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Abstract 

The circular economy is promoted by the EU, governments, and businesses all 

over the world as a concept to reach a sustainable future. The concept is 

embedded into the UN Sustainable Development Goals for 2030 and aims to 

decouple economic growth and environmental pressure. Many studies have 

been conducted on the circular economy in recent years but the research on the 

actual environmental performance of the concept is limited. To move forward 

with the concept of the circular economy and reach a sustainable future, the 

environmental performance must be investigated.  

In this thesis, the environmental impact of circularity in products is investigated 

by comparing the environmental impact from one circular and one linear 

product case. To achieve this, the environmental impact and the degree of 

circularity is calculated with two different methods. The circularity is calculated 

with a circularity indicator called the Linear Flow Ratio and the environmental 

impact is assessed with the environmental evaluation technique Life Cycle 

Assessment (LCA). In the LCAs, the cases are compared for different 

environmental impact categories (e.g. global warming). The product that is 

investigated is an LED lighting fixture from the company 2P1. The circular case 

is based on a leasing business model and includes remanufacturing, reuse and 

recycling. The linear case includes production, sales, use, and disposal.  

The LCA results show that the environmental impact from the circular case is 

lower for all environmental impact categories. The environmental impact is 

almost exclusively from the manufacturing phase (including extraction and 

production of raw materials) and the use phase. The circularity results from the 

Linear Flow Ratio show contradicting results, presenting that the degree of 

circularity is higher for the linear case. By comparing the results to calculations 

from another circularity indicator (Material Circularity Indicator), it is concluded 

that a unified framework for circularity measurements is required.  

Keywords: Circular economy, Circularity indicators, Life Cycle Assessment, Linear Flow 

Ratio, LED lighting fixtures   
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Sammanfattning 

Cirkulär ekonomi är introducerat av EU, länder och företag över hela världen 

som ett koncept för att nå en hållbar framtid. Den cirkulära ekonomin är en del 

av arbetet mot agenda 2030 för hållbar utveckling och strävar efter att 

frånkoppla ekonomisk tillväxt från miljöpåverkan. Det har forskats mycket på 

cirkulär ekonomi under de senaste åren men studier som undersöker det 

miljömässiga utförandet av konceptet saknas. För att fortsätta att utveckla 

konceptet och för att nå en hållbar framtid så måste den miljömässiga påverkan 

från cirkularitet undersökas.  

I denna studie undersöks miljöpåverkan från cirkularitet hos produkter genom 

att jämföra miljöpåverkan från ett cirkulärt och ett linjärt fall. Miljöpåverkan och 

cirkularitetsgraden beräknas med två olika metoder. Cirkulariteten beräknas 

med cirkularitetsindikatorn Linear Flow Ratio och miljöpåverkan analyseras 

men livscykelanalys. I livscykelanalyserna värderas miljöpåverkan för de två 

fallen för olika påverkanskategorier (t.ex. global uppvärmning). Produkten som 

undersökt är en LED-armatur från företaget 2P1. Det cirkulära fallet basers på 

uthyrning av armaturerna och innehåller renovering, återanvändning och 

återvinning. Det linjära fallet innehåller produktion, försäljning, användning och 

bortskaffande av produkten.  

Resultaten från livscykelanalyserna visar att det cirkulära fallet medför mindre 

miljöpåverkan för alla kategorier. Miljöpåverkan kommer nästan enbart från 

produktion (inklusive material) samt användning. Cirkularitetsresultaten från 

Linear Flow Ratio visar motsägelsefulla resultat då det linjära fallet har en högre 

cirkularitetsgrad än det cirkulära fallet. Genom att jämföra resultaten med 

beräkningar från en annan cirkularitetsindikator (Material Circularity Indicator) 

kan det fastställas att ett enhetligt ramverk för beräkning av cirkularitet är 

nödvändigt framöver.  

Nyckelord: Cirkulär ekonomi, cirkularitetsindikatorer, livscykelanalys, Linear Flow 

Ratio, LED-armaturer  
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1. Introduction 

This chapter introduces the concept of a circular economy and the research gap that the thesis 

is based on. The background is followed by the aim, objectives and research questions for the 

study. Furthermore, the context, limitations, and structure of the thesis are explained.  

 

The world is facing numerous challenges for sustainable development, requiring 

that everyone contributes to ensuring peace and prosperity for people and the 

planet, now and into the future (United Nations [UN] 2015). Sustainable 

development (SD) refers to initiatives that “meet the needs of the present 

without compromising the ability of future generations to meet their own 

needs” (Brundtland 1987, p. 12). In line with this definition, the UN (2015) 

developed the ‘2030 Agenda for Sustainable Development’ including 17 SD 

goals for people, planet, prosperity, peace, and partnership. The present thesis 

focuses on SD goal number 12 ‘Ensure sustainable consumption and 

production patterns’ which aims at achieving sustainable management and 

efficient use of natural resources by 2030. This includes achieving sound 

management of all wastes throughout their life cycles and reducing emissions to 

air, water and soil. Furthermore, to minimize the impacts on the environment. 

Prevention, reduction, recycling, and reuse are presented as ways to reduce the 

waste generation by 2030. 

 

Circular economy (CE) is promoted by the EU, governments, and businesses 

all over the world as a concept for reaching the SD goal number 12. It is 

presented as a promising concept for its ability to “attract the business 

community to sustainable development work” (Korhonen et al. 2017, p. 45) and 

has gained importance for moving towards a new economic model in recent 

years. Geissdoerfer et al. (2016) show through bibliometric research that the 

number of publications on the circular economy has increased by more than a 

tenfold during the last 10 years. The European Commission [COM] (2015) has 

presented an action plan with concrete EU mandate to support the transition 

towards a circular economy. The action plan is a contribution to the EU 

development of a sustainable economy and a part of the work towards the 2030 

agenda for sustainable development. The British Standard Institute released a 

standard for circular economy BS 8001:2017 “Framework for implementing the 

principles of the circular economy in organizations - Guide” in May 2017. The standard 

is the first CE standard that aims to provide organizations with guidelines for 

moving towards circular operations and actions. 
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Compared to the linear economy that follows a ‘take-make-dispose’ approach, 

CE is restorative by intention and design (Ellen MacArthur Foundation [EMF] 

2013a, 2013b, 2014). The foundation of economic growth in CE is the reuse of 

materials from end of life products instead of extraction of resources. Products 

in CE are designed for reuse, refurbishment or recycling (EMF 2013a, 2013b, 

2014; COM 2015). COM (2015) present CE as a contribution to the efforts of 

developing a sustainable, resource efficient, low carbon and competitive 

economy. EMF (2013a) describes that CE has economic advantages for 

economies, companies, and users. Ghisellini et al. (2015, p. 11) argue that “the 

ultimate goal of promoting CE is the decoupling of environmental pressure 

from economic growth”.   

 

Many studies have been conducted on the concept of CE in recent years (e.g. 

Geissdoerfer et al. 2016; Ghisellini et al. 2015 and Kjaer et al. 2018) but the 

research to date to understand the actual environmental performances of the 

concept is still limited. Geissdoerfer et al. (2016) describe that despite the 

importance of CE for academia, policymakers, and companies, the relationship 

between the concept and SD is not clear. Likewise, Korhonen et al. (2017, p. 

37) highlight that “the scientific research content of CE remains largely 

unexplored”. Korhonen et al. (2017) additionally point out that the concept of 

CE lacks critical analysis, referring specifically to the connection between CE 

and sustainability. Geissdoerfer et al. (2016) argue that not clearly understanding 

the relationship between CE and SD can lead to detrimental implications when 

moving forward with the concepts. In a similar way, Manninen et al. (2017) 

suggest that it is important to investigate whether CE business models 

contribute to environmental improvements or not and how the effects can be 

estimated. Furthermore, they state that CE often is promoted as a driver for 

sustainability, but the actual environmental effects have not been fully 

researched. 

 

A key requirement for investigating the environmental performances of CE is 

to understand the concrete circularity degree. To do this, circularity must be 

measured. Several indicators for measuring circularity have been developed 

during the last few years (e.g. Material Circularity Indicator from EMF and 

Granta Design (2015)). Even though numerous indicators exist based on 

different parts of CE, the need for new and improved indicators has been 

highlighted in the literature (Franklin-Johnson et al. 2016; Ghisellini et al. 2015; 

Linder et al. 2017). The circularity indicator that is used to measure circularity 
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in this thesis (Linear Flow Ratio) is promoted by Linder et al. (2017) as an 

improvement to the previous circularity indicators. The Linear Flow Ratio 

(LFR) uses economic value to calculate the circularity of products. Economic 

value is used to distinguish between different materials. Other circularity 

indicators calculate circularity based on the amount of material for example, 

which does not provide as specific results. Circularity indicators do not measure 

environmental impact but only the degree of circularity, and the environmental 

impact must, therefore, be evaluated with other indicators or methods (Walker 

et al. 2018).  

1.1. Purpose 

To increase the potential gains for environmental sustainability the concept of 

CE must be evaluated for its environmental impact. Contributing to this 

requirement, the purpose of this thesis is to investigate the environmental 

impact of circularity in products by comparing one linear and one circular 

product case in terms of their environmental impact. To do this, the circularity 

and the environmental impact for both cases are assessed and the results are 

compared.  

1.2. Objectives 

To address the aim of the thesis the following key objectives are defined. The 

environmental impact is calculated using Life Cycle Assessment (LCA) which 

assesses the environmental impact for the whole product life cycle 

(International Organization for Standardization [ISO] 2006). The circularity is 

calculated with the circularity indicator Linear Flow Ratio which is a resource 

efficiency measure (Linder et al. 2017). 

 

• Quantify, using LCA, the environmental impact of one linear and one 

circular product case and identify the main hotspots (the biggest 

impacts). 

• Calculate the circularity of the linear and circular cases using the LFR. 

• Compare the LCA and LFR results for the linear and circular case and 

identify how the circularity in both cases correlates to the LCA results 

for the environmental impact categories. 
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1.3. Research Questions 

The following research questions constitute the foundation of this thesis, with 

RQ2 serving as a sub-question of RQ1. 

 

RQ1: How does circularity in products correlate to different environmental 

impact categories quantified by Life Cycle Assessment? 

 

RQ2: What are the differences between the environmental impacts from the 

linear and the circular product case? 

1.4. Case Study 

The thesis is a collaborated effort between IVL Swedish Environmental 

Research Institute and the company 2P1. A multiple-case study with a holistic 

design (Yin 2014; Gray 2017) is conducted to compare one linear and one 

circular product case. The study investigates circularity for LED lighting fixtures 

through the company 2P1. The business model for 2P1 is circular by delivering 

light as a service with continuous improvements (2P1 n.d.). The ownership of 

the lamps is retained by 2P1 and all products are brought back to them when 

the leasing period is over. The lamps are partly constructed by reused 

components from flat screens and from the lamps brought back from other 

consumers. Recycled material is also used in the manufacturing process. The 

circular product business model is compared to a linear case where lighting 

fixtures are sold to consumers where they are later discarded. 

1.5. Structure 

The remainder of the thesis is structured as follows. In chapter 2, the theoretical 

framework is developed by integrating relevant research and evaluating the 

current situation on CE.  In chapter 3, the method for the study is described 

including information about the case study, LCA and the LFR. The findings in 

chapter 4 present the results from the LCAs and the LFR calculations and the 

analysis chapter 5 includes a comparison between the two cases and an analysis 

of the results. Lastly, in chapter 6 the conclusion presents the main conclusions 

from the research, limitations and future research. 

  



15 

2. Theoretical Framework 

The research gap for the study is the limited research on the environmental performances of the 

circular economy and the aim of the thesis is to investigate how circularity in products correlates 

to environmental impact. In the theoretical framework, the principles of the circular economy 

are presented followed by the economic performances and the limited research on the 

environmental performances. It is described how circularity in products can be measured and 

how circularity can be included in business models. The case study is conducted on the circularity 

of LED lighting fixtures and theory on the area is therefore included. The advantages of 

improved lighting quality and previous studies on environmental impact from lighting fixtures 

are presented. 

2.1. Principles of the Circular Economy 

The linear model of resource consumption was established in the early days of 

industrialization (EMF 2013a, 2013b). The linear model follows a ‘take-make-

dispose’ pattern and includes extraction of materials, applying energy and labor 

to the manufacturing process and selling the product to a consumer where it 

later is discarded. It is described that an economic limitation of linear 

consumption is that the real prices of natural resources began to surge upwards 

at the start of the new millennium. The increased prices are likely to remain high 

because of the increasing population, extraction of resources in places hard to 

reach and environmental costs associated with depletion of natural capital. EMF 

(2013a; 2013b) also describe that the linear consumption model has limitations 

concerning resource losses. Resource losses depend on waste in the production 

chain, end of life waste, energy use and erosion of ecosystem services.  

 

 
Figure 1: Linear versus circular, by Catherine Weetman, 2016, 

https://commons.wikimedia.org/wiki/File:Linear_versus_circular.jpg. CC BY-SA 4.0 
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Compared to the linear economy, the circular economy is restorative by 

intention and design (EMF 2013a, 2013b). Waste is minimized, and the value of 

products, materials, and resources is maintained in the economy for as long as 

possible (COM 2015) (Figure 1). EMF (2013a; 2013b) describe that the 

foundation of economic growth in CE is the reuse of materials from end of life 

(EoL) products instead of extraction of resources. The core of CE focuses on 

three activities: reuse at the product level (repair or refurbishment), reuse at the 

component level (remanufacturing) and reuse at the material level (recycling) 

(Zink & Geyer 2017). EMF (2013a, 2013b) describe that there is a clear 

difference between ‘consumption’ and ‘use’ of materials in CE. Retailers should 

retain ownership of their products and act as service providers. In that way, the 

use of products is sold instead of a one-way consumption. In CE, unlimited 

resources like labor take the more central role instead of resources that are 

limited by natural supply. CE is based on the principle of ‘design out waste’ 

meaning that if a product is designed to fit within biological or technical material 

cycles, waste does not exist (EMF 2013a; Ghisellini et al. 2015). Other principles 

for CE are to build resilience through diversity and to rely on energy from 

renewable resources (EMF 2013a, 2013b). The concept of CE is presented to 

imply both economic and environmental advantages (COM 2015). The 

economic performances of CE for economies, companies, and users are 

presented in the next section. 

2.2. Circular Economy Business Models 

Moving towards a circular economy stresses the need for circular business 

models and research on their impacts. The circular business model product-

service-systems (PSS) implies that goods are primarily produced for the sale of 

services based on their functionality instead of actual sales (Ionascu & Ionascu 

2018; Chen 2018; Tukker 2013). Examples of PSS are leasing and rental 

transactions. Lewandowski (2016) describes that leasing is an alternative to the 

traditional ‘buy and own’ model. In leasing transactions, the right to use an asset 

is acquired in return for lease payments (Ionascu & Ionascu 2018). The 

producer/supplier (owner of the asset) controls the asset during renewal, 

refurbishment, remanufacturing and recycling meaning that the owner recovers 

products, components, and materials. PSS is promoted to increase reuse, 

repurpose, remanufacture and recycling and therefore increasing resource 

productivity and minimizing waste (Laurenti et al. 2016). According to Ionascu 

and Ionascu (2018) leasing is considered a ‘green transaction’ with expected 

environmental performances. Mont (2002) on the other hand shows that the 
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environmental impact of leasing depends on circumstances, schemes, and 

conditions surrounding the use of the products. Kjaer et al. (2018) mean that 

resource reduction does not automatically lead to enhanced sustainability 

performances.  

2.3. Economic Performance of the Circular Economy 

There are economic opportunities from CE for economies, companies, and 

users (EMF 2013a). COM (2015) means that CE will boost the competitiveness 

for the EU by protecting businesses against scarcity of resources and volatile 

prices, helping to create more efficient ways of producing and consuming and 

creating new business opportunities. EMF (2013a) describes that substantial net 

material cost savings are an economic opportunity for economies. They also 

present the mitigation of price volatility and supply risk as an economic 

opportunity. Mitigation of price volatility is achieved by the stabilization of 

material prices and because of that, supply risks are decreased since the flow of 

raw material and components is not disturbed. Another economic opportunity 

for economies is the sectoral shift (for the extraction sector, manufacturing 

sector, and services) to financing and leasing arrangements (EMF 2013a). The 

increased amount of leasing arrangements and the expansion of services 

furthermore leads to new job opportunities and employment benefits.  

 

Economic opportunities for companies can be achieved by both profit 

possibilities from new circular activities and from improvements on today’s 

strategic challenges (EMF 2013a). Material bills and warranty risks are reduced 

from product refurbishment, component remanufacturing and material 

recycling (EMF 2013a; COM 2015). Customer interaction and loyalty are also 

improved by life time service relationships (EMF 2013a, Aboulamer 2018). CE 

also implies economic advantages for users, not only by the immediate price 

effects from reused materials (EMF 2013a). Ownership costs are reduced, and 

better services are provided. 

 

The economic performances of CE should be researched further to fully 

establish the economic advantages but that is not included in this study. The 

thesis focuses on the environmental performances of CE since research is even 

more limited on that part. The research gap and problematization for the thesis 

is the environmental impact of circularity in products. 
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2.4. Environmental Performance of the Circular Economy 

2.4.1. Limited Research 

The problematization of the thesis is the lack of research on the environmental 

performances of CE. Even though CE has been widely researched in recent 

years (e.g. Geissdoerfer et al. 2016; Ghisellini et al. 2015 and Kjaer et al. 2018) 

the research to understand the environmental impact from the concept is 

limited. According to Korhonen et al. (2017, p. 37) “the scientific research 

content of CE remains largely unexplored” and the concept of CE lacks critical 

analysis. The authors describe that scientific research on the connection 

between CE and sustainability performance is practically non-existent. CE is 

often promoted as a driver for sustainability, but the actual environmental 

effects have not been fully researched (Manninen et al. 2017). Manninen et al. 

(2017) further argue that it is important to investigate whether CE business 

models contribute to environmental improvements or not and how the effects 

can be estimated before moving forward with a new economic model.  

 

Cornelia Stettler (project manager Carbotech AG) describes that secondary 

production often includes less environmental impact than primary production 

(Haupt & Zschokke 2017). Kägi and Dinkel (2014) on the other hand say that 

this cannot be used to answer the general question on the environmental 

benefits from recycling. This is shown in their study where products with 

different circularity degrees were investigated, and the most circular options 

were not the most environmentally friendly ones. Haupt and Zschokke (2017) 

also discuss that the overall impact of waste management is minimal compared 

to impacts from consumption, problematizing the actual focus of CE. 

Geissdoerfer et al. (2016) have conducted bibliometric research followed by an 

extensive literature review on the similarities and differences between SD and 

CE. They have also investigated how CE is conceptually related to sustainability. 

The authors describe that despite the importance of CE for academia, 

policymakers, and companies, the relationship between the concept and SD is 

not clear. For example, the environmental perspective of CE is simplified in the 

description by not exploring all environmental impact categories (e.g. global 

warming). Not investigating the relationship between CE and SD can lead to 

detrimental implications when moving forward with the concepts (Geissdoerfer 

et al. 2017). 
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2.4.2.  Combining Circular Economy and Life Cycle Assessment 

It has been investigated in the literature if and how CE should be evaluated or 

combined with LCA to explore the environmental impact. Haupt and Zschokke 

(2017) write that today LCA is usually not used to evaluate actions and targets 

of CE but they suggest it when moving forward with the concept. They discuss 

how LCA can support the creation of CE and how waste and resources can be 

managed to minimize their environmental impacts. The conclusion was that 

consequential LCA should be used to quantify the environmental impacts of 

circular systems. This is because several studies describe scenarios where the 

most circular option is not the most environmentally friendly one. It is explained 

that LCA is a preferable tool for assessing the environmental performances of 

circular product designs and large-scale circular changes. Llorach-Massana et al. 

(2015) conducted a study to identify which life cycle stages that include the most 

environmental impacts for different products through LCA. They compared the 

LCA results with the Cradle to Cradle design framework (C2C) which is one of 

the main pillars of CE (CIRAIG 2015; EMF 2013) focusing on the idea that 

“waste is food” and the use of upcycling materials (Llorach-Massana et al. 2015). 

Bjørn and Hauschild (2013) describe that C2C does not promote environmental 

improvements in all life cycle stages. This is because the concept is focused 

exclusively on raw materials, recycling, reuse, and EoL stages while LCA also 

focuses on production, transportation, use and disposal (Llorach-Massana et al. 

2015). The results of the study say that depending on which life cycle stages 

include the most environmental impact C2C can or cannot be considered to 

help reduce environmental impact.  

2.4.3. Rebound Effects and Retrofit 

Zink and Geyer (2017) have investigated the environmental outcomes of CE 

focusing on the possible rebound effects. They describe that the environmental 

benefit of CE is presented as the difference between the impacts of reprocessing 

and the avoided impacts of primary production. However, it needs to be 

investigated whether and to what extent primary production is displaced by 

secondary production. The authors present two mechanisms that can lead to 

rebound effects for secondary production: the substitutability of secondary 

goods and the effects of secondary goods on market prices. Substitutability of 

goods meaning that secondary goods are insufficient substitutes because of the 

lower quality. The difference in quality can lead to secondary goods being 

produced in addition to primary goods rather than instead of.  The effect on 

market prices implies lower prices for secondary materials than for primary 
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materials resulting in wealthier producers that can afford to purchase more 

material and use it to produce more products (the income effect).  

 

Another aspect connected to the environmental performances of CE is the 

concept of the retrofit. Retrofit implies the modification of older equipment 

with new devices or systems to avoid the disposal of the equipment (Beu et al. 

2018). Retrofit is an important aspect to take into consideration when changing 

entire products to more circular ones which implies the disposal of material.  

 

Rebound effects and retrofit are aspects to be considered when evaluating the 

environmental performances of CE but they are beyond the scope of this thesis. 

The environmental impact connected to rebound effects and retrofit is 

discussed in the limitations and future research presented in the conclusion. 

2.5. Measuring Circularity 

To evaluate the environmental impact from CE and to combine the concept 

with LCA the circularity degree must be measured. The following section 

explains how circularity can be measured with circularity indicators.  

2.5.1. Circularity Indicators 

Circularity in products can be measured with circularity indicators and several 

options have been presented in the literature in recent years (EMF & Granta 

Design 2015). Saidani et al. (2017) stress the need for frameworks, methods, and 

tools to assess the circularity potential of products and furthermore improve the 

circularity of goods. Circularity indicators (CI) are used to assess change and 

can, therefore, be important tools to support the evolution from a linear to a 

circular economy (Church & Rogers 2006). Linder et al. (2017) mean that CIs 

can be used as product labels, key performance indicators or as a basis for 

regulatory change. In this thesis, CIs are used to calculate the circularity degree 

of product cases. 

 

Linder et al. (2017) have investigated how product-level circularity should be 

measured and which units (e.g. mass, energy, time) that represent the most 

fruitful approach. They describe that for CIs the unit for calculating circularity 

is a fundamental aspect. Existing CIs use mass, energy or time for example to 

calculate circularity which is a problem when wanting to distinguish between 

different types of materials. The authors present that indicators should be 

evaluated for construct validity, reliability, transparency, generality and 
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aggregation principles. Construct validity measures whether an indicator is 

measuring circularity and no other concepts and reliability measures if the 

indicator gives similar values under consistent conditions. Linder et al. (2017) 

present economic value as a suitable unit to measure circularity since prices 

changes as scarcity changes and new materials have prices if they are utilized in 

products. In that way, CIs can distinguish between different materials and 

components. Furthermore, they present a circularity indicator (LFR) that scores 

high for construct validity, reliability, transparency, generality and aggregation 

principles. The LFR is applied as the circularity indicator in this thesis.  

2.5.2.  Combining Circularity Indicators and Life Cycle 
Assessment 

Environmental evaluation of CE has been discussed in the literature as 

presented in the section above. In the same way, the combination of circularity 

measurements and environmental evaluation is highlighted in the literature 

(Walker et al. 2018; Niero & Kalbar 2019). It is proven that circularity indicators 

do not measure environmental impact but only the degree of circularity and 

must, therefore, be combined with other environmental evaluation methods 

(e.g. Life Cycle Assessments) (Walker et al. 2018). Niero and Kalbar (2019) 

encourage researchers to further investigate the coupling of CIs and LCA based 

indicators to address the environmental impact from CE (including rebound 

effects).  

2.6. Environmental Impact LED Lighting Fixtures 

The environmental impact from different phases in a lighting fixtures life cycle 

is important to understand since it affects the performances from circularity. 

Previous LCAs on lighting fixtures have been investigated to understand how 

the LCA results can affect the correlations to the circularity calculations.  

 

Numerous LCAs have been conducted on different lighting fixtures and in 

particular on light-emitting diode (LED) fixtures during the last couple of years 

(e.g. Beu et al. 2018; Casamayor et al. 2017; Principi & Fioretti 2014). LED light 

sources are generally considered environmentally friendly because of the 

mercury-free material composition, the life span, and energy efficiency 

(Tähkämö et al. 2012). The LCAs most commonly include all stages of the life 

cycle (cradle to grave) including raw materials, manufacturing, use, maintenance, 

and EoL treatment. The results show that the environmental impact from the 

LED lighting sources is dominated by the use phase due to the energy 
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consumption (Beu et al. (2018); Casamayor et al. (2017); Principi & Fioretti 

2014; Tähkämö et al. 2012; Tähkämö et al. 2013). The dominance level from 

the use phase can furthermore change according to the energy source. Since the 

above-mentioned studies were not conducted in Sweden the results would be 

different for the Swedish electricity production. The Swedish electricity 

production consists of almost 80% hydro and nuclear power 

(Statistikmyndigheten SCB [SCB] n.d.) which does not significantly contribute 

to greenhouse gas emissions. Tähkämö et al. (2013) also state that the 

manufacturing phase has a significant impact on the environmental impact and 

that the environmental impact from the modeling of LED components needs 

to be explored further. Since the use phase and manufacturing phase contribute 

to the most environmental impact Casamayor et al. (2017) explain that the most 

effective eco-design strategies are to decrease power consumption and reducing 

the amount of virgin material used. EoL treatment is proven to have nearly no 

impact from the total life cycle point of view (Casamayor et al. 2017; Principi & 

Fioretti 2014; Tähkämö et al. 2012; Tähkämö et al. 2013). Principi and Fioretti 

(2014) included different possible EoL scenarios in their LCA and the results 

showed that the different scenarios contributed to a maximum difference of 1% 

in total environmental impact.  

2.7. Lights and Work Environment 

The cases that are investigated in the thesis include light quality changes by 

replacement of components or whole fixtures. The changes are included to 

investigate the quality aspect of the 2P1 business model which implies that light 

has many effects on the work environment.  

Many quantitative studies have been conducted on the effects on lighting in 

work environments, proving that lighting has significant effects on work 

performances (e.g. Lee & Guerin 2009; Kang et al. 2017; Veitch et al. 2013). 

Quality of light and the amount of light from specific directions affect occupant 

satisfaction and performance in workspaces (Lee & Guerin 2009; Kang et al. 

2017). Furthermore, Veitch et al. (2013) show that lighting affects work 

engagement. The study presents that a satisfactory work environment through 

lighting contributes to employee effectiveness. High correlated color 

temperature office lighting leads to employee wellbeing and work performances 

through many different factors (Mills et al. 2007). Furthermore, Mills et al. 

(2007) present that improvements are observed for the areas fatigue (26,9%), 
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daytime sleepiness (31%), alertness (28,2%), work performance (19,4%), vitality 

(28,4%) and mental health (13,9%).  
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3. Method 

This chapter explains the methods that are employed to address the research questions as 

defined in the introduction chapter. The case study process and the two cases are described 

followed by the data collection process. LCA that is used to assess the environmental impact 

from the cases and the LFR that is used to calculate the circularity of the cases are described. 

Furthermore, the analysis and comparison between the LCA and LFR results are explained.  

3.1. Case Study 

A case study and qualitative research methods are employed to explore the 

environmental impact of linear and circular products. The research is based on 

the methodological assumptions of critical realism. A qualitative approach gives 

in-depth information and a ‘holistic’ overview of CE for products (Gray 2017). 

According to Richards and Morse (2013), qualitative research is applicable to 

understand the phenomena of concepts (e.g. circularity) deeply and in detail. A 

case study approach is suitable when the research questions seek to explain 

present circumstances (Yin 2014; Gray 2017) and is therefore applied to 

investigate ‘how’ and ‘why’ circularity in products correlate to environmental 

impact categories. According to the authors, a case study approach is suitable to 

study circularity in products since it is a contemporary event over which the 

researcher has no control. Many case studies have been conducted on the 

circular economy to study the concept for different cases (products, business 

models, countries, etc.). The thesis is based on case study research and it was 

also suitable in this study. A multiple-case study with a holistic design (Yin 2014; 

Gray 2017) is conducted to investigate one linear and one circular product case. 

The environmental impacts from both cases are investigated before they are 

compared, and cross-case conclusions are drawn. 

 

The case study process starts with a thorough literature review and careful 

posing of research aim, research questions and objectives (Yin 2014). All articles 

included in the literature review are documented in a literature list with a 

summary of each article. After that a plan for data collection is created including 

types of evidence, people to be interviewed and documents to be reviewed. The 

data sources that are used in the case study include documentation and 

interviews. A study on case study methods from COSMOS Corporation (1983) 

shows that the overall quality is higher in studies using multiple sources of 

evidence. Yin (2014, p. 120) argues that “the most important advantage 

presented by using multiple sources of evidence is the development of converging 
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lines of inquiry”. Data triangulation by several sources of information is used to 

make the findings and conclusions more convincing and accurate.  

3.1.1. Circular Case 

The circular case that is studied in the thesis is based on the business model 

from 2P1. The circularity of the business model includes reuse of components 

at manufacturing and remanufacturing, retained ownership and material 

recycling. The reuse of components comes from other lighting fixtures and 

from old flat screens. The flowchart for the circular case is presented in Figure 

2.  

 
Figure 2: Flowchart circular case (model developed by the author). 

Another important part of the business model is that the armatures are 

constructed with an adaptive design meaning that all components can be 

changed and replaced easily (Nyström 2019). The adaptive design results in an 

armature where components can be changed if the lighting requirements change 

and components can be replaced if they are out of function. Lighting 

requirements can change because of customer needs and regulations (e.g. for 

schools or hospitals) and can be changed for color temperature, beam angle and 

color rendering index for example. Both cases are modeled for a time period of 

50 years, providing light for a 40 square meter classroom.  

 

The circular case includes both the function and quality of light through 

upgrades and maintenances. Both the upgrades and the maintenances are 

achieved by replacing components. The case includes four upgrades for light 

quality, Internet of Things (IoT) system, energy efficiency and software. 

Maintenance is considered two times by changing the LED-chip and the driver 

when their lifetime is over.  
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3.1.2. Linear Case 

The linear case is modeled as a fair comparison to the circular case including 

both upgrades and maintenances. The case is based on the linear ‘take-make-

dispose’ economy including the construction of the lighting fixture, use, and 

disposal. The flowchart for the linear case is presented in Figure 3. The 2P1 

lighting fixture is investigated in the linear case as well-meaning the same 

materials, components, and weights. The same fixture is used to focus the 

differences between the linear and circular case on the circularity of the product. 

The reuse of components is furthermore not included in the linear case. A 

picture of the lighting fixture that is investigated in both cases is presented in 

Figure 4.  

 
Figure 3: Flowchart linear case (model developed by the author).  

 

 
Figure 4: 2P1 lighting fixture separated into different components (picture taken by the 

author). 

 

To investigate the same quality of light in the linear and circular case the 

upgrades for increased quality of light are included in the linear case as well. To 
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achieve this the case is modeled to include changes of the whole lighting fixture. 

Furthermore, the linear fixtures are modeled with a maximum lifetime of 15 

years before they were discarded. The reasons for adjustment and changes for 

both cases are presented in Table 1.  

 

Table 1: The adjustments for light quality and maintenance and how they are achieved in 

the circular and linear case. 

Year Adjustment Circular case Linear case 

1 
 New lighting 

fixture 
New lighting 
fixture 

5 
Light quality (eye 
problems) 

Upgrade LED-
chip 

New lighting 
fixture 

10 
IoT Upgrade 

controller 
New lighting 
fixture 

15    

20 
Energy efficiency 

Upgrade driver 
New lighting 
fixture 

25 Maintenance New LED-chip  

30 

IoT/light 
(teaching 
environment) 

Upgrade 
software 

New lighting 
fixture 

35    

40    

45 
 

 
New lighting 
fixture 

50 Maintenance New driver  

 

3.1.3. Linear case 2 

As a basis for discussion and comparison purposes, an additional linear case is 

assessed for its environmental impact. Linear case 2 does not include the light 

quality upgrades so the lighting fixtures are used for the entire life span of 15 

years until they are discarded. This means that the fixtures are changed four 

times during the 50 years instead of six times.  
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3.2. Data Collection 

3.2.1. Interviews 

Semi-structured interviews are conducted to discuss and model linear and 

circular case scenarios. Particularly, the interviews help to better understand the 

existing business model at 2P1 and according to that, model the circular case. 

The different adjustments (remanufacturing and maintenance) presented in 

Table 1 for both cases are decided from interviews with 2P1. Information about 

the manufacturing, remanufacturing and payment processes are also collected 

from the interviews. More specific, how the lighting fixture is assembled, how 

the components are reused, and what the users pay for. For example, the leasing 

fee is 85 SEK per square meter and the customer does not pay for the 

remanufacturing. More information is presented in appendix 2 and 3.  

 

The interviews are conducted in the initial stages of the project but also 

continuously to follow up questions and issues from the document analysis or 

previous interviews (Gray 2017). The interviews mainly form part of the 

planning process where the gathered insights inform the modeling of the two 

scenarios and identify the data needs. The interviews are conducted with the 

founder and CEO of 2P1 and with additional researchers (On CE) that have 

participated in projects with 2P1 before. 

 

Semi-structured interviews are used since the focus of the study is fairly clear 

and the interviews can focus on the specific issues of the study (Bryman & Bell 

2011; Gray 2017). Semi-structured interviews are also preferable for multiple 

case studies since the small-scale structure ensures the cross-case compatibility 

of the study. The interview process starts with the construction of two interview 

guides (One for the LCAs and one for the LFR calculation) (Appendix 5) that 

includes topics and suggestions for questions that increase the validity of the 

interviews (Bryman & Bell 2011; Gray 2017). The interviews are followed up 

after they take place by sending a summary of the topics discussed and questions 

for future meetings with the interviewees.  

 

In addition to the interviews, single questions are asked to experts in different 

areas. For example, the Swedish electronics recycling company El-kretsen (El-

kretsen n.d.)  is contacted to answer how the lighting fixture should be handled 

when it is discarded. This makes it possible to model a realistic EoL scenario 

based on Swedish routines.  
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3.2.2. Secondary Data and Document Analysis 

Secondary data through documents is used from previous research on the 

business model of 2P1 and from other articles on LCAs on lighting fixtures (Yin 

2014). Collecting data from non-interactive measures implies that interviewer 

biases and validity and reliability problems in research tools are avoided (Gray 

2017). Since the documents are dealing with ‘dead’ data the risk of reactive 

measurement effects do not exist. 2P1 have been engaged in many different 

projects during the last years to evaluate the advantages of their circular business 

model. Both projects concerning economic and environmental performances. 

For the LCAs, data is collected for materials, weights and transport distances. 

For example, the frame of the fixture is made from steel and weighs 1,765 kg. 

The material composition for every component of the lighting fixture and the 

weight of each component is presented in appendix 2. Furthermore, the 

transport distances for each component and the transport types are also 

presented. For the LFR calculations, data is collected for the costs of the 

different components (Appendix 3).  

 

Secondary data from articles on LCAs for lighting fixtures are used early in the 

LCA process. It is used to increase the breadth and scale of the data sets and to 

define the scope and system boundary (Bryman & Bell 2011; Gray 2017). First 

of all, previous flowcharts are used for inspiration when creating the flowcharts 

for the linear and circular case presented in Figure 2 and Figure 3. Processes and 

flows included in the LCAs are investigated. The secondary data is used to 

understand what is needed from the primary data, but it is also used in addition 

to the primary data. Interviews are used when documents do not provide 

enough information for the analysis. Data for the use phase of LED lighting 

fixtures is collected from a secondary source since primary data does not exist. 

The electricity consumption and other energy requirements are presented in 

appendix 2. 

 

The secondary data is of high quality in relation to the aim of the study since 

the designs of the previous studies fit the research questions of the study and 

the methods and research tools are used properly (Gray 2017). The LCAs that 

the secondary data is collected from are conducted with the ISO standard LCA 

method (ISO 2006). 

 

All the data collected from interviews, documents and secondary data are 

documented and presented in appendix 2 and 3. How the data is used for the 
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LCAs and LFR calculations is also presented. The thorough documentation of 

all the data increases the transparency of the study since it gives a clear picture 

of how the results are calculated. 

3.3. Life Cycle Assessment 

LCA is a method that is used to evaluate the environmental impact for both 

cases in this thesis. The LCA process consists of four phases including both 

data collection and data analysis. The data collection presented above is, 

therefore, a part of the LCA process explained below.  

LCAs are conducted to evaluate the environmental impact of the linear and 

circular case. Furthermore, to find the hotspots which include the biggest 

environmental impact. LCA considers the entire life cycle of a product including 

raw material extraction and acquisition, energy and material production, 

manufacturing, usage, EoL treatment and final disposal (ISO 2006). The 

environmental impacts from the two cases are assessed including the life cycle 

phases raw materials, manufacturing, transport, packaging, use, remanufacturing 

and EoL treatment. The LCA process includes the four phases presented below: 

goal and scope definition, inventory analysis (LCI), impact assessment (LCIA) 

and interpretation. 

3.3.1. Goal and Scope 

The first part of the LCA process is to identify the goal and scope of the 

assessments. The goal of an LCA states the intended application and the reason 

for carrying out the study (ISO 2006). The goal of the study is to compare the 

environmental impact from one linear and one circular product case. Also, to 

investigate the strengths and weaknesses of circularity in products. The most 

important part for the goal and scope of the thesis is that the two cases are 

modeled for the same system boundary and functional unit since the result are 

used for comparison (Cullen & Allwood 2009). The results are planned to be 

used to investigate circularity and for marketing purposes by 2P1. 

 

The scope of an LCA defines the breadth, depth, and detail of the study (ISO 

2006). The scope includes the system, function of the system, functional unit, 

system boundary, allocation procedures, impact categories selected, 

methodology of impact assessment, data requirements, assumptions, and 

limitations. When defining the scope of the study the cases are identified and all 

included phases and processes. The environmental impact categories are 
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defined as global warming, acidification, eutrophication, photochemical ozone 

creation and abiotic resource depletion (presented further in appendix 1). The 

impact categories are measured from the functional unit explained below. The 

needed data for the LCAs and LFR calculations is identified by interviews and 

document analysis. It is also defined where assumptions are needed in the 

calculation processes. 

Functional Unit 

The functional unit defines the quantification of the identified functions of the 

product (ISO 2006). The purpose of a functional unit is to provide a reference 

for relating inputs and outputs and it is necessary to ensure comparability of the 

study. Comparability is crucial in the study since two different systems are 

assessed and compared. In the thesis, the functional unit is used to decide what 

quality changes are included in the cases and what amount of light/lighting 

fixtures are investigated. 

To compare the linear and circular case, the same amount, life span and quality 

of light are assessed. The two cases are modeled for the life span of 50 years 

including the manufacturing of several fixtures for the linear case and 

remanufacturing for the circular case. The quality of light is the same for both 

cases by including the same upgrades. The functional unit for the LCA studies 

is ‘50 years of light in a 40 square meter room with four quality upgrades’. 

System Boundaries 

System boundaries in LCA studies define unit processes to be included in the 

system (ISO 2006). Elements included in the system depend on the goal and 

scope definition, application, audience, assumptions and data constraints. The 

processes included in the LCAs for the thesis are raw materials, manufacturing, 

transport, packaging, use, remanufacturing and EoL treatment. These processes 

are included to investigate the entire performance of circularity and to identify 

the differences between the two cases. 

3.3.2. Life Cycle Inventory Analysis 

The second part of the LCA process is the life cycle inventory analysis (LCI) 

which includes data collection and calculations to quantify inputs and outputs 

of the product system (ISO 2006). The data collection is an iterative process to 

meet the goals of the study (To compare the environmental impact from both 

cases and identify the environmental performances of CE). The process 
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includes collecting data about materials, components, unit processes, energy 

inputs, and waste. The data calculation process includes validation of the 

collected data, relating the data to unit processes and relating the data to the 

reference flow of the functional unit. In the thesis data collection is conducted 

through interviews, documents, and secondary data (further presented in the 

section above). 

3.3.3. Life Cycle Impact Assessment 

In the life cycle impact assessment (LCIA) phase of the study, the significance 

of the environmental impacts is evaluated using the LCI results (ISO 2006). The 

process aims to understand the impacts of associating inventory data with 

environmental impact categories and category indicators. The LCIA results 

provide information for the interpretation phase that is further explained in the 

next section. The process includes the assignment of LCI results and the 

calculation of category indicator results. 

 

The life cycle impact assessments are conducted with an LCA software where 

inventory data, databases, and a methodology are used together. The LCA 

software GaBi is used in this study. GaBi is a leading LCA software that models 

every element of a product from a life cycle perspective (GaBi Software n.d.a). 

The GaBi software provides constantly refreshed databases with details about 

costs, energy, and environmental impact. In addition to the GaBi databases, a 

database called Ecoinvent 3.5 is also used. The Ecoinvent database provides 

process data for products (Ecoinvent n.d.).  

Plans, processes, and flows from the databases are used to create models 

including all life cycle phases. The models include processes (from the 

databases) for raw materials, manufacturing of some of the components, 

manufacturing of the lighting fixtures, packaging, use, remanufacturing (new 

components) and EoL treatment (recycling and incineration). In the circular 

model, the manufacturing of the original lighting fixtures and the additional 

components for remanufacturing are included. The processes could be modeled 

as reuse from the beginning, but they are included to create a realistic 

comparison to the linear case. Raw material and manufacturing of reused 

components from flat screens are not included in the circular case since they are 

considered to be “free”. Figure 5 shows the GaBi model for the circular case 

and Figure 6 shows the GaBi model for the linear case.
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Figure 5: LCA model in GaBi, circular case (model developed by the author). 
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Figure 6: LCA model in GaBi, linear case (model developed by the author).  

 

Not all manufacturing processes for the components are included in the models 

because of missing data or database processes. Manufacturing of the big steel 

components is included since they represent 62% of the total weight and 

manufacturing of the LED-strip is included since the process is energy 

demanding (Principi & Fioretti 2014). The impact of the manufacturing of the 

other components is negligible. Material recycling and energy 

recycling/incineration of steel and plastics are included in the linear case but not 

in the circular case since the components and materials are used in new fixtures. 

Recycling and incineration are only included for steel and plastics since they 

represent 89% of the total weight of the fixture. The impact of recycling and 

incineration for the other components is negligible. Material recycling and 

energy recycling are included in the models since they represent 84% of the 

Swedish waste disposal (Avfall Sverige 2018).   
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The methodology that is used for the impact assessment is CML 2001. Through 

the CML methodology, the results are grouped in midpoint categories according 

to common mechanisms or commonly accepted groupings (GaBi Software 

n.d.b). In the thesis, the groupings that are studied are the impact categories 

GWP, AP, EP, POCP, and ADP. All LCA results are generated from the GaBi 

software through the CML methodology.  

3.3.1. Life Cycle Interpretation 

In the interpretation phase of the LCA studies, the findings from the LCI and 

the LCIA are combined (ISO 2006). The interpretation phase delivers results 

consistent with the goal and scope of the thesis. The results are used to reach a 

conclusion, explain limitations and provide recommendations. ISO (2006) 

explain that the interpretation should provide understandable, complete and 

consistent presentations of the LCA results. 

3.4. Linear Flow Ratio 

To calculate the circularity of the two product cases, the circularity indicator 

LFR is used. The LFR is a circularity indicator that uses economic value as the 

measurement unit, calculating how much value or utility is generated per unit of 

virgin material used (Linder et al. 2017) (1). The circularity indicator is, therefore, 

a resource efficiency measure. 

 

𝑉𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑣𝑖𝑟𝑔𝑖𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 =
𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑖𝑟𝑔𝑖𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡
          (1) 

 

The LFR calculation process includes economic values, EoL values, 

remanufacturing values and virgin material costs (Linder et al. 2017). For the 

circular 2P1 case, the economic value is based on the leasing fee per square 

meter of light. The EoL value is calculated as the virgin material cost for the 

whole fixture minus the virgin material cost for the changed components at 

maintenance. This is because the fixture is never discarded. The 

remanufacturing is not paid for by the consumer, so they only add virgin 

materials to the calculations. The virgin material cost is the cost for the material 

that is not recycled or reused. The LFR is calculated for 50 years.  

 

For the linear case, the economic value is based on the sales price for the lighting 

fixtures. The EoL value is the price paid by the recycler when the fixtures are 

discarded, and the virgin material cost is the cost for the material used in the 
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fixtures. The LFR is calculated for 8,33 years since the fixtures are changed 6 

times during 50 years. Data used in the LFR calculations for the circular and 

linear case is presented in appendix 3.  

3.5. Material Circularity Indicator 

When the LFR results are calculated and analyzed, an additional circularity 

indicator is used to cross-compare the results. The Material Circularity Indicator 

(MCI) is used to evaluate the LFR results and the purpose was not to compare 

the two indicators from the beginning. The MCI is used to evaluate the LFR 

results since it is well established (EMF & Granta Design 2015) and based on a 

different measurement unit. The MCI unit is not based on economic value. The 

indicator includes material, utility, destination after use and recycling efficiency. 

The MCI results are presented from zero to one where one is the highest 

possible circularity. The MCI data is presented in appendix 4.  

 

The LFR and MCI calculations are analyzed and compared with the LCA results 

to investigate the correlations between the results from the different methods. 

The comparative analysis is explained further in the next chapter. 

3.6. Comparative Analysis 

After the LCA and LFR (Combined with the MCI) results are analyzed 

separately, they are compared to find correlations between the environmental 

impact and the circularity. The differences in environmental impact are analyzed 

by comparing the results for the different environmental impact categories 

(GWP, AP, EP, POCP, and ADP) for the two cases. The differences in impact 

for the circular, and linear cases are investigated to study the environmental 

performances of circularity in products and answer RQ1 and RQ2. The impacts 

from the different life cycle phases are investigated to understand where 

circularity implies the most impact (hotspots) and what differences can be 

achieved with CE in products. It is also investigated what can be included in the 

circular case beyond the difference in environmental impact. 

 

Furthermore, the use of circularity indicators to measure circularity is analyzed 

focused on the different results from the LFR and MCI. It is analyzed how 

different circularity indicators and different cases can affect circularity results.  
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3.7. Trustworthiness 

The trustworthiness of the thesis is assessed by evaluating the credibility, 

transferability, dependability, and confirmability of the study (Lincoln & Guba 

1985). The credibility of the thesis is increased through methods triangulation, 

triangulation of sources and theoretical triangulation. Different data collection 

methods, data sources, and theoretical perspectives are included in the study. 

The credibility is also increased by member-checking since the interviews are 

followed up after they take place by sending a summary of the topics discussed 

and questions for future meetings with the interviewees. Lincoln and Guba 

(1985) describe that the researcher is responsible for providing a database that 

makes transferability judgments possible. This is achieved in the thesis by 

providing detailed information about the data collection. The dependability of 

the thesis is strengthened by inquiry audits by external researchers. 

Confirmability is accounted for with an audit trail meaning that the data 

collection, data analysis and interpretation of the data is detailed for the LCA 

and LFR calculations.  

3.8. Ethics 

Ethics in qualitative research is often connected to interaction with research 

participants (e.g. in interviews or focus groups) (Gray 2017). Since the data 

collection for the study is mostly based on documents and secondary data the 

focus on ethical issues is reserved. Ethical issues are assessed from dialogs with 

previous researchers about the collected data. The researchers that have 

collected the data for documents and secondary data give their consent to the 

use of the data. They are also contacted interactively to discuss how the data is 

used and why.  
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4. Findings 

The findings of the study are presented in the following chapter starting with the LCA results. 

Furthermore, the circularity results from the LFR and MCI are presented followed by a 

summarizing comparison of all results.  

4.1. Life Cycle Assessment 

The LCA results are presented in different categories for the two cases and the 

different environmental impact categories. The total environmental impact 

from the different impact categories is presented in Table 2. Furthermore, the 

difference in environmental impact for the two cases. The differences for the 

impact categories are the main results from the LCAs. 

 

Table 2: Difference in environmental impact between the circular case and linear case. 

Environmental 

impact category  

Circular case Linear case Difference 

(linear case 

compared to 

circular case) 

(%) 

GWP (kg CO2 eq.) 3190,00 4840,00 +52 

AP (kg SO2 eq.) 13,60 22,40 +65 

EP (kg Phosphate 

eq.) 

12,30 24,10 +96 

POCP (kg Ethene 

eq.) 

1,45 2,32 +60 

ADP (elements) (kg 

Sb eq.) 

0,31 0,66 +109 

ADP (fossils) (MJ) 26340,00 48200,00 +83 

The differences in environmental impact for all environmental impact 

categories are furthermore presented in Figure 7.  
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Figure 7: Differences in environmental impact between the circular and linear case (model 

developed by the author). 

The environmental impact is presented for the different life cycle phases in 

Figures 8, 9, 10, 11, 12 and 13. The graphs also present the total difference in 

environmental impact for all impact categories. The results are presented in this 

way to identify the hotspot phases for each environmental impact category. The 

data that the graphs are created from is presented in appendix 6.  

 
Figure 8: Difference in global warming potential divided into all life cycle phases (model 

developed by the author). 
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Figure 9: Difference in acidification potential divided into all life cycle phases (model 

developed by the author).  

 
Figure 10: Difference in eutrophication potential divided into all life cycle phases (model 

developed by the author). 
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Figure 11: Difference in photochemical ozone creation potential divided into all life cycle 

phases (model developed by the author). 

 
Figure 12: Difference in abiotic depletion potential (elements) divided into all life cycle phases 

(model developed by the author).  
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Figure 13: Difference in abiotic depletion potential (fossils) divided into all life cycle phases 

(model developed by the author).  

Results are also created for the linear case 2 without the quality upgrades. The 

difference in GWP between the circular case, linear case and linear case 2 is 

presented in Figure 14. The results for all impact categories are presented in 

appendix 6.  

 
Figure 14: Difference in global warming potential for the circular case, linear case and linear 

case 2 (model developed by the author).  
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4.2. Linear Flow Ratio and Material Circularity Indicator 

Table 3 shows the generated value and virgin material cost used to calculate the 

LFR for the two cases. The LFR results are presented as the generated value per 

virgin material cost meaning that the higher the value the higher the circularity. 

The MCI generates a value between zero and one where one represents the 

highest possible circularity. The LFR and MCI results are used to compare 

circularity measurements with the environmental impact quantified by LCAs. 

Furthermore, to cross-compare with each other to investigate the process of 

measuring circularity. The data used in the calculation of the LFR and MCI is 

explained further in appendix 3 and 4. 

 

Table 3: LFR and MCI results. 

 Circular case Linear case 

Generated 
value (SEK) 

172 904 687 225 

Virgin material 
cost (SEK) 

13 520 50 120 

LFR 13 14 

MCI 0,97 0,33 

 

4.3. Summary 

To summarize the findings from LCA, LFR, and MCI they are stated and 

compared in this section. The environmental impact is lower for the circular 

case for all environmental impact categories. Since the use phase impact is the 

same for the circular and linear case the differences between the cases are based 

on the manufacturing and remanufacturing impact. The impact of packaging, 

transport and EoL treatment is negligible compared to the use and 

manufacturing impact for all impact categories. For the impact categories where 

the manufacturing process contributes to the most environmental impact the 

total differences between the two cases are the biggest. The difference in 

eutrophication potential, abiotic depletion potential (elements) and abiotic 

depletion potential (fossils) are the highest since the impact from the use phase 

is small and the total impact is based on almost only the manufacturing phase.  

The LFR results are slightly higher for the linear case saying that the linear case 

is more circular than the circular case. The MCI results are the opposite 

presenting a circularity degree that is much higher for the circular case than for 

the linear case.   
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5. Discussion 

In this chapter, the results are discussed connected to the theory of CE. The discussion starts 

with the environmental impact from CE, discussing the answers to the research questions. 

Furthermore, the additional advantages of CE are discussed. The chapter ends with a 

discussion on how to measure circularity.  

5.1. Environmental Performance of the Circular Economy 

The aim of this thesis was to investigate the environmental impact of circularity 

in products by comparing the impact from one circular and one linear case. To 

do this, measurements of circularity (LFR and MCI) and environmental impact 

(LCA) were compared to answer RQ1 and RQ2. It was found that the 

environmental impact is lower for the circular case for all impact categories. The 

research on the environmental performances of CE is limited (Korhonen et al. 

2017; Manninen et al. 2017) but it has been described that secondary production 

often leads to less environmental impact than primary production (Haupt & 

Zschokke 2017). The authors write that the difference must be based on the 

production or consumption phase since the impact of waste management often 

is minimal in comparison. Previous LCAs on LED lighting fixtures have 

presented results where the use phase and manufacturing phase dominate 

(Tähkämö et al. 2013; Beu et al. 2018; Casamayor et al. 2017; Principi & Fioretti 

2014). Furthermore, Casamayor et al. (2017) state that the most effective ways 

to decrease the environmental impact from LED lights are to minimize the 

energy consumption and the use of virgin material. For the 2P1 cases, the 

manufacturing phase (including virgin material) and the use phase imply the 

highest impact for all environmental impact categories as previous LED LCAs. 

Furthermore, the impact from the EoL treatment/waste management is 

negligible compared to the manufacturing phase and use phase as stated by 

Haupt and Zschokke (2017).  

The comparison between the circular and linear case highlights that the 

manufacturing phase and use phase contributes to the differences in impact for 

CE. This shows that the environmental advantages from CE is not based on 

waste treatment but minimizing the material and manufacturing of new 

products and components. Furthermore, the difference between the two cases 

is bigger for impact categories where the use phase (electricity) implies less 

impact since the differences are biggest for the manufacturing phase. For cases 

where the use phase is bigger, circularity would not imply as big of a difference 

in environmental impact. Llorach-Massana et al. (2015) explain that CE can help 
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reduce environmental impact depending on which life cycle stages include the 

most environmental impact. The findings reported in this thesis show that CE 

can achieve the most environmental advantages for material demanding 

products with less environmental impact from the use phase.  

5.2. Additional Advantages of the Circular Economy 

In addition to the environmental advantages of CE, the concept includes other 

advantages as well. This section discusses the advantages of CE that are not 

environmental. According to EMF (2013a, 2013b, 2014), there are economic 

advantages of CE for economies, companies, and consumers. In fact, the 2P1 

business model includes additional advantages that have not been included in 

the evaluation. For example, the lighting fixtures are constructed to be prepared 

for IoT solutions to simplify the transition towards smart buildings in the future. 

The circular adaptive design contributes to more advantages than less 

environmental impact which is not included in the LCAs or LFR calculations. 

Both the circular and linear cases include four changes in light quality which in 

the circular case is accomplished by changing one component each time. The 

quality changes are included in both cases for a fair comparison.  For the linear 

case, it means changing the whole lighting fixture to achieve the upgrades. It 

could be argued that in reality, entire lighting fixtures would not be changed for 

quality upgrades when they are sold for a price per fixture. Linear case 2 is 

modeled as a comparison where the fixtures are changed after their whole 

lifetime of 15 years. The environmental impact from linear case 2 is higher than 

from the circular case but the difference in overall advantages is even bigger. 

For linear case 2 (without quality upgrades) many advantages from circularity 

are excluded. Several studies have proven that light quality has a great effect on 

the work environment and furthermore wellbeing (Lee & Guerin 2009; Kang et 

al. 2017; Veitch et al. 2013; Mills et al. 2007). The fact that CE leads to increased 

wellbeing must, therefore, be taken into consideration when evaluating the 

concept and comparing linear business models (that are established today) with 

circular ones. This means that a shift to a circular economy for lighting fixtures 

can not only lead to the decreased environmental impact from products, but 

also to increased wellbeing for the society. 
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5.3. Measuring Circularity 

It is stressed in the literature that circularity must be evaluated to further 

improve the concept of CE and the circularity of products (Saidani et al. 2017; 

Church & Rogers 2006). Many circularity indictors have been created in recent 

years to measure circularity and the thesis is based on one of them, the LFR. 

The indicator is used as a basis to evaluate the environmental impact but also to 

investigate the use of circularity indicators and the combination with LCA.  

The LFR calculates circularity with economic value as the measurement unit 

which in this case created contradicting results. Specifically, the LFR results 

showed that the circular case is less circular than the linear case. This result was 

generated because of a low leasing fee for the lighting fixtures by 2P1. Since the 

leasing fee is low, the generated value for the circular case is much lower than 

for the linear case (which is based on the sales price). Even though the virgin 

material cost is much lower for the circular case it does not affect the results as 

much as the difference in generated value.  

In addition to the LFR, the circularity indicator MCI is used to cross-compare 

the results. Different from the LFR, the MCI is based on the amount of material 

and not the value of different materials. The results from the MCI turned out 

completely different, showing that the circular case has a much higher degree of 

circularity than the linear case. Linder et al. (2017) argue that economic value is 

a suitable unit to measure circularity since it allows distinguishing between 

different materials. Furthermore, they criticize the MCI for only evaluating the 

amount of reused and recycled material arguing that the indicator does not 

include all aspects of the circularity. Even though the MCI calculations do not 

distinguish between different materials, this thesis found that the results 

matched the actual circularity much better than the LFR results did. Even 

though the LFR is further developed with more specific results, it needs to be 

noted that the results fluctuate and are sensitive to different inputs. The results 

from the thesis show that the LFR results differ depending on the leasing costs 

(and sales prices) which have nothing to do with the circularity degree. 

Furthermore, Linder et al. (2017) also say that the LFR scores high for reliability 

which is not the case regarding the dependability of the leasing costs.  

The difference in results between the two circularity indicators is one of the 

most important findings from this thesis. It is a big problem that the circularity 

degree can differ vastly depending on which circularity indicator is used and 

what is included in the cases. For example, the results for the cases used in the 
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thesis would be different for another business model (e.g. buying products back 

or charging for remanufacturing) or a higher leasing fee. Furthermore, the 

results vary depending on which CI is used. Since the LFR is based on the 

economic value the results will always depend on the values of the different 

materials meaning that the result will vary for products made of high-value 

materials and products that are not. The MCI results do not, in the opposite 

way, differ for products from different materials. Since completely different 

results can be created from different cases and indicators there is a risk that 

measurements can be misused by companies. This means that for different 

products, different CIs might be used to present the best possible circularity 

degree. To accomplish all the advantages from circularity measurements 

presented by Saidani et al. (2017) a unified framework is urgently required. CE 

and circularity indicators should be included in policy-making aiming towards a 

unified standard for measuring and presenting results for circularity in products.  

6. Conclusion and Limitations 

In the conclusion chapter, the most important insights from the study are summarized. 

Furthermore, the limitations of the study and proposed future research are presented.  

In conclusion, the LCA results reported in this thesis show that there is a 

difference in environmental impact for circular and linear products. The 

difference is almost entirely based on the manufacturing process including 

material consumption. The EoL treatment for waste is negligible for the total 

environmental impact meaning that the environmental advantages of CE 

consist of the decrease in extraction and production of materials. The use phase 

could have an impact on the case differences because of proportions 

(minimizing the difference from other phases) or the percentage use of 

renewable energy sources.  

In addition to the environmental performance of the CE, the concept includes 

other advantages that should be included in the evaluation. The 2P1 lighting 

fixtures are prepared for IoT solutions for smart building development now and 

in the future. The most important feature of the 2P1 business model is the 

adaptive design which means that each component can be changed easily. The 

adaptive design is used to make light quality changes for different problems and 

needs. Since many studies have proven that light quality has a great effect on 

wellbeing the changes are an important advantage from circularity.  
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One of the most important findings of the study was that the two different 

circularity indicators (LFR and MCI) presented completely different results. The 

difference in results shows that circularity measurements depend on choices of 

circularity indicators and cases. To move forward with the concept of CE, a 

unified framework for measuring circularity must be established. Furthermore, 

policies are required for how to measure and present circularity results to avoid 

misuse from companies.  

6.1. Limitations 

This thesis research is not without limitations. First, to increase the 

generalizability of the reported results, repeated CE evaluations must be 

conducted for products from different materials, business models and system 

boundaries. When conducting LCAs, the choice of system boundaries is crucial 

for the results of the assessments. The system boundary in this thesis includes 

the life cycle phases for the product but the system boundary could be broader. 

For example, the LCAs do not include phases that could contribute to rebound 

effects or retrofit.   

Second, the first manufacturing in the circular LCA model is modeled without 

reuse from previous lighting fixtures as if it is the first manufacturing of a 

fixture. The case could also be modeled from a starting point where the fixtures 

are already created which would imply different results. In the same way, the 

new components for upgrades are modeled as new material which could be 

excluded. However, despite that the difference between the circular and linear 

case would be even bigger if the circular case was modeled differently, it would 

not change which phases are most demanding.  

Thirdly, the life cycle assessments were modeled for 50 years to include the 

circular elements included in the 2P1 CE business model. The 50 years include 

several remanufacturing stages to show the differences between the circular and 

linear case. In the LCA GaBi models, the present-day Swedish electricity mix is 

used for all electricity requirements during the 50 years. In reality, however, the 

electricity mix in Sweden will change during these years. For example, the 

electricity produced by nuclear power will continue to decrease during the 

upcoming years (Energiföretagen 2018). Even though the change for the use 

phase would be the same for the circular and linear case a change in impact 

would affect the proportions for the impact phases. Furthermore, it could be 

argued that the two cases should be modeled with different electricity mixes. 

EMF (2013a, 2013b) explains that a principle of CE is to rely on electricity from 
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renewable energy sources. This principle has not been adopted in this thesis 

simply because it is not realistic to model the circular case on 100 percent 

renewable energy sources.  

6.2. Future Research 

To further evaluate the environmental performances of CE, additional circular 

products should be studied for their environmental impact and circularity. The 

environmental impact from the different life cycle phases can be different for 

other products which would generate different results. In a similar way, the LFR 

results are based on economic value and generate different results for different 

products. For future research, it would, therefore, be interesting to evaluate 

circular products where packaging, transport, and EoL treatment contribute to 

bigger parts of the total impact. This might also include cases where the use 

phase or manufacturing phase contributes to less environmental impact. 

Furthermore, the environmental impact from CE can be evaluated with 

different system boundaries meaning that different parts of circularity are 

included in the evaluations. In this thesis, the environmental impact from 

circularity is not evaluated for rebound effects and retrofit which are in practice 

included in the concept of CE. For future research, it would be important to 

include the concepts in a study or, in turn, specify studies for one specific 

concept.  

As described in the theoretical framework, many CIs have been presented in the 

literature in recent years. The indicators are based on individual units (e.g. mass, 

energy, and time) (Linder et al. 2017) and are therefore presented in different 

ways. This thesis has also shown that circularity can be measured completely 

different by using particular indicators. Therefore, future research is required to 

compare results for different indicators and provide unified guidelines on how 

to measure circularity.  
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8. Appendices 

8.1. Appendix 1 – Environmental Impact Categories 

8.1.1. Global Warming 

Global climate change is a problem for many reasons. One is that a higher 

average temperature in the seawater results in flooding of low-lying, often 

densely populated coastal areas (IVL Swedish Environmental Research Institute 

[IVL] n.d.) This effect is aggravated if part of the glacial ice cap in the Antarctic 

melts. Global warming is likely to result in changes in the weather pattern on a 

regional scale. These can include increased or reduced precipitation and/or 

increased frequency of storms. Such changes can have severe effects on natural 

ecosystems as well as for food production. Global warming is caused by 

increases in the atmospheric concentration of chemical substances that absorb 

infrared radiation. These substances reduce the energy flow from Earth in a way 

that is similar to the radiative functions of a glass greenhouse. Global warming 

is measured in kg CO2 equivalents.  

8.1.2. Acidification 

Acidification stands for the decrease of the pH value in terrestrial and water 

systems (IVL n.d.). This is a problem, e.g., because it causes substances in the 

soil to dissolve and leak into the water systems. These substances include 

nutrients, which are needed by plants, as well as metals such as aluminum and 

mercury, which can have toxic effects in the aquatic ecosystems. Reduced pH 

in the water system also has direct, ecotoxic effects, reducing the number of 

species that can live in lakes, etc. Emission of acidifying substances also causes 

damage to human health, and on buildings, statues and other constructions. 

Acidification is measured in kg SO2 equivalents. 

8.1.3. Eutrophication (nutrient enrichment) 

When the nutritional balance in the soil and waters is disturbed, it is called 

eutrophication (when the amount of nutrition is increased) (IVL n.d.). In aquatic 

systems, this leads to increased production of biomass, which may lead to 

oxygen deficiency when it is subsequently decomposed. The oxygen deficiency, 

in turn, kills organisms that live in or near the bottom of the lakes or coastal 

waters. It also makes the reproduction of fish more difficult. In terrestrial 

systems, deposition of nitrogen compounds leads to increased concentrations 

of nitrogen, which in turn leads to a change in the growing conditions. The 
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nitrogen may leak into water systems and cause increased levels of nitrogen in 

the aquatic systems. Eutrophication is measured in kg Phosphate equivalents. 

8.1.4. Photochemical Ozone Creation 

This impact category reflects the problem of the creation of oxidizing 

compounds (oxidants) through photochemical reactions in the air (close to the 

ground) (IVL n.d.). An oxidant is by definition substances that are able to 

oxidize I- (iodide) to I2 (iodine). The most important oxidant in this context is 

ozone. The tropospheric concentration of ozone and other oxidants has 

increased during the last century. The surface ozone (ozone close to the earth’s 

surface) concentration has been doubled in the Northern Hemisphere from the 

time of pre-industrialization to today. Surface ozone has toxic effects on 

humans and vegetation. Smog in large cities is an effect of these kinds of 

reactions. The ozone is formed by volatile organic compounds (VOC) and 

radiation from the sun, under the presence of NOX. When ozone is created 

under the influence of solar radiation, NO is gained. This substance must be 

oxidized back to NO2 by another molecule than the ozone, in order to get a net 

increase of ozone. Photochemical ozone creation is measured in kg ethene 

equivalents. 

8.1.5. Abiotic Resource Depletion 

Abiotic resource depletion implies the consumption of resources faster than 

they can be replenished (IVL n.d.). ADP is presented in the two categories 

elements and fossils which are two different kinds of resources from nature. 

The value of the resources (elements and fossils) depends on the availability in 

nature and the extraction process. Abiotic resource depletion is measured in kg 

Sb equivalents (elements) and MJ (fossils). 
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8.2. Appendix 2 – Data LCA 

Table A2.1: Bill of materials for one lighting fixture, linear case. 

Component Material GaBi material Weight [kg] 

Back piece 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,61600 
 
 

Cable 

Cable Cable 3 wire 
(EN15804 A1-
A3) ts (EU-28) 

0,25000 
 
 

Cap 

Acrylonitrile 
butadiene styrene 
(ABS) 

Acrylonitrile 
butadiene styrene 
(ABS) (EU-27) 

0,14100 
 

Coupling cable 

Cable Cable 1 wire 
(EN15804 A1-
A3) ts (EU-28) 

0,01000 
 

Diffuser 

Polyethylene 
terephthalate 
(PET) 

Polyethylene 
terephthalate 
granulate (PET) 
(EU-28) 

0,03000 
 
 
 

Driver 

Polycarbonate 
(PC) 

Polycarbonate 
granulate (PC) 
(EU-25) 

0,12500 
 

Driver 

Printed Wiring 
Board (PWB) 

Market for 
printed wiring 
board, mounted 
mainboard, 
desktop 
computer, Pb 
containing 
ecoinvent 3.5 

0,12500 

Frame 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

1,76500 
 
 

Heat shrink tube 

Polyethylene 
(PE) 

Polyethylene 
Film (PE-HD) 
without additives 
ts (DE) 

0,00010 
 

 

LED-strip 

Polycarbonate 
(PC) 

Polycarbonate 
granulate (PC) 
(EU-25) 

0,01800 
 

LED-strip 

Diodes Light emitting 
diode production 
ecoinvent 3.5 
(GLO) 

0,01800 



57 

LED-tape 

Copper Copper wire - 
cradle to gate 
(ECI/DKI 2012, 
EU-27) 

0,00400 
 
 

Light cable 

Polycarbonate 
(PC) 

Polycarbonate 
granulate (PC) 
(EU-25) 

0,57900 
 
 

Micro prismatic 
film 

Polyethylene 
terephthalate 
(PET) 

Polyethylene 
terephthalate 
granulate (PET) 
(EU-28) 

0,01500 
 

Nuts 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,00900 
 

Plastic film 

Polyethylene 
(PE) 

Polyethylene 
Film (PE-HD) 
without additives 
ts (DE) 

0,01000 

Reflector film 

Polyethylene 
terephthalate 
(PET) 

Polyethylene 
terephthalate 
granulate (PET) 
(EU-28) 

0,01500 
 
 

Resistance 

Copper (1/2) Copper wire - 
cradle to gate 
(ECI/DKI 2012, 
EU-27) 

0,00005 
 
 
 

Resistance 

Ceramic (1/2) Porcelain 
(Ceramics) 
Sanitary (GLO) 

0,00005 
 
 

Screws 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,01800 
 

Socket 

Acrylonitrile 
butadiene styrene 
(ABS) 

Acrylonitrile 
butadiene styrene 
(ABS) (EU-27) 

0,06000 
 

Strength member 

Polyamide (PA) 
(1/3)  

Polyamide 6.6 
fibres (PA 6) 
(EU-28) 

0,00467 
 
 

Strength member 
Brass (1/3) Brass (CuZn20) 

(EU-28) 
0,00467 
 

Strength member 

Nickel (1/3) Ferro nickel (per 
1 kg pure Ni) 
(GLO) 

0,00467 
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Table A2.2: Bill of materials for one lighting fixture, circular case. 

Component Material GaBi material Weight [kg] 

Back piece 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,17248 
 

Back piece 

Steel recycled Steel Engineering 
steel (Worldsteel 
2014, EU) 

0,44352 
 

Cable 

Cable Cable 3 wire 
(EN15804 A1-
A3) ts (EU-28) 

0,25000 
 
 

Cap 

Acrylonitrile 
butadiene styrene 
(ABS) 

Acrylonitrile 
butadiene styrene 
(ABS) (EU-27) 

0,14100 
 

Coupling cable 

Cable Cable 1 wire 
(EN15804 A1-
A3) ts (EU-28) 

0,01000 
 

Diffuser (not 
included in 
model) 

Polyethylene 
terephthalate 
(PET) 

Polyethylene 
terephthalate 
granulate (PET) 
(EU-28) 

0,03000 
 
 
 

Driver 

Polycarbonate 
(PC) 

Polycarbonate 
granulate (PC) 
(EU-25) 

0,12500 
 

Driver 

Printed Wiring 
Board (PWB) 

Market for 
printed wiring 
board, mounted 
mainboard, 
desktop 
computer, Pb 
containing 
ecoinvent 3.5 

0,12500 

Frame 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,52950 
 
 

Frame 

Steel recycled Steel Engineering 
steel (Worldsteel 
2014, EU) 

1,23550 
 

Heat shrink tube 

Polyethylene 
(PE) 

Polyethylene 
Film (PE-HD) 
without additives 
ts (DE) 

0,00010 
 

 

LED-strip 

Polycarbonate 
(PC) 

Polycarbonate 
granulate (PC) 
(EU-25) 

0,01800 
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LED-strip 

Diodes Light emitting 
diode production 
ecoinvent 3.5 
(GLO) 

0,01800 

LED-tape 

Copper Copper wire - 
cradle to gate 
(ECI/DKI 2012, 
EU-27) 

0,00400 
 
 

Light cable (not 
included in 
model) 

Polycarbonate 
(PC) 

Polycarbonate 
granulate (PC) 
(EU-25) 

0,57900 
 
 

Micro prismatic 
film (not 
included in 
model) 

Polyethylene 
terephthalate 
(PET) 

Polyethylene 
terephthalate 
granulate (PET) 
(EU-28) 

0,01500 
 

Nuts 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,00900 
 

Plastic film 

Polyethylene 
(PE) 

Polyethylene 
Film (PE-HD) 
without additives 
ts (DE) 

0,01000 

Reflector film 
(not included in 
model) 

Polyethylene 
terephthalate 
(PET) 

Polyethylene 
terephthalate 
granulate (PET) 
(EU-28) 

0,01500 
 
 

Resistance 

Copper (1/2) Copper wire - 
cradle to gate 
(ECI/DKI 2012, 
EU-27) 

0,00005 
 
 
 

Resistance 

Ceramic (1/2) Porcelain 
(Ceramics) 
Sanitary (GLO) 

0,00005 
 
 

Screws 

Steel Steel cold rolled 
coil (Worldsteel 
2014, EU) 

0,01800 
 

Socket 

Acrylonitrile 
butadiene styrene 
(ABS) 

Acrylonitrile 
butadiene styrene 
(ABS) (EU-27) 

0,06000 
 

Strength member 

Polyamide (PA) 
(1/3)  

Polyamide 6.6 
fibres (PA 6) 
(EU-28) 

0,00467 
 
 

Strength member 
Brass (1/3) Brass (CuZn20) 

(EU-28) 
0,00467 
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Strength member 

Nickel (1/3) Ferro nickel (per 
1 kg pure Ni) 
(GLO) 

0,00467 
 

 

Table A2.3: Transportation modes and distances. 

Compon
ent 

Transp
ort 
mode 
GaBi 

Supplier site 
[city, 
country] 

Distan
ce 
[km] 

Data source 
distance 

Loa
d 
fact
or 
[%] 

Back 
piece 

Truck 
Euro 5 
(C2a) 

Sandviken, 
Sweden 

23 www.viamichelin.
com 

85 

Cable Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Cap Truck 
Euro 5 
(C2a) 

Ockelbo, 
Sweden 

49 www.viamichelin.
com 

85 

Coupling 
cable 

Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Diffuser Truck 
Euro 5 
(C2a) 

Timrå, Sweden 221 www.viamichelin.
com 

85 

Driver Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Frame Truck 
Euro 5 
(C2a) 

Sandviken, 
Sweden 

23 www.viamichelin.
com 

85 

Heat 
shrink 
tube 

Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

LED-strip Truck 
Euro 5 
(C2a) 

Borås, Sweden 497 www.viamichelin.
com 

85 

LED-tape Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Light 
cable 

Truck 
Euro 5 
(C2a) 

Timrå/Hudiks
vall, Sweden 

2 www.viamichelin.
com 

85 

Micro 
prismatic 
film 

Truck 
Euro 5 
(C2a) 

Timrå, Sweden 221 www.viamichelin.
com 

85 

http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
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Nuts Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Raw 
material 

Truck 
Euro 5 
(C2a) 

 1000 Estimated 85 

Reflector 
film 

Truck 
Euro 5 
(C2a) 

Timrå, Sweden 221 www.viamichelin.
com 

85 

Resistance Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Screws Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

Socket Truck 
Euro 5 
(C2a) 

Ockelbo, 
Sweden 

49 www.viamichelin.
com 

85 

Strength 
member 

Truck 
Euro 5 
(C2a) 

Stockholm, 
Sweden 

169 www.viamichelin.
com 

85 

 

Table A2.4: Processes and energy requirements. 

Phase Process GaBi material Specification 

EoL treatment 
(linear case) 

Recycling steel 

Treatment of 
waste 
reinforcement 
steel, recycling 
ecoinvent 3.5 
(CH) 81,3%* 

EoL treatment 
(linear case) 

Incineration steel 

Treatment of 
scrap steel, 
municipal 
incineration 
ecoinvent 3.5 
(Europe without 
Switzerland) 18,7%* 

EoL treatment 
(linear case) 

Recycling 
plastics 

Treatment of 
waste 
polyethylene, for 
recycling, 
unsorted, sorting 
ecoinvent 3.5 
(Europe without 
Switzerland) 40,4%* 

http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
http://www.viamichelin.com/
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EoL treatment 
(linear case) 

Incineration 
plastics 

Treatment of 
waste 
polyethylene, 
municipal 
incineration 
ecoinvent 3.5 
(CH) 59,6%* 

Manufacturing 

LED diodes 

Light emitting 
diode production 
ecoinvent 3.5 
(GLO)  

Manufacturing 

A3 

Electricity grid 
mix 1kV-60kV 
(SE) 0,1 MJ/fixture** 

Manufacturing 

Steel product 

Metal working, 
average for steel 
product 
manufacturing 
ecoinvent 3.5 
(RER)  

Packaging 
Extrusion plastic 
film 

Extrusion, plastic 
film ecoinvent 
3.5 (RER)  

Remanufacturing 
(circular case) 

A3 

Electricity grid 
mix 1kV-60kV 
(SE) 0,1 MJ/fixture** 

Use 

A3 

Electricity grid 
mix 1kV-60kV 
(SE) 360 MJ/year*** 

* Source: Förpacknings- och tidningsinsamlingen [FTI] (n.d.) 
** Source: Energirådgivningen (n.d.) 
*** Source: Navigant Consulting (2012) 
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Table A2.5: Material recycling and reuse, circular case. 

Component Material Reuse and 
recycling 

Back piece 
Steel 72% material 

recycling 

Cap 

Acrylonitrile 
butadiene styrene 
(ABS) 

70% material 
recycling 

Diffuser 

Polyethylene 
terephthalate 
(PET) 100% reuse 

Frame 
Steel 70% material 

recycling 

Light cable  
Polycarbonate 
(PC) 100% reuse 

Micro prismatic 
film 

Polyethylene 
terephthalate 
(PET) 100% reuse 

Reflector film 

Polyethylene 
terephthalate 
(PET) 100% reuse 
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8.3. Appendix 3 – Data LFR 

Table A3.1: Material costs components. 

Component Purchase 
price 
(SEK) 

Work 
cost 
(SEK) 

Recycling/reuse 
circular case 
(%) 

Total 
virgin 
material 
cost 
circular 
case 
(SEK) 

Total 
virgin 
material 
cost 
linear 
case 
(SEK) 

Back piece 69,00 0,00 72% 19,32 69,00 

Cable 33,00 0,00  33,00 33,00 

Cap 86,00 0,00 70% 25,80 86,00 

Coupling 
cable 

3,00 0,00  3,00 3,00 

Diffusor 5,00 1,00 100% 1,00 6,00 

Driver 165,00 0,00  165,00 165,00 

Frame 175,00 0,00 70% 52,50 175,00 

Heat shrink 
tube 

0,10 0,00  0,10 0,10 

LED-strip 192,00 0,00  192,00 192,00 

LED-tape 20,00 0,00  20,00 20,00 

Light cable 0,00 61,00 100% 61,00 61,00 

Micro 
prismatic 
film 

0,00 1,00 100% 1,00 1,00 

Nuts 5,50 0,00  5,50 5,50 

Reflector 
film 

0,00 1,00 100% 1,00 1,00 

Resistance 0,23 0,00  0,23 0,23 

Screws 5,50 0,00  5,50 5,50 

Socket 5,00 0,00  5,00 5,00 

Strength 
member 

7,00 0,00  7,00 7,00 

Total 771,33 64,00  597,95 835,33 
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Table A3.2: Calculation data, circular case. 

 Value Comment 

Area (sqm) 40,00 One classroom 

Number of 
changes 
(Upgrades and 
maintenances) 
(pcs) 

6,00 

One component 
changed each 
time. 

Provided light 
from one fixture 
(sqm/pcs) 

4,00 

 

Total number of 
fixtures for 50 
years (pcs) 

10,00 

 

Economic 
values 

 
 

Leasing fee per 
year (SEK/sqm) 

85,00 Same lasing fee 
after every 
remanufacturing 

Leasing fee per 
year 
(SEK/fixture) 

340,00 

 

Total leasing fee 
per 50 years 
(SEK) 

170000,00 

 

EoL values   

EoL value one 
fixture (SEK) 

240,95 Virgin material 
cost for the 
fixture minus 
virgin material 
cost for the 
discarded 
components at 
maintenance 

EoL value all 
fixtures (SEK) 

2409,50 
 

Virgin material 
costs  

 
 

Virgin material 
cost one fixture 
(SEK) 

597,95 

 

Virgin material 
cost all fixtures 
(SEK) 

5979,50 
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Virgin material 
cost LED-chip 
(SEK) 

192,00 
Upgrade and 
maintenance 

Virgin material 
cost controller 
(SEK) 

20,00 

Upgrade 

Virgin material 
cost driver 
(SEK) 

165,00 
Upgrade and 
maintenance 

Virgin material 
cost software 
(SEK) 

20,00 

Upgrade 

Virgin material 
cost all 
components 
(SEK) 

7540,00 

 

Total virgin 
material cost 
(SEK) 

13519,50 
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Table A3.3: Calculation data, linear case. 

Information Value Comment 

Area (sqm) 40,00 One classroom 

Number of 
changes (pcs) 

6,00 The whole 
fixture changed 
each time 

Provided light 
from one fixture 
(sqm/pcs) 

4,00 

 

Total number of 
fixtures (pcs) 

60,00 
 

Life span (years) 
8,33 Six changes for 

50 years 

Economic 
values 

 
 

Sales price one 
fixture (SEK) 

2500,00 
 

Sales price all 
fixtures (SEK) 

150000,00 
 

EoL values   

EoL value one 
fixture (SEK) 

250,00 
 

EoL value all 
fixtures (SEK) 

15000,00 
 

Virgin material 
costs 

 
 

Virgin material 
cost one fixture 
(SEK) 

835,33 

 

Virgin material 
cost all fixtures 
(SEK) 

50119,80 
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8.4. Appendix 4 – Data MCI 

Table A4.1: Calculation data, linear case. 

 Circular 
case 

Linear Case 

Life span  
(* industry average) 

6 1 

Functional units  
(* industry average) 

1 1 

Feedstock    

Reuse (%) 17 0 

Recycle (%) 47 0 

Recycling efficiency (%) 80 80 

Destination after use   

Reuse (%) 93 0 

Recycle (%) 7 62 

Recycling efficiency (%) 80 80 
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8.5. Appendix 5 – Interview Guides 

8.5.1. Interview Guide LCA 

Manufacturing: 

• Breakdown of the BoM into electronic components, e.g. total weight of 

LED:s, PCB:s, IC:s, capacitors, resistors etc. 

• Actual raw material consumption (if there are raw material waste). 

• Data representing manufacturing at 2p1 (used resources and emissions) 

of lighting fixture. 

 

Use:  

• Electricity needed. 

• Is there any difference in energy consumption between new lights and 

refurbished lights? 

 

Remanufacturing: 

• Data representing refurbishment at 2p1 of lighting fixture. 

 

EoL treatment: 

• Estimation on what happens with the parts when lights are finally 

discarded, e.g. material recycling or incineration. 

• What happens to the components that are not recycled or reused? 

• What happens to the material that is not recycled or reused? 

 

Transport: 

• What are the transport distances extraction of materials to 

manufacturing of components? 

• What are the transport distances for the EoL scenarios? 

 

Packaging: 

• Packaging data. 

8.5.2. Interview Guide LFR 

Linear case: 

• What is the expected life span of the linear product? 

• What is the sales price of the linear product? 

• What is the EoL value of the linear product? 
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• What are the total material costs of virgin material used in the production 

process of the linear product? 

• Is there a known second hand price?  

 

Circular case: 

• What is the expected life span of the circular product? 

• What is the EoL value of the circular product? 

• How many times will the circular product be remanufactured?  

• After how many years will the remanufacturings be? 

• What is the average price paid by the customer for remanufacturing 

(different components)? 

• What are the total leasing fees per year for the first use? 

• What are the total leasing fees per year for the additional uses? 

• What are the virgin material costs for producing a new circular product? 

• What are the virgin material costs of the different components for 

remanufacturing? 
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8.6. Appendix 6 - LCA Results 

Table A6.1: Environmental impact from the different life cycle phases, circular case. 

Environ

mental 

impact 

category 

Manufact

uring 

Packa

ging 

Trans

port 

Use Remanufac

turing 

EoL 

treat

ment 

GWP (kg 

CO2 eq.) 

410,0000 0,2300 2,2300 210,00

00 

631,0000 0,0000 

AP (kg 

SO2 eq.) 

2,3900 0,0005 0,0048 7,2000 4,0300 0,0000 

EP (kg 

Phosphate 

eq.) 

3,7700 0,0002 0,0012 1,3500 7,1900 0,0000 

POCP (kg 

Ethene 

eq.) 

0,2260 0,0001 -

0,0016 

0,8570 0,3700 0,0000 

ADP 

(elements) 

(kg Sb eq.) 

0,1050 0,0000 0,0000 0,0056 0,2030 0,0000 

ADP 

(fossils) 

(MJ) 

4770,0000 7,3700 29,000

0 

14200,

0000 

7270,0000 0,0000 
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Table A6.2: Environmental impact from the different life cycle phases, linear case. 

Environ

mental 

impact 

category 

Manufact

uring 

Packa

ging 

Trans

port 

Use Remanufac

turing 

EoL 

treat

ment 

GWP (kg 

CO2 eq.) 

2790,0000 1,3800 14,000

0 

2140,0

000 

0,0000 -

107,00

00 

AP (kg 

SO2 eq.) 

15,2000 0,0028 0,0302 7,2000 0,0000 -

0,0394 

EP (kg 

Phosphate 

eq.) 

22,7000 0,0012 0,0076 1,3500 0,0000 -

0,0015 

POCP (kg 

Ethene 

eq.) 

1,4800 0,0004 -

0,0099 

0,8570 0,0000 -

0,0042 

ADP 

(elements) 

(kg Sb eq.) 

0,6490 0,0000 0,0000 0,0056 0,0000 0,0000 

ADP 

(fossils) 

(MJ) 

33700,000

0 

44,200

0 

189,00

00 

14200,

0000 

0,0000 -

25,900

0 
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Table A6.3: Difference in environmental impact between the circular case and linear case 2. 

Environmental 

impact category 

Circular case Linear case 2 Difference 

(linear case 2 

compared to 

circular case) 

(%) 

GWP (kg CO2 

eq.) 
3190,00 3940,00 +24 

AP (kg SO2 eq.) 13,60 17,40 +28 

EP (kg 
Phosphate eq.) 

12,30 16,50 +34 

POCP (kg 
Ethene eq.) 

1,45 1,83 +26 

ADP (elements) 
(kg Sb eq.) 

0,31 0,44 +39 

ADP (fossils) 
(MJ) 

26340,00 36900,00 +40 

 

 

 

 

 
 



 

  


