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Environmental assessment of lifetime extension strategies 

ADELINE JEROME 

Department of Technology Management and Economics 

Chalmers University of Technology 

Abstract 

Extending product lifetimes through strategies such as reuse, repair, or remanufacturing has been 
suggested as a means for delaying product replacement and thus improving products' 
environmental performance. To identify effective lifetime extension strategies, companies or 
policymakers seek guidance from the assessment of environmental impact of products with, for 

example, circular economy (CE) indicators or life cycle assessment (LCA). The additional product 
lifetime duration is the reason for the improved environmental performance with lifetime extension 
and, therefore, a key variable in this assessment. However, little guidance exists on how to assess 
lifetime extension strategies. Against this background, this research aims to develop knowledge of 
environmental systems analysis methodology for assessing product lifetime extension. This 

knowledge is used to identify methodological considerations for practitioners to select suitable 
assessment methods and LCA methodology for product lifetime that fit their specific assessment 
goal. 

Applying CE indicators and LCA to case studies of lifetime extension reveals that LCA provides 
information on the environmental impacts while CE indicators detail variations in resource use. 
Thus, the choice between CE indicators and LCA depends on the type of impact a practitioner aims 

to evaluate. Moreover, no CE indicator accounts for resource use in the use phase, although it is key 
in the resource use of lifetime extension for some products. Therefore, the choice of method 
requires practitioners to ensure sufficient coverage of the parts of the product system for the 
changes from lifetime extension to be accounted for. 

A review of existing LCAs of lifetime extension identifies differences in LCA methodology related to 

product lifetime in terms of 1) the lifetime definition (e.g., whether it includes the entire technical 
lifetime), 2) the lifetime integration in equations with three approaches using either a single value, a 
no-fixed value or a distribution, and 3) the lifetime sensitivity analysis. When testing the identified 
approaches on cases, the results answer different typical questions. For example, using a no-fixed 
value informs on the range of validity of the conclusions, while using a distribution informs on the 

spread and average environmental impacts in a population. It emphasises the importance of 
selecting a lifetime modelling methodology that aligns with the assessment goal. 

Given the critical role of product lifetime in the environmental performance of lifetime extension, 
along with the often insufficient reporting practices and limited consideration in assessment 
methodology discussions, this research serves as a foundational step towards guidance to 

practitioners and further methodological developments. 

Keywords: reuse, repair, remanufacturing, durability, LCA, indicator, environmental assessment  



II 

  



III 

List of publications 

This dissertation is based on the work contained in the following papers, referred to by 

Roman numerals I-IV in the text. They are appended at the end of the dissertation. 

Paper I 

Jerome, A., Helander, H., Ljunggren, M., Janssen, M., 2022. Mapping and testing circular 

economy product-level indicators: A critical review. Resources, Conservation and 

Recycling 178, 106080. https://doi.org/10.1016/j.resconrec.2021.106080 

Paper II 

Jerome, A., Ljunggren, M., Janssen, M., 2023. Is repair of energy using products 

environmentally beneficial? The case of high voltage electric motors. Resources, 

Conservation and Recycling 196, 107038. 

https://doi.org/10.1016/j.resconrec.2023.107038 

Paper III 

Jerome, A., Ljunggren, M., 2024. Product lifetime in life cycle assessments of circular 

economy – a review and consolidation of methodology. (manuscript in review for a 

scientific journal) 

Paper IV 

Jerome, A., Ljunggren, M., Mathieux, F., Bobba, S., Ardente, F., 2024. Product lifetime 

approaches in life cycle assessments of circular economy. (manuscript in review for a 

scientific journal)  



IV 

Contribution report 

Paper I 

The third author conceived the original idea for the study. All authors contributed to the 

study's conceptualisation and developed the methodology. The first and second authors 

performed the literature review, analysed the data and co-wrote the article under the 

primary supervision of the third author. All authors participated in multiple rounds of 

review and revision. The author of this dissertation primarily wrote the sections related 

to the testing of CE indicators and comparison to life cycle assessment results.  

Paper II 

All authors contributed to the conceptualisation of the study. The author of this 

dissertation conducted the life cycle assessment and wrote the manuscript under the 

primary supervision of the second author. All authors reviewed the manuscript through 

multiple rounds of comments. 

Paper III 

The author of this dissertation conceived the original idea for the study, conducted the 

literature review and analysis, developed the resulting framework and wrote the 

manuscript. The co-author contributed to the writing and development of the framework 

in the form of multiple rounds of reviews and comments. 

Paper IV 

The author of this dissertation conceived the original idea for the study, conducted the 

life cycle assessments, developed the analysis and conclusions, and wrote the 

manuscript under the supervision of the second author. All co-authors supported the 

study's conceptualisation and contributed to the writing with multiple rounds of reviews 

and comments.  



V 

Other publications 

Jerome, A., Helander, H., Ljunggren, M., Janssen, M., 2021. Testing product-level 

indicators for a more circular economy. Paper presented at the 4th PLATE 2021 Virtual 

Conference. 26-28 May 2021. 

Helander, H., Jerome, A., Ljunggren, M., Janssen, M., 2021. What do product-level 

circular economy indicators measure? Paper presented at the 4th PLATE 2021 Virtual 

Conference. 26-28 May 2021. 

Jerome, A., Ljunggren, M., & Janssen, M., 2022. Repair for high-voltage electric motors 

energy efficiency vs resource use?. Abstract presented at WasteLCA_3: Life Cycle 

Sustainability Assessment For Waste Management And Resource Optimization. 

Calabria, Italy. 5-10 June 2022. 

Jerome, A., Ljunggren, M., & Janssen, M., 2022. Environmental sustainability of high 

voltage motors: do better efficiency and repair lead to improved environmental impact?. 

Poster presented at the 28th annual ISDRS Conference. Stockholm, Sweden. 15-17 June 

2022. 

Jerome, A., 2022. Repair or replace? Guidance from indicators and life cycle assessment 

on circular economy strategies for energy-using products. Licentiate thesis, Chalmers 

University of Technology.  

Jerome, A., Ljunggren, M., & Janssen, M., 2023. When is repair environmentally 

beneficial? The case of high-voltage electric motors. Poster presented at the 11th 

International Conference on Industrial Ecology. Leiden, The Netherlands. 2-5 July 2023. 

Jerome, A., Ljunggren, M., & Janssen, M., 2023. Comparison of LCA and circularity 

indicators: what method to use for what?. Abstract presented at the 11th International 

Conference on Life Cycle Management. Lille, France. 6-8 Sept 2023. 

Jerome, A., Ljunggren, M., 2024. Product Lifetime in Life Cycle Assessment of Circular 

Strategies. Abstract presented at the SETAC Europe 26th LCA symposium. Gothenburg, 

Sweden. 21-23 Oct 2024. 

 

 

  



VI 

  



VII 

Acknowledgements 

This research would not have been possible without the financial support from Mistra 

REES (Resource-Efficient and Effective Solutions) programme, funded by Mistra (The 

Swedish Foundation for Strategic Environmental Research), from the Swedish Energy 

Agency via the research project “Circular design nexus”, and from Chalmers University 

of Technology via the Area of Advance Production. I would like to thank ABB, especially 

Carl Nilsson, for their time and support in developing ideas and providing data for the 

study in Paper II. 

This research would also not have been possible without the help and support of my 

colleagues. First and foremost, my deepest gratitude goes to my main supervisor Maria 

Ljunggren. You were constantly supportive of my work, thorough with your guidance, and 

pushed me through difficult moments. I also thank my examiner, Henrikke Baumann. I 

truly appreciated your guidance on remembering the bigger picture and navigating the 

journey to grow as a researcher. The last member of my supervision team to thank is 

Matty Janssen. Thank you for the advice in the early part of my work. 

Arriving in a new work environment during the pandemic was rough, and I am very 

thankful to have shared the first part of my PhD with Harald Helander. You have been a 

fantastic co-author and a welcomed companion in discovering the PhD-life. 

One of the most exciting parts of my PhD was the research exchange I did at the Joint 

Research Center from the European Commission in Ispra, Italy, to discover research for 

policy development. I am thankful for the financial support from the Adlerbertska 

Foundation and the Gunnar Engström ABB Foundation during this exchange. I would like 

to especially thank Fabrice Mathieux for making this exchange possible and, together 

with Silvia Bobba and Fulvio Ardente, for the great insights and collaboration on the work 

that led to my last paper. A special thought to Concetta Lodato, who made this stay 

brighter than I could imagine. 

I also want to thank all my colleagues at ESA, and especially my fellow PhD students, 

research, teaching assistants and Post Doc colleagues, for the inspiring and stimulating 

work environment. A special thanks to Paula Wiberg for her unconditional help on the 

practical aspects at the office and for helping me with the cover picture.  

To my parents and little sister, thank you for being supportive from afar and accepting 

the fact that I love humid and cold places to live. And Rémi, this thesis would not exist 

without you. Thank you for always being supportive of what I do. 



VIII 

  



IX 

Table of Contents 

1 Introduction ....................................................................................................... 1 

2 Background ....................................................................................................... 4 

2.1 Circular economy ........................................................................................ 4 

2.2 Lifetime extension ....................................................................................... 4 

2.3 Product lifetime and obsolescence ............................................................... 6 

2.4 Environmental systems analysis ................................................................. 11 

2.4.1 Life cycle assessment ......................................................................... 12 

2.4.2 Circular economy indicators ................................................................ 16 

2.4.3 LCA and circular economy indicators ................................................... 18 

3 Aim and research questions.............................................................................. 20 

4 Research design and methods .......................................................................... 21 

4.1 Research design ........................................................................................ 21 

4.2 Methods .................................................................................................... 23 

4.2.1 Literature reviews ................................................................................ 23 

4.2.2 Case studies ....................................................................................... 24 

4.2.3 Software for calculations in LCA studies ............................................... 27 

5 Results and analysis ......................................................................................... 29 

5.1 CE indicators and LCA for assessing lifetime extension ............................... 29 

5.1.1 Lifetime extension in CE indicators ....................................................... 29 

5.1.2 Major differences between CE indicators and LCA for lifetime extension 32 

5.2 Product lifetime in LCAs of lifetime extension .............................................. 34 

5.2.1 Importance of the lifetime for the results .............................................. 34 

5.2.2 Lifetime reporting practices ................................................................. 37 

5.2.3 Product lifetime modelling ................................................................... 38 

5.2.4 Selecting a modelling approach for integrating lifetime in equations ...... 52 

6 Discussion ....................................................................................................... 56 

6.1 Assessment method for lifetime extension .................................................. 57 



X 

6.2 Lifetime modelling and methodology for LCA of lifetime extension ............... 59 

7 Limitations and implications ............................................................................. 60 

7.1 Limitations ................................................................................................ 60 

7.2 Further research ........................................................................................ 61 

7.3 Implications for assessment practitioners .................................................. 62 

8 Conclusions..................................................................................................... 64 

References ............................................................................................................. 66 

 

 

 



1 

1 Introduction 

The increasing global population and consumption fuel the growing extraction of 

resources (UNEP, 2017). This extraction and processing of resources is 

responsible for around 90% of biodiversity loss, water stress, and 50% of global 

climate change impact (IRP, 2019). It is thus causing a growing pressure on the 

environment, exceeding several of the planetary boundaries that define the limits 

within which humanity can safely operate (Steffen et al., 2015).  

One contributing factor to the growing consumption is the decline in product 

lifetime (Bakker et al., 2014; Cooper, 2010; Krych and Pettersen, 2025), i.e., the 

duration the products are used. Products are replaced more often as product 

obsolescence, i.e., product falling into disuse (Cooper, 2010), is estimated to 

happen after shorter lifetimes. For example, reduced product durability by design, 

low prices of new products, the more frequent release of new products and faster 

changes in trends are potential factors contributing to the decline of product 

lifetime (Krych and Pettersen, 2025). 

Concerns about the environmental implications of reduced product lifetime 

emerged in the 1950s from the frustration of some industrialists on the perceived 

degradation of product quality (Cooper, 2010). In the 1970s, the Organisation for 

Economic Cooperation and Development (OECD) draw attention to the 

environmental consequences of the development of non-repairable and single-

use alternatives to durable products and recommends further research on the 

potential benefits of longer product lifetime (Cooper, 2010; OECD, 1982). With the 

growing awareness of the environmental impact caused by consumption in the 

1980s, ideas about sustainable design, waste reduction and resource efficiency 

through resource loops, including lifetime extension, were popularised (Blomsma 

and Brennan, 2017; Cooper, 2010). Lifetime extension now receives a growing 

interest in policies and from companies as a strategy to reduce resource use and 

its associated environmental impacts. In Europe, lifetime extension is highlighted 

as a strategy to reduce the impact of waste generation (European Commission, 

2008) and to improve the environmental impacts of products through design 

requirements (European Commission, 2024a). 
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Multiple lifetime extension strategies have been defined, such as reuse, repair 

and remanufacturing (Böckin et al., 2020; Reike et al., 2018). Lifetime extension 

strategies are also a group of strategies considered as part of circular economy 

(CE) strategies (Bocken et al., 2016; Böckin et al., 2020), which also includes 

strategies to recover materials and energy from waste, such as recycling or 

incineration with energy recovery, to use products efficiently, such as improving 

energy efficiency, and to reduce resource inputs in manufacturing, such as 

reducing losses during production (Böckin et al., 2020). Although simplified 

guidance for choosing strategies to be implemented has been presented in the 

form of rankings of preferable strategies for the CE, real-world conditions, such as 

low collection rates after use and losses in repair or recycling, might lead to lower 

environmental benefits than in ideal conditions and results in different ranking of 

preferable strategies (Böckin et al., 2020; Ljunggren Söderman and André, 2019). 

Moreover, lifetime extension does not necessarily result in environmental benefits 

compared to product replacement due to, e.g., additional transport or the 

development of more efficient product alternatives (Böckin et al., 2020). 

Therefore, the assessment of the benefits of lifetime extension is crucial to guide 

the choice and implementation of strategies in, e.g., product design and 

development of business strategies and public policy.  

Many assessment methods have been developed for assessing environmental 

impacts, grouped under the denomination of environmental systems analysis 

methods (Finnveden and Moberg, 2005). Several have been used to assess 

lifetime extension (Corona et al., 2019; Walzberg et al., 2021). Each method has 

different potential applications, with differences in the types of impacts under 

study and in the scope of the study (Finnveden and Moberg, 2005; Walzberg et al., 

2021). At a product level, life cycle assessment (LCA) and indicators are 

highlighted as promising assessment methods, the former for its broad coverage 

of environmental dimensions (Corona et al., 2019; Elia et al., 2017) and the latter 

as less time- and resource-consuming to compute for, e.g., early-stage 

assessments in solution development.  

Recommendations for the selection of methods for assessing CE strategies have 

been developed by Walzberg et al. (2021). They are based on the assessment 

scope, temporal resolution (static or dynamic) and data availability, but the 

recommendations do not include indicators that have been specifically 
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developed to assess CE. Moreover, the LCA methodology is adapted to the goal of 

the assessment (Baumann and Tillman, 2004), but there are no methodological 

recommendations for LCA when assessing lifetime extension. This lack of clarity 

in the choice of methods and LCA methodology may be a barrier for practitioners 

to carry out an assessment of the effects of lifetime extension strategies (Roos 

Lindgreen et al., 2022).  

Therefore, this dissertation aims to develop knowledge of environmental systems 

analysis methodology for assessing product lifetime extension, allowing 

practitioners to deliver decision support that corresponds to the goal of the 

assessment.  
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2 Background 

2.1 Circular economy 

The concept of circular economy (CE) receives growing attention in companies, 

public policies and literature (Alcalde-Calonge et al., 2022). Although it has 

multiple definitions (Kirchherr et al., 2023), CE generally aims for sustainable 

development across environmental, economic, and social dimensions. A key 

objective is the decoupling of environmental impacts from economic growth. CE 

focuses on the effective and efficient use of resources, with closing, slowing, and 

narrowing resource loops (Bocken et al., 2016). 

CE research is not a clearly defined academic discipline but emerged from various 

disciplines, such as waste management, environmental sciences, closed-loop 

supply chain management, product design and industrial ecology, to support 

ongoing policy-making and business consultancy (Reike et al., 2018). Studies 

have mainly focused on supporting decision-making with tools and methods 

(Merli et al., 2018) at different levels (micro or product level, meso or at the level 

of a company, macro or national level). Otherwise, they focused on the 

development of enablers of the circular economy (Kirchherr et al., 2023) with 

circular business models, innovative processes, effective policies and product 

design and development (Merli et al., 2018). 

The research presented in this dissertation contributes to research on 

assessment methods for decision-making support at a product level for 

environmental sustainability. It primarily focuses on supporting decisions 

regarding slowing resource loops with lifetime extension. 

2.2 Lifetime extension 

As explained in the introduction, lifetime extension refers to a group of strategies 

aiming to prolong the lifetime of a product. Several lifetime extension strategies 

have been defined (Böckin et al., 2020; Reike et al., 2018): 

- Increased technical lifetime by design: The product design is changed to 

preventively address the reasons for technical failure with, e.g., more 

durable materials, sturdy fastenings or components. 
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- Shift to multiple uses: Single-use products are re-designed to be used 

multiple times, 

- Reuse: A product that is still functional after initial use is used again by a 

second user after minor, non-restorative actions such as inspection and 

cleaning. Examples of implemented reuse are second-hand or flea 

markets. 

- Maintenance: The product is inspected, maintained and protected before a 

technical failure or other problems occur to prevent breakdown. 

Maintenance usually requires little intervention, e.g., replacing minor 

components. Compared to repair or remanufacturing, these interventions 

occur before and not after a malfunction or failure. 

- Repair: It brings a product back to a functional state after wear, malfunction 

or failure. It involves extensive interventions, such as replacing broken 

components with new ones. Repairs can be done by professionals or the 

product user, with or without a change of ownership. For instance, repairing 

a washing machine at home is an example without a change of ownership, 

while a company taking back malfunctioning products for repair and resale 

as second-hand products involves a change of ownership. 

- Remanufacturing: Process of restoring a product to a state as good as new 

or even better through disassembly, repair or exchange of components, re-

assembly and quality assurance. It can also involve upgrades to the current 

level of function or efficiency. 

- Repurposing: The product is reused for another function than the initial use. 

Examples of cases of repurposing are the use of old batteries from electric 

vehicles for energy storage (Bobba et al., 2018; Dunn et al., 2023; Koroma 

et al., 2022) or of old freight containers as housing (Dara et al., 2019). 

Sharing, i.e., the shared use of one product by several users, might also be 

considered a lifetime extension strategy. When a product is shared, for example, 

with car rental or libraries, the product is used more often than a product used by 

one user only, so the cumulative use time is extended. However, the product also 

wears out more quickly with more intensive use (Böckin et al., 2020). Therefore, 

sharing does not automatically extend a product's total cumulative use time 

before its replacement. In this research, sharing is included as one of the lifetime 

extension strategies. 
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Lifetime extension is a key element of CE in European legislation. In the Waste 

Framework Directive (European Commission, 2008) aiming at preventing and 

reducing the impacts from waste generation, “preparing for reuse” is presented 

as a more favourable action than recycling to treat waste and preserve the 

environment. More recently, the Circular Economy Action Plan (European 

Commission, 2020) initiated the Ecodesign for Sustainable Products Regulation 

(European Commission, 2024a) to set ecodesign requirements on products. Such 

requirements have already been developed under the Ecodesign Directive for 

energy-using products, but the scope is now extended to all types of products. 

Additionally, it is specified that the new requirements will promote lifetime 

extension by ensuring that products are more durable, reusable, reparable, and 

easier to maintain and refurbish (European Commission, 2024a). Additionally, the 

Right to Repair Directive introduces rules to promote the repair of products by 

ensuring access to affordable repair services and providing consumers with 

information on their right to repair (European Commission, 2024b). 

2.3 Product lifetime and obsolescence 

Product lifetime and obsolescence are central to lifetime extension. In this 

dissertation, product lifetime is defined as the time period between the first use 

of the product and when it becomes obsolete, and product obsolescence is when 

the product “falls into disuse” (Cooper, 2010) and is used in this dissertation to 

refer to the reasons for ending the lifetime. 

The lifetime can represent different time periods depending on the type of lifetime 

considered (Cooper, 2010; Diener, 2017; Murakami et al., 2010; Proske and 

Finkbeiner, 2020). The terminology and definition of these types of lifetime differ 

between studies. However, four distinctive types of lifetime can be identified: the 

service lifetime, technical lifetime, use time and technical use time (Table 1). 
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Table 1. Definition of the four types of lifetime used in this dissertation, adapted from 
Cooper (2010), Diener (2017) and Proske and Finkbeiner (2020). 

 Includes periods of 
idleness, i.e., when the 

product is not in use 
Excludes periods of idleness 

Until the end of 
the product’s 

use 

Service lifetime: the period 

between the start and end 

of a product’s use, including 

periods when the product is 

not in use. 

Use time: the sum of periods 

during which the product is 

in use, excluding periods of 

idleness. 

Until the product 
does not have 
the physical 
capacity to 

function 

Technical lifetime: the 

period during which a 

product has the physical 

capacity to function, ending 

when the product breaks or 

wears out based on its 

durability or material 

construction.  

Technical use time: the sum 

of periods during which the 

product is or would be in use 

until the product does not 

have the physical capacity to 

function. 

 

Different types of lifetime might represent the same time period in some 

conditions (Figure 1). The service lifetime and technical lifetime are equal when 

the product is used until it does not have the capacity to function. However, when 

users decide to replace a still functional product, the service lifetime is shorter 

than the technical lifetime. The same is true for use time and technical use time. 

Moreover, the use time and service lifetime are equal when the product is 

continuously used. When this is not the case, the use time is obtained by 

subtracting periods of idleness from the service lifetime. The same is true for the 

technical use time and the technical lifetime. However, the technical use time is 

relevant for products with a physical capacity to function limited by wear and tear. 

In contrast, technical lifetime is relevant for products with a physical capacity 

limited by ageing instead of wear and tear. 
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In addition to the distinction between the types of lifetime, the product lifetime 

can also be distinguished in terms of an initial and additional lifetime in cases of 

lifetime extension. The initial lifetime is the lifetime of the product without lifetime 

extension. The additional lifetime is the lifetime added to the initial lifetime after 

lifetime extension strategies have been applied. 

There are many reasons why a product may be taken out of use, which can be 

categorised into different types of obsolescence (Cooper, 2010; den Hollander et 

al., 2017; Diener, 2017; Proske and Finkbeiner, 2020; Rivera and Lallmahomed, 

2016; van den Berge et al., 2023). Two main types of obsolescence can be 

distinguished: 

- Absolute obsolescence: The product’s use ends when the product is not 

functional anymore due to, e.g., product failure. 

- Relative obsolescence: The product’s use ends when the product is still 

functional. There are several types of relative obsolescence: 

• Technological obsolescence: New technological development makes 

more functional and advanced products available. Consumers are then 

more interested in improved product performance than in keeping an 

older product in use, 

• Economic obsolescence: Costs for maintenance and ownership become 

higher than for product replacement, 

• Systemic obsolescence: The product is no longer compatible with the 

surrounding system or infrastructure (e.g., discontinued software 

updates). Related types of obsolescence are part and knowledge 

obsolescence, when replacement parts and knowledge for maintenance, 

respectively, are no longer available, 

• Aesthetic obsolescence: The product appearance is judged not “good 

enough”, either due to wear and tear, fashion or change in the user’s style, 

• Psychological obsolescence: The symbolic value of the product is not 

“good enough”, either due to changed expectations (e.g., consumer 

lifestyle), cultural values or fashion. Related types of obsolescence are 

social obsolescence, when the product is not socially acceptable due, 

e.g., to a stigma, and context-related obsolescence, when a changed 

person’s environment leads to different expectations (e.g., the need for a 

bigger car due to a changed size of the household), 
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• Obligatory obsolescence: The product is not legally authorised to be used 

anymore (e.g., ban for using old products), 

• Notification obsolescence: A published or communicated end-of-use 

date influences the choice of replacing a functional product (e.g., best-

before dates on food products). 

The type of obsolescence is one of the factors deciding whether there is a 

difference between lifetime types. When the type of obsolescence is absolute, the 

service lifetime and technical lifetime, as well as the use time and technical use 

time, are equal. When the type of obsolescence is relative, the service lifetime and 

use time are shorter than the technical lifetime and technical use time, 

respectively. 

Product lifetime and obsolescence are two key concepts for product lifetime 

extension. Product lifetime is a temporal characteristic of the product, namely the 

duration of its use phase. Distinguishing between types of lifetime is important for 

describing the effect of different lifetime extension strategies. For example, 

increased technical lifetime by design aims to extend the technical lifetime, reuse 

to extend the service lifetime, and sharing to extend the use time of products. 

Moreover, understanding the type of obsolescence is crucial for selecting an 

applicable lifetime extension strategy. For example, reuse is possible only for 

products with relative obsolescence, and increased technical lifetime by design 

has an effect only in cases of absolute obsolescence. 

Other concepts related to product lifetime are used in different research fields. 

For example, product durability in technical engineering and product design refers 

to an intrinsic technical product characteristic defined as the ability of a product 

to perform its function over a lengthy period (Cooper, 2010). Consumption pattern 

is used in behavioural studies and behavioural economics to study product 

replacement motives and patterns (Polizzi di Sorrentino et al., 2016). Although 

lifetime extension aims at changing consumption patterns towards less frequent 

product replacements, a result of this change is an increase in the product 

lifetime value. Additionally, product lifetime is related to the product as a time 

period between activities in a product life cycle, while consumption patterns 

focus more on individual preferences and the influence of society on these 

preferences. As for product durability, it does not reflect eventual relative 
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obsolescence and thus is too limited to study lifetime extension strategies 

targeting relative obsolescence, such as reuse. 

2.4 Environmental systems analysis 

Environmental systems analysis (ESA) is the analysis of how technical systems 

cause or contribute to environmental problems. ESA research combines studies 

of the actors and activities that would enable a reduction of environmental 

problems and the development of assessment methods to understand and 

communicate these problems and guide the actors in their decision-making 

(Baumann et al., 1999). 

Different methods for assessing environmental impacts exist (Finnveden and 

Moberg, 2005), such as life cycle assessment (LCA), material flow analysis (MFA), 

life cycle costing (LCC), environmental impact assessment (EIA) or indicators. The 

object of analysis of these methods differs. For example, EIA assesses policies or 

large projects, and LCA assesses products (Finnveden and Moberg, 2005). 

LCA and product-level indicators for the CE are the two ESA methods that are 

focused on in this research. They are further presented in sections 2.4.1 and 2.4.2. 

For both, lifetime extension is assessed by comparing a baseline without lifetime 

extension to an alternative with lifetime extension. The typical product system for 

both alternatives is presented in Figure 2.  
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Figure 2. Flowchart of generic product systems for comparing a baseline and alternative 
with lifetime extension. 

An assessment of lifetime extension typically answers the question: “What is the 

difference in environmental impact between a baseline and an alternative with a 

lifetime extension?” Lifetime extension is beneficial when the alternative with 

lifetime extension results in a lower environmental impact than the baseline. 

2.4.1 Life cycle assessment 

LCA is a method which provides a quantitative estimation of the potential 

environmental impact of a product. The scope of the assessment is the “life cycle” 

of a product, from raw material extraction to waste treatment. The methodology 
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is formalised in international standards (ISO, 2006a, 2006b) and is structured into 

the following four steps (Baumann and Tillman, 2004; ISO, 2006a): 

1. Goal and scope definition: The goal and scope of the LCA are decided. The goal 

expresses the reason for the assessment, the intended audience, and the 

intended application of the results and defines the system under study. The scope 

definition clarifies the modelling aspects by specifying the alternatives under 

study, the system boundaries, the list of environmental impact categories and the 

main assumptions and limitations. It also defines the functional unit, which 

reflects the function of the product under study (e.g., kilometres driven for a car, 

years of comfortable bedding for a mattress). The functional unit sets the basis for 

comparison between the alternatives and products with the same function: the 

results are expressed in relation to this unit (e.g., environmental impact per 

kilometre for a car, impact per year of comfortable bedding for a mattress). The 

scope is defined to fit the goal of the assessment. 

2. Inventory analysis: Data to model the system under study are collected. Ideally, 

for all processes involved in the life cycle, input and output flows of material, 

energy, products, emissions, waste, and other physical inputs such as land use 

are collected. Then, these data are manipulated to obtain the amount 𝑋𝑖  of each 

elementary flow 𝑖, i.e., flows between the environment and the technical system, 

such as emissions to soil, air or water and extracted resources, for one functional 

unit to be realised. In this step, data on product lifetime may be collected to 

quantify flows in the use phase, such as the replacement of components for 

maintenance or the energy used for the product to function. The lifetime may also 

be involved in normalising the amount for each flow to the functional unit. For 

example, for a functional unit of one year and a product with a lifetime 𝐿, 𝑋𝑖  is 

obtained by dividing the amount 𝑥𝑖  of each elementary flow for a system 

producing one product by 𝐿 . In the rest of the section, the functional unit is 

assumed to consider the unit of the lifetime, and so a normalisation to the product 

lifetime is done: 𝑋𝑖 = 𝑥𝑖 𝐿⁄ . 

3. Impact assessment: The potential contribution to environmental impacts of the 

alternatives is calculated. For each impact category 𝑗 selected under the scope 

definition, the amount for each elementary flow is multiplied by its 

characterisation factor 𝐶𝐹𝑖,𝑗  which reflects the environmental impact of the 

emission or resource in relation to one equivalent stressor (e.g., CO2 equivalent 
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for global warming). The environmental impact 𝐼𝑗  is calculated as the sum of the 

contribution of each elementary flow: 

𝐼𝑗 = ∑
𝑥𝑖

𝐿
. 𝐶𝐹𝑖,𝑗

𝑖

 

4. Interpretation: The results are interpreted in relation to the goal and chosen 

methodology. For example, a contribution analysis can be done to identify the 

most impacting life cycle phases, processes or pollutants, and a sensitivity 

analysis can be done to estimate the variations in the results when the inputs to 

the model or methodological choices are changed. 

The steps are not carried out sequentially but usually in an iterative way. For 

example, an analysis of initial results could lead to additional data quality 

requirements for highly contributing processes or the implementation of a 

sensitivity analysis for selected input variables.  

Conclusions from an LCA are typically used to inform decision-making for product 

design and policy-making by identifying improvement possibilities and hot spots 

in the life cycle to prioritise actions or assess alternatives with the same product 

function (Baumann & Tillman, 2004). 

LCA is often used to assess CE strategies in research (Corona et al., 2019; Harris 

et al., 2021; Sassanelli et al., 2019) and in companies (Roos Lindgreen et al., 

2022). Conclusions from LCAs show that lifetime extension strategies have the 

potential to reduce a product’s environmental impacts (Bakker et al., 2014; 

Böckin et al., 2020; Kaddoura et al., 2019). If nothing else in the LCA model but the 

lifetime value is changed, a longer lifetime reduces the number of products 

required to be produced to deliver the same function. For example, one product 

with a one-year lifetime but only 0.5 products with a two-year lifetime are required 

to deliver the product’s function over one year. Therefore, the environmental 

impact per unit of function caused by resource extraction, production and waste 

management is reduced with a longer lifetime.  

However, lifetime extension does not systematically reduce a product’s 

environmental impact (Böckin et al., 2020; Richter et al., 2024). For example, for a 

product to be shared between users in a rental system, additional transport to 

access and return the product might offset the benefits of a lifetime extension 

(2.1) 
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(Abagnato et al., 2024; Martin et al., 2021). Or the washing between uses for 

multiple-use products replacing single-use products might offset the benefits of 

shifting from single- to multiple-use alternatives (Cottafava et al., 2024). 

In particular, studies have shown that the initial and the additional lifetimes are 

variables influencing whether lifetime extension is beneficial and the extent of its 

benefits: 

- A minimum additional lifetime is required for lifetime extension to be 

beneficial. The lifetime extension action, such as repair, has a lower 

environmental impact than the original product as fewer resources are 

invested. For a repaired product to have a lower environmental impact per 

functional unit than the product before repair, the additional lifetime needs 

to be long enough to pay off the efforts to repair, with a minimum value that 

can be calculated, such as in Ardente and Mathieux (2014) for the repair of 

electrical and electronic equipment (EEE). 

- Lifetime extension might not be beneficial after a long initial lifetime. For 

example, the repair of small household EEE is not preferred to replacement 

when a technical failure occurs after 3 years or more (Bovea et al., 2020). 

The reduction in environmental impact per year of use with a given 

additional lifetime (e.g., one year) decreases with the initial lifetime. It is 

higher for a product with a short initial lifetime (e.g., impact from production 

and waste management halved for an initial lifetime of one year) than a long 

initial lifetime (e.g., impact from production and waste management 

reduced by 1% for an initial lifetime of 10 years). In addition, the remaining 

lifetime after, e.g., repair after a long initial lifetime might not be long 

enough for the repair to pay off. 

- For energy-using products, lifetime extension of old products might not be 

preferable to product replacement with a newer and more efficient 

product. For example, replacing old residential heating systems with more 

energy-efficient technologies to reduce energy use during the use phase 

can result in a more significant impact reduction than repairing them to 

avoid the production of new heating systems (Hummen and Desing, 2021). 

Although many LCAs of lifetime extension have been carried out and product 

lifetime stands out as one key variable for the results, no concrete guidelines on 

how to conduct an LCA of lifetime extension and how to define and model product 
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lifetime have yet been developed. Discussions on product lifetime in LCA are 

found only for LCAs of buildings. The lifetime of the building and building 

components greatly influence LCA results (Aktas and Bilec, 2012; Grant and Ries, 

2013). Thus, methods for predicting lifetime values have been developed and 

compared in building LCAs (Grant and Ries, 2013; Morales et al., 2021; Silvestre 

et al., 2015). Moreover, Decorte et al. (2023) recommend using the same total 

building lifetime for a fair comparison between a building renovation and a 

reconstruction. However, the lifetime prediction methods and the 

recommendations are specific to buildings and building components and not 

generally applicable to other products. It highlights the following research need: 

Lack of concrete guidelines for modelling product lifetime in LCA of lifetime 

extension. 

2.4.2 Circular economy indicators 

Indicators are variables that provide relevant information for decision-making 

(Gallopín, 1996; Jerome, 2022; Moraga et al., 2019). They are understood as 

simplified but accurate descriptions of a complex reality based on models that 

were developed to make sense of the world (Meadows, 1998). They provide 

information for comparing situations, assessing current conditions and trends, 

providing early warning information, and anticipating future conditions and trends 

(Gallopín, 1996). In contrast to a metric, an indicator’s value is interpreted within 

the decision-making context, giving it a broader significance than its immediate 

meaning (Bakkes et al., 1994; Gallopín, 1996; Lundin, 2003). 

The results from different environmental impact categories in LCA can be 

considered as a set of indicators informing on several environmental impacts 

(Lundqvist, 2000). However, in this research, the term “indicator” refers to 

measures that are less time- and resource-consuming to compute compared to 

data-intensive assessment methods such as LCA. Moreover, as the distinction 

between “metric” and “indicator” is sometimes challenging to make, all 

measures introduced as “indicators” in the literature are referred to the term 

“indicator”. 
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Indicators for the CE were developed for various implementation levels with, for 

example, the European CE monitoring framework at a supra-national level 

(European Commission, 2023), the Circular Transition Indicators at a company 

level (World Business Council for Sustainable Development, 2023), and many 

product-level CE indicators (Elia et al., 2017; Helander et al., 2019; Moraga et al., 

2019; Parchomenko et al., 2019; Saidani et al., 2019). In this dissertation, CE 

indicators, sometimes referred to only as indicators, refer to product-level 

indicators for the CE. Various CE indicators were analysed and compared based 

on the CE strategies (Moraga et al., 2019; Parchomenko et al., 2019; Saidani et al., 

2019), sustainability aspects (Corona et al., 2019; Kristensen and Mosgaard, 

2020) and life cycle phases (Helander et al., 2019) that are accounted for. 

Conclusions highlight that most indicators focus on one life cycle stage (Helander 

et al., 2019) or one CE strategy (Corona et al., 2019; Helander et al., 2019). No 

indicator accounts for all sustainability aspects or CE strategies at once (Corona 

et al., 2019; Kristensen and Mosgaard, 2020; Moraga et al., 2019; Saidani et al., 

2019). Therefore, using one indicator is not sufficient to identify burden shifting in 

the product system. So, the use of multiple complementary CE indicators (Corona 

et al., 2019; Moraga et al., 2019) or other complementary indicators (Helander et 

al., 2019; Parchomenko et al., 2019) that remain to be identified have been 

suggested. 

These conclusions from reviews of CE indicators are built on the analysis of the 

indicators’ methodology description. They thus stay at a general level of CE 

strategies and life cycle phases and do not go into details about processes and 

flows included. Testing indicators is highlighted as an essential step in 

understanding their application and detailed abilities and in developing new 

assessment frameworks (Meadows, 1998). Only Saidani et al. (2017) applied a 

limited range of CE indicators to a case. It concludes that the three indicators 

tested are unable to “cover all aspects of the CE” (Saidani et al., 2017). Therefore, 

a clear understanding of what is explicitly quantified by CE indicators is crucial for 

selecting which ones to use. However, this detailed understanding of a more 

extensive range of CE indicators is missing, highlighting another research need: 

Missing description of processes and flows included by CE indicators. 
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2.4.3 LCA and circular economy indicators 

Reviews comparing assessment methods for CE focus either on CE indicators 

only (De Pascale et al., 2021; Helander et al., 2019; Kristensen and Mosgaard, 

2020; Moraga et al., 2019; Parchomenko et al., 2019) or on other assessment 

methods except for CE indicators (Elia et al., 2017; Sassanelli et al., 2019; 

Walzberg et al., 2021). Corona et al. (2019) is the only review comparing LCA and 

CE indicators. The conclusion recommends LCA for its holistic approach to 

addressing the product system (Corona et al., 2019). The analysis focuses on the 

scope of the methods regarding the measured dimensions of sustainable 

development (environmental, economic, social), but the types of results and the 

differences in scope at the level of the product system are not analysed. Three 

studies present the methodology for three novel CE indicators, and they apply 

both the indicator and LCA on cases to test the indicator results against LCA 

results (Bracquené et al., 2020; Linder et al., 2020; Lonca et al., 2018). Differences 

in the types of results between the two methods are observed, with LCA providing 

information on environmental impacts and the tested indicators on changes in 

material flows (Bracquené et al., 2020; Lonca et al., 2018) but the range of tested 

indicators is limited. 

Some studies apply both LCA and CE indicators to assess CE strategies. Niero and 

Kalbar (2019) combine results from LCA and two CE indicators, the Material 

Circularity Indicator (MCI) (Ellen MacArthur Foundation, 2019) and the Material 

Reutilisation Score (Cradle to Cradle Products Innovation Institute, 2016), with 

multi-criteria decision analysis. Walker et al. (2018) compare the LCA results to 

those from the MCI and three other indicators on a case. Luthin et al. (2024) 

compare the results from LCA, life cycle costing, social life cycle assessment and 

the MCI on a case. All three studies point to differences in the preferred CE 

strategy for a product between results from LCA or CE indicators. However, the 

range of tested CE indicators is limited, and differences in the types of results and 

scope of the studied system between LCA and CE indicators are not analysed.  

Overall, testing and comparison to LCA of a large range of CE indicators to identify 

differences in the types of results and scope of the studied system are missing. 

These differences are essential for understanding the appropriateness of the 
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methods for different situations (Finnveden and Moberg, 2005), hence the 

following research need to be addressed: 

Lack of comparison between CE indicators and LCA in terms of types of results 

and scope of the studied system. 
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3 Aim and research questions 

The overall aim of this research is to develop knowledge of environmental systems 

analysis methodology for assessing product lifetime extension, allowing 

practitioners to deliver decision support that corresponds to the goal of the 

assessment. “Methodology” refers to the selection of both 1) the method, i.e., a 

particular assessment procedure or approach, and 2) methodological choices, 

i.e., the more specific choices of procedure, modelling and calculation for 

conducting the assessment. For example, LCA is an assessment method, and the 

choice of system boundaries or the functional unit is a methodological choice to 

be made when conducting the assessment. “Practitioners” refer to any user of 

ESA for assessing lifetime extension, regardless of whether they are from 

academia, companies, or policy-making entities.  

Under this general aim, the research needs identified in section 2 are addressed 

through the following two research questions. The first research question focuses 

on the selection of the assessment method for lifetime extension and, therefore, 

the differences between CE indicators and LCA in the types of results and scope 

of the studied system for assessing lifetime extension: 

RQ1: How do CE indicators and LCA differ in the types of results and scope of 

the modelled product system when assessing lifetime extension? 

To answer this research question, a detailed understanding of CE indicators in 

terms of the product system’s flows and processes included in the assessment is 

necessary to address both research needs related to CE indicators identified in 

section 2. 

The second research question focuses on LCA methodology for lifetime 

extension, especially the lack of concrete guidelines for modelling product 

lifetime as a crucial variable for the outcome of lifetime extension assessments:  

RQ2: In LCAs of product lifetime extension, how can product lifetime be 

modelled and lifetime modelling approaches be selected to correspond to 

the assessment goal? 

The results from both research questions are used to identify methodological 

considerations for assessing lifetime extension.  



21 

4 Research design and methods 

4.1 Research design 

The research design has been developed from a need to make sense of existing 

knowledge and practices. Thus, the work presented in this dissertation departed 

from what exists and analysed it to develop new knowledge by structuring and 

finding relationships between existing information, thereby uncovering patterns 

and insights on the topic.  

The research uses a mixed-method approach (Creswell, 2018). It combines two 

main research methods (Figure 3). Literature reviews provide an overview and 

qualitative analysis of existing practices, and case studies provide quantitative 

analysis. These research methods were selected for their relevance to addressing 

the research questions stated in section 3. 

 

Figure 3. Relationship between the four papers, the research methods and the research 
questions. The arrows represent the information taken from the conclusions of one paper 
that influenced the design of another but do not map all conclusions from the papers. 

The research was structured in four studies, each reported in a scientific article 

(Papers I, II, III and IV). The two research questions are addressed in Papers I and 

II, and Papers II, III and IV, respectively (Figure 3). The design of the studies 

evolved as the research proceeded: the conclusions of one study informed the 

content of the next ones (Figure 3).  
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In particular, the research started with a broad scope, encompassing the two 

assessment methods and a broad range of CE strategies in the choice of cases. 

The focus of the research was refined from CE strategies to lifetime extension 

strategies after identifying the limited attention to these strategies when studying 

CE indicators in Paper I. 

Paper I addresses RQ1 and was designed to build on three steps. First, existing CE 

indicators were identified. A systematic literature review was used to derive a list 

of product-level and resource-based CE indicators. Second, the CE indicators 

were tested and analysed. The testing was done on seven case studies, including, 

but not limited to, cases of lifetime extension with reuse and shifting from single-

use to multiple-use products. The analysis was done to the level of the included 

product system’s flows and processes, supported by a mapping of included flows 

and processes on a generic product-system flowchart. Third, the CE indicators’ 

results were compared with LCA results on the same cases to identify differences 

in how lifetime extension is assessed by each assessment method. 

Paper I highlighted that CE indicators provide different types of results than 

environmental impacts as in LCA, and, as this work primarily focuses on 

assessing environmental impacts, it guided the research towards LCA as the 

assessment method in the subsequent studies. 

The learnings about RQ 1 are subsequently developed through Paper II. This study 

is an LCA case study of lifetime extension, used to highlight variables that are 

crucial for the results of assessments of lifetime extension. The paper presents an 

LCA for the case of repair of high-voltage (HV) electric motors. HV motors are big 

stationary motors used in the industry and typically have long lifetimes. The 

influence of energy efficiency and lifetime extension on the product’s 

environmental performance was studied by comparing two motor designs with 

different energy efficiency and their repair. In this dissertation, whether crucial 

variables are accounted for by CE indicators is analysed by comparing the crucial 

variables for LCA results highlighted in Paper II to the analysis of CE indicators in 

Paper I. It is used to develop the identification of differences in the scope of the 

modelled product system between CE indicators and LCA. 

Paper II acts as a bridge between RQ1 related to LCA of lifetime extension in 

general by the conclusions drawn from the case study and RQ2 with more detailed 
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considerations for product lifetime modelling in LCA (Figure 3). Additionally, the 

conclusions from Papers I and II highlighted product lifetime as a key variable in 

LCA, hence the focus on product lifetime in LCA methodology in this research. 

For RQ2 on LCA methodology, the research was conducted in two steps. First, the 

current lifetime reporting practices and the description of lifetime modelling 

practices were evaluated. It is addressed in Paper III with a literature review of 

LCAs of lifetime extension, including Paper II in the list of reviewed articles, in 

order to derive conclusions that are generally applicable to LCA of lifetime 

extension. The analysis focused on the product lifetime modelling as reported by 

the reviewed studies. The results were used to analyse the attention to product 

lifetime in the reporting of the studies and identify the elements by which lifetime 

is modelled. The modelling elements were then defined and structured into a 

framework that followed the LCA methodological steps.  

The second step for addressing RQ2 was designed to be an identification of 

differences in the information provided by the LCA results with different lifetime 

modelling for addressing different assessment goals. This step focused on one 

element of this modelling framework: the integration of product lifetime into LCA 

equations. Three approaches for such integration were identified through the 

literature review in Paper III. In Paper IV, they were applied to two case studies. 

The cases were selected to encompass a broad range of products to derive 

guidance that is generally applicable to LCA of lifetime extension. The results 

obtained were analysed to formulate typical questions answered with each 

approach, which were then the basis for guidelines to practitioners on suitable 

approaches with respect to specific LCA goals. 

4.2 Methods 

4.2.1 Literature reviews 

Two literature reviews were conducted with different aims and so with different 

methodologies. 

For the first review, presented in Paper I, the aim is to identify all existing product-

level resource-based CE indicators existing at the time of the study. Therefore, a 



24 

systematic literature review was conducted (Grant and Booth, 2009) with a 

literature search design to encompass an exhaustive list of existing CE indicators. 

For the second review, presented in Paper III, the aim is to collect LCAs of lifetime 

extension to find existing approaches with which to model product lifetime. As an 

extensive number of LCAs of lifetime extension have been published, a scoping 

review (Arksey and O’Malley, 2005; Grant and Booth, 2009) was conducted. This 

type of review does not aim to be exhaustive in the list of relevant entries but 

instead uses a literature search designed to focus on the most relevant entries. It 

allows for keeping the invested time at a reasonable level compared to a 

systematic review and still identifying a range of existing practices (Arksey and 

O’Malley, 2005). In Paper III, to reduce the sample of entries to be screened and 

analysed during the review process, only LCAs of lifetime extension mentioning 

the concept of product lifetime in their title, keywords and abstract were selected. 

For both literature reviews, the list of entries selected with the literature search 

was screened based on the title, abstract and content to select the studies to be 

analysed further. The selection process and analysis of the selected entries are 

described in detail in Papers I and III. 

4.2.2 Case studies 

Case studies are in-depth analyses of a case where detailed information is 

collected (Creswell, 2018). They allow an in-depth appreciation of an issue 

(Crowe et al., 2011). While case studies often focus on existing or potentially 

existing cases to provide detailed data, they can also incorporate hypothetical 

data to explore potential scenarios (Crowe et al., 2011) (e.g., hypothetical lifetime 

extension of an existing product). 

In this work, the purpose of the case studies was to test and compare assessment 

methods, explore a specific case of lifetime extension, and compare 

methodological choices. For the testing and comparison of CE indicators to LCA 

in Paper I, the coverage of various types of products and CE strategies was 

necessary for general observations on LCA and CE indicators. Therefore, multiple 

cases were selected, including single-use (incontinence products) and multiple-

use (laptop and truck engine) products and various CE strategies (see Table 2). 

Paper II aims to explore a specific case of lifetime extension to identify crucial 
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variables for the assessment results. The cases of HV motors with different energy 

efficiency and repaired HV motors were chosen as they offered changes in 

different variables, such as the product lifetime, product design and energy 

efficiency, and insights on the lifetime extension of long-lived and energy-

intensive products. Finally, in Paper IV, the comparison of lifetime modelling 

approaches in LCAs of lifetime extension aims to provide general conclusions on 

LCA methodology for lifetime extension. Two cases of lifetime extension were 

selected to cover products with use phases of different characteristics: the 

remanufacturing of mattresses, which do not require resources to function, and 

the repair of HV motors, which require energy.  

Depending on the role of the case study in the research, attention to primary data 

collection differs: primary data were collected to explore specific cases, and data 

from previously published cases were used to test and compare methods or 

methodological choices, where the case in itself is less important than the 

application of the assessment method. In Paper I, LCA models from previous 

studies were reused and modified for the LCA calculations, while inventory data 

were used to calculate CE indicators. 

The different cases are briefly presented in Table 2. More details are available in 

the Papers I, II and IV. 

Table 2. Overview of case studies used in the research. The CE strategy in focus is 
indicated using the terminology from Böckin et al. (2020). 

Case CE strategy in focus 
The main data 

source 

Used in 

Paper 

Recycled production 

waste for incontinence 

products 

Reducing losses in 

production  

Published data and 

LCA model from 

Willskytt and 

Tillman (2019) 

Paper I 

Change to bio-based 

material in 

incontinence products 

Changing material in 

the product 

Multiple use of 

incontinence products 

Shift from single-use 

to multiple-use 
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Effective use of 

incontinence products 

Use effectively (size 

tailored to users’ 

needs) 

Reused laptop Reuse Published data and 

LCA model from 

André et al. (2019) 

3D-printed truck 

engine 

Reduce material 

quantity in product 

and reduce the use of 

auxiliary material and 

energy during use 

(fuel consumption) 

Published data and 

LCA model from 

Böckin and Tillman 

(2019) 

Advanced 3D-printed 

truck engine 

Reduce material 

quantity in product 

(with advanced 

technology) & reduce 

the use of auxiliary 

material and energy 

during use (fuel 

consumption) 

Different energy 

efficiency of high-

voltage (HV) electric 

motors 

Reduce the use of 

energy during use 

Primary data from 

the HV motor 

manufacturer, 

background data 

from the ecoinvent 

database (Wernet 

et al., 2016) 

Paper II 

Repair of HV electric 

motors 

Repair Paper II 

Paper IV 

Mattress 

remanufacturing 

Remanufacturing Published data 

from Glew et al. 

(2012) and Lanoë 

et al. (2013), 

background data 

from the ecoinvent 

database (Wernet 

et al., 2016) 

Paper IV 
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4.2.3 Software for calculations in LCA studies 

LCA calculations were carried out with the help of LCA software. In Paper I, the 

original LCA modelling on OpenLCA from the authors of the studies presented in 

Table 2 (third column) was used for the cases. The analysis of the results from the 

software to generate the relevant figures and analysis for Paper I required copy-

pasting of the results from OpenLCA to Excel (Figure 4). In Papers II and IV, the 

data collection, LCA calculations, analysis and visualisation were instead carried 

out with the programming language Python with the help of the Python package 

Brightway (Mutel, 2017) and its user interface, the Activity Browser (Steubing et 

al., 2020) (Figure 4). 

 

Figure 4. Workflow and software used to carry out the LCAs in Papers I, II and IV. 

As LCA typically involve the manipulation of large amounts of data, using LCA 

software is common practice (Speck et al., 2016). In this work, the choice of LCA 

software has influenced the research design in Papers II and IV. Using a 

programming language made possible the rapid implementation of 

methodological choices that require uncommon input data formats and more 

calculations than what is done in classic LCA software. For example, generating a 

random data sample using a discrete probability distribution, presenting results 

on a histogram and analysing complex results such as parametric calculations 

and break-even analysis were carried out. These elements are central to the 

product lifetime modelling implemented in Paper II and tested in Paper IV. The 

possibility of having access to a time-effective and reliable way to implement this 
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lifetime modelling enabled a focus on lifetime modelling in LCA without strong 

practical barriers to implementation. 
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5 Results and analysis 

This chapter presents the results and analysis addressing each of the two 

research questions defined in section 3. 

5.1 CE indicators and LCA for assessing lifetime extension 

5.1.1 Lifetime extension in CE indicators 

In total, 36 CE indicators were identified in the review and analysed based on the 

product system’s flows and processes they account for and the CE strategies their 

methodology has in focus (Paper I). 

Nine indicators out of 36 have at least one lifetime extension strategy in focus. Out 

of these nine indicators, two have only lifetime extension strategies in focus: the 

reusability rate (Ardente and Mathieux, 2014) and the potential reuse index (Mesa 

et al., 2018). Both are expressed as a mass fraction of the product that can be 

reused. They thus account for flows of reused products and components (Figure 

5a) and have the strategies of reuse (product reuse) and remanufacturing 

(component reuse) in focus. However, the reusability rate accounts only for 

commercial reuse, while the potential reuse index also accounts for non-

commercial reuse. The seven other indicators have, in addition to lifetime 

extension strategies (i.e., reuse, remanufacturing and increased technical 

lifetime by design), other CE strategies in focus, such as recycling, energy 

recovery or production loss reduction (see, for example, the resource net loss 

(RNL) by Ljunggren Söderman and André (2019) in Figure 5b). Lifetime extension 

is in focus in the indicator methodology by accounting for either the value of the 

extended lifetime (Figge et al., 2018; Ljunggren Söderman and André, 2019; 

Winzer et al., 2016) or the mass fraction of the product coming from reused 

components and the fraction that can be reused at end-of-life (Bracquené et al., 

2020; Ellen MacArthur Foundation, 2019; Razza et al., 2020). 
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Figure 5. Flowchart mapping of a) the reusability rate (Ardente and Mathieux, 2014) and 
the potential reuse index (Mesa et al., 2018) and b) the resource net loss (RNL) (Ljunggren 
Söderman and André, 2019) as examples of indicators focusing on lifetime extension 
strategies (Paper I). 

Six of these nine indicators use time and/or product function data in their 

calculations. The longevity indicator (Figge et al., 2018) is expressed in units of 

time and considers the time a unit of material resource is maintained in a product 

system based on the product lifetime and its expansion with remanufacturing and 

recycling. In the specific energy and resource indicator (Winzer et al., 2016) 

specifically addressing lighting systems, lighting performance and product 

lifetime are used to calculate the indicator. The RNL (Ljunggren Söderman and 
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André, 2019) is expressed per product function (represented by the highlighted 

use process in Figure 5b) accounting for product lifetime. Finally, three indicators 

(Bracquené et al., 2020; Ellen MacArthur Foundation, 2019; Razza et al., 2020) use 

a benchmark of the product function, accounting for product lifetime, to an 

industry average in their calculations. For all these indicators using time and/or 

product function data, an extended lifetime with all other variables unchanged 

results in an improvement in the indicator value. 

Mapping the flows and processes accounted for by the reviewed indicators 

(Paper I) shows two processes for lifetime extension strategies that are not 

accounted for by any indicator: maintenance and repurposing (Figure 6). The 

changes in flows related to these strategies would be undetected with an 

assessment using only indicators from the list of reviewed CE indicators.  

 

Figure 6. Flowchart of a generic product system with flows and processes captured by 
the reviewed CE indicators in black and flows and processes not captured in red 
(Paper I). 

Overall, nine CE indicators have been found to focus on some of the lifetime 

extension strategies, primarily reuse, remanufacturing and increased technical 

lifetime by design. These indicators reward lifetime extension either by 

considering the increase in product lifetime value or product mass fraction that is 

possible to reuse or comes from reused components. However, since 

maintenance and repurposing are not accounted for, the reviewed CE indicators 

do not account for all lifetime extension strategies if the original indicator 

          

             
        

          

         
              

                

               

      

   

           

           

             
   

          

          
         

         

                 
         
         

         
        

          

                                                 

           

               



32 

definitions are strictly followed. This leaves room for further elaboration on CE 

indicators. 

5.1.2 Major differences between CE indicators and LCA for lifetime 

extension 

Several differences were identified between CE indicators and LCA for assessing 

lifetime extension when applying the two methods to cases (Paper I).  

First, there is a difference in the choice of system boundaries when collecting 

necessary data for the calculations. The practitioner in LCA decides the system 

boundaries, while the definition of each CE indicator decides them. In cases of 

lifetime extension, such as the reused laptop (Paper I), the product system can be 

divided into two use cycles (see the generic flowchart in Figure 2 in section 2.4). 

The first use cycle includes the laptop's production and initial use. The second 

consists of the reuse activity and second use. In most CE indicators and the LCAs 

presented in Paper I, the system boundaries consider a product system that 

includes the two use cycles. However, for seven CE indicators out of 36, the 

system under study focuses on one use cycle only with the reuse activity and 

second use. The flows related to laptop production and first use and the flow of 

laptops unfit for reuse are excluded from the assessment. This choice of system 

boundaries limits the inclusion of all activities that allow lifetime extension to 

happen, such as product design and collection systems fostering reuse and 

optimising the ratio of products that are fit for reuse. This difference is important 

to highlight when estimating whether the goal and scope of the assessment 

require the inclusion of these activities or not. 

A second difference noticed in the data collection and analysis of results for the 

two assessment methods is the accounting of material and energy use in the use 

phase. In LCA, the practitioner decides whether to include these flows within the 

system boundaries. Results from LCAs show that the environmental performance 

of products using energy or materials during their use phase, such as washing 

machines (Ardente and Mathieux, 2014) or HV electric motors (Paper II), is 

significantly influenced by material and energy use in the use phase. Moreover, 

energy and material flows in the use phase are essential for accounting for 

differences in product use phase efficiency. For example, for HV motors (Paper II), 
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variations in energy efficiency are key to the product’s environmental 

performance and the benefits of lifetime extension with repair. The motor design 

with better energy efficiency results in lower environmental impacts than the 

motor design with lower energy efficiency with an extended lifetime with repair. 

Moreover, a small decrease in efficiency after repair results in the repair not being 

beneficial compared to replacement with a motor as efficient. For example, for 

motors running on low-carbon electricity from the Swedish electricity mix, a 0.04-

0.05% efficiency reduction is sufficient for the repair of HV motors not to be 

beneficial in terms of global warming impacts (Paper II). In the reviewed CE 

indicators, the definition of their methodology is such that material or energy use 

in the use phase is not accounted for (Figure 6). Therefore, an assessment using 

exclusively CE indicators listed in Paper I would not reflect the overall resource 

performance of energy-using products and changes in energy efficiency with, e.g., 

lifetime extension or different product designs.  

Differences between LCA and indicators were also identified when interpreting 

the assessment results (Paper I). First, the two methods inform on different types 

of impacts. CE indicators capture changes in specified materials and, in some 

cases, energy resource flows, while LCA provides information on environmental 

impacts. For example, in the case of the 3D-printed truck engine compared to a 

conventional truck engine (Paper I), CE indicators provide information on a lower 

recycled content and recovery rate due to changes in the material content and 

increased energy use in manufacturing with 3D printing. LCA, on the other hand, 

provides information on reductions in global warming and fossil resource 

depletion impacts due to decreased fossil energy requirements during use with 

the lighter engine that is enabled by 3D printing. This difference is explained by the 

type of flows accounted for. Both methods account for material and energy flows, 

but LCA also accounts for emissions. Additionally, LCA requires differentiating 

between various energy sources and materials for calculating environmental 

impacts, which are distinctions that CE indicators do not require in their 

calculations. 

Finally, the assessment results are presented using different bases for 

comparison. In LCA, the basis for comparison is the functional unit. As for the 

system boundaries, the functional unit is decided by the practitioner. According 

to the international standards for LCA, the functional unit is a “quantified 
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performance of a product system" (ISO, 2006a) depending on the goal and scope 

of the assessment. For example, in the case of multiple-used incontinence 

products (Paper I), the functional unit is chosen as one use of an absorbent 

product with a medium absorption capacity and size. For CE indicators, the basis 

for comparison is decided by their definition. Except for the RNL indicator 

(Ljunggren Söderman and André, 2019) expressed per product function, CE 

indicators are expressed per product. This difference compared to LCA explains 

differences in assessment results for cases with changes in product mass. For 

example, the multiple-used incontinence product (Paper I) is made of one 

reusable pair of pants and one single-use absorbing pad sold separately. Thus, 

more cardboard packaging is required than for the single-use alternative. This 

increased material requirement per functional unit leads to lower performances 

in results from LCA and the RNL but better performance for indicators that reward 

renewable material content and recycling at end-of-life, as the packaging has a 

high renewable content and recycling rate compared to the rest of the product. 

However, rewarding heavier packaging for a product that provides the same 

function is questionable. It shows the importance of identifying changes in the 

product’s mass and considering the product function as a basis for comparison. 

Overall, CE indicators and LCA provide different types of information on changes 

in resource flows and environmental impacts, respectively, expressed per 

product for CE indicators except the RNL and per functional unit for LCA and the 

RNL. In terms of scope, assessment practitioners have more freedom to include 

one or several use cycles and resource flows during use in LCA, while the choice 

is set by definition for CE indicators. 

5.2 Product lifetime in LCAs of lifetime extension 

5.2.1 Importance of the lifetime for the results 

Even though the importance of product lifetime is visible from previous studies 

(section 2.4.1), conclusions from the papers appended to this dissertation add 

evidence to the influence of lifetime on LCA results of lifetime extension. In 

particular, from the LCA results of cases of lifetime extension in Papers II, III and 

IV, it is possible to identify that product lifetime is important for LCAs of lifetime 
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extension in two ways: as an essential part of the functional unit and as a variable 

to which LCA results are highly sensitive. 

The lifetime value differs between alternatives with and without a lifetime 

extension. When the environmental impacts are expressed per product, the 

difference in lifetime value does not influence the results. For example, the LCA 

results of the remanufactured mattress case (Paper IV) expressed per product are 

the same for mattresses with different lifetimes (Figure 7a). It would not be 

appropriate to compare the different alternatives with different lifetime values 

with the impact expressed per product. With a functional unit including the unit of 

the lifetime (e.g., year of mattress use), the value of the lifetime influences the 

results. The longer the lifetime, the lower the environmental impact per year of use 

(Figure 7b). This demonstrates the importance of having the unit of the lifetime in 

the functional unit when assessing lifetime extension. With this choice of 

functional unit, the LCA results are necessarily influenced by the product lifetime 

value. 

Looking at the results of the reviewed LCAs in Paper III, the benefits of lifetime 

extension vary greatly with the product lifetime value. These variations are 

especially highlighted by sensitivity analyses of results. For example, in 

Bressanelli et al. (2022), the environmental benefits of washing-machine 

remanufacturing compared to replacement vary between -10 and +40% 

depending on the user profile and, thus, the extent of the lifetime extension. In De 

Saxce et al. (2012), the LCA results comparing bedsheets with designs to increase 

the technical lifetimes vary by 14% and 26% with two lifetime calculation methods 

compared to the method chosen as the baseline. 
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Figure 7. Global warming impact for the remanufactured mattress case (Paper IV) a) per 
mattress and b) per year of mattress use for different values of the mattress lifetime 
(initial + additional). Abbreviations: reman: remanufacturing, y: years. 
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Another example is the case of the repaired HV motor (Paper II). A repaired motor 

results in a lower environmental impact than a motor without repair only after a 

minimum additional lifetime. Indeed, the repair results in additional impacts from 

producing a new component and treating the replaced one. So, shortly after the 

repair, the environmental impact per year of use of the repaired motor is higher 

than that of the motor without repair. As explained above, a longer additional 

lifetime reduces the impact per year of use until this impact is lower than the 

impact of the product without repair. A similar situation can be observed for the 

remanufactured mattress case (Paper IV): the environmental impact of a 

remanufactured mattress with an initial lifetime of 8 years and an additional 

lifetime of 4 years (bar “reman. (12y: 8+4)” in Figure 7b) is higher than the one for 

the baseline (8 years) but is lower than the baseline with the additional lifetime 

increased to 8 years (“reman. (16y: 8+8)” in Figure 7b). It demonstrates the 

existence of a range of lifetime values for which lifetime extension is beneficial 

and another range for which it is not.  

All of these examples show the crucial role of product lifetime in assessing 

lifetime extension, especially as an essential part of the functional unit and a key 

variable in the results. It highlights the importance of carefully considering this 

variable and its modelling in LCAs of lifetime extension. 

5.2.2 Lifetime reporting practices 

Reviewing LCAs of lifetime extension revealed imprecision in product lifetime 

definitions and incompleteness in the reporting of data sources and lifetime 

integration in LCA equations (Paper III). In 21 cases out of the 64 reviewed cases, 

several terms are used synonymously in the same study. It shows a lack of 

precision and attention to potential differences in the definition of different types 

of lifetime presented in section 2.  

The description of the product lifetime does not contain enough information to 

clearly identify the chosen type of lifetime in 67% of the reviewed cases. More 

specifically, unclear descriptions make it impossible to understand if the defined 

lifetime accounts for periods of idleness and full technical lifetime or not in 11 and 

24 out of 64 cases, respectively. Additionally, interpretation with the help of, e.g., 

calculations in the inventory, had to be made when analysing the type of lifetime 
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used in 14 cases out of 64. This hinders the interpretation of the potential of 

lifetime extension, for example extending the service lifetime to the full technical 

lifetime, and the choices made in the product system of the LCA, for example, 

whether a frequency of use is assumed.  

The studies also seldom report the reasons for obsolescence, found in 22 out of 

64 cases in the review. However, this information is required for understanding if 

the reported lifetime accounts for the full technical lifetime and has been 

identified as central for evaluating the suitability of lifetime extension strategies to 

improve the environmental performance of products (Böckin et al., 2020). 

Finally, the reporting of lifetime data sources and how the lifetime is integrated 

into LCA equations is not complete in all studies. The former is not reported in 27% 

of the reviewed cases, and the latter cannot be identified in one case. This 

information is crucial for ensuring a transparent LCA methodology. Reporting data 

sources is necessary for communicating the uncertainty and validity of results. 

For example, measured data may be more certain while an assumption might be 

highly uncertain, but the validity of measured data can be lower than assumed 

data if the assumed data is more valid for the goal and scope of the study. 

A precise and complete reporting of lifetime modelling is therefore crucial for 

interpreting the LCA results of lifetime extension, but current practices show a 

lack of attention to reporting as well as awareness regarding the necessary 

elements to be reported.  

5.2.3 Product lifetime modelling  

The review of LCAs of lifetime extension considered product lifetime in all four 

steps of LCA methodology. A number of elements that describe how the lifetime 

is modelled were identified (Paper III). It was found that the elements are handled 

differently in the reviewed studies, and several generic options could be identified 

for each element. By structuring these elements and their respective options 

according to the four steps in LCA methodology, it was possible to design a 

framework for lifetime modelling that describes existing modelling practices. A 

technical element of this framework is the integration of product lifetime in LCA 

equations and is described in detail after a general presentation of the modelling 

framework. 
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Modelling framework 

The elements that describe how product lifetime is modelled in LCAs of lifetime 

extension were identified both before and while analysing the reviewed studies 

(Paper III). For example, the types of lifetime and obsolescence were identified 

and defined based on the literature on product lifetime before the literature review 

(see section 2.3). In contrast, the integration of lifetime in equations and the 

lifetime data sources were identified while reading the studies and their different 

options were defined by grouping similar observations under the same entry. 

The lifetime modelling framework is designed to follow the LCA methodological 
steps (Table 3):  

1. The lifetime definition, developed in the goal and scope definition,  

2. The integration of lifetime in equations, done in the inventory and impact 

assessment, 

3. The sensitivity analysis, in the interpretation of the results. 

The lifetime definition encompasses the description of the time period that the 

lifetime covers and the reasons for ending the lifetime. For the former, it is 

especially important to clarify whether periods of idleness and the whole 

technical lifetime are included in the lifetime, for example, by referring to the types 

of lifetime defined in section 2.1. For the latter, the types of obsolescence defined 

in section 2.1 introduce useful terminology, especially the distinction between 

absolute (i.e., the product is used until failure) and relative (i.e., the product falls 

into disuse before reaching its technical lifetime) obsolescence. In the context of 

lifetime extension, relative obsolescence indicates the possibility of extending the 

service lifetime to the full technical lifetime. 

The lifetime definition also describes how the lifetime is expressed. This includes 

the choice of unit, such as in years, number of uses or number of use cycles, and 

whether lifetime is partitioned into an initial and additional lifetime or considered 

as a total lifetime only. 
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Table 3. Product lifetime modelling framework for LCAs of lifetime extension developed 
in Paper III. 

Steps Elements Options 

1. Lifetime definition 

Type of lifetime 

- Service lifetime 

- Technical lifetime 

- Use time 

- Technical use time 

Unit for the lifetime 

- Time (e.g., years) 

- Representing the function 

provided (e.g., number of uses) 

Type of 

obsolescence 

- Absolute 

- Relative 

Lifetime partitioning 

- Partitioning of initial/additional 

lifetime 

- No partitioning (total lifetime 

only) 

2. Lifetime integration 

in equations 

Lifetime 

representation in 

equations 

- Single value 

- No fixed value 

- Distribution 

Lifetime data source 

- Assumption 

- Literature 

- Manufacturing company 

- Calculated based on technical 

parameters or statistical data 

- Expert judgement 

- Measured data 

- Product warranties 

- Standard 

- Survey to users 

3. Sensitivity analysis 
Sensitivity analysis 

method 

- Testing of different values 

- Comparison with other 

variables 

- Break-even analysis 

- Probabilistic simulation 
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The lifetime integration in equations is the description of how lifetime is 

represented in equations to calculate environmental impacts and the data 

sources used to supply the equations with lifetime values. Three main approaches 

have been identified from the reviewed LCAs, sorted from the most to the least 

used (Paper III): using a single lifetime value, a no-fixed value by leaving the 

lifetime variable in the calculations, and a distribution of the lifetime over a 

population. The approaches differ in their level of data requirements. The no-fixed 

value approach does not require any specific lifetime value, while the distribution 

approach is the most data-intensive and requires, e.g., results from a user survey 

or market data. For the reviewed cases using a single-value approach, various 

data sources have been used, listed in Table 3. The three approaches and their 

implementation in LCA are further described in section 5.3.2. 

The last step is the sensitivity analysis, which aims to estimate the sensitivity of 

the LCA results to lifetime values. Many methods for sensitivity analysis in LCA 

have been identified (Björklund, 2002; Igos et al., 2019), but only four of them have 

been used in the reviewed LCAs (Paper III). For cases using a single-value 

approach, sensitivity analysis is done either by testing different lifetime values, 

comparing the variation in LCA results with different lifetime values to the 

influence of other variables, or doing a break-even analysis. The latter calculates 

the lifetime value for which the ranking of the compared alternatives changes and 

thus provides information on threshold values for which conclusions hold. For 

cases using a no-fixed value, sensitivity analysis is done with a break-even 

analysis. Finally, the only reviewed case using a distribution approach propagates 

the lifetime distribution to the LCA results using the values from a user survey as 

a sample (Bressanelli et al., 2022). Therefore, the distribution approach can be 

considered a sensitivity analysis method by probabilistic simulation in itself. 

The framework provides a structured way to model product lifetime in LCAs, 

guiding practitioners to consider a comprehensive list of elements and an 

overview of options that can be used based on current literature. 

Description of the three approaches to integrate lifetime in equations 

The product lifetime representation in equations is perhaps the most technical 

element presented in the modelling framework. This section describes the 

implementation of the three identified approaches and their typical LCA results 
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based on the example of the repaired HV motor from Paper IV. In this example, the 

baseline is a motor produced, used and recycled (Figure 8). The alternative with 

lifetime extension is a motor that undergoes repair after an initial lifetime by 

replacing a component and is used for an additional lifetime before recycling 

(Figure 8). 

 

Figure 8. Flowchart of the repaired HV motor case with the notation used in the section. 
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Single value 

One lifetime value is required for the single-value approach. If the lifetime is 

partitioned into an initial lifetime and an additional lifetime, a value for each is 

required, noted as 𝐿𝑖𝑛𝑖𝑡  and 𝐿𝑎𝑑𝑑  respectively. As an example, for the case of the 

repaired HV motor, the initial lifetime is assumed to be 20 years, as stated by the 

manufacturer, which is the typical minimum lifetime before a technical failure. 

Little information is available on the lifetime of repaired motors, so an additional 

lifetime of 20 years is assumed to be a reasonable additional lifetime value as the 

state of a repaired motor is assumed to be as good as new. 

The environmental impact is calculated based on equation (2.1) (section 2.4.1) for 

the baseline (𝐼𝑏𝑎𝑠𝑒) and the alternative with a lifetime extension (𝐼𝐿𝐸): 

𝐼𝑏𝑎𝑠𝑒 =
𝑃 + 𝑈. 𝐿𝑖𝑛𝑖𝑡 + 𝐸

𝐿𝑖𝑛𝑖𝑡

     and     𝐼𝐿𝐸 =
𝑃 + 𝑈. 𝐿𝑖𝑛𝑖𝑡 + 𝑅 + 𝑈𝑎𝑑𝑑 . 𝐿𝑎𝑑𝑑 + 𝐸

𝐿𝑖𝑛𝑖𝑡 + 𝐿𝑎𝑑𝑑

 

with: 

- 𝑃  the impact of material extraction and production and initial product 

manufacturing, 

- 𝑈 and 𝑈𝑎𝑑𝑑  the impact of the use phase per unit of lifetime during the initial 

and the additional lifetime, respectively, 

- 𝐸  the impact of the product’s end-of-life treatment at the end of the 

lifetime, 

- 𝑅 the impact of the lifetime extension activity, including the production of 

eventual new components and treatment of old ones. 

The environmental impact results are obtained as one value for the baseline and 

another value for the alternative with lifetime extension. These values can be 

subdivided into contributions of different life cycle phases. For example, the 

contribution from the end-of-life treatment for the baseline is 𝐸 𝐿𝑖𝑛𝑖𝑡⁄ . 

For a sensitivity analysis of how the lifetime value affects the results, alternative 

lifetime values are required. For the example of the HV motor, since little 

information is available on typical lifetime values, a low lifetime value of 1 year 

and a high lifetime value of 40 years are assumed for both the initial and additional 

lifetime. Calculations for the sensitivity analysis are using equation (5.1) with the 

chosen lifetime values. 

(5.1) 
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The results are presented as a bar chart (example in Figure 9), each bar 

representing an alternative with chosen lifetime values, for an easy comparison of 

the environmental impact of each alternative and the contribution of different life 

cycle phases. Thus, several typical questions are suitable to be answered by the 

single-value approach: 

- What is the difference in environmental impact between a baseline and an 
alternative with lifetime extension for a specific lifetime value? 

- What is the contribution of different processes or life cycle phases to the 
environmental impact? 

- For which assessed lifetime values does lifetime extension reduce the 

environmental impact of a product? For example, the environmental 

impact of a repaired motor with an initial lifetime of 20 years and an 

additional lifetime of 1 year (bar “repair (20+1 y.)” in Figure 9) is higher than 

the baseline (bar “baseline (20 y.)”). In contrast, a repaired motor with an 

additional lifetime of 20 years (bar “repair (20+20 y.)”) results in a lower 

impact than the baseline. Therefore, the results indicate that repair 

extending the lifetime by 1 year is not beneficial, whereas a repair extending 

the lifetime by 20 years is beneficial after an initial lifetime of 20 years. 
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No-fixed value 

No specific lifetime value is required for the no-fixed value approach. Instead, the 

initial and additional lifetimes are left variable. The environmental impact of each 

alternative is expressed as a function of the lifetime. Departing from equation (5.1) 

and assuming that the impact of the use phase per year of use is the same before 

and after repair for the HV motor, these functions are as follows: 

𝐼𝑏𝑎𝑠𝑒(𝐿) =
𝑃 + 𝑈. 𝐿 + 𝐸

𝐿
     and     𝐼𝐿𝐸(𝐿) =

𝑃 + 𝑈. 𝐿 + 𝑅 + 𝐸

𝐿
 

With 𝐿  the total lifetime of the product, i.e., 𝐿 = 𝐿𝑖𝑛𝑖𝑡  for the baseline and 𝐿 =

𝐿𝑖𝑛𝑖𝑡 + 𝐿𝑎𝑑𝑑  for the alternative with lifetime extension. 

These LCA results expressed as functions of the lifetime can also be subdivided 

into contributions of the different life cycle phases. For example, the function 𝐸 𝐿⁄  

is the contribution of the end-of-life treatment for the baseline and alternative with 

lifetime extension. 

A sensitivity analysis with a break-even analysis estimates the minimum 

additional lifetime value 𝐿𝑏𝑟𝑒𝑎𝑘  after an initial lifetime 𝐿𝑖𝑛𝑖𝑡  for which 𝐼𝑏𝑎𝑠𝑒(𝐿𝑖𝑛𝑖𝑡) =

𝐼𝐿𝐸(𝐿𝑖𝑛𝑖𝑡 + 𝐿𝑏𝑟𝑒𝑎𝑘). The latter can be simplified into (Paper IV): 

𝐿𝑏𝑟𝑒𝑎𝑘

𝐿𝑖𝑛𝑖𝑡

=  
𝑅

𝑃 + 𝐸
 

The environmental impact and break-even value can be presented by plotting the 

different functions obtained in equations (5.2) and (5.3) (Figure 10). For the former, 

the plot presents the product lifetime on the x-axis and the environmental impact 

per unit of lifetime on the y-axis (Figure 10a). The range of lifetime values on the 

plot is first selected to be very broad, for example, between 0 and 100 years, and 

then refined to zoom in on the plot. For example, a range of lifetime between 0 and 

40 years is sufficient for the repaired HV motor. For the break-even analysis, the 

plot presents the break-even value as a straight line with the initial lifetime on the 

x-axis and the additional lifetime on the y-axis (Figure 10b). The break-even value 

of the lifetime can also be identified in the figure with the evolution of the impact 

with the lifetime. Taking the example of the repaired HV motor after an initial 

lifetime of 20 years, the environmental impact for the baseline is 14 tons CO2-eq 

per year of use. The same value of environmental impact for the alternative with 

(5.2) 

(5.3) 
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repair corresponds to a total lifetime of 22.6 years. The break-even value for the 

additional lifetime is thus 2.6 years for an initial lifetime of 20 years. 

Therefore, with a no-fixed approach, the following several typical questions can 

be answered: 

- How does the environmental impact vary with product lifetime? 
- What is the range of lifetime values for lifetime extension to be beneficial?  
- What is the break-even lifetime value for lifetime extension to be beneficial?  
- And if the contributions are also calculated: What is the contribution of 

different activities or life cycle phases to the environmental impacts? 
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Distribution 

This approach requires information about how the lifetime of the product is 

distributed in a population of product users. In other terms, the frequency of 

products which reach a given lifetime value in the population is required for all 

possible lifetime values. The collected data can take various forms, such as 

parameter values for a distribution (e.g., a normal or Weibull distribution (Aktas 

and Bilec, 2012; Kim and Yum, 2008; Severengiz et al., 2021)) that fit the lifetime 

distribution, the results of a user survey in which users state the lifetime value of 

their last replaced product (for the remanufactured mattress case in Paper IV) or 

the results of a survey on failure rates at different ages (for the repaired motor case 

in Paper IV). The procedure to translate survey results into lifetime distributions is 

described in the supplementary information of Paper IV. For the repaired HV 

motor case, the results of a failure rate survey are used to derive the distribution 

for the initial lifetime. The same distribution is used for the additional lifetime, as 

the repaired motor is assumed to have the same technical lifetime as a new 

motor. 

The distribution of initial and additional lifetime values is expressed as a list of 

possible lifetime values and their corresponding frequency in the given 

population. Then, the lifetime values are simulated according to the lifetime 

distribution for a sample of products with a generator of random numbers 

following the distribution. The sample size should be large enough so that the 

distribution of the lifetime values is correctly represented. For example, in the 

case of the HV motor with possible lifetime values ranging from 1 to 75 years and 

a mean value of 20 years (Paper IV), the generation of a sample of four motors 

could result in a list of lifetime values of 10, 24, 25 and 60 years which is not 

representative of the range of possible values and not having a mean value close 

to 20 years. After several trials, a sample size of 50 000 motors was judged 

sufficient as several sample generations resulted in similar distributions with a 

mean value close to 20 years. A larger sample would be possible but would 

unnecessarily increase the computing time. The lifetime value data is then a list 

of 50 000 initial and additional lifetime values representative of their distribution 

in a population.  
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For each product of the sample, the environmental impact for the baseline and 

alternative with lifetime extension is calculated following the equations (5.1). The 

LCA results are then a list of environmental impact values for each product in the 

sample, meaning 50 000 values for the baseline and 50 000 values for the 

alternative with lifetime extension for the repaired motor case (Paper IV). The 

mean environmental impact value in the sample can be calculated as the sum of 

the values divided by the sample size. The standard deviation can also be 

calculated with appropriate calculation tools to measure the spread of values in 

the sample. 

The results are presented as histograms, with the environmental impact per 

lifetime unit as the x-axis and the number of products in the sample with this 

environmental impact as the y-axis (Figure 11). The histogram represents the 

distribution of environmental impact values in the sample of products. The results 

can be presented with the histograms for the baseline and the alternative with 

lifetime extension of the same figure to compare the distributions (Figure 11a) or 

as the histogram of the difference in environmental impact (𝐼𝐿𝐸 − 𝐼𝑏𝑎𝑠𝑒) (Figure 11b). 

The typical questions answered by the results with the distribution approach are: 

- What is the distribution of the environmental impact in a population?  
- How does the distribution of environmental impacts change with lifetime 

extension? 
- Does lifetime extension result in an environmental impact reduction on 

average over a population? 
- How is the environmental impact reduction or increase distributed over a 

population? 
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Figure 11. LCA results with the distribution approach, also used as sensitivity analysis, 
for the repaired motor case for global warming (Paper III) presented a) with the 
distribution of environmental impacts for the baseline (blue bars) and with lifetime 
extension (purple bars) and b) with the distribution of the relative impact, i.e., the 
difference of impact between the alternative with lifetime extension and the baseline. 
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5.2.4 Selecting a modelling approach for integrating lifetime in equations 

The description of the three approaches for integrating lifetime in equations 

highlights differences that guide practitioners' decisions when selecting LCA 

methodology for assessing lifetime extension. 

First and foremost, the results obtained with different approaches answer 

different typical questions. Therefore, the choice of approach can be determined 

by the questions to be answered, which are defined in the LCA goal. Particularly, 

the goal is defined based on the intended application of the assessment, which 

may differ between actors (Baumann and Tillman, 2004). Outside academia, 

these applications can be grouped under policy-making and business 

applications. To link the typical questions identified in section 5.3.2 to concrete 

examples of LCA applications, Table 4 provides examples of policy-making and 

business applications for each typical question and the corresponding 

approaches to integrate lifetime in equations.  

Another aspect that might be decisive in selecting a suitable approach is the 

lifetime data requirements. Each approach requires different data, some more 

challenging to acquire. For products with little data on actual practices, 

compromises between the lifetime data collection required for the goal of the LCA 

and time constraints might have to be made. Ideally, the goal and scope of the 

LCA would decide the approach, but if efforts on lifetime data collection are not 

possible, the goal of the LCA might have to be changed so that approaches with 

available lifetime data are used instead.  

Finally, the no-fixed value and distribution approaches yield figures that are richer 

in information than the bar charts obtained with a single-value approach. The 

former displays the evolution of the environmental impact with the lifetime, and 

the latter displays the distribution of environmental impact values from which a 

mean value and spread of values can be analysed. The audience of the LCA, 

identified in the goal and scope definition, might not be used to analyse rich data 

representations. Therefore, the single-value approach might be preferred and 

can, in such cases, be used in combination with another approach. For example, 

for presenting the results from the repaired HV motor case in Paper II, the no-fixed 

value approach is used to display the range of validity of the results and the single-
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value approach is used with lifetime values taken as examples to support the 

interpretation of results. 

To summarise, a precise goal and scope definition, including the questions to be 

answered and the intended audience, is a crucial point of departure for selecting 

a lifetime modelling approach. 
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6 Discussion 

The work presented in this dissertation focuses on the environmental assessment 

of lifetime extension strategies. It clarifies the differences between two existing 

assessment methods, i.e., CE indicators and LCA, and defines LCA 

methodological choices related to product lifetime modelling. Both have 

implications for assessment practices. The results contribute to the body of 

knowledge on the environmental assessment of CE strategies. The focus on 

lifetime extension strategies allows the consideration of challenges specific to a 

sub-group of CE strategies, such as the importance of including the resources 

used during the use phase or the crucial role of product lifetime in the assessment 

results.  

The most surprising observation in this work is perhaps the gap between the 

importance given to, on the one hand, lifetime extension in definitions of CE and 

in incoming public policies and, on the other hand, the limited attention to lifetime 

extension in CE indicators (section 5.1.1) and product lifetime modelling reporting 

observed in LCAs (section 5.2.2). In assessments, the predominant concern 

seems to be the closing of material loops. A majority of CE indicators have 

material recycling in focus (Kristensen and Mosgaard, 2020; Moraga et al., 2019) 

(Paper I) and major discussions on LCA methodology are related to accounting for 

material quality degradation generated by recycling (Hellweg et al., 2023) and the 

handling of multi-functionality (e.g., generation of biogas with composting or of 

energy with incineration) with different allocation methods (Schrijvers et al., 

2016). Numerous LCAs of lifetime extension have been published, but a more 

general analysis of methodology for lifetime extension does not seem to receive 

the same level of scrutiny, highlighting a critical area for future research and 

developments.  

For the choice of LCA methodology, the results provide definitions of product 

lifetime in the context of LCA, consolidate LCA methodology with a more 

structured way to model product lifetime and clarify the differences in information 

provided by different lifetime modelling approaches. Overall, it contributes to 

clarifying methodological requirements for assessing lifetime extension with LCA, 

focusing on product lifetime. In their letter to the editor, Cottafava et al. (2024) 
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urge clear methodological requirements for the reliability and comparability of 

LCA studies comparing single-use and reusable packaging. They suggest 

systematic break-even analysis and transparent reporting of key variables, 

including the return rate for reuse and the packaging lifetime. It shows the 

relevance of the methodological considerations presented in this dissertation, 

insisting on the clear reporting of lifetime modelling and the consideration of 

sensitivity analysis for product lifetime, and calls for similar clarifications for other 

key variables. Moreover, the methodological considerations also support the call 

for a better consideration of obsolescence in LCA from Richter et al. (2024), with 

the reporting of types of obsolescence being highlighted as an essential part of the 

product lifetime definition in the assessment of lifetime extension. 

6.1 Assessment method for lifetime extension 

Three main differences between CE indicators and LCA for assessing lifetime 

extension have been identified in the present research. 

1. The type of information provided is different. LCA assesses environmental 

impacts, while CE indicators capture changes in resource flows. It has been 

argued that some material footprint indicators can be used as a proxy for 

estimating some environmental impacts (e.g., damages to biodiversity and 

human health (Steinmann et al., 2017)). However, no such correlation is observed 

between the results from CE indicators and LCA on the cases in Paper I, even if 

the addressed environmental impact categories were different to biodiversity and 

human health impacts. Therefore, LCA is better suited for assessing 

environmental impacts and CE indicators for changes in material flows, such as 

the mass ratio of reusable components in the product.  

2. The assessment method influences the possible coverage of the parts of 

the product system. With LCA, the system boundaries are decided by the 

practitioner based on the goal of the study. With CE indicators, the system 

boundaries are decided by their definition and vary between indicators (Paper I). 

A set of indicators with different coverages is then required to ensure that all 

necessary flows and processes are accounted for. This conclusion from Paper I 

confirms recommendations from previous CE indicators reviews on using a set of 

indicators instead of a single indicator to cover a wide range of aspects and 
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strategies (Corona et al., 2019; Moraga et al., 2019; Parchomenko et al., 2019; 

Saidani et al., 2019). However, material and energy flows in the use phase, 

maintenance and repurposing are not accounted for by any of the reviewed CE 

indicators. The former is important for the resource performance of the lifetime 

extension of energy-using products, and the latter for cases of maintenance and 

repurposing. Therefore, it becomes clear from the present research that not all 

flows and processes can be accounted for by one of the existing CE indicators. 

More generally, this observation highlights that knowing what is included and what 

is left out of the assessment is essential when choosing a method.  

3. Changes in absolute mass and total lifetime are not necessarily visible with 

CE indicators. The former is essential when comparing alternatives with different 

product designs, while the latter is crucial when comparing alternatives with 

varying lifetimes. Among the reviewed CE indicators, only the RNL indicator 

makes visible changes in product mass, as the functional unit is the basis of 

comparison. Additionally, six out of 36 indicators account for changes in the 

lifetime value.  

The three differences highlighted above all point to the need to clarify the goal and 

system boundaries of CE indicators and LCA by adding a level of detail essential 

for selecting an assessment method. Between CE indicators and LCA, previously 

identified differences in goal and scope were related to the number of pillars of 

sustainable development (environmental, economic and social development) 

addressed by the methods (Corona et al., 2019), while Paper I identifies a 

difference in the types of impact assessed. Between CE indicators, differences in 

the life cycle phases addressed (Helander et al., 2019), CE strategies in focus 

(Kristensen and Mosgaard, 2020; Saidani et al., 2019) and intended use of the 

results (e.g., communication, decision-making, learning) (Saidani et al., 2019) 

were mapped, while Paper I adds more granularity to differences in scope by 

mapping accounted flows and processes. The latter was essential to identifying 

shortcomings of reviewed CE indicators for assessing lifetime extension, such as 

the absence of indicators accounting for maintenance, repurposing or resources 

in the use phase.  

The choice of research method in Paper I influenced the level of detail of the 

analysis of CE indicators and comparison with LCA. When applying indicators to 

cases, one must understand the specific flows and processes accounted for to 
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collect the necessary data. Moreover, the identified difference in types of impact 

comes from the interpretation of results from the two methods. This supports the 

importance of testing and comparing assessment methods to understand them 

(Meadows, 1998). 

6.2 Lifetime modelling and methodology for LCA of lifetime extension 

Product lifetime in LCA previously received attention as regards the difficulty in 

quantifying its value (Günther and Langowski, 1997) and for the large influence of 

lifetime values on the LCA results of buildings (Goulouti et al., 2020; Grant and 

Ries, 2013). For the latter, statistical models (Morales et al., 2021; Silvestre et al., 

2015) and datasets (Aktas and Bilec, 2012; Goulouti et al., 2020) based on real 

lifetime data have been developed to overcome the limited availability of lifetime 

data values and variability. It signals that more accurate data accounting for 

variability is an advancement in LCA methodology, echoing the title of the SETAC 

Europe 26th LCA symposium: “Making LCA Meaningful: Good Data, Better Models, 

Sustainable Decisions”.  

However, the results from the present research provide lifetime modelling 

approaches with low data requirements and emphasise the difference in typical 

questions answered by different approaches. More complexity in the LCA model 

reflecting the reality does not necessarily increase the quality of the decision 

support aimed by the assessment. Instead, the LCA goal directs the choice of 

lifetime modelling approach to be used and, therefore, the data collection. 

The typical way of modelling the lifetime as a single value is not adequate for all 

studies, as much as striving for more extensive lifetime data collection is not 

always necessary. This observation further stresses the importance of the goal 

and scope definition step for methodological choices in LCA. However, the LCA 

goal is often poorly stated in LCA studies (Nordelöf et al., 2014; Nyqvist, 2024; 

Roßmann et al., 2021), justifying an emphasis on the role of goal definition in 

guiding methodological decisions and on the precise and transparent reporting of 

every LCA methodological step. 

 

  



60 

7 Limitations and implications 

7.1 Limitations 

The work presented in this dissertation aims to support the development of 

guidance for assessment practices of lifetime extension. To do so, it analysed 

existing CE indicator methodologies and LCA modelling practices based on 

published academic studies. This choice of research method is helpful for 

clarifying existing methodological aspects, but it limits the analysis to what has 

been done instead of what could be done. For example, the work departs from the 

analysis of different lifetime modelling approaches for suggesting possible LCA 

applications in section 5.4, but the list of applications is not exhaustive. 

Alternatively, departing from the assessment needs of different practitioners to 

later develop lifetime modelling approaches that provide suitable information 

would ensure comprehensive coverage of assessment practices, which 

methodological guidelines would then need to consider. Similarly, the 

conclusions on the choice of assessment method are based on the analysis of 

existing CE indicators and not the potential that CE indicators could have after 

further developments. Therefore, other conclusions might be drawn in future 

studies. 

Additionally, the work is centred on assessment methodology and does not 

include the perspective of other assessment practitioners than the academic 

contributors to this research. The conclusions have not been tested in practice 

outside of this work and, therefore, do not consider other practical challenges that 

may be faced or the reality of assessment practices in other contexts. For 

example, the goal might be defined iteratively during the assessment and 

expecting a clear goal definition when selecting an assessment method might be 

less realistic in such studies. Additionally, the challenge of obtaining relevant 

lifetime data is not addressed in this work, and only an adaptation of the 

assessment goal to data availability is suggested. As reliable data on product 

lifetimes are hardly available because of, for example, high variations across 

geographical locations, time or user groups (Cooper, 2010), the data availability 

challenge needs to be further addressed for practical recommendations to 

practitioners. 
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Finally, for the selection of assessment methods, the work focuses on two 

assessment methods, indicators and LCA, although other ESA methods have 

been used to assess CE and lifetime extension, such as MFA or input-output 

analysis (Harris et al., 2021; Roos Lindgreen et al., 2022; Sassanelli et al., 2019). 

The conclusions are, therefore, limited in the range of assessment goals that 

environmental assessments can cover. Extending the work to other methods 

would allow a more comprehensive overview of possibilities and limitations when 

selecting an assessment method. 

7.2 Further research 

As mentioned in the discussion, this research highlights the analysis of 

assessment methodology for lifetime extension as a critical area for future 

research and development. 

Specifically, further research is required to develop concrete methodological 

guidelines for the environmental impacts of lifetime extension. Integrating the 

perspective of assessment practitioners to understand assessment needs in 

different contexts (e.g., academia, businesses or policy-making) and challenges 

specific to lifetime extension strategies would ensure the relevance and 

practicability of these recommendations. For example, testing the lifetime 

modelling framework for the actual assessment needs of different practitioners 

would increase its feasibility in different contexts. 

Another avenue for research would be to widen the scope of the research 

presented in this dissertation. The comparison of assessment methods by testing 

them on cases could be extended to methods other than CE indicators and LCA, 

such as MFA. This would provide a better understanding of how CE indicators 

compare to other assessment methods. The comparison could be made with a 

higher level of detail by testing the methods on cases rather than analysing 

method descriptions, as was done in previous method reviews (e.g., in Walzberg 

et al. (2021) or Corona et al. (2019)). For example, this research highlights 

differences in the visibility of changes in absolute product mass in the assessment 

results that would be difficult to identify by analysing the method descriptions. For 

LCA methodology, this work focused on product lifetime modelling, but other 

requirements might be necessary for the assessment to provide relevant 
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information for decision-making. For example, international standards do not 

provide any specific requirements about including a lifetime unit in the functional 

unit (ISO, 2006a, 2006b), although it is necessary when comparing alternatives 

with different total lifetimes, such as when assessing lifetime extension 

(section 5.2.1). 

Finally, the results point to ideas for further development of CE indicators and LCA 

methodology. Several shortcomings have been identified for CE indicators, such 

as the choice of a product as the basis of comparison instead of the product 

function or the lack of indicators accounting for resource flows in the use phase, 

maintenance or repurposing. These can be the point of departure for developing 

new CE indicators or improving existing ones. Moreover, the presented framework 

to model product lifetime in LCAs of lifetime extension comes from the analysis 

of existing studies. Thus, the framework can be developed by analysing other LCA 

studies than cases of lifetime extension or other assessments of lifetime 

extension. 

7.3 Implications for assessment practitioners 

Even though a broad panel of practitioners has not validated the practicability of 

the conclusions presented in this dissertation, several points can serve as 

guidance for future assessments of lifetime extension. 

The assessment goal has a central role in the choice of assessment method and 

LCA methodology. Therefore, a clear definition of this goal is essential to be 

developed to guide the choice of, e.g., CE indicators and product lifetime 

modelling in LCA. 

Additionally, one should be mindful of the flows and processes in the product 

system to be included in the assessment when defining the scope of the study to 

avoid missing significant changes from lifetime extension. It guides the selection 

of CE indicators as they account for different flows and processes. Additionally, 

resource flows in the use phase, and processes for maintenance and repurposing 

are not accounted for by any of the reviewed indicators in Paper I. When studying 

the lifetime extension of energy-using products and cases of maintenance and 

repurposing, these flows and processes can be included by complementing the 
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assessment with another assessment method, additional indicators or new 

indicators. 

For LCAs of lifetime extension, precise and complete reporting of lifetime 

modelling would ensure a transparent interpretation of assessment results. In the 

reviewed LCAs of lifetime extension, an unprecise and incomplete reporting of 

product lifetime modelling limits the interpretation and reproducibility of LCA 

results (section 5.2.2). The lifetime modelling framework (section 4.3) acts as a 

reminder of the different steps to be reported and the different options to choose 

from. It also defines a terminology that supports a more precise reporting of 

lifetime modelling. 

Moreover, when defining the functional unit for the LCA, a time unit is necessary 

when comparing alternatives with different total lifetimes, such as when 

assessing lifetime extension (section 5.2.1). 
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8 Conclusions 

Assessing the environmental benefits of product lifetime extension is crucial to 

guide the choice and implementation of these strategies. However, little guidance 

exists for assessment practitioners on how to assess lifetime extension. This 

research develops knowledge about environmental systems analysis 

methodology for lifetime extension. It highlights methodological considerations 

on the selection of assessment method, namely between LCA and CE indicators, 

and LCA methodology to deliver decision support on lifetime extension in line with 

the goal of the assessment. 

Selecting LCA or CE indicators depends on the desired type of assessment 

results. CE indicators provide information on changes in resource flows and LCA 

information on environmental impacts. Additionally, selecting the method also 

influences the scope of the system for the assessment. In LCA, the system 

boundaries are defined by the assessment practitioner. With CE indicators, the 

flows and processes accounted for are decided by the indicator definition. 

Therefore, sufficient coverage of the system to capture changes from lifetime 

extension needs to be reflected upon during the assessment method selection. 

Specifically, existing CE indicators do not account for material or energy use in the 

use phase, maintenance, and repurposing, although they are important flows and 

processes in some cases of lifetime extension. They need to be accounted for with 

other assessment methods when necessary. 

LCA results of lifetime extension are strongly influenced by the product lifetime, 

but the methodology related to how the lifetime is defined and modelled in the 

calculations has not yet been described and structured. This is reflected in the 

imprecise and incomplete product lifetime modelling reporting practices in LCAs. 

This reserach suggests a framework to model product lifetime in three steps: 1) 

the lifetime definition, 2) integration in equations, and 3) sensitivity analysis. The 

framework also points to essential information to be reported in each step for a 

transparent methodology and interpretation of results, such as whether the full 

technical lifetime and periods of idleness are included in the lifetime, the reasons 

for obsolescence and the data sources for lifetime data. 
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In particular, three approaches to represent lifetime in equations are identified 

from existing practices: with a single value, no fixed value (i.e., left variable) or 

distribution over a population. Different approaches are required for the LCA to 

answer different questions. Therefore, the goal of the LCA influences how lifetime 

is modelled. 

Lifetime extension has received less attention than other CE strategies, such as 

recycling, on specific methodological challenges and requirements when 

assessing environmental impacts. Lifetime extension strategies are under-

represented in the strategies that CE indicators focus on, and no general 

recommendations for LCA methodology to assess lifetime extension are 

available. The work presented in this dissertation is a first step towards more 

informed methods and methodological choices to assess lifetime extension. It 

makes sense of existing practices with a clear description and structure to guide 

these choices and opens the door to further research to develop assessment 

methodologies and methodological recommendations. These recommendations 

are intended to foster assessment practices that support decision-making in 

implementing efficient strategies to reduce the environmental impacts of 

products. 
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