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ABSTRACT 
Nowadays, the world is shifting towards a more sustainable way of life, and product designers have an 
important part in this change. They have to eco(re)design their products to make them environmentally 
conscious throughout their lifecycle, and especially at their end-of-life (EoL). However, one can 
observe that synergy between product designers and recycling-chains stakeholders is lacking, mainly 
due to their weak communication. While many design-for-EoL approaches coexist in the literature, 
design from EoL must also be taken into account to fully develop a circular economy. 
RE-CYCLING is an innovative design approach that supports both design for and from EoL. This 
paper focuses on the recycling EoL-option and the validation of the associated indicators. To validate 
the design-for-recycling indicators, the recyclability of three smartphones is assessed. It is expected 
that indicators provide a similar score as none of them was designed to be recycled; results comply 
with expectations. In parallel, the convenience of using recycled materials in smartphones is analysed 
to validate our design-from-recycling indicators. It is found that the proposed indicators can indeed 
support designers integrating recycled materials in products. 
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1 INTRODUCTION 

Proper management of waste is a key point for avoiding both pollutions of soil and groundwater, and 

contaminant emissions in the atmosphere. Actions implemented by legislation to encourage the recovery 

of end-of-life (EoL) products (i.e. waste) follow two different paths. The first one consists of setting up 

waste treatment chains (European Parliament, 2008). In this context, performance of extended producer 

responsibility chains shows that some of them are insufficiently adapted to the waste they process. The 

second route aims to prevent the generation of waste by improving product design (European Parliament, 

2009, 2012). Although an acceleration in the implementation of regulations has been seen in the last few 

years, we can observe that products are still not systematically designed to be processed at best by their 

EoL chain (Martínez Leal, 2019). This discrepancy between the product and its EoL treatment is mainly 

due to the weak communication between its designer and the recovery-chain stakeholders (Maudet et al., 

2007). The antagonism is reinforced by the time-lag between the design of the product and its EoL 

treatment, as well as the geographic performance disparity between stakeholders involved in the EoL 

chain (Mathieux, 2002). A direct and bijective link between designers and EoL stakeholders must be 

reinforced (or built if non-existent) to ensure a real circular economy (Lindkvist Haziri et al., 2019; 

Lindkvist Haziri and Sundin, 2020). 

RE-CYCLING is an innovative indicator-based design method that includes both design for and from 

end-of-life (D2fEoL) (see respective sections 3.1 and 3.2). This combined approach seeks to improve 

the aforementioned link between product designers and EoL chain stakeholders. It focuses on the 

designers’ point of view, even though an EoL-stakeholders-centred approach could be followed in the 

same way. Thus, designers are no longer considered only as providers of future waste to the EoL 

chain, but also as customers of this same chain. Their interest in integrating EoL artefacts (e.g. any 

refurbished part or module, or of course recycled materials) in a new product is thus stimulated. 

In this article, we only focus on validating the indicators of D2f-Recycling (D2fR). Nevertheless, RE-

CYCLING’s approach definition, indicators selection and application examples are fully detailed by 

the authors in previous studies (Martínez Leal, 2019; Martínez Leal et al., 2020). 

2 CIRCULARITY MANAGEMENT BY BOTH DESIGN  

AND EOL STAKEHOLDERS 

Both design and end-of-life phases of the product lifecycle must be connected to ensure the circularity 

of components and materials. Therefore, designers must take this into account by designing any 

product for and from its end-of-life. The corollary is that stakeholders of the product’s end-of-life must 

also change their practices to work from and for the design. The possible approaches and exchanges 

between design and EoL stakeholders are illustrated in figure 1. 

2.1 Product Designers Approaches 

From the product designer’s point of view, two approaches can be followed (see figure 1): 

 Design for EoL is the most known and used (Go et al., 2015; Pahl et al., 2007). It aims (i) to 

improve the product so that it can be recovered in the best possible way when it becomes waste, 

and (ii) to promote the elimination of residues that could not be recovered; 

 Design from EoL is concerned with the integration of artefacts from the end-of-life treatment 

chain into a new product (e.g. recycled materials instead of virgin ones, reused modules or parts 

recovered during disassembly, etc.). This innovative approach aims at closing the loop in a 

circular economy perspective. 

2.2 End-of-Life Stakeholders Approaches 

From the EoL stakeholders’ point of view, two approaches can be followed (see figure 1): 

 EoL from Design aims to integrate the information accrued from product design into the 

operating mode of the chain, or its treatment processes to increase functional, material and energy 

recovery; 

 EoL for Design is concerned with the EoL treatment pathway that becomes a supplier of artefacts 

(i.e. product, module, part or material from any recovery pathway) that must meet the designer’s 

specifications. 
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Figure 1. Design and End-of-Life exchanges (Martínez Leal et al., 2020) 

3 THE RE-CYCLING APPROACH 

RE-CYCLING is an innovative indicator-based design approach that includes both design for and 

from end-of-life (D2fEoL). Although the name might wrongly make one think it only relates to the 

recycling EoL option, Cycling is intentionally highlighted as it refers to closing the loop and circular 

economy. Indeed, the method aims at helping (i) EoL stakeholders to recover all or part of the waste 

value by recovering whole products, modules or parts, recycling materials or producing energy, and 

(ii) designers to integrate EoL components or materials in a new product. Both are necessarily 

involved in the possibility of extending artefacts life by integrating them into a (n + 1) lifecycle. 

3.1 Design-for-EoL proposal 

3.1.1 Method description 

The design-for-EoL proposal is the first module of RE-CYCLING. It allows linking product 

assessment to design guidelines by an indicator-based approach. The objective is (i) to help designers 

to focus on the product features that need to be improved the most by identifying the least efficient 

characteristics in terms of EoL recovery, and (ii) to propose appropriate guidelines to improve them. 

This approach is based on four consecutive steps: 

 Step 1: Characterisation of the product. The bill of materials (BOM) of the product being 

eco(re)designed is set up; 

 Step 2: Evaluation of action levers. The designer can activate several action levers to improve the 

product in anticipation of its EoL. This improvement can take part at several scales (e.g. product, 

module, elementary part, fasteners, connectors, etc.), within different scopes (accessibility to 

components or fasteners, circularity of materials, disassemblability of the whole product or its 

modules, etc.), and always within the legislation frame. Thirty-three performance indicators (each 

associated with an action lever) are calculated and sometimes aggregated (in different ways); 

 Step 3: Identification of product’s hotspots. The product’s hotspots (i.e. the least performant 

characteristics) are identified based on step 2 results; 

 Step 4: Proposal of relevant guidelines. Each action lever being associated with a set of design-

for-EoL guidelines, the most relevant ones are then provided to the designer as support. 

3.1.2 Indicators description 

Indicators used in the RE-CYCLING’s design-for-EoL module aim to assess which action levers need 

to be activated: 
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 The materials’ compatibility action lever addresses the chemical compatibility of materials 

throughout their recycling. The overall score is defined as the average of compatibilities of all 

involved materials assessed by pairs, depending on whether each one is to be recovered, or 

whether it appears as a secondary one in the EoL treatment (e.g. an impurity that could 

compromise the recycling of the main constituent); 

 The materials’ diversity action lever addresses the influence of the variety of materials used in 

the product being recycled; 

 The materials’ recyclability action lever addresses the efficiency of recycling. The associated 

indicator characterises the recyclability of all materials in the product, depending on both 

material’s recycling and purity rates. 

 Lastly, the product’s recyclability is defined as an average function of compatibility, diversity 

and recyclability. 

Indicators are briefly recalled in Table 1 (from Martínez Leal et al. 2020). They are all expressed in 

the same way to be easily compared: their value ranges from 0 to 1, where 1 corresponds to the best 

score and 0 to the worst. 

Table 1. RE-CYCLING’s indicators used in the design-for-recycling proposal 

Indicator Expression Parameters 
Main 

references 

Compatibility 

of materials ,

2
1 1

1 u u
i j

m m
i j

C c
u  

   

,i j
mc : compatibility between the 

 thi and the thj material; 

u : number of materials. 

(Ishii et al., 

1994) 

(Pahl et al., 

2007) 
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materials 

2

1

1

1 log
u

i i
i

mD c c





 
  
 

  

ic : concentration of the 
thi  

 material such that 
1

1
u

i
i

c


 ; 

u : number of materials. 

(Rzeźnik et al., 

2008) 

Recyclability 

of materials 

(treatment 

efficiency) 
   

      1

1 i iu
rc m

m i i i
i tc m om
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R

u m m m




 
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 i
rcm : mass of the thi material 

 recycled by the chain; 
 i
tcm : mass of the thi material 

 treated by the chain; 
 i
mm : mass of the 

thi material 

 in the recycled fraction; 
 i
omm : mass of other materials 

 in the recycled fraction. 

u : number of materials. 

(Horta Arduin 

et al., 2019) 

(Grimaud, 

2019) 

Product’s 

recyclability 

m m m
p

al

C D R
R

n

 
  

mC : compatibility of materials 

mD : diversity of materials 

mR : recyclability of materials 

aln : number of aggregated 

 action levers. 

(Martínez 

Leal, 2019) 

 

3.2 Design-from-EoL proposal 

3.2.1 Method description 

The design-from-EoL proposal is the second module of RE-CYCLING. It aims to promote the use of 

recovered artefacts (i.e. used products, refurbished modules, recycled material, etc.) in the product’s 

design, as it is a fundamental strategy for achieving a circular economy. Nevertheless, the convenience 

of using such artefacts has to be checked on different dimensions. 

This approach is articulated in three steps: 
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 Step 1: Selection of the recovered artefact. The material, part or module that could be replaced by 

a (n + 1)-generation one is selected; 

 Step 2: Evaluation of convenience indicators. Then, the advantages of using such an artefact are 

assessed in the technical, economic and environmental dimensions; 

 Step 3: Evaluation of convenience index. The conveniences in the three dimensions are 

aggregated into a global score. A graph is proposed to allow designers to attest easily the 

convenience of using the EoL artefact and improve his product in a real circular economy 

perspective. 

3.2.2 Indicators description 

The indicators used in the RE-CYCLING’s design-from-recycling module aim to assess the 

convenience of using a recycled material by defining which action levers need to be activated: 

 The technical dimension is evaluated with two parameters: 

– the quality of the recycled material which is expressed by the purity rate; 

– and the supply reliability to avoid any secondary raw (i.e. recycled) material that might be 

difficult to supply; 

 The economic dimension compares the prices of recycled materials to primary (i.e. virgin) ones; 

 The environmental dimension compares the environmental impacts generated in the production 

of secondary raw materials to those of primary ones; 

 Lastly, the global convenience index for using recycled material is defined as the average 

function of the previous parameters. 

Indicators are all briefly recalled in Table 2 (from Martínez Leal et al. 2020). They are all constructed 

in the same way to be easily compared. If their score is inferior to the reference value (1), the recycled 

material is more convenient than the virgin one. 

Table 2. RE-CYCLING’s indicators used in the design-from-recycling proposal 

Indicator Expression Parameters 

Technical 

convenience of the 

recycled material 

2teu p rp s    p : purity rate of the recycled material; 

rs : supply reliability of the recycled material 
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recycled material ,
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ec ref

v
p

v
  

ecv : economic value (recycled material); 

,ec refv : economic reference value (virgin one). 

Environmental 
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recycled material  

 
1 ,

1 ks
en

enu k
k en ref

v
p

s v

   

 k
env : environmental value (recycled material) on the 

 thk impact category; 
 

,
k
en refv : environmental reference value (virgin material) 

 on the 
thk  impact category; 

 : impact category number  1 k s  . 

Convenience of 

using the recycled 

material 

teu ecu enu
rm

d

p p p
C

n

 
  

dn : number of aggregated dimensions 

 

4 CASE STUDY 

4.1 Validation of design-for-recycling indicators 

4.1.1 Case study description and validation criteria 

A previous study of the authors showed the implementation of RE-CYCLING’s design-for-recycling 

proposal (Martínez Leal et al., 2020). However, the set of indicators was only confronted with the 

modular and upgradable Fairphone 2. Even though it is designed to be repaired and thus to increase its 

lifespan, this smartphone was found to be poorly recyclable. In this article, we intend to confront these 

previous results to other smartphones and confirm that similar results are obtained. 
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4.1.2 Case study considerations 

Two non-modular smartphones were selected to be compared to the Fairphone 2: the iPhone 3GS and 

the Nokia Lumia 620. They are both considered to be similar to the Fairphone and their components’ 

BOM is available in the literature (Fontana et al., 2019; Singh et al., 2018). 

Table 3. Smartphones components’ BOM 

Product Components’ BOM 

Fairphone 2 Display module (30.86%): display frame; LCD display; display board. 

Core module (23.52%): mainboard with electronic components and board-to-

board connectors; antenna boards; volume button, power button, camera button 

assembly. 

Battery module (22.34%): battery. 

Back cover (11.82%): outer case; battery pressure pad and camera seal gasket. 

Bottom module (5.41%): bottom module board; vibration motor; microphone; 

speaker; USB connector. 

Top module (3.82%): top module board; front camera; receiver (speaker). 

Camera module (2.23%): camera; camera board. 

iPhone 3GS Plastics (44.89%); cover case and screws (37.84%); battery (22.07%); PCB’s 

(14.97%); screen (13.1%); magnets (1%); vibrator (0.89%); LED lights 

(0.02%); other (0.22%);. 

Nokia Lumia 620 Plastic parts (26.5%); battery (21%); electronic parts (15.7%); display (15.3%); 

metal parts (13.1%); other (32.4%). 

 

Depending on the product, BOMs can be defined at various levels such as modules, elementary parts, 

materials or even a combination of them all. Indeed, manufacturers are not required to provide a 

homogeneous BOM, nor is there a consensus in the literature. An extrapolation is then necessary to 

bring all the components to the same level. In our study, the following references were used to define 

the material composition of each component: PCB (Szałatkiewicz, 2014), LCD (Hischier and 

Lehmann, 2007), motor (Fraunhofer IZM, 2016), speaker (Güvendik, 2014), and LED (Chen and Tien, 

2020). Figure 2 compares the resulting material compositions of the three smartphones. 

In order to calculate the indicators, the following assumptions were made: 

 Compatibility of materials: (i) The compatibility matrix was constructed using the following 

sources: metals (Reuter et al., 2018), plastics (Eco3e, 2016; Maier, 2009); (ii) plastics as 

secondary materials are considered to be compatible with metals; (iii) main materials were 

defined according to those recovered by the French WEEE recycling chain (Bleu Safran et al., 

2017); 

 Recyclability of materials: (i) The selected recycling scenario consists of shredding, physical pre-

processing, metallurgy and plastics processing. (ii) The recycling rates were obtained from the 

following sources: metals (Fairphone, 2017) and the rest of materials (Deloitte Développement 

Durable et al., 2017); (iii) Due to lack of information, the purity level was set to 1 for all 

materials (note that this an ideal scenario and that in reality purity is more easily reached for 

ferrous materials than for the others). 
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Figure 2. Material composition of the selected smartphones 

4.1.3 Results 

Indicators were assessed and results are presented in a recyclability score chart (see Figure 3). 

Since material compositions were defined on published but incomplete information, several hypotheses 

have been proposed to complete the missing elements (e.g. using the material composition of a similar 

component when the actual composition is unknown, as presented in section 4.1.2). Therefore, note that 

results and analyses presented hereafter are only valid for our smartphones definition. 

 

Figure 3. Recyclability score chart of the selected smartphones 

It can be observed that all smartphones get a similar overall score (i.e. recyclability of the product) 

(about 0.35). This result complies with our validation criterion. Indeed, the indicators must provide a 

comparable recyclability score for all three smartphones as none of them was designed to be recycled. 

Concerning the materials’ assessment, one can observe that the diversity of materials score gets a close 

similarity and the compatibility of materials, a fairly good one. This is also in line with what we 

expected as the three smartphones are considered similarly composed. 

In contrast, an important gap exists for the recyclability of materials scores. This can be induced by 

the degree of detail in smartphones’ BOM. Indeed as shown in Table 3, a very detailed component’s 

BOM was found for the Fairphone 2, a fairly detailed one for the iPhone 3GS and a poorly detailed 

one for the Nokia Lumia 620. The influence of the degree of information on the assessment scores 

needs to be studied further. 

4.2 Validation of the design-from-recycling indicators 

4.2.1 Case study description and validation criteria 

For the proposal to be validated, the convenience of using recycled materials must be clearly and 

easily determined. A previous study of the authors showed the implementation of RE-CYCLING’s 
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design-from-recycling proposal to assess the convenience of using recycled polycarbonate (Martínez 

Leal et al., 2020). The material choice was made on the basis that Fairphone states they use recycled 

polycarbonate, copper, and tungsten. Thus, the study simulates the circular economy scenario that 

Fairphone designers are presented with. The present paper aims at pursuing the aforementioned 

previous analysis by determining the convenience of using recycled copper from the French WEEE 

recycling chain. Different degrees of purity are considered. 

4.2.2 Case study considerations 

In order to calculate indicators, the following assumptions were made: 

 For technical convenience, note that: (i) four degrees of copper purity were used (50, 80, 96 and 

98%) to match available economic data; (ii) the company responsible for supplying the recycled 

material was supposed to be checked and validated by the purchasing department. Supply 

reliability indicator was therefore set to 1 (see section 3.2.2); 

 The economic convenience assessment was based on the data presented in Grimaud’s study on 

the influence of quality on the resale price of copper (Grimaud, 2019); 

 For environmental convenience, the impacts were calculated using the CML method with the 

functional unit being producing one kilogram of copper (virgin or recycled). One should note that 

the data used to calculate: (i) the environmental impact of the production of primary (i.e. virgin) 

raw materials come from the Ecoinvent 3 database; (ii) the environmental impact of the 

production of secondary (i.e. recycled) copper come from the Eco-systèmes and Récylum 

database (Bleu Safran et al., 2017); (iii) the selected impact categories are those used in the CML 

method. It is to be noted that no environmental data is available for the different grades of 

copper. Therefore, environmental convenience is the same for all four grades. 

4.2.3 Results 

All calculations done, convenience indicators are presented in Figure 4. 

 

Figure 4. Recycled copper convenience assessment 

It can be observed that recycled materials turn out to be economically and environmentally more 

convenient. On the other hand, the technical dimension is less convenient but this is to be expected as 

we considered a material with different grades of impurity. Overall, recycled copper proved to be more 

attractive than virgin material. Indeed, all global scores are below the reference value. 

It is important to highlight that using recycled material might not always be more convenient. Indeed, 

it has been found in the aforementioned previous study that using recycled polycarbonate from the 

WEEE recycling chain was overall less interesting than virgin one. 

The results of both studies confirm that this design-from-recycling tool can help designers assessing 

the advantages of integrating recycled materials in product’s design and thus promoting a circular 

economy. 

5 CONCLUSIONS 

RE-CYCLING’s ecodesign approach and the associated set of indicators were introduced and detailed 

in previous studies (Martínez Leal, 2019; Martínez Leal et al., 2020). There the design-for-recycling 
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indicators were only confronted with one product (the modular and upgradable Fairphone 2) and the 

design-from-recycling indicators to a single material (recycled polycarbonate). The present paper aims 

to pursue these analyses and validate the proposed indicators. 

In order to validate the design-for-recycling indicators, the recyclability of three smartphones was 

assessed. It was expected that indicators provide a comparable recyclability score as none of them was 

designed to be recycled. They behave as expected and can therefore be validated. Nevertheless, the 

influence of BOM’s detail degree needs to be studied further. 

In this regard, we strongly believe that a standardized BOM for each type of product is needed. 

Indeed, a homogeneous BOM by product typology would not only simplify the use of RE-CYLING, 

but also benefit any other eco-design tool or database. 

In the meantime, the proposed indicators were constructed so they can be used for any artefact 

(product, module, elementary part, material, etc.). Thus, designers can use RE-CYCLING for any 

level of data and any degree of accuracy they wish to bring to their analysis. 

It is also important to note that, in both practice and literature, product’s recyclability is often assessed 

with mass preservation indicators as required by legislation (Leal et al., 2018). The proposed 

indicators differ from this conventional and widely accepted assessment. Indeed, they were 

constructed assuming that all materials have the same importance and so the same weight when 

building the aggregated index. It would be interesting to explore additional decision-making criteria 

such as technical, economic and environmental considerations. That would not only provide 

information on the hotspots with the lowest scores but also on the ones that will have a better impact 

on each of the aforementioned dimensions. 

The convenience of using recycled materials in the manufacturing of smartphones was analysed to 

validate our design-from-recycling indicators. The case study has led to demonstrate that designers can 

easily identify the interest in using recycled material (even regardless of the purity of copper, in our 

case study). However, possible deterioration of the technical performance of the product caused by a 

low purity should be included in the technical assessment. A potential downcycling of materials 

should also be taken into account, from one generation to the next. 

Lastly, we remind that this paper only focuses on validating RE-CYCLING’s D2fR indicators. Thus, 

only recycling-related indicators were addressed. However, remember that RE-CYCLING is not only 

a recycling-centred approach as it can address all EoL options (i.e. functional, material and energy 

recovery), and can be also EoL stakeholders-centred. For more information on the indicators related to 

other EoL options, please refer to the aforementioned publication (Martínez Leal, 2019). 
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