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A avaliação da sustentabilidade na gestão de resíduos sólidos é uma abordagem de 

importância crescente, mas que ainda não possui metodologia formalizada. A 

abordagem mais promissora ainda está em desenvolvimento: a Avaliação da 

Sustentabilidade do Ciclo de Vida (LCSA), cujas diretrizes existentes requerem o 

envolvimento de stakeholders na formulação dos modelos e avaliação dos impactos, 

algo negligenciado pelas aplicações atuais. O objetivo deste trabalho é elaborar uma 

metodologia de LCSA que permita a consulta a múltiplos stakeholders na definição de 

categorias de impacto e modelagem de sistemas. A metodologia foi aplicada ao caso da 

logística reversa de resíduos de equipamentos eletroeletrônicos (REEE) no Brasil. A 

partir da consulta a diversos stakeholders e especialistas no assunto, foram elaborados 

mapas causais. Analisando a hierarquia destes mapas, foram identificados objetivos 

estratégicos que podem ser interpretados como potenciais categorias de impacto de 

LCSA. Estas foram analisadas por stakeholders de forma a obter um conjunto final que 

revela categorias bem estabelecidas e outras inovadoras. Os mapas também permitiram 

a identificação e modelagem de potenciais sistemas para implementação. Alguns destes 

expandem a fronteira tradicionalmente adotada em modelos de Avaliação do Ciclo de 

Vida.   
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Sustainability assessment of complex systems such as waste management is an 

approach of increased relevance, but which yet has no formal methodology. Its most 

promising methodology is still under development: Life Cycle Sustainability 

Assessment (LCSA), whose existing guidelines require the involvement of stakeholders 

in the formulation of models and impacts assessment, what has been neglected in 

current applications. The aim of this study is to develop an LCSA methodology that 

allows for multi-stakeholder consultation in the definition of impact categories and 

system modelling. The methodology was applied to the case of Brazilian Waste Electric 

and Electronic Equipment (WEEE) reverse logistics. By consulting stakeholders and 

specialists in the area, causal maps were built. By analysing the hierarchy of these maps 

it was possible to identify strategic objectives that can be interpreted as potential LCSA 

impact categories. These were analysed with stakeholders in order to define a final set 

which reveals both well established and unforeseen categories. Maps also allowed for 

identifying and modelling potential systems for implementation. Some of these expand 

the usually adopted boundary in Life Cycle Assessment models. 
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1. INTRODUCTION 

 

Sustainability assessment of complex systems such as waste management is a 

resourceful tool for decision-support. There is still no formal methodology established 

for this aim, but the most promising approach currently in development is Life Cycle 

Sustainability Assessment (LCSA). LCSA expands the standardized methodology of 

environmental Life Cycle Assessment (LCA), in order to comprehend the social and 

economic dimensions. In doing this, LCSA also increases its complexity. In LCA the 

assessed systems are rather objective and based on materials flows, and the assessed 

impacts can be measured quantitatively; in social and economic dimensions the 

assessment may also include rather subjective systems and impact categories. This is 

why some existing guidelines for LSCA recommend the involvement of relevant 

stakeholders during modelling and assessment stages of the applications; in LCA these 

can be and are usually carried out based only on specialistsô analyses.  

 

In LCSA, specialists need to facilitate elicitation and structuring of stakeholdersô 

perspectives, in order to obtain realistic parameters for system modelling and 

sustainability assessment. This is a major gap in current LCSA applications, as LCA 

practitioners have not searched to facilitate such multi-stakeholder decision-making 

within their models. There are robust tools available in the field of Decision Science 

that can be adapted and combined to LCA standards and LCSA guidelines, in order to 

bridge this methodological gap. This is the case of Problem Structuring Methods 

(PSMs). Some well-established PSMs are Strategic Options Development and Analysis 

(SODA) and Soft Systems Methodology (SSM). These can be useful tools in 

stakeholder consultation for LCSA, especially in the tasks of defining social and 

economic impact categories, and in identifying and modelling potential relevant systems 

for implementation in real case problems. PSMs have supported decision-making in 

several complex problems during the last decades, many of them in the environmental 

area. 

 

Waste management are complex systems currently demanding for such stakeholder-

based LCSA approach, especially in Brazil. In 2010, the country established its National 
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Solid Waste Policy (PNRS), which adopts a complexity of principles such as Extended 

Producer Responsibility (PER), shared responsibility for productsô life cycle and the 

social inclusion of waste pickers within the diverse waste chains. It also determines that 

reverse logistics systems are mandatory for some waste types, including Waste Electric 

and Electronic Equipment (WEEE). WEEE is complex in nature, because they 

comprehend many types of different appliances and components, including recyclables, 

precious metals and hazardous materials. The WEEE chain is also complex, because it 

involves several actors along many formal and informal trans-boundary stages, from 

raw material extraction to production of appliances, commercialization, use and waste 

recycling or disposal. This involves significant risks to human health and the 

environment.  

 

PNRS establishes that responsibility for modelling and implementing WEEE reverse 

logistics in Brazil is shared by producers, importers, distributors and retailers of 

Electrical and Electronic Equipment (EEE) in the country. It also defines 

responsibilities for consumers, governments and waste management companies within 

this chain, which may include formalized waste pickersô cooperatives. This way, there 

is a complexity of actors with their responsibilities, interests and needs. This is thus a 

relevant problem with potential to be supported by combined LCSA and PSMs, in order 

to define the best reverse logistics model to be implemented in Brazil. 

1.1. Objectives 

 

The main objective of this research is to propose a methodology for systems modelling 

and for the definition of social and economic impact categories in LCSA that considers 

multiple stakeholdersô perspectives.  

 

Some specific objectives are: 

- To combine Problem Structuring Methods (PSMs) and LCSA principles and 

approaches within a methodology for decision-support in waste management; 

- To elicit and structure stakeholdersô perspectives in the case of Brazilian WEEE 

reverse logistics using causal maps; 

- To define systems models and LCSA impact categories for Brazilian WEEE reverse 

logistics.  
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1.2. Structure of the thesis 

 

This work is structured as follows:  

- Chapter 2 comprehends a literature review on the following topics: Waste 

Electric and Electronic Equipment (composition, market, generation 

estimates, risks, formal and informal chains, main stakeholders, regulation); 

Life Cycle Management and Life Cycle Sustainability Assessment (main 

concepts, involved methods and respective challenges); complex decision 

problems and potential decision-support tools for sustainability (definition of 

complex decision problems, Problem Structuring Methods, 

Multimethodology, applications in sustainability-related problems); WEEE 

reverse logistics and the Brazilian National Solid Waste Policy; 

- Chapter 3 presents the proposed methodology, with explanation of each step; 

- Chapter 4 presents results of the application in the case study (causal maps, 

defined LCSA impact categories, alternative system models for 

sustainability assessment), and discussion by the analysis of the obtained 

results with validation in the literature and with specialists and stakeholders; 

- Chapter 5 draws conclusions on the case study and on the quality of the 

proposed methodology after application, and suggests further steps for 

research in the same field. 
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2. LITERATURE REVIEW 

2.1. Waste Electric and Electronic Equipment (WEEE) 

 

Waste Electrical and Electronic Equipment (WEEE), also known as e-waste, are 

ñelectrical and electronic equipment (EEE) which are waste (é), including all 

components, subassemblies and consumables which are part of the product at the time 

of discardingò (EC, 2002). They are discarded either because they reached the end of 

their lifespan or because their usage was discontinued (ABNT, 2013).  

 

WEEE is as diverse as the variety of electrical and electronic equipment. In Brazil, EEE 

are categorized into four product lines: 

¶ ñBrownò line: TV, screens, DVD/VHS, audio products; 

¶ ñWhiteò line: Refrigerators, freezers, ovens, air conditioning, washing 

machines; 

¶ ñBlueò line: mixers, blenders, irons, drills; 

¶ ñGreenò line: desktops, laptops, printers, mobiles (ABDI, 2013). 

 

The Directive 2002/96/EC (also known as the WEEE Directive) by the European 

Commission defines ten categories of WEEE: 

¶ Large household appliances (refrigerators, freezers, etc.); 

¶ Small household appliances (vacuum cleaners, irons, toasters etc.) 

¶ IT and telecommunications equipment (computers, printers, telephones 

etc.); 

¶ Consumer equipment and photovoltaic panels (TV, audio, musical 

instruments etc.); 

¶ Lightning equipment (lamps); 

¶ Electrical and electronic tools (drills, saws etc., with the exception of 

large-scale stationary industrial tools); 

¶ Toys, leisure and sports equipment (video games, sports equipment etc.); 

¶ Medical devices (with the exception of all implanted and infected 

products); 

¶ Monitoring and control instruments (thermostats, smoke detectors etc.); 
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¶ Automatic dispensers (EC, 2012). 

 

All these sorts of equipment have their own characteristics of size, lifespan and 

composition (Table 1). This complexity poses a challenge for an adequate WEEE 

management.  

 

Table 1. Characteristics of EEE lines as defined in Brazil 

Characteristic Brown line Green line White line Blue line 

Average 

lifespan 

5 - 13 years 2 - 5 years 10 - 15 years 10 - 12 years 

Weight 1 - 35 kg 0.09 - 30 kg 30 - 70 kg 0.5 - 5 kg 

Main 

component 

Plastics and glass Plastics and metals Metals Plastics 

Source: ABDI (2013) 

 

2.1.1 The EEE market and WEEE generation in Brazil 

 

WEEE is the fastest growing waste stream in the world. It grows about 4% per year. 

Annually 40 million tonnes of WEEE are generated (Lundgren, 2012), and WEEE 

generation is expected to jump to 65 million tonnes in 2017 (STEP, 2013). Some 

reasons for such high volumes and growth rate are: increasing market penetration of 

products in developing countries; development of a replacement market in developed 

countries; a generally high product obsolescence rate; decrease in prices; and the growth 

in internet use (Lundgren, 2012).  

 

A study based on data from Europe showed that the generation of WEEE is directly 

related to population income (Figure 1). Considering Brazilian growing economy 

(Figure 2) and the average income of formal workers (Figure 3), we can assume that 

EEE consumption and WEEE generation also tend to grow in the country during the 

next years. Based on overall worldwide correlations, Figure 4 presents estimates of the 

amount of WEEE generated in Brazil in comparison to some developed and developing 

countries, based on their Purchasing Power Parity (PPP: a measure of the relative value 

of currencies and the purchasing power of consumers based on the amount of money 
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needed in each country to purchase a fixed basket of goods and services). Considering 

the average of 7 kg/capita of WEEE generated in Brazil in 2012 (Figure 4) and the total 

population of 193,946,886 in that time (IBGE, 2012), approximately 1,36 million 

tonnes of WEEE were generated in Brazil in that year. This is 38% more than the 

estimate of 980 thousand tonnes calculated by ABDI (2013) using the method of Market 

Supply for the same year. This method calculates the amount of EEE inserted in the 

market (t) in a year, and assumes average lifespans for these products (in years) to 

estimate the amount of WEEE generated further. One problem with this methodology is 

to assume average lifespan values for a variety of products along different years, in a 

complex context were informal economy plays a significant role and lifespan of 

electronic products is constantly extended by reuse or resell. For this reason, we prefer 

to adopt the estimate of 1.2 million tonnes of WEEE in 2012 based in Figure 4. We 

make estimates for the Brazilian regions in Chapter 4. 

 

 

Figure 1. Plot of WEEE/head (in kg) versus GDP/head (in US$) 

   Source: Huisman et al. (2008) 
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Figure 2. Evolution of Brazilian GNI per capita (in US$) 

Source: The World Bank (2013) 

 

 

Note: Figures in US$ calculated based on the official exchange rate in December 31
st
 of each year 

Figure 3. Evolution of average income of Brazilian formal workers per region (in US$) 

Source: Authors, based on RAIS (2013) and CANADA (2013) 
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Figure 4. Estimates of WEEE generation in different countries in 2012 based on the 

correlation with Purchasing Power Parity 

Source: Authors, based on STEP (2013) 

 

It is estimated that 2 million tonnes of EEE (10.5 kg/capita) were put into the Brazilian 

market in 2012 (ABINEE, 2013a). The percentage of households with computers in 

relation to total households in Brazil has increased from 19% in 2005 to 43% in 2011 

(Figure 5), what confirms the growing demand for technology and internet. As seen in 

Figure 5, except by radios and freezers, all other EEE investigated are consumed at a 

large or rapidly increasing rate by Brazilian households.  

 

 

Figure 5. Percentage of Brazilian households having different types of EEE 

Source: ABINEE (2013a) 
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S. Africa 

Russia 
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Growth in the acquisition of computers in the country is illustrated in Figure 6. Figure 

6 also indicates the contribution of unofficial market, i.e. informal chains for 

distribution and commercialization of EEE, to such growth in consumption. These 

unofficial chains do not pay correspondent taxes, promote falsification of products and 

pose challenges to WEEE quantification and management. Regarding mobile phones, 

consumption has increased from 47.5 million units in 2005 to 59.5 million in 2012, 

establishing an average of 1.33 mobiles per person in 2012 (ABINEE, 2013a). 

 

 

Figure 6. Acquisition of computers from official and unofficial markets in Brazil 

Source: ABINEE (2013a) 

 

Regarding the Brazilian EEE industry, there is slight increase in total turnover, reaching 

US$ 71 bi in 2012 (based on the exchange rate as in December 31
st
, 2012), 5% more 

than in 2011. The main products that contribute to this turnover are informatics (30%) 

and telecommunication appliances (16%), and industrial equipment (15%). The 

commercial trade (exports minus imports) presented a deficit of 32.5% in 2012, same 

value as in 2011. Main imported equipment are electric and electronic components 

(55.5% of import costs), specially components for telecommunications, informatics and 

semiconductors (ABINEE, 2013b). 53% of Brazilian EEE companies have reported an 

increase in demand for products in October, 2013, while 30% reported decrease, in 

relation to the same month in the previous year. From April to October 2013, only a few 

of these companies have reported difficulties in acquiring production resources and raw 

material (15% average), but many (52% average) informed there is pressure on the 

prices of such materials (ABINEE, 2013c). Competition with countrywide WEEE 
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recycling could possibly reduce such pressure in prices and stimulate production and 

commercialization with higher turnover, as EEE demand has increased.  

 

The end of EEE production chain is the use of products, and after that there are the 

stages of managing End-of-Life (EoL) products (in our case, WEEE). Effective 

measurement of amounts of WEEE generated is a worldwide problem. As there is no 

absolute control of WEEE flows, it is only possible to have a notion of such dimensions 

based on estimations and some specific indicators that are available. WEEE arising 

across the EU27 (the 27 member countries of the European Union) were estimated 

between 8.3 and 9.1 million tonnes for 2005, growing at a rate of 2.5% to 2.7% per year 

and reaching 12.3 million tonnes in 2020. The average compositional breakdown for the 

European Union is shown in Figure 7. From the total WEEE produced, it was estimated 

that just 40% of larger appliances and 25% of medium sized appliances were adequately 

collected and treated in 2005.  

 

 

Figure 7. Breakdown of WEEE arising 2005 in EU27 

Source: Huisman et al. (2008) 

 

A relevant aspect in WEEE generation is the procedure adopted by users when 

disposing of it. Even where there is formal system available to collect such equipment 

separately from other kinds of waste, lack of information or education may lead some 

people to send WEEE to other waste chains, either formal or informal. This can 

represent loss of valuable resources, overload of other waste streams, and increased 

environmental risks due to hazardousness in WEEE. Such risks are expanded when 
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informality takes place in WEEE collection and rough treatment for extracting valuable 

material (see Sections 2.1.2 and 2.1.3). In Figure 8, we observe the amount of WEEE 

that is found mixed to household waste in the city of Rio de Janeiro, Brazil. Total 

amount of WEEE found amongst household waste increased from 2 thousand tonnes a 

year in 2009 to 3.7 thousand tonnes in 2012 (COMLURB, 2013a). Regarding public 

waste (from the streets), WEEE was not found into samples taken during 2013 

(COMLURB, 2013b), what indicates the possibility of interception from informal waste 

pickers.  

 

 

Figure 8. Percentage of WEEE found mixed to household waste in Rio de Janeiro 

 Source: COMLURB (2013) 

 

2.1.2 Composition, market values and risks associated to WEEE 

 

Besides EEE market and WEEE generation aspects, another characteristic of WEEE 

that increases complexity in its management is diverse composition of its materials. 

Table 2 presents an overview of the sort of materials that can be found in WEEE. 

During EEE production, these materials are glued, welded or assembled together, what 

makes it difficult to separate them at recycling processes. Many of these are hazardous, 

so such difficulty in disassembly and separation can pose risks to environment and 

human health. The Brazilian Standard for WEEE management (ABNT, 2013) has 

identified 41 substances or groups of substances that pose hazardousness to diverse 

WEEE. Figure 9 shows that some of the most hazardous components correspond both 

to rare materials and to the most present ones found in Information and Technology 

appliances, the later due to their high volumes. 
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Table 2. Some materials found in WEEE and respective market prices per kg as in 

Europe in 2007 

Fe (in components) 

(ú0.22) 

Co (ú20.22) PC (ú2.72) Glass (white) 

(ú0.05) 

Magnetic steel 

(ú3.96) 

Cr (ú2.11) PE (HD) (ú1.07) Glass (LCD) 

(ú0.05) 

Stainless steel 

(ú3.96) 

Hg (ú11.31) PE (LD) (ú1.23) Other/inerts 

Steel low alloyed 

(ú0.22) 

Li  (ú0.66) PET (ú0.66) Felt 

Cu (ú4.02) Mn (ú2.63) PMMA (ú2.92) Paper 

Ag (ú326) Ni (ú27.97) PP (ú1.30) Wood 

Au (ú15,721) Pb (ú1.25) PS (HI) (ú1.17) Flame retardants 

Pd (ú7,990) Sb (ú3.90) PUR (polyurethane) 

(ú3.50) 

PCB 

Al (general) (ú2.06) Sn (ú9.34) PVC (ú1.25) Liquid crystals 

Al cast (ú2.06) Zn (ú1.49) Rubber 

(EPDM)(ú7.29) 

Oil (fridges) 

Al wrought (ú2.06) Plastics general 

(ú0.40) 

Ceramics (ú0.04) Cyclopentane 

Mg (ú1.58) Plastics FR (ú1.37) CRT rim (PbO) 

(ú0.40) 

Br (ú0.55) 

As (ú10.40) ABS (ú1.54) CRT-glass complete 

(ú0.30) 

CI  

Be (ú259.4) ABS/PC (ú2.84) CRT-glass cone 

(ú0.30) 

Isobutaan (ú0.10) 

Bi (ú15.40) Epoxy  CRT-glass screen 

(ú0.35) 

CFC11 

Cd (ú2.83) Other plastics 

(ú0.30) 

Fluorescent powder CFC12 

Source: Huisman et al. (2008) 

 

Au  

Pd 

Cu 
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Figure 9. Weight vs. environmental weight (EI'99) - IT appliances (except CRT) 

Source: Huisman et al. (2008) 

 

Separation of different kinds of material from WEEE can be of significant relevance not 

just for environmental reasons, but also economically. In Table 2 we can see market 

prices for some materials found in WEEE, as in 2007 in Europe. The non-separation of 

such materials with adequate techniques can result in environmental and health risks, 

but also in the wastage of valuable resources. In Brazil, informal waste pickers usually 

sell WEEE as scrap, which is worth much less than the sum of prices of separate 

components.  

 

Certainly not all components in WEEE are worth some market value, but all of them 

need to be managed and adequately treated and disposed of. Figure 10 exhibits the total 

operational costs of a formal WEEE management system, in this case the systems 

running in Europe in 2005. These costs are broken down into the different stages of 

WEEE management, as for the five main WEEE collection categories in Europe: LHHA 

(Large Household Appliances); C&F (Cooling and Freezing); SHA (Small Household 

Appliances); CRT+FDP (Cathode Ray Tube and Flat Display Panels); and Lamps. We 

can see that costs per stage can vary considerably from one WEEE category to the other. 

For LHHA, for example, larger costs correspond to transport, while for other categories 

they correspond to pretreatment processes. Lamps recycling provoke extra charges, 

while for the other categories recycling is a source of revenue (negative costs). 

 

Steel low alloyed  

Plastics general  

Plastics general  

Steel low alloyed  

Cu 

Au  

Pd 

Cu 
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Figure 10. Breakdown of technical costs for the 5 main collection categories in 2005 

Source: Huisman et al. (2008) 

 

Either if WEEE is not recycled (increasing the use of raw material in EEE production), 

if it is disposed of mixed to household waste, or if it is processed for extraction of 

valuable materials using improper techniques (see Section 2.1.3), it can pose significant 

risks to human health and the environment. Usually, specialists on Life Cycle 

Assessment of WEEE systems take into consideration the impact categories: global 

warming, acidification, human toxicity, eutrophication, summer smog, and resource 

depletion (SOUZA, 2014). Such impacts arise from the presence in WEEE of heavy 

metals, persistent organic pollutants (POPs), flame retardants and other hazardous 

substances. There are three groups of substances that may be released during WEEE 

recycling and material recovery, that are of concern: original constituents of the 

equipment (e.g. lead and mercury); substances that may be added during some recovery 

processes, such as cyanide; and substances that may be formed by recycling processes, 

such as dioxins (LUNDGREN, 2012).  

 

Risks to human health can arise from elevated concentrations of heavy metals and 

particulate matter in the air, combined with exposure of workers and local residents 

through inhalation, dust ingestion, dermal exposure and oral intake. There can also be 

exposure to dioxins, lead, copper, cadmium, mercury and other metals and carcinogens. 

Another risk regards to electrical shocks. All those risks may provoke human diseases 

such as: breathing difficulties, respiratory irritation, coughing, choking, pneumonitis, 
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tremors, neuropsychiatric problems, convulsions, coma and death. Other potential 

hazards are physical injuries and chronic ailments such as asthma, skin diseases, eye 

irritations and stomach disease. Air contamination may lead to inflammatory response, 

oxidative stress and DNA damage. All those risks are increased when WEEE flows by 

the informal chains (LUNDGREN, 2012). 

 

2.1.3 Formal and informal WEEE flows and their main stakeholders  

 

As discussed above, proper WEEE management can contribute to economy, while it 

avoids numerous risks to the environment and human health. Main risks to human 

health arise from emissions provoked by improper activities:  

¶ leachates from dumping activities; 

¶ particulate matter (coarse and fine particles) from dismantling activities; 

¶ fly and bottom ashes from burning activities; 

¶ fumes from mercury amalgamate ñcookingò, desoldering and other 

burning activities; 

¶ wastewater from dismantling and shredding facilities; and 

¶ effluents from cyanide leaching and other leaching activities 

(LUNDGREN, 2012). 

 

Usually such irregular activities are promoted by informal WEEE chains worldwide. Up 

to 80% of WEEE generated in developed countries that is sent for recycling is shipped 

(often illegally) to developing countries (Figure 11), to be processed by thousands of 

informal workers. Assuming that most (if not all) developing countries still lack 

adequate WEEE recycling capacities, we can conclude that WEEE generated worldwide 

is predominantly sent to informal chains, exposing thousands of people to the 

aforementioned risks. This raises an equity issue of developing countries receiving a 

disproportionate burden of a global problem, without having the technology to deal with 

it. Figure 12 illustrates the WEEE flow within India, where just a smaller part of 

(internal) WEEE is taken to a formal chain, because of market prices, something similar 

to what happens to developed countries that have available adequate technology to 

recycle WEEE (Lundgren, 2012). 
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Figure 11. Export of WEEE 

Source: LUNDGREN (2012) 

 

 

Figure 12. WEEE flow in India 

Source: LUNDGREN (2012) 

 

As explained by Lundgren (2012) the WEEE recycling sector in developing countries is 

largely unregulated and the process of recovering valuable materials takes place in small 

workshops using simple recycling methods, of which the most delicate are the manual 

disassembly and the recovery of valuable components from wires and cables, CRTs and 

PCBs. Regarding manual disassembly, largest risks are upon breakage of shell, 

implosion of CRT due to vacuum inside, and inhalation hazard. Recovery of materials 

from WEEE may involve processes such as: heating printed circuit boards to recover 

solder and chips; acid extraction of metals from complex mixtures; melting and 

extruding plastics; and burning plastics to isolate metals. Another inadequate procedure 

is open-air storage (Lundgren, 2012). 
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According to Lundgren (2012), an environmentally sound e-waste recycling chain 

contains the following steps: 

¶ demanufacturing into subassemblies and components ï this involves the 

manual disassembly of a device or component to recover value; 

¶ depollution ï the removal and separation of certain materials to allow 

them to be handled separately to minimize impacts, including batteries, 

fluorescent lamps and cathode ray tubes (CRTs);  

¶ materials separation ï manually separating and preparing material for 

further processing 

¶ mechanical processing of similar materials ï this involves processing 

compatible plastic resins, metals or glass from CRTs to generate market-

grade commodities; 

¶ mechanical processing of mixed materials ï this involves processing 

whole units followed by a series of separation technologies; and 

¶ metal refining/smelting ï after being sorted into components or into 

shredded streams, metals are sent to refiners or smelters. At this stage, 

thermal and chemical management processes are used to extract metals 

(LUNDGREN, 2012). 

 

Despite of the large dominance of informal WEEE chains worldwide, there is a 

promising formal market for WEEE recycling. The most complex and value-adding 

activities regard to the recovery of Rare Earth Metals (REM) from Printed Circuit 

Boards (PCBs). One of the most recognized companies capable of such activities is 

UMICORE, whose main plant is located in Belgium. The industrial processes applied 

by this company to recover valuable metals (Figure 13) are based in two integrated 

chains: the Precious metals operations (PMO) for refining REM, and the Base metals 

operations (BMO) for processing by-products from PMO. In search to expand its 

market in Brazil, UMICORE has settled a business unit in the State of Sao Paulo, which 

acquires, collects and transports Brazilian WEEE to the main industrial units in Belgium 

and Sweden. UMICORE Brazil plus UMICORE Belgium and Sweden is then an 

example of a formal WEEE chain, with adequate environmental and working 

conditions. 
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Figure 13. Industrial processes to recover precious and base metals from WEEE 

Source: UMICORE (2014) 

 

2.1.4 WEEE regulation 

 

Due to associated risks and for economic reasons, WEEE flow needs to be regulated 

and controlled worldwide.  However, only few countries and the European Union have 

specific legislation regarding WEEE management. Some of the countries that have 

specific WEEE regulation are Brazil (to be discussed further), China and India. Even 

bigger and rich countries like the USA or Russia still do not have a countrywide 

legislation in this sense. Many other countries have ratified multilateral conventions 

regarding hazardous materials, like the Bamako Convention, Basel Convention, as 

specifically the WEEE Directive in Europe. Despite of the existence of such laws and 

conventions, enforcement of implementation is still a major gap for WEEE management 

(LUNDGREN, 2012). 
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2.2. Life Cycle Management and Life Cycle Sustainability Assessment 

 

As stakeholders and specialists concern about interconnected social, economic and 

environmental issues of a system such as WEEEôs, what is being concerned are actually 

sustainability impacts, either positive or negative, of the focused system. This is why 

sustainability assessment has developed to be an important approach to support 

decision-making in waste management and other decision contexts (Kaufmann et al. 

2010; Wagner 2011; Menikpura et al. 2012; Aparcana and Salhofer 2013). Considering 

environmental, economic and social aspects related to WEEE as briefly described in 

Section 2.1 leads to the idea that sustainability assessment is of major importance for 

developing and implementing adequate collection and recycling systems to manage 

such waste. 

 

2.2.1. Product Life Cycle and Life Cycle Thinking 

 

A key notion for sustainability assessment of systems is the concept of a productôs or a 

serviceôs life cycle. A product life cycle is a chain of ñconsecutive and interlinked stages 

of a product system, from raw material acquisition or generation from natural resources 

to final disposalò. A product system is, in turn, a ñcollection of unit processes with 

elementary and product flows, performing one or more defined functions, and which 

models the life cycle of a productò (ISO, 2006a). Figure 14 illustrates the stages or 

processes usually involved in a productôs life cycle. Figure 15 exemplifies a product 

system and Figure 17 illustrates a set of unit processes within a product system. The 

WEEE life cycle chain is described in Figure 16. 
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Figure 1. A Product's Life Cycle 

Source: REMMEN et al (2007) 

Figure 14. A product life cycle 

Source: Benoit & Mazijn (2009) 

Figure 15. Example of a product system 

Source: ISO (2006a) 
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As commented by specialists (EC-JRC, 2010), ñto achieve more sustainable production 

and consumption patterns, we must consider the environmental implications of the 

whole supply-chain of products, both goods and services, their use, and waste 

management, i.e. their entire life cycle from ócradle to graveôò. Such strategic concern 

of a productôs life cycle is called Life Cycle Thinking (LCT). LCT expands the 

traditional focus on production site and manufacturing processes to comprehend the 

environmental, social and economic impacts of a product and its respective flows along 

its life cycle. The main goals of LCT are: to reduce a productôs resource use and 

emissions to the environment; and to improve its socio-economic performance 

throughout its life cycle. (REMMEN et al, 2007). 

 

A vision that is directly related to LCT is the principle of Extended Producer 

Responsibility (EPR), by which producers need to develop products with improved 

sustainability performance, going beyond cleaner production (production phase only). 

Another principle related to LCT is the polluter-pays, by which actors who provoke the 

entrance of a new product into the market, including producers, retailers and consumers, 

are responsible for the environmental burdens related to it. This principle is a basis for 

Figure 17. Set of unit processes within a product system 

Source: ISO (2006a) 

Figure 16. The WEEE life cycle 

Source: Lundgren (2012) 
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many environmental laws worldwide, including Brazilian Law for Environmental 

Crimes (BRASIL, 1998). 

 

2.2.2. Life Cycle Management 

 

To turn Life Cycle Thinking into practical results, a product life cycle needs to be 

managed by producers and involved stakeholders. Life Cycle Management (LCM) ñis a 

product management system aiming to minimize environmental and socioeconomic 

burdens associated with an organizationôs product or product portfolio during its entire 

life cycle and value chainò (UNEP, 2007).  LCM puts LCT into practice, bringing its 

principles to the organisational environment and its processes.  

 

LCM is transboundary; its effectiveness lie on a successful supply chain management, 

developing, implementing and controlling processes of all relevant actors: suppliers of 

raw material and product components, producers, transporters, retailers, consumers, 

governments, waste managers and recyclers. The latter supply the first actors with 

material and energy, closing the supply chain (as illustrated in Figure 13). Such an 

integrated management system consists of reciprocal communication and collaboration 

among actors. 

 

LCM may involve different steps and tools, as presented in Figure 18. It starts with the 

formulation of a strategy, which is a business case with long-term view for 

sustainability. This strategy is a basis for the development and improvement of systems 

and procedures along the chain. Data, information and models for performance and 

impacts assessment are used for systems controlling. Robust tools and techniques 

support data analysis and assessment of processes, leading to improvements of the 

strategy and the whole system. Although Figure 18 presents interesting tools for 

decision support in LCM, it still does not include recent improvements in Life Cycle 

Assessment methods, such as Social Life Cycle Assessment (SLCA) and Life Cycle 

Sustainability Assessment (LCSA), which are discussed in Section 2.2.3. 
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All departments of an organization, as well as all actors involved in a supply chain 

management, can implement LCM. Figure 19 shows that different functions within a 

product system play significant roles for successful LCM implementation. The activities 

executed by each function describe a wider product system, not only the core, 

production processes, but also development and marketing systems, all integrated to 

accomplish with strategy objectives. 

 

LCM may involve several interconnected operational, development and marketing 

management processes. A good way to represent such processes to be modelled is by 

structuring a productôs value chain, i.e. the system of processes that produces the value 

for a product. This value can be economic, social, environmental, or in general what 

does the organisation strategically define value. In Figure 20 we present a generic value 

chain for reverse logistics systems. This value chain can be a useful reference to the 

organisation of companies entering the reverse chain markets, including waste pickersô 

cooperatives, or existing production companies that are incorporating reverse logistics 

within their chains of processes. By drawing their particular value chains or by finding 

their strategic position within the reference chain in Figure 20 or other references, 

Figure 18. Concepts and tools for Life Cycle Management 

Source: UNEP (2007) 
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reverse logistics companies can play a significant role for Life Cycle Management of 

products, adopting its principle of systems and models. 

 

  

Figure 20. The reverse logistics value chain 

Source: Valle & Souza (2013) 

2.2.3. Life Cycle Sustainability Assessment 

 

As explained previously, sustainability assessment is a modern and useful tool for 

LCM. Probably the most promising methodology for sustainability assessment, in terms 

of rubstness, is Life Cycle Sustainability Assessment (LCSA).  It consists in evaluating 

Figure 19. Functions within and organization playing their roles to LCM 

Source: UNEP (2007) 

 


