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Abstract


The definition of the recycling and recyclability rates used today relies too heavily on the mass of the recycled materials, to the disadvantage of less dense materials such as polymers. In order to help with this issue, two indices have been created to, respectively, evaluate the retrievability of materials in their end-of-life stage and their reintegrability in new equipment once they have been recycled. These two indices comprise four indicators each, which are themselves divided into 23 sub-indicators. The six formal mathematical principles of the construction of these entities are presented, along with the formulas used for their calculation. Then, a case study is presented: the data of an equipment from a French EEE and sports and leisure distributor have been collected, and all sub-indicators, indicators and indices have been calculated for this equipment, hence assessing the retrievability and reintegrability of its constitutive materials. In conclusion, the precise nature of the indicators and sub-indicators has allowed us to give eco-design recommendations on different aspects of the design process, such as the choice of materials, the mechanical connections and modularity of the product, and its insertion into the waste treatment chain.
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1. Introduction


As defined by the “5R” hierarchy of treatment methods for products: Refuse, Reduce, Reuse, Repurpose and Recycle [1], the reduction in the waste stream is deemed one of the most efficient ways to decrease our environmental impact. One way to achieve this goal is to design our products in a more sustainable way, to reduce the quantity of waste generated by human activities.



Hence, in order for this eco-design to be relevant, the design choices and the treatment of end-of-life (EoL) products must be evaluated. To do so, performance indicators can be used to transmit information to and from the different stages of the life cycle of a product.



If we take the example of the treatment of waste electrical and electronic equipment (WEEE), we first have to define the perimeter of the treatment chain. Figure 1 depicts a generic treatment chain for WEEE, with the different masses at each point of interest [2,3,4].



For each process, an indicator can be used to assess its performance. For instance, we can define [5,6]


  Collection rate of the equipment:     R   C   =      m   C o l l       m   E o L       



(1)






  Recycling rate of EoL products:     R   R E o L   =      m   R e c       m   E o L       



(2)






  Recycling rate of collected equipment:     R   R C   =      m   R e c       m   C o l l       



(3)






  Efficiency of the recycling process:     E   R e c   =      m   R e c       m   R       



(4)






  Recovery rate:     R   C o v   =      m   R e c   +   m   O R       m   E o L       



(5)




where



    m   E o L    : Total mass of products arriving at the end-of-life stage;



    m   C o l l    : Mass of EoL products collected by the official scheme;



    m   R    : Mass of collected products sent to be recycled;



    m   R e c    : Mass of products actually recycled;



    m   O R    : Mass of products recovered by other treatment options.



Hence, many performance indicators currently used focus solely on the mass of treated materials, without consideration for their reuseability or the quality of the recycling process.



Thus, significant gaps can form between the recycling rates of different materials. Table 1 summarises the calculation of such indicators, first for the entire category of computer and telecom equipment, and then for the polymers contained in this WEEE category [7,8,9].



Here we can see that the proportion of plastics in the plastic fraction is only 78%. This means that 22% of the total mass of this fraction is made up of contaminants that will have a negative impact on the WEEE recycling process [8]. Public authorities often communicate the recovery rate for WEEE, but as we can see, it is also important to break down this rate to see which materials are recycled and which are sent for energy recovery.



Another problem with plastics from WEEE that are actually recycled is their low circularity. In fact, less than 3% was reintegrated into the manufacture of new equipment in 2019 [9]. According to the same study, most of these plastics have been sent to other application sectors, such as agriculture or construction, where they are used in low-demand products such as agricultural tarpaulins or the filling of concrete blocks [10].



To address this issue, we need to propose new ways of communicating data on the properties and availability of recycled plastics.



One of the most widespread indicators used to evaluate the recycling potential of products is the recyclability indicator. Unlike the recycling rate, which is calculated on the basis of actual data, recyclability is a theoretical calculation that must be assessed during the product design stage. In European legislation, this rate is calculated as follows [11,12]:


    R   R e c   =      ∑  i = 1   n      m   i     ×     R   R T   h   i           m   t       



(6)




where



    R   R e c    : Recyclability rate;



    m   i    : Mass of component i;



    R   R T   h   i      : Theoretical recycling rate of component i with the predicted treatment option;



    m   t    : Total mass of the equipment.



The recyclability rate is therefore based on projected scenarios. Once again, this is a mass rate, which favours dense materials such as metals over materials with a lower density, such as plastics. This is why specific methods, which are not based solely on indicators assessing the mass of waste recycled, have been created to take into account the actual data from the recycling sectors. These methods will be presented later in this article.



In the end, the performance of the sectors is only assessed by mass rates; the regulatory targets are, in fact, imposed in terms of collection, reuse and recycling rates, and recovery, all expressed as mass percentages. The indicators used, therefore, only consider the mass of material recycled, and not the circularity of the materials, the quality of the material, or the environmental aspects of recycling. The current indicators are inadequate for assessing the performance of waste management, as the aim of recycling processes is not only to preserve the mass of materials, components or products, but also to preserve their functional value.



In this paper, we are going to propose a set of indicators that will allow for a thorough evaluation of the eco-design of products. The aim of this study is to provide a way to assess the design of a product without having to carry out an entire LCA study. This research was conducted in partnership with stakeholders from the sector of EEE, which allowed us to obtain data on one equipment, on which we are going to conduct a case study, to verify that our set of indicators is indeed usable in a concrete situation.




2. Results


2.1. Contents of the Section


In this section, we are going to present the entities that we have constructed for this study. They consist of three levels of indicators: sub-indicators, indicators, and indices.



The mathematical construction of these entities is presented in the Methods section.



Then, this set of indicators will be used to assess the design of an EEE equipment. The equipment will be presented, along with the calculation of the corresponding indicators.




2.2. Construction of the Retrievability Index


2.2.1. Disassembly Indicator


Several methods already exist to evaluate the dismantling potential of a product, which take into account the use of fastening elements (FEs), modularity, reusability, and complexity [6,13,14,15]. Based on all these definitions, we are going to calculate our disassembly indicator based on four sub-indicators. De Aguiar et al. (2016) [13] have developed a solid set of indicators for the disassembly of products. However, their methods of calculation make the indicators fluctuate between 1 and 4, without ever reaching 0. We are going to adapt these indicators to our construction method (presented in Section 4.1).



First of all, regarding the concentration in FE, the denser it is, the more difficult the dismantling process is [13]:


    C   E f   = 1 −      N   E f       N   T E f       



(7)




where



    C   E f    : Sub-indicator of concentration in FE;



    N   E f    : Number of FE pertaining to the component;



    N   T E f    : Total number of FE in the equipment.



Then, we adapted the proposed method of De Aguiar [13] for the evaluation of the type of FE so that its value fluctuates between 0 and 1. A table depicting this method can be found in Table A1 (Appendix A).



The disassembly indicator also takes into account the variety of FE used. For instance, a mechanical connection ensured by screws and glue will account for two different FE regardless of the number of screws or glued areas. The sub-indicator     N   t y p e     is presented in Table 2.



Eventually, the accessibility of the FE is measured in a qualitative way, depending on the fact that the mechanical linkage is directly accessible, needs the disassembly of other pieces before being accessible, or is totally unattainable. Originally, this indicator fluctuates between the values 1 and 4, with a calculation based on the perceived accessibility of the linkage; >50% accessibility would result in a better evaluation than <50% accessibility. However, we find this very difficult to evaluate and make the decision to simplify this sub-indicator. Thus, the sub-indicator A is presented in Table 3.



The disassembly indicator is thus composed of four sub-indicators. It would be unnecessary to calculate it in a more complicated way than their average value. As a consequence, it is calculated as follows:


  D =      C   E f   +   T   E f   +   N   T y p e   + A   4     



(8)




where



  D  : Disassembly index;



    C   E f    : Concentration in FE;



    T   E f    : Type of FE;



    N   T y p e    : Number of types of FE;



  A  : Accessibility of the connection.




2.2.2. Indicator of Material Separability


The second indicator is the separability of materials. First, we are going to introduce the compatibility sub-indicator. Two materials that are incompatible with one another, but present in the same waste stream and recycled together, will not be correctly treated, and one or both of them will not be reusable, especially in the case of polymers [16]. The sub-indicator   C o m p   is presented in Table 4.



Then, the material hazard is evaluated by looking at the inherent hazardous or reactive nature of the material. This sub-indicator   H z m   is presented in Table 5.



Eventually, we are going to add a contamination sub-indicator   C o n t  , which indicates the risk of cross-contamination of the waste stream due to this material (e.g., mercury in halogen lamps, etc.). Its calculation is very simple, as shown in Table 6.



The calculation of these three sub-indicators is derived from De Aguiar et al. (2016) [13], adapted to our premises of having sub-indicators fluctuating between 0 and 1.



Just like the disassembly indicator, the material separability indicator is composed of the three previously mentioned sub-indicators. However, this time, each one of the evaluated aspects must be punitive, as the use of incompatible, hazardous, or contaminating materials should be discouraged. Hence, the separability indicator is calculated as follows:


  S = C o m p × H z m × C o n t  



(9)




where



  S  : Separability indicator;



  C o m p  : Material compatibility sub-indicator;



  H z m  : Material hazardousness sub-indicator;



  C o n t  : Material contamination sub-indicator.



Using a series of multiplications, we ensure that only one of the sub-indicators being equal to zero means that the value of the separability is zero too. Indeed, when evaluating aspects such as these, the compensation of one by the others should be unacceptable.




2.2.3. Treatment Facility Availability Indicator


This indicator aims to assess how difficult it will be to find a dedicated facility to disassemble and recycle a product. To do so, we can evaluate the existence and geographical location of such facilities. It is composed of two sub-indicators:




	
The disassembly facility availability     A   d     (see Table 7);



	
The material regeneration facility availability     A   r     (see Table 8).








We are going to try and reward the most local treatment method to avoid excessive waste transportation steps. To do so, we are going to use two different aggregation methods, depending on the situation:




	
If the disassembly and regeneration facilities are the same, we just calculate the average of the two values.



	
If the disassembly and regeneration facilities are different, it means that additional transportation steps will be necessary. This must be reflected in the value of the indicator. Hence, instead of calculating the average value, we are going to multiply the two sub-indicators.








Therefore, we, respectively, obtain


    A   t   =      A   d   +   A   r     2     



(10a)






    A   t   =   A   d   ×   A   r    



(10b)




where



    A   t    : Sub-indicator of treatment facility availability;



    A   d    : Sub-indicator of disassembly facility availability;



    A   r    : Sub-indicator of regeneration facility availability.




2.2.4. Material Recyclability Indicator


We are going to use the definition of the recyclability rate as defined in the norm EN 45555 [12]. It has already been presented in Section 1 (Equation (6)).



However, we also know that this indicator alone is not sufficient to evaluate the circularity of materials. We are thus going to associate it with other sub-indicators in order to broaden its perimeter.



The material diversity represents the number of different materials used for the manufacturing of a product. Several authors have given various mathematical definitions, but this parameter seems difficult to gauge [6,14]. Indeed, if a product is built with many different materials, their individual recycling will be more difficult; however, their respective masses also seem to be a crucial parameter.



We propose to adapt the indicator suggested by Dostatni et al. [14] and to evaluate the diversity of materials with an indicator of dominant material proportion:


    D   m a t   =      m   m a t       m   m a x       



(11)




where



    D   m a t    : Sub-indicator of dominant material proportion;



    m   m a x    : Total mass of the most used material in the product;



    m   m a t    : Mass of the most used material in the component.



Eventually, we are going to add a collection rate sub-indicator. Indeed, the collection of equipment is still a struggle in Europe, as only around 50% of all equipment is collected in official schemes. This could entice producers to set up specialised collection points, such as return policies at the distribution stores for their products.



Hence, we obtain


    R   m a t   =   T   c   ×      T   R e c   +   D   m a t     2     



(12)




where



    R   m a t    : Material recyclability indicator;



    T   c    : Sub-indicator of the collection rate of the product;



    T   R e c    : Sub-indicator of the recyclability rate of the product;



    D   m a t    : Sub-indicator of dominant material proportion.




2.2.5. The Retrievability Index


Table 9 finally summarises the different indicators constructed in this section.



By using a formal method of construction (established in Section 4.1), the retrievability index is calculated as follows:


    I   r e t r       X   i     =      ∑  i = 1   4      2     X   i     − 1     4     



(13)




where     X   i     represents the four indicators mentioned in the previous table.





2.3. Construction of the Reintegrability Index


2.3.1. Indicator of Material Availability


This indicator is meant to gauge the supply of materials. Two aspects have been taken into consideration: the presence of the material in the waste stream deposit (Table 10) and the potential production volume of the supplier (Table 11).



Hence, the material availability indicator is calculated as follows:


    A   m   =      V   d e p   +   V   p r o d     2     



(14)




where



    A   m    : Indicator of material availability;



    V   d e p    : Sub-indicator of volume of material in the waste deposit;



    V   p r o d    : Sub-indicator of potential production volume.




2.3.2. Material Purity Indicator


The purity rate is a very important parameter for recycled materials. For metals, this rate fixes the mechanical properties as well as the price [17]. For polymers, it is also commonly observed that a high proportion of contaminants will lower the mechanical properties of the plastic batch [18,19,20].



Three sub-indicators are used for the calculation of the purity indicator.



First, we selected the sub-indicator of main material rate, which is calculated by assessing the proportion of target raw material used to produce the studied component (Table 12). For instance, a component made of ABS, manufactured with a batch of recycled plastic granules consisting of 98.5% ABS, will induce a value of 0.985 for this sub-indicator.



The contamination rate depends on the proportion of particle contaminants, additives, fillers, and minerals contained in the batch of raw materials used to manufacture the studied component.



For the manufacturing of polymers, the filtration level determines the size of the biggest contaminating particle contained in the raw material batch. For metals, a value of 1 can be assumed for this sub-indicator.



The calculation methods for both sub-indicators can be found in Table 13 and Table 14.



In order to best take into account the issue of contaminants, the purity indicator is calculated as follows:


    R   p   =   R   c o n t   ⋅      R   M m   +   F   l     2     



(15)




with



    R   p    : Indicator of material purity;



    R   c o n t    : Sub-indicator of contaminants rate;



    R   M m    : Sub-indicator of proportion of main material;



    F   l    : Sub-indicator of filtration level.



Furthermore, a low purity rate will indicate that the materials used will most likely not be usable again when recycled at their end-of-life stage, because of a high rate of contaminants or an insufficient proportion of target material.




2.3.3. Environmental Impact Indicator


The environmental impact is determined by the recycled material proportion of the studied component (Table 15), the carbon savings associated (Table 16), and the criticality of the materials used.



Carbon savings can be difficult to evaluate; for this reason, a consensus has been reached with stakeholders of the polymers recycling chain to give a lower weighting coefficient to this sub-indicator.



Material criticality is a complex metric that evaluates the different constraints upon the use of a specific material. The criticality of a material can be assessed to be low, medium, high, or not critical [21,22].



We are going to use these criticality levels to build our sub-indicator:


     C   m a t   = 1 −      n   C h   +   2   3     n   C m   +   1   3     n   C l       n   c        ,     n   c   ≠ 0   



(16)




where



    C   m a t    : Sub-indicator of material criticality;



    n   C h    : Number of studies where the material was deemed highly critical;



    n   C m    : Number of studies where the material was given a medium criticality;



    n   C l    : Number of studies where the material was given a low criticality;



    n   C    : Number of studies where the material was deemed critical.



If     n   c   = 0  , it shall be assumed that     C   m a t   = 1  .



Thus, the environmental impact indicator is calculated as follows:


    I   e n v   =    1   3        R   R M   +    3   4      S   C   O   2     +   C   m a t      



(17)




where



    I   e n v    : Environmental impact indicator;



    R   R M    : Sub-indicator of recycled material rate;



    S   C   O   2      : Sub-indicator of carbon savings;



    C   m a t    : Sub-indicator of material criticality.




2.3.4. Material Traceability Indicator


The traceability indicator is used to check the background information on a material. The idea behind this indicator is to evaluate the transmission of information on the materials used in the studied product.



In the case of recycled materials, the category of origin of the waste (based on European regulation [23]) used to produce them can have an impact on the final properties of the batch of said recycled materials (Table 17). For virgin materials, a value of 1 can be assumed.



The geographical origin of the waste follows the same logic (Table 18). Waste from Europe is subject to strict regulations, making it generally easier to recycle than waste from outside Europe, which does not always respect European regulations.



As a consequence, the goal of the sub-indicator of regulation compliance is to check if the materials used in the manufacturing of the studied product respect the regulation; in this case, the three most prominent European directives are Reach, RoHS and the directive POP on persistent organic pollutants [24,25,26] (Table 19).



The evaluation of this sub-indicator is very strict, as a non-compliant product cannot enter the market.



Thus, to include the crucial nature of the regulation compliance, the traceability indicator is calculated as follows:


    T   r a c   =   C   r e g        O   c a t   +   O   g     2     



(18)




where



    T   r a c    : Indicator of material traceability;



    O   c a t    : Sub-indicator of the category of origin of the waste;



    O   g    : Sub-indicator of the geographical origin of the waste;



    C   r e g    : Sub-indicator of regulation compliance.




2.3.5. The Reintegrability Index


Table 20 summarises the different indicators constructed in this section.



By using a formal method of construction (it will be presented in Section 4.1), the reintegrability index is calculated as follows:


    I   r e i n t       X   i     =      ∑  i = 1   4      2     X   i     − 1     4     



(19)




where     X   i     represents the four indicators mentioned in the previous table.





2.4. Presentation of the Studied Equipment


The studied equipment is a laser gun, used, for example, in laser tag facilities (Figure 2).



The French company Decathlon provided us with a complete bill of materials for this product, on the condition of confidentiality. Hence, we will not give out any information that is not publicly available.



The product has a total mass of 485 g, is labelled “100% repairable and dismantlable”, and is given a 10-year lifespan by the distributor. It is composed of four main materials: steel and three polymer types used in similar quantities (PC, PP, and ABS). Additionally, there are seven different types of FE.



We are going to present the practical calculation of all sub-indicators introduced in the previous section. To do so, we will be using the right half of the barrel as an example and calculate all sub-indicators associated with this component (Figure 3).



The calculations will be detailed for this component, and then the results will be presented for all others.




2.5. Calculation of the Retrievability Index Sub-Indicators







	
Dismantlability




	−

	
Concentration of FE














In the product under study, we can find ten separate FE, two of which are used to hold the right half of the barrel in position. According to the calculation method presented in the previous section (Equation (7)), we must therefore give the value of   1 −    2   10    = 0.80   to the FE concentration sub-indicator.



	
− Connection accessibility






In the case of the barrel, this is an external part, directly accessible for dismantling. The value of the link accessibility sub-indicator is therefore 1 for this component.



	
− Number of types of FE






The equipment has a total of seven types of FE. The purpose of this sub-indicator is to check that they are not all used for the same connection. In the case of our example component, only one type of FE is used, so we give this sub-indicator a value of 1.



	
− Type of FE






As a reminder, the calculation for the type of FE can be found in Table A1 (Appendix A).



In the case of the right half of the barrel, the associated type of FE is easy to dismantle, and gives a value of 0.95 to this sub-indicator.



Product dismantlability thus takes into account the four sub-indicators set out in Table A2 (see Appendix B).



The value of the product’s dismantlability indicator is the following:


  D =      ∑  i = 1   n          1   4   ( C   E   f   i     +   T   E   f   i     +   N   T y p   e   i     +   A   i   )     n    = 0.79  



(20)







	
Material separability




	−

	
Material compatibility












The two polymers used in the manufacturing of the right half of the barrel are theoretically chemically compatible, although it would be preferable to separate them before the regeneration stage, which is not possible in this case. We can therefore assign a value of 0.5 to the materials accounting sub-indicator for this component.



	
− Material hazardousness






As with regulatory compliance, the hazardousness of materials is a blocking factor. Here, we would expect each component to score 1, which would mean that they are made of an inert, non-hazardous material.



	
− Material contamination






Similarly, this sub-indicator only exists to ensure that the product complies with health and safety standards. For example, a halogen bulb containing mercury would be considered a contaminant for the waste stream.



In our case study, no component was deemed to be contaminating in the health sense of the term. The value of this sub-indicator for all product components is therefore 1.



The material separability indicator comprises three sub-indicators, whose values are presented in Table A3 (Appendix B).



The value of this indicator for our case study is the following:


  S =      ∑  i = 1   n    C o m   p   i   × D g   r   i   ⋅ C o n   t   i       n    = 0.62  



(21)












	
Treatment availability




	−

	
Availability of dismantling facilities














The example component is made from two materials that can be recycled in France, but we have no information on where the product will be sent when it reaches the end of its life. We are therefore considering a scenario where the equipment is sent for treatment, but we do not know its geographical location. We therefore consider that the dismantling infrastructure is national and not local, which means that the value of the sub-indicator is 0.75.



	
− Availability of recycling facilities






In our case study, for electrical and electronic equipment, dismantling and regeneration infrastructures are often the same. In the case of the category of small mixed appliances (to which the equipment we are studying belongs), regeneration infrastructures exist in several regions of France. For the same reason as for the availability of dismantling infrastructures, we will consider a national and not a local perimeter for this sub-indicator



Thus, the availability of treatment infrastructures is evaluated by the two sub-indicators shown in Table A4 (Appendix B).



Calculating this indicator for our case study gives us the following value:


    D   t   =      ∑  i = 1   n        D     d   i     +   D     r   i       2       n    = 0.71  



(22)












	
Material recyclability




	−

	
Theoretical recycling rate














The right half of the barrel is a product made from a polymer that is theoretically 90% recyclable, which gives us a theoretical recycling sub-indicator of 0.9.



	
− Collection rate






The collection rate for this type of equipment (small mixed appliances) is 48% according to Ademe [27], and no specialised collection channel has been set up by the distributor. We therefore give the equipment studied a value of 0.48 for this sub-indicator.



	
− Diversity of materials






The material making up the straight barrel is made up of two polymer resins. We have to take each one into account when calculating this diversity, and cannot consider that the right half of the barrel is made of a single material. Indeed, it seems very difficult to imagine a recycling scenario in which both materials are regenerated.



This sub-indicator is calculated as the ratio of the mass of the material used for the component to the total mass of the equipment. The value of the material diversity sub-indicator for this component is 0.14.



The product recyclability indicator is calculated from these three sub-indicators. The results are shown in Table A5 (Appendix B), and the formula used to calculate this indicator is shown below:


    R   m a t   =      ∑  i = 1   n      T     C   i     ×     T   R e   c   i     +   D   m a   t   i       2       n    = 0.16  



(23)








2.6. Calculation of the Reintegrability Index Sub-Indicators


	
Material availability




	−

	
Volume of the deposit












For all the polymers used in this case study, an estimate of the quantity available in the deposit was given by the RPM suppliers. In the case of our example component, this information is known for this type of polymer. The value of the available material volume sub-indicator is therefore 1.



	
− Volume of production






The same logic was applied to the supplier’s production volume sub-indicator. In the case of the right half of the barrel, suppliers indicate their annual production capacity, and that a volume contract is possible. The value of the production volume sub-indicator is therefore 1.



The values of the two sub-indicators taken into account in the calculation of the material availability indicator are given in Table A6 (Appendix B).



By using the calculation formula presented in the previous section (Equation (14)), we thus have the following:


    A   m   =      ∑  i = 1   n        V     D e p   i     +   V   p r o   d   i       2       n    = 0.66  



(24)







	
Purity rate




	−

	
Proportion of the main material












The part we have taken as an example is made from two different resins. The proportion of the main resin indicated by the suppliers is 95%. The value of the main resin proportion sub-indicator is therefore 0.95 for this component.



	
− Proportion of contaminants






The proportion of contaminants is often the complement of one of the proportions of the main resin if there is no secondary resin, which is the case for the example component. The contaminant content of the materials used in our case is 5%. (According to the supplier, this polymer reference contains no additives.)



	
− Filtration level






In the case of our example component, one RPM supplier gave us a filtration level of 130 μm, and another supplier gave us a value of 120 μm, which both correspond to a value of 0.75 for the filtration before the granulation sub-indicator.



The purity rate is based on the three sub-indicators whose values are presented in Table A7 (Appendix B).



For each component i, we calculate the purity rate     T     p   i       and calculate the arithmetic average. For our case study, we therefore have, according to the calculation method previously presented (Equation (15)):


    R   p   =      ∑  i = 1   n      R   c o n   t   i     ×     R     M m   i     +   F     l   i       2       n    = 0.89  



(25)







	
Environmental impact




	−

	
Proportion of recycled material












The right half of the barrel is made of two polymers, for which we once again have data from RPM suppliers. The proportion of recycled material for these two polymers is 100%, giving a value of 1 to the proportion of recycled material sub-indicator for this component.



	
− Carbon savings






For the resins making up the example component, the method of calculating carbon savings has been given, but not the results of this study. We will therefore give this sub-indicator a value of 0.5.



	
− Material criticality






In the case of the right half of the barrel, the constituent polymer is a petroleum product. We must therefore consider the criticality of hydrocarbons. We use the literature review by Schrijvers et al. [22], in which an in-depth survey of the results of criticality studies was carried out.



In the case of petroleum products, two studies were carried out, one showing high criticality and the other medium criticality. According to the method for calculating the criticality sub-indicator introduced earlier (Equation (16)), we must therefore give it a value of   1 −    1 +   2   3     2    = 0.17  .



The environmental impact indicator is calculated based on the values of the three sub-indicators presented in Table A8 (Appendix B).



The environmental impact indicator is calculated as follows (see Equation (17)):


    I   e n v   =      ∑  i = 1   n        1   3     (   R     R M   i     +   3   4     S   C     O   2     i     +   C   m a   t   i       )   n    = 0.31  



(26)







	
Traceability




	−

	
Category of origin of the waste












Suppliers have indicated the origin of the waste from which they extracted their raw materials. In the case of the right half of the barrel, the two polymers used in its manufacture were extracted from waste electrical and electronic equipment. We are therefore in the case of closed-loop recycling, which leads us to a value of 1 for this sub-indicator.



	
− Geographical origin of the waste






For our example component, the waste comes exclusively from the European Union, which brings the value of the sub-indicator to 1.



	
− Regulation compliance






Regulatory compliance is a key issue for any product placed on the market. If a product is not compliant, it cannot be sold. In the case of our product, all its components comply with current European standards, so it is no surprise that we have a value of 1 for each component. This indicator only exists to ensure that the product does not contain any hazardous substances that would prevent it from being recycled.



The values used for the calculation can be found in Table A9 (Appendix B).



Here is the result of the calculation of the materials traceability indicator (see Equation (18)):


    T   r a c   =      ∑  i = 1   n      C   r e   g   i     ×     O     C a t   i     +   O     g   i       2       n    = 0.50  



(27)








2.7. Retrievability Index


As a reminder, the calculation method for the retrievability index was presented in Section 2.2.5:


    I   r e t r       X   i     =      ∑  i = 1   4      2     X   i     − 1     4     











If we calculate this index using the indicator values obtained for this case study, we obtain the following:


    I   r e t r   = 0.504  



(28)







The value of the recoverability index has been significantly reduced by the low indicator of material recyclability. A quick study of the results shows that this low value is due to a very low material diversity sub-indicator. In addition, we can see that some components have a theoretical recyclability sub-indicator of 0, which also lowers the final value of the recoverability index.



We will therefore be able to give eco-design recommendations to improve these aspects.




2.8. Reintegrability Index


As a reminder, the calculation method for the reintegrability index was presented in Section 2.3.5:


    I   r e i n t       X   i     =      ∑  i = 1   4      2     X   i     − 1     4     











By using the numeric values of the indicators previously calculated, we have the following:


    I   r e i n t       X   i     = 0.52  



(29)







We can observe that the reintegration index was negatively impacted by the low value of the environmental impact indicator. A study of the equipment immediately shows that this low value can be explained by the use of virgin and critical raw materials. There is also a second problem: the sub-indicators for CO2 savings, chain of origin and geographical origin all too often show a value of 0. This is simply due to poor transmission of information, but this aspect could still be the subject of an eco-design recommendation.




2.9. Conclusions of the Case Study


A summary of the results of the calculation of all indicators and indices can be found in Table 21 below.



A first eco-design recommendation would therefore be to avoid using dark-coloured plastics, as their presence in a product effectively implies over-sorting at the polymer separation stage. Indeed, black plastics often contain hazardous substances, such as antimony or brominated flame retardants [28,29]; as such, they are often eliminated from the waste stream. Because of this, the recyclability evaluation of black components was on the low end, leading to a low recyclability indicator for the whole equipment.



Secondly, we can see that the material diversity sub-indicator was very low. This problem is also linked to the relatively low value of the material compatibility sub-indicator for most of the components. The obvious conclusion is that too many different materials are used, especially within the same component. A second eco-design recommendation would therefore be to use as few different materials as possible, and if not, not to put them in non-dismantlable contact.



In addition, the reintegration index faces other problems, more specifically with regard to the sub-indicators of CO2 savings and material criticality on the one hand, and the sub-indicators of origin and geographical origin on the other.



The first two sub-indicators can be increased by using recycled materials, which would increase CO2 savings and avoid the extraction of critical virgin material.



As for the last two, they tend to favour closed-loop recycling. However, it is difficult to give an eco-design recommendation on an aspect that the producer may not be able to control. However, we could use materials that the producing company or companies in the vicinity can recycle themselves.



On a positive note, we can acknowledge the fact that the product obtained a rather high dismantling indicator, which supports the fact that the product has been designed with particular care given to dismantling, if we refer to the fact that the product was labelled “100% dismantlable”, as mentioned in Section 2.4.





3. Discussion


Our work aimed at laying out a potential innovative method for the assessment of product ecodesign. It has been presented to and carried out in partnership with the industrial and academic partners of the Urban Mines Chair, a consortium of recycling companies, EEE producers, and a French government-affiliated PRO (ecosystem). As such, we were able to have contacts with different EEE-producing companies. The ones which accepted to provide us with data were specialised in small electric appliances. Hence, other studies on different waste categories should be carried out to improve and validate our model.



Furthermore, we need to recognise the limitations of our sub-indicators. Indeed, we designed them to be usable during the product design phase and usable by someone who is not necessarily an expert in eco-design. This means making the indicators easy to calculate, sometimes to the detriment of a precise quantitative assessment based on a numeric value.



For instance, we are aware that the criteria used to assess the environmental impact of the product in this method are insufficient. It is, indeed, very difficult to obtain sufficient information from suppliers, not to mention their own difficulties in analysing their products. This work has been carried out through a doctoral thesis, and we did not have access to extremely precise data. On the other hand, an organisation with more resources and capable of performing a complete LCA on several material references could most likely do so. The goal was to build a tool for design teams, not necessarily specialised in eco-design, but the authors themselves had difficulty gathering some of the data.



All these assessments raise the issue of data collection for non-specialised design experts when using our set of indicators.



In general, our method focuses largely on the assessment of MPRs, and there are few solutions in our method to replace indicators that only concern MPRs with others that are more likely to assess other materials. The scope of the indicators should be broadened to include options for assessing non-ferrous and precious metals, and especially non-removable electronic components (e.g., printed circuit boards and batteries).



This would also make it possible to extend this method to other complex categories of waste belonging to different sectors, such as end-of-life vehicles or infrastructure waste. Indeed, this research was carried out in partnership with a French PRO, specialised in EEE treatment; hence, we had access to the BOM of EEE products. Thus, further investigation seems necessary to study the repeatability of the evaluation of product design with this set of indicators, and to ensure that it is transferable to other waste categories.




4. Methods


4.1. Indicators for the Ecodesign of WEEE, Centred on the Use of Recycled Polymers


As previously mentioned in Section 1, the integration of recycled plastic materials (RPMs) into new equipment is insufficient. Hence, two indices have been created in order to evaluate the circularity of materials, with a specific approach centred around recycled polymers, as presented in Section 2.



4.1.1. Selection of Eco-Design Indicators


The first index is the retrievability rate. It evaluates the capacity of a material to be extracted from an EoL product. It includes the evaluation of the dismantlability of the product, the separability of materials composing it, the existence of treatment facilities for this kind of waste, and the recyclability of the product, although evaluated with more data than the recyclability rate suggested by the European Union (as shown in Equation (6)). Indeed, a sole mass rate cannot thoroughly evaluate the circularity of materials; it can only evaluate the efficiency of recycling processes.



The second created index is the reintegrability rate, which evaluates the capacity of a material, once it has been retrieved and recycled, to be used for the manufacturing of new equipment. It is composed of a material availability indicator, to address the lack of data on the supply of RPM, a material purity indicator, which evaluates the chemical quality of the material, an environmental impact evaluation, which, although simple, gives information about the use of recycled materials, the carbon savings, and the criticality assessment of the materials used. Eventually, being of utmost importance, the traceability of materials is evaluated to ensure a satisfactory transmission of data throughout the life cycle of the material.



Table 22 details the composition of the indices and indicators into sub-indicators.



The 23 sub-indicators are calculated from measurable values; they are then aggregated into 8 indicators, which are themselves aggregated to form the two final indices.




4.1.2. Calculation and Construction of the Indicators


First, we must clearly define the three mathematical entities we are going to introduce:




	
An indicator is a tool for the evaluation of a physical measure.



	
An index is a function which takes the indicators as arguments. It expresses a synthesis of information of different natures.



	
A sub-indicator is, in our case, an entity based directly on a measurable value. In other words, there is a causal relationship between the sub-indicator and the physical measure. The indicator itself is the synthesis of several sub-indicators.








The authors are now going to present the mathematical principles used for the calculation and aggregation of these entities.




4.1.3. Homogeneity and Normalisation Principles


To allow for an easier comparison, all indicators should be centred around a common value     X   u    , chosen by the user, as shown in the following Equation (30).


    X   i   =   X   u   ×      q   i       q   r e f       



(30)




where



    X   i    : Calculated indicator;



    X   u    : Common value;



    q   i    : Measured quantity;



    q   r e f    : Reference quantity.



To choose     X   u    , one has to remember that the calculated indicators (    X   i    ) will attain the common value     X   u     when the measured quantity equals the reference quantity       q   i   =   q   r e f      .



The value     X   u     is only used to create a scale or measurement; it is always chosen, even unknowingly, by the user. For example, De Aguiar et al. (2016) [13] chose to evaluate the disassembly indicators with values between 1 and 4, the European Union chose to evaluate the repairability index by using a value between 0 and 10 [30], and Martinez-Leal (2019) chose to use a scale between 0 and 1 [6]. All these differences stem from a different choice for     X   u    , but they do not hinder the comparability of studies. The only thing one should be careful about is to choose the same     X   u     for all indicators in the same set; otherwise, aggregation could be more difficult or lead to the misrepresentation of results.



Let us take the example of an indicator that evaluates the purity rate of a material batch. First, this purity rate is measured on a target batch. Now, if this batch is only 95% pure, it means that it contains 5% more contaminants compared to a reference batch that would contain none. This then means that



	
    q   r e f     equals 100% since the batch taken for reference is totally pure;






	
    q   i     equals 95% since it is the value that has been measured.






So, the choice of     X   u     basically determines the variation interval of the indicator. If one wants the purity indicator to vary between 0 and 100, with a value of 95 for this batch, then     X   u     must be equal to 100. On the other hand, if the purity indicator should vary between 0 and 1 with a value of 0.95, then we have     X   u   = 1  , etc.



The summary is as follows:




	
Principle 1: By calculating all the indicators using a reference quantity     q   r e f    , they become homogeneous and can be compared and used for aggregation even if the measured values were not of the same physical quantity.



	
Principle 2: by setting all indicators to a common value     X   u    , they have indeed been normalised. This principle is used to make all indicators vary within the same interval, thus making them easier to compare.



	
Principle 3: if these two principles are respected for all mathematical entities (indices, indicators, and sub-indicators), we ensure that they will all be part of the same ensemble, hence avoiding any mathematical errors.









4.1.4. Transformation and Aggregation


Once the indicators have been homogenised and normalised, they need to be transformed with a function f which must respect three other principles:




	
Principle 4: Invariance by permutation of indicators.



	
Principle 5: Monotony of the transformation function.



	
Principle 6, the “efficiency” principle: The aggregated entity must highlight the efforts made on the worst argument. This is to encourage the users of this method to try and improve the worst indicators instead of trying to compensate them by increasing the value of already good ones.








Eventually, the homogenised and transformed indicators can be aggregated into a global index by an aggregation function g. This function should, if possible, respect the principle of separation of the following variables: average and dispersion. To this end, the indicators     X   i     previously mentioned can be defined as


    X   i     t   =   x  ¯  + t ×   e   i    



(31)




where



    x  ¯   : Average value of the ensemble of indicators;



    e   i    : Deviation from the average of the indicator     X   i    ;



  t  : Variable dispersion.



The dispersion can be useful to compare the independent influences of the average value and the deviation on the aggregation function. The global index is thus the composition function of f and g applied to the homogenised indicators. Figure 4 summarises this process [6].



Mathematical proof of these principles has been sought after for five different families of functions by Maurin [31]. Table 23 summarises the results [4].



The function   f     x   i     =     e   c −   x   i   α       −   1  ,    c > 0  , although complex, respects all mathematical principles previously mentioned. Fortunately, the function can be simplified by defining the constant c as follows:


  c =      ln     1 +   X   u           X   u       ,      X   u   ≠ 0  



(32)







Now, we should define     X   u     for our study. We would like a simple scale that is easy to read, interpret, and allows for the comparison of different entities. In this paper, we chose to have our indicators fluctuate between the values 0 and 1. Hence, we should simply have     X   u   = 1  .



This gives us   c = l n ( 2 )  , and as such, we have


  f     X   i     =   2     X   i     − 1  



(33)







The function is relatively easy to use and respects all principles.



As for the aggregation, it is interesting to note that the function   f     x   i     =   ∑  i = 1   n      x   i       (average), constitutes the vast majority (87%) of aggregation methods used in the literature. Indeed, when the transformation function is adequately chosen, the average function is sufficient, and very simple to use [6,32]



In order to calculate our retrievability and reintegrability indices, we will thus use this function:


  g     X   i     =      ∑  i = 1   n      2     X   i     − 1     n     ,    n > 0  



(34)







This composition of functions is robust as it respects all principles mentioned and is not needlessly complex.



Note that, even though the weighting of indicators is not inherently wrong, one must be careful when implementing it, as weighted indicators can prevent an objective analysis of the situation, or even orient the results [31,32].




4.1.5. Construction of the Mathematical Entities for Our Study


Based on the construction rules previously mentioned, we selected and constructed 23 sub-indicators, eight indicators and two indices. The ground rules were hence established; we were able to set some additional common rules for all our entities.



Thus, all our entities—sub-indicators, indicators and indices—will vary in the interval [0;1], and for all of them, the value 1 corresponds to the best-case scenario, and the value 0 refers to the worst one.



This choice was deliberately made so that anyone using our indicators is instantly able to see where the problems lie, without having to check the calculation method of an entity before knowing if its value refers to a flaw or an optimal choice.



In the case of indicators (constructed by the aggregation of sub-indicators), several aggregation options will be used:



	
Arithmetic average value: A   =      ∑  i = 1   n      A   i       n     , n > 0;



	
Multiplication of indicators:   A =   ∏  i = 1   n      A   i     ;  



	
Complements to 1:   A = 1 −   ∑  i = 1   n      A   i     ;  



	
Hybrid forms   A = 1 −      ∑  i = 1   n      a ∗ A   i       n     , n > 0.






The use of either of these functions will be determined by the specific situation in which they appear.



As for sub-indicators, four different options will be used for the calculation of their values: linear progression, discrete values, Boolean values, or a hybrid of linear and discrete values. If discrete qualitative levels are needed, two main options will be used, unless stated otherwise for specific cases: [0; 0.5; 1] or [0; 0.25; 0.5; 0.75; 1]. This way, we allow for a more “flexible” evaluation of some of the design aspects, without having too much difference between the calculation methods of the indicators. The use of an odd number of possible thresholds (3 or 5) allows for five levels of evaluation, providing the possibility of a middle, “neutral” value.






5. Conclusions


The objective of this study was to give design teams the opportunity to choose to incorporate plastics that can be reused in other equipment, and to ensure that their product is constructed in such a way that these plastics can be recovered. Furthermore, throughout this paper, we have emphasised the central role of recycling chains, and we wish to encourage their development through the tools and methods we have developed.



We constructed indicators of product dismantlability, material separability, availability of processing infrastructure and product recyclability. These four indicators form the recoverability index. In addition, we selected the indicators of material availability, material purity, environmental impact and material traceability to form the reintegration index. The efficiency principle presented in Section 4.1 ensures that the efforts on the lowest value are well represented in the aggregated indicator; however, a model with 23 sub-indicators would benefit from a sensitivity analysis in order to identify which ones contribute the most to the final index values, and if all 23 sub-indicators are indeed all necessary.



We selected a series of indicators focused on topics that we deemed relevant to the design phase, namely the choice of materials, the product architecture, and the overall integration of the latter into an end-of-life chain. However, we were unable to include economic indicators or quantitative supply indicators. We assume that these two aspects will always be evaluated by design teams in an industrial context, but it is true that we would have liked to add these dimensions to the set of indicators used in our method.
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Appendix A


Numerical Calculation of Disassembly Indicators




 





Table A1. Adaptation of the calculation of the sub-indicator “Type of fastening element”. Adapted from De Aguiar et al., 2016 [13].






Table A1. Adaptation of the calculation of the sub-indicator “Type of fastening element”. Adapted from De Aguiar et al., 2016 [13].





	

	
Measured Physical Value

	
Corresponding Value

	
Magnetic bond

	
Nut and bolt

	
Circlip

	
Clip

	
Nail

	
Nylon cord

	
Interlock

	
Glue

	
Pin

	
Rivet




	
tD:

time for

disassembly

(s)

	
from 0 to 13 s

	
1

	
1

	
0.66

	
1

	
1

	
0.33

	
1

	
1

	
0.66

	
0.66

	
0




	
from 13.1 to 16 s

	
0.66




	
from 16.1 to 40 s

	
0.33




	
>40 s

	
0




	
Nt: number of tools necessary

	
0

	
1

	
1

	
0.66

	
0.66

	
1

	
0.66

	
0.66

	
1

	
0.33

	
0.66

	
0




	
1

	
0.66




	
2

	
0.33




	
> 3

	
0




	
SD: Necessary strength

(N)

	
from 0 to 12 N

	
1

	
0.33

	
1

	
1

	
0.66

	
0

	
0.33

	
1

	
0

	
1

	
0




	
from 12.1 to 25 N

	
0.66




	
25.1 to 47 N

	
0.33




	
>47 N

	
0




	
Da:

Destructivity

	
Non-destructive,

no residue

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
0.66

	
1

	
0.33




	
Non-destructive,

with residue

	
0.66




	
Destructive, no residue

	
0.33




	
Destructive, with residue

	
0




	
Sum

	
3.33

	
3.33

	
3.66

	
3.66

	
2

	
3

	
4

	
1.66

	
3.33

	
0.33




	
Average value

	
0.83

	
0.83

	
0.92

	
0.92

	
0.5

	
0.75

	
1

	
0.42

	
0.83

	
0.08




	
Normalised value:

   t D     or     S D  = 4 ⋅     Measured   value    (  t D     or    S )    Highest   measured   value      

	
0.85

	
0.85

	
0.95

	
0.95

	
0.55

	
0.8

	
1

	
0.45

	
0.85

	
0.1











Appendix B


Numerical Calculation of Several Sub-Indicators




 





Table A2. Numerical calculation of the sub-indicators composing the dismantlability indicator.






Table A2. Numerical calculation of the sub-indicators composing the dismantlability indicator.





	Component
	Sub-Indicator

of Type of FE
	Sub-Indicator

of Number

of Types of FE
	Sub-Indicator

of Connection Availability
	Sub-Indicator of

FE Concentration





	Forward weight
	0.85
	0.50
	0.50
	0.70



	Backwards weight
	0.85
	0.50
	0.50
	0.70



	Right half of the barrel
	0.95
	1.00
	1.00
	0.80



	Left half of the barrel
	0.95
	1.00
	1.00
	0.80



	Battery hood
	0.95
	1.00
	0.50
	0.80



	Outer casing
	0.85
	0.50
	1.00
	0.80



	Handle hood
	0.85
	1.00
	1.00
	0.80



	Internal lever
	0.85
	1.00
	0.50
	0.70



	Reload lever
	0.85
	1.00
	0.50
	0.70



	Trigger
	0.85
	1.00
	0.50
	0.80



	Vertical camera
	0.85
	1.00
	1.00
	0.80



	Handle—first half
	0.85
	0.50
	1.00
	0.70



	Handle—second half
	0.85
	0.50
	1.00
	0.70



	Battery
	0.85
	1.00
	0.50
	0.80



	Battery support
	0.45
	1.00
	0.50
	0.80



	Active electronic component
	0.85
	1.00
	0.50
	0.80



	Electro-mechanical component
	0.85
	1.00
	0.50
	0.80



	Printed circuit board
	0.85
	1.00
	0.50
	0.80



	Passive electronic component
	0.85
	1.00
	0.50
	0.80



	LASER module
	0.85
	1.00
	0.50
	0.80



	Printed circuit board frame
	0.45
	1.00
	0.50
	0.80










 





Table A3. Numerical calculation of the sub-indicators composing the separability indicator.






Table A3. Numerical calculation of the sub-indicators composing the separability indicator.





	Component
	Sub-Indicator of

Material Compatibility
	Sub-Indicator of

Material Hazardousness
	Sub-Indicator of

Material Contamination





	Forward weight
	1.00
	1.00
	1.00



	Backwards weight
	1.00
	1.00
	1.00



	Right half of the barrel
	0.50
	1.00
	1.00



	Left half of the barrel
	0.50
	1.00
	1.00



	Battery hood
	0.50
	1.00
	1.00



	Outer casing
	0.50
	1.00
	1.00



	Handle hood
	0.50
	1.00
	1.00



	Internal lever
	0.50
	1.00
	1.00



	Reload lever
	0.50
	1.00
	1.00



	Trigger
	0.50
	1.00
	1.00



	Vertical camera
	0.50
	1.00
	1.00



	Handle—first half
	1.00
	1.00
	1.00



	Handle—second half
	1.00
	1.00
	1.00



	Battery
	0.75
	1.00
	1.00



	Battery support
	0.00
	1.00
	1.00



	Active electronic component
	0.75
	1.00
	1.00



	Electro-mechanical component
	0.75
	1.00
	1.00



	Printed circuit board
	0.75
	1.00
	1.00



	Passive electronic component
	0.75
	1.00
	1.00



	LASER module
	0.75
	1.00
	1.00



	Printed circuit board frame
	0.00
	1.00
	1.00










 





Table A4. Numerical calculation of the sub-indicators composing the treatment availability indicator.






Table A4. Numerical calculation of the sub-indicators composing the treatment availability indicator.





	Component
	Sub-Indicator of

Dismantling Availability
	Sub-Indicator of

Recycling Availability





	Forward weight
	0.75
	0.75



	Backwards weight
	0.75
	0.75



	Right half of the barrel
	0.75
	0.75



	Left half of the barrel
	0.75
	0.75



	Battery hood
	0.75
	0.75



	Outer casing
	0.75
	0.75



	Handle hood
	0.75
	0.75



	Internal lever
	0.75
	0.75



	Reload lever
	0.75
	0.75



	Trigger
	0.75
	0.75



	Vertical camera
	0.75
	0.75



	Handle—first half
	0.75
	0.75



	Handle—second half
	0.00
	0.00



	Battery
	0.75
	0.75



	Battery support
	0.75
	0.75



	Active electronic component
	0.75
	0.75



	Electro-mechanical component
	0.75
	0.75



	Printed circuit board
	0.75
	0.75



	Passive electronic component
	0.75
	0.75



	LASER module
	0.75
	0.75



	Printed circuit board frame
	0.75
	0.75










 





Table A5. Numerical calculation of the sub-indicators composing the recyclability indicator.






Table A5. Numerical calculation of the sub-indicators composing the recyclability indicator.





	Component
	Sub-Indicator of

Material Diversity
	Sub-Indicator of

Collection Rate
	Sub-Indicator of

Theoretical Recycling Rate





	Forward weight
	0.42
	0.48
	0.95



	Backwards weight
	0.42
	0.48
	0.95



	Right half of the barrel
	0.14
	0.48
	0.90



	Left half of the barrel
	0.14
	0.48
	0.90



	Battery hood
	0.14
	0.48
	0.00



	Outer casing
	0.14
	0.48
	0.90



	Handle hood
	0.14
	0.48
	0.00



	Internal lever
	0.14
	0.48
	0.90



	Reload lever
	0.14
	0.48
	0.90



	Trigger
	0.14
	0.48
	0.00



	Vertical camera
	0.14
	0.48
	0.00



	Handle—first half
	0.13
	0.48
	0.90



	Handle—second half
	0.09
	0.48
	0.00



	Battery
	0.00
	0.48
	0.75



	Battery support
	0.07
	0.48
	0.50



	Active electronic component
	0.00
	0.48
	0.50



	Electro-mechanical component
	0.00
	0.48
	0.50



	Printed circuit board
	0.00
	0.48
	0.50



	Passive electronic component
	0.00
	0.48
	0.50



	LASER module
	0.00
	0.48
	0.50



	Printed circuit board frame
	0.07
	0.48
	0.50










 





Table A6. Numerical calculation of the sub-indicators composing the material availability indicator.






Table A6. Numerical calculation of the sub-indicators composing the material availability indicator.





	Component
	Sub-Indicator of

Production Volume
	Sub-Indicator of

Deposit Volume





	Forward weight
	1.00
	1.00



	Backwards weight
	1.00
	1.00



	Right half of the barrel
	1.00
	1.00



	Left half of the barrel
	1.00
	1.00



	Battery hood
	1.00
	1.00



	Outer casing
	1.00
	1.00



	Handle hood
	1.00
	1.00



	Internal lever
	1.00
	1.00



	Reload lever
	1.00
	1.00



	Trigger
	1.00
	1.00



	Vertical camera
	1.00
	1.00



	Handle—first half
	1.00
	1.00



	Handle—second half
	0.00
	0.00



	Battery
	0.00
	0.50



	Battery support
	0.00
	0.00



	Active electronic component
	0.00
	0.50



	Electro-mechanical component
	0.00
	0.50



	Printed circuit board
	0.50
	0.50



	Passive electronic component
	0.00
	0.50



	LASER module
	0.00
	0.50



	Printed circuit board frame
	0.00
	0.00










 





Table A7. Numerical calculation of the sub-indicators composing the material purity indicator.






Table A7. Numerical calculation of the sub-indicators composing the material purity indicator.





	Component
	Sub-Indicator of Proportion of Main Material
	Sub-Indicator of Proportion of Contaminants
	Sub-Indicator of Filtration Before Granulation





	Forward weight
	1.00
	1.00
	1.00



	Backwards weight
	1.00
	1.00
	1.00



	Right half of the barrel
	0.95
	0.90
	0.75



	Left half of the barrel
	0.95
	0.90
	0.75



	Battery hood
	0.95
	0.90
	0.75



	Outer casing
	0.95
	0.90
	0.75



	Handle hood
	0.95
	0.90
	0.75



	Internal lever
	0.95
	0.90
	0.75



	Reload lever
	0.95
	0.90
	0.75



	Trigger
	0.95
	0.90
	0.75



	Vertical camera
	0.95
	0.90
	0.75



	Handle—first half
	0.95
	0.94
	0.75



	Handle—second half
	1.00
	1.00
	1.00



	Battery
	1.00
	1.00
	1.00



	Battery support
	1.00
	1.00
	1.00



	Active electronic component
	1.00
	1.00
	1.00



	Electro-mechanical component
	1.00
	1.00
	1.00



	Printed circuit board
	1.00
	1.00
	1.00



	Passive electronic component
	1.00
	1.00
	1.00



	LASER module
	1.00
	1.00
	1.00



	Printed circuit board frame
	1.00
	1.00
	1.00










 





Table A8. Numerical calculation of the sub-indicators composing the environmental impact indicator.






Table A8. Numerical calculation of the sub-indicators composing the environmental impact indicator.





	Component
	Sub-Indicator of

Carbon Savings
	Sub-Indicator of

Material Criticality
	Sub-Indicator of

Proportion of

Recycled Content





	Forward weight
	0.00
	0.59
	0.00



	Backwards weight
	0.00
	0.59
	0.00



	Right half of the barrel
	0.50
	0.17
	1.00



	Left half of the barrel
	0.50
	0.17
	1.00



	Battery hood
	0.50
	0.17
	1.00



	Outer casing
	0.50
	0.17
	1.00



	Handle hood
	0.50
	0.17
	1.00



	Internal lever
	0.50
	0.17
	1.00



	Reload lever
	0.50
	0.17
	1.00



	Trigger
	0.50
	0.17
	1.00



	Vertical camera
	0.50
	0.17
	1.00



	Handle—first half
	0.50
	0.17
	1.00



	Handle—second half
	0.00
	1.00
	0.00



	Battery
	0.00
	0.31
	0.00



	Battery support
	0.50
	0.17
	0.00



	Active electronic component
	0.00
	0.10
	0.00



	Electro-mechanical component
	0.00
	0.10
	0.00



	Printed circuit board
	0.00
	0.10
	0.00



	Passive electronic component
	0.00
	0.10
	0.00



	LASER module
	0.00
	0.10
	0.00



	Printed circuit board frame
	0.50
	0.17
	0.00










 





Table A9. Numerical calculation of the sub-indicators composing the traceability indicator.






Table A9. Numerical calculation of the sub-indicators composing the traceability indicator.





	Component
	Sub-Indicator of

Regulation Compliance
	Sub-Indicator of

Geographical Origin
	Sub-Indicator of Waste

Category of Origin





	Forward weight
	1.00
	0.00
	0.00



	Backwards weight
	1.00
	0.00
	0.00



	Right half of the barrel
	1.00
	1.00
	1.00



	Left half of the barrel
	1.00
	1.00
	1.00



	Battery hood
	1.00
	1.00
	1.00



	Outer casing
	1.00
	1.00
	1.00



	Handle hood
	1.00
	1.00
	1.00



	Internal lever
	1.00
	1.00
	1.00



	Reload lever
	1.00
	1.00
	1.00



	Trigger
	1.00
	1.00
	1.00



	Vertical camera
	1.00
	1.00
	1.00



	Handle—first half
	1.00
	1.00
	1.00



	Handle—second half
	1.00
	0.00
	0.00



	Battery
	1.00
	0.00
	0.00



	Battery support
	1.00
	0.00
	0.50



	Active electronic component
	1.00
	0.00
	0.00



	Electro-mechanical component
	1.00
	0.00
	0.00



	Printed circuit board
	1.00
	0.00
	0.00



	Passive electronic component
	1.00
	0.00
	0.00



	LASER module
	1.00
	0.00
	0.00



	Printed circuit board frame
	1.00
	0.00
	0.50
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Figure 1. Generic treatment chain for WEEE.     m   E o L     is the total mass of products arriving at the end-of-life stage,     m   C o l l     is the mass of EoL products collected by the official scheme,     m   R     is the mass of collected products sent to be recycled,     m   R e c     is the mass of products actually recycled, and     m   O R     is the mass of products recovered by other treatment options. 
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Figure 2. Equipment studied: laser tag pistol. 
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Figure 3. Component used to demonstrate the calculation of our sub-indicators. 
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Figure 4. Construction process of an aggregated entity [4]. 
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Table 1. Comparison of the treatment results for EoL WEEE and EoL polymers.






Table 1. Comparison of the treatment results for EoL WEEE and EoL polymers.










	Indicator
	WEEE

(Computer and Telecom)
	Plastic Fraction Found

in This Equipment





	Collection rate

of the equipment       R   C      
	53%
	



	Proportion of plastics

in the stream
	31%
	78%



	Efficiency of the

recycling process       E   R e c      
	87%
	53%



	Recycling rate

of collected equipment       R   R C      
	85.2%
	55%



	EoL recycling rate

of the equipment       R   E o L      
	41.6%
	11%










 





Table 2. Sub-indicator     N   t y p e     of the number of types of FE.






Table 2. Sub-indicator     N   t y p e     of the number of types of FE.





	Number of Types of FE
	Value of the Sub-Indicator





	1
	1



	2
	0.5



	>2
	0










 





Table 3. Sub-indicator   A   of FE accessibility.






Table 3. Sub-indicator   A   of FE accessibility.





	Number of Types of FE
	Value of the Sub-Indicator





	Totally accessible
	1



	Partially accessible
	0.5



	Not accessible
	0










 





Table 4. Sub-indicator   C o m p   of material compatibility.






Table 4. Sub-indicator   C o m p   of material compatibility.





	Material Compatibility
	Value of the Sub-Indicator





	Totally compatible/mono-material
	1



	Partially compatible, separable
	0.75



	Partially compatible, non-separable
	0.5



	Non-compatible, separable
	0.25



	Non-compatible, non-separable
	0










 





Table 5. Sub-indicator   H z m   of material hazardousness.






Table 5. Sub-indicator   H z m   of material hazardousness.





	Material Hazardousness
	Value of the Sub-Indicator





	Non-reactive, non-hazardous
	1



	Reactive, non-hazardous
	0.5



	Hazardous
	0










 





Table 6. Sub-indicator   C o n t   of material contamination.






Table 6. Sub-indicator   C o n t   of material contamination.





	Material Contamination
	Value of the Sub-Indicator





	Non-contaminated, non-contaminant
	1



	Contaminated or contaminant
	0










 





Table 7. Sub-indicator     A   d     of disassembly facility availability.






Table 7. Sub-indicator     A   d     of disassembly facility availability.





	Disassembly Facility Availability
	Value of the Sub-Indicator





	Locally available
	1



	Nationally available
	0.75



	Internationally available (same continent)
	0.5



	Internationally available (different continent)
	0.25



	Unknown/non-existent
	0










 





Table 8. Sub-indicator     A   r     of regeneration facility availability.






Table 8. Sub-indicator     A   r     of regeneration facility availability.





	Material Regeneration Facility Availability
	Value of the Sub-Indicator





	Locally available
	1



	Nationally available
	0.75



	Internationally available (same continent)
	0.5



	Internationally available (different continent)
	0.25



	Unknown/non-existent
	0










 





Table 9. Composition of the retrievability index.






Table 9. Composition of the retrievability index.





	
Retrievability Index






	
Indicators     X   i    

	
Sub-Indicators




	
Dismantlability   D  

	
Concentration in FE




	
Number of FE types




	
Type of FE

	
Time for disassembly




	
Number of necessary tools




	
Force necessary for disassembly




	
Destructivity of disassembly




	
Accessibility of the connection




	
Separability

of materials   s  

	
Compatibility of materials




	
Materials hazardousness




	
Contamination




	
Availability

of treatment     A   t    

	
Availability of dismantling facilities




	
Availability of regeneration facilities




	
Recyclability     R   m a t    

	
Theoretical recycling rate




	
Diversity of materials




	
Collection rate











 





Table 10. Sub-indicator     V   d e p     of the volume of material in the waste deposit.






Table 10. Sub-indicator     V   d e p     of the volume of material in the waste deposit.





	Volume of Material in the Waste Deposit
	Value of the Sub-Indicator





	Known for this type of material
	1



	Known for the waste category
	0.5



	Unknown
	0










 





Table 11. Sub-indicator     V   p r o d     of the potential production volume.






Table 11. Sub-indicator     V   p r o d     of the potential production volume.





	Volume of Production
	Value of the Sub-Indicator





	Known and sufficient
	1



	Known
	0.5



	Unknown
	0










 





Table 12. Sub-indicator     R   M m     of the main material rate.






Table 12. Sub-indicator     R   M m     of the main material rate.





	Proportion of Main Material
	Value of the Sub-Indicator





	100–97.5%
	1–0.975



	97.5–90%
	0.5



	<90%
	0










 





Table 13. Sub-indicator     R   c o n t     of the contaminant rate.






Table 13. Sub-indicator     R   c o n t     of the contaminant rate.





	Contaminant Rate
	Value of the Sub-Indicator





	<5%
	0.9–1



	5–10%
	0.5



	>10%
	0










 





Table 14. Sub-indicator     F   l     of the filtration level.






Table 14. Sub-indicator     F   l     of the filtration level.





	Filtration Level
	Value of the Sub-Indicator





	50–100 μm
	1



	100–200 μm
	0.75



	200–300 μm
	0.5



	>300 μm
	0.25



	Unknown
	0










 





Table 15. Sub-indicator     R   R M     of recycled material rate.






Table 15. Sub-indicator     R   R M     of recycled material rate.





	Proportion of Recycled Material
	Value of the Sub-Indicator





	0–100%
	0–1










 





Table 16. Sub-indicator     S   C   O   2       of carbon savings.






Table 16. Sub-indicator     S   C   O   2       of carbon savings.





	Carbon Savings
	Value of the Sub-Indicator





	Calculated: calculation method known
	1



	Calculated
	0.5



	Not calculated
	0










 





Table 17. Sub-indicator     O   c a t     of the category of origin of the waste.






Table 17. Sub-indicator     O   c a t     of the category of origin of the waste.





	Category of Origin
	Value of the Sub-Indicator





	Same category
	1



	Different category
	0.5



	Unknown
	0










 





Table 18. Sub-indicator     O   g     of the geographical origin of the waste.






Table 18. Sub-indicator     O   g     of the geographical origin of the waste.





	Geographical Origin of the Waste
	Value of the Sub-Indicator





	EU only
	1



	Blend EU + non-EU
	0.5



	Non-EU/Unknown
	0










 





Table 19. Sub-indicator     C   r e g     of regulation compliance.






Table 19. Sub-indicator     C   r e g     of regulation compliance.





	Regulation Compliance
	Value of the Sub-Indicator





	Yes for Reach, RoHS, POP
	1



	No for at least one/Unknown
	0










 





Table 20. Composition of the reintegrability index.
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Reintegrability Index




	
    Indicators     X   i      

	
Sub-Indicators






	
Availability of materials     A   m    

	
Volume of material in the deposit




	
Volume of production




	
Material purity rate     R   p    

	
Main material rate




	
Contaminant rate

	
Polymeric contaminants




	
Particle contaminants




	
Additives and fillers




	
Filtration level




	
Environmental impact     I   e n v    

	
Proportion of recycled material




	
Carbon savings




	
Material criticality




	
Traceability     T   r a c    

	
Category of origin of the waste




	
Geographical origin of the waste




	
Regulation compliance

	
Reach




	
RoHS




	
POP











 





Table 21. Summary of the results of the calculation of all indicators and indices.
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Indices

	
Retrievability Index      I   r e t r     

	
Reintegrability Index      I   r e i n t     






	
Indicators

	
Dismantlability

  D  

	
Separability

  S  

	
Treatment availability

    D   t    

	
Recyclability

    R   m a t    

	
Material availability

    D   m    

	
Material purity

    T   p    

	
Environmental impact

    I   e n v    

	
Material traceability

    T   r a c    




	
Value of the indicators

	
0.786

	
0.619

	
0.714

	
0.16

	
0.655

	
0.89

	
0.31

	
0.5




	
Value of the indices

	
0.504

	
0.52











 





Table 22. Details of the composition of the retrievability and reintegrability rates (FE: fastening element).
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Retrievability Rate

	
Reintegrability Rate






	
Indicators

	
Sub-indicators

	
Sub-indicators

	
Indicators




	
Dismantling

	
FE concentration

	
Volume of the deposit

	
Material availability




	
Number of FE types

	
Volume of production




	
Type of FE

	
Disassembly time

	
Proportion of main material

	
Material purity




	
Necessary tools

	
Polymer

contaminants

	
Proportion of contaminants




	
Necessary force

	
Particle

contaminants




	
Destructivity

	
Additives,

fillers




	
Accessibility of the FE

	
Filtration level before extrusion




	
Material separability

	
Material compatibility

	
Proportion of recycled material

	
Environmental

impact




	
Material hazard

	
Carbon savings




	
Material contamination

	
Raw material criticality




	
Existence of treatment facilities

	
Existence of

dismantling facilities

	
Waste stream of origin

for recycled materials

	
Traceability of the materials




	
Existence of

recycling facilities

	
Geographic origin

of the materials




	
Recyclability

	
Potential recycling rate

	
Reach

compliance

	
EU

regulation compliance




	
Material diversity

	
RoHS

compliance




	
Collection rate for the EoL category of the product

	
POP

compliance











 





Table 23. Analysis of different families of transformation functions [4].






Table 23. Analysis of different families of transformation functions [4].





	Transformation Function
	Efficiency

Principle

Respected?
	Separation of Average and Dispersion

Variables?
	Remarks





	   f     x   i     =    ∑  i = 1   n       x   i       
	No

(compensatory)
	Partial
	Simple to use



	   f     x   i     =    ∏  i = 1   n       x   i       
	No, reversed
	Partial
	Simple to use



	   f     x   i     =   x   i   α    ,    α > 1   
	Yes
	Partial
	Niche use



	   f     x   i     =   e   c ⋅   x   i   α     − 1  ,      

   c > 0   
	Yes
	Yes
	Can be complex, but respects all principles



	   f     x   i     = a   x   i    ,    a > 0   
	No
	Partial
	Weighting is not a real transformation
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