
manufacturer perception 
towards PSS

Service strategy implemen-
tation may be undermined 
by distrust in the 
capabilities of the 
manufacturer to 
successfully deliver PSS

Need to expand capabili-
ties to service and support 
systems that are outside of 
their own product portfolio

The operating environment 
of the shipping industry

Research framing/
Assessment of manufac-
turer and customer percep-
tions towards PSS

Has a strong influence on 
PSS delivery 

Has a strong influence on 
PSS implementation
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The cross-case comparison between the two manufacturing companies revealed a series of com-
mon drivers and barriers which, by enlarge, have already been discussed in extant literature on 
servitization. The most important barriers were the lack of supporting organizational arrangements 
that could support service strategy formulation, fuelled by a dominant product culture and imper-
fect knowledge on the way their products were being used (Gebauer et al., 2005; Martinez et al., 
2010). At the same time though, both OEMs recognized the need for service offerings, which allow 
them to be closer to their customers, and therefore saw the need for service offerings that can sus-
tain these relationships (Raja et al., 2013).

Moreover, and although the analysis of costs and benefits highlighted a business opportunity for 
both manufacturers, their perceptions and capabilities towards consolidating services and formulat-
ing service strategies differed substantially. The boiler OEM had a global service network that could 
be geared towards supporting service strategies. That was not the case for the paint OEM, which 
would have to either build an independent network, or work on developing relationships with local 
service suppliers. Moreover, for the boiler OEM, service strategies were supported by a strong focus 
on creating strategic internal alignment within the organization. Formulating a service strategy was 
seen as both a competitive advantage—especially while competition is moving ahead with servitiza-
tion initiatives—and an intentional move from selling products to selling knowledge. In the case of 
the paint OEM, service strategies were not equally endorsed by the management as services entail 
risks that can be hard to mitigate.

The customer perception revealed a more relational view of service strategies (Tuli et al., 2007). 
Savings were not seen as a solitary outcome of the activities of the manufacturer, but depend cru-
cially on customer’s ability to identify and adapt to external constraints. An important consideration 
was the ability to learn and institutionalize new capabilities, as a result of projects being delivered 
within the context of the service strategy. Savings did not strictly depend on the products or the 
services that support them, but were a result of various technical, operational and behavioural fac-
tors. Influencing those factors requires continuous focus, and a service strategy needs to build learn-
ing loops that refine the focus, content, and quality of the service being delivered. Therefore, a 
prerequisite from the customer side for the successful adoption of service strategies is the existence 
of internal processes and capabilities that enable quick and efficient planning, seizing opportunities, 
following up on performance indicators, and disseminating knowledge and results throughout the 
organization. At the same time, service strategy implementation requires a certain level of trust in 
the capabilities of the manufacturer. Reflecting on both case studies, conflicts of interest—particu-
larly on products and systems produced by a third OEM- and lack of synergies with the manufacturer 
can undermine the endeavor.

The customer’s ability to benefit from PSS implementation is the main takeaway of this study, and 
has important managerial implications for service strategy formulation. Service strategies should 
not be seen as one-off solutions, but rather as embedded processes that deliver value (Johnson & 
Mena, 2008), create flexible organizations that focus on their core competencies (Oliva & Kallenberg, 
2003), provide increased insight into the optimal use of the products (Alonso-Rasgado & Thompson, 
2006), and support the whole customer-supplier process from requirement definition and integra-
tion to deployment and post deployment (Tuli et al., 2007). When formulating a service strategy, 
either in the manufacturer or the customer organization, the goal is not simply to make things “bet-
ter” or “cheaper”, but more importantly to make the strategy fit in the socio technical environment 
that customers are experiencing. Therefore, it is important that manufacturers secure that their 
solutions are integrated into the customer’s process in order to support value creation during usage 
of the solution (Storbacka, 2011).

To the best of our knowledge, there are no studies that suggest that all customers can equally 
benefit from a service strategy that is likely to be relationship intensive (Raja et al., 2013), disrupt 
traditional ownership models (Tukker, 2015), and distribute risks and responsibilities across the sup-
plier network (Johnson & Mena, 2008). On the contrary, literature acknowledges a series of 
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prerequisite capabilities such as the existence of contracting skills, management information, pro-
cess compliance, relational skills and flexible budgeting systems (Baines & Shi, 2015; Windler, 
Jüttner, Michel, Maklan, & Macdonald, 2016). This study extends this list of prerequisites and recog-
nizes the need for integration within the customer organization, the ability to reuse and disseminate 
knowledge, and the existence of analytical skills that can demonstrate the benefits from service 
strategy adoption.

Lastly, formulation of service strategies is affected by the operating environment that is only cap-
tured in the qualitative part of the analysis of costs and benefits. Despite the appropriateness of the 
ship for PSS, the cyclicality in the shipping industry invites a short-term outlook that makes long term 
agreements difficult. Moreover, commercial considerations result in irregular trading patterns, fur-
ther eroding the ability of the customer organization to “reach out” to the vessel. The manufacturer 
is also affected by an operational environment that poses practical limitations on the type of ser-
vices that can be part of a service strategy.

7. Conclusions
In this article we aimed to answer the following question:

RQ: How does the analysis of costs and benefits of Product-Service Systems influences the 
formulation of service strategies in the shipping industry?

The case studies showed that the analysis of costs and benefits of PSS can support decision-
making for both suppliers and customers in pursuing service strategies. In this sense, a LCC ap-
proach can determine the financial benefits of PSS and on that basis formulate a service strategy 
that will allow suppliers and customers to co-create value.

Taking a life cycle perspective provides an overview of the potential benefits, both in terms of the 
magnitude of savings and revenues that can be achieved, but also in terms of the frequency and 
actual need for the PSS. For both case studies, LCC revealed that although the PSS resulted in a de-
crease in life cycle costs and a possible revenue opportunity, there is also a lack of fundamental 
demand that can complicate the formulation of service strategies. However, the case studies also 
showed that the quantitative assessment was not the only decisive parameter. Taking a step away 
from the quantitative results to the qualitative evidence and in particular the contextual factors that 
can enable those cost savings and revenues, the case studies highlighted the importance of both 
customer and the manufacturer capabilities to deliver and implement a PSS.

These qualitative conclusions would not have been possible based on the quantitative analysis of 
costs and benefits alone. Therefore we argue that to examine service strategy formulation, the anal-
ysis of costs and benefits needs to consider both quantitative and qualitative costs and benefits. 
Future work could include a deeper study of the customer perspective, especially in regards to driv-
ers and factors that can help customers adopt and capture the benefits from service strategies.

This study suffers from a series of constraints that limit its generalizability. Data collection was 
largely focused on the first stages of the transformation process, and we were thus unable to follow 
the complete process of service strategy implementation. Future work could include a longitudinal 
study going beyond formulation and into service strategy implementation. Another limitation re-
lates to the difficulty in generalizing the findings due to the attention to one industry, whose idiosyn-
crasies and characteristics appear to have a pronounced influence on the formulation of service 
strategies. Further work could look deeper into the implementation of service strategies in other in-
dustries and explore the Business-to-Consumer (B2C) markets.
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Appendix A

Interview question plan in semi structured interviews

(1)  What are the main barriers and opportunities for performance agreements?

(2)  How your worldwide network organized, in order to deliver the agreement?

(3)  In your opinion, what are the potential benefits of the performance agreement and how would 
you or your customers rank them?

•  e.g. risk mitigation/perceived security, saved costs, stable costs, predictable uptime (guar-
antied uptime)

(4)  How do you engage the different departments in the customer organizations? (e.g. technical
management, procurement, crew on board)

(5)  How do you utilize the information from monitoring systems and performance agreements to
optimize the agreement with the ship owner?

(6)  In light of increasing consolidation in the maritime sector, how do you see performance agree-
ments in the future?

(7)  You claim a short payback time. How do you calculate this and can you actually provide cus-
tomers with an estimate beforehand?

(8)  How do you build the business case for performance agreements (how to you calculate sav-
ings vs. service costs)?

(9)  How do you validate the savings you achieve for your customers?

(10)  What is being defined in a performance agreement?

(11)  From the your newsletter and performance agreements brochure, one notices absence of
boiler agreements and limited presence of “deep sea shipowners”. Why do you think that is
happening?

(12)  In the newsletters, focus was always on tangible savings and payback times. What is the
average improvement that you see/estimate? Could you share success stories?

(13)  Within performance agreements, is the customer obliged to buy spare parts?

(14)  How do performance agreements influence the behavior and attitude of crew on board?

(15)  In order to execute a performance audit, do you have people traveling to the vessel, or do
you use local representatives?

(16)  How important are performance monitoring systems to support the service performance
agreement?
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Summary

Merchant vessels are equipped with antifouling systems to prevent accumulation of marine
organisms on the hull—a phenomenon known as fouling. In many cases, however, fouling
accumulates and in-water hull cleaning is required. Hull cleanings are part of a hull manage-
ment scheme, and although they are an established practice, their associated environmental
and economic trade-offs and conflicts have remained largely unexplored. The purpose of
this article is to quantitatively assess both economic and environmental impacts of hull man-
agement schemes on the operation of tanker vessels. After identifying induced and avoided
costs and environmental impacts from the hull management system, we used both tempo-
rally and spatially distributed models to capture the degradation of the antifouling system as
well as the global sailing profile of the vessels. Last, we analyzed how each of the modeled
impacts varied with the frequency of hull cleanings within the hull management scheme.
Our analysis revealed a convex relationship between the frequency of hull cleanings and
fuel savings. The higher the frequency of hull cleanings, the less fuel savings can be achieved
per cleaning. In terms of costs, from some point on the costs of the service are likely to
offset the savings—especially if fuel prices are low. In regards to climate change, avoided
emissions due to fuel savings are likely to outweigh the limited impacts from the service
itself. Last, while ecosystem impacts from marine, terrestrial, and freshwater eco-toxicity
are likely to increase from hull cleanings, they are subject to high uncertainties.

Keywords:

antifouling systems
fuel efficiency
industrial ecology
life cycle management
product-service systems
shipping

Supporting information is linked
to this article on the JIE website

Introduction

Description of a Hull Management Scheme and the
Role of Hull Cleanings

During the operation of merchant vessels such as tankers
and container ships, a part of the hull is continuously immersed
in water, and therefore numerous marine organisms accumulate
on it (Almeida et al. 2007). This undesirable accumulation of
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microorganisms, plants, and animals is termed marine biofoul-
ing (Yebra et al. 2004) and results in increased fuel consumption
due to generated roughness, increased corrosion of the hull, and
higher maintenance costs (Cao et al. 2010). To battle this phe-
nomenon, vessels are equipped with antifouling systems. Never-
theless, aggressive fouling might attach on the hull due to high
fouling pressure, especially in warm waters (Tribou and Swain
2015), or when the vessel is sailing slow (Yebra et al. 2004)
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Figure 1 (a) Marine fouling on the flat bottom of a tanker vessel. (b) Diver cleaning the hull using a portable brush cart. (c) Flat bottom
after hull cleaning. Source: TORM A/S. Used with permission.

(figure 1a). In-water hull cleanings (hereafter called hull clean-
ings) can mitigate the effects of fouling. During hull cleanings,
a team of divers removes marine organisms, such as algae, crus-
taceans, and slime, that have settled on the hull using brush
carts (figure 1b). The result of the service is a cleaned hull, as
shown in figure 1c.

Hull cleanings are part of a hull management scheme, whose
overall aim is to mitigate increased costs due to higher frictional
drag from fouling. At the same time, though, environmental and
economic trade-offs associated with the management schemes
have remained largely unexplored and possible conflict between
cost and different environmental impacts are not clearly under-
stood. Previous life cycle assessments (LCAs) (Blanco-Davis
and Zhou 2014; Blanco-Davis et al. 2014) highlight the benefits
of antifouling systems with particular focus on the application of
the paint in dry dock. Nevertheless, these studies do not chal-
lenge the degradation of fouling protection and the need for
maintenance in the form of hull cleanings during the operation
of the vessel.

Methodology

This study investigates the impacts from a specific functional
outcome (i.e., a clean hull), delivered through a specific service
(i.e., the hull management scheme). LCA and life cycle costing
methodologies are employed to assess environmental and cost
impacts, respectively. While LCA, in principle, does differ-
entiate between tangible products and intangible services, the
product-centric nature of LCA is nevertheless evident (Kjaer
et al. 2016). When assessing the environmental performance
of a product-service system like the hull management scheme,
it is important that the assessment takes into account how
the impacts of the reference system are affected by the service
as well as ensuring that the direct and indirect impacts from
the service itself are captured (Kjaer et al. 2016). In the case
presented in this article, the reference system is the operation
of the vessels and the service is the hull cleaning service. The
hull management scheme will influence the operational effi-
ciency of the ship, resulting in avoided impacts through system
expansion, while the hull cleaning service will result in induced
impacts. The assessment of the costs and environmental impacts

of a hull management scheme was thus performed in three
steps.

Step 1: Identifying Avoided and Induced Costs and Envi-
ronmental Impacts
Initially, we identified which processes were changed as a

result of hull cleaning service. The costs and environmental
impacts stemming from these processes were categorized as ei-
ther leading to avoided or induced impacts. Replaced or reduced
processes lead to avoided impacts by means of system expan-
sion, as they result in avoided impacts in the reference system.
Added processes from the hull cleaning service were catego-
rized as induced impacts. Based on the nature of the identified
processes and existing literature, we identified the relevant en-
vironmental impact categories in the impact assessment. Also,
identified impacts that could not be assessed quantitatively are
only discussed qualitatively.

Step 2: Modeling Approach
For each of the chosen impact categories, the modeling ap-

proach was determined, including both the relevant inventory
data and the assessment method. The study relied on multiple
data sources, including expert opinions and personal correspon-
dences. A list of the data sources is shown in table S1 in the
supporting information available on the Journal’s website.

Step 3: Analysis of a Hull Management Scheme
Last, it was analyzed how each of the modeled impact po-

tentials vary with the frequency of hull cleanings. The purpose
of this step was to conclude if any recommendations for the
optimal hull management scheme could be identified and in
order to reveal potential trade-offs between impact categories.
This analysis step also included a sensitivity analysis.

Case Study Description

Antifouling Systems

Paint systems that prevent fouling have important benefits
for shipping, as discussed in previous work (Blanco-Davis et al.
2014; Munk et al. 2009; M. P. Schultz et al. 2011). The first such

2 Journal of Industrial Ecology 190 



A P P L I C AT I O N S A N D I M P L E M E N TAT I O N

systems appeared in the mid-nineteenth century and delivered
protection from fouling through emission of toxic ingredients,
such as copper, arsenic, or mercury oxide, dispersed in linseed
oil, shellac, or rosin (Almeida, Diamantino and de Sousa 2007;
Lunn 1974). Ever since, antifouling technology has evolved
substantially. From the 1 January 2003, tributyltin-based paints
have been banned due to their adverse effect on the environ-
ment (Yebra et al. 2004; Evans et al. 2000; IMO 2009). Since
then, new paint systems have been developed (see Lindholdt
et al. [2015] for a recent review of various commercially avail-
able technologies).

The two main technologies commercially available today
are biocidal antifouling paints and fouling release paints (Lind-
holdt et al. 2015). Focus in this article is on biocidal antifouling
paints (hereafter referred to as antifouling paint). Antifoul-
ing paint is a combination of two basic components (Yebra
et al. 2004; Almeida et al. 2007; Goldschmidt and Streitberger
2003; Interlux 2012): The first is the binder, which holds the
product together, forms the coating film, and controls the re-
lease of the active ingredients. The second is the active in-
gredients, essentially a mix of biocides that repel fouling. The
most common types of biocides are copper compounds, such as
cuprous oxide or metallic copper, and a mix of booster biocides,
such as Igrarol, Diuron, Chlorothalonil, Dichlofluanid, Kathon,
2-(thiocyanomethylthio)benzothiazole, Zinc Pyrithione, and
Zineb (Voulvoulis et al. 1999; Voulvoulis 2006). Aside from
the paint, the antifouling system of the vessel is also com-
plimented by passive cathodic systems, such as zinc anodes and
immersed current cathodic protection systems that also prevent
corrosion. The effect and efficacy of those systems is outside of
the scope of this study (see Gratsos and Zachariadis [2005] for
more information).

Antifouling systems need to meet multiple requirements
(Chambers et al. 2006; Lindholdt et al. 2015), such as the
ability to prevent—or at least limit—biofouling regardless of a
ship’s operating profile, environmental soundness, economic vi-
ability, longevity, strong adhesion with the underlying coating,
mechanical strength, long-term durability, and low drag, while
targeting only species that can attach to ship hulls. The fouling
process—and consequently the effectiveness of the paint—is
influenced by multiple factors, such as sunlight, water tempera-
ture, oxygen concentration in the water, the existence of min-
eral nutrients, water salinity, and vessel speed (International
2010; Kiil et al. 2002; Almeida et al. 2007). For merchant ves-
sels, antifouling paint has a lifetime normally of 5 years, after
which the vessel needs to be repainted in dry dock.

Hull Cleaning Description

Despite the continuous development of antifouling tech-
nologies, fouling often occurs and the hull requires cleaning to
maintain a smooth, fouling-free surface (Schiff et al. 2004; Ear-
ley et al. 2014). For merchant vessels of considerable size, where
frequent dry dockings are impractical, in-water hull cleaning
is the most common method (Armstrong 2013). During hull
cleaning, a group of divers equipped with brush carts sweep the

hull to remove hard fouling. The demand for cleaning is not
constant throughout the life cycle of the antifouling paint and
is likely to increases as the time progresses due to degrading
coating efficacy (Earley et al. 2014). In regards to the timing
of hull cleanings, it is preferable to clean before bigger fouling
organisms attach to the hull, as in this case very soft brushes can
be used, and the antifouling paint is not likely to be damaged
(Munk et al. 2009).

The global regulatory framework in the maritime industry
provides little guidance on how or when to perform hull clean-
ings. Hull cleanings are optional in the sense that shipowners
are neither prevented, nor required to manage the condition
of the hull. For example, the “Guidelines for Inspection of
Anti-Fouling Systems on Ships,” from the International Mar-
itime Organization (IMO) (IMO 2003), focus exclusively on
the chemical composition of the antifouling paint, while the
existence and the extent of marine fouling is not even be-
ing mentioned. Overall, there is a lack of uniformity between
different countries with regards to the regulatory framework
around hull cleanings. For example, environmental rules forbid
hull cleanings in ports in South Africa and allow the service
to be carried only in off-port limit anchorages, provided that
they comply with the South African Maritime Association’s
rules and regulations (Inchcape 2016). In the United Arab
Emirates and Singapore, on the other hand, hull cleaning is
permitted in the port anchorage area (Fujairah Port Authority
2016; Maritime and Port Authority of Singapore 2008). Some
governments provide best practice guidance on hull cleanings.
For example, the Australian Department of Agriculture, Fish-
eries and Forestry suggests hull cleanings every 6 to 12 months
(Australian Government 2012, 11).

In practice, hull cleanings are conducted mainly based on
commercial considerations, as it is entirely up to the shipowner
to decide when and where to perform a hull cleaning. In some
cases, shipowners can be legally obliged to do so by the own-
ers of the cargo (see, e.g., the Hull Fouling Clause for Time
Charter Parties in BIMCO [2013] or the manual for SIRE in-
spections in Oil Companies International Marine Forum [2016,
156, paragraph 12.1]). Moreover, economic realities, such as the
substantial price discrepancies in hull cleaning service among
different countries and the existence of key ports, means that
hull cleanings are mostly conducted in a limited amount of
ports.

Goal and Scope of the Study

The goal of this study is to quantitatively assess the economic
and environmental impacts of a hull management scheme, as
identified in the previous section, while taking into account the
uncertainty associated with such an assessment. As the amount
of hull cleanings delivered within the management scheme is
likely to vary depending on their economic and environmen-
tal benefits, the goal is to understand how the economic and
environmental impacts are influenced by the frequency of hull
cleanings. The target audience for this study is decision mak-
ers working with the technical management of vessels. The
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Table 1 Characteristics of vessels under study and study assumptions

Vessel type
Product carriers, carrying petroleum distillates such as naptha, gasoline, gas oil,
and occasionally special cargoes such as vegetable oils

Number of vessels considered in the study 20

Vessel deadweight tonnage Between 37,000 and 47,000 DWT

Vessel design speed 15.5 knots

Charter party speed 13 knots

Period of evaluation From June 2012 to January 2015, covering a total of 47 vessel years, uniformly
distributed throughout the 5-year lifetime of the antifouling paint

Fuel consumption at charter party speed 23 tonnes of fuel/ 24 hours

Sailing frequency 208 days per year

Average vessel building date November 2002

Average area of the submerged part of the hull 9,247 m2

Note: DWT = deadweight tonnage; m2 = square meters.

functional unit is defined as the delivery of a hull management
scheme on a medium-range tanker vessel throughout the 5-year
life cycle of the paint, and the reference flow is the amount
of hull cleanings delivered in that period. Hull management
schemes were assessed for a group of medium-range tanker ves-
sels, with similar operation patterns and where the same type
of paint has been applied. The type of paint under study was
based on self-polishing antifouling technology. It combines self-
polishing copolymer acrylic polymers with a certain amount of
rosin. The paint undergoes a reaction with seawater to make it
soluble. During the reaction, water migrates into the paint film
and dissolves rosin and biocides, which then leach into the sea
(International 2010; Yebra et al. 2004).

Analysis was performed under the assumption of constant
speed. In tramp shipping, ships have to sail at a specific speed,
called charter party speed, that is stipulated in the charter party
contract between the owner of the cargo and the shipowner.
The legal requirement to sail at the charter party speed with
an error margin of plus/minus half a knot effectively means
that, irrespective of the condition of the hull, the vessels are
sailing at constant speed on average (Maynes 1998). Table 1
lists the characteristics of the vessels under study, together with
the baseline assumptions for the analysis.

Environmental Impacts and Costs from
Hull Management Schemes

The environmental impacts and costs from the hull manage-
ment scheme are shown in the flow diagram in figure 2. Notice
that in order to describe the impacts associated with a hull
management scheme, the avoided impacts in the operation of
the vessel during the 5-year lifetime of the antifouling system
and the induced impacts from the hull cleaning service were
identified and included within the system boundaries.

Shipping contributes to a number of environmental im-
pacts (The Danish Shipowners’ Association 2012), most of
which are being addressed through various regulations from the
IMO (United Nations Conference on Trade and Development
2013). Through a literature review, we identified that hull man-
agement schemes primarily influence three of those impacts:
climate change; ecosystem impacts from marine; terrestrial and
freshwater eco-toxicity; and introduction of invasive species.

For shipping, greenhouse gas (GHG) emissions account for
approximately 3.1% of global emissions contributing to climate
change (Smith et al. 2014). And in regards to legislation from
other environmental impacts from shipping, climate change
can be considered the least regulated area (Kjær et al. 2015).
Hull cleanings result in avoided fuel consumption, which, in
turn, lead to reduced emissions of GHGs. On the other hand,
hull cleanings entail emissions associated with the delivery of
the service itself.

Emissions of active compounds and avoided fuel emissions
lead to ecosystem impacts from marine, terrestrial, freshwater
eco-toxicity. Fuel emissions from diesel engines contain organic
elements, ions, and a variety of particulate and semivolatile
organic compounds, all of which have toxicity impacts (Zielin-
ska et al. 2004). Hull cleanings can result in short-term increase
of continuous dissolution of active compounds during subse-
quent environmental exposure (Earley et al. 2014; Valkirs et al.
2003).

Hull cleanings, especially when not conducted properly or
in cases where hard fouling necessitates the use of steel brushes,
can lead to in-water paint removal. And since paint is com-
pletely removed after 5 years in dry dock, when the hull is
blasted and the vessel is repainted, hull cleanings effectively
shift emissions from the paint removal to the operation of the
vessel. Furthermore, the impact of those emissions depends on
the hull treatment during dry dock. If the hull is hydroblasted,
chemical precipitation of wastewater is possible by addition of
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Figure 2 Flow diagram for the hull management scheme and its associated impacts.

iron or aluminum sulfate, in which case the copper is recovered
in the form of copper sulfide (Choi et al. 2006). Copper sulfide
can be used as an absorption coating material for catalysis and
photovoltaics (Sartale and Lokhande 2000), so the precipita-
tion process avoids emissions during copper sulfide production.
It should be noted, however, that during hydroblasting there is
always a risk that wastewater will leak into the sea (The BAT
Group 1996; IMO 2009). In cases where the hull is sandblasted,
the removed paint can get mixed with the sand. And since the
sand is often not recycled, copper will eventually end up either
in the ground or into the sea (The BAT Group 1996).

The last important environmental impact from hull clean-
ings is the introduction of invasive species. For shipping, it
is a major area of concern, as vessels are largely responsible
for introduction of invasive species, both through ballast wa-
ter discharge (Ruiz et al. 1997), but also due to construction
and expansion of artificial waterways such as the Suez Canal
(The Economist 2015). At the same time, hull cleanings are
not an adequate preventive measure. In 2005, the ministry of
fisheries in New Zealand ordered a report to assess the risk of
hull cleaning activities (Woods et al. 2005). The report con-
cluded that in-water hull cleaning cannot adequately prevent
invasive species introduction, as physical removal of fouling as-
semblages from vessel hulls does not result in mortality of all
organisms. Hanafiah and colleagues (2013) also identified hull
fouling as one cause-effect pathway for introduction of inva-
sive species via shipping-related transport. Therefore, invasive
species is also considered an environmental impact affected by
hull cleanings—potentially of considerable proportions.

In terms of avoided costs, hull cleanings reduce the drag of
the hull and avoid extra fuel consumption. In terms of induced
costs, hull cleanings incur not only the cost of the service itself,
but also off-hire costs as the vessel cannot trade while the vessel
is cleaned.

Last, other environmental impacts from the hull cleaning
service are not considered as they did not appear during liter-
ature review. Nevertheless, given the focus on the operation
of tanker vessels, the environmental impacts of the hull man-
agement scheme that are not covered in this study are likely
due to be driven by the combustion of fossil fuels. This is espe-
cially true for transportation services as—with the exception of
toxicity to ecosystems and humans, depletion of resources, and
land use—other environmental impacts show a good correla-
tion with climate change (Laurent et al. 2012).

Modeling Approach

In regards to the quantitative part of the assessment, table 2
lists the affected impact categories, the associated processes,
together with a small description of the modeling approach
and characterization methods that were employed in this study.
Figure 3 shows the causal loop diagram for the hull manage-
ment system in order to visualize the connections between
the variables that were used in this study (Laurenti et al.
2014).

From the main environmental impact categories covered by
our work and as presented in table 2, invasive species are not as-
sessable. Although studies have tried to develop methodologies
to evaluate the effect of invasive species to ecosystems (see, e.g.,
Hanafiah et al. 2013), invasive species as an assessable impact
pathway and hence as an impact category is missing from LCA
(Curran et al. 2011).

As discussed earlier, marine and terrestrial eco-toxicity im-
pacts from hull cleanings are caused by emissions of cuprous
oxides and booster biocides from the antifouling paint. For
marine ecosystems, metals are at the top of toxicity concerns
(Dong et al. 2016), which misaligns with the fact that copper
oxides are the primary active ingredient in the hull paint that
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Table 2 Impact categories, associated processes, modeling approaches, and characterization methods that were employed in this study

Impact category Processes Modeling approach Characterization method

Costs Induced and avoided costs
from the service and due
to vessel off-hire

Service and off-hire costs based on
financial and operational data

—

Avoided costs from

decreased fuel
consumption

Fuel consumption based on regression

model, that describes the development
of fuel penalty throughout the life cycle

—

Climate change Induced and avoided
GHG emissions from the
service

Calculation based on vessel operational
data and data from hull cleaning
companies. Associated upstream
impacts are calculated based on data
from a hybrid environmental
input-output (EIO) database
(FORWAST 2014)

Characterization using IPCC
equivalence factors (Forster et al.
2007)

Avoided GHG emissions

from decreased fuel
consumption

Fuel consumption based on regression

model that describes the development
of fuel penalty throughout the life
cycle. Direct emissions from fuel
combustion is modeled using primary
data, while upstream impacts from fuel
production are calculated based on data
from a hybrid input-output database
(FORWAST 2014).

Characterization using IPCC

equivalence factors (Forster et al.
2007)

Eco-toxicity Induced biocidal
emissions to seawater

Calculation based on estimated copper
leach rate for ablative paints from
(Earley et al. 2014)

Use of spatially differentiated
eco-toxicity characterization factors
from (Dong et al. 2016). Booster
biocides not assessed due to
uncertainties in inventory and lack
of characterization factors.

Avoided biocidal
emissions to soil during
paint removal

Calculation based on mass balancing of
copper emissions

Use of characterization factors from
(Owsianiak et al. 2013) for
terrestrial eco-toxicity and (Dong
et al. 2016) for marine
eco-toxicological impact potential.
Booster biocides not assessed due to
uncertainties in inventory and lack
of characterization factors.

Avoided toxic emissions

from fuel consumption

Calculation based on a regression

model that describes the development
of fouling throughout the life cycle

Characterization of eco-toxicity

impacts using USETox (Rosenbaum
et al. 2008)

Invasive species Introduction of invasive
species, that are removed
from the hull during
cleaning

Missing from LCA and therefore not
assessed (Curran et al. 2011)

-

Note: GHG = greenhouse gas; IPCC = Intergovernmental Panel on Climate Change; LCA = life cycle assessment.

prevents fouling (Earley et al. 2014). As copper forms insoluble
complexes in seawater effectively binding the copper thereby
reducing the bioavailability of copper emissions (Voulvoulis
et al. 1999), only impacts from dissolved copper are assessed in
this study.

Booster biocides in antifouling paints are highly toxic (Yebra
et al. 2004) as these compounds have been designed to have
high biological activity. And as a result of legislation, their
use and corresponding concentrations are restricted (Erich and
Baukh 2016). In this study, quantitative assessment of the

6 Journal of Industrial Ecology 194 



A P P L I C AT I O N S A N D I M P L E M E N TAT I O N

Figure 3 Causal loop diagram of the hull management system. The causal links marked with an asterisk (*) represent causal relationships
that were modeled in the study (see also table 2).

booster biocides is omitted. The main reason is that there is
a lack of appropriate characterization factors capable of reflect-
ing the impacts of booster biocides on marine and terrestrial
ecosystems. There are still many uncertainties relating to the
environmental data associated with booster biocides, such as
their environmental chemistry, fate and exposure patterns, tox-
icity, together with a lack of analytical methods for monitoring
the occurrence, fate and toxicity of this type of biocides in
the environment (Evans et al. 2000; Yebra et al. 2004; Voul-
voulis 2006). Moreover, the mix of booster biocides in paint
varies from between paint applications, as the legislation reg-
ulating these chemicals changes over time, with an increasing
number of countries prohibiting the marketing and use of cer-
tain booster biocides that others do not. Therefore, it is not
currently possible to perform a quantitative assessment of the
impact of booster biocides. But even if methods and charac-
terization factors had been available, the associated inventory
would be subject to high uncertainties due to the dynamic issues
mentioned previously.

Impact of Copper Emissions

To assess the impact from copper that is emitted to coastal
seawater during operation and hull cleaning, we used spatially
differentiated eco-toxicity characterization factors for metals in

coastal seawater. Copper emissions while sailing were modeled
based on Dong and colleagues (2016), where comparative tox-
icity potentials were developed for nine cationic metals (Cd,
Cr(III), Co, Cu(II), Fe(III), Mn, Ni, Pb, and Zn), in 64 large
marine ecosystems (LMEs) covering all coastal waters in the
world. In particular, the marine copper eco-toxicity characteri-
zation factor for the LME CCF(LME) was employed. Based on
daily reports from the vessels over a sampling period of 2 years,
a discrete probability density function for the LME, PS(LME),
was constructed that shows how probable is it for a tanker vessel
to sail within the area of a specific LME. The contribution to
the marine eco-toxicological impact potential while sailing was
calculated from equation (1):

Contribution to the marine ecotoxicological impact potential

× while sailing

=
64∑

i =1

PS(LMEi) ∗ CCF(LMEi) ∗ copper emission rate

∗ duration of paint life cycle (1)

Vessels sail close to coastal areas most of the time, so
the model was considered adequate despite the fact that cer-
tain trade routes were not fully covered by the model (e.g.,
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Figure 4 Sailing profile and hull cleaning locations. Original map from BVisual (2013) used with permission.

transatlantic voyages). The work in (Dong et al. 2016) was used
to model the emissions due to paint removal during hull clean-
ing. Based on the location and the relative frequency of hull
cleanings, the probability of cleaning at the LME, PC(LME),
was assessed. The probability density functions used for sailing
and conducting a hull cleaning in a particular area are shown
in the world map of figure 4. The contribution to the marine
eco-toxicological impact potential from hull cleanings was thus
calculated in equation (2):

Contribution to marine ecotoxicological impact from hull cleanings

=
64∑

i =1

Number of hull cleaning throughout the paint life cycle

∗ PC (LMEi) ∗ CCF (LMEi) ∗ amount of copper

× discharged during hull cleaning (2)

Copper emissions during hull cleanings avoid emissions that
would occur during repainting at the end of the 5-year life
cycle of the paint. Based on the location and the relative fre-
quency of dry dockings, the probability of cleaning at a specific
LME, PD(LME), was assessed. Emissions to the marine envi-
ronment were again based on Dong and colleagues (2016), and
the contribution to marine eco-toxicological impact potential
from paint removal is shown in equation (3):

Contribution to marine ecotoxicological impact potential from

× paint removal

=
64∑

i =1

PD(LMEi) ∗ CCF(LMEi)

∗ amount of copper emitted to the marine environment

× during paint removal (3)

From equations (1) to (3), we can derive the total marine
eco-toxicological impact. In case of emissions to the soil, the
contribution to the terrestrial eco-toxicological impact poten-
tial was based on Owsianiak and colleagues (2013). When re-
moving the paint from a ship, copper is recycled to produce
copper sulfide, as mentioned before. This recycled material re-
sults in avoided copper sulfide production. We calculated the
avoided toxicity and carbon dioxide (CO2) emissions from the
avoided production. It is less than 0.1% of the emissions in
our studied system. Therefore, we excluded this process in our
calculation due to the cut-off principle.

Last, all eco-toxicity impacts were converted from midpoint
impact scores (potentially affected fraction of species*m3 [cu-
bic meters] *day) into endpoint impact scores by multiplying
with species density factors (species/m3). As no characteriza-
tion models have been identified from midpoint to endpoint for
eco-toxicity (Hauschild et al. 2013), we chose instead to weight
the damage to freshwater, marine, and terrestrial systems on
the basis of the total number of species, a method similar to the
endpoint characterization factor described in Goedkoop and
colleagues (2009, 10).

Extra Fuel Consumption Due to Fouling

An important part of the analysis was to determine the de-
velopment of fouling throughout the 5-year life cycle of the
paint, in order to assess how hull cleanings affect fuel effi-
ciency. Over the past years, stakeholders from the shipping
industry have established the International Organization for
Standardization (ISO) 19030 standard (ISO 2015) that cal-
culates hull and propeller performance based on logged speed
and shaft power measurements. Estimation of fuel consumption
based on power monitoring often has so much scatter that it is
impossible to conclude anything directly from speed power dia-
grams (Munk et al. 2009). Moreover, to determine the effect of
fouling on fuel consumption, the results need to be corrected for
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Figure 5 (a) Conceptual model for fouling intensity. (b) Actual results throughout the paint life cycle.

other sources of variance, such as the propeller, machinery, wa-
ter temperature, and sea state, in order to determine the effect
of the changes in hull coating conditions over time (Lindholdt
et al. 2015).

In practice, visual inspection is always conducted before
cleaning, in order to assess the degree and severity of fouling.
During visual inspection, a team of divers assesses and docu-
ments the type of fouling as well as its extent. This happens in
order to assess whether a hull cleaning is necessary and deter-
mine the cost for the cleaning service. Our study builds on these
observations to assess how fouling develops over the life cycle of
the paint. Specifically, a regression model was constructed based
on the type of fouling organism that was observed, as well as the
degree of fouling on the hull at the time of the inspection. Af-
terwards, the power penalty was estimated based on predictions
of the change in total resistance for a range of representative
coating and fouling conditions described in Schultz (2007, 338,
Table II). The analysis covered a total of 47 vessel years, uni-
formly distributed throughout the 5 years of the paint life cycle.
Data were collected for a total of 20 vessels, each sailing for
2.4 years on average. The time the hull has been in the water
has an important influence on the results. The fouling process
occurs in stages, meaning that the hull is first settled by organic
molecules, followed by bacteria, microalgae, and protozoa, and,
finally, marine organisms, such as algae, crustaceans, and slime
(Yebra et al. 2004; Almeida et al. 2007). And the longer the
vessel has been in the water since the last hull cleaning (or dry
docking), the heavier the fouling. To correct for the effect of
time, we calculated what we refer to as the fouling intensity
(figure 5a, equation 4), thus evaluating at what rate the power
penalty increases at a specific point in the life cycle of the paint:

Fouling Intensity = Power penalty
Time since last hull cleaning

(4)

Last, a power transform was applied to correct for het-
eroscedasticity in the data, after which a linear regression model

was fitted to the data as shown in figure 5b. The accumulated
fuel consumption was calculated by means of integration over
the time period, where hull cleanings were modeled as dis-
continuities that reduced power penalty to zero at the time of
occurrence. The model reveals three main periods in the life
cycle of the antifouling paint, the existence of which was fur-
ther verified upon comparison with comments and observations
available in the hull cleaning reports and discussions with ex-
perts. For the first 2 years (section i of the graph in figure 5b),
the paint system is successful in preventing fouling. Hull clean-
ings are not required, but even when they happen the degree
of fouling is limited. Between 2 and 3.5 years after application
(section ii of the graph in figure 5b), the situation changes.
Fouling begins to accumulate, and hull cleanings are necessary
to restore performance. Last, after 3.5 years (section iii of the
graph in figure 5b), the antifouling paint is “dead,” meaning
that fouling develops at a higher rate as active compounds in
paint have been reduced and a thick leached layer prevents the
diffusion of biocides (Yebra et al. 2004). Several diving reports
highlighted the need for hull cleanings, in order to remove the
thick leached layer and “revitalize” the paint.

It should be noted that the type and severity of fouling
differs between different areas of the ship. Owing to the lack of
sunlight, fouling is less extensive in the flat bottom of the vessel
compared to the vertical sides. At the same time however, the
flat bottom is far more likely to attract hard fouling (see an
example of hard fouling in figure 1a).

Direct and Upstream Environmental Impacts from the
Hull Cleaning Service

To determine the indirect emissions stemming from the pro-
vision of the hull cleaning service, including the employed
equipment, we used a hybrid environmental input-output (EIO)
approach. As process-based LCAs fail at addressing services
sufficiently (Lenzen 2001), use of EIO is advocated for use in
services as a prominent method to avoid critical cutoffs (Kjaer
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Figure 6 (a) Normalized scores for the identified impact categories, as a function of the frequency of hull cleanings within the 5-year life
cycle in regards to the functional unit for the average scenario. Scores are normalized against the score for one hull cleaning. (b) Cost as a
function of hull cleaning frequency and associated confidence intervals. (c) Emissions of CO2 equivalents as a function of hull cleaning
frequency and associated confidence intervals. (d) Eco-toxicity impacts as a function of hull cleaning frequency and associated confidence
intervals. Notice that the results are plotted in logarithmic scale. CO2 = carbon dioxide; USD = U.S. dollars.

et al. 2016). At the same time though, input-output (I-O) data
for a product system, such as the hull cleaning equipment, that
shares only a very small and atypical portion of an industry’s
output may exhibit significantly lower data quality (Suh et al.
2004). Our EIO analysis was based on the FORWAST database
(FORWAST 2014; Kjaer et al. 2015), which is mass balanced,
thus also covering the end-of-life phase of employed equipment.

For the direct emissions from fuel combustion, we used spe-
cific emission factors for marine fuels, as described in Kjær
and colleagues (2015), where FORWAST was again used to
determine avoided indirect emissions stemming from fuel pro-
duction. Our inventory included both emissions from avoided
fuel consumption of the tanker vessel, but also the induced
emissions from the hull cleaning service. Last, reduced fuel
consumption results in avoided emissions of toxic substances,
the eco-toxicological impact of which on freshwater ecosystems
was calculated using USEtox (Rosenbaum et al. 2008).

Results and Interpretation

For discrete events (e.g., type of waste treatment) and cases
where probabilities could not be determined, we used scenario
analysis to determine a 3-point estimate, including high, low,
and average scenarios, as described in table S2 in the supporting
information on the Web. For the remaining parameters, Monte
Carlo analysis was employed to assess the sensitivity of the

results to the change of these parameters. Figure 6 compares
the different hull management schemes and shows the effect of
increasing hull cleaning frequency on costs and environmental
impacts, as well as their uncertainty. In figure 6a, the results for
the average scenario are shown. Scores are normalized against
the score for the case where one hull cleaning is conducted as
part of the hull management scheme. Figure 6b, 6c, and 6d show
the absolute scores for the three categories, with the shaded
areas indicating the associated confidence intervals. The actual
results can be found at table S3 in the supporting information
on the Web.

In terms of costs, there appears to be a convex relationship
between costs and hull cleaning frequency. While hull cleanings
are likely to result in fuel savings, the service itself is charac-
terized by diminishing returns, meaning that the more often a
vessel is cleaned, the less extra savings can be achieved. It is also
shown that in case of low fuel prices and frequent hull cleanings,
the costs are likely to outweigh the savings. In regards to cli-
mate change, increasing the frequency of hull cleanings is also
likely to have a positive effect. Although extra emission savings
diminish with increasing frequency, they still outweigh the lim-
ited impacts from the cleaning service itself. It should be noted
that although both costs and climate change are driven by fuel
consumption, costs vary much more due to the volatility in fuel
prices, as shown in figure 6b and 6c by the confidence interval.

Eco-toxicity impacts are characterized by high uncertainty—
up to 3 orders of magnitude (figure 6d). The main source of
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uncertainty is the hull treatment during dry dock. In the neg-
ative and less probable scenario where the hull is sandblasted,
the removed paint may end up in the soil. In this case, shifting
copper emissions during paint removal to the marine environ-
ment is likely to lead to decreased eco-toxicity impacts, mainly
because marine species density is 5 orders of magnitude lower
than terrestrial species (Goedkoop et al. 2009, 11). In regards
to the marine eco-toxicological impact potential, the impact
from copper emissions depends on the coastal area where they
are emitted—with up to 3 orders of magnitude difference across
LMEs. The sailing profile for the tanker vessels under study
contributes rather negatively in that regard, as the vessels under
study mostly sail and receive hull cleanings in closed or semi-
closed sea bodies such as the Mediterranean or South China
sea, where water replenishment is slow and heavy metals have a
higher seawater residence time (Dong et al. 2016). This leads to
a higher characterization factor, which, in turn, results in higher
toxicity. Last, fuel savings translate to reduced toxic emissions,
which, in turn, result in decreased impacts to freshwater eco-
toxicity. These impacts, however, appear to have a negligible
effect on the results.

Discussion and Conclusions

Hull management schemes can have a moderate fuel sav-
ing potential, thereby justifying frequent cleanings—especially
toward the end of the 5-year dry docking cycle when the per-
formance of the antifouling paint is weakened. Thus, they can
result in decreased costs and reduced GHG emissions. At the
same time, however, ecosystem impacts from marine, terres-
trial, and freshwater eco-toxicity are likely to increase from
hull cleanings, although this finding is subject to high uncer-
tainty. Owing to their significant economic impact and the un-
clear regulatory framework, the operation of hull management
systems is driven by commercial, rather than environmental,
considerations. The study’s recommendations are compatible
to the regulatory framework that does not explicitly prohibit
hull cleanings and, in some cases, even seems to encourage
them. At the same time, though, regulatory inconsistencies
across different maritime jurisdictions, together with shipping
economics, mean that hull cleanings are conducted in specific
ports. If combined with poor water circulation (i.e., long res-
idence time of the water body), an extensive number of hull
cleanings in a small geographical area could result in high cop-
per concentrations in the water body (see Valkirs et al. [2003,
778] for a more detailed description).

It should be pointed out that there are a number of consider-
ations that were not covered or partially addressed in this study.
In particular, the environmental impacts of invasive species
and booster biocides in the antifouling paint are not covered by
the assessment. Given the global operating profile of merchant
vessels, assessment of environmental impacts of invasive species
from hull management schemes is likely to be challenging. First,
it is important to determine whether hull cleanings have a pos-
itive or negative effect. Although hull cleanings do not result

in mortality of all organisms (Woods et al. 2005), frequent and
gentle cleaning of the hull is likely to prevent fouling (Tribou
and Swain 2015). Although not standard practice yet, the intro-
duction of novel technologies that collect waste during cleaning
(Australian Government 2012, 14) could mitigate the risk of
introducing invasive species. Also, it is important to isolate the
effect of hull management schemes since invasive species can be
introduced into new areas through multiple pathways and vec-
tors (Hanafiah et al. 2013). Booster biocides are characterized
by high uncertainties—both in terms of their inventory and re-
lease rates to the environment (Erich and Baukh 2016)—while
characterization factors—if they exist—need to be applied with
caution (Hauschild et al. 2013). We have seen that hull clean-
ings shift copper emissions to soil during paint removal to the
marine environment during sailing, and the environmental im-
pacts from copper depend on the type of hull treatment during
dry dock. If the same logic applies to the booster biocides, then
booster biocides are likely to contribute in a similar manner
to an already uncertain result. Future work could assess the
impact of booster biocides taking into account the variability
from weather conditions (Erich and Baukh 2016), the chemical
composition of the different antifouling paints and technologies
(Lindholdt et al. 2015), and their impact in different harbors
and water bodies (Pla-Tolós et al. 2016).

An important element of hull management schemes is the
timing of hull cleanings. Fouling is far more likely to develop
when the vessel is idle for long periods or sailing in warm wa-
ters. The effects of these phenomena are not explicitly taken
into consideration. Moreover, the antifouling paint under study
is currently considered a market average product. In the past
few years, new technologies have been developed such as silyl
acrylate polymer technologies (Jotun 2016) and fouling con-
trol with hydro gel micro layer (Hempel 2016). So, it is likely
that these new technologies will deliver better protection from
fouling and require fewer hull cleanings.

This study is a departure from the product focus seen in most
LCAs, as the focus is on evaluating the effect of an intangible
activity. We have experienced a number of challenges, some
of which have already been discussed in LCA literature, while
others invite for further work. Use of hybrid I-O analysis is
largely recommended when modeling services (Shrake et al.
2013; Suh et al. 2004; Kjaer et al. 2015), otherwise there is a
high risk of cut-off errors from omitted scope 2 and 3 emissions—
which has been shown to exceed 75% of the carbon footprint
in some service companies (Huang et al. 2009).

Furthermore, studies focusing on intangible activities, which
do not result in ownership of a tangible asset, need to establish
a connection between the avoided impacts in the life cycle of
the reference system—in this study, the tanker vessels’—and
induced impacts from the activity. And that can be a complex
task, as the activity is exposed to multiple uncertainties within
the life cycle of the reference system. A specific aspect in the
way the reference system operates can have a pronounced im-
pact both on the demand and the economic and environmen-
tal impacts of the activity. This naturally questions whether
the level of detail in the analysis captures the variations and
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developments in the operation of the reference system. That
can be difficult to objectively measure and control. Last, quan-
tifying intangible features such as service quality or service re-
sponsiveness can be challenging (an issue also discussed in the
field of cost estimation by Huang and colleagues [2012]). These
features are hard to assess; but, at the same time, they are likely
to affect the results considerably.
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Abstract 
Circular business models are often enabled by means of Product/Service-Systems (PSS). The common 
perception is that such business models have enhanced environmental performance when compared 
to conventional business models rooted in the linear economy. This article investigates the 
environmental potential of developing a PSS business model for Merino wool t-shirts intended for use 
by the British Ministry of Defence as an alternative to the present supply system based on synthetic t-
shirts purchased from sportswear clothing companies. To conduct the assessment, we apply the Life 
Cycle Assessment (LCA) methodology to quantify and compare the climate change impacts and impact 
potentials of the proposed PSS business model and of a reference business model. 

Keywords: Product/Service-System, PSS, Circular Economy, LCA, and Merino Wool 

Introduction 
Circular economy is often seen as an environmental superior alternative to the take-make-dispose 
linear economy. The circular approach seeks to increase resource efficiency and mitigate 
environmental impacts while maximising value creation from economic structures (Gregson et al, 
2015). Circular economy literature suggests necessary change to incorporate restoration and recovery 
at different levels e.g. energy, products, materials, elements or molecules (EU, 2016), as well as the 
technical characteristics of modularity, disassembly and repurposing (repair and maintenance); 
thereby extending product lifetime (Go et al., 2015). 

In fact, in recent years, the concept of circular economy has attracted policy makers in the United 
Kingdom (UK) and Europe, who have been setting up strategies within these regions such as the 
‘Circular Economy Package’ launched by the European Commission (EC, 2015), back in December 
2015; and more recently in the UK, a ‘Circular Economy Strategy’ for Scotland and London (Scottish 
Government, 2016, Mayor of London, 2016). These initiatives provide opportunities to implement 
circular economy principles on public procurement to expand best practices through better 
collaborative procurement, guidance and regulations.  

The public procurement market is considered the largest business sector in the world and 
governments have continuously attempted to minimise the negative aspects of consumption through 
the establishment of sustainable procurement strategies (Grandia, 2016). In an European context, 
public procurement strategies have moved towards contracts, in which providers deliver services 
within their product offerings through Product/Service-Systems (PSS) business models (Rodrigues et 
al., 2015). In circular economy literature (Bocken et al., 2014, 2015, 2016; Lacey and Ruqtvist, 2015), 
PSS has been acknowledged as one of the archetypes of circular business models, and Mont & Tukker, 
2006; Mont et al., 2006; Baines et al., 2007 have argued that a PSS model is potentially superior from 
an environmental perspective compared to a conventional business model. A PSS is an integrated 
combination of products and services (Baines et al., 2007) in which suppliers, through a customised 
Contract for Availability (CfA), meet the requirements of the contractor (Rodrigues et al., 2015).  
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This paper focuses on the provision of a PSS to the British Ministry of Defence (MoD). Provision of PSS 
business models for complex engineering products such as aircrafts, vessels and vehicles; and its 
systems (including radars, power packs, armaments, simulators) and subsystems (i.e. engines and 
arms, to the MoD, has been studied in various publications (Erkoyuncu et al., 2009; Hockley et al., 
2011; Rodrigues et al., 2015; Priya Datta and Roy, 2011), all highlighting the benefits of combining the 
MoD’s procurement strategy and PSS. These benefits include closer partnerships between the MoD 
and the primary supplier facilitating the share of information and collaboration strategies, sharing risks 
and reducing costs; as well as better responsiveness from industry to emerging operations scheduled 
by the MoD (Rodrigues et al., 2015). In line with the MoD’s current Sustainable Development Strategy 
contracting, a PSS may also enable the MoD to improve its procurement related environmental 
performance via PSS strategies that can increase product longevity and reduce resource use; including 
reuse, refurbishment and recycling (Baines et al., 2007; Rodrigues et al., 2015). The focus of current 
academic literature dealing with the provision of PSS to the MoD has focused on complex engineering 
products and has not been extended to other more common products, such as clothing. Previous PSS 
research focusing on the clothing industry (Armstrong et al., 2015) has highlighted that PSS business 
models could be an opportunity to increase garment’s quality and longevity with potential to reduce 
environmental impacts. 

Although PSS business models are enhanced as potentially superior from an environmental 
perspective, (Kjaer et al, 2016) argue that by default PSS are not more environmentally benign 
compared to other conventional systems. As such, the quantification of the environmental 
performance of PSS is needed, especially within an industrial context (Tukker & Tischner, 2006; Lindahl 
et al., 2013). Thus, this paper contributes to the existing knowledge by exploring the development of a 
PSS for clothing supplied to the British Special Forces (BFS)1, and further quantification of the 
environmental potentials of this offering to the MoD.  

Methodology 
The development and quantification of the environmental performance of a PSS business model was 
performed in the context of a case study (Ying, 2013). The chosen case study is explained in further 
detail below.  

The Armadillo Merino® Case Study 
The Ministry of Wool trading as Armadillo Merino® (AM) is a UK based company that produces Merino 
wool next-to-skin garments. Currently, the company is working with the MoD’s ‘Trials and Evaluation 
Programme2’ to test AM products and AM as a garment supplier to the British Special Forces (BSF). 
AM has found that the cost of market entry is a barrier as their products are 30% more expensive than 
the synthetic (e.g. polyester or nylon) next-to-skin garments that are currently used by the MoD. 

1 A MoD directorate that provides a joint special operations (i.e. are typically carried out with limited numbers of highly trained personnel 
that are adaptable, self-reliant and able to operate in all environments, and able to use unconventional combat skills and equipment) task 
force headquarters 

2 Any new supplier to the MoD must pass a trial period to be endorsing as a supplier. 
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However, there is considerable interest by AM to provide a solution to the MoD, which could prove 
competitive to the synthetic garments provided by sportswear clothing companies. As such, providing 
a CfA based on a PSS business model could be the solution for AM. Providing a PSS could help AM to 
re-position Merino wool garments as a cost-effective solution that provides performance and user 
comfort, to disprove the perception of wool being expensive and uncomfortable (Sneddon et al., 
2011). With fine wools and modern manufacturing techniques, Merino wool proves to have unique 
properties, which synthetic fabrics do not have. These include anti-static properties, UV protective 
features, reduction of odour and improved comfort (Tester et al., 2015, McQueen et al., 2013). In this 
paper, these properties are referred to as protection, performance and comfort to the end user. In 
addition, providing a PSS business to the MoD could contribute to a circular economy as AM would 
take the responsibility of supplying the garments to the MoD, as well as the responsibility of 
repurposing (repair and maintenance) and reissuing garments for re-use, thereby extending their 
lifetime. In addition AM will take responsibility of garments at end-of-life with a range of options such 
as the recycling of garments into new merino t-shirts or into other army applications (blankets, sound 
buffering, compression pads, etc.) when the garments are beyond repair. This could help the MoD to 
reduce inventory management costs, as AM will be supplying garments on demand.  

Research Scope and Objectives 
To understand and demonstrate the environmental potentials of providing a PSS of Merino wool t-
shirts to the BSF within this case study, three objectives were established:  

1) Understand the current supply chain of the MoD’s Special Forces’ wearing kit including Merino
wool t-shirts

2) Develop a PSS business model based on the knowledge acquired from the present supply
system to provide an alternative business solution for the MoD

3) Quantify the environmental potentials of the developed PSS by means of the LCA
methodology.

To meet these objectives, we followed Kjaer et al. 2016 suggestions when applying LCA methodology 
to assess the environmental performance of a PSS. Kjaer et al. 2016 suggest three relevant scopes 
being:  

1) PSS optimisation - Evaluating options within the PSS itself
2) PSS comparison - Comparing a PSS with an alternative, which in most cases is a conventional

business model
3) PSS consequences - modelling the actual contextual changes caused by the PSS.

Since our study intends to develop an alternative model to the current system, the evaluation was 
done following a ‘PSS comparison scope’ (see Kjaer et al. 2016 for a detailed differentiation between 
the three scopes). The PSS comparison was done between the current system (i.e. the reference 
system) and the suggested PSS. Following Kjaer et al. 2016 suggestions, we had first to identify a 
reference system (being objective 1 of this study), to then define a functional unit and set the system 
boundaries that applied to the reference system and the developed PSS. The following steps were 
conducted to achieve the former, and fulfil the three objectives: 
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• Step 1: Two workshops were run to gather the sufficient data in order to define the reference
system and design the new PSS alternative (objectives 1 and 2).

• Step 2: Quantify the environmental potentials through a screening level Life Cycle Assessment
(LCA) (objective 3). In order to quantify the environmental potentials, we determined the
functional unit and the systems boundaries as suggested by Kjear et al. 2016.

Step 1 – Workshops 

Workshop 1: Defining the reference system 
To define the reference system (details are presented in the ‘reference system and PSS business 
model’ section below), four experts were invited to the initial workshop. These included a 
Procurement Lead for Capability Development (MoD), a MoD Procurement Expert (Former UK Air 
Forces), a weaving textile expert (Business Consultant) and a service provider expert (Business 
Consultant). With these experts, we explored how the MoD’s clothing procurement system works. We 
also explored further opportunities to shift from this current model to a suitable PSS. The 
opportunities explored include:  

• To capitalise on the properties of Merino wool t-shirts in terms of providing protection,
performance and comfort as an alternative to polyester/nylon t-shirts.

• To capitalise on a rolling QfA contract, which is considered on the MoD’s expenditure annual
budgets.

• To supply garments to a supply pool supporting the BSF might prove easier than to supply to
regular operations as all specialist equipment for each tour3 is planned and managed by a
special MoD supply pool.4

• To focus on the BSF supply pool mechanisms where specialist equipment normally is returned
to the pool after a mission for refurbishment and restocking.

• To use the current MoD’s supply system. Currently, the supply of garments is managed by the
quartermasters5 and through a requisition order.6

• A tour lasts six months and five synthetic t-shirts are issued for each soldier for each tour. It
was agreed by the workshop participants that only three Merino wool t-shirts would be
required per six months in case the t-shirts were offered through a PSS.

• To capitalise on using the current MoD’s freight system and NATO Stocking Numbers (NSN)
tracking system to ensure that the garments are returned to the supply pool after each tour.

3 British Special Forces are deployed for expeditions called tours lasting 6 months 

4 A supply pool is a unit that plans ahead the procurement of garments and other equipment

5 Is central to the distribution of equipment for units. For every tour, soldiers get issued with new equipment. 

6 A requisition order for garments (by style, colour, size etc.) is completed by the Quartermaster to supply these units. These requisition 
orders are made directly with the suppliers. If they require personnel to be deployed in a joint rapid reaction force (JRRF), it might be that 
the supplier does not have enough stock, and they will have to rely on other suppliers. If it is an enduring operation, they will get a period of 
time in which they can build up inventory to meet the requirements.  
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Workshop 2: Designing a PSS Circular Business Model 
The assessment of opportunities was presented to a panel of experts to further refine the design of 
the PSS business model during a second workshop. Attendees of the second workshop included: an 
expert on Circular Economy (Ellen MacArthur Foundation), an expert on sustainable business models 
(The Sustainable Business Group), an expert on PSS design (Cranfield University), a supply chain 
consultant (Re-Think Solutions) a Procurement Lead for Capability Development (MoD), and a MoD 
procurement expert (Former UK Air Forces).  

The proposed PSS model is based on the concept that AM owns and manages the Special Forces 
supply pool for next-to-skin garments and leases these garments directly to the MoD. The idea is that 
the PSS solution is intended to provide real-time inventory management of high quality products that 
will provide a safer, more comfortable user experience for MoD personnel by providing them with 
wool next to skin t-shirts (for the scale of the study only short sleeve t-shirts in light olive and/or 
coyote brown are considered) that require maintenance; as an alternative to polyester/nylon t-shirts. 
Figure 2 shows the AM areas of responsibility, including the logistics associated with reuse and 
redistribution, refurbishment and redistribution. 

Figure 1 Area of responsibility of Armadillo Merino® 

Step 2 - Assessing the environmental potentials 
To achieve objective 3 of this study, an LCA was conducted to quantify and compare the 
environmental performance polyester/nylon t-shirts offered through a transactional business model 
(i.e. the reference system) with Merino wool t-shirts offered through a PSS business model to the BSF. 

It should be emphasised that this assessment only considers Climate Change Impacts (CCIPs), whereas 
other environmental impacts are likely to be equally important as measures of environmental 
sustainability for textile products, including water use, land use related impacts, eutrophication, 
toxicity related impacts and acidification (Henry et al., 2015). The focus on CCIPs was chosen, as this 
environmental impact category is an established sustainability measure for the MoD and for the 
Merino wool sector in general. CCIPs has been one of the most widely adopted environmental impact 
categories in studies assessing the environmental impacts from garments produced from wool (Henry 
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et al., 2015; Henry 2012), however as established below, a number of present studies do not fully 
account for all relevant greenhouse gasses contributing to wool production, which is why this 
environmental impact category is relevant to further explore.  

To determine the main activities and the associated CCIPs that differ across the two product systems, 
the study was carried out as a prospective screening LCA, which implies that simplifications and 
assumptions are accepted. The scope of a screening LCA is well suited in terms of deciding whether to 
pursue the proposed PSS business model and most importantly as a basis to investigate if/how a PSS 
business model may influence the environmental impacts performance of textile products. 

In relation to garments produced from wool, these are by some perceived as more environmentally 
sustainable, e.g. in terms of CCIPs, compared to garments produced from man-made fibres such as 
polyester and nylon (Kuffner, 2012; Barber & Pellow, 2006). Wool fibres are of natural origin and are 
biodegradable, whereas polyester fibres are produced from non-renewable resources (here in the 
form of crude oil) with proven contributions to climate change. However, the emissions of enteric 
methane (CH4) from the sheep digestion system and nitrous oxide (N2O) from the breakdown of sheep 
manure have not by default been accounted for as contributions to the climate change impact 
category for wool production (Barber & Pellow, 2006; Bevilacqua, 2011; Henry, 2012). Discounting the 
gaseous emissions from sheep production is likely to cause underestimation of the CCIPs from wool 
production, since CH4 is a greenhouse gas (GHG) with a global warming potential (GWP) approximately 
21 times more effective than CO2 and N2O approximately 310 times more effective (UNFCCC, 2014). 

The reference system and the PSS business model  
The data gathered during the first workshop were used to define the reference system (the current 
system). As the researchers did not have access to current MoD data, assumptions were made 
according to the participant’s knowledge and expertise and, where possible, assumptions were 
rectified with secondary data from databases, per-review publications, reports and personal 
communication with washing machine manufacturers.  

Based on the data gathering, it was established that the t-shirts in the reference system are produced 
in China (CN) from 50% polyester and 50% nylon. Compared to other fibres, garments produced from 
synthetics such as polyester more easily take on and persist odour (Callewaert et al., 2014; McQueen 
et al., 2013) and each t-shirt is washed after one day of use. As each soldier is equipped with five t-
shirts per six-month tour and each t-shirt is laundered (washed and dried) 36 times per tour. It is 
assumed that half the t-shirts are incinerated in open fire pits prior to repatriation, whereas the other 
half is brought back to the UK and landfilled. 

For the proposed PSS business model, AM provided the needed product life cycle system data. The t-
shirts are produced in CN from 100% Merino wool that is sourced from Merino sheep farms in New 
Zealand (NZ). As wool garments are less susceptible to odour compared to polyester (McQueen & 
Laing, 2007; McQueen et al., 2008), the t-shirts are worn for three days between washes. As such, it is 
implied that each t-shirt must be washed 20 times per operation, and provided the system of reuse 
and refurbishment each Merino t-shirt will have a life time of four tours of six-month duration, i.e. 
each t-shirt is expected to have a service-life of two years. 
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As AM retains ownership of the Merino t-shirts they have the option to plan for End-of-Life (EoL) 
strategies, and the planned tracking system based on the NSN number, is expected to ensure a high 
collection rate (95%) of EoL t-shirts. AM has not yet decided on a specific EoL strategy, and the present 
assessment of the PSS also explores closed loop recycling (CLR) where t-shirts are recycled into new 
Merino t-shirts, as oppose to open loop recycling (OLR) where EoL t-shirts are recycled into new wool 
applications. Among other aspects the potential (GHG) credits associated with recycling of wool is 
determined by what is being substituted (Geyer et al., 2015) and since the substituted material for 
OLR is unspecified, the credits will be based on a CLR scenario, where the recycled Merino t-shirts are 
expected to substitute raw wool production. The feasibility of using reclaimed fibres for secondary 
yarn production is addressed in the following sections. 

Several barriers apply to CLR of textiles into new woven products, including material composition 
(mixed fibres, buttons, zippers etc.), differing fibre lengths and colours, impurities etc. These material 
variations mainly apply to post-consumer textile waste, i.e. textiles discarded by consumers, whereas 
pre-consumer textile waste such as cut-offs from garment production usually are more homogeneous 
in terms of purity, fibre length etc. (Payne, 2015; Muthu et al., 2012; Gulich, 2006). The expected EoL 
potential of Merino t-shirts fall under the former category, however, in contrast to traditional post-
consumer textile waste streams the t-shirts are expected to exhibit a relatively high homogeneity and 
hence a high potential for CLR. This potential is due to the fact that the garments are produced from 
pure natural materials, and the waste fraction will therefore be homogenous both in terms of 
materials and colour. In addition, the t-shirts are expected to be laundered and are hence clean upon 
repatriation. Finally, the PSS tracking system ensures a high collection rate, which allows for 
production planning. To retain the durability of the Merino t-shirts AM has estimated that the content 
of recycled wool in new t-shirts should not exceed 30% and t-shirts should only be recycled once. To 
ensure singular recycling, the tracking system could be expanded to contain “historical” information 
on the fibre content of each t-shirt. The remaining t-shirt fraction is expected to enter into an OLR 
system, e.g. production of blankets, sound buffering, compression pads or felted products. 

According to Gulich (2006) and Payne (2015) mechanical methods for converting textile products to 
fibres have existed since the Industrial Revolution, and today it is still economically feasible to use 
reclaimed fibres for secondary yarn production. Recycled materials cannot necessarily be assumed to 
displace raw material production 1:1. To achieve net environmental benefits the environmental 
impact from all processes related to recycling including losses must be less than the avoided impact 
from raw material production (Geyer et al., 2015). 

As the proposed PSS is yet to be implemented the quantity of t-shirts suitable for CLR can only be 
estimated. It is likely that the soldiers are exposed to harsh conditions that will damage the t-shirts 
during certain field operations, which may decrease the quality of the textile waste fraction and 
thereby the quantity of t-shirts suitable for CLR. Based on the above considerations it was decided to 
make a conservative estimate of the CLR recycling potential of the collected textile fraction. In the 
product system modelling it is estimated that 30% of the collected, used t-shirts will displace the 
production of raw wool and the PSS is not credited for the remaining 70% of the t-shirts as the exact 
substituted materials could not be established. Although it is expected that the remaining 70% will 
enter into a CLR system with the potential to displace other materials, the PSS is not allocated credits 
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for this remaining fraction. Rather, the potential GHG credits are assumed to counterbalance the GHG 
emissions associated with losses, recovery processes, transport etc. from CLR recycling of wool into 
new Merino t-shirts. 

The characteristics of the two product systems are listed in Table1. To perform a comparative 
assessment of the CCIPs, a functional unit was defined. The desired functionality of the t-shirts is to 
provide the soldiers with neutral-coloured, short-sleeved base layer t-shirts that can be worn 
underneath the uniform, and the functional unit for the assessment was therefore defined as: “The 
provision of t-shirts for one soldier during six months in the field”. 

Table 1: Characteristics of the two systems 

Process mapping, data gathering and impact assessment  
The screening LCA presented here takes a cradle-to-cradle approach covering the main processes from 
raw material to recycling/EoL. In this inventory phase of the LCA, the system boundaries (included and 
omitted processes) are mapped out and inventory data are gathered for the life cycles of both product 
systems. In the impact assessment impact potentials are calculated for GHG emissions and quantified 
over the entire life cycle, building the foundation for quantification of the climate change impact 
potential of the system per functional unit. 

System constellation for the reference system: 

The assessment of the reference system was based on five main life cycle stages (for illustration, see 
Figure 2 below): 

• Raw material: Production of synthetic fibres (a blend of polyethylene and nylon fibres) at
factories in CN.

• T-shirt production: Conversion of fibres to yarn, from yarn to fabric and fabric to t-shirts in CN.
• Use stage: Laundering process (machine washing) at operations in the field.
• Transport: Ship transport of manufactured t-shirts from CN to the UK.
• EoL: Open pit burning of EoL t-shirts prior to repatriation from operations abroad.
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System constellation for the PSS: 

The assessment of the PSS was based on the following five life cycle stages: 

• Raw material: Production of greasy wool fibres at NZ Merino sheep farms with sheep meat as
by-product. The main activity is shearing; the process by which the woollen fleece is cut of the
sheep.

• Pre-treatment: Scouring of greasy wool at facilities in CN. The main output is dry, clean fibres
(wool tops) for further processing.

• T-shirt production: Conversion of fibres to yarn, from yarn to fabric and fabric to t-shirts in CN.
• Use stage: Laundering process (machine washing) at operations abroad.
• Transport: Ship transport from NZ to the UK.
• EoL: CLR of EoL Merino t-shirts (30%). The remainder (70%) is expected counterbalance the

GHG emissions associated with losses, recovery processes, transport etc. from CLR recycling of
wool into new Merino t-shirts.

Inventory data were mainly obtained from the Ecoinvent database version 3 (Ecoinvent Centre, 2015) 
and secondly from a publication by the Waste and Resources Action Programme (WRAP) in UK (WRAP, 
2012). The data from WRAP are partly based on the Ecoinvent database version 2; on a publication on 
environmental assessment of textiles by the Danish EPA (Danish EPA, 2007) and on supplementary 
work by ERM that was commissioned to conduct the WRAP (2012) publication. Data on machine 
washing were acquired from Miele (Thyge, 2016, pers. comm.) and Nortec (Winther, 2016, pers. 
comm.), and finally, a report from the U.S. EPA (U.S. EPA, 2015) provided data on open pit burning of 
polyester.  

Inventory data obtained from the Ecoinvent database were used to model the product system using 
Sima Pro 8.1.1 (PRé, 2015) and by applying the ReCiPe characterisation method for which climate 
change characterisation factors are based on the guidelines provide by the Intergovernmental Panel 
on Climate Change (IPCC). The characterisation allowed for conversion of all GHG emissions to the 
same unit, CO2-equivalents (CO2e). The same characterization method was applied in the WRAP (2012) 
publication. 

In the flowcharts (Figure 2 and 3) the GHG emissions for each life cycle stage are quantified and the 
associated inventory data sources listed below each stage. 
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Figure 2: Process mapping and quantified flows w. data sources, reference system 
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Figure 3: Process mapping and quantified flows w. data sources, PSS 

Simplifications and assumptions: 

• Processes that were assessed as comparable for the two systems were not included in the
impact assessment.

• Based on the chosen level of detail, only transport processes over longer distances were
assessed.

• In the use-stage for both systems, a steam and a regular washing machine were tested. Both
machines were modelled as run by diesel generators and an oil boiler was selected for steam
generation.

• Logistics (covering only warehouse activities) were omitted due to lack of information on the
activities involved.

• In contrast to other impact categories it is assumed that landfilling of synthetic t-shirts is less
significant for CCIPs, and hence the life cycle stage EoL Landfill (i.e. in UK) is not accounted for.
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• Due to a lack of process data, the life cycle stage T-shirt production in the PSS was based on
similar cotton based processes. Other literature sources incl. WRAP (2012) applies cotton
textile production as a proxy for wool textile production.

• The cleaning activity involved in cotton textile production was regarded as a proxy for wool
scouring.

• The main by-product from wool scouring is lanolin, which is used by the cosmetics industry.
Due to lack of process data no GHG emissions were allocated to lanolin production. According
to Henry et al. (2015) the recovery of Lanolin amounts to approximately 10% the value of
greasy wool and most GHG emissions are thus allocated to the wool.

• The ship transport of wool tops from NZ to CN, and subsequently from CN to UK was
simplified and modelled as direct transport between NZ and UK. The omitted transport
distance by ship is not expected to have significant influence on the results.

• Upon each operation, the Merino t-shirts are to be laundered prior to reuse/refurbishment
and redistribution. AM is currently considering a combined washing and drying machine based
on liquid CO2. The process was omitted, as no data could be obtained and since it only
expected take place once every six months.

• As the PSS is yet to be implemented no quantitative system data were available, nor included
in the impact assessment for the reuse, refurbishment and redistribution related processes.
The main activities are expected to be associated with low GHG emission activities based on
manual labour, including sewing. Some demand for land transport is expected (to and from
the dressmaking factories).

To associate the process flows to the functional unit, the characteristics of both systems were finally 
parameterized and associated to the inventory data for each life cycle. 

Results 

The climate change impacts 
Figure 4 presents the CCIPs (total and divided into life cycle stages) per functional unit for the 
reference system and the PSS. The results reveal that the reference system has the highest total CCIPs 
(16.9 kg CO2e/FU) approximately twice the size of that for the PSS (8.6 kg CO2e/FU). 

As can be observed in the figure, the life cycle stages ‘raw material’ and ‘T-shirt production’ are 
contributing most to GHG emissions. For the PSS, the GHG emissions associated with ‘raw material 
production ‘exceed the emissions of the reference system with app. 60%, whereas the CCIPs resulting 
from T-shirt production in the reference system is nearly three times the impacts attributed to the 
PSS.  

The life cycle stages ‘transport’ and ‘washing’ are insignificant to the results. For the PSS-based system 
GHG credits from recycling at EoL (-2.3 kg CO2e/FU) are of noticeable magnitude to the overall result. 
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Figure 4: Climate change impacts per FU for the reference system (e.g. synthetic t-shirts) and the PSS 

(e.g. Merino wool t-shirts) 

In Figure 5 the CCIPs are presented for one reference t-shirt and one Merino t-shirt respectively. It 
becomes evident that once the Merino t-shirt is no longer offered through a PSS business model (or 
another system ensuring maximum utilization of the wool material) the total GHG emissions can 
increase to 14.4 kg CO2e/t-shirt and the t-shirt in the reference system thereby becomes preferable in 
terms of CCIP performance (3.2 kg CO2e/t-shirt). 

Figure 5: Climate change impacts per t-shirt from the reference system and the PSS 
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 When the CCIPs are quantified per t-shirt, the significance of the GHG emissions associated with ‘raw 
material production’ becomes further pronounced. Relatively speaking the GHG emissions from the 
production of Merino wool fibres are ten times the magnitude of that of the production of fibres for 
the reference t-shirt, which could be attributed to the fact that the production of wool is related to 
other GHG emissions than CO2 such as methane (CH4) and laughing gas (N2O) having much larger 
global warming potentials than CO2. From the Ecoinvent database it is derived that approximately 55% 
of the GHG emissions from greasy wool production is attributed to CH4 and approximately 30% is 
attributed to emissions of N2O, which illustrates the importance of accounting for all GHG emissions at 
the Merino sheep farms. 

In favour of the reference t-shirt, the CCIP pattern for the t-shirt production is reversed when 
measured per t-shirt. The GHG emissions are reduced with a factor four for the reference t-shirt, 
whereas the CCIPs increase by 30% for the Merino t-shirt when calculated per t-shirt. 

In conclusion, the results show that in terms of the CCIPs of the Merino t-shirts offered through the 
PSS is preferable compared to the reference t-shirts offered through a transactional business model. 
The PSS business model is the basic pre-condition for the superiority of the Merino t-shirt as the 
ranking of the results (and products) is reversed when compared per t-shirt. Lastly, ‘raw material’ and 
‘T-shirt production’ were both irrespective of the functional unit identified as the life cycle stages with 
the largest impact on the results. 

Testing the robustness of the results  
The sensitivity of the product system model was tested applying a sensitivity ratio analysis. When 
applying a ratio sensitivity analysis, a ratio is calculated to determine the percentage; a given input 
parameter needs to be changed in order to reverse the ranking of the results (Björklund, 2002). 

The sensitivity analysis results show that the number of t-shirts allocated to each soldier per six-month 
tour and the durability of the t-shirts (the number of six-months use periods per t-shirt) are the two 
most influencing input parameters and in this case significant for the PSS in order to be superior to the 
reference system when compared on a functional unit basis. In order to test the sensitivity of the 
results to a change in input parameters sensitivity ratios were calculated for the two parameters. The 
results are shown in Table 2. 

Table 2: The table illustrates the sensitivity of the product system model, i.e. percentages (the 
sensitivity ratios) the input parameters need to be changed in order to reverse the ranking of results. 

219 



16 

N.M. Bech et al. / The Journal of the Textile Institute (submitted manuscript 2017) 

The sensitivity ratio analysis shows that in order to reverse the ranking of the t-shirt systems, the two 
most influencing input parameters would have to be drastically changed. Either the number of 
reference t-shirts per soldier per six-months would have to be reduced by a factor 2, or the number of 
Merino t-shirts would have to be doubled. It is not regarded as a viable scenario to reduce the number 
of reference t-shirts per soldier, as this would underestimate the soldiers demand for t-shirts. 
Conversely, it is more likely that harsh conditions during certain field operations reduce the durability 
of the Merino t-shirts (and the reference t-shirts), implicating an increase in the demand for t-shirts 
per six-months tours. As this would apply to both types of t-shirts the scenario is not investigated any 
further. 

The sensitivity ratio for the number of six-months use periods for the reference system was calculated 
to 120%, i.e. in order to reverse the ranking of the results, the number of use periods would have to 
increase from 1 to 2.2 tours of six-months duration. Two challenges were identified for prolonging the 
potential use period of the t-shirts in the reference system. Firstly, synthetic t-shirts more easily take 
on and persist odour, and although the physical durability of the t-shirt would remain beyond the six-
month tour, the t-shirts are perceived obsolete due to odour (i.e. the reference t-shirts are discarded 
due to aesthetical reasons not technical). Secondly, there is no system for take back and reuse of 
synthetic t-shirts; hence, it is not likely that a prolonged lifetime would decrease the input of t-shirts 
to the MoD supply pools for operations abroad. If the soldiers choose to bring back t-shirts rather than 
having these burned in open pits, the t-shirts are most likely to fall out of the “official” system. The 
soldiers may use the t-shirts off-duty, which could substitute the purchase of new t-shirts for private 
use and thereby have the potential to reduce the total amount of t-shirts produced globally. However, 
such an assessment is considered highly uncertain, representative for a minority of the t-shirts, and 
beyond the scope of the present study. 

The sensitivity analysis shows that the number of use periods for the Merino t-shirts needs to be 
halved from four to two in order to reverse the ranking of the results. The exact fraction of Merino t-
shirts suitable for direct reuse and/or refurbishment followed by reuse can only be established once 
the system has been implemented. 

Recommendations 
The impact assessment shows that the CCIPs from the life cycle of one Merino wool t-shirt exceeds the 
CCIPs from the reference t-shirt with a factor 3.5. Once the Merino wool t-shirts are offered through a 
PSS business model, the results are reversed in favour of the Merino t-shirt offered via the PSS thus 
has CCIPs half the magnitude of CCIP of the reference system per functional unit. This entails, that in 
order for the Merino wool t-shirt to result in fewer GHG emissions than the reference t-shirt, it is vital 
that PSS strategies are implemented and followed. 

The most important PSS strategies are to ensure that the Merino t-shirts can be used for four tours of 
six-month duration and/or the number of t-shirts per soldier per tour is retained, due to the 
significantly higher CCIPs from the production of greasy wool compared to the synthetic reference 
fibres. The enforced superiority of the Merino t-shirts can be through the PSS including the tracking 
system and by establishing an efficient, low-emission reuse and refurbishment system that allows for 
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realisation of the expected lifetime. In summary, the Merino wool t-shirts from the PSS entail superior 
CCIP performance compared to the reference system. 

Discussion 
Kjaer et al. (2016) acknowledge the limited number of case studies that use LCA as a methodology to 
assess the environmental performance of PSS. This is due to a number of challenges that they 
identified when using LCA to evaluate the environmental performance of PSS. By conducting this case 
study, we saw a significant contribution of quantifying environmental potential for PSS business 
models when justifying the transition to a Circular Economy. However, when adopting LCA 
methodology for this purpose, these challenges need to be overcome.  

Environmental Performance of Circular Business Models. 
The study demonstrated that LCA is a suitable method to evaluate the climate change impact 
potentials of a new PSS model, taking as example Merino wool t-shirts offered to the MoD. This is due 
to the fact that an LCA methodology account for all the relevant life cycle stages that contribute to 
environmental impacts. The screening LCA demonstrated that the total impacts on climate change per 
FU is 17.7kg Co2e in the reference system and 7.0kg Co2e in the proposed circular PSS. This is following 
the above recommendations with the assumptions that 30% of the clothes will be returned back to 
the pool for repurposing (repair and maintenance), the washing temperature will be 30◦C, and that 
the virgin material substitution rate would be 30%. If these assumptions and recommendations are 
followed this means that by reissuing Merino t-shirts, this will extend their lifetime. Product life 
extension is one of the most valuable circular economy strategies (Bakker et al., 2014). However, 
Andersen, 2007 had argued that to capitalise on the benefits of circular business models, their 
environmental potentials need to be quantified. Through this case study it has been demonstrated 
that this can be done. However, there are still some challenges that needed to be overcome.  

Challenges to be overcome for a PSS comparison study.   
As the PSS model is inexistent at the moment, the workshops helped to define both the reference 
system and the PSS alternative. This is related to the first challenge identified by Kjear et al. (2016) in 
which innovation and novelty could be achieved with a PSS offering. However, this could be also 
translated into uncertainty relating to the identification of the correct reference system. In this case 
study, many assumptions were taken, as the researchers couldn’t access data from the MoD. In 
addition, PSS are often seen as a design strategy, which is another challenge identified by Kjear et al. 
(2016). Since the PSS presented in this case study is still in a design phase, there are no data regarding 
a successful implementation, and hence assumptions needed to be made. These limitations had an 
effect on how the system boundary was defined. As such, a scenario approach validated by secondary 
data was used to define the boundaries of the reference system and PSS, which helped to conduct the 
presented screening LCA. Once the PSS business model is implemented a second LCA could be 
conducted in order to validate the initial results. 

Kjear et al. (2016) argue that a broader perspective of LCA should be applied when assessing the 
environmental performance of PSS. This case study acknowledged this in the design stage of the PSS in 
the second workshop. During the workshop, different behavioural and contextual aspects where taken 
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into account. As acknowledged by Mont (2004) and Rexfelt and Ornas (2009), the environmental 
impacts of a PSS depend to a large extent on user behaviour and on the socio-cultural context in which 
the PSS is offered.  Kjear et al. (2016) see these two aspects as further challenges. In addition, the PSS 
design considered a whole perspective by thinking in multiple life cycles for the Merino T-shirts, by 
exploring CLR and OLR systems. This is related to another challenge identified by Kjear et al. (2016) 
where extending the products life into multiple cycles is imperative for PSS models. However, these 
challenges were considered during the design of the PSS, a full assessment of how behavioural 
elements and different recycling strategies are implemented need to be re-assessed to have a full 
perspective of possible rebound effects.  

Through the case study was also identified the tangible and intangible elements that a PSS is 
characterised of. As such, as suggested by Kjear et al. (2016), the functional unit was supplemented 
with the description of the sub-functions i.e. “The provision of t-shirts for one soldier during six 
months in the field”, that were equal between the reference system and the PSS, as well as being 
broadly defined. The functional unit needs to be the same when testing the PSS, however this could 
change regarding the effectiveness of the implementation. If the functional unit changes, this clearly 
will change the presented LCA results.  

Conclusions and future work 
Through conducting this case study, it is acknowledged that the LCA methodology could be adopted to 
assess the environmental performance of PSS. However, further guidance on the topic could help to 
perform this type of analysis to ensure true environmental benefits of these models.   An LCA in the 
PSS design could give an indication of the environmental potentials of the proposed business models. 
However, further LCA studies should be conducted during the implementation stage to validate the 
environmental benefits of this business model. A further validation could help to portray the benefits 
of circular business models within the circular economy discourse. Future work will include a pilot 
study to implement the PSS. This implementation could revise some of the assumptions made in this 
study and could give a more detailed assessment of the delivery of a PSS to the military and possibly 
other public services.  
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Abstract 
The chapter gives an introduction to life cycle costing (LCC) and how it can be used to support decision 
making. It can form the economic pillar in a full life cycle sustainability assessment, but often system 
delimitations differ depending on the goal and scope of the study. To provide a profound understanding 
this chapter describes several approaches and terms, fundamental principles and different types of costs. A 
brief introduction is given to conventional LCC and societal LCC but the main focus is on environmental Life 
Cycle Costing (eLCC) as the LCC approach that is compatible with environmental Life Cycle Assessment 
(LCA) in terms of system delimitation. Differences are explained and addressed, and an overview is given of 
the main cost categories to consider from different user perspectives. As inventory data is often sensitive in 
financial analyses, a list of relevant databases is provided as well as a guidance on how to collect data to 
overcome this hurdle. In a window case study the eLCC theory is applied and demonstrated with each step 
along the eLCC procedure described in detail. A final section about advanced LCC introduces how to 
monetarise externalities and how to do discounting.  

Learning objectives 
• Understand the fundamental principles of Life Cycle Costing
• Know how to use Life Cycle Costing as a tool to make good decisions from different perspectives – as a

product/service developer or someone who buys a product/service.
• Know historical and current application areas
• Know different variants of Life Cycle Costing approaches and understand their differences e.g. in terms

of system boundary approaches.
• Be familiar with the monetarisation of intangible elements, which approaches are available
• Know how to deal with costs in the future (discounting).
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15.1 Introduction 
Life Cycle Costing (LCC) can form the economic pillar in a full life cycle sustainability assessment comprising 
the environmental, economic and social dimension (see Chapter 5). LCC is a versatile technique capable of 
being applied for a range of purposes and at different stages in the project or asset life cycle to support 
decision making. It might be undertaken both as an absolute analysis (e.g. to support the process of 
budgeting) and as a relative analysis (e.g. in order to compare alternative technologies) (Langdon 2007). 
Three variants of LCC can be distinguished. Conventional LCC, also termed financial LCC, is the original 
method, and in many ways synonymous with Total Cost of Ownership (TCO). Environmental LCC is aligned 
with LCA in terms of system boundaries, functional unit, and methodological steps. Lastly, Societal LCC 
includes monetarisation of other externalities, including both environmental impacts and social impacts.  

For conventional LCC, standards from various government bodies and industry sectors have been 
developed, including ISO 15663, IEC 60300-3-3, BS 3843, AS/NZS 4536, ISO 15686. For environmental LCC 
the work of the scientific working group within SETAC on LCC resulted in the LCC methodology described in 
(Hunkeler et al. 2008), while societal LCC is still at an early stage of development, and more research work 
is required. 

The three types of LCC will be explained in Section 15.2. As the approach that is most aligned with LCA, 
environmental LCC will be the type of LCC explained in depth and exemplified throughout this chapter. 
Section 15.3 presents the steps of an environmental LCC and provides some practical information for data 
gathering. A case study in Section 15.4 shows how to apply the approach. Section 15.5 elaborates on some 
advanced issues in LCC, including how to monetarise externalities and how to deal with discounting in LCC. 

15.2 Fundamental principles and variants of LCC 
LCC can be conducted for different purposes, and the methodological choices will depend on the goal and 
scope of the study. This section introduces the fundamental principles in LCC, including the different 
purposes and the influence of the target group. This is followed by a description of different types of cost 
and terminology, before the three variants of LCC are explained.  

15.2.1 Fundamental principles of LCC  
As the name suggests, LCC is a technique that assesses costs over the life cycle of a product or a system. 
Literature features a multitude of terms synonymous to LCC to describe costing across the life cycle of a 
product, a system or a project, including Through-Life Costing (TLC), Whole-Life Costing (WLC) and Total 
Cost of Ownership (TCO). It should be noted that in the absence of any internationally recognized standard 
to describe these terms in detail, differences between them remain a subjective opinion based upon 
experience, field of study and economic standpoint (Boussabaine and Kirkham 2008)  
Conducting an LCC can have different purposes. It may be used as a planning tool, an optimization tool, a 
tool for hotspot identification, as part of a life cycle sustainability assessment of a specific product, or to 
evaluate investment decisions. 

A primary consideration relates to the timing of the analysis, where two main types of LCC can be 
distinguished. Ex ante LCC is a prospective approach based on estimates, and is conducted at the early 
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stages of decision making. In contrast, ex post LCC is a retrospective approach based on actual results, 
usually conducted at the end of a project or a specific time period.  
Another relevant consideration is the target group. The target group might be a single actor in a value chain 
such as a producer or a user or it might take the whole value chain into perspective. The choice of the 
target group during the goal and scope definition phase of the LCC has implication on the necessary level of 
detail. 

Figure 15.1 Different level of details for different actors in life cycle costing 

Consider the life cycle cost of a passenger car (see Figure 15.1). At first, taking the driver perspective (user 
in Figure 15.1) for a passenger car, fuel and insurance costs, as well as taxes and potential maintenance are 
very relevant information in the operation phase, indicate by different grey shadings in the figure. In 
contrast, a manufacturer would be interested in a detailed analysis of the operational (OPEX) and capital 
expenditures (CAPEX) such as logistics, R&D, marketing and so on. Taking the view of a recycler, they would 
rather be interested in a detailed description of the constitution of the service fees and those expenditures 
related to recycling the product. A detailed description of costs to be considered from different 
perspectives and in the different life cycle phases is given in Section 15.3  

15.2.2 Different types of costs and terminology 
Costs, revenues and value added 
A cost is normally considered as being synonymous with a price of something – it is the monetary value that 
someone has to pay for something. In an LCC, costs are identified over the life cycle of the product.  
LCC can also include revenues which are considered as negative costs. Hunkeler et al (2008) argue that 
there are no fundamental problems involved in adding the revenues in the analysis, as long as it is clear 
how it is being carried out, although for practical reasons they are frequently left out. Depending on the 
context, inclusion of revenues may be required in order to effectively support decision making. Consider an 
example where a window manufacturer uses LCC to compare the life cycle costs of two windows. The two 
windows are identical, except that one has an extra decorative feature. In this example, for LCC to be of 
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practical use, it needs to evaluate the trade-off between the extra costs of the feature versus the expected 
increase in sales. In cases where LCC covers multiple target groups – e.g. manufacturer and user in the 
passenger car example from before – adding revenues can be confusing, as the cost for one actor is often 
the revenue for another. In this case, it is important to clearly distinguish between costs and revenues for 
each target group. In environmental LCC, where multiple perspectives are common, only the value added 
for each life cycle stage is accumulated in LCC, in order not to double-count. See Section 15.3 for a detailed 
description of value added. 

Temporal distribution 
Since in LCC, costs are accumulated over a lifespan, one needs to consider that the monetary flows occur at 
different times. This complicates the analysis for two reasons. 

The first is that prices change due to the market dynamics. Looking at cars for example: all costs associated 
with a car e.g. steel, labour, fuel, plastics, taxes etc. are likely to change from year to year. In the long run 
there is a sustained increase in the general price of goods, which effectively alters the purchasing power of 
currency –a phenomenon known as inflation. In LCC one would like to compare costs based on a chosen 
reference year and therefore all costs needs to be adjusted to that year when doing the comparison. This is 
done by using inflation rates. Equation (15.1) shows how to calculate the price P of a product at time t (in 
years) assuming an inflation rate r, where P(0) is the price at the reference year (t=0). 

𝑃𝑃(𝑡𝑡) = (1 + 𝑟𝑟)𝑡𝑡𝑃𝑃(0) (15.1) 

The second complicating fact is that people are likely to have a time preference, and often prefer to spend 
money later rather than now. One solution to take these considerations into account in LCC when 
comparing future and present costs is discounting. Discounting essentially weights impacts by assigning a 
lower weight to costs in the future than present costs, and is discussed in greater detail in Section 15.4. 

Internal vs. external costs 
Costs borne by actors directly involved in the life cycle of the product are termed internal costs (sometimes 
also referred to as ‘private costs’). However, a product or system may involve other costs, borne by other 
actors indirectly influenced by the product life cycle e.g. as a result of pollution or other social impacts. 
These are termed external costs.  
External costs (also termed externalities) are value changes caused by a business transaction, which are not 
included in its price, or value changes caused as side effects of the economic activity (Dodds and Galtung 
1997; Hunkeler et al. 2008). For example, in the construction of a highway close to a residential area, one 
possible external cost that is not normally included in the life cycle costs of the highway is the value 
reduction of the houses close to the highway due to the increased noise levels. In conventional LCC, 
external costs are usually not included. If the external costs are already expressed in some monetary unit, 
they can be included in the environmental LCC. In societal LCC, externalities can be monetarised and 
included in the assessment. External costs and monetarisation in general is covered in Section 15.5 
(Advanced LCC). Table 15.1 gives an overview of the most common ones used in LCC and their definitions. 
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Table 15.1 Definitions of terms used in LCC 
Term Definition 
Price The amount of money that will purchase a finite quantity, weight, or other measure of a 

good or service (Sullivan et al. 2006) 
Revenue The income generated from sale of goods or services, or any other use of capital or 

assets, associated with the main operations of an organization before any costs or 
expenses are deducted 

Internal cost Costs borne by actors directly involved in the life cycle of the system under study 
External costs External costs (also termed externalities) are value changes caused by a business 

transaction, which are not included in its price, or which occur as side effects of 
economic activity (Dodds and Galtung 1997; Hunkeler et al. 2008) 

Value added Value added is the difference between the sales of products and the purchases of 
products or materials by a firm, covering its labour costs and capital costs as well as its 
profits (Hunkeler et al. 2008) 

Life cycle costs The sum of value added over the life cycle of a product or a system (Moreau and 
Weidema 2015) 

Net Present 
Value (NPV) 

NPV is the sum of all the discounted future cash flows that takes into account the time 
value of money over the entire life time (Park 2011) 

Discounting A method used to convert future costs or benefits to present values using a discount rate 
(Langdon 2007) 

Inflation rate A measure of the overall change in prices for goods and services over time 
Exchange rate Currency conversion between different currencies 

15.2.3 Three variants of LCC 

To understand the differences between the three types of LCC, Figure 15.2 shows how they relate to the 
three pillars of sustainability (people, planet, and profit) and which costs they include. 

Figure 15.2: Comparison of the three different types of Life Cycle Costing (adapted from UNEP guideline, United 
Nations Environmental Program (UNEP) 2011) 
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LCC can have various goals, depending on the needs and perspectives of the study commissioners. In an 
LCC of a private vehicle, the user might not be interested in the end-of-life stage of the car, while society 
might also include broader impacts, which are not borne by the user or the supply chain such as public 
health expenditures due to particulate matter emissions. To accommodate for these differences, three 
variants of LCC have been proposed (Hunkeler et al. 2008): Conventional LCC, Environmental LCC and 
Societal LCC. The differences between the three variants are summarised in Table 15.2.  

Table 15.2: Comparison of the different types of Life cycle costing 
Conventional LCC Environmental LCC Societal LCC 

Goal 

The assessment of all life cycle 
costs that are directly covered by 
the main producer or user in the 
product life cycle 

The assessment of all life 
cycle costs that are 
directly covered by all 
stakeholders connected 
to the product life cycle 

The assessment of all life 
cycle costs that are 
covered by anyone in 
the society 

Definition of 
the life cycle 

Economic lifetime, often 
excluding end-of-life Complete life cycle Complete life cycle 

Perspectives Mainly one stakeholder, either 
manufacturer or user 

One or more 
stakeholders connected 
to the life cycle 

Anyone in the society, 
often governments 

Reference unit Product or Project Functional Unit Functional Unit 

Types of costs 
Internal costs of one stakeholder, 
focusing mainly on acquisition 
and ownership costs 

Internal costs of 
stakeholders connected 
to the life cycle, plus 
external costs and 
benefits expected to be 
internalized such as CO2 
taxes 

Internal costs of all 
actors plus external 
costs, i.e. impacts that 
production or 
consumption have on 
third parties. 

Adjustment to 
Inflation Yes Yes Yes 

Discounting of 
results 

Consistent, with discount factors 
ranging between 5-10% 

No. Discounting the 
results of the LCC would 
make the analysis 
inconsistent with the 
steady state assumption 
of LCA See Section 15.5 
on discounting 

Consistent but usually 
low discount factors 
(<3%).  

Consistent with 
LCA? No 

Yes, but with a risk of 
double counting the 
monetarised 
environmental impacts 

No, due to risk of double 
counting and 
inconsistencies with the 
quasi-dynamic approach 
in sLCC (more in 
(Hunkeler et al. 2008)) 

Standards 
Multiple standards, including ISO 
15663, IEC 60300-3-3, BS 3843, 
AS/NZS 4536, ISO 15686 

None, but follows the 
LCA standards ISO 
14040/14044 

Currently no standards 
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Conventional LCC (cLCC) 

Conventional LCC (also sometimes called financial LCC) was originally designed for procurement purposes in 
the U.S. Department of Defence (White 1976; Korpi and Ala-Risku 2008). LCC is mainly applied as a decision 
making tool, to support acquisition of capital equipment and long-lasting products with high investment 
costs (Hunkeler et al. 2008). Conventional LCC is done from the perspective of a single actor, often the user 
of a solution. An example would be the procurement of a car, where the driver evaluates different options 
from an economic viewpoint. In this case, focus is on acquisition costs, taxes, fuel costs and anticipated 
maintenance costs and might even consider end-of-life costs or revenues (second hand value) in the 
evaluation. Conventional LCC can also be done from the manufacturer point of view, breaking down the life 
cycle costs with specific focus on the production stages, and - if also borne by the manufacturer - end-of-life 
costs. In conventional LCC, only internal costs are considered, often ending up with one result for Total Cost 
of Ownership (TCO), or in cases of hotspot identification with a breakdown of activities, also known as 
Activity-Based-Costing (ABC). Discounting of the results is recommended. See more about discounting in 
Section 15.5. 

Environmental LCC (eLCC) 

Unlike the single actor perspective of the conventional LCC, environmental LCC (eLCC) is aligned with the 
ISO standard 14040 and 14044 on LCA in the sense that it takes the perspective of a functional unit and 
considers the whole life cycle, including all actors in the value chain or life cycle. Unlike the conventional 
LCC, which is industry driven, environmental LCC was rather developed to support LCA in the sense that it 
covers the economic dimension, and helps identify hot-spots in terms of both cost and environmental 
impacts. Besides the internal costs borne by actors in the life cycle, environmental LCC may also include 
external costs that are expected to be internalised in the near future. In the case of the car, this means that 
anticipated extra taxes on pollution from fuel combustion might be included in the operational cost. In 
principle, including external costs from environmental impacts that are quantified in the LCIA results in 
double counting, since the impacts are accounted for in both analyses. This is not necessarily a problem as 
long as it transparently shown in the presentation of results and is done consistently for all alternatives 
being compared (Hunkeler et al. 2008). Like in LCA, the environmental LCC is a steady state model, and 
therefore no discounting of the results is usually done. Section 15.3 explains the steps of an eLCC in detail. 

Societal LCC (sLCC) 

The aim of the societal LCC is to support decision-making on a societal level including governments and 
public authorities. It includes quantifying the environmental effects in monetary terms. As such, societal 
LCC (sLCC) includes selected external costs by assigning a monetary value on them. This process is called 
monetarisation of costs (or impacts). In practise, it is performed by translating the impact results from the 
LCA into monetary units e.g. assessing damage costs (see Section 15.5 for different monetarisation 
methods). In this way, the sLCC incorporates the LCA results, and the LCA results should therefore be 
reported as a subset of the LCC to avoid double counting. An LCC that monetarises all environmental 
impacts from the LCA is in some cases termed full environmental LCC (Hoogmartens et al. 2014). An sLCC 
goes one step further and also monetarises social impacts such as: affected social well-being, job quality 
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etc. In this way, the LCC can be linked to Corporate Social Responsibility (CSR). An sLCC offers the possibility 
of presenting the result in one single monetary unit, essentially comprising all three pillars of sustainability 
in a combined Life Cycle Sustainability Assessment (LCSA) aimed at supporting e.g. policy decisions (see 
Chapter 5). However, this approach of combining all results in a single value is often criticised, mainly 
because of the uncertainties involved, stemming from both the fact that is difficult to ensure that all 
relevant external costs are taken into account and from the fact that the external costs are highly 
uncertain. Discounting is common in sLCC, see more in Section 15.5. 

As a method for supplementing LCA with economic measures, the eLCC is recommended due to the 
consistency in the scope of the two analyses. The procedure and methodological considerations are 
presented in the following section; along with an application example on the window case known from the 
other methodology chapters. 

15.3 Environmental LCC (aligned with LCA) 
Environmental Life Cycle Costing (eLCC) is the only analysis comparable to the environmental Life Cycle 
Assessment (LCA) approach. This Section gives guidance on how to conduct an eLCC in a consistent way and 
in parallel to an LCA. It covers three steps: 

a) Goal and Scope definition

b) Data collection

c) Interpretation and sensitivity analysis

In general, the overall approach is very similar to the standardized LCA, but there are some important 
differences , which may both make the analysis easier and more laborious. One advantage is that 
characterization or weighting of inventory data can be avoided in eLCC, since the aggregated cost data 
provide a direct measure of the financial impact and can be aggregated without further processing. On the 
other hand, the distribution of impacts over time is very important in LCC compared to LCA due to the use 
of discounting which depends on when the impact or cost occurs. If eLCC-results are intended to be used in 
parallel to LCA, various assumptions must be aligned which will be described in detail below. 

15.3.1 Goal and scope definition 
The goal and scope definition in eLCC is similar to what is needed in LCA and hence ISO 14040/44 should be 
used as a basis (See Chapter 7 and 8). The goal and scope should be clearly defined but due to the iterative 
approach, the scope may be revised along the analysis. For instance, eLCC can be used both as a planning 
tool and as an accounting and reporting tool. Usually it is used for prospective, consequential, and change-
oriented assessments to evaluate alternatives, in order to support the product or system design phase, 
which has utmost influence on prospective costs and emissions along the various life cycle stages. 

Functional Unit 

For an eLCC, the functional unit shall be defined in a similar manner as for an LCA (See Chapter 8). If the 
LCC is meant to be conducted in parallel to an LCA, the functional unit needs to be identical. 

System boundaries 
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System boundaries must be clearly defined and documented like in an LCA (See Chapter 8). If the eLCC is 
conducted in parallel to an LCA, system boundaries for both must be equivalent and assume the same 
user perspective. However, eLCC is coarser and it is not always necessary to break down all stages and 
collect all upstream processes. All real and anticipated money flows should be internalized in a systematic 
way. The inclusion of external costs in an eLCC is sometimes required while in other situations the system 
boundaries are negotiable. In general, the inclusion of external costs that are anticipated to be 
internalized in the decision-relevant future is required.  

Cut-off criteria 

There is an important difference between eLCC and LCA in terms of cut-off criteria. Especially for complex 
systems with more than a thousand processes, process-based LCA leaves out processes that are assumed 
to have a negligible contribution thus introducing cut-offs (See Chapter 8). LCC on the other hand does 
not suffer from these truncation errors, as costs that occur upstream in the supply chain are assumed to 
be represented in the price of a product or a service. The cost of purchasing a car for example will include 
all costs associated with the production of the car, including raw materials, overheads, R&D, marketing, 
profits for the supply chain and so on. If this is not the case, someone in the supply chain would have to 
produce at a loss or zero profit, a situation that is clearly unsustainable in the long run. 

Although reasonable, the hypothesis that upstream costs are always included in the price is not without 
exceptions. The price of most commodities is strongly determined by the laws of supply and demand. 
Market downturns often leave those suppliers with the highest production costs in dire straits, forcing 
them to either sell at a loss or lay up their assets for a period until the market recovers. 

It should be highlighted that an eLCC can be used to inspire the system scoping of an LCA. When 
considering the life cycle of a product it might be easier for stakeholders to identify all monetary costs 
over the life cycle rather than environmental impacts and material uses. These costs can be used as a 
guidance to include all necessary processes (including services) needed to sustain a product or a system 
over its life cycle in the LCA. Services are often neglected in LCA and including them in the eLCC might 
inspire to also include them in the LCA. One example could be service and maintenance costs for a car, 
which is important for the life cycle costs, but might easily be forgotten in the LCA. 

Lastly, for minor costs that are not likely to alter the result of the analysis, cut off criteria need to be 
applied. For a single life cycle stage (e.g. raw material extraction, production or transport etc.) a rule of 
thumb could be that costs that are likely to contribute to less than 1% of the total cost of that stage can 
be neglected (Hunkeler 2008).  

Allocation 

Complex systems are subject to allocation to perform an eLCC. In LCA, it is recommended by the ISO 
14040 to divide the unit process into sub-processes or to expand the system in order to avoid allocation 
(See Chapter 8). On the other hand, system expansion is not performed in eLCC. This is due to the fact the 
eLCC is solely an attributional indicator that can only describe costs, and does not trace the consequences 
of particular decisions. Special attention is required to ensure a consistent system definition. 
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The overhead costs are a good example where an allocation method is required. These costs describe all 
ongoing business expenses, which are not directly linked to production. For those categories, usually costs 
or revenues are de facto used as allocation keys. For example, in a refinery that refines crude oil into a 
number of products, if 40% of the revenue comes from gasoline, then 40% of the overhead costs are 
allocated to gasoline production. 

Inventory 

In the inventory analysis, costs should be quantified in one currency (e.g. Euro or US-Dollar) and be based 
on a common year. For example, if a previous version of a product is compared with the latest version, 
the costs of both must be aligned in terms of the actual value of the currency at those specific times. If 
two variants of the same product (e.g. Sedan and Station car) are compared it is necessary to include all 
relevant costs. Relevant means in particular if costs of the alternatives change (e.g. energy costs, material 
costs, transportation etc.). In terms of absolute LCCs (stand-alone) all costs must be taken in account.  

Simply adding costs of all actors in the life cycle would not yield to any meaningful result. The cost of one 
actor is the revenue of another, and this process would end up aggregating the same costs multiple times. 
Instead, what should be considered in an eLCC is the value added at each stage of the lifecycle. Value 
added is the difference between the sales of products and the purchases of products or materials by a 
firm, covering its labour costs and capital costs as well as its profits. 

Manufacturer

Materials
Transportation

Research
Design

Acquisition
Planning

Construction
Wages

Certification
Education
Marketing

...

User

Acquisition
Rental

Life Cycle Costs

Manufacturing Operation External Costs

1st Level

2nd Level
Allowance

Damage costs
Prevention

...

Manufacturer

Maintenance
Auxiliaries

Wages
Taxes

Education
Transportation

...

User

Transport
Energy

Maintenance
Auxiliaries

Taxes
Insurance

Capital Costs
Depreciation

Profit
...

Manufacturer

Service fee
Profit

Landfill fees
Waste

...

User

Collection
Dissambly

Taxes
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Profit
Landfill fees
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...

End-of-Life

 Figure 15.3 Overview of cost categories distinguish between aggregation levels and between Manufacturer and User 
perspective 

To get an overview of the hot-spots of the assessed product systems it is recommended to use cost 
categories on different aggregation levels (see  Figure 15.3). The 1st level consists of three life cycle stages 
(Manufacturing, Operation and End-of-Life) and external costs. For a manufacturer, the main objective is 
to analyse every cost in detail during manufacturing, thus the level of detail is higher compared to the 
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other stages in the life cycle. For an operator or user the main focus is on the different costs during the 
use of the product or service. This affects the data collection strongly. To make the data collection more 
applicable it should be distinguished between the user perspective and the manufacturer perspective (see 
Section 15.2) thus each life cycle stage has several sub-categories at the 2nd level. For example, if the life 
cycle costs from a user perspective is to be analysed, the level of detail for the manufacturing stage is 
much smaller and the acquisition costs can used as decent proxy for every cost that occurs upstream. 
External costs as the fourth stage is another topic within the eLCC and consist mainly of costs for emission 
allowance (see Section 15.5), damage and prevention costs. If external costs are included in the 
assessment, care must be taken to avoid double counting as described in Section 15.2. 

15.3.2 Collection of data for inventory analysis 
The availability of reliable cost data is crucial in order to perform a realistic life cycle cost analysis. 
Gathering financial data can be time-consuming and will depend on the collaboration with the involved 
companies and institutions. The following sections discuss issues in regards to information gathering, 
particularly for company-based data sources, independent data sources and indirectly derived data. 

Company-based data sources 

When collecting data internally in a company, there are usually several existing data sources. Accessing 
them requires the collaboration and involvement of various departments within the company, a task 
which may be challenging due to unclear responsibilities, lack of resources in the departments and 
confidentiality issues as well as constraints against an additional economic assessment method. 

Typical internal and external data sources in relation to each of the life cycle stages are: 

• Investment and Manufacturing stage. Internal: Research and Development (R&D), Production, and
Human Resource Departments

• Use stage. Internal: R&D, Product Development, accounting systems and Sales (e.g. consumption
patterns and sale prices). External: Publicly available databases and industry statistics (e.g. fuel prices
and taxation costs borne by the user).

• End-of-life: Internal: R&D or Product Development, who have dealt with the recycling or
redistribution of product systems. External: EU-directives, international conventions etc.

Independent data sources 

Financial data can be very sensitive, especially if the results are intended to be published. In these cases 
most of the data need to be gathered from other independent data sources and references.  

Examples of public databases are shown in Table 15.3, giving an overview of different cost categories. 
These data are published at least annually. However, the scope of each database is different, and it is 
important to check each data source in terms of comprehensiveness, validity for different regions, 
currencies and time period to ensure that the data are comparable, while also taking the goal and scope 
definition into account. 
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Table 15.3 Public Database for Life Cycle Cost data 

CES EduPack (Granta Material Inspiration 2016) is a leading commercial database that comprises several 
material and process information. There is a specific Eco Design and Sustainable Development tool, which 
can analyse the product and design decisions in regards to costs. Another secondary data-source for 
prices is economic input-output tables combined with mass flow analysis on industry sector level. If 
information on material amount is available (e.g. from the LCA) information on how much a sector pays 
for the amount can be extracted from comparing monetary supply-use tables and physical supply-use 
tables. See chapter 14 for more details on input output tables and their application in LCA. 

Indirectly derived data 

If all these above mentioned data sources are not able to provide the necessary cost data, a cost 
estimation technique needs to be applied. Cost estimation techniques associate the cost of a product or 
activity to the available information at the time of the analysis (e.g. the cost of a window frame in regards 
to its size and bill of materials). The following techniques can be used to estimate costs: 

• Surveys and interviews
• Expert opinions
• Cost estimation techniques (qualitative or quantitative)

Both surveys and interviews as well as expert opinions can provide useful cost estimates. While these 
methods are time consuming, they can provide estimates in cases where data is either not available or 
hard to predict. Advanced survey methods such as the Delphi method (Keeter 2015) can help combine 
multiple expert opinions, with multiple rounds of questionnaires helping the group to converge towards a 
single number. 

Cost estimation techniques can be broadly classified into qualitative and quantitative. Qualitative 
techniques identify similarities between products and are more appropriate to implement when time is 
limited. One example is Case Based Reasoning (CBR) (Huang et al. 2012), which compares previous cases 
and finds the most suitable to adjust to the new case. An example would be the preliminary 
determination of the cost of a construction project based on similar construction projects that occurred in 
the past. Quantitative techniques on the other hand are more accurate as they take different product or 
resource parameters during a whole product life cycle into account (Niazi et al. 2006). The parametric 
approach for example assesses the characteristics of a product and determines mathematical 
relationships to describe its cost. It should be pointed out that in practice, cost estimation is not 
necessarily linear, as twice the input does not necessarily produce twice the output. Reasons can include 

Type Scope Name Link
Crude Oil Sectors, Monthly, Country International Energy Agency http://www.iea.org/statistics/topics/pricesandtaxes/
Plastics Global, Weekly The Plastics Exchange http://www.theplasticsexchange.com/default.aspx
Marine fuel oils Sector, Daily, Global Ship & Bunker's http://shipandbunker.com/prices
Chemicals Sector, Daily, Global ICIS, Part of the RELX Group http://www.icis.com/chemicals/
Metals Sector, Daily, Global London Metal Exchange https://www.lme.com/
Commodities Sector, Yearly, Global United Nations http://comtrade.un.org/data/
Inflation Sector, Country, Monthly World Bank http://data.worldbank.org
Wages Sector, Country, Yearly International Labour Organisation http://www.ilo.org
Currency Exchange Rates Yearly, Monthly World Bank http://data.worldbank.org
Power, Gas, Coal, Oil Daily European Stock Exchange http://www.eex.com/en/
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the associated economies (or diseconomies) of scale, the existence of large overheads and exponential 
relations between inputs. Use of advanced cost models such as simulation models or neural networks can 
take into account non linearity of costs and the dynamic behaviour of systems. 

15.3.3 Interpretation and sensitivity analysis 
Sensitivity analysis in LCC is very similar to LCA, and is covered in detail in Chapter 11. However, there are 
some differences. The main difference relates to the fact that – unlike environmental impacts and 
emissions – commodity prices are much more volatile. The reason for that are the market mechanisms of 
supply and demand and the fact that commodities are traded in the stock exchange. Prices are very 
sensitive to cyclical effects such as financial circles, seasonality etc. Therefore in LCC, the timing of costs is 
very important, and costs with high price variability such as fuel costs should be subject to sensitivity 
checks. 

15.4 Step by step application of LCC 
In the following section, a case study of an environmental LCC is shown, elaborating the different steps to 
be conducted to identify the whole costs of a product. This procedure is explained by using the case study 
discussed in previous chapters (see Chapter39 for a detailed description). The new window is expected to 
gain a market share of 20 – 30% of Norwin. The new window differs from existing windows with respect to 
heat insulation properties, due to the combination of wood and a composite that is comprised of 
polyamide and glassfibre. Thus, the new window is expected to have a lower overall environmental impact 
compared to earlier products from the company. However, a quantitative, life-cycle costing has not been 
conducted yet to identify the full economic profile for the manufacturer and customer. The analysis is 
based on the aforementioned steps of  

- Goal and Scope definition
- Data collection for inventory analysis
- Interpretation and Sensitivity Analysis

As the goal and scope and the inventory analysis are similar to the described LCA-cases, this section mainly 
focuses on how to gather life cycle costing data and the interpretation of the results. Nonetheless a short 
summary introduces the goal and scope of the study.  

15.4.1 Goal and Scope 

The study aims to perform a stand-alone eLCC as guidance for the on-going design of the new window. 
Economic hot-spots for the window will be identified. The manufacturer wishes to position itself as a 
proactive company in terms of sustainability, which entails Life cycle costing as well. The target audiences 
are: 1) design departments at the manufacturer and 2) customers to provide transparency about their new 
product. The function that is analysed here provides the properties described in the LCA for a minimum of 
20 years. The analysis includes all life cycle stages from manufacturing to operation and EoL. However, the 
level of detail differs compared to the LCA as the data for raw material extraction, primary and secondary 
material production and other upstream processes are reflected in the final material costs. No cut-off 
criteria were applied because all needed cost data could be found for the time span of 20 years. 

241 



14 
Chapter 15 in Hauschild et al. (2018) [manuscript post-print] 

15.4.2 Inventory analysis 

Based on the inventory analysis from the LCA, a list of the materials and production related energy 
consumption was extracted. But the view on production had to be expanded to cover all costs (CAPEX, and 
OPEX, indirect costs and immaterial costs). 

Usually materials are traded hence these costs were found on specific market platforms or at the stock 
exchange (see Section 15.3). The market evaluation, the design and ramp-up of the production entail 
additional financial efforts and are covered by the R&D costs. Additionally entailed costs (e.g. labour, 
infrastructure, prototype production) were allocated by dividing the total costs with the total expected 
production volume. Usually the cost centre is broken down in very high detail to identify potential cut-
downs to improve the return of investment. To improve this rate, the OPEX-related costs are very 
important as well as they reflect the direct product related costs (e.g. raw material, energy, labour, service 
and maintenance). The labour costs for assembling the window are dependent on the employer and the 
production site; therefore official wage levels from several statistical websites were used. The so-called 
overhead costs include production related costs for e.g. heating and ventilation as well as for lighting. 
Indirect costs entail site permits, regulatory requirements and prospective liabilities. Those were excluded 
in the case study. Another cost driver is the immaterial costs (e.g. marketing and competition). An essential 
part for a company is to promote their products on the market. These additional costs were allocated by 
dividing the total costs with the total expected production volume. Some products or services need 
additional certification to increase their market value or achieve competitive edge. These costs were 
allocated by dividing the total costs with the total expected production volume. Another offer for the 
customer can be transportation from the manufacturing site to the door sill. All these costs are shown for 
one window in Table 15.4. The main cost driver is the window pane with about three quarter of the total 
costs. The labour is second most important driver with about 15 % of the overall manufacturing costs. All 
others are relatively small.  

Table 15.4 Calculation of the Manufacturing costs of Polyamide / Glassfibre Window 

Manufacturing Costs Inventory 
value 

Costs [€] 
per Unit 

Calculated 
Costs [€] 

Worst 
Case [€] 

Best 
Case [€] Unit 

Materials 
Window frame [kg] 14,36 1,63 23,47 26,53 19,55 
Window pane [kg] 61,46 5,90 362,39 435,05 289,95 

Window packaging [kg] 1,20 0,75 0,90 1,08 0,72 
Production 

Assembly (Electricity) [MJ] 165,00 0,02 3,69 4,05 3,33 
R&D [h] 0,01 36,74 0,37 0,39 0,35 

Marketing [h] 2,00 0,30 0,60 0,63 0,57 
Certification [-] 1,00 0,00 0,00 0,00 

Overhead [-] 1,00 2,00 2,00 2,10 1,90 
Transportation [tkm] 52,83 0,16 8,23 9,88 6,59 

Labour [h] 2,05 36,74 75,33 79,09 71,56 

Total Manufacturing Costs: 476,98 558,80 394,51 

242 



15 
Chapter 15 in Hauschild et al. (2018) [manuscript post-print] 

The operation costs are dominated by several drivers (see Table 15.5). Value added taxes (VAT), which are 
highly dependent on the market (e.g. Denmark 25%, Germany 19%), were added based on the price (costs 
plus profit for the manufacturer). A relatively low profit margin of 10 % was assumed here. As some 
customers need a loan to purchase the window, interests were assumed here as well with an effective rate 
of 5 % over one year. Usually the customer has to pay for the delivery of the windows as well, thus the 
transport performance from the inventory was used and multiplied with the specific costs (e.g. national 
statistical databases). The windows have to be installed as well and those costs entail the working hours as 
well as the travelling time of the craftsmen and are dependent on the country as well. However the largest 
cost driver is the operation. The assumed 20 years, multiplied with the specific price for district heating 
including inflation adjustment rate (see Section 15.3), leds to the result that almost half of the expenses are 
due to the heat losses. 

Table 15.5 Calculation of the Operational costs of Polyamide / Glassfibre Window 

Operation Costs Inventory 
value 

Costs [€] 
per Unit Costs [€] Worst 

Case [€] 
Best 

Case [€] 

Acquisition 
Costs 

Profit [%] 10 4,77 47,70 50,08 45,31 
Taxes (VAT) [%] 25 5,25 131,17 152,22 109,96 

Interests [%] 5 6,56 32,79 34,43 31,15 
Transportation [tkm] 8 0,19 1,46 1,54 1,39 

Installation [h] 4 36,74 146,96 154,31 139,61 
Use [MJ] 12.400 0,03 334,76 351,50 267,81 

Total Operation Costs: 694,85 744,08 595,24 

The End-of-Life stage of a product is always uncertain and future costs must be predicted (see Table 15.6). 
The average inflation rate of the previous years (e.g. 10 years) was assumed as a good estimate. Taking the 
actual market costs (e.g. from recycling plants) and adjusting them with the inflation rate (e.g. from 
national statistical offices) over time (e.g. 20 years) led to a valid estimate. Based on the information from 
the life cycle inventory, the window will be mainly incinerated and recycled. Those costs were available at 
incineration plants and recycling stations. Adjusting those with an average annual inflation rate of 2 % the 
prospective costs are roughly 48 % higher than those in 2015. 

Table 15.6 Calculation of the EoL costs of Polyamide / Glassfibre Window 

EoL Costs Inventory 
value 

Costs [€] 
per Unit Costs [€] Worst

Case [€] 
Best 

Case [€] 

Window frame [kg] 14,30 0,67 9,63 11,56 7,70 
Window pane [kg] 61,40 0,11 7,02 8,43 5,62 

Window packaging [kg] 1,20 15,35 18,43 22,11 14,74 
Transportation [tkm] 3,89 0,28 1,10 1,32 0,88 

Total EoL-Costs 36,18 43,41 28,94 
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It can be concluded, that the manufacturing and operation stages are most dominant for the new window 
(Figure 15.4). Although the costs are based on real market prices, official national and international 
databases and realistic inflation rates were assumed, an LCC always includes uncertainties. Therefore in 
each cost center a specific deviation was assumed and described in the tables above as worst and best 
case. Based on the assumptions it can be concluded, that the Life cycle costs have a range of about +11 % 
and -16 % compared with the median price of 1.208 € over the entire time span of 20 years. 

Figure 15.4 LCC-Results including best and worst case assumptions presented over its life cycle (own figure) 

15.5 Advanced LCC 
This section covers some more advanced concepts in regards to LCC and monetarisation in life cycle 
assessments. 

15.5.1 How to monetarise  
A general problem with some goods and services is that they cannot be traded and it is therefore difficult 
to determine an objective price for them. Such cases of goods or services without a market can be grouped 
in the external costs category. Examples of external costs that may call for quantification in an LCC are: the 
societal cost of respiratory diseases due to air pollution from internal combustion engines, the societal 
benefits in regional biodiversity from an improved waste treatment plant or the individual benefits of 
reduced commuting time by using a private vehicle instead of public transport. In the absence of a market 
price for these values, it is necessary to use monetary valuation to determine their economic value.  

Monetarisation of external costs 

Monetary valuation is important in both eLCC and sLCC. As mentioned before, eLCC expands the scope of 
the cLCC by including cash flows that are expected to be internalized, such as costs for waste disposal and 
emission taxes. sLCC goes even further, by adopting a societal perspective that includes both all internal 
costs and selected external costs, as defined in the goal and scope definition. 
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While monetarisation of external costs can be useful in LCC, especially for socio-economic assessments, it 
can also be valuable in relation to LCA, as it allows comparisons across impact categories, if the 
monetarisation is done on midpoint impact category level. Several methods have been proposed for 
monetarising externalities, and an overview is given in Figure 15.5, while Table 15.7 gives a short 
description of the different approaches.  

Figure 15.5: Determining costs – approaches and methods. Based on (Boardman et al. 2010) 

Most methods try to determine the individuals’ Willingness To Pay (WTP) for a particular benefit (or 
inversely, their willingness to accept a payment in return for a particular loss or disbenefit). An alternative 
principle determines the external costs in a more direct way by equating them to the costs that would have 
to be paid in order to avoid or counter balance the change. In order to determine the individuals’ 
Willingness to Pay, different approaches exist, and within each approach multiple methods can be used – 
each with its own pros and cons. For a more detailed description, see (Boardman et al. 2010). 
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Table 15.7: Determining costs – approaches’ description (Sources: Pizzol et al. 2014; Boardman et al. 2010) 

Approach Description 
Possible 
Application area 
(examples) 

Main weakness Methods 

Determine 
costs of 
avoiding or 
counter-
balancing the 
change 

The value of the 
external cost 
equals the cost of 
measures needed 
to mitigate it 

Evaluate the cost 
of greenhouse gas 
emissions by 
assessing the 
costs for carbon 
sequestration 

Does not value utility 
losses, and hence does not 
express individuals’ 
attitudes, but rather 
external targets 

Abatement cost 

Asking 
directly for 
individuals’ 
response 

The goal is to elicit 
people’s 
willingness to pay 
(WTP) for changes 
in quantities or 
qualities of goods 

Ask a number of 
individuals how 
much are they 
willing to pay for 
the preservation 
of a national park 

Results are highly sensitive 
to potential sources of 
error in the survey, as for 
example the size and the 
representativeness of the 
sample of the respondents, 
and the wording of the 
questions 

Contingent 
Ranking method, 
Dichotomous 
Choice method, 
Close-Ended 
Iterative Bidding, 
Open-Ended 
Willingness to Pay 
method 

Observe 
individuals’ 
behaviour 

For cases where 
there may not be 
a market for the 
good or service of 
interest, its value 
may be reflected 
indirectly in the 
substitute market 
for a related good 

Evaluate the 
benefit of newer 
catalysts in cars by 
evaluating its 
impact on 
healthcare costs 
for respiratory 
diseases 

This approach assumes 
that people make decisions 
under full information, a 
situation that is not 
satisfied in practice 

Market analogy 
method, Averting 
behaviour, Trade-
off method, Travel 
cost, Hedonic 
pricing 

Infer 
individuals’ 
ability to pay 

Determine 
willingness to pay 
for an additional 
Quality-Adjusted 
Life Year.  

Evaluate the cost 
of a statistical life 

The approach is only 
applicable specifically to 
the value of human 
wellbeing 

Budget constraint 

Table 15.8 shows examples of values for monetarising greenhouse gas emissions obtained with three 
different methods from Table 7 and illustrates how the result may be very different depending on the 
methodology used. The table shows the uncertainties involved in monetarised impacts and how it is 
important to understand the methodologies behind the analysis. Showing a financial value can easily be 
perceived as something very definite, with a risk of oversimplifying what are in fact complex issues. While 
actual market-based costs are factual, monetarised impacts always depend on perceptions and value 
judgements, which make the underlying assumptions critical for supporting interpretation and presentation 
of results of an LCC that includes external costs. Methodological choices should always reflect the goal and 
scope of the study, taking the target audience and the decision-making context into account. 
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Table 15.8 Comparison of different approaches for monetarisation of greenhouse gas equivalents (CO2eq) 

Example Cost per ton 
CO2eq 

Reference Method 

Emission Trading 
Scheme (ETS) system 

8 € (European Commission and 
Directorate-General Climate Action - 
B: European & International Carbon 

Markets 2010) 

Market price 

Carbon Offset Program 24 € Carbon Offset Program  
Retrieved August, 2015, from 

http://www.myclimate.org 

Abatement cost 

LCIA method 
(Stepwise2006 v.1.2) 

83 € (Weidema 2009) Budget constraint 

15.5.2 Discounting 
There are multiple reasons why costs that occur at different points in time are not directly comparable. 
From the perspective of behavioural economics, people have a time preference, and prefer to postpone 
payments as much as possible. A firm in the private sector will prefer to pay suppliers later, and in the 
meantime invest in expanding its own activities. To solve this problem, it is possible to give a higher weight 
to imminent costs and revenues, and a lower weight to future payments.  
The way to determine those weights is through discounting. The weight w(t) for payments occurring at time 
t is called the discount factor. The discount factor depends on the discount rate r, which is the rate by 
which the discount factor w(t) decreases over time assuming a first order decrease. The discount factor is 
calculated as follows: 

𝑤𝑤(𝑡𝑡) = 1
(1+𝑟𝑟)𝑡𝑡 (15.2) 

The sum of all the discounted costs and revenues is the Net Present Value (NPV) and is equal to: 

𝑁𝑁𝑃𝑃𝑁𝑁 = ∑ 𝑃𝑃(𝑡𝑡)
(1+𝑟𝑟)𝑡𝑡 = 𝑃𝑃(0)

(1+𝑟𝑟)0 + 𝑃𝑃(1)
(1+𝑟𝑟)1 + 𝑃𝑃(2)

(1+𝑟𝑟)2 + 𝑃𝑃(3)
(1+𝑟𝑟)3 + ⋯ 𝑃𝑃(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚)

(1+𝑟𝑟)𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
(15.3) 

Where P(t) denotes the cash flows at time t, which is the time of the cash flow. Figure 15. shows a 
simplified flow chart for deciding on the correct discount rate, together with a most probable value. In 
cases where there is no single correct discount rate, the effect of different discount rates should be 
investigated through sensitivity analysis, in particular for studies with a long time duration.  
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Figure 15.6 Decision tree for choosing the correct discount factor 

The appropriate discount rate depends on the type of cost that is being discounted. For internal costs it is 
closely related to the cost of borrowing. For private companies a conservative discount factor might be 
anywhere between 5% and 15%, depending on the required return on investment (Hunkeler et al. 2008). 
After the financial crisis in 2008 and the worldwide public debt problem, a lower discount factor is more 
likely for private companies. In the public sector, national ministries of finance generally specify the 
discount rates to be used in the economic analysis of publicly funded projects. These typically fall into the 
range of 3 to 5% (Langdon 2007). In terms of social impacts, British economist Frank P. Ramsey proposed a 
model in which society would attempt to maximize a social welfare function (Boardman et al. 2010). In that 
case, the discount rate would reflect on one hand impatience and on the other hand society’s preference 
for smoothing consumption flows over time. Ramsey’s formula for society’s marginal rate of time 
preference gives: 

r=d+g*e (15.4) 

Where r equals the pure rate of time preference (d), plus a term multiplying the long-run rate of growth in 
per capita consumption (g), by a constant (e). Ramsey’s formula usually produces values in the range 
between 0.5 and 1.2% (Boardman et al. 2010). Finally for environmental impacts, the discount factor 
depends on the time horizon of the impacts under study. Toxicity from heavy metals can have a long time 
horizon, as heavy metals are often toxic to humans and ecosystems and can remain available in the 
environment for thousands of years after emission. With that in mind, a discount factor of just 0.0001 % 
that halves the importance of effects every 700,000 years might seem appropriate. On the other hand, 
toxicity from organic pesticides can have a much shorter time horizon. Diuron for example is a common 
pesticide with a half-life of approximately 2000 days, so by the same logic a much higher discount rate is 
appropriate. From the above example, it becomes clear that each environmental impact will require a 
different discount factor. 

Table 15.9 shows the calculation of the net present value of the fuel costs for the average driver in the US, 
driving 24 miles a day to and from work, by means of a fuel efficient car of 25 miles/gallon with 240 
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working days per year between 1996 and 2002, where 1996 is used as the reference year. Figure 15.7 
shows the discounted fuel costs and discount factors for a range of discount rates. The cost of fuel is shown 
as the baseline (discounting at 0%). Notice that in case of a high discount factor, fuel costs occurring earlier 
in time are significantly more important than future costs.  

Table 15.9: Calculation of net present value for a discount factor equal to 5%, by applying equations 2 & 3 

Figure 15.7 Discounted fuel costs and discount factors for a range of discount rates for the average US driver 
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APPENDIX VI: OVERVIEW OF FEEDBACK TO GUIDELINES VERSION 2 

This appendix provides an overview of the improvement opportunities from users testing/reviewing 
the second version of the guidelines.  

Three types of respondents are included: 

• Tag A. Survey respondent from IPSS Spring School class.
• Tag B. User feedback based on full case application (Merino wool garment PSS presented in

supplementary article H - Appendix III).
• Tag C. Own suggestions based on observations during the Spring School and feedback from

potential users who has reviewed the guidelines.

For suggestions not implemented, three reasons are distinguished: 

• Tag A: Needs second review (only state by one user and second opinion is needed)
• Tag B: Long term (categorised as further work due to time limits within PhD project)
• Tag C: Nor relevant applicable.
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TABLE B: USER COMMENTS AND RESPONSES, GUIDELINES V.2 

 Respondent Suggestion/comment Implemented (Y/N) 

ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
 Overall/general comments 

1 A Improve layout and divide 
sections into: 
 Goal/aim, What, who, 
How, Tips, examples, 
definitions 
Use more heading to 
divide long text 

10 Y New layout with improved visuals 
in User Guide. 
 Boxes with: tips, examples, 
supplementary information 
and summarising questions.  
More subsections and bullet points 
has been added 

2 C When reading the 
guidelines, it could seem 
like you are 
sometimes criticising the 
LCA community (e.g. 
using words such as ‘so-
called’) or trying to say 
that this is different from 
LCA. If this is not 
deliberate try to 
reformulate. 

11 Y Reformulated, so that we only 
oppose LCA when on purpose 

1 A Create 
relations/connections 
between steps, e.g. from 
sub functions to 
processes, visualize in a 
diagram 

12 Y/N The relationship between sub-steps 
has been significantly enhanced in 
the User Guide 

Several graphical 
overviews were 
created to test how 
sub-steps could be 
related. The 
conclusion was that 
the diagram was 
more confusing than 
helpful 

C 

3 B Summarising Questions 
box: This is a good 
summary where the reader 
could reflect on the use of 
the guidelines. For future 
work, this could be 
translated into a more 
didactic tool that could 
support the guidelines. 
E.G. Use of cards, 
examples, online tools, 
etc. 

13 N Nice suggestion that 
would be useful in 
future developments 
of the guide 

B 

4 A The knowledge of the 
guidelines is important for 
all of the mentioned 
audiences, but the use (i.e. 
doing the LCA) would 
probably be more focused 
on private consultants and 
academia (companies and 
governmental agencies 
would most likely hire 
others to it for them) 

14 Y The possibility to hire LCA 
consultants is now mentioned. In 
introduction, a box with LCA and 
PSS recommended literature has 
been added (in User Guide) 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
4 A The Guidelines assumed 

that the audience already 
knows LCA terminology 
and methodology. Maybe 
add a section with LCA 
101, or provide a link to a 
document. 

15 y Same as 14 

5 A I would recommend to 
validate this method in the 
area of manufacturing 
companies. 

16 Y/N Only one stakeholder 
from manufacturing company has 
reviewed the guidelines and has 
been interviewed about the 
usefulness of the guidelines. 
Further adaptation to 
manufacturing companies might be 
necessary and is considered as 
future work. 

Further validation 
from manufacturing 
companies are 
considered 
important for the 
continued 
development of the 
guide. 

B 

6 A Improve visuals. Also: the 
first four steps are really 
about making sure that the 
user is 'asking the right 
questions.' This framing 
would park the impulse to 
go into detail straight 
away, because they're 
really about exploring the 
question and making sure 
that all the potentially 
important aspects have 
been considered. This 
could be more explicit for 
this part of the process. 

17 Y New layout with improved visuals 
(User Guide). 
 In the text, it has been emphasised 
why step 1-4 is so elaborated and 
important 

7 A After hearing the 
presentation and applying 
the guidelines step by step 
I can understand the 
guidelines much better 
than before when I just 
read them at home. 
Maybe offering short 
courses like this one to 
other interested parties 
would increase the use of 
the guidelines. 

18 N Not directly related 
to the guidelines 
themselves, but a 
relevant 
contribution. One 
option is to make a 
video explaining the 
steps. 

B/C 

8 A The guidelines and 
questions presented in the 
PPT were easier to follow 
than the ones in the 
guideline book. Maybe it 
would be a great idea to 
streamline or reorganize 
text in the guidelines 
book, making it more 
visual. 

19 Y New layout with improved visuals 
(User Guide) 

8 A ...the guideline should 
benefit from having more 
concise text and more 
visual features. 

20 Y New layout with improved visuals 
(User Guide) 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
9 C Include the ‘easy to 

understand’ headings for 
each step (what is the 
purpose(1), what to 
compare(2), how to 
compare(3), what to 
measure(4), how to 
measure(5) and what to 
conclude(6). 

21 y ‘Easy to understand’ headings or 
each step have been included (what 
is the purpose(1), what to 
compare(2), how to compare(3), 
what to measure(4), how to 
measure(5) and what to 
conclude(6). 

 Introduction 
3 B Who should use the 

guidelines and why?:The 
guidelines identify four 
groups of stakeholders but 
miss to depict/explain the 
interactions amongst them 

24 Y It is now mentioned that 
collaboration between the 
stakeholder groups is also relevant 
(in User Guide) 

3 B Setting the right team: 
The guidelines also 
recommend having one or 
more people with LCA 
experience. This is very 
important, but not all 
teams will have this 
experience. Could this be 
subcontracted? Could 
LCA experts use the 
guidelines without having 
PSS knowledge? 

25 Y same as 14 

3 B PSS and reference system 
exploration: To those that 
are not familiar with PSS 
design, it would be good 
to refer the reader to some 
PSS design tools and 
methods. 

26 Y PSS publications included in 
Introduction (User Guide) 

3 B Guideline steps chart: Is a 
good diagram to explain 
the process following ISO 
standards. However, in 
this section it would be 
good to rectify certain 
flexibility of its 
application. 

27 N We believe this is 
already rectified. 
Need more reviews 
before changing 

A 

Step 1 
3 B Study purpose and 

application: It would be 
good to mention that if the 
study is done in a pre-
implementation phase, a 
screening LCA could be 
more appropriate. This is 
what we did, as we did 
lots of assumptions as we 
didn’t have all the data. 

29 Y Added under the description of 
‘pre-implementation’ studies: 
consider if a screening LCA is 
appropriate 

9 C Students asked about 
‘scale of adoption’, 
change to number of 
customer segments or 
similar 

30 Y The sub-step has been changed to 
‘study complexity’ and scale of 
adoption has been replaced with 
‘number of application scenarios’ 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
1 A In general I think the text 

in too long too confusing 
to read to support the 
definition. it could be 
better structured. 

31 Y New layout with improved visuals 
(User Guide) 

10 A We had some doubts 
about the pre-
implementation and post-
implementation 
classification because 
since we already had 
some data to compare 
both scenarios, our 
tendency was to say it was 
post-implementation. 

32 Y/N Changed from real data to actual 
data in the User Guide.  

The most important 
change should be in 
the case description 
(course material), 
where it should be 
stated that data 
simulation was used 
to anticipate how 
the PSS would 
work. 

11 A Step 1 gave good support 
for defining the study 
goal, but it is quite 
general. Isn't it valid also 
for non-PSS LCAs? You 
have to carefully define 
the goal regardless of the 
application. 

33 N It is true that the 
goal definition 
would also be valid 
for non-PSS 
assessments. 
however, the step 
needs to be included 
as it cannot be 
omitted. 

C 

12 B Mention the three 
important stakeholders: 
customers, Providers and 
governmental authorities 

34 Y This is now included in the 
description of the intended 
audience (User Guide) 

Step 2 
3 B PSS business models in 

relation to types of PSS 
diagram: This diagram 
might be confusing if the 
reader is not familiar with 
PSS literature. 

36 Y This has been moved to a info box 
about PSS business models  (User 
Guide) 

3 B PSS business model: All 
this section might be a bit 
confusing if you are not 
familiar with PSS 
literature, especially when 
talking about rebound 
effects caused by user’s 
behaviour. A little bit of 
background on simple 
terms could help the 
reader to understand this. 

37 Y PSS type has been changed to PSS 
support and the section heading 
was changed to ‘PSS support’. The 
relation between PSS business 
models and PSS support have been 
put in an info box to help relate to 
‘traditional’ PSS 
categories, and was taken out as an 
actual step in the guide.  
 The PSS support is used as a mean 
to classify the PSS, which should 
be a help in identifying the 
substitutions, the impact reduction 
potentials and formulate the 
functional unit.  
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
13 C PSS comparison vs PSS 

optimisation. Some had 
difficulty to understand 
the difference since in all 
cases we are talking about 
evaluating the effect of a 
change. But when is 
something a PSS and 
when is it not? Is Business 
as Usual always NOT a 
PSS?? 

38 N The problem mostly 
had to do with the 
case description, 
which should be 
improved in the 
teaching material. 

C 

14 A According to me this 
phase requires too many 
theoretical 
categorizations. It should 
be useful to keep all of 
them only if there is a 
direct link in the 
following phases. 

39 Y same as 37 

15 A Would it work without the 
'Type of PSS' construct? 
This was a bit confusing 
to me 

40 Y same as 37 

15 A sub-function may not be 
the best term since we are 
not defining a subsection 
of function defined, but a 
possible solution 

41 Y ‘Sub-functions’ has been 
changed to ‘system subdivision’. 
Explained (in step 3.2) that 
subdivision will be different for the 
three type of PSS support. For 
activity support PSS they are the 
activities needed for executing the 
activity under study (e.g. 
laundering of clothes: washing, 
drying, delivering etc.), for product 
support it is the life cycle products 
and services needed to deliver the 
FU, for platform support it is all of 
the substituted product systems, 
each of which will have life cycle 
products and services. 

4 A It a gave a good idea 
about the type of study 
and expectations 
regarding content. 
However, a lot of 
different concepts, PSS 
type, Business model, 
strategy etc., which were a 
bit confusing. Figure 8 
and 9 were helpful 

42 Y 

5 A I think the description of 
PSS comparison, 
optimisation and 
consequence is quite 
clear, but the description 
of types of PSS and 
business models of PSS 
makes me confused. 

43 Y same as 37 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
1 A PSS type was confusing 

as well. We think about 
PSS typology, It could be 
titled... 2.3 object of 
analysis. the figure 7 was 
helpful. to define 
substitution was not so 
easy without help of the 
instructor. However I got 
good support from the 
guidelines for defining the 
PSS potential 

44 Y same as 37 

6 A Image in guide was a little 
confusing: it creates the 
impression that there is a 
1-1 translation of result-
product-use to activity-
product-platform, which
is not the case. Also: in
the case of the bikes it
really helps to understand
that access (product-
based) equates time and
that results equates
distance travelled. (I think
bike sharing schemes
differ in this regard).
Also: every image needs
to be interpreted anew,
which takes a lot of time
to understand. Whilst they
build on each other: they 
could be improved in this
regard. Suggestion: one
page with the process
steps (flow-chart?) and
the next what part it is
building of the process
map.

45 y The figure has been changed and 
the connection between the steps 
has been improved 

16 A Definitions and categories 
in step 2 have to be, in my 
opinion, more accurate 
and less vague. In this 
way mistakes of 
interpretation can be 
avoided. 

46 y same as 37 

8 A One improvement could 
be changing the name of 
the category ‘PSS Type", 
since it may generate 
confusion with the "PSS 
business model types". 
Suggestion to change it to 
PSS Support. 

47 same as 37 

17 A maybe the definition of 
the "systems to be 
analysed" can be 
improved which more 
pictures and/or examples 

48 y The section has been rewritten 
with focus on how learnings from 
the previous steps can be used to 
describe the systems to be 
analysed. The laundry example is 
used to exemplify  (in User Guide) 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
10 A The three classifications 

are really similar and we 
hesitated between 
comparison and 
optimisation, especially 
because of the word 
"scenario" in the Figure 6, 
we thought it was about 
the same PSS and not two 
different ones. But we 
understood then it was 
optimisation because we 
were dealing with the 
same PSS structure. 

49 N same as 37 

11 A Step 2 was helpful to 
characterise the different 
PSS types and business 
models. I found the table 
on PSS potentials to be 
really interesting (Figure 
9). I think I can learn 
something from it, but I 
didn't fully understand it 
yet. I think it can be 
formulated/structured a 
little clearer: How does it 
really work? In which 
"direction" should I read 
it? 

50 Y Improved figures 

Step 3 
18 C Show the "rebound effect" 

diagram from introduction 
again in section about 
rebound effects 

53 Y The "rebound effect" diagram from 
introduction is now included in 
the section about rebound effects 
instead 

9 C Mention to revisit step 1-3 
before moving to step 4 

54 Y The following has been added (in 
User Guide) 
Before mowing to step 4, revisit 
step 1-3 and consider if any 
changes should be made to the 
defined systems to be analysed, 
based on the comparability 
assessment. Try to make a 
qualitative judgement of whether 
or not it is likely that the proposed 
PSS will entail environmental 
benefits, reflecting on: Activities 
or product systems that the PSS 
induces (The PSS' dependencies); 
Activities or product systems that 
the PSS avoids (The PSS' 
substitutability); the risk of 
rebound effects. 

3 B Utility, value and rebound 
effects: When designing 
the PSS, considering these 
aspects was key. 
However, to aid ourselves 
to distinguish the utility 
and value in particular, we 
used other tools such as 
the business canvas tool. 

55 N The ‘value’ in 
business canvas tool 
is different from 
what is here defined 
as value 

C 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
3 B Understanding the 

consumption factors that 
could affect utility and 
value is important. Giving 
tips or tools to support the 
reader could better 
quantify these factors to 
enhance the study. I.e. 
does this need a 
longitudinal study or an 
ethnographic study to 
support it? Is it valid that 
is just based on 
assumptions, or does it 
need a more practical 
view to enhance the 
study? Of course these 
will be up to the 
researcher to decide if it is 
important to do or not, but 
the guidelines should 
clarify the benefits of 
supporting these factors 
with other type of data. 

56 N Developing tips and 
tools for supporting 
the assessment of 
consumption factors 
is registered as an 
improvement 
opportunity in 
future versions 

B 

13 C Student mentioned that 
providing and getting 
better at doing services 
can have a self-catalytic 
effect: the activity itself 
creates more demand 
(direct rebound effect). 

57 Y This is now mentioned as an 
example of a rebound effect 

13 C the functional unit in PSS 
needs to be descriptive 
and reflect the activities 
that the PSS encompasses 
(e.g. from 'hull 
management system' to 
'cleaning and 
monitoring'). 

58 Y Emphasised in text and changed in 
case description 

4 A the concept of sub-
functions caused a bit of 
confusion. For the shared 
bike system, the fact that 
other transportation types 
(car, bus etc.) were ‘sub-
functions’, was a bit 
tricky. The concept of 
secondary functions, both 
tangible and intangible, 
was however very helpful 
to understand why a PSS 
that seems like a good 
idea will never reach high 
market penetration rate. 

59 Y same as 41 

5 A I think identifying the 
rebound effects correctly 
requires a lot of 
experience. Is it possible 
to develop a systematic 
method to help people to 
identify rebound effect. 

60 N A really good 
suggestion to 
develop such a 
method in a future 
research project 

B 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
19 A aspects for finding 

rebound effects are very 
interesting, but it is 
required to provide some 
additional information 
and/or guidance to specify 
effects. 

61 N same as 66 B 

8 A Improvement: utility and 
value could be further 
discussed. 

62 Y Improvements in the text: Utility is 
defined as an objective judgement 
of how well the need is fulfilled 
and perceived value as a subjective 
judgement. 

10 A It was simple to apply 
because our case was 
really clear. But 
sometimes the PSS life 
cycle is not so clear and 
product stages can be seen 
as a whole life cycle. It's a 
bit confusing the sub-
functions because we first 
think we are talking about 
the PSS functions only, 
but we are also looking 
for everything that relates 
to it (e.g. paint removal) 

63 y same as 41 + for FU definition it is 
now explained how it is different 
from platform-support, product-
support, activity-support instead of 
‘substitutions’ 

9 C Change title of step 2.1 to 
"System functionality" to 
avoid that people think of 
functionality has 
something to do with 
products and materials 

64 Y step 3.1 title is changed to "System 
functionality" 

 Step 4 
9 C Explain the difference 

between a life cycle based 
flow chart and a process 
tree 

66 ? The difference between a life cycle 
based flow chart and a process tree 
is explained and illustrated in a tips 
box  (User Guide) 

3 B Process mapping: In our 
case, the process mapping 
was done several times. A 
process map was done in 
the design phase of the 
PSS. Then, the LCA 
experts simplify this to 
calculate possible climate 
change impacts. 

67 Y Explained that the flowchart can be 
created based on visual mappings 
used during the design stage 

3 B Flowchart: At the end of 
this section, you could 
direct the reader to some 
storyboard techniques. 
Not all readers will be 
familiar with this. In 
general I think, directing 
the reader to other 
tools/methods that could 
support the use of the 
guidelines could be valid. 

68 Y A supplementing info box about 
storyboard techniques was added 
in step 3.2 - we reference back here  
(User Guide) 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
3 B It would be important to 

explain or give tips on 
how to use the impact 
categories. In our case, 
Nynne and I had lots of 
discussions to define this. 
Many times we were 
referring to the scope of 
the study. 

69 Y We state that this may have been 
decided during the goal definition 
and emphasise the importance of 
the step. However, more 
information on how to choose ICs 
remain in the appendix. 

14 A It is very important to 
give hints on how to 
decide the boundaries of 
the system to assess. 

70 Y Made more explicit in the guide. 

15 A Defining the system 
boundary is important to 
finish a first version of the 
LCA, which could be 
expanded on further 
versions. 

71 Y Emphasise that the system 
boundary decision is also iterative 
once data collection is started - and 
include in the result presentation 
how the system boundary might 
need expansion in further work. 

19 A I could not understand 
how to develop the 
process map. The term 
‘sub-function’ is no fit in 
this case, since it is not 
result of functional 
decomposition. 

72 Y Better connection between sub-
functions (now system 
subdivision) and flow chart. A 
better description of sub-activities 
(step 3.2) should also help improve 
this part. 

1 A for me this is the main 
step that could be 
improved. the relation 
between the subfunctions 
and the process mapping 
of step 4 should be 
highlighted. 

73 Y same as 72 

6 A This is really what it's all 
working towards? This 
could be clearer. I feel 
you don't necessarily need 
boxes for all of them: for 
the different subfunctions 
they could just be lists 
(especially if it's simple 
and going into excel 
anyway) 

74 Y We now explain that an option 
could be to make a more simple 
visual diagram showing only the 
main processes. Remaining 
processes could be provided as 
lists of inputs and outputs  (in User 
Guide) 

11 A I'm more used to drawing 
flow-charts more like an 
MFA, so this style of 
drawing the flowchart was 
a little confusing 

75 y same as 66 

1 A figure 11 should be 
improved to clarify what 
should be modelled. the 
example showed in by the 
instructor had helped. but 
the kind of levels of 
details that should belong 
to the model could be 
better explained. 

76 N/Y The explanation has been 
improved and a tips BOX with two 
types of flowcharts has been added  
(in User Guide) 

It is recommended 
that further versions 
of the guide could 
include a detailed 
example of a 
flowchart 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 

B Show the hierarchy from 
ISO/ILCD about 
subdivision, system 
expansion and allocation 

77 Y Implemented in info box about 
modelling approaches 

 Step 5 
4 A the substitution approach 

helped, but a tool for 
deciding where to focus 
on gathering better data 
might be useful. Maybe in 
the form of a line of 
questions to ask about 
each data point, when in 
doubt whether to spend 
more time on it? But 
maybe this becomes 
easier when having a 
"real" study with much 
more iterations 

79 Y A tips box for how to place the 
effort in data collection has been 
added, in order to supplement the 
figure about uncertainty and 
sensitivity  (User Guide) 

19 A This evaluation should be 
done according to 
possible scenarios, but 
developing scenario is 
very difficult. Scenario 
planning method could be 
effective for this. 

80 Y/N The importance of scenario 
assessment has been elaborated, 
however more work is needed to 
support scenario development 

Support the 
guidelines with 
scenario 
development 
techniques 

10 A The definition of activity 
data is really clear, but the 
inventory data was a little 
bit confusing for me. 
Because it seems we are 
not actually talking about 
that, but the activity data 
source. 

81 y Activity data has been changed to 
"flow quantity" and inventory data 
has been changed to "process data"  
(in User Guide) 

Step 6 
15 A Considered rebound 

effects should be clearly 
stated. 

83 Y a list of subjects that could/should 
be covered in the report has been 
created, one of which states 
identified rebound effects (in User 
Guide) 

4 A Examples on how to 
graph results might be 
helpful. 

84 N How results are 
graphed are very 
context dependent. 
However, in future 
work, it might be 
worth including the 
full result of a case, 
perhaps in 
appendix. 

B 

19 A Developing 
recommendations is not 
easy in many cases. It is 
required to support this 
task more. 

85 N The comment is not 
clear. More reviews 
on this is needed 

A 
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 Respondent Suggestion/comment Implemented (Y/N) 
ID Tag Comment ID (Y/N) If yes (Y) what was changed? If no (N) why not? Tag 
6 A It's helpful to think 

through the different areas 
a client or user of the 
analysis might be useful 
for: i.e. what the outcomes 
mean, what wasn't 
included that could be 
important, and where and 
how to improve the 
service based on 
sensitivity analysis and 
improvement potential. 

86 Y same as 83   

10 A It was an interesting 
structure, but I though the 
‘recommendations’ name 
trick because it made me 
think we were talking 
about the directly results 
and not about the 
perspectives. 

87 N   Comment unclear C 

11 A Could put more emphasis 
on connecting the 
conclusions back to the 
Purpose and Question, so 
we actually answer what 
we say we're trying to 
answer. And to present 
the results in a relevant, 
transparent and illustrative 
way. 

88 Y The goal definition is now 
included in the list of aspects to 
cover in the result and we 
now emphasise the importance of 
presenting the results in a relevant, 
transparent and illustrative way. 

  

 Appendices 
13 C In appendix about impact 

categories, consider 
mentioning correlated 
impact categories as a 
way of limiting the 
number 

90 Y Discussion on correlated impact 
categories have been added in the 
appendix (in User Guide) 

  

9 C Appendix about cases: 
add the missing case 
about maintenance 

91 Y An example based on Michelin tire 
care is added (in User Guide) 

  

9 C Appendix about impact 
categories, check updates 
in ReCiPe2016 version 

92 Y updated (in User Guide)   
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Introduction

5

Environmental issues, such 
as climate change, resource 
depletion and pollution are 
societal concerns, which are also 
increasingly affecting the way we 
do business. 

Concepts such as circular economy, 
sharing economy, and service 
economy, often highlight that 
more sustainable businesses 
can be created when focusing 
on product performance (e.g. 
by offering lighting as a service) 
rather than the physical products 
(e.g. by selling light bulbs).

Such strategies of integrating 
products and services to deliver 
required user functionality are 
often termed Product/Service-
Systems (PSS).

This guide is intended to support 
studies that aim to explore if 
or when a PSS is leading to 
environmental improvements.

The guide consists of six steps, 
which will assist the user to 
evaluate the environmental 
performance of PSS using Life Cycle 
Assessment (LCA) methodology. 
Special attention is given to the 
scoping phase of the study.

This section of the guide introduces 
PSS as a concept, explains the 
aim of the guide, and provides 
an overview of stakeholders with 
potential interest in the guide plus 
the set of competences needed to 
perform the study.

Preface

You are about to read the very first tailored user guide on 
how to evaluate the environmental performance of Product/
Service-Systems (PSS) using Life Cycle Assessment (LCA) as a 
methodology. Other LCA guidelines are usually focused on 
single product evaluations, with little guidance on how to assess 
more complex systems that include services and fulfill needs in 
new innovative ways. In this guide, we demonstrate that LCA 
can be a useful way to evaluate the environmental potential of 
PSS, provided that we focus on scoping the study in the right 
way and define the most relevant scenarios to assess. I hope 
that you will find the guide inspiring and useful!

Louise Laumann Kjaer 



The aim of this guide

This guide is intended to support 
the evaluation of the environmental 
performance of Product/Service-Systems 
through a six-step approach. 

The guide can be applied at different 
stages (pre- or post-implementation of 
the PSS) and by different stakeholders, 
e.g. as assistance during the design stage 
of a PSS or assisting decision-makers 
considering buying or promoting a PSS 
solution for environmental reasons.

The purpose of the study should be 
to investigate improvement options 
from a PSS provider perspective and/
or evaluate from a customer and/or 
societal perspective whether or not 
changing to a PSS will lead -or has led- to 
environmental improvements. 

The aim is to guide the user to perform 
a study, where the environmental 
performance of a PSS is objectively 
evaluated and quantified, taking a 
holistic perspective when comparing 
different options for needs fulfilment. 

As such, the guide is intended to sup-
port change-oriented studies and not 
stand-alone assessments, where no 
comparison between systems is made. 

The guide builds on Life Cycle 
Assessment (LCA) as a methodology. 
Special attention is given to defining the 
relevant scenarios within which LCA can 
be applied. It can be used for a screening 
LCA (sometimes also called streamlined 
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Mobile phone subscription

Through a mobile phone subscription, 
the customer pays a monthly fee for 
a total package, which includes the 
provision of the newest smartphone 
every year. This is unlikely to be 
environmentally better than buying 
the phone and the mobile subscription 
separately, since mobile phones are 
normally replaced by the user every 
2-3 years2, on average. The mobile 
phone subscription is therefore likely to 
increase the replacement rate. 

Car-sharing system

At first hand, sharing a car would seem 
beneficial, since fewer cars would need 
to be produced, compared to if each 
user had their own car. However, firstly, 
seen from a life cycle perspective, 
the use of the car is a dominating life 
cycle stage in terms of environmental 
impacts. Secondly, studies have shown 
that the majority of customers of a car-
sharing system are usually people who 
previously used public transport, such 
as buses or trains. 

Only if the car-sharing system would 
lead to less car driving and/or the 
implementation of less polluting cars, 
such as electrical cars, would the PSS 
potentially lead to environmental 
improvements. Therefore, in order 
to evaluate the environmental 
performance, it is crucial to assess 
what the PSS is actually substituting.

What is a PSS?

A PSS can be defined as: Product(s) 
and service(s) combined in a system 
to deliver required user functionality1. 
Developing and offering PSS is an 
opportunity for companies to add 
value by switching focus from “selling 
products” to “providing functions” to 
customers. Focus is placed on providing 
a solution that fulfils the actual need 
of the customer, while the role of the 
physical products needed to provide the 
result may be more or less visible to the 
customer. 

A PSS often entails a transfer of 
ownership from customer to provider. 
Customers pay, to a larger extent, for the 
outcome (e.g. number of copies) instead 
of the products (the copying machine). 
A PSS can also be more traditional, 
where after-sales services support 
the product throughout its life cycle. 
Examples include: extended warranties, 
maintenance agreements, operational 
support and take-back services.

1 Baines, T.S. et al. 2007. State-of-the-art in 
product-service systems. Journal of Engineering 
Manufacture.

6

Why PSS?

A company will often develop PSS 
solutions as a response to increased 
competition. Offering a PSS can create 
a closer bond to the customer and can 
be a way for companies to compete 
on other value parameters, rather than 
manufacturing cost alone. 

PSS are also known to have the potential 
to lead to environmental improvements. 
The sustainability philosophy is that 
when companies move profit centres 
away from the physical products towards 
the result delivered, they are motivated 
to save resources and thereby lower 
the environmental impact of the needs 
fulfilment. 

However, offering or buying a PSS does 
not necessarily lead to environmental 
improvements, as illustrated in Box 1.

These examples show that having a PSS 
business model does not guarantee 
environmental improvements and can 
even have the opposite effect. 

Nevertheless, when designed 
properly, a PSS can have the potential 
for environmental improvements. 
Investigating this potential can be 
interesting for decision-makers, both 
from supplier, customer, and societal 
perspectives. 

LCA) as well as extensive, detailed LCA 
studies, depending on the goal and 
scope of the study. 

A screening LCA requires less data and 
less precision in the collected data 
and is meant to give a first indication 
of whether the PSS can be assumed 
to be environmentally beneficial or 
not. Such studies often focus on a few 
environmental indicators, such as energy 
consumption, material consumption, 
or greenhouse gas emissions. It can be 
useful to apply screening LCA for PSS, 
in order to be able to focus on multiple 
scenarios, in contrast to assessing 
a single scenario in detail, taking 
constraints on time and resources into 
account. 

Often the process will be iterative. The 
study starts from a screening LCA, after 
which the systems under analysis are 
reassessed with more detailed and 
precise data, in order to further support 
decision-making. 

This guide can be used as a stand-alone 
document. However, it may be defined 
in your study goal that the study should 
be carried out as a full LCA, living up to 
ISO requirements. In these cases, the 
ISO standard (ISO 14044) needs to be 
followed simultaneously with this guide, 
since more requirements than those 
explained here will be needed.

Definitions
Product/Service-System (PSS): both 
product(s) and service(s) combined 
in a system to deliver required user 
functionality.

Product: a physical good (e.g. a 
computer) or a non-physical good (e.g. 
a piece of software), provided to the 
customer for him/her to make use of.

Service: an activity performed on behalf 
of the customer.

Box 1 Examples - Why a PSS is not necessarily environmentally superior

2 Suckling & Lee : Redefining scope: the true 
environmental impact of smartphones?
International Journal of Life Cycle Assessment. 
2015
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products with their services and 
thereby enhance the value of their 
offerings. Service companies are 
in many cases already considered 
as PSS providers, since they almost 
always utilise products and materials 
when providing their services (e.g. 
a cleaning company use detergents 
and equipment). However, when 
service companies want to enhance 
their market share and/or take over 
activities traditionally done by the 
customer (can be seen as outsourcing 
from a customer perspective) while 
arguing that this transition will reduce 
the environmental impacts, this guide 
can be used to support the evaluation 
needed to verify that claim.

Depending on the position of the 
company in a value chain, private 
companies can both be interested 
in PSS from a provider or a customer 
perspective. Companies that are 
potential PSS customers can be 
interested in knowing if implementing 
PSS in their procurement strategy 
is likely to result in environmental 
improvements. Potential customers 
can also play a role as collaborative 
partners, when a PSS provider is 
designing/improving a PSS. A potential 
customer can support the study with 
relevant data and knowledge on the 
traditional system, to which the PSS 
should be compared. They can also 
provide valuable information on 
which parameters are important for a 
PSS to be successful, both in terms of 

acceptance and implementation and to 
ensure environmental improvements.  
Private companies can perform the 
study themselves, or hire consultants to 
support them during the process.

Public sector
The public sector might be interested in 
this guide for various reasons: 

• Public institutions and utility 
companies might be interested in 
applying the guide, especially from a 
procurement perspective. 

• Municipalities and regions might 
also be interested in evaluating 
PSS solutions aimed at citizens and 
companies within their geographical 
area. Examples are PSS aimed at 
supporting the transport system such 
as a car or bike sharing systems.

• Governmental agencies can 
be interested in knowing under 
which circumstances PSS lead to 
environmental improvements, 
especially since PSS are often 
promoted as means to create a 
sharing or circular economy, where 
businesses can thrive in an economy 
based on fewer non-renewable 
resources. 

Advisors/thought leaders
This group of stakeholders represents 
institutions that might use the guide 
when advising and directing the private 
and public sector, as well as citizens 

towards more sustainable production 
and consumption patterns. 

• Think-tanks and NGO’s can initiate 
studies themselves and use the 
guide to evaluate the environmental 
performance of different PSS, e.g. 
to show good and bad examples 
to support the debate on what are 
sustainable business models. These 
stakeholders can also play a role in 
promoting the guide. 

• Industry associations can play a 
similar role in promoting the guide or 
commence studies themselves. 

• Private consultants are very relevant 
as a target group for using the 
guide. It is common practice for 
conducting LCA studies that the 
study commissioner and the LCA 
practitioner come from different 
institutions. Companies often hire 
consultants to perform all or part of 
the study on their behalf, to ensure 
the required objectivity as well as 
expertise. 

Academia
For academia, such as universities or 
other teaching and research institutions, 
the guide might be used as teaching 
material or to support research within 
PSS design and sustainability science, 
which include the LCA community. 
Research institutions might also 
collaborate with companies in projects 
where the guide is used.
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Who should use this guide and why?

The guide is intended to support 
organisations, consultants and company 
employees, who are to perform an 
environmental evaluation of a PSS. The 
reasons for initiating such a study will be 
different. 

The study might be done as a pre-
assessment during the design-stage, 
in order to guide the design process 
towards creating the most sustainable 
solution. Such an evaluation is especially 
relevant for companies developing PSS 
solutions. 

The guide might also be used for 
post-assessments, where the PSS 
is already implemented and the 

purpose of the study is to evaluate the 
environmental impact of the PSS against 
relevant alternatives. This evaluation 
is relevant for PSS providers, who 
want to document the environmental 
performance of their solution or use the 
evaluation for inputs to improve their 
PSS design.  

A study could also be initiated by policy-
makers, independent organisations 
or PSS procurers who want to assess 
– from a customer perspective – the 
consequences of transitioning to a PSS in 
terms of environmental impacts. 

In all cases, the evaluation will be 
done to support decision-making and 

enhance knowledge regarding under 
which circumstances a PSS leads to 
environmental improvements. The guide 
might be relevant for the following four 
groups of stakeholders, see also Figure 1. 
Note that the guide may also be used in 
projects where the stakeholder groups 
collaborate.

Private industry sector
The private industry sector covers both 
production and service companies. 

• Production companies might have a 
strategy to “servitise” their business by 
increasingly developing and offering 
PSS solutions to their customers. The 
reason might be to enhance market 
shares, but can also be to enhance 
their profile as a sustainable company 
that aims to decouple their business 
from increased environmental 
impacts and resource consumption. 
An objective evaluation of the 
environmental performance of their 
offerings can be initiated for different 
reasons. The company might have 
an internal environmental strategy, 
which they have obligations to live 
up to. The company might need to 
satisfy sustainability requirements 
from customers or investment and 
collaboration partners. Or it might 
be important for the company’s 
reputation to avoid claims of 
“greenwashing”.

• Service companies can similarly 
profit from integrating specific 
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Figure 2 Competence pro�les for 
guideline users
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Supplementary reading on PSS

Workbooks:

PROTEUS workbook series, Technical 
University of Denmark. 2013

Journal articles on PSS: 

Beuren et al.: Product-service systems: 
a literature review on integrated 
products and services. Journal of 
Cleaner Production. 2013 

Mont: Clarifying the concept of 
product–service system. Journal of 
Cleaner Production. 2002

Tukker: Eight types of product–service 
system: eight ways to sustainability? 
Experiences from SusProNet. Business 
Strategy and the Environment. 2004

Kjaer et al.: Challenges when 
evaluating Product/Service-Systems 
through Life Cycle Assessment. Journal 
of Cleaner Production. 2016
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Setting the right team

Before initiating a study using this guide 
as support, it is important to ensure 
that the right competences are present 
within the team or individual carrying 
out the study. 

The guide assumes that three 
stakeholder competence profiles are 
represented: "LCA practitioner", "PSS 
designer" and "strategic decision-maker" 
(Figure 2).

Note, that depending on the study 
context, the three profiles may not 
necessarily be represented by three 
different people. The three profiles might 
be represented by one person or a much 
larger team.

LCA practitioner
The “LCA practitioner” has an important 
role in the quantitative part of the study 
and needs to be involved in all phases 
of the study. In an organisation, the “LCA 
practitioner” belongs to the operational 
level and knows the basic tools and 
methods related to environmental 
assessment, including LCA. 

This guide therefore assumes that 
the study is carried out by individuals 
who have basic knowledge on LCA 
and environmental impacts. This will 
be needed in order to interpret the 
guide, since it is partly built on LCA 
methodology and terminology. 

For studies where the quantitative 
part plays an important role, it is 
recommended that a sufficient level of 
LCA expertise is involved in the process, 
e.g. if it is decided that the study needs 
to live up to the requirements of the ISO 
standard on LCA (ISO 14044). 

In cases where the quantitative 
assessment is done on a screening 
level, it is also recommended that one 
or more people with LCA experience 
are involved, since they will have the 
knowledge needed to judge the validity 
of the results. If the competence is not 
present or available in-house, companies 
might choose to subcontract the LCA 
expertise by hiring external consultants.

See Box 2 for supplementary reading on 
LCA.

Supplementary reading on LCA

ISO standards:

ISO 14040:2006: Environmental 
management - Life cycle assessment - 
Principles and framework

ISO 14044:2006: Environmental 
management - Life cycle assessment - 
Requirements and guidelines

Text books on LCA: 

Jolliet et al.: Environmental Life Cycle 
Assessment. CRC Press. 2015

Hauschild et al. (eds.): Life Cycle 
Assessment - Theory and Practice. 
Springer. 2018

Klöpffer & Curran (eds.): LCA 
Compendium - The Complete World 
of Life Cycle Assessment (book series). 
Springer. 2015-2017

PSS designer
The "PSS designer" plays an important 
role in the framing of the study, 
including analysing and defining the PSS 
solution(s) under evaluation in order for 
the LCA practitioner to understand the 
study context. 

The “PSS designer” also plays an 
important role in interpreting the results, 
especially when the study is carried out 
as a pre-assessment, during the design 
stage of developing a PSS.

In an organisation, the “PSS designer” 
represents the tactical level and must 
have the competencies to build a 
bridge between the “LCA practitioner” 
and “Strategic decision-maker”, both in 
terms of translating goals and visions 
into a frame for the LCA practitioner 
to work within, and subsequently 
interpreting and implementing results 
in collaboration with the "strategic 
decision-maker”. 

As with the “LCA practitioner”, the 
role of the “PSS designer” may also 
be subcontracted by hiring external 
consultants or collaborating with 
research institutions.

See Box 2 for supplementary reading on 
PSS.

Box 2  Supplementary information - Examples of reading material
Strategic decision-maker
The “strategic decision-maker” is the 
profile who initiates or approves 
the study and acts upon the results 
and recommendations that the 
study reveals. In an organisation, the 
"strategic decision-maker" will have 
influence on a strategic level. 

Competences to understand the 
decision-making context are especially 
relevant in the beginning of the study, 
in order to define the right study 
goal and towards the end, to help 
interpret the results and ensure that 
recommendations can be implemented.



1. Goal de�nition
What is the purpose?

2. PSS and reference system 
exploration

What to compare?

3. Comparability assessment
How to compare?

4. Process mapping
What to measure?

5. Quanti�cation
How to measure?

6. Interpretation and 
recommendations

What to conclude?

Steps

1.1 Study purpose and application
1.2 Study complexity
1.3 Time and resources

2.1 Scope and reference system
2.2 PSS support and substitutions
2.3 PSS potential
2.4 De�nition: Systems to be analysed

3.1 System functionality and functional unit
3.2 System subdivision (”How”)
3.3 Utility, value and rebound e�ects (”How well”)

4.1 Flowchart
4.2 System boundaries
4.3 Impact categories

5.1 Data gathering
5.2 Calculations

6.1 Result evaluation
6.2 Result communication
6.3 Recommendations (optional)

Sub-steps

 

Goal and scope 
de�nition

Inventory analysis
Impact assessment

LCA phases

Interpretation

Figure 3 Overview of steps and sub-steps and how they link to the phases of an LCA process
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Overview of steps

1. Goal definition
“What is the purpose?”
In this step, the purpose and desired 
learnings of the study are decided, 
taking into account the intended 
audience. The study complexity is 
considered, together with the time and 
resources available. The purpose of this 
step is to guide the assessment in terms 
of how scenario-based the approach 
should be and the level of detail to be 
involved.

2. PSS and reference system
exploration

“What to compare?”
In this step, the scope of the study is 
decided, along with a definition of 
the reference system. The PSS and its 
reference system are explored, in order 
to define the systems to be analysed in 
the subsequent steps. 

3. Comparability assessment
“How to compare?”
In order to compare the systems to 
be analysed, they need to provide the 
same functionality. This is defined along 
with the functional unit upon which 
the comparison(s) will be based. The 
system is subdivided into a specification, 
describing “how” the functionality 
is provided. This is followed by an 
assessment of “how well” the customer 
perceives the utility and value of the 
compared systems, in order to identify 
differences in performance, which might 
trigger rebound effects.

4. Process mapping
“What to measure?”
The purpose of this step is to create 
an overview of the quantitative data 
that need to be gathered. A flowchart 
is used to create a visual overview of 
all processes, followed by specifying 
the system boundary, which delimits 
which processes are included in the 
assessment. Lastly, the impact categories 
that are going to be measured are 
defined.

5. Quantification
“How to measure?”
In this step, inventory data are gathered 
for all relevant processes for the systems 
to be analysed. The types of data are 
defined and if the inventory data are 
assessed using an impact assessment 
method, this is also defined. The purpose 
of this step is to build the LCA model 
within which results can be interpreted.

6.  Interpretation and
recommendations

“What to conclude?”
Lastly, the results are evaluated and 
presented, both quantitatively and 
qualitatively, highlighting the most 
important influencing parameters.

If included in the study purpose, a set of 
recommendations might be formulated, 
such as how to optimise the PSS design 
or guide the PSS strategy, in order to 
ensure proper adoption.

Figure 3 shows the six steps, the sub-
steps within each and their connections, 
plus an overview of how the steps 
correspond to the LCA phases described 
in the ISO standards on LCA. 

Even though the steps are presented 
in sequence, the study process will be 
iterative in nature, similar to what is 
recommended in relation to the phases 
of an LCA.



In defining the study goal, all three 
competence profiles should be 
represented.

“What is the purpose?”

The aim of this step is to define 
the purpose and application of 
the study (sub-step 1.1), the study 
complexity (sub-step 1.2), as well 
as the time and resources available 
(sub-step 1.3), in order to guide the 
following steps. 

Start the goal definition 
by identifying the relevant 
stakeholders who will be using as 
well as conducting the study. The 
overview of stakeholders from the 
introduction of this guide can be 
used as inspiration. 

Note that the study goal might be 
redefined during the process as 
more knowledge about the studied 
systems, including data availability, 
becomes clearer.

Goal definition1
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Strategic decision-maker

PSS designer

LCA practitioner



No of application scenarios

No of assumptions

Com
plex

ity

High

Low

Figure 4 The study complexity depends 
on the number of assumptions required 
and number of application scenarios
relevant to include.  

Consider the amount of time and resources 
available. 

Practical constraints on time and 
resources will set a natural limit to the 
amount of scenarios feasible to include 
in the study and/or the detail level of the 
analysis. 

In this regard, it should be considered if 
a “full” LCA is applicable or if a screening 
LCA, based on more aggregated data, is 
more suitable, considering the purpose 
and desired learnings from the study, as 
well as the assumed study complexity. 

Note that if it is part of the goal of the 
study to be compliant with the ISO 
standards on LCA, special requirements 
are needed if the study is to be used for 
external communication (see ISO 14044).

SUMMARISING QUESTIONS

1.3 Time and resources

• Who are the relevant 
stakeholders commissioning, 
using and conducting the study? 

• What is the purpose and desired 
learning of the study?

• Is the study done pre- or post-
implementation?

• Are impact categories to be 
identified during the study or are 
they predetermined?

• Is the anticipated number of 

application scenarios small or 
large?

• Based on the stakeholders’ cur-rent 
knowlege, to what degree will the 
study rely on assumptions?

• How much time and resources do 
we have for the study?

• Which type of LCA is adequate 
(screening LCA or full LCA)?

• Should the study live up to LCA ISO 
requirements?
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The first task is to describe the study 
purpose and the desired learnings.

Identify the intended audience who is 
going to use the result of the study and 
describe the desired learnings from the 
study.

If the study commissioner (who initiates 
and/or finances the study) is different 
from the intended audience, they will 
also have expectations of the study 
outcome and should be considered as 
a relevant stakeholder as well. Three 
groups of stakeholders are always 
important to consider:

• The PSS provider(s) 
• The PSS customer(s)
• Governmental authorities or other 

external institutions with an interest 
in the PSS and/or the study results.

Consider if the study is done as an 
evaluation (post-implementation) or 
to support designing the PSS (pre-
implementation):

• If the study is done post-
implementation, it will be 
retrospective and actual data can 
be gathered. Results will be less 
uncertain, compared to studies 
done pre-implementation. For a 
PSS provider, the purpose can e.g. 
be to use the results internally for 
re-design of the PSS, or externally for 
communication. 

• If the study is done pre-implementation, 
it is prospective and more 
assumptions need to be made, 
especially regarding the use of the 
PSS, since actual data are not yet 
available. Consider if a screening LCA 
will be appropriate. This will make the 
results more uncertain, but provide 
useful knowledge at a time where it is 
easier to influence the PSS design and 
strategies. As a result, the study will 
be more scenario-oriented and focus 
should be on the learnings during 
the LCA process, rather than the 
quantified results themselves. 

If the impact categories to be measured 
are predetermined, this should be stated 
in the goal definition. For example, if the 
intended audience is only interested in a 
carbon footprint calculation, the only the 
impact category climate change needs 
to be measured. In all other cases, this 
will be refined during the next steps and 
finally defined in step 4. 

1.1 Study purpose

Definitions
Intended audience: Stakeholders 
who will make use of the study result, 
including decision-makers who will be 
able to influence the result.

Study commissioner: Stakeholder who 
initiates and finances the study. Can be 
different from the intended audience.

Impact category: Classification of 
environmental issues of concern, to 
which life cycle inventory analysis 
results may be assigned (ISO 14044). 
E.g. “CO2 emissions” are assigned to the 
impact category “climate change”.

Based on the study purpose, consider how 
complex the study will be. 

The study complexity is influenced by 
the number of application scenarios 
relevant to include and the number of 
assumptions that need to be made, see 
also Figure 4: 

• The number of relevant application 
scenarios is determined by the 
reference system, which the PSS is 
to be analysed against. Often, the 
reference system will be external – the 
study aims to compare the PSS to one 
or more alternative ways of needs 
fulfilment. Step 2 will help explore the 
reference system, in order to define 
the systems to be analysed. Still, in this 
step, try to consider which alternative 
application scenarios it is relevant to 
include. See also tip in Box 3.

• The number of assumptions is 
influenced by data availability 
and uncertainty. It is higher for 
pre-assessments than for post-
assessments, as actual data is 
less available. If data on customer 
behaviour, resource consumption etc. 
is not available, simulation techniques 
can be used to generate proxies. The 
more assumptions, the more “what-
if scenarios” must be generated, 
increasing the study complexity.

More knowledge on the study complexity 
will be revealed, once the systems to 
be analysed have been defined (Step 2) 

1.2 Study complexity
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Is the PSS only to be operated by a 
single customer? Then the reference 
system equals that customer’s 
behaviour, without the PSS, and 
this is the only application scenario 
to consider. A single customer 
perspective can be useful as a pilot 
study, or as “proof-of-concept”. 
However, if the purpose of the study 
is to provide knowledge on the more 
general adoption of the PSS (e.g. all 
household or whole industry), more 
application scenarios need to be 
considered, taking into account the 
different customers’ behaviours. This 
will increase the study complexity, 
since more data need to be gathered. 

Box 3 Tip - Consider if single or 
multiple customers are relevant

and data collection has been initiated 
(Step 5). Remember to revisit the goal 
definition after these steps.



protection” (Human health, Eco-
systems and Resources) should be 
covered. Appendix 1 provides an 
introduction to choosing impact 
categories and explains some of the 
most common impact categories 
used in LCA. The final decision on 
impact categories is done in Step 4.

“What to compare?”

The purpose of Step 2 is to explore 
the PSS and its reference system, in 
order to guide the study scope and 
support the interpretation of the 
results. 

If not predefined in the goal 
definition, it is useful already in 
this step to consider which impact 
categories (e.g. climate change, 
resource consumption, eco-toxicity, 
etc.) could be of concern for the 
study. 

As knowledge about the PSS and 
its reference system is gained, 
relevant environmental hotspots 
will be revealed, indicating which 
impact categories to focus on. Start 
by considering if all three “areas of 
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(   )

PSS and reference system
exploration2

It is important that expertise within 
both the fields of PSS design and LCA 
are represented during this step, with 
the “PSS designer” having the most 
significant role.

PSS designer

LCA practitioner



Figure 5 Scopes for environmental assessment of PSS
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Start by defining the study scope and the 
type of reference system relevant for the 
study. 

An environmental assessment of a PSS 
can in principle have three different 
scopes, illustrated in Figure 5. Which 
of these scopes apply depends on the 
purpose of the assessment, as defined in 
Step 1. For each of the three scopes, the 
nature of the reference system will be 
different, as follows:

• PSS consequences: The purpose of 
the study is to perform a system-level 
assessment, where the reference 
system can be defined as the baseline 
situation, without the PSS. The focus 
is on analysing the changes caused 
by introducing a PSS to the reference 
system. Based on the analysis of 
the PSS and the reference system, 
relevant scenarios are defined, upon 
which the environmental assessment 
can be performed. 

• PSS comparison: The purpose is to 
compare the PSS with a predefined 
alternative. The reference system 
is equal to this alternative, which 
can either be the “non-PSS” option 
(e.g. the traditional product-sale 
business model) or an alternative PSS 
solution. As in a comparative LCA, the 
comparison is based on a common 
functional unit and functional 
equivalence needs to be established.

2.1 Scope and reference system

• PSS optimisation: The purpose is 
to evaluate different design options 
within the PSS. In these cases, the 
reference system could be defined as 
the PSS itself, since from the customer 
perspective, no changes are directly 
visible – the customer perceived value 
is considered unchanged. In contrast 
to the other two scopes, where the 
reference system can be seen as 
external, the reference system here is 
internal.

PSS consequences can be seen as the 
most comprehensive study scope in 
terms of evaluating the environmental 
performance of a PSS. For this scope, 
the reference system needs a thorough 
exploration, in order to identify the 
relevant substitutions (alternatives 
displaced by the PSS). 

The following sub-steps aim to 
support such an exploration. Also for 
a PSS comparison or PSS optimisation 
study, Step 2 is relevant, as it provides 
understanding of and potentially new 
ideas to the PSS under evaluation. 
The following sub-steps will also help 
confirm that the relevant study scope 
has been chosen for the analysis.

If more than one application was 
considered in the goal definition, the 
reference system might be different for 
each scenario and should be assessed 
individually in the following steps. 

Definitions
Reference system: The baseline situation 
that is altered by the PSS under study 
or is compared to the PSS under study. 
Can be either internal (a variant of the 
PSS itself ) or external (a comparable 
alternative or the affected contextual 
system), depending on the study scope, 
see below.

PSS study scopes:

PSS optimisation: the reference system 
is internal. The purpose is to assess 
variants of the PSS itself.

PSS comparison: the reference system is 
a pre-defined comparable alternative.

PSS consequences: the reference system 
is the contextual system affected by the 
PSS.
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Single life 
cycle stage

Single product 
system

Multiple product system

Figure 6 Consider whether the PSS is substituting a single life cycle stage, a single product 
system or multiple product systems
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2.2 PSS support and substitutions

Classify the PSS based on what it is 
intended to support and use this to 
describe the reference system and the 
product system(s) that the PSS substitutes.

In this guide, three types of PSS support 
are distinguished: 

Activity support: 
The PSS supports or 
replaces an activity on 
behalf of the customer. 

Product support: 
A product is supported 
through life cycle services 
or offered as a service (e.g. 
through leasing or pay-per-
service-unit). 

Platform support: 
Products and services 
are offered on a platform 
for customers to use e.g. 
through subscriptions or 
short-term rentals.

Other classifications of PSS exist. 
A traditional way of categorising a 
PSS is related to the business model 
logic (what the PSS delivers and what 
customers pay for). See Box 5 on page 
25 on how to link to the PSS support 
classification used in this guide. A PSS 
business model might incorporate 
more than one type of support. It is 
recommended to keep these as separate 
PSS scenarios, in order to support the 
interpretation of the study results.

Start by reflecting on the profile of the 
reference system. Which activities and 
products are dominating in terms of 
environmental impacts? See also tip 
in Box 4. Based on this, consider which 
activities and/or product elements the 
PSS will substitute or change.

Use the following explanation of 
the three types of PSS support to 
describe the reference system and the 
substitutions.

Activity support
Describe the reference system as the 
activity without the PSS support. 

For example, for a laundry service 
for households, the reference system 
would be the households doing their 
laundry themselves. Another example 
is “eco-driving”3 , where a fleet of trucks 
is supported, in order to operate more 
efficiently. The reference system is 
the truck operation, without the PSS 
sup-port. For both cases, only the use 
stage of the product system in focus 
(textiles and trucks, respectively) is 
directly influenced by the PSS.  However, 
indirect effects might occur in other 
life cycle stages. For example, for a 
laundry service, the changed laundering 
procedure might either prolong or 
shorten the lifetime of the textiles. If this 
is the case, the substitution is defined 
as a single product system, since the 
whole life cycle of the products (in this 
case the textiles) needs to be considered 
in the study (Figure 6). If it can be argued 
that only the use stage of the product 
system is affected, it may be defined that 
the PSS substitutes a single life cycle 
stage (Figure 6). This will enable that 
only the direct influenced activity (in this 
case the laundry process) is in focus in 
the study.

Definitions
Product system: Collection of processes, 
which deliver the product and service 
flows required to obtain the specified 
functionality, and which model the life 
cycle of a product.

Substitution: The alternative product 
system(s) displaced by the PSS under 
study.

Product support
Describe the reference system as the 
product system without PSS support. 

Examples of PSS product support 
are maintenance services, upgrade 
services and take-back services. PSS 
product support can also be related 
to a change in ownership, where the 
customer pays for product use instead 
of owning the product. In this case, the 
reference system can be described as the 
individual ownership of the product. 

For a PSS focused on product support, 
the PSS influences the whole life cycle 
of the product system in focus and the 
substitution is a single product system. 
However, even though the assessment of 
a PSS focused on product support starts 
with a mapping of the product system in 
focus, it might be necessary to expand 
the scope and assess multiple product 
systems (Figure 6).

Consider which life cycle stages are 
dominating for the product system 
in question. This will help guide to 
what extent the PSS supports the 
most important life cycle stages. 
In general,  for energy-consuming 
products with long life cycles, such 
as cars and cargo ships, the use stage 
is dominating, and focus should be 
on reducing the energy consumption 
during use. For products with no 
or low impacts during use and/or 
short life cycles, focus should be 
on extending the useful life of the 
product and materials.

Box 4 Tip - Which life cycle stages 
are dominating?

This happens when the product is 
retained or taken back at the end-of-
use and therefore resides with the PSS 
provider, when the product is disposed 
of. In these cases, the PSS provider can 
have an incentive to ensure that the 
products and materials are being reused, 
re-manufactured or recycled in a way 
that is most beneficial – also from an 
environmental perspective. 

A product that can no longer fulfil 
its original functionality can take 
different end-of-use routes that need 
to be included in the assessment. This 
implies that the product system(s) that 
the second-hand product or material 
substitutes in the subsequent life cycles 
need to be included in the assessment.

For more information on how to model 
different end-of-use options, see 
Appendix 2. 

3 Eco-driving: A fleet of trucks is supported, in order 
to operate more efficiently. The PSS includes: 
installing and maintaining monitoring software 
in the trucks that monitor fuel consumption and 
guide the truck drivers to eco-efficient driving, 
training programmes for truck drivers, and reward 
schemes for continuous improvement.
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Platform support
Describe the reference system as the 
situation without or before introducing 
the PSS, encompassing all relevant 
substitutions.  

When a PSS is supporting a platform, the 
PSS provider has limited control over the 
different product systems that the PSS 
substitutes. 

An example could be a free-floating 
car-sharing system in a city4, where the 
PSS is a substitute for many different 
transport means, such as public 
transport, own cars, rented cars or even 
bikes or walking. The reference system 
would be the transport system of the 
city, without or before the introduction 
of the car-sharing system.

Another example could be a streaming 
service for music or movies, which both 
displace physical CDs/DVD being bought 
or rented, but which also displace totally 
different means of entertainment, such 
as TV, video games or even reading a 
book. The reference system is the way 
customers would entertain themselves, 
without or before the introduction of the 
streaming service.

This type of PSS support is considered 
the most complex to analyse, since 
multiple product systems are 
substituted and will need to be assessed 
individually. An important part of 
this type of study is to analyse the 
alternative behaviour of the customers, 
both in terms of mapping the number 
of relevant substitutions and to what 
extent the different substitutions 
occur. This can be done using customer 
segmentation and survey methods. 
However, such analyses can be resource-
intensive and therefore need to be 
based on assumptions and existing 
market knowledge, asking for a scenario 
approach in the quantitative part of the 
evaluation process.

Only in cases, where it can be 
argued that a platform-based PSS is 
predominantly used to displace one 
other product system, can it objectively 
be argued to compare the PSS to a 
single product system in the assessment 
(for example, a survey shows that 80% of 
the customers of a TV streaming service 
use the service as a substitute for cable 
TV). 

For a result-oriented PSS, products and 
services are combined to fulfil a predefined 
result, e.g. providing clean clothes in the 
case of a laundry service. The PSS intends 
to support an activity (e.g. laundering 
clothes) and will affect the products and 
service elements (e.g. washing machines, 
drying process, delivery service, etc.) used 
to deliver the result (e.g. clean clothes).

For a product-oriented PSS, services are 
added to support a product in one or 
more life cycle stages, post-production 
(“after gate”). If the PSS only influences the 
product operation and it can be argued 
that no other life cycle stages than the use 
stage are affected, then the PSS supports 
an activity. If the useful lifetime of the 
product or the end-of-life treatment is 
affected, the whole life cycle of the product 
needs to be taken into account and the 
PSS supports the product.

A common way to categorise a PSS is 
related to the business model (what 
the PSS delivers and what customers 
pay for).

The most dominant way of describing 
PSS distinguishes three main 
categories, bridging a pure product 
and a pure service in the following 
order: 5 

• Product-oriented PSS: products 
are sold to the customer and 
services are added over the 
life cycle, in order to support 
the product. Examples include 
maintenance agreements and take-
back services. 

• Use-oriented PSS: the customer 
does not own the product but pays 
for product use, e.g. through leasing 
and renting schemes. 

• Result-oriented PSS: the customer 
pays for the product outcome or an 
overall result delivered where the 
product and service elements are 
the means for providing the result.

Figure 7 shows how the three types of 
PSS business models usually relate to 
the three types of PSS support defined 
in this guide. The links are based on 
what the PSS is affecting.

Box 5  Supplementary information - PSS business model categories

Figure 7 PSS business models in relation to type of PSS
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Lastly, for a use-oriented PSS, the 
product also plays a central role, 
however, instead of owning the 
product, the customer pays for 
the function of the product. If the 
PSS simply facilitates a change in 
ownership, so that the product 
merely stays as property of the PSS 
provider, while the customer abandons 
ownership end e.g. leases the product 
instead, then the PSS supports the 
product. 

However, a use-oriented PSS might 
also support a platform. In these cases, 
the product is offered on a platform for 
customers as an alternative to a range 
of other ways of fulfilling the same 
need. This would be the case for a free-
floating car-sharing system.

4 Free-floating car-sharing system: Energy-efficient 
cars are offered as subscription or short term 
rentals within the city-centre. The term “free-
floating” refers to the fact that customers can drive 
wherever they need to go and then terminate the 
rental of the car by simply returning it within the 
same delimited area, using one of the authorized 
spaces. The aim is  to reduce pollution and the need 
for parking spaces within the city centre.

5 Tukker: Eight types of Product–Service 
System: Eight Ways to Sustainability 
Experiences from SusProNet. Business Strategy 
and the Environment. 2004

Subjectively, it might be included in 
the study goal to assess the PSS from 
a single customer perspective (e.g. 
customers who would otherwise use 
cable TV), leading to the study scope 
being a PSS comparison. However, even 
in these cases, it is recommended that 
the study includes an evaluation of to 
which extent this type of substitution 
occurs, compared to other customer 
segments, in order to argue on the 
objectivity of the study.
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Figure 8 Examples of PSS strategies and impact reduction potentials

Consider, qualitatively, if the PSS has 
a potential to reduce environmental 
impacts compared to the reference system. 
Describe the PSS strategy(ies) and explain 
their impact reduction potential.

Offering a PSS is no guarantee for 
environmental improvements. Examples 
of the opposite are not uncommon. 
As exemplified in the introduction, if a 
phone subscription that includes the 
leasing of a mobile phone involves 
getting the newest smart phone 
every year, the PSS is likely to be 
environmentally worse, compared to 
traditional product-sales. 

However, many PSS strategies 
have a potential for environmental 
improvements, and they are easily 
identified, as they have often triggered 
the study in the first place. For example, 
a company offering laundry services 
to private households will have a clear 
assumption that they can wash the 
clothes more efficiently than the average 
household. Or a municipality offering a 
free-floating electric car-sharing system 
in the city centre will assume that this 
leads to less traffic-based pollution. 

Fig 8 exemplifies six common PSS 
strategies and the environmental impact 
reduction potentials linked with each. 
Note that more than one PSS strategy 
may be utilised within the same PSS. 

Appendix 4 presents PSS cases for each 
of the six strategies.

1. Activity support - operational
support

Operational support is when the PSS 
provider supports the operational stage 
of a product system. This is especially 
relevant for energy-consuming products 
with long lives, such as trucks, ships and 
power plants. The PSS provider can offer 
valuable support, in order to make the 
system run as efficiently as possible. 
The environmental reduction potential 
is therefore termed “direct resource 
efficiency”. The previously introduced 
case of “eco-driving” is an example of the 
PSS strategy operational support.

2. Activity support – optimised result
Activity outsourcing as such is 
no guarantee for environmental 
improvements. However, when a PSS 
provider takes over an activity on behalf 
of a customer, this can be combined with 
the strategy of providing the result in a 
more optimal way, using more efficient 
equipment and procedures.  

This type of PSS strategy is termed 
optimised result. The impact reduction 
potential materialises itself indirectly 
through shift in the product and 
service elements within the system. The 
laundry service is an example that has 
this type of potential.

3. Product support – product sharing
Leasing and renting of products do 
not necessarily lead to environmental 
improvements (e.g. leasing a car instead 
of owning it does not by default make 

any difference), but when a PSS provider 
combines retained ownership with 
product sharing, there is a potential 
for optimised product utility through 
intensified use, ultimately resulting 
in fewer products being produced 
to fulfil the same demand. A number 
of households sharing hand-tools or 
lawnmowers are an example of product 
sharing as a PSS strategy. The specific 
case of lawnmowers is exemplified in 
Case 3 in Appendix 4.

4. Product support – maintenance
Product maintenance can both be 
offered as after-sales services and 
be part of a leasing/renting scheme. 
Maintaining a product throughout its 
life cycle can lead to product longevity 
and to reduced resource consumption 
in the use-stage. In the latter, correct 
maintenance ensures that the product 
operates optimally, so that products 
that use energy or other resources (e.g. 
support materials or chemicals) minimise 
their consumption. 

Maintenance as a PSS strategy includes 
preventive maintenance, repair service, 
upgrades, refurbishment, etc., all of 
which will lead to the product staying 
functional, updated, attractive, etc. 
leading to product longevity.

5. Product support – take back for
re-use, re-manufacturing or recycling

As with maintenance, take-back services 
can be offered as an after-sales service. 
In cases where the PSS provider keeps 

ownership of the product throughout 
its use, as in the case of leasing, the PSS 
provider automatically needs to deal 
with how to handle the product after 
end-of-use. When strategies such as 
reuse, re-manufacturing, or recycling are 
initiated they can lead to environmental 
improvements.  If the product is reused 
directly into the same use, it will have 
the same effect as product longevity 
from the perspective of the customer. 

However, end-of-use strategies often 
entail that the products or materials 
are being re-directed into new product 
life cycles. This basically means that the 
products or materials substitute (part 

of ) other product systems, which can be 
both new (virgin) versions of the same 
product/material (e.g. when second-
hand aluminium substitutes virgin 
aluminium) or very different product 
systems (e.g. when worn-out textiles 
are used as insulation material). In these 
cases, the impact reduction potential 
arises indirectly through product 
system substitution, as it depends on 
the systems that are substituted by the 
second-hand product/material, see also 
Appendix 2. 

6. Platform support – sharing platform
Lastly, sharing platforms enable radical 
shifts in consumption patterns. A free-

2.3 PSS potential

floating car-sharing system and online 
movie and music streaming are such 
examples. In these cases, the impact 
reduction potential comes indirectly 
through product system substitutions, 
as it depends on the product systems 
displaced by the sharing platform. 

For example, if a car-sharing system 
substitutes driving in a privately owned 
car, this will lead to fewer cars needed. 
In contrast, if it substitutes people using 
bikes or public transport, it will lead 
to more people getting access to a car 
and does not as such lead to impact 
reductions.
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2.4 Definition: Systems to be analysed

Decide the systems to be analysed, in terms 
of relevant PSS scenario variations and the 
reference system(s) they will be compared 
with.

Use the learnings and conclusions 
from the previous steps to support the 
decision:

• Step 1: Goal definition. How many 
application scenarios were decided as 
being relevant to include in the study, 
taking into account the study purpose 
and time and resources available?

Laundry service example: It was decided 
to focus on household applications and 
not professional (industry) customers.

• Sub-step 2.1: Study scope and 
reference system. Which study scope 
was relevant: PSS consequences, PSS 
comparison or PSS optimisation? 
For PSS optimisation, the systems 
to be analysed will be two or more 
variations of the PSS. Describe each 
of the PSS variations and how they 
differentiate. 
For PSS comparison, the PSS is 
compared with one or more 
predefined alternatives. Describe the 
PSS and the compared alternative(s). 
For PSS consequences, describe the 
reference system and list all identified 
substituted product systems.

Laundry service example: The starting 
point was PSS consequences, since the 
study would include identifying which 
comparable alternative use-scenarios 
would be most relevant to assess.

When exploring the reference system, 
it was decided to compare with three 
comparable alternatives of household 
laundering, which the PSS would 
substitute: Households taking their 
laundry to a laundrette or a similar 
shared facility; households using their 
own washing machine and a tumble 
dryer; and households using their own 
washing machine but air-drying their 
textiles. 

• Sub-step 2.2: PSS support and 
substitutions. Is the PSS supporting 
an activity, a product and/or a 
platform? 
For activity support, describe whether 
the PSS substitutes or influences only 
the activity, or if the whole life cycle 
of the product system in focus is to be 
included in the assessment.
For product support, describe the 
product system(s) that the PSS 
supports, including how it influences 
the product system life cycle.
For platform support, describe 
all substituted product systems 
considered relevant to include in the 
assessment.

Laundry service example: The PSS 
supports an activity (from dirty to clean 
clothes). It was decided to assume 
that the textiles' useful lifetime is not 
altered by changing to the PSS and thus 
the study focuses on the laundering 
process, looking only at the use stage of 
the textiles. As such, the PSS substitutes 
a single life cycle stage of the product 
system in focus (the textiles).

• Sub-step 2.3: PSS potential. In 
this sub-step the impact reduction 
potential of the PSS was qualitatively 
explored. It may be decided to 
include different PSS strategies to 
evaluate their impact reduction 
potential quantitatively during the 
next steps of the assessment. If this 
is the case, explain the included 
variations of the PSS and how the 
reference system might differentiate 
for each of them.

Laundry service example: It was 
decided to only include the PSS 
strategy “optimised result”, where 
the PSS supports the activity of 
laundering the clothes. However, 
in the result communication, it will 
be recommended to further explore 
if the service provider could also 
offers to repair clothes (PSS strategy 
"maintenance") and help ensure an 
optimal end-of-use treatment of worn-
out textiles (PSS strategy "take-back for 
recycling"). 

When is it relevant to assess different 
variations of the PSS?

• When the study scope is PSS 
optimisation. However, also for a 
PSS consequences or PSS comparison 
study, it might be relevant to 
include different variations of the 
PSS, especially if the study is done 
as part of a design process, where 
the PSS is not yet fully defined. Also, 
internal variations of the PSS may be 
included upfront in the assessment, 
to explore optimisation options (e.g. 
the laundry service facility with and 
without heat recovery installed). 
Alternatively, such variations can 
be included as scenarios in Step 6 
during result evaluation, in order to 
show optimisation potentials.

• When a PSS business model (e.g. a 
product rental offer) incorporates 
more than one type of PSS support 
and/or more than one PSS strategy.

When is it (usually) relevant to assess 
different variations of the reference 
system?

• When the study goal is to assess 
more than one application scenario. 

• When the study scope is PSS 
consequences.

• When the PSS supports a platform.

Box 6 Tip - When to include multiple scenarios upfront in the assessment?

SUMMARISING QUESTIONS

• Which scope is defined (PSS 
optimisation, PSS comparison or 
PSS consequences)?

• Is the PSS supporting an activity, 
product or platform, and how 
does this affect the complexity  of 
the ref. system (relevant product 
systems to include in the study)?

• Which environmental impact 
reduction potentials can be 
identified based on the intended 
PSS strategies?

• Which systems to be analysed 
is it decided to include in the 
subsequent evaluation?

To summarise, end this sub-step by 
listing and naming the scenarios that will 
be included upfront in the assessment. 
Supporting tips are provided in Box 6.

If the study is constrained in terms of 
time and resources, start with a base 
scenario and go through the next 
steps where the “hotspots” and data 
availability will be revealed, before 
deciding on further scenarios. This will 
support the iterative nature of the study.

In the next Step 3, the comparability 
between the PSS and the substituted 
product system(s) within the reference 
system will be assessed.



This is done in order to identify 
potential causes of rebound effects 
(sub-step 3.3).

“How to compare?”

The purpose of Step 3 is to ensure 
that the systems chosen for 
analysis are comparable. 

First, the functionality of the 
systems is defined, including 
defining an appropriate overall 
“functional unit” (sub-step 3.1), 
which makes up the starting point 
for comparisons between the PSS 
and its reference system. 

This is followed by subdividing 
the systems (sub-step 3.2), 
representing “How” the functional 
unit is fulfilled. 

Lastly, potential differences in 
the utility and value between the 
compared systems are qualitatively 
assessed, representing “How well” 
the functional unit is fulfilled. 

31

Comparability assessment3

Both the PSS designer and the LCA 
practitioner profiles are needed in this 
step.

PSS designer

LCA practitioner
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3.1 System functionality and Functional Unit

Describe the overall system functionality 
and define an appropriate functional unit 
upon which the comparison will be based.

Start by describing the functionality 
of the PSS and its reference system: 
What common functional outcome 
is delivered by them? See Box 7 for 
supplementary information on the 
difference between function and system 
functionality.

Based on the described system 
functionality, define the functional unit. 

The functional unit is a description of 
the functional outcome in a measurable 
way, typically in terms of a specification 
of its quantity (how much?), duration (for 
how long?) and - if relevant - a location 
(where?).

In contrast to product-centred LCA 
studies (e.g. assessing different types of 
light bulbs), an LCA study on a PSS has 
the advantage that the functionality of 

the PSS is usually easy to define, since a 
PSS (e.g. a lighting service) is designed 
based on supporting the customer’s 
need (e.g. “the need for light”). 

This knowledge can be used to describe 
the system functionality (e.g. “provide 
illumination”). 

Based on this, an appropriate functional 
unit could be: “provide annual 
illumination of a 12 m2 office room with 
30 lux”. Here, the duration is one year, 
the amount is 30 lux and the location is 
an office room (inside a building).

When formulating the functional unit, 
make sure that it encompasses enough 
to be able to capture the functionality 
of the PSS and each of the substituted 
product systems within the reference 
system. The functional unit should be 
descriptive and reflect the activities that 
the PSS encompasses.

It is important not to “lock” the 
functional unit onto a parameter that 
might change as a result of the PSS. If, 
for example, the frequency of the service 
is expected to change, this should be 
variable, without having to change the 
functional unit.

In the example, the PSS might change 
the type of lightbulbs and how many 
hours they are turned on. The amount 
of light bulbs needed for one year 
of illumination would then be the 
reference flow. As such, the reference 

flows are the amount of products and 
services per functional unit.

While the functional unit should be 
defined broadly enough to be constant, 
the reference flows may vary between 
the compared scenarios. 

Use the following examples as 
inspiration regarding how to specify the 
functional unit in relation to the three 
types of PSS support.

Activity support
For activity support, the functional 
unit can often be narrowed down to 
representing the activity affected by the 
PSS. 

Laundry service example: The functional 
unit could be “the annual laundering 
of clothes for the average household”. 
The duration of one year is important to 
include, since this enables that changes in 
how often the clothes is laundered can be 
reflected in the reference flows. Since the 
functional unit only describes the activity 
of laundering, only the sub-activities 
needed for laundering have to be included 
(washing, drying, etc). As such, it is 
assumed that the lifetime of the textiles are 
the same in both scenarios. 

However, if the PSS causes a change in the 
durable lifetime of the clothes, this needs 
to be reflected in the functional unit, which 
should be changed to “The provision of 
one years’ worth of clean clothes for the 
average household”. 

This would enable that the amount of 
clothes that need to be produced and 
disposed of can vary and that processes of 
producing and waste-handling the clothes 
are included. 

Product support
For product support, the functional unit 
should be able to capture changes in the 
life cycle of the product system in focus. 

An example could be the case of a shared 
lawnmower. The functional unit could be 
“Mowing of 4800m2 lawn (corresponding 
to the total lawn of 8 households) for 10 
years”. Again, the functional unit is defined 
in a way so that the changes caused by 
the PSS are taken into account, when 
defining reference flows (e.g. how many 
lawnmowers are needed during the 10 
years). Also, the frequency of mowing the 
lawn is flexible here, within the functional 
unit. 

Platform support
For a PSS supporting a platform, the 
functional unit needs to capture all 
the substituted product systems in the 
reference system. 

Car-sharing system example: For a 
free-floating car-sharing system in the 
hypothetical city "Greentown", the overall 
functional unit could be: “The annual 
transport need of X commuters working 
within the city of Greentown”, with X 
specifying the amount of commuters 
transitioning to the car-sharing system.

The overall functional unit can then be 
broken down to sub-systems representing 
each of the alternative commuting options 
(product systems) that the car-sharing 
system substitutes.

Note, that for some of the comparisons, 
there will not be a one-to-one 
substitutability between commuting 
option. 

For example, some of the commuters that 
previously used their own car might now 
use the car-sharing system in combination 
with public transport. 

For this group of commuters, the 
comparison would be between commuting 
with private car (in reference system 
scenario) and commuting with public 
transport and car-sharing system (in the 
PSS scenario). 

While in principle, the changes in all 
relevant alternatives could be related 
directly to the overall functional unit, 
the reason for dividing the functional 
unit into sub-systems is to be able to 
interpret the results better and capture 
differences in the reference flows.

For example, when changing from public 
transport to a car-sharing system the 
commuting distance might change. 
Thus, for each substituted product 
system the reference flow for the 
compared scenarios must be specified 
(in Step 3.2).

Definitions
System functionality: Describes what 
the system should provide, in order to 
fulfil the user’s need = a description of 
the system requirements.

Functional unit: Quantified performance 
of a product system for use as a 
reference unit (ISO 14044).

Reference flow: Measure of the outputs 
from processes in a given product 
system, required to fulfil the function 
expressed by the functional unit (ISO 
14044).

LCA as a method is traditionally 
product-centred. 

LCA guidelines for expressing the 
functional unit are often based on 
specifying the “function” of the prod-
uct (sometimes called the product’s 
service) in a measurable way. In 
this guide, we use the term “system 
functionality” instead, to describe the 
system requirements, in order to fulfil 
the user’s need. 

As such, the “function” describes 
what the system can provide, while 
the “system functionality” describes 
what it should provide or support.

Box 7 Supplementary information - 
Function vs. system functionality
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3.2 System subdivision - "How"

Specify “How” the functional unit is fulfilled 
by subdividing the system for each of the 
compared scenarios. 

Subdivide the system into the 
components, which enable the system 
functionality. 

The purpose of this sub-step is to make 
sure that the required processes are 
represented in the comparison between 
the PSS and the reference system. For 
example. a laundry service would not 
deliver wet clothes back to the customer. 
Therefore, the drying process will need 
to be included in both the PSS and in the 
reference system.

Processes that are eliminated or changed 
by the PSS can potentially lead to 
avoided impacts. In contrast, the added 
products, services and support systems 
on which the PSS relies, will lead to 
induced impacts. 

Use the following examples as 
inspiration regarding how to subdivide 
the system for the three types of PSS 
support.

Activity support
Divide the overall activity into sub-
activities and mark which are avoided 
(removed), changed or induced (added) 
by the PSS.  

Laundry service example: Specify that the 
clothes need cleaning, drying, folding, (and 
for the PSS packing and transportation) etc. 

Product support
Map all activities over the product 
system life cycle, from raw material, 
production, and use, to end-of-use and 
mark which are avoided (removed), 
changed or induced (added) by the PSS.

Shared lawnmower example: Specify that 
the lawnmower needs to be produced, 
maintained, fuelled and the sharing 
system needs administration. Finally, at 
end-of-use, the lawnmower needs to be 
redeployed or waste-handled.

Platform support
List all the product system constellations 
that the PSS substitutes. Subdivide each 
of these into activities. 

Car-sharing example: Specify the different 
commuting options included in the PSS 
and substituted in the reference system 
(e.g. cycling, private car-driving, public 
transport use, combined train transport 
and car-sharing, etc.).

Each of these can be further subdivided 
into activities (e.g. in the PSS 20km of train 
and 3km of car-sharing substitute 19km of 
private car in the reference system). 

The system subdivision lays the basis 
for the process mapping during Step 
4, where a visual diagram (a flowchart) 
will be created. The system subdivision 
may be supported by using tools such 
as storyboards or life cycle galleries, see 
Box 8.

A storyboard is a tool derived from 
motion picture production and 
often used in service design, as a 
way to visually depict an experience 
or interaction among people and 
objects. 

Through a series of drawings or 
pictures, the activity or product life 
cycle is broken down into specific 
components over time.

A product life gallery is a visual 
poster telling the product’s life cycle 
story. 

The poster may include: 

• a description of each life cycle 
stage, including inputs and 
outputs of materials, products 
and services; 

• a mapping of the important 
stakeholders and their 
interaction with the product; 

• an overview of environmental 
concerns, e.g. by creating a 
MECO chart, listing Materials, 
Energy, Chemical and Other uses 
for each life cycle stage.  

Both tools have the advantage of 
being visual and may help facilitate 
discussion amongst relevant 
stakeholders, to ensure that all 
important aspects of the system in 
focus are taken into account.

Box 8 Tip - Use product life 
galleries or storyboards to 
support the system subdivision

3.3 Utility, value and rebound effects - "How well"

Identify relevant consumption factors 
affecting the utility or perceived value of 
the PSS, and consider if these imbalances 
might lead to rebound effects. 

Besides supporting the functional unit 
by subdividing the system, also “non-
functional” performance characteristics 
must be captured, to ensure that the 
comparison is carried out on an equal 
basis. 

When comparing different options 
for needs fulfilment, the compared 
alternatives will most likely have 
differences, in terms of “how well” the 
need is fulfilled. This is influenced by 
the utility of the solution and how the 
customer perceives the value of the 
solution.

While the utility of a solution can 
be evaluated objectively, the actual 
value of a solution is a subjective 
judgement, which depends on customer 
preferences, see Box 9 for examples.

Both utility and value are affected 
by consumption factors, which will 
depend on the system under study.  For 
example, changing from owning a car to 
a car-sharing system would require that 
the “value of ownership” and “feeling 
of freedom” were compromised and 
replaced by other benefits such as saved 
money. 

Use the list in Box 10 as inspiration, to 
identify relevant consumption factors 
for the systems to be analysed. Note that 
the list provided is not exhaustive. 

Definitions
Utility/value: Expresses “how well” 
the need is fulfilled, also taking 
“non-functional” quality aspects into 
account, when expressing the system 
performance. 

Utility: Objective judgement. 

Value: Subjective judgement. 

Consider comparing using a bike or 
a car to commute to work. 

If the distance is 40km, the utility of 
the car is bigger than if the distance 
is 2km, due to time savings etc. 

However, the person commuting 
2km might choose the car because 
of other parameters, such as image, 
comfort or habit – the perceived 
value of the car is greater than the 
bike. 

The contrary might also be the 
case, where the person commuting 
40km chooses the bike because  it 
provides an opportunity to exercise.

Box 9 Example - Difference 
between utility and value

Money: When the PSS is more or less 
costly than the alternative.

Time:  When the PSS is more/
less time consuming than the 
alternative.

Space:  When (elements of ) the PSS 
take up more or less space than the 
alternative.

Technology: When the PSS affects the 
availability of specific technologies 
or materials (e.g. when streaming 
services lead to people no longer 
owning CD or DVD players).

Skills: When the PSS requires more 
or less skills than the alternative. 

Information: When the PSS requires 
more or less information than the 
alternative.

Access: When the PSS is more or less 
available than the alternative.

Responsibility: When the user feels 
more or less responsible for the PSS 
than the alternative.

Convenience/comfort: When the 
PSS is more or less convenient or 
comfortable than the alternative.

Risk and safety: When the PSS is 
considered more or less risky or safe 
than the alternative.

Perception/image: When the PSS is 
considered more or less attractive 
than the alternative.

Box 10 Tip - Inspiration list of 
common consumption factors



Figure 10 Di�erence between direct and indirect rebound e�ects from a more fuel-e�cient 
car. Adapted from the International Handbook on the Economics of Energy, edited by Joanne 
Evans and Lester C. Hunt. 2009
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Figure 9 Comparing a PSS with a reference system in terms of environmental impact. Processes 
that do not change in the PSS and the reference system will have the same impact (the dark 
part of the PSS bar). When the avoided impacts are greater than the induced impacts, the PSS 
can be said to result in impact savings, represented by the dotted area. Rebound e�ects 
(illustrated by the red arrow) will lead to a decrease in anticipated savings, while secondary 
bene�ts (illustrated by the green arrow) will lead to an increase in anticipated savings.

Savings

Definitions
Avoided impacts: When a PSS replaces 
or reduces the need for processes in the 
reference system, this leads to avoided 
impacts.

Induced impacts: When a PSS introduc-
es or increases the need for processes 
in the reference system, this leads to in-
duced impacts.

Rebound effect: When the impact sav-
ings from an improvement are less than 
expected, because of behavioural or sys-
temic responses.

Secondary benefit: Same as “negative” 
rebound effect: When the actual impact 
savings from an improvement are high-
er than expected, because of behaviour-
al or systemic responses.
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Identifying and assessing relevant 
consumption factors has two purposes: 

• Substitutability: Ensure that the 
compared systems are actually 
substitutable, from the perspective 
of the customer. If the utility or 
perceived value of an option is much 
lower than the alternative, it is not 
likely that the customer will choose it. 
Measures might need to be taken to 
make the alternatives comparable in 
the eyes of the customer, which again 
might change previous assumptions 
regarding the substitutability 
between systems or add processes 
not identified so far.

• Rebound effects: Ensure that 
differences in constrained 
consumption factors are captured, 
since these will likely trigger rebound 
effects.

A rebound effect is the negative, 
unintended environmental impacts that 
may arise due to behavioural or systemic 
responses to a change in a system. 
As such, rebound effects entail that 
the actual impact savings from an 
improvement are less than expected. 

A rebound effect can also be “negative” 
in the sense that it increases the 
expected savings. Such effects can be 

referred to as secondary (environmental) 
benefits, see figure 9.
 
Rebound effects occur when the 
improvement provides incentives for 
customers to consume more. Secondary 
benefits occur when the improvement 
avoids customers using or buying more.

These responses occur when the 
improvement option liberates or binds a 
constrained consumption factor, such as 
money or time. 

The size and impact of the rebound 
effect depends on how the consumption 
factors differ between the compared 
systems, see Box 11 for examples.

Two types of rebound effects can be 
distinguished (see Figure 10): 

• Direct rebound effects occur as 
a direct response to a change. A 
common example is when people buy 
a more fuel-efficient car but increase 
how much they drive, so that the 
absolute savings in fuel are minimal 
or even negative. 

• Indirect rebound effects occur as 
an indirect response to a change, 
by increasing consumption in other 
areas. Using the same example, 
the saved money from the fuel-
efficient car might be spent on more 
consumption of other goods or 
services. In this case, the rebound 
effect will depend on how the money 
is spent.

 
An example of a secondary benefit 
would be if a fuel efficient car also 
motivates the user to drive less.
During the functional unit definition, it 
was already discussed how the reference 
flow (e.g. the amount of kilometres 
travelled) could change between the 
compared systems. This would be equal 
to capturing the direct rebound effects 
that often occur when introducing a PSS. 

However, taking the time to consider 
which consumption factors might be 
affected will help identify rebound 
effects not included in the assessment 
so far. 

Which consumption factors will be 
relevant for the PSS under study is 
highly case-dependent. For example, 
for transport, time has proven to be a 
constraining factor. If people save time 
on transport, they tend to transport 
themselves more.

For product sharing, access plays a role. 
If people share household tools, such 
as drills or lawnmowers, they cannot 
use them at the same time. If the PSS 
is very inconvenient, customers might 
use the system less than expected – 
the assumed substitutability of the 
compared systems may not be realised 
in practice. Furthermore, rental systems 
can make products available for users, 
who did not previously have access. 

Another case is after-sales services, 
such as preventive maintenance. 

As companies get better at offering 
and supplying the service and as 
the service  becomes more readily 
available for customers, they will often 
start using the service more – maybe 
even before the service is actually 
needed.

Responsibility is another common 
factor in PSS. People often tend to 
use products less carefully, when they 
don’t own them. At the same time, 
they tend to have higher expectations, 
in terms of comfort or quality. In a 
car-sharing system, customers might 
be unsatisfied if the car is very dirty 
inside, but at the same time care less 
about the state of the car when leaving 
it for the next user. This would require 
extra cleaning of the car, compared to 
privately owned cars. 

Box 11 Example - Rebound effects in PSS
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Identifying rebound effects equals 
identifying constraints - what prevents 
or liberates the customer using more or 
buying more. 

Differences in economic costs will always 
be relevant, especially for consumers, 
who will tend to spend the money 
saved elsewhere. As an indirect rebound 
effect, price differences are also the most 
common to try to include in LCA studies.

In these cases, the saved money is spent 
on alternative consumption, which can 
either be specified or assumed to be 
average consumption. So-called Input-
Ouput-based LCA models exist, which 
model the environmental impacts of 
average consumption, see also Appendix 3. 

Assessing the price difference in 
comparison to the expected savings will 
indicate if it will be relevant to quantify 
the economic rebound effect in Step 5.

Assessing the environmental impact 
of indirect rebound effects is not 
straightforward and can easily be seen as 
outside the scope of the assessment.

However, a qualitative evaluation of 
differences in the consumption factors 
between the compared systems is 
recommended, in order to support the 
interpretation of the quantified results 
and at least identify if rebound effects 
are likely to occur.

If the study is done to support a design 
process, this evaluation will also reveal if 
the PSS and the presumed substitutions 
are so different in their performance that 
it can be argued that the substitution 
is unlikely to occur (e.g. if the PSS costs 
twice as much or takes up twice as much 
time). See tip in Box 12. 

Before moving to Step 4, revisit Steps 
1-3 and consider if any changes should 
be made to the defined systems to be 
analysed, based on the comparability 
assessment.

While quantifying the actual 
environmental impact of the rebound 
effects can be very difficult and 
uncertain, simply identifying the 
differences in the consumption 
factors can become very useful when 
designing or optimising the PSS. If 
these differences can be mitigated, e.g. 
by influencing the perceived value of 
the environmentally preferable option, 
this would in principle also mitigate the 
rebound effects. 

Therefore, if the study goal includes 
providing recommendations for the 
design of the PSS, identifying and 
assessing the consumption factors can 
be very fruitful. 

If the PSS has the potential to reduce 
the environmental impact through 

efficiency measures, how can the 
economic value of the PSS be increased 
to compensate for the cost savings? 
For example for the “eco-driving” case, 
how can the PSS facilitate that money 
saved from fuel savings is spent on 
less environmentally burdensome 
activities that would still be perceived 
as valuable to the customer? 

Maximising the value creation for the 
target customers can lead the way to 
ensure so-called eco-efficiency gains, 
where the environmental impact 
decreases while the market value 
increases (sometimes also referred 
to as “decoupling economic growth 
from resource consumption and 
environmental impacts”).

Box 12 Tip - Mitigate rebound effects in the design process

SUMMARISING QUESTIONS

• What is the common functionality 
of the systems to be analysed?

• What is defined as the common 
functional unit of the compared 
systems?

• Which sub-systems are needed in 
the PSS and the reference system, 
respectively?

• Which consumption factors are 

expected to change between the 
PSS and the reference system and 
what can be expected in terms 
of potential rebound effects or 
secondary benefits that might be 
caused by these changes?

• Does the comparability 
assessment give rise to changing 
the previously defined systems to 
be analysed?

Try to make a qualitative judgement 
of whether or not it is likely that the 
proposed PSS will entail environmental 
benefits, reflecting on: 

• Activities or product systems that the 
PSS induces (the PSS’ dependencies);

• Activities or product systems that the 
PSS avoids (the PSS’ substitutability);

• The risk of rebound effects.



“What to measure?”

The purpose of this Step is to guide 
the inventory data, gathering in the 
subsequent quantitative Step 5. 

The process mapping creates an 
overview of all data inputs required. 
This is done individually for each of 
the systems to be analysed. 

First, a visual overview of the 
processes is created in a flowchart 
(sub-step 4.1).

Then, the system boundary for 
each of the compared systems is 
defined, ensuring consistency 
in completeness and modelling 
approach, between the compared 
systems (sub-step 4.2).

Lastly, the impact categories 
included in the quantitative 
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Process mapping4

The “LCA practitioner” has the most 
significant role in this step, but should 
be supported by the “PSS designer” 
profile.

PSS designer

LCA practitioner

(   )

assessment should be specified, 
since this might influence the data 
gathering (sub-step 4.3).



Elementary �ows (resources 
from the environment)

Elementary �ows 
(emissions to the environment: air, 

water, land)

Figure 11 Product/service �ows and elementary �ows to and from a process

Product/service �ows
(input)

Product/service �ows
(output)Process

Figure 13 Segment of a process tree for a laundry service

1 year of clothes 
laundering

Clothes washing
X kg

Clothes drying
X kg

Packing
X kg

Transport
X tkm

Washing 
machine

X ps.

Detergents
X kg

Waste water 
treatment

Electricity
X kWh

Drying 
machine

X ps.
Plastic
X kg

Truck
X kg

Fuel
X kg

Truck
production

Truck 
end-of-life

Water
X l

Electricity
X kWh

Water 
production

Electricity 
production

Figure 12 Generic life cycle �owchart

Products,
services, energy

Products,
services, energy

Products,
services, energy

Raw 
materials

Product
Recovered
materials

Product

Waste Emissions Waste Emissions Waste Emissions

Production Use End-of-life

Life cycle flowchart

A horizontal mapping of the product 
system life cycle from cradle to grave. 
Especially relevant for a product support 
PSS, where the life cycle of the product 
plays a central role. Figure 12 shows a 
generic life cycle chart. 

For each life cycle stage, inputs and 
outputs (including materials, energy, 
transport services etc.) are mapped. All 
supporting products and services will 
have a life cycle flowchart of their own, 
which may be extracted or black-boxed 
in the visual chart.

Process tree

A vertical mapping of all product and 
service flows directly related to the 
functional unit. Especially relevant for 
activity support PSS, which is composed 
of sub-activities, and platform support 
PSS, which is composed of multiple 
product systems. In this type of chart, 
the reference flow for each process 
is easily visualised. In Figure 13, a 
segment of a process tree for a laundry 
service is shown. 

Note, that for this type of chart, all life 
cycle stages are mapped as inputs. For 
example both the production and end-
of-life of the truck needed for transport 
are modelled as inputs (in a life cycle 
database, this will often be included 
in a single process). Also, the process 
of waste water treatment is modelled 
as an input to clothes washing (it is 
the process of washing clothes that 
requires that waste water is treated).

Box 14 Supplementary information - Two types of flow charts
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4.1 Flowchart

From the system subdivision specification 
(sub-step 3.2), create visual flowcharts for 
both the PSS and the reference system, 
in order to provide an overview of all 
the processes and product/service flows 
needed to fulfil the functional unit. 

In a flowchart, activities (e.g. washing 
of clothes) are called processes and are 
represented as boxes, while product 
and service flows (e.g. water, detergent, 
electricity, transport service etc.) are the 
inputs and outputs from the processes 
and are represented by arrows. Note 
that in traditional LCA terminology, both 
product and service flows are termed 
“product flows”.

Processes (e.g. “clothes washing”) have 
inputs of products or services (e.g. “washing 
machines”) which are linked to processes 
(e.g. “production of washing machine”, 
“transport by truck” etc.). The size of the 
reference flow(s) determines how much 
is needed of each process to fulfil the 
functional unit. See also tip in Box 13.

Elementary flows are input or output 
flows originating or ending up in the 
environmental system. Examples are 
natural resources, extracted from the 
ground or emissions to water or air.  

Figure 11 shows the flows to and from 
a process delivering a single product or 
service output.

Since mapping the whole system can be 
rather complex, it can be useful to break 
down the flowchart to create a better 
overview, for example by having one or 
more flowcharts per life cycle stage. 

Another option is to create a more 
simplified visual diagram, showing only 
the main processes. Remaining product 
and service flows could be provided in 
lists or tables, supplementing the visual 
diagram.

Creating the flowchart will often be an 
iterative process. If visual mapping tools 
such as storyboards were used during 

the PSS design process or to support the 
system subdivision (sub-step 3.2), these 
can often be used as a starting point 
when creating the flow chart. 

Box 14 exemplifies two different types of 
flow charts.

Added processes or where volumes 
are increased, compared to the 
substituted system, will lead to 
induced impacts. Highlight these 
processes in the flowchart. In the 
laundry example, an added process 
would be transportation to and from 
laundry. A process where volumes 
would potentially increase is the 
electricity use from drying, since this 
will occur more often, compared to 
home-based laundering.

Similarly, when creating the reference 
systems' flowchart, highlight displaced 
processes or where volumes are 
reduced by the PSS, as they will lead 
to avoided impacts. For example, in 
the laundry case, it is assumed that 
the washing process will be more 
efficient, leading to less use of water 
and energy. 

In this way, a qualitative preliminary 
assessment of the causes for 
induced and avoided impacts is 
possible and the data gathering and 
quantification in Step 3 will help 
confirm or refute these assumptions.

Box 13 Tip - Highlight processes 
leading to induced and avoided 
impacts
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4.2 System boundary

Define the system boundary by evaluating 
if any of the identified processes can be left 
out of the assessment.

Delimiting the amount of processes 
included in the study can be both 
necessary and practical, in order to 
complete the first iteration of the study. 
Further iterations may expand the 
system boundary to ensure a higher 
level of detail in the analysed systems.

Delimitation: Unaffected processes
Unless it is of interest to quantify the 
total impact of the systems, it is only 
necessary to include the processes that 
differ between the compared systems. 
Processes that are unaffected and 
therefore equal in the compared systems 
will not contribute to the difference in 
performance and hence can be black-
boxed and left out of the assessment. 

In the laundry example, all processes 
related to the laundry process change 
and need to be included. However, if no 
changes occur in the amount of clothes 
being produced or in the way it is 
produced, the clothes production can be 
left out. Note, that this delimitation would 
already have been established in Step 2. 

Another example could be that it is 
discovered that the detergents are very 
similar in both laundry processes - both 
in terms of their production, amount 
used, and the subsequent disposal in 
the sewage system. These processes are 
therefore left out in the comparison.

Delimitation: Cut-off criteria
Processes might also be left out 
based on so-called cut-off criteria, 
which assume that the process 
contributes insignificantly to the overall 
environmental impact. 

According to the ISO standard on LCA 
(ISO 14044) several cut-off criteria 
are used in LCA practice to decide 
which inputs are to be included in the 
assessment, such as mass, energy and 
environmental significance. Examples 
of inputs that are typically left out 
include: services, such as administration 
(accountants, lawyers, IT services) and 
capital goods, such as infrastructure 
and buildings. These are left out under 
the assumption that they have minor 
contribution to the overall result. Note, 
however, that studies show that this 
is not always the case, and especially 
for PSS that depend on these types of 
inputs, it is recommended to keep them 
within the system boundary, at least in 
subsequent iterations of the study. See 
Box 15 for an example.

When comparing systems, it is important 
to keep in mind that the same level of 
completeness/cut-off criteria are applied 
for the systems under comparison.

The system boundary is also affected 
by the choice of how to model 
multifunctional processes (processes 
that have more than one product/
service output). See Box 16 for more 
information.

In the case of “Eco-driving”, besides 
the monitoring system, the PSS 
consists mainly of training seminars 
and consultancy, which could be 
perceived as having an insignificant 
environmental burden. However, 
when including the inputs on which 
these services rely such as travel 
and IT equipment, it would show 
that impacts related to these inputs 
make up a significant part of the 
total PSS induced impacts.

Box 15 Example - The importance 
of including services - the case of 
Eco-driving

During the process mapping, you will 
probably encounter multifunctional 
processes (processes that have more 
than one product/service output). 
An example is a wool t-shirt, which 
requires wool from sheep. The 
process “sheep production” delivers 
both wool and meat, and the wool 
should not account for all impacts 
associated with “sheep production”. 
For these types of processes, the 
modelling approach needs to be 
decided. 

The methodological choice will also 
influence the system boundary. The 
ISO standard on LCA has a hierarchy 
of how to deal with processes shared 
with other product systems:

1. Subdivide the process by 
function.

2. If subdivision is not possible (as 
would be the case in the example 
above), expand the system to 
include the additional functions 
related to the co-products. In the 
example, it would be to include 
the function of the meat. 

3. Only if this is not possible, apply 
allocation, where input and 
output flows are split between 
the co-produced products. 

In the next step, during data 
gathering, it is briefly discussed how 
the inventory data are influenced by 
the modelling approach decided. 

Box 16 Supplementary information 
- Multifunctional processes

4.3 Impact categories

Lastly, decide the environmental 
impact categories to be included in the 
assessment. 

Impact categories may have been 
decided earlier, maybe already in the 
goal definition. Otherwise, choosing 
relevant impact categories is important 
for the interpretation of the results and 
will depend on the type of product 
system(s) in focus and what is of concern 
for the intended audience of the study.

Appendix 1 provides guidance on how 
to choose impact categories. 

If a narrow range of impact categories 
(or only one) is chosen for the 
quantitative part of the assessment, it is 
recommended to state whether other 
impact categories have been identified 
as relevant during the previous steps. 

This information can be used in Step 
6 with regards to how well the results 
represent the overall environmental 
performance of the system and to 
recommend further work needed.

SUMMARISING QUESTIONS

• Which processes (activities) are 
needed to fulfil the functional 
unit?

• Which processes are assumed 
to lead to induced and avoided 
impacts?

• Are there processes that are 
unchanged between the 

compared systems and can they 
be left out?

• Are other cut-off criteria applied?

• Which approach is chosen for 
handling co-products from 
multifunctional processes?

• Which impacts categories will be 
measured?



“How to measure?”

In this step, the data are gathered 
for each process included within 
the system boundary, and the  
quantitative results are generated. 

Performing the data gathering 
(sub-step 5.1) and calculating the 
results for a PSS (sub-step 5.2) can 
in principle be done by following 
the LCA procedure, as described 
in ISO 14044. As such, if the LCA 
practitioner is experienced, the 
activities in this step will be well-
known and the reader can skip it. 

For novel practitioners, the sections 
provide a brief introduction to the 
life cycle inventory (LCI) phase and 
life cycle impact assessment (LCIA) 
phase of LCA, with emphasis on 
important aspects for assessing PSS.
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Quantification5

The main competence profile 
involved in this step is the LCA 
practitioner.

LCA practitioner
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5.1 Data gathering

Gather the inventory data for each process 
included in the assessment. 

Gathering the inventory data is often 
the most time-consuming task in an LCA 
study. See tip in Box 17 on how to focus 
the data collection. 

Inventory data are connected to two 
aspects in the established flowchart:
• Quantities of the product/service 

flows (how much?). 
• Data for each individual process 

(what?).

Flow quantity (How much?)
Flows connect all processes, and are in 
the end related to the reference flow(s). 
The flow quantities are the amount of 
product or service needed from each 
process to fulfil the functional unit. 

An example could be the amount of 
electricity used by washing machines 
for each of the laundry service scenarios 
(“how much” electricity), measured in 
kWh. A product/service flow can be 
quantified through measurements, 
calculations and/or estimations, often in 
combination. 

For simplicity, this guide distinguishes 
between two extremes for defining 
the flow quantities: actual data, and 
assumptions; with “proxies” being 
somewhere in between. While actual 
data can be measured (or to some 
extent calculated), assumptions rely on 
estimates. 

Assumptions are necessary, when actual 
data are not available. To reduce the 
level of uncertainty, assumptions can be 
based on measured or calculated data 
from other existing (similar) systems, 
through projections, expert opinions 

etc. Assumptions should somehow 
be justified and when they have high 
variability, it should be considered 
if different scenarios (e.g. best case, 
worst case and most likely) need to 
be modelled, in order to support the 
interpretation of the results (Step 6).

Process data (What?)
The process data are the product/service 
input flows and elementary input and 
output flows per unit of product/service 
output for each individual process.
In the previous example, the process 
data would model the electricity 

production (“what” electricity 
production?) in order to calculate 
the environmental impact per kWh 
produced. 

For each process, decide between two 
data source options: model the process 
using primary data, or model the 
process using secondary data sources, 
e.g. drawn from existing LCA databases. 

Taking into account the complexity and 
uncertainty, which often characterises 
PSS assessments, there will often be a 
high dependency on LCA databases, 

in order to ensure the required 
completeness and consistency in the 
assessment. However, some degree 
of primary and original data will 
always be needed for the processes 
identified as most important within the 
decision-making context (the so-called 
foreground system) see also Box 18. 

Furthermore, the decision on how to 
model multifunctional processes will 
influence the inventory data, see Box 19. 

Consider how the chosen modelling 
approach affects the inventory data.

1. This guide supports not only 
evaluations of established PSS solutions, 
but aims to support evaluations of 
pre-implementation as well, including 
assessing different design options. In 
these cases, the assessment will to a 
large extent be based on assumptions 
and will include several scenarios.

2. For multiple application scenarios 
and for platform support PSS, the 
assessment will include numerous 
product systems, and a high level of 
detail for all of these will often not be 
applicable.

3. A PSS often relies on many 
inputs, both in terms of products, 
services and support systems. This 
complexity requires a higher focus on 
completeness, often at the expense of 
data precision.   

Compared to an LCA of a simple 
product (e.g. a water container or a light 
bulb), assessing a PSS will often require 
that the level of detail in terms of data 
precision is compromised, in order to 
ensure the required completeness and 
consistency between the compared 
systems.

This guide supports evaluations with a 
relatively high uncertainty in terms of 
data precision (how large variations 
in the results), as long as the accuracy 
(how close to the true value) is 
appropriate for the defined study goal 
and scope.

There are three reasons for allowing 
a high tolerance in terms of data 
precision, also taking time and resource 
limitations into account:

Box 17  Tip - How to focus data collection so as not to get lost in the detail

These conditions will influence the 
data collection, which to a larger extent 
will have to be based on estimates 
and secondary data (data collected in 
previous studies, e.g. data found in LCA 
databases). 

While this might introduce uncertainty 
in terms of data precision, focusing on 
choosing the best representative data 
and modelling approach should help 
provide meaningful results.

High precision, 
low accuracy

High accuracy, 
low precision

Building on the established 
flowchart, a distinction between 
the foreground system and 
background system can be made. 

Processes in the foreground system 
are those within the sphere of 
influence of the decision-maker, 
while processes in the background 
system are those drawn upon, but 
that are not under direct control or 
decisive influence of the decision-
maker. While data for the processes 
in the foreground system can be 
gathered from the actual suppliers, 
producers, service providers 
and customers, processes in the 
background system often use data 
from other LCA studies, such as from 
LCA databases.

Box 18 Supplementary information 
- Foreground vs. background 
system Multifunctional processes were 

explained in Box 16 in Step 4.2, where 
the example of a sheep farm producing 
both wool and meat was used. Another 
example is combined heat and power 
production, where only the electricity 
is used by the product system. How 
inventory data are calculated depends 
on the modelling approach decided. 
If using system expansion, data must 
be gathered for the products that are 
substituted by the co-products not 
used in the product system under 
investigation. 

This is called the substitution approach, 
in which the alternative system 
substituted by the co-product is simply 
subtracted from the investigated 
system, in order to balance the input 
and outputs (illustrated in Figure 14). 
If allocation is applied instead, the 
inventory data for the multifunctional 
process are partitioned through a rule 
that reflects the underlying physical 
relationships between them (e.g. mass 
or energy content) or through other 
relationships such as economic value. 

Box 19 Supplementary information - Modelling multifunctional processes

Figure 14 The substitution approach. Adapted from the original ISO 14041:1998 
(which was merged with ISO 14042 and 14043 into the current ISO 14044 in 2006)

Investigated system

Product 
A

Product 
B

Product 
B

Product 
A

- =Investigated system Investigated system
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Lastly, decide if inventory data in the 
background system should be modelled 
using average data or marginal data. 

Average data represent the “market mix”, 
whereas marginal (or incremental) data 
represent the actual affected technology. 
While the marginal data can be argued 
to represent the actual consequence of 
a change better, it can be challenging to 
identify the correct marginal technology 
and the results can change drastically if 
the technology changes. 

In general, marginal data should be used 
to model changes when the accuracy is 
important, i.e. when the choice of data is 
important for the results and conclusions 
of the study.

Note that the data gathering is an 
iterative process, where better quality 
data can be collected for the important 
processes in the system, see tip in Box 20.

When deciding where to place the 
effort in terms of collecting better 
quality data, Figure 15 can be useful to 
consider. 

Emphasis should be put on collecting 
better data for processes that have a 
high sensitivity (influence on the results 
is high) and where the uncertainty in 
the initial data is high. 

As an example, the first screening of 
a laundry process shows that energy 
consumption during the washing 
process has a high influence on the 
results. 

Effort is therefore put on collecting 
better data on the actual energy 
consumption (“How much”), including 
to which extent it varies, as well as the 
modelling of the electricity production 
(“What”). 

Appendix 3 provides an explanation 
of Input-Output-based LCA, in 
contrast to Process-based LCA and 
the combination, termed Hybrid LCA, 
which has the benefit of ensuring 
completeness as well as data precision, 
with a high influence on the results.

Box 20 Supplementary information - Where to place the effort in data collection?

Sensitivity (how 
much is the result 
in�uenced)

Uncertainty (how 
representative is 
the data)High

High

Low

Low
Low

High

Figure 15 Prioritising data collection

5.2 Calculations

Perform calculations based on the 
gathered data.

Usually, an LCA software tool will be 
needed to collect and analyse the data, 
especially since PSS assessments will 
often draw on the LCA databases readily 
available in these tools.

The summarised calculations can be 
made on the inventory level (leading to a 
life cycle inventory (LCI) result) or - more 
commonly - through performing a life 
cycle impact assessment (LCIA), where 
each inventory flow is translated into 
environmental impacts.

For example, the amount of minerals 
consumed and the amount of CO2 
emitted would be two LCI results, while 
mineral extraction potential (for the 
impact category resource depletion) and 
global warming potential (for the impact 
category climate change) would be the 
corresponding characterised results of 
the LCIA. 

The LCI result merely summarises the 
inventory results in relation to the 
functional unit and does not say much 
about the potential environmental 
impact. 

Most environmental assessments would 
therefore require an LCIA, which is also 
a requirement in the ISO standards on 
LCA. 

The LCIA method chosen will determine 
how inventory data are characterised. 
Remember to state the LCIA method 
used.

SUMMARISING QUESTIONS

• Which processes will require 
primary data and which may rely 
on secondary data?

• Which data sources are used?

• Is allocation applied and if so, by 
which criteria?

• Which assumptions are most 
uncertain and should be subject 
to sensitivity analysis?

• In the case of conducting an 
LCIA, which method is applied?

• Is an LCA software utilised?



“What to conclude?”

In this step, the calculated results 
are evaluated in terms of their 
validity. 

The quantified results are interpreted 
in relation to the goal of the study 
(sub-step 6.1), and together with the 
qualitative results from Steps 2, 3 
and 4, the overall study results and 
conclusions are communicated to 
the intended audience (sub-step 6.2). 

As a last sub-step (6.3), the results 
can optionally be supported by 
recommendations, addressing 
potential areas of improvement. 
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6 Interpretation and 
recommendations

All three competence profiles need to 
be involved in this final step.

Strategic decision-maker

PSS designer

LCA practitioner
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6.1 Results evaluation

Evaluate the results in terms of their 
validity.

The result evaluation might include 
completeness checks, sensitivity checks, 
and consistency checks as described in 
the ISO standard 14044.

What needs specific attention in regards to 
evaluation of a PSS, are the parameters 
that have a high influence on the 
results and at the same time have high 
uncertainty (e.g. in the case of unverified 
assumptions or high data aggregation). 
The result evaluation can be supported 
by a scenario analysis, where the 
purpose is to evaluate different options, 
where parts of the product system are 
changed, see example in Box 21.

Using parameters and varying these 
can also be used to find optimums or 
break-even cases, in order to argue 
under which circumstances the PSS is 
environmentally superior.

In the case of the laundry service, 
the household habits in terms of the 
drying behaviour might have been 
hard to gather data on. In these 
cases, it is recommended to perform 
a sensitivity check by formulating a 
worst case (all users dry their clothes 
in tumble dryers) and best case (all 
users hang their clothes out to dry), in 
addition to the most likely case used 
in the assessment.

Box 21 Example - Laundry service

6.2 Results communication

Present the overall study results, taking 
into account both qualitative and 
quantitative findings.

How the results of the assessment are 
presented depends on the intended 
audience and the application of the 
results. The results should be presented 
in a relevant, transparent, and illustrative 
way. 

The following aspects may be included 
in the report or presentation of the 
study result:

• The stated study goal

• The type of study scope (PSS 
consequences, comparison or 
optimisation)

• The type of PSS support (activity, 
product or platform)

• The PSS strategy(ies) and their 
impact reduction potential

• The defined systems for analysis and 
assessed scenario variations

• The functional unit 

• The consumption factors identified 
that might cause rebound effects 

• The quantified results in the shape of a 
visual chart, comparing the PSS and the 
reference system (variations may be 
included to show different scenarios)

• A statement of the main parameters 
that influence the results

• An evaluation of whether the results 
are significant (will the proposed 

improvements lead to statistically 
significant impact or do they lay 
within the uncertainty of the results?)

• Under which circumstances the 
PSS has the largest impact-saving 
potential (for multiple scenarios, 
which performs the best and why?)

• The most important processes 
contributing to induced impacts 
within the PSS (which ones are added 
and which have the largest impacts 
within the PSS?)

• The most important causes of 
avoided impacts in the reference 
system (which processes should the 
PSS influence or substitute to reduce 
impacts?)

• A discussion of chosen impact 
categories, including if impact 
categories were identified as relevant 
but not assessed for various reasons

• Potential trade-offs between impact 
categories (e.g. if the PSS has higher 
metal depletion potential but lower 
global warming potential)

Box 22 Tip - What to include in the result communication?

Inspiration on what to include in a report 
is found in Box 22.

Start by recapping the goal definition 
and ensure that the results of the study 
actually answer to the study purpose.

Supplement the quantitative results with 
a qualitative description, stating the main 
learnings from the study, especially from 

Consider the example of a PSS 
for “eco-driving”. The avoided 
impacts come from reduced fuel 
consumption, while induced 
impacts come from the products 
(e.g. monitoring equipment) and 
the activities needed for realising 
the fuel savings (e.g. training 
sessions, which includes travel etc.). 

For the impact category, such as 
climate change, the saved fuel 
decreases the amount of CO2 
equivalents emitted, while the 
PSS-induced activities add CO2 
equivalents. 

The impact savings are the avoided 
impacts subtracted from the PSS 
induced impacts. 

The identical elements of the 
reference system and the PSS were 
not included (e.g. the impact of truck 
production and end-of-life handling).

It is expected that the customer’s 
expenses for the PSS elements will 
be less than the cost savings from 
the saved fuel, and this difference 
will most likely lead to a rebound 
effect. 

This rebound effect can either 
be stated as a study limitation, 
qualitatively assessed (by 
investigating how the saved money 
is or could be spent), or it could be 
quantified. The choice will depend 
on time and resources available, as 
well as the stated goal definition.  

Box 24 Example - Eco-driving

Avoided impacts come from the 
laundry service being more efficient, 
due to upscaling and sharing of 
equipment, while induced impacts 
come from increased transport 
(to and from the laundry facility), 
increased energy for drying of 
clothes, and packaging.

The assessment shows that overall 
impact savings are achieved 
when comparing the PSS and the 
reference system. 

However, the customer will save time 
on clothes washing, which could 
lead to the clothes being washed 
more often, potentially leading to a 
shortened lifetime of the clothes due 
to of increased abrasion. 

On the other hand, the PSS is more 
expensive, so the customers have to 
spend more money, meaning that 
less money is available for alternative 
consumption (secondary benefit). 

These considerations are 
recommended to include in 
future work, to see under which 
circumstances the PSS has higher 
impacts than the reference system.

Box 23 Example - Laundry service

the activities performed during Steps 2, 
3 and 4, as well as main limitations and 
assumptions influencing the results. 

The overall findings of the study 
should help conclude under which 
circumstances the PSS under study 
leads to environmental impact savings 
or not.  Three main aspects should be 
highlighted:

• The PSS’ dependencies (induced 
impacts): Does the PSS depend on 
new support systems, infrastructure 
and services, which are added, 
compared to the reference system? 
Are any of the related processes left 
out of the assessment, which could 
jeopardize the results?

• The PSS’s substitutability (avoided 
impacts): Does the result depend on 
the PSS’ ability to substitute specific 
products systems and has the study 
revealed any concerns about their 
substitutability?

• Rebound effects: Is there a risk that 
the PSS will increase the demand for 
the products/services (direct rebound 
effect) or other consumption (indirect 
rebound effect)?

Boxes 23 and 24 provide examples of 
communicating avoided and induced 
impacts and rebound effects. Lastly, 
supplement the result communication 
with recommendations for further work 
needed. This may include:

• If more iterations are necessary to 
enable conclusions and answer to the 
study goal.

• For which processes, more or better 
data could or should be gathered.

• Which further scenarios could be 
assessed.
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6.3 Recommendations (optional)

If the purpose of the study is to provide 
suggestions for improvements, 
use this final sub-step to provide 
recommendations, based on the findings. 

The type of recommendations will 
depend on the study purpose and might 
include the following: 

Design recommendations 
The study will often have identified areas 
with potential for design improvements 
within the PSS. The purpose of this guide 
is not to provide an extensive list of 
ecodesign options for PSS.
 
However, as inspiration, product design 
improvement could include:

• Design for repairability and 
upgradeability

• Design for dismantling and material 
recycling

• Design for improved maintenance 
and operation

In terms of process design, 
recommendations could include 
optimising processes with a relative high 
impact. An example could be optimising 
route-planning for collecting clothes in 
the case of the laundry service, in order 
to reduce the transport need.

Unexplored PSS strategies
In sub-step 2.3, the employed PSS 
strategies were identified. However, the 
PSS setup might be expanded to include 
other strategies. As such, the evaluation 

might inspire to conduct a subsequent 
evaluation of the effect of employing 
more strategies.

For example, could the laundry 
service include a take-back service for 
used textiles and would that lead to 
environmental improvements, compared 
to the alternative end-of-use treatment?

Mitigating rebound effects
In Step 3, the potential causes of 
rebound effects were identified. 
Examples include: 

• The PSS led to cost savings 
• The PSS helped customers save time
• The PSS provided easier access to 

products 
• The PSS was more comfortable

These changes in consumption 
factors would most likely lead to 
rebound effects, in terms of increased 
consumption.

Even though the environmental 
impact of these rebound effects might 
not be quantified, it could be part 
of the recommendations to provide 
suggestions as to how they might be 
mitigated.  

If the PSS is a cheaper solution than 
the alternative, could value be added 
(e.g. extra services that add intangible 
experiences), in order to allocate the 
saved money back to the PSS and avoid 
the rebound effect? 

In the case of the car-sharing system, 
how can the system be supported 
to attract private car owners and not 
people currently riding bicycles, who 
could perceive the car-sharing system as 
more comfortable and time saving?

PSS support and lobbyism
In many cases, ensuring a successful 
implementation of a PSS will require 
support systems and perhaps even 
political support. 

For example, in the case of a car-sharing 
system, ensuring environmental 
improvements equals ensuring that it 
is primarily current or potential car-
owners who use the system. This entails 
that a successful car-sharing system 
within a city is supported by the public 
infrastructure.  

In some cases, regulations challenge 
a potential PSS solution because of 
different price structures, compared 
to traditional business models. Even 
though this does not directly affect 
the environmental performance of the 
PSS, it might affect its adoptability. 
The evaluation of the PSS might reveal 
such issues and it could be part of the 
recommendation to suggest which 
regulatory hurdles need to be overcome 
and which positive consequences this 
might have for the environmental 
potential.   

SUMMARISING QUESTIONS

• How are the results evaluated in 
terms of validity, sensitivity and 
uncertainty?

• Which parameters are varied 
in order to perform sensitivity 
checks and/or scenario analysis?

• What can be concluded in 
relation to the study goal, 

considering both the qualitative 
and quantitative findings?

• Which recommendations are 
proposed based on the overall 
study?

• How to mitigate the rebound 
effects?
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Glossary

Product/Service-System (PSS): 
Product(s) and service(s) combined 
in a system to deliver required user 
functionality.

Product: A physical good (e.g. a 
computer) or a non-physical good (e.g. 
a piece of software) provided to the 
customer for him/her to make use of.

Service: Activity performed on behalf of 
the customer.

Reference system: The baseline 
situation, which is altered by the PSS 
under study or is compared to the PSS 
under study. Can be either internal (a 
variant of the PSS itself ) or external (a 
comparable alternative or the affected 
contextual system), depending on the 
study scope, see below.

PSS study scopes:

PSS optimisation: A study scope, where 
the reference system is internal. The 
purpose is to assess variants of the PSS 
itself.

PSS comparison: A study scope, where 
the reference system is a pre-defined 
comparable alternative.

PSS consequences: A study scope, 
where the reference system is the 
contextual system affected by the PSS.

Avoided impacts: When a PSS replaces 
or reduces the need for processes in the 
reference system, this leads to avoided 
impacts.

Induced impacts: When a PSS 
introduces or increases the need for 
processes in the reference system, this 
leads to induced impacts.

Rebound effect: When the actual 
impact savings from an improvement 
are less than expected, because of 
behavioural or systemic responses.

Secondary benefit: Same as “negative” 
rebound effect: When the actual impact 
savings from an improvement are higher 
than expected, because of behavioural 
or systemic responses.

Impact category: Classification of 
environmental issues of concern, to 
which life cycle inventory analysis 
results may be assigned (ISO 14044). E.g. 
“carbon dioxide (CO2) emissions” are 
assigned to the impact category “climate 
change”.

Intended audience: Stakeholders 
who will make use of the study result, 
including the decision-makers who will 
be able to influence the result.

Study commissioner: Stakeholder who 
initiates and finances the study. Can be 
different from the intended audience.

PSS Business models: 

Result-oriented PSS: The customer pays 
for the product outcome or an overall 
result delivered, where the product 
and service elements are the means for 
providing the result.

Use-oriented PSS: The customer does 
not own the product but pay for product 
use, e.g. through leasing and renting 
schemes.

Product-oriented PSS: Products are 
sold to the customer and services are 
added over the life cycle, in order to 
support the product.

Types of PSS support:

Activity support: The PSS supports 
or substitutes an activity on behalf of 
customer.

Product support: A product is 
supported through life cycle services or 
offered as a service (e.g. through leasing 
agreements).

Platform support: Products and 
services are offered on a platform 
for customers to use e.g. through 
subscriptions or short-term rentals.
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PSS strategy: The strategy embedded in 
a PSS offer, through which the customer 
is supported.

PSS potential: When a PSS strategy has 
the potential to lead to environmental 
impact reductions.

Product system: Collection of processes, 
which deliver the product and service 
flows required to obtain the specified 
functionality, and which model the life 
cycle of a product.

Note that this definition is slightly different 
from the definition in the ISO 14044 
standard on LCA.

Substitution: The alternative product 
system(s) displaced by the PSS under 
study. 

Note that the term substitution is also 
used in LCA when modelling the individual 
processes constituting the product 
system. In the case of a multifunctional 
process (when a process has more than 
one product output e.g. as in the case of 
combined heat and power production) 
the substitution is the alternative product 
displaced by the by-product.

System boundary: A set of criteria 
specifying which processes are part of a 
product system (ISO 14044).

System functionality:  Describes what 
the system should provide, in order to 
fulfil the user’s need = a description of 
the system requirements. 

Function: Describes what the system 
can provide = a description of the 
performance characteristics. 

Note that in other LCA guidelines, the term 
function is normally used instead of system 
functionality, which is the term used in 
this guide when expressing the functional 
outcome of a PSS.
 
Functional unit: Quantified 
performance of a product system for use 
as a reference unit (ISO 14044).

Reference flow: Measure of the outputs 
from processes in a given product 
system, required to fulfil the function 
expressed by the functional unit (ISO 
14044).

Utility/value: Expresses “how well” 
the need is fulfilled, also taking 
“non-functional” quality aspects into 
account, when expressing the system 
performance. 
Utility: Objective judgement. 
Value: Subjective judgement.

Consumption factor: Driver that 
influences the utility and value of a 
solution and therefore might trigger 
rebound effects.
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Appendix 1 Impact categories

If not predefined by the intended audience, 
choosing impact categories should be based 
on an informed decision.

If following the ISO standard on LCA, the 
selection of impact categories is intended to 
reflect a comprehensive set of environmental 
issues related to the product system being 
studied, taking the goal and scope into 
consideration. As such, it is recommended 
that all impact categories that are found to 
represent an area of environmental concern 
related to the product system being studied are 
included in order to identify potential trade-offs 
between impact categories (e.g. if the PSS leads 
to a decrease in greenhouse gas emissions but 
an increase in mineral depletion or toxicity). 

The table on the right provides an overview of 
the most common impact categories used in 
LCA (adapted from the LCIA method ReCiPe).
For an explanation of each impact category, 
see e.g. Acero et al, LCIA methods - Impact 
assessment methods in Life Cycle Assessment 
and their impact categories, GreenDelta, 
2017, www.openlca.org.   

Note that other impact categories than 
those listed here might be considered as well, 
potentially also including economic or social 
impacts.

How to simplify communication and 
delimit impact categories?
For a study covering a broad range of 
impact categories, communication may be 
simplified by translating impacts into “end-
points” covering the so-called “three areas of 

protection”: Human health, Ecosystems and 
Resource availability. 

These three can further be translated into a 
single score using weighting. Even though this 
might ease communication, the approach is 
problematic, since weighting requires value 
choices (which environmental impacts are 
more important) and it also becomes difficult 
to trace which environmental issues the PSS 
improves or contributes to. Even though 
choosing a broad range of impact categories 
is recommended, it is also acknowledged 
that choosing a few and well known impact 
categories can reduce complexity and ease the 
data gathering as well as communication. 

A recommended approach when assessing 
PSS is to focus on the impacts that are the 
most relevant for the systems under study, 
taking both the reference system and the 
PSS into account. Choosing which impacts 
are the most relevant can be done through 
examination of existing LCA studies of the 
product system in focus together with 
industry-specific reports on environmental 
issues, regulations, and concerns. 

Climate change is a commonly used indicator 
(often expressed as a Carbon Footprint) and 
for some product systems this provides an 
acceptable metric. This would be the case 
for product systems, where there is a strong 
correlation between impact on climate change 
and other impacts of concern. However, 
impacts to be aware of that often have poor 
correlation with climate change are: resource 
depletion, toxicity and land use.  

Note however, that including indirect land use 
change in the greenhouse gas inventory will 
often improve the correlation between climate 
change and land use.

Examples of product systems with a strong 
correlation between impact categories 
are infrastructure-related products 
such as buildings and power plants and 
transportation systems. These have a high 
correlation between processes contributing 
to climate change (mainly from fossil fuel for 
energy production) and processes contributing 
to impacts on toxicity and resource depletion 
(e.g. from steel production). However, for other 
product systems such correlations may be poor, 
and if it is of interest for the intended audience, 
it is recommended to include other relevant 
impacts to support decision making. If only 
a few or a single impact category is included 
in the assessment, it may be supported by 
argumentation of correlated impact categories 
and/or suggestions on which impact 
categories could be included in future work.

Since this guide is intended to also support 
more streamlined assessments in contrast 
to a full LCA approach, it is acknowledged 
that simplified measurements such as the 
MECO approach (measuring the amount 
of Materials, Energy, Chemicals and Other 
impacts) can be useful, as long it is in line 
with the study purpose.

For more information about MECO, see 
Pommer et al: Handbook on Environmental 
Assessment of Products, The Danish 
Environmental Protection Agency, 2003.
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Impact category Impact indicator Main elementary flows of 
concern

Examples of characterisa-
tion units
(*in ReCiPe 2016)

Acidification Increase of the acidity in water and soil 
systems

Ammonia (NH3), Nitrogen oxides 
(NOx), Sulphur oxides (SOx)

Kg SO2 equivalent*

Global warming Disturbances in global temperature and 
climatic phenomena

Carbon dioxide (CO2), Methane 
(CH4), Dinitrogen monoxide (Ni-
trous oxide) (N2O), CFC-gasses, etc.

Kg CO2 equivalent*

Resource depletion/scar-
city 
Sub-categories:
Mineral resource scarcity
Fossil resource scarcity 
Water consumption

Decrease of resources (renewable and 
non-renewable) 

Mineral use (copper, gold etc.), Use 
of fossils (oil, gas, coal), Water use

Kg CU equivalent (mineral con-
sumption)* 
Kg oil equivalent (fossil fuel con-
sumption)*
m3 (water consumption)* 

Ecotoxicity 
Freshwater ecotoxicity  
Marine ecotoxicity 
Terrestrial ecotoxicity 

Biodiversity loss and/or extinction of 
species

Heavy metals, Toxic organic 
chemicals

Kg 1,4-DBC equivalent*

Eutrophication 
Freshwater eutrophication, 
Marine eutrophication 

Increase of nitrogen and phosphorus 
concentrations, in natural water systems 
which causes formation of biomass (e.g. 
algae)

Ammonia (NH3), Nitrogen oxides 
(NOx), Nitrates (NO3-), Phospho-
rous (P)

Kg P equivalent (freshwater)*
Kg N equivalent (marine)*

Human toxicity Cancer, respiratory diseases, other 
non-carcinogenic effects and effects to 
ionising radiation

Various chemicals releases Kg 1,4-DCB equivalent*

Ionising radiation Health effects of the radiation (health 
decline, cancer, illnesses, etc.)

Radionuclides (radiation types α-, 
β-, γ-radiation and neutrons)

Kg U235 equivalent 
kBq Co-60 to air eq*

Land use 
Agricultural land occupation 
Natural land transformation 
Urban land occupation 

Species loss, soil loss, amount of organic 
dry matter content, etc.

Land use m2a (square metre of land integrat-
ed over time)
Annual crop eq*

Ozone layer depletion Increase of ultraviolet UV-B radiation 
and number of cases of skin illnesses

CFCs, Halons , HCFCs Kg CFC-11 equivalent*

Particulate matter Increase in different sized particles 
suspended on air (PM10, PM2.5, PM0.1) 
causing health problems such as cardio-
vascular and respiratory tract diseases

Particulates, Ammonia (NH3), 
Nitrogen oxides (NOx), Sulphur 
oxides (SOx)

kg PM2.5 eq*

Photochemical oxidation
Human damage
Ecosystem damage

Smog increase Carbon monoxide (CO), Sulphur di-
oxide (SO2), Nitrogen oxides (NOx), 
NMVOC (non-methane volatile 
organic compounds), etc.

kg NOx eq.*
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Appendix 2 Modelling different end-of-use options

When a PSS includes end-of-use strategies 
that either increase product longevity or 
extend the use of products or materials into 
multiple use cycles, it becomes relevant to 
include the effect of these in the assessment. 
Even though many terms exist covering 
reuse, re-manufacturing, and recycling 
processes, we here narrow down to four 
end-of-use routes. The table on the right 
provides a suggestion of how to model the 
avoided impacts for each end-of-use routes.
Each route is illustrated with a symbolic 
figure showing the three overall stages of 
a product life cycle: production, use and 
end-of-life.

1 Direct product reuse (same function, 
same use context)
The product is retained or taken back 
after use, potentially repaired, cleaned, 
refurbished/upgraded or re-manufactured 
and sent back into the same use. The 
PSS ensures that the reused product has 
the same value as the new product and 
therefore it displaces a new product. 

2 Product redistribution (same function, 
new use context)
The product is sold as a second-hand 
product for the same type of use. It might 
be treated in some way first (as with direct 
reuse) in order to increase the value. The 
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End-of-use 
route

Subse-
quent 
product 
function

Subse-
quent 
use 
context

How to model Notes

1 Direct 
product 
reuse

Same Same Similar to improved product maintenance, direct product reuse may 
lead to product longevity resulting in fewer products needed to fulfil 
the functional unit.

If a re-manufactured 
product is not replacing 
a new product, but is sold 
at a lower value or in a 
different market, this is 
"product redistribution" 
not "direct reuse".

2 Product 
redistribu-
tion

Same New 
(second-
hand 
market)

If the buyers of the product are known, the assessment can include 
investigating to which extent...

1. ...The product displaces a new product (the buyer buys the second-
hand product instead of a new): On the market this reflects that 
the demand for second-hand products is higher than the supply. 
"Decreased lifetime" or "loss in technical properties" is used as 
a proxy to distribute impacts between first and subsequent use 
cycles.

2. ...The product increases utility (e.g. the buyer uses the product as 
an extra product, which he would not have bought if this option 
was not available). On the market this reflects that the demand 
for second-hand products is lower than the supply. No credit is 
given to the PSS provider, who will bear the full burden of the 
environmental impact. 

If the product’s second-hand use and the market conditions are 
unknown, "value correction" can be used as a proxy to distribute 
impacts between life cycles. In example, if a car-sharing company sells 
the cars after 2 years at 50 % of the price of a new car, they account 
for 50 % of the impact from car production and end-of-life treatment.  

Note that social impacts 
are not considered here. 
Making products and 
technologies available 
for people who did not 
previously have access 
can have positive social 
effect as well as positive 
indirect environmental 
effects.

3 Indirect 
reuse 
into new 
applications

New New (mar-
ket of the 
displaced 
product)

The study includes identifying the products that are being substi-
tuted and assessing the environmental impact of the alternative, 
substituted product in order to quantify the avoided impacts.

4 Material 
recycling

- - How recycling is modelled in LCA is highly debated, but in principle 
the guidelines for product redistribution can be followed when the 
recycled material can be used for the same purposes as the virgin 
material, while principles for reuse into new applications can be used 
for materials that are recycled into new applications.

second-hand product has a lower value than 
a new product and therefore only partly 
displaces a new product.

3 Indirect reuse into new applications 
(new function, new use context)
The product is given a new purpose 
after end-of-use. The term up-cycling is 
sometimes used when the new application 
represents a higher use (has a higher value) 
compared to if the product/material was 
used for its original purpose. However, also 
for products where it is not possible to use 
the recycled material as a replacement of 
the same virgin material (as is the case for 
most textiles), it can be a strategy to reuse 
the product/material in new applications 
(e.g. use the worn out textiles to produce 
building material). The reused product is 
not replacing the same type of product but 
another product.

4 Material recycling
After end-of-use, the product undergoes 
end-of-life treatment, in which material is 
recovered and reused for the same or new 
applications. The displacement potential 
depends on material quality and second 
hand market conditions.

Note, that these end-of-use routes are 
usually seen as alternatives to landfilling or 
waste incineration. When compared to waste 
incineration, potential energy recovery from 
the incineration should be included in the 
assessment. In some countries, waste is an 
important input for producing electricity 
and heat and the waste substitutes other 
ways of producing the energy.

Also note that this appendix is only about 
assessing the avoided impacts from end-
of-use strategies. The impacts caused by 
processes such as repairing, refurbishing 
and recycling the products/materials into 
new uses should be accounted for when 
modelling the induced impacts from the PSS.
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Appendix 3 Process, Input-Output, and Hybrid LCA

When gathering inventory data for the 
background system, two distinct approaches 
in LCA exist. 

A process-based LCA builds the data “bottom 
up” for each process by identifying the inputs 
to the process (primary inputs) then the 
inputs to that input (secondary inputs) and 
so on. 

In contrast, an Input-Output (IO)-based 
approach uses economic input-output 
tables for countries and regions, published 
by national statistic agencies, coupled with 
environmental data such as emissions and 
resource use to understand environmental 
impacts on a sector level. 

Utilising IO-based data for LCA purposes can 
be seen as a “top-down” approach, since all 
flows between sectors in the economy is by 
default taken into account. 

Limitations of the process-based approach
While the process-based approach allows for 
more precision than the IO-based approach, 
it can be time-consuming and third-order 
inputs and beyond can easily be “forgotten”, 
resulting in so-called cut-off errors where 
a significant part of the system is excluded 
from the system boundary, leading to an 
underestimated environmental impact. 

Limitations of the IO-based approach
For the IO-based approach, the main 
limitation is the sector aggregation, since 
the number of sectors represented in the 
model depends on the data availability from 
statistical agencies. 

This results in lack of precision, since sectors 
may be too heterogeneous to correctly reflect 
a particular process or product. 

Other limitations include data age (data are 
often several years old), limited coverage 
of environmental indicators (often limited 
to certain resources and emissions), and 
price sensitivity (transactions are typically in 
monetary units). 

Hybrid approach
IO-based models are continuously improved 
to mitigate the above mentioned limitations, 
i.e. by creating hybrid databases, which 
combines IO-based data with mass-flow 
analysis in order to eliminate price sensitivity 
and by disaggregating sectors by combining 
different data sources. 

LCA software such as SimaPro, but also 
open access data sources such as eiolca.net 
provides access to IO-based databases.

A hybrid LCA aims to combine “the best of 
the two worlds”, in order to ensure the level of 
completeness as well as the level of precision 
required for the study. 

A hybrid LCA can be conducted in a tiered 
approach, where the “holes” in the process-
based LCA is filled using IO-based data. 

It can also be conducted in an embedded 
approach, where an IO-based process is 
modified by changing inputs in order to make 
the process more representative.

The three approaches are summarised in the 
table at the right.
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Method Description Main advantage Main disadvantage Recommended application

Input-
output LCA

Top-down approach, where 
economic input-output tables are 
combined with environmental data 
on sector level

Product/Service flows are 
calculated per monetary unit

Completeness Sector aggregation Covering “hard to get data”, e.g. 
for service sectors, which would 
otherwise have been omitted 
(financial data can be used as 
input data)

Creating rough estimates (“hot-
spot” analysis) to understand the 
orders of magnitudes 

Country and sector-level 
assessments

Quantifying rebound effects 
based on average consumption, 
taking the whole economy into 
account

Process LCA Bottom-up approach, where 
processes are build input by input, 
assessing environmental impacts

Product flows are calculated per 
physical unit (Kg, kWh, km etc.)

Precision Time- and resource 
intensive

Simple product-level assessments

Hybrid LCA IO-based data and process-based 
data are combined

Hybrid database: Services are 
in monetary units and physical 
products are in physical units (kg, 
kWh) based on combining IO-data 
with mass flow analysis on a meta 
level

Hybrid approach: a product system 
or process is built on combining IO-
based data and process-based data 
in either an embedded (starting 
from the IO-based data) or tiered 
(starting from the process-based 
data) approach

Combines overall 
completeness with 
precision for specific 
processes where primary 
data are available and/or 
data uncertainty is high

Can cause double-
counting and 
inconsistency between 
data sources

Assessment of complex product 
systems and organisational LCA 
(in order to cover all upstream 
impacts)
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In this appendix, a series of PSS case examples 
are introduced – one for each of the PSS 
strategies presented in step 2.3. The descriptions 
are a combination of hypothetical and real PSS 
solutions. 

Case 1: PSS for hull cleaning of tanker 
ships

PSS support: Activity support
PSS strategy: Operational support

During the operation of a ship, a part of the 
hull is always immersed in the water, and 
therefore marine organisms accumulate 
on it. This undesirable accumulation of 
micro-organisms, plants, and animals is 
termed marine biofouling, and the result is 
increased fuel consumption due to generated 
roughness. To prevent marine biofouling, 
hulls are equipped with antifouling systems. 

The most important part of the antifouling 
system is the antifouling paint that provides 

a low-friction, ultra-smooth surface to 
prevent settling, while dispersing a mix of 
toxic biocides to hinder fouling. Tanker ships 
are repainted every five years when in dry-
dock, after which the antifouling system is 
supposed to protect the vessel. 

In many cases, however, aggressive fouling 
might develop on the hull, due to high 
fouling pressure especially in warm waters, 
low sailing speeds, and paint detachment 
caused by mechanical damage or incorrect 
paint application. In these cases, in-water hull 
cleaning is required. 
During hull cleaning, the hull is cleaned by a 
team of divers using hull cleaning machines 
that brush the hull. 

The PSS under study is offered by the paint 
provider as a performance agreement. 
Through the PSS, the provider monitors the 
performance of the hull and suggests when 
and how a hull cleaning should be conducted 
in order to ensure that the paint performs. If 

the cleaning is done in the wrong way or too 
often it will damage the paint. 
The purpose of the study is to evaluate the 
potential environmental impact savings from 
the performance agreement, where hull 
cleanings are initiated whenever the ship's 
fuel penalty is above a certain threshold. The 
threshold has been determined through a 
cost/benefit analysis on economic costs. 
The study evaluates the avoided impacts 
from reduced fuel consumption vs. induced 
impacts from the extra hull cleanings, 
including the materials and energy used for 
the cleaning process as well as the potential 
changes in the toxic impact on the marine 
environment. 

Since the PSS only influences the operational 
stage of the paint, the substitution is a single 
life cycle stage.

Study scope: PSS optimisation

Functional unit example: Monitoring and 
cleaning the hull of a medium range tanker 
vessel throughout the five year life cycle of the 
antifouling paint.

Case 2: PSS for cleaning of hospital floors

PSS support: Activity support
PSS strategy: Optimised result

A PSS is offered, where hospital floors are 
cleaned using a special cleaning system. 
The cleaning system involves the use of 
special fibre mops, which makes it possible 
to increase the level of hygiene while 
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eliminating the need for chemicals and 
reducing water consumption. The mops are 
washed and dried at the PSS provider’s own 
industrial laundries. Embedded tags (RFID) 
are used to trace the mops, eliminating 
unintended waste during use. 

The PSS provider has commissioned an LCA 
study comparing their cleaning system with 
the traditional way of cleaning hospital floors 
using traditional cotton mops and where 
local laundering machines are used to wash 
and dry the mops.

Since the PSS influences the whole life cycle 
of the mops, the substitution is a single life 
cycle.

Study scope: PSS comparison

Functional unit example: Cleaning of 100 m2 of 
hospital floor in one year.

Case 3: PSS for shared lawnmowers

PSS support: Product support
PSS strategy: Product sharing

Eight households in a residential area are 
considering if they should purchase a PSS 
involving a shared lawnmower and repair/
service contract for 10 years as an alternative 
to each owning an individual machine. 

Prior to their purchase, they want to know 
what a sharing-system would imply in terms 
of carbon footprint and costs. 

In order to compare different options, the 
households have contacted a company that 
offers PSS for lawnmowers. 

Two versions of the PSS are offered: One 
where a normal sized lawnmower (similar to 
the privately owned) is shared and replaced 
with a new every second year. And one 
where a large sized lawnmower is maintained 
throughout all 10 years. 

Since the PSS influences how many 
lawnmowers and the type of lawnmower 
that needs to be produced, the study needs 
to take the full life cycle of the lawnmowers 
into account, and the substitution is a single 
product system.

Study scope: PSS comparison

Functional unit example: Mowing of 4800m2 

lawn (corresponding to 8 households) for 10 
years.

Case 4: PSS for maintenance of truck tyres

PSS support: Product support
PSS strategy: Maintenance

A truck tyre manufacturer offers its customers 
a predictive maintenance service based on 
condition monitoring. 

The solution relies on a set of sensing devices, 
which is able to collect and transmit real-time 
condition data of the tyres. After analysis, 
the system will provide maintenance advice. 
The aim of the solution is to prolong the 
tyres’ lifetime and optimise the maintenance 
operations to improve truck productivity. 

The company is interested in a study that 
compares the traditional maintenance service, 
which requires regular inspections and 
maintenance of all tyres, with the condition-
based monitoring PSS, which can predict 
breakdowns based on the real condition of each 
tyre and help the customer make a judgment as 
to whether or not a repair is needed. 

Through this strategy of predictive 
maintenance, the use-stage of the tyres may 
be extended, resulting in avoided impacts 
from a decreased demand for tyre production 
and thereby raw material and waste handling. 

However, induced impacts will arise from the 
monitoring system and sensors that needs 
to be installed and operated. Since the PSS 
influences the whole life cycle of the product 
(the tyre) the substitution is a single product 
system. Photo with permission from Triton Diving Services



When defining the system functionality and 
the functional unit, the functionality of the 
PSS is to improve the truck productivity per 
mileage and the functional unit needs reflect 
the truck’s transport function.

Study scope: PSS comparison

Functional unit example: Operation of a 
80,000 lbs truck for 50,000 miles on average 
“on/off road condition” (a mixture of improved 
secondary and aggressive road surface).

Case 5: PSS for reuse of hospital textiles 
into new applications

PSS support: Product support
PSS strategy: Take-back for reuse and recycling

An industrial laundry company is offering a 
PSS to hospitals, where the laundry company 
owns the textiles used for e.g. uniforms and 
linen. 

They deliver clean textiles to the hospitals 
and pick up the laundry after use. Since the 
laundry company has the ownership of the 
textiles, they are also responsible for the 
production and end-of-use handling. 

In the assessment, the company is interested 
in evaluating the environmental impact of 
different end-of-use routes that the textiles 
can take. 

One of the options includes using the warn-
out textiles to produce plates, which can be 
used in furniture such as shelves and tables. 

The study should not only include an 
assessment of the substituted product 
systems from the refurbished material, but 
also how different end-of-use options might 
influence the production and use stage of 
the textiles, e.g. if the textiles need to be of a 
certain homogeneous quality.

Since the study investigates different end-
of-use options, the substitution is multiple 
product systems.

Study scope: PSS consequences

Functional unit example: Provision of 1000kg 
of clean hospital textiles for 1 year. (Note that 
“hospital textiles” needs to be subdivided 
since different applications will have different 
requirements).

Case 6: Bike-sharing system

PSS support: Platform support
PSS strategy: Sharing platform
A municipality of a large capital city is offering 
a public, electrical bike-sharing system for the 
city commuters, locals and tourists. Prior to 
the introduction of the bike-sharing system, 
the municipality mapped out the transport 
patterns of the city commuters and based 

on a survey, commuters were asked to state 
how they would prioritise between different 
modes of transport, if they had the option to 
commute by public electrical bikes.

Based on this survey, the municipality 
would like to know – for the customer group 
commuters – how the carbon footprint from 
commuting would change for the commuters 
stating that they would change to the bike-
sharing system.

Since the PSS influences many commuting 
options, the substitution is multiple product 
systems.

Study scope: PSS consequences 

Functional unit example: 5000 citizens 
commuting for one month => 200,000 trips 
(corresponding to 40 trips/month/user).
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