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1 Introduction 

1.1  The concept of sustainability in solid waste management  

The concept of sustainability was first introduced in the area of forestry by H.C. von Carlowitz in 

1713 (cited in Hilty and Aebischer, 2015). More recently, it has been linked to ñSustainable 

Development,ò as formalized in the U.N.ôs Agenda 21 (U.N., 1993). Furthermore, it has been 

endorsed in the latest round of global summits and conventions, including Rio+20 in Brazil 

(2012), the UN Conference of Parties (COP) on climate change in Peru (COP20) in 2014 and in 

France in 2015 (COP21). At present, several concepts of sustainability coexist, such as corporate 

sustainability (Marcelino-Sádaba et al., 2015; McManners, 2016), economic sustainability 

(Martens and Carvalho, 2015) and supplier sustainability (Craig R. Carter and Dale S. Rogers, 

2008), among others.  

In fact, different organizations have made sustainability part of their corporate and institutional 

strategies, namely the World Business Council for Sustainable Development (WBCSD), The 

World Commission on Environment and Development, The Organization for Economic 

Cooperation and Development (OECD) and The United Nations (UN). These organizations have 

identified two common characteristics of sustainability: i) a multidimensional approach that 

integrates social, environmental and economic issues; and, ii) a temporal dimension expressed as 

ñpresent and futureò (U.N., 1993) or ñlong-termò (Shrivastava, 1995), which implies a cause-effect 

way of thinking. 

As one of the primary causes of global warming, solid waste management (SWM) has recently 

gained traction at climate change conventions (Christensen et al., 2009; Hilty and Aebischer, 2015; 

Intergovernmental Panel on Climate Change. Working Group III, 2000). Additionally, 

environmental problems in urban areas are mainly associated with the degradation of ecosystems 

and the pollution of air and water, highlighting the need for renewable energy sources in which 

unsustainable SWM represents both a problem and an opportunity (Hay, L. et al., 2014; Kurdve et 

al., 2015; Milutinovic, B. et al., 2014; Mirvis et al., 2010). In this sense, the U.N.ôs Agenda 21 has 

already emphasized the extension of solid waste service coverage to all urban and rural areas 

worldwide (Troschinetz and Mihelcic, 2009). Subsequently, during the Fifth World Urban Forum 

in Rio de Janeiro in 2010, the management of Waste Electrical and Electronic Equipment(WEEE) 

assumed its role as a prominent issue within Municipal Solid Waste (MSW) in cities around the 

world (Wilson et al., 2012). This recognition demonstrates the relevance of WEEE as part of the 

discussion on urban sustainability, especially in developing countries (Karak et al., 2012; Oyoo et 

al., 2011). Similarly, during the COP20, the paradigm of Zero Waste was endorsed as a key 

sustainability strategy (Zero Waste Europe, 2014). Indeed, Heads of State and Government and 

High Representatives gathered in New York last September (2015) and declared the new Global 

Sustainable Development Goals (GSDG). The GSDG are constitutive elements of the 2030 

Agenda for Sustainable Development entitled ñTransforming Our Worldò (U.N., 2015). The 2030 

Agenda includes 17 goals, two of which are specifically aimed at waste management targets (#2: 
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ñMake cities and human settlements inclusive, safe, resilient and sustainableò / # 12 ñEnsure 

sustainable consumption and production patternsò). 

Despite these advances, SWM systems have not been consummated in developing countries, 

resulting in increased public health risks and generating environmental and socio-economic 

problems (Abu Qdais, 2007; Ezeah and Roberts, 2012; Rathi, 2006; Sharholy et al., 2008). In these 

countries, institutions that organize territorial planning programs are faced with rapid urbanization 

and concomitant waste management problems. Moreover, urban planners often make decisions 

based on economic priorities without consideration of environmental or social variables 

(Perkoulidis et al., 2011; Zhang et al., 2010; Zurbrügg et al., 2012). To tackle these issues, and 

simultaneously achieve the objectives set out in the GSDG, studies argue that policy makers and 

waste management program designers should apply a systems approach, which provides 

interdisciplinary support involving technical, social, economic, legal, ecological, political and 

cultural elements (Achillas et al., 2010; Chang et al., 2001; Eriksson et al., 2005; Omran et al., 

2009). In the same vein, the concept of transparency has been employed in sustainability to 

strengthen the participation of stakeholders, thereby addressing two priorities: (i) transparency 

concerning economic, social and environmental issues, (ii) reporting to stakeholders, actively 

engaging them and eliciting their feedback in order to e.g. improve supply chain processes (Carter 

and Rogers, 2008).  

In addition, an attempt to design more integral solutions for waste management manifested as the 

theory of integrated solid waste management (ISWM). ISWM focuses on integrating processes 

(generation, segregation, transfer, collection, treatment, recovery and disposal); it has been widely 

applied in municipal waste management planning and public policy (Tchobanoglous, 1994; 

Tchobanoglous et al., 1993). Based on the concept of ISWM, Decision-Support Systems have 

integrated simulation-based models to study waste generation dynamics (Antanasijevic et al., 

2013; Benitez et al., 2008; Maddox et al., 2011), determine landfill allocation (Alves et al., 2009; 

Antanasijevic et al., 2013; Kollikkathara et al., 2010) and ascertain optimal SWM planning 

(Yeomans, 2004), among other things. 

 

1.2  WEEE Management in Developing Countries 

The European Waste Electrical and Electronic Directive (WEEE Directive) defines Electrical and 

Electronic Equipment (EEE) as equipment that requires electric currents or electromagnetic fields 

in order to properly function, as well as equipment for generation, transfer and measurement of 

such currents and fields and designed for use with a voltage rating not exceeding 1 000 volts for 

alternating currents and 1 500 volts for direct currents (The European Parliament and The Council 

on Waste Electrical and Electronic Equipment, 2012). The Directive categorizes WEEE into one 

of 10 groups: (i) Large household appliances, (ii) Small household appliances, (iii) IT and 

telecommunications equipment, (iv) Consumer equipment, (v) Lighting equipment (including gas 

discharge lamps), (vi) Electrical and electronic tools (with the exception of large-scale stationary 

industrial tools), (vii) Toys, leisure and sports equipment, (viii) Medical devices (with the 

exception of implanted and infected products), (ix) Monitoring and control instruments and (x) 
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Automatic dispensers (The European Parliament and The Council on Waste Electrical and 

Electronic Equipment, 2012). 

WEEE has become a pertinent global waste stream due to its high growth rate (Ahluwalia and 

Nema, 2007). Although this growth rate is especially pronounced in developing countries (Araújo 

et al., 2012; Herat and Agamuthu, 2012; Ongondo et al., 2011), it is also considerable in the 

developed world (Premalatha et al., 2013). For example, between 2003 and 2011, 25 of the 50 

United States passed WEEE laws (Leigh et al., 2012), and the United States is the largest global 

generator of Information and Communication Technologies (ICT) waste (Böni et al., 2015). In 

addition to increasing rates, WEEE is composed of potentially hazardous elements, underscoring 

the importance of including WEEE strategies in urban sustainability programs (GSMA TM and 

UNU-IAS, 2015; Przybyla and Pegah, 2007; Widmer et al., 2005).  

Hazardous compounds with toxic substances can have public health effects and environmental 

consequences. These problems are exacerbated in developing countries on account of low-tech 

recycling and disposal processes, poor operational practices and characteristics inherent to some 

products and substances upon disposal, as documented in several reports (Duan et al., 2008; 

Gassara et al., 2011; Hassanvand et al., 2011). Studies performed in Peru, Colombia, China, India, 

Nigeria and Ghana make it clear that the prevailingðinadequateðrecycling operations can 

engender severe health and environmental effects (Amoyaw-Osei, Y. et al., 2011; Chi et al., 2011; 

Empa and CNPML, 2008a, 2008b; Espinoza, O. et al., 2008; Ezeah and Roberts, 2012; Sinha-

Khetriwal et al., 2005; Thanh and Matsui, 2011; Widmer et al., 2005).  

In spite of the hazard presented by some WEEE components, this waste presents an opportunity, 

for WEEE contains base and precious metals (e.g. gold and silver solders), rare earth elements 

(e.g. neodymium in computer hard disks) and other critical raw materials (e.g. indium in screens 

and gallium in mobile phones). These elements can be recovered, yet, in some cases, they are lost 

in the recycling chain (Herat and Agamuthu, 2012; Reuter and Van Schaik, 2012; Widmer et al., 

2005). Developed countries, such as Switzerland (Sinha-Khetriwal et al., 2005), began 

implementing WEEE collection and recycling programs more than a decade ago. Therefore, the 

technologies needed to recover valuable materials from WEEE are well-known, and mainly 

implemented in the industrialized world, while strategies to create citizen awareness about the 

importance of sorting and recycling waste in developing countries is a much more recent 

phenomenon. 

 

WEEE Generation Rates and Management Processes in Developing Countries 

EEE consumption has grown rapidly over the last 5 years in all developing countries. In China, per 

capita generation (inhabitant per year) of WEEE is around 3.5 kg; in Brazil, around 3.4 kg (Araújo 

et al., 2012; Swiss e-waste programme and FEAM, 2009); in Colombia, 2.7 kg; and, in Bolivia, 

around 2.3 kg (Swiss Contact et al., 2009). Recent statistics show that the global quantity of EEE 

entering the market in 2012 was around 65 million tons and the corresponding WEEE was 

between 42 and 49 million tons (Böni et al., 2015; GSMA TM and UNU-IAS, 2015). Of the total 

WEEE generated globally in 2014, roughly 53% was generated in Asia (38%), Africa (5%), Latin 
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America (9%), and Oceania (1%). WEEE generation in Latin-American countries has been on the 

rise: in 2009, this figure was rough 2800 kt; in 2014, it spiked to 3900 kt (GSMA TM and UNU-

IAS, 2015).  

Colombia was the fourth-highest generator in Latin America in absolute terms (roughly 300 kt) in 

2014, following Brazil (roughly 1420 kt), Mexico (roughly 910 kt) and Argentina (roughly 310 kt) 

(GSMA TM, 2015). Taking the example of computers, studies have calculated a global WEEE 

generation of around 0.3 kg/capita per year; however, in countries such as Mexico, Argentina and 

Chile, rates are much higher (0.44, 0.49 and 0.42 kg/inhabitant/year, respectively) (Araújo et al., 

2012). 

A generic scheme of the EEE and WEEE management process cycle in developing countries is 

shown in Figure 1-1 (below). EEE production in countries such as Colombia refers mainly to 

equipment imports and, to a lesser degree, the import of (foreign) parts and local (domestic) 

assembly. Likewise, distribution involves large and small retailers and is divided into new and 

second-hand (donated, repaired or reconditioned equipment) EEE. 

Figure 1-1: Generic WEEE management processes in developing countries. Adapted from (Müller et 

al., 2014; Streicher-Porte et al., 2009) 

 

Mining activities negatively impact the environment in the form of ecosystem degradation, 

pollution of natural resources (air, ground and water), in addition to public health problems 

(Brunner, 2011, 2011). These effects have been largely confirmed in the context of developing 

countries where informal mining is a pressing issue (Armstrong et al., 2014; Kinyua, 2012). 

Similarly, the smuggling of low-quality equipment represents a part of imports (production) in 

developing countries, which increases the amount of WEEE generated given that it must be added 

to the WEEE exports from the developed world to developing countries. Consequently, urban 

mining, which is the term for city dwellersô use of WEEE as a material source, has taken on 

growing importance for material recovery and decreased primary extraction (Simoni et al., 2015). 

The use-reuse phase displayed in Figure 1-1 includes both new and used equipment, and the 

generation of WEEE occurs once EEE is declared obsolete by the consumer. At this juncture, it 

demands pre-treatment (either repaired or disassembled), with the option of selling or exporting 

the whole obsolete equipment, breaking it down into parts, disposing of it in sanitary landfills or 

introducing it into informal recycling processes (this last option is predominant in developing 

countries). 
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In order to improve WEEE management, six Latin-American countries have introduced specific 

legislation; Colombia is one of these six nations. In total, eleven Latin-American countries have 

begun drafting a regulatory framework (GSMA TM and UNU-IAS, 2015). The majority of these 

regulations are based on the principle of Extended Producer Responsibility (EPR), which promotes 

the improvement, in environmental terms, of production and manufacturing systems (Agamuthu 

and Victor, 2011; Herdiana, D.S. et al., 2014) by placing the responsibility of end-of-life 

management on producers and distributors. EPR has been extensively applied to EEE in Europe 

(Khetriwal et al., 2009). According to Lindhqvist (2000), EPR aims to influence production 

processes in one of two directions (upstream or downstream): shifting responsibility to 

downstream procedures that involve different actors in collection, recycling and treatment 

processes; providing upstream incentives to producers to incorporate environmental considerations 

in the design of their products (Herdiana, D.S. et al., 2014), e.g. cleaner production or design for 

recycling (Mayers, 2007). 

EPR places the responsibility for equipment on its respective producer(s), including the final 

disposal of toxic constitutive elements (e.g. heavy metals) and the recovery of materials (e.g. 

metals and plastics). Crucially for the case of developing countries, EPR goes beyond the borders 

of the country in which equipment is produced; responsibility would extend to countries in which 

equipment is distributed and used. To collect WEEE, producers need communication channels to 

both consumers and recyclers in order to ensure recycling processes comply with technical and 

environmental standards. In response to this issue, the reverse logistics chain has emerged a 

principal strategy, for it entails collection points often located where EEE is sold and at municipal 

waste collection facilities. Another widely-used structure is the Producer Responsibility 

Organization (PRO), which employs EPR in a collective scheme of producers, importers and 

distributors. As of 2007, more than 250 had been established in Europe (Mayers, 2007).  

An EPR schemeôs success is premised on the identification of relevant actors or stakeholders in 

the system, in addition to the creation of channels of communication and cooperation. Main 

(generic) actors or stakeholders at the national level include the environmental authority, the ICT 

authority, the import/export authority, the industry (producers), distributors and retailers of new 

and second-hand equipment, recyclers (formal and informal) and, last but certainly not least, 

consumers. In countries where EPR has been implemented and collective take-back schemes are in 

place, PRO serves as the bridge between consumers and producers, thus acting as an important 

stakeholder in its own right. 

Two main factors determine the amount of WEEE collected: consumer behavior (Desa et al., 

2011; Ongondo and Williams, 2011; Saphores et al., 2012) and physical infrastructure, which, in 

turn, affects consumer attitudes (which culminate in behavior). Development of physical 

infrastructure depends on coordination and cooperation among public and private organizations 

and the existence of a legal framework. It is important to mention that consumers can be 

households, public (government) or private (industry, schools, universities, etc.) organizations. 

Common consumer attitudes in WEEE management include: storage of obsolete items at home, 

transfer to family members, friends or informal recyclers or disposal along with ordinary waste 

(Fernández P., 2007). Disposal with ordinary waste allows informal waste collectors to glean 
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WEEE from streets, garbage deposits and landfills (Empa and CNPML, 2010). Factors geared 

towards boosting consumer participation in formal collection programs include the following 

(non-exhaustive) list of strategies.  

i) The lack of knowledge regarding ñbest practicesò and their positive impact on public 

health and the environment (Marshall and Farahbakhsh, 2013); the lack of awareness, 

(Srivastava and Sahu, 2014) stemming from inadequate education and failed transmission 

of clear information about the possible public health and environmental effects of im-

proper and unsafe WEEE management; the lack of public awareness regarding the re-

sponsibility to deliver WEEE to collection points; 

ii)  Unsatisfied basic needs dictate priorities in each person and/or group (Griskevicius and 

Kenrick, 2013), not to mention the Homo economicus aspect of human beings (Bauman, 

2007a, 2007b; Henrich et al., 2005); this is also related to the willingness to pay for for-

mal collection and/or recycling (Marshall and Farahbakhsh, 2013) and the fact that in-

formal recyclers usually pay consumers for WEEE. 

iii)  At the organizational level, economic considerations drive action, as evidenced by their 

emphasis on two targets: decreasing taxes on WEEE management (collection service tax-

es) and reducing cost of EEE purchases (e.g. cheaper equipment regardless of quality rel-

ative to price). 

iv) For both types of consumers (individuals and organizations), physical accessibility is a 

determinant; this refers to collection point locations, which should be easily accessible for 

consumers (Srivastava and Sahu, 2014) 

As for the second factor (infrastructure), post-consumer strategies have been implemented in some 

developing countries. However, studies in various countries reveal the inadequate progress of 

these strategies in urban areas and their virtual inexistence in rural areas (Amoyaw-Osei, Y. et al., 

2011; Chi et al., 2011; Empa and CNPML, 2010, 2008a; Espinoza, O. et al., 2008; Ott, 2014; 

Sinha-Khetriwal et al., 2005).  

At this point, other WEEE management actors should be broached. One of the main barriers to 

implementing collection and management strategies in these countries has been the lack of 

coordination and cooperation among public organizations and between public and private 

institutions. The dissemination of regulations and public policies could help achieve necessary 

stakeholder participation, but this needs to be complemented by control instruments in the hands 

of the relevant authorities. Furthermore, public policies are usually designed (and passed) by only 

one authority (generally the environmental authority), despite the fact that the complexity of the 

system demands inter-sectorial cooperation. In order for such cooperation to be effective, multi-

sectorial public policy is required (e.g. involving ICT, education and public health authorities). 
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1.3  Statement of the Problem, Objectives and Research Questions 

WEEE Management may be characterized as a typical socio-technical system in that it relies on 

technical artifacts to achieve material goals; however, it is also strongly affected by several 

(human) actorsô behaviors and decisions. As previously mentioned, the growing population, 

increasing consumption patterns, and introduction of new technologies in developing countries 

have brought about the rapid escalation of WEEE quantity.  

The main causes of ineffective WEEE management are poor or absent infrastructure in cities, 

small municipalities and rural areas and deficient coordination and cooperation among actors. The 

latter, coupled with the first cause, results in meager amounts of WEEE collection via the 

established network.  

Colombia has recently begun to design and implement a national WEEE management system 

founded on EPR, i.e. aimed at forcing producers, importers, distributers and consumers to assume 

responsibility for the end-of-life management of their technological equipment. To meet this goal, 

the participation and inclusion of all actors in the entire take-back process is obligatory. In effect, 

the implementation of this system requires consensual decisions and strategies designed to impact 

every actor in the reverse supply chain. Additionally, EPR entails the implementation of 

infrastructure to collect WEEE from consumers with active distributor participation and the design 

of infrastructure for the transport, storage and treatment of this waste. 

The lack of a systems approach in decision-making processes is one of the main hurdles to 

effective waste management, as evidenced by an analysis of this socio-technical system, an 

extensive literature review, a case study and the authorôs own experience. A non-systems-based 

approach translates into a lack of coordination among stakeholders and results from a failure to 

design and implement sustainable education strategies. A simulation-based approach may help 

close the identified gap; as decision-support systems, simulation-based models have been applied 

in decision-making in waste management, though the ñoptimizationò of processes is suggested, 

which cannot be expected of socio-technical systems because learning processes for human actors 

are required to achieve (more) sustainable management.  

Taking into account the concepts of sustainability and systems, the present research proposes 

including four components in a systems approach to decision-making: (i) multiple dimensions of 

the problem; (ii) targets of the different stakeholders; (iii) processes within WEEE management; 

and, (iv) circular cause-effects of current decisions in the short-, medium- and long-term. Specific 

dimensions, actors and stages considered relevant to attain a more systemic decision process are 

discussed in the development of this research.  

Based on the issues described in the previous sections, this doctoral thesis enhances systemicity in 

decision-making policy designed to increase sustainability in WEEE managementðspecifically 

for developing countriesðusing the design of a Decision-Enhancement Studio (DES). Therefore, 

this research also contributes to the solution of the principal issues related to policy decisions.  

The two main research questions are formulated as follows:  
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RQ1:  How can we design decision enhancement studios to support policy makers in the crea-

tion of sustainable WEEE Management programs in developing countries? 

RQ2:  What are the essential elements needed to enhance systemicity in decision-making for 

WEEE management?  

 

1.4  Research Methodology and Contributions 

The methodology employed to answer the two research questions above implies three facets: 

philosophy, strategy and techniques.  

 

1.4.1 Research Philosophy  

The main goal of this doctoral research is to enhance systemicity in policy-related decision making 

with an eye towards fostering sustainable WEEE management in developing countries through the 

design of a decision enhancement studio. From a philosophical point of view, research must 

account for the nature of the problematic situation. According to Kroes (2012), socio-technical 

systems refer to ñhybrid systems consisting of elements of various kinds, such as natural objects, 

technical artefacts, human actors and social entities and the rules and laws governing the behavior 

of human actors and social entitiesò (Kroes, 2012). Seeing as WEEE management involves the 

aforementioned elements, it can safely be considered a socio-technical system, above all because it 

demands technical artifacts to achieve goals such as EEE distribution, WEEE collection and 

recycling of implementation of public educational strategies designed to boost responsible 

consumption. WEEE management is also deeply affected by human attitudes and the decisions of 

several social actors, who play different roles within the management processes (Figure 1-1) and 

decision-making processes related to planning, designing and implementing programs and public 

policies.  

The socio-technical nature of this research does not reduce the world to pure human knowledge or 

the empirically-observable and quantitatively-measurable. Rather, the philosophical apparatus 

used to support this doctoral research is critical realism (Mingers et al., 2013). Thus, in answering 

the research questions from a holistic and systems-based approach, critical realism is important 

insofar as it offers a profound understanding of the real world via the recognition and discovery of 

the system (real world) of each actor that influences the systemôs dynamics, in addition to 

accounting for the differences between the actorsô perceptual and theoretical lenses (Mingers, 

2015; Mingers et al., 2013). 

 

1.4.2 Research Strategy 

Engineering can be classified as an applied science, and design is a constitutive part of an 

engineerôs core professional activities (Meijers, 2008). Engineers approach the world as agents of 
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change in an effort to adapt the world to the practical needs of humans by virtue of problem-

solving processes (Kroes, 2012; Simon, 1996). This distinguishes them from researchers, who 

approach reality as spectators, discoverers or theorists in the world (Kroes, 2012). This is coherent 

with Hevnerôs Design Science Research (DScR), which improves organizational practice by 

developing innovative technological solutions, models or methods (Diggelen, 2011; Hevner, A.R., 

2007; Hevner, A.R. et al., 2004). In the DScR strategy, knowledge and understanding of the 

problematic situationôs domain, as well as its solution, are achieved in the construction and 

application of the designed artifact (Hevner, A.R. et al., 2004). Hevnerôs proposal links relevance 

and design with rigor as part of the progressive problem-solving process involved in the strategy 

that constitutes the methodology employed herein (Figure 1-2).  

Figure 1-2: Design Science Research cycles. Adapted from (Hevner, A.R., 2007; Hevner, A.R. et al., 

2004) 

 

Design in engineering responds mainly to the design cycle in Figure 1-2. However, within DScR, 

design is not only developed iteratively, but is also tied to the following cycles: the context-based 

identification of requirements as part of the relevance cycle to define design inputs and, within the 

cyclical process, field testing of the design, which causes changes in the requirements, the design 

and the context itself. To support design, applicable knowledge (e.g. theories, methods and 

models) is taken from the knowledge base (ñRigor Cycleò in Figure 1-2) and the design process 

creates new knowledge that expands the pre-existing knowledge base.  

An important element of the DScR is the scientific contribution (see Figure 1-2). Due to the fact 

that this research tackles a real-world problem, combined with the fact that WEEE management 

involves several actors inside and outside of academia, understanding the problem requires 

identifying actor participation for the relevance and design cycles. What is more, the strategy that 

constitutes the methodology employed herein applied facilitates mutual-learning processes and 

allows for the creation of solution-oriented knowledge that generates both practical and theoretical 

results. Together, these characteristics highlight the importance of employing a transdisciplinary 

approach to the solution of real-world problems (Lang et al., 2007). According to Binder (2015), 

transdisciplinary projects deliver contributions at the following three levels (see Figure 1-3): 

outputs (short-term), impacts (medium-term) and outcomes (long-term). Within the outputs, 

contributions can be tangible, i.e. publications, workshops, reports, etc. or intangible, i.e. 

methodological, organizational or social experiences. As for the impacts and outcomes, 

contributions can be tangible, i.e. actions, decisions, plans, etc., or intangible, i.e. forms of 
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knowledge (system knowledge, target knowledge or transformation knowledge) or system 

changes, which might not be easily attributed to the project alone (Binder et al., 2015).  

Figure 1-3: Conceptual framework used to structure self-reflection and present contributions. Adapted 

from (Binder et al., 2015)  

 

 

Validation was performed throughout the research process using triangulation with multiple 

instruments. To validate tangible and intangible research contributions (Figure 1-3), the methods 

applied included textual and photographic reports of workshops and meetings, as well as expert 

interviews to validate the agent-based model (ABM), experiments to evaluate computer-based 

simulation and the application of the Technology Acceptance Model (TAM) to validate the 

decision-enhancement studio, which incorporates a ñstudioò as the main facilitative environment 

for decisions and a set of technological tools (Keen and Sol, 2008). Intangible contributions were 

also validated through the dialogical analysis of documents (products) and open-ended questions 

in surveys included in the instruments for validating products. The detailed methods applied are 

described below. 
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Critical realism recognizes the existence of different types of objects of knowledge (i.e. physical, 

social and conceptual); as a result, it necessitates a wide range of research methods (Mingers et al., 

2013). Developing the relevance-design-rigor cycles in this doctoral research (focused on design), 

in line with critical realism, meant applying multiple techniques in the form of diverse methods, 

instruments and tools. These research aspects are outlined in the following paragraphs and 

described, in-depth, in Chapters 2, 3, 4 and 5. Before proceeding, it is important to clarify that all 

of the techniques applied were culled from the knowledge base shown in Figure 1-2. 
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A starting point to gauge the current state of WEEE management in developing countries 

(application domain), an exploratory multiple-case study was conducted, which helped study 

current phenomena in a real-world context (Maguire et al., 2010; Yin, 2003a, 2003b). Doing so led 

to the design requirements (Figure 1-2). The specific case study is embedded, for it includes two 

units of analysis (Yin, 2003b): the first unit is WEEE management in Colombia (country-level), 

while the second is WEEE management on the Pontificia Universidad Javerianaôs campus in 

Bogotá, Colombia. This university-level analysis complemented findings related to the countryôs 

system. Data collection mainly involved participant observation (Platt, 1983), structured 

interviews (Briones, 2003) and document review (i.e. assessments, studies, and official reports). 

From there, Actor-Network Theory (ANT), proposed by Michael Callon (1986) and Bruno Latour 

(2005), was used to analyze case study data in order to define the artifactôs design requirements. 

ANT is a conceptual framework for exploring socio-technical processes, and it utilizes a set of 

concepts known as infra-language to look for symmetry between human and non-human actors or 

actants in networks (Correa-Moreira, 2011). This theory has widely applied to studies on the 

relationship between technology and society. One indicative example is the analysis of the role of 

the main information system within the National Science and Technology System (Rafael A. 

Gonzalez, 2010) or the study of the network dynamics of e-government implementation in 

developing countries (Stanforth, 2006). In human-environment systems, analysis that includes 

non-human actors is endowed with added relevance given that it identifies the effects of regulatory 

mechanisms, among other aspects (Scholz and Binder, 2004). In the same vein, ANT proves useful 

when it comes to understanding the role of laws in the dynamics of complex environmental 

systems (Méndez-Fajardo and González, 2014). In short, ANT was used, in conjunction with the 

participation of interviewees, to define historical milestones related to actors, relationships and the 

dynamics of agreements. 

As part of the design cycle (Figure 1-2), the definition of system boundaries was the next step in 

the design of tools to support decisions within the DES. Consequently, boundaries were defined as 

the most urgent decision (Keen and Sol, 2008) or the focal subsystem within the problematic 

situation. This process was based on structured interviews with the relevant actors and took the 

location and the links with the system as a whole into account. In effect, the previous process 

enabled workshop participants to reflect on topics that went beyond the limits of the simulated 

subsystem. 

Having gone through the previous steps, the conceptualization of an agent-based model and its 

implementation as a computer-based simulation were carried out. The ABM was designed using 

the Overview, Design concepts and Details (ODD) protocol (Grimm et al., 2010; Müller et al., 

2013). ABM design took exploratory case study findings and information from the literature 

review into consideration. Here, it should be mentioned that the empirical data obtained in the case 

study required the complementary implementation of a survey. The purpose of this survey was to 

understand consumer behaviors (as part of the WEEE management system); it was duly included 

in ABM design. The evaluation of the ABM was made using sets of experiments with different 

scenarios in the model implemented in NetLogo 5.2.0. In order to ensure the best results of the 
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DES, both the ABM and its implementation as a simulation-based model in NetLogo 5.2 were 

iteratively validated prior to the DES.  

All steps described above were validated and evaluated by triangulation using different 

instruments, in particular structured interviews with experts, experiments and the dialogical 

analysis of discussions, questionnaires and documents. Thus, the validation of the DES as the main 

designed artifact was done with TAM (Davis, 1993; Rigopoulos et al., 2008), expert interviews 

and experiments. TAM uses the Likert scale, which ranges from ñstrongly disagreeò to ñstrongly 

agreeò for different constructs related to the artifact to be validated. The detailed questionnaire is 

described in Chapter 4. Validation forms part of the design cycle (Figure 1-2), though some 

experts involved in the validation process were concurrently relevant actors in WEEE 

management, so the specific validation of simulation and of the DES (the artifact) were performed 

not only for the design cycle, but also for the application domain or relevance cycle in Figure 1-2. 

In addition, the weighted sum method used in the design of the multi-criteria decision-making tool 

has been widely utilized in research related to the decisions field and, therefore, was not 

individually validated. Nevertheless, the experiments to verify the implementation of ABM also 

included the evaluation of the relations between the defined criteria and the prioritization of 

alternatives. Furthermore, a pertinent open-ended question was included in the expert interviews 

applied before the DES. 

Finally, it is important to point out that the experts involved in this research fell into one (or more) 

of three main fields: WEEE management, agent-based modeling and decision-making sciences. 

 

1.4.4 Research Outline 

Firstly, to define this doctoral researchôs general objective and questions, Chapter 1 explores the 

key issues in WEEE management within the context of developing countries as part of the 

relevance assessment. From there, the methodology (in terms of approach, strategy and 

techniques) is described (rigor cycle).  

Secondly, as part of the relevance and design cycle, Chapter 2 explains the exploratory case study 

structure and main findings through the lens of Actor-Network Theory (ANT). 

Chapter 3 presents the design cycle is presented. This chapter develops the DES design as the 

product of the decision-enhancement studio, the design of the ABM and its implementation as a 

computer-based simulation and the multi-criteria decision making tool. This Chapter also presents 

the DES implementation and main findings. 

Chapter 4 lays out the validation of the DES and presents the main findings arrived at via the 

validation instruments. 

Chapter 5, the Epilogue, summarizes the contributions made by this doctoral thesis in terms of 

outputs, impacts and outcomes (see Figure 1-3). Chapter 5 also directly answers the research 

questions proposed in this section, traces courses of possible future investigation and details 

reflections related to the methodology employed herein.  
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2 Problematic situation: The unsustainable WEEE Management 

in Developing Countries 

2.1  Introduction 

 

Vignette: WEEE Tells Us Stories 

Clean, pressed clothes: Strolling through a Bogotá park, appreciating the birds and trees, I found this waste 

lying on the street (a -- Figure 2-1). The image of two families immediately came to mind. The first enjoyed 

some comfort, as they were able to care for their clothes. Surely, a maternal figure lovingly ironed and added 

pleasant scents for her children or husband; this loving matron did not know how to properly dispose of her 

iron after it stopped working, so she discarded it along with ordinary waste. Here, the second family came into 

play: informal recyclers who earn a scant income for food and therefore have become experts at identifying 

valuable objects among WEEE. They removed elements with resale value from the iron before continuing on 

their way, searching for more items of value in all corners of the neighborhood. 

Figure 2-1: WEEE scenarios in Colombian streets  

 

Changing light bulbs and ingenuity: Although there are post-consumer programs designed for their collec-

tion, bulbs and lamps are commonly found on the streets of Bogotá (b -- left side). The most shocking result 

of such WEEE mismanagement is meeting artists who, in a wonderful display of Colombian ingenuity, cre-

ate beautiful ornaments by heating tubes and blowing into them. However, they are blind to the presence of 

mercury and directly absorb the heavy metal (b -- right side). Unsatisfied basic necessities mean that infor-

mal recycling, an unimaginably arduous task, represents the sole source of survival for more than 13,000 in-

habitants in Bogotá. As in the case of the aforementioned artists, I was astonished to observe what were es-

sentially ñmobile buildingsò made of recyclable materials collected by only one person (c -- left side and 

middle). More than just Colombian idiosyncratic creativity, and caused by myriad reasons, objects take on a 

profound meaning in Colombia. To give just one example, it is not unusual to find obsolete fridges that have 

been with a family for more than 30 years, despite functioning exclusively for non-refrigerating purposes, 

e.g. a closet. In the same vein, TVs and computer screens so old that they could be in a museum remain a 

fundamental part of households. Fortunately, current WEEE collection campaigns have begun to ensure that 

these objects do not become sources of pollution é however, potential damages to the health of informal re-

cyclers still exist (c -- right side). 

 

 

a b

c
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As described in Chapter 1, although some developing countries have introduced legal frameworks 

for managing Waste Electrical and Electronic Equipment(WEEE), several studies have cited 

inadequate recycling operations as prevalent sources of severe health and environmental effects. 

To tackle these issues, policy makers should design strategies from a systems-based approach that 

takes the following elements into account: i) different dimensions of the problem; ii) targets of the 

different stakeholders; iii) processes within WEEE management; and, iv) circular cause-effect 

relationships stemming from current decisions in both the short-, medium- and long-terms. The 

failure to rely on a systems approach represents one of the main hurdles to effective waste 

management; this hurdle is primarily distinguished by a lack of coordination among stakeholders 

in addition to a lack of design and implementation of sustainable education strategies.  

In order to identify the requirements for designing a decision-enhancement studio (DES) to foster 

systemicity in policy-oriented decision-making in the context of developing countries, this chapter 

explains the methods utilized for the setting and development of an exploratory case study. Also, 

in an effort to better understand the context of the research problem, the results obtained from this 

case study are presented in terms of Actor-Network Theory (ANT). Likewise, the principal 

findings are discussed to ascertain the requirements for designing more sustainable WEEE 

management programs.  

 

2.2 Case Study Setting and Methods 

To study the current state of WEEE management in the context of developing countries, an 

exploratory multiple-case study (Yin, 2003a, 2003b), composed of two single-cases, was 

developed, as follows: The WEEE management in Colombia, South America, and the WEEE 

management at the Pontificia Universidad Javeriana in Bogotá, Colombia. The second study 

consists of a single-case in the context of Colombia and a single-case at the Pontificia Universidad 

Javeriana. The Pontificia Universidad Javeriana is located in Bogotá, Colombiaôs capital and 

largest city; the campus population can be considered a scale model of a city in a number of 

aspects: population (the Pontificia Universidad Javerianaôs population is roughly 22,000 people), 

the communityôs civic behavior (citizens), governmental structure, administrative budget and 

budget for investment in infrastructure (Armijo de Vega et al., 2008; Bialowas et al., 2006; Jain 

and Pant, 2010; Maldonado, 2006); in addition, the campus contains natural resource management 

and waste generation and management dynamics, among other aspects, that frame it as a scale 

model.  

As recommended by Yinôs method, the present case study includes the following four 

components.  

First, it is embedded, that is, it includes two units of analysis (Figure 2-2). One is related to 

decision makers, while the other corresponds to operational roles within the system.  
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Figure 2-2: Units of analysis in the exploratory case study. Adapted from (Yin, 2003b) 

 

Second, the following questions guided the exploratory case study and helped identify the 

requirements for designing a DES to support more sustainable WEEE management:  

(i) Have decision-makers implemented a systems approach in their decisions? 

(ii)  Is there an organized operational structure for WEEE management? 

(iii)  What elements have triggered improvements in WEEE management? 

In addition to the review of documents (which included assessments, studies, and reports), 

decision makers and operative roles related to WEEE Management were incorporated in the 

participatory policy design in both single-case studies: with regard to the national level, this meant 

policy design for WEEE management; with regard to the university level, Javerianaôs 

environmental policy included WEEE management. The specific design methods for the two 

policies are detailed in Appendix C and D. 

Figure 2-3: General policy design methodology  

 

Likewise, actors and processes in committees and technical (operative) groups were observed and 

assessed via structured interviews; the interviews are detailed in Appendix E. Decision-makers at 

the Pontificia Universidad Javeriana were not the only ones in charge of managing economic 

resources at the organizational level, for actors inside University Faculties, e.g. deans, directors 

and even researchers, were also granted this responsibility. Therefore, instead of relying on 

structured interviews, forms were sent to key figuresðpast and present deans and department 

headsðto ascertain the relevant case history and construct a list of milestones later validated by 

decision-makers. 
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The third component of this case study consisted of using ANT to interpret the collected data. 

ANT proved valuable for determining relevant facts, actor-networks (A-N), relationships and 

agreement dynamics based on historical milestones. In this study, the four constitutive elements of 

ANT were defined as follows: 

- The Obligatory Point of Passage (OPP) corresponds to the focal A-N that mobilizes the 

system by virtue of its power to establish local networks or impose actions on A-Ns in or-

der to meet specific interests. 

- The local network entails A-Ns with clear interactions that stabilize the system and thus al-

low for the emergence of milestones. 

- The global network consists of A-Ns not actively participating in policy decisions despite 

the fact that they should. A global network also includes A-Ns capable of interfering with 

the system or impacting the local network when the OPP is weakened. Local network A-Ns 

can directly interact with global A-Ns.  

- Translation explains the dynamics between local and global networks by describing the A-

N alignment of interests and focusing them on inducing successful action. Translation can 

be understood in terms of the following ñmomentsò in each milestone: problematization or 

how to become indispensable, interessement or how the allies are locked into place, enrol-

ment or how to define and coordinate roles and mobilization or how the principal A-Ns 

borrow the force of more passive ones and turn themselves into the representatives or 

spokespeople of these more passive A-Ns (Callon, 1986a).  

The main results of applying ANT are illustrated in the mobilization graph (Figure 2-4). Figure 2-4 

helps visually track A-N relationships by presenting a timeline, episodes and milestones as they 

pertain to, on one hand, the degree of attachment of an A-N in global network and, on the other, 

the level of local network mobilization. For more information, readers are directed to the results in 

Section 2.3.2.  

Figure 2-4: Graph of A-N mobilization in local and global networks. Adapted from (Méndez-Fajardo 

and González, 2014; Stanforth, 2006) 
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As the previous figure illustrates, the most solid project is that for which both the highest degree of 

attachment of A-Ns in the global network and the highest local-network mobilization occurred. 

Solid projects are ones in which all actorsô interests are strongly aligned; as a result, solid projects 

generate projects in the form of programs, strategies, actions, facts or documents. 

Finally, from the designôs inception, the prior conceptualization of a ñsystem-based approachò for 

each stakeholder was noted in detailed forms that reported on semantics and were used to 

demonstrate conceptual changes that took place later as part of the results. 

 

2.3  Case Study Findings 

2.3.1 WEEE Management in Colombia 

Processes 

The total WEEE generated by all world regions in 2014 was 41,800,000 tons, of which 53% was 

generated in developing countries (GSMA TM and UNU-IAS, 2015). Colombia, a developing 

country, has around 48.5 million inhabitants, 76% of whom live in urban areas (DANE, 2016) 

where the largest amounts of WEEE are usually generated. Assessments indicate that in 2013, the 

generation of WEEE in Colombia was around 120,000 tons. WEEE generated in the country 

includes large household appliances (24%), IT and telecommunications equipment (17%), 

consumer equipment (38%), lighting equipment (13%) and batteries (8%) (Pronet, 2013).  

The per capita generation of WEEE in Colombia has increased from 3.7 kg/inhabitant in 2009 to 

5.3 kg/inhabitant in 2014 (GSMA TM and UNU-IAS, 2015). In order to determine the urban per 

capita generation of WEEE, it is important to account for the six different socioeconomic levels in 

the country: low-low (22.2% of the total population), low (41.2%), medium-low (27.1%), medium 

(6.4%), medium-high (1.9%) and high (1.2%) (Ministerio de Hacienda y Crédito Público et al., 

2005). 

Generic processes related to WEEE management are shown in Figure 2-5. In the figure, 

production refers to international manufacturers and importers of EEE, as well as local (national) 

assemblers, which make up less than 10% of the total. Primary distribution refers to the sale of the 

new equipmentðimported or locally assembled directly by the companies that produce them, or 

by large and small distribution chains. When obsolete EEE is discarded, it becomes WEEE. Some 

materials obtained in the pre-treatment stage are recovered locally or disposed of in local 

(regional) landfills, while some fractions resulting from WEEE treatment are exported and further 

processed for metal and plastic recovery. Moreover, disassembling, also called dismantling or 

manual processing, aims at separating devices and their parts (e.g. CD drives, memory cards, etc.) 

for subsequent material recovery (e.g. metals, plastics etc.).  
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Figure 2-5: Generic WEEE management processes in Colombia 

 

Previous processes only included the formal system, i.e. processes authorized by the 

environmental authority. In Colombia, as part of the collection and sorting processes, post-

consumer programs have been implemented for computers, batteries, lighting equipment and 

mobile phones. Nevertheless, a high share of obsolete devices is collected and pre-treated by 

informal workers; in fact, this is a common practice in most waste management activities of 

developing countries (Chi et al., 2011; Guerrero et al., 2013). Informal recyclers dismantle WEEE 

by pounding the objects against the ground, for example, which increases potential health risks to 

recyclers, not to leads to deleterious environmental effects due to the toxic elements contained in 

EEE (Empa and CNPML, 2010; León, 2010; Streicher-Porte et al., 2005; Widmer et al., 2005).  

The informal sector also recovers some metals. Figure 2-6 displays the informal processes as a 

sub-system. 

Figure 2-6: Informal WEEE management processes in Colombia  
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Actors 

Generic actors involved in WEEE management in Colombia can be classified as follows: 

producers, distributors, consumers, recyclers (formal and informal) and the Government at 

national, regional, local levels. Recyclers usually play the supplementary role of collectors. A 

National WEEE Committee (NWC) was created in 2014 to advise in matters related to policy 

decisions and follow-up policies, strategies and programs. As promulgated by the Law 1672/13, 

the NWC must establish the mechanisms for negotiating with the private sector; identify sources 

of financial support; and, support research and related technological innovations. The NWC is 

made up of associations that include groups of producers (ANDI ï The Asociación de Industriales 

de Colombia and CCIT ï Cámara Colombiana de Telecomunicaciones, or Colombian Chamber of 

Informatics and Telecommunications) and distributors (FENALCO ï the Federación Nacional de 

Comerciantes), as well as the Ministerio de Ambiente y Desarrollo Sostenible (MADS), the 

Ministerio de Protección Social (Ministry of Health and Social Protection), the Ministerio de 

TICSs (Ministry of Communication and Information Technologies), and the Ministerio de 

Comercio, Industria y turismo (Ministry of Commerce, Industry and Tourism). To round out the 

committee, two delegates from authorized WEEE recyclers, two advisers and one representative 

from the Centro Nacional de Producción Más Limpia ï CNPML (the National Cleaner Production 

Center) were added. Last, but not least, the NWC counts on the support of international experts.  

 

Past Actions and Current Necessities  

According to the interviews, the historical evolution of WEEE management in Colombia 

(described in Figure 2-7) really did not begin until 2000, when the ñComputers for Schoolsò 

program was inaugurated (Computadores para Educar in Spanish - CPE). CPE focuses on EEE 

refurbishment activities and seeks to provide donated computers to schools in order to help bridge 

the digital divide (Marthaler, Christian, 2008).  

Figure 2-7: General WEEE management timeline in Colombia 

 

Taking into account these past facts and their results, as well as the latest regulations, WEEE 

management components were prioritized by the stakeholders interviewed on the basis of what is 
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this doctoral research. That is, their prioritization does not represent the real non-linear 

relationships between causes and effects observed in the case study. 

Table 2-1: WEEE management components needed in Colombia per NWC member prioritization 

(short-, medium- and long-term) 

Elements of WEEE Management to Strengthen or Implement 

Strengthen strategies to increase take-back of WEEE from users: awareness, education, incentives and sanctions 

Strengthen the role of educational institutions in Colombian education and research (high schools and universities) 

Formalize informal / semi-formal recycling 

Implement citizen-oriented strategies for environmental education and WEEE awareness 

Strengthen strategies related to producers and marketers in the form of penalties for non-participation in take-back  

Implement take-back (collection) points and strategies related to market chains; from providers to end users 

Reduce WEEE linked to responsible consumption of EEE (generate less WEEE) 

Design and implement new recycling plants 

Strengthen producer incentive systems to promote recycling (cleaner production, responsible design, eco-design, 

etc.) 

Strengthen the role of producer and marketer guilds 

Design and implement selective routes for WEEE collection (public or private) 

Implement economic/tax-based incentives for collecting / recycling / disassembling / refurbishing businesses in 

order to increase their technological capabilities 

 

An important finding was that the most urgent action (in the short-term) for improving current 

WEEE management in Colombia consisted of designing and implementing strategies aimed at 

increasing WEEE consumer collection rates. Complementarily, educational and awareness 

programs were shown to be relevant, representing the second and fourth priorities in Table 2-1. In 

addition, informality in recycling (including informal collection) was found to be a serious issue; 

this aspect was related to consumer behavior.  

Furthermore, a list of causes and observed effects related to current WEEE management in 

Colombia was prioritized by NWC members and the generic actors who attended activities of the 

participatory policy design (among them the Swiss experts and academic scholars). This 

prioritization is shown in Table 2-2, along with the structural or most dependent causes. Structural 

analysis based on the matrix of influences - MICMAC (Godet, 1993) was used; see Appendix C 

for more information.  
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Table 2-2: Prioritization of structural (or most dependent) causes 

Causes of Insufficient and Inefficient WEEE Management in Colombia 

Poor inter-institutional coordination  

Poor regulatory framework for legal implementation 

Lack of ongoing training of public staff 

Poor cooperation among (public and private) institutions 

Poor integration of WEEE management in national educational programs 

Insufficient monitoring-control by the Environmental Authority with regard to formal and informal 

sectors 

Lack of Information Systems to support monitoring and control activities  

Poor general dissemination of information (related to the differentiated WEEE management) to con-

sumers (including the obligation to deliver WEEE to the formal system) 

Poor monitoring of the Extended Producer Responsibility to implement post-consumer programs 

 

2.3.2 Actor-Networks and Mobilization  

Colombiaôs WEEE Management 

Laws, Acts and Policies were the main mechanisms to tackle previous causes, effects and 

necessities (see Tables 2.1 and 2.2). Figure 2-8 shows local (shaded area) and global networks in 

terms of Law 1672/2013 and the participatory design of the national policy (2014-2015) within the 

timeline (Figure 2-7 above). It should be noted that, as ANT (Latour, 2005) states, the term actor-

network (A-N) encompasses not only human but also non-human actors, such as documents and 

laws.  
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Figure 2-8: Local and global networks in Colombiaôs WEEE management system (*National Direc-

tion of Taxes and Customs of Colombia). [a) 2013; b) 2015] 
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Based on a review of interviews and documents, the milestones (or mobilization moments) in the 

evolution of Colombian WEEE management, in addition to the A-Ns involved in each milestone, 

were identified as shown in Figure 2-9. The starting point (Milestone 0 in Figure 2-9) was the 

creation of the CPE program in 2000. Subsequent years have witnessed parallel episodes. On one 

hand, private companies have increased their interest in computer donations, spurred by the 

younger generationôs push to provide IT access and the positive environmental impact of reducing 

the disposal of still usable computers. On the other, since companies previously were not 

financially responsible for the management of this waste, they had an economic interest in their 

efforts for the first time. Additionally, their engagement also served marketing purposes and 

resulted in a decrease of tax payment (a tax break earned by virtue of their engagement in 

corporate social responsibility).  

Figure 2-9: Mobilization of actors in local and global networks within Colombiaôs WEEE manage-

ment 
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In 2009, the local network members conducted a ñstudy tourò to observe WEEE management in 

Switzerland in order to obtain primary information on the design of WEEE strategies for 

Colombia. Pursuant to the ñstudy tour,ò the working groups entered an internal crisis caused by 

membersô divergent particular interests, which attenuated global network A-N aggregation and 

local network mobilization (see Figure 2-9). However, out this crisis, a crucial step was taken: the 

OPP decided to pass regulations (2010) so as to achieve a mandatory collection of computers and 

lighting equipment (Milestone 3 in Figure 2-9). 

Through a shift in the leadership of the producer representation to ANDI, the composition of the 

local network changed and mobilization and participation increased. Three post-consumer 

programs (PCP) for collecting computer (EcoComputo), lighting (Lumina) and alkaline batteries 

(Pilas con el Ambiente) waste emerged as a result of these efforts (Milestone 4 in Figure 2-9). The 

interessement to achieve this milestone stemmed from two primary (interrelated) motivations: 

computer producers and importers wanted to comply with the law and to avoid penalties. The 

economic opportunity presented to authorized recyclers, representing savings for producers, also 

played a role. On account of the lack of regulation, experience from the second working group 

(mobile phones) resulted in a weak voluntary agreement by some mobile phone service providers 

to implement collection points for consumer equipment (phone service subscribers), which would 

then be passed along to authorized recyclers.  

The National WEEE Management Law was passed in 2013 (Milestone 5 in Figure 2-9), and the 

National WEEE Committee was established in 2014. In conjunction, the creation of the committee 

and the passing of this 2013 Law were the culmination of a process begun in 2010 by local A-Ns. 

Implementation of regulations, and related Acts, since 2010 have demonstrated the importance of 

legislation in terms of achieving increased WEEE collection rates. PCP dynamics have proved 

helpful as a learning process to avoid failures in complete system implementation (all WEEE EU 

categories). 

At present, the MADS, with the support of the CNPML, Empa/SECO and the Pontificia 

Universidad Javeriana, is designing the instruments and regulations needed to implement the Law 

and a control system. The NWC has been a part of this process, mainly as pertains to policy design 

(Milestone 6 in Figure 2-9), which has become the most solid project (see Figure 2-9). Their 

involvement seeks to align the interests and motivations of the rest of the actors in local and global 

networks (A-N enrolment); likewise, their involvement looks to help achieve a more sustainable 

implementation of the chosen strategies. The use of participatory methodologies to identify the 

causes and effects of the current, insufficient WEEE management system in Colombia, as well as 

the relationship among causes, definition of structural causes and design of strategies and action 

plan as part of the policy, have increased the confidence and motivation of A-Ns, which, in turn, 

has strengthened global network attachment to (see Figure 2-9). 
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2.3.3 University Campus as City Model  

Within the WEEE management system at the city or country level (see Figure 2-5 - Colombiaôs 

WEEE management processes), a university plays the role of consumer. Nevertheless, as the 

second single-case study, the Pontificia Universidad Javeriana exploratory case study was focused 

on interior processes and actors (decision-makers and operative roles); in and of itself, these 

constitute a subsystem with additional elements of a WEEE system that encompass much more 

than consumption. 

The Pontificia Universidad Javeriana has two campuses. The main campus is in Bogotá; this 

campus was the context of this single-case study. The second is located in Cali. The Bogotá 

campus has a population of around 22,000 people, with students accounting for 71% of the total 

and scholars/professors for 17%. Waste management, including WEEE, is led by the Campus 

Administration Office (CAO), which manages campus investments in infrastructure and 

coordinates the logistics of all administrative processes; the CAO also handles WEEE on a daily 

basis in the form of specific elements that entail infrastructure, processes and human resources. 

Although there are no reliable data regarding waste generation, the management processes are 

clearly delineated (Figure 2-10). Such processes include separation of consumer equipment (TVs, 

photographs and audio equipment in particular), ITC equipment, lighting equipment and large 

equipment from laboratories (e.g. ovens or refrigerators). Equipment that still works is either sold 

to the administrative staff or donated to regional social projects (especially computers). 

Figure 2-10: General WEEE management processes on the Javeriana Campus. Adapted from (Méndez-

Fajardo and González, 2014). 

 

A-Ns actively involved in local and global networks are shown in Table 2-3. The OPP is the 

Campus Administration Office (CAO). The CAO is responsible for designing, building and 
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terms of planning, designing and implementing SWM infrastructure, in addition to developing 

related programs and campaigns. 
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Table 2-3: Actor-Networks Actively Involved in Solid Waste Management (including WEEE) at the 

Pontificia Universidad Javeriana (Méndez-Fajardo and González, 2014). 

Actor -Network (A-N) Units/Faculties/Groups Involved 

Campus Administration Office (CAO) - 

Department of Ecology and Territory (DET) - 

Environmental Administration Group (EAG) CAO and administrative employees from the primary 

hazardous waste generators* 

The Environmental Committee (EC) CAO, SFE**, SFES*** 

Vice-president of the Welfare Office, which is respon-

sible for the Healthy University Program (HUP) 

- 

University Environmental Group (UEG) CAO, SFE**, SFES***, SFAD**** and Academic 

Dean of the Environmental Sciences Faculty 

Plans for SWM (ordinary and hazardous waste) EC 

Environmental Management System (EMS) document CAO, SFES *** 

Safety protocols for hazardous waste management 

within the Sciences Faculty 

CAO, SFES***, Administrative Staff from the Scienc-

es Faculty 

* Sciences, Medicine, Odontology, Engineering, Arts, Architecture & Design Faculties, as well as the University Hospital; ** Scholars from the 

Engineering Faculty; *** Scholars from the Environmental Sciences Faculty; **** Scholars from the Architecture & Design Faculty 

 

In addition to the A-Ns identified in the table above, two A-Ns emerged as relevant to WEEE 

management: (1) employees as the primary consumers/generators of WEEE on the campus; (2) 

University Purchasing and Supplies Direction (UPSD), which is responsible for EEE purchases. In 

this respect, Faculties would become crucial if WEEE management were refocused on responsible 

consumption. The UPSD would also take on added significance due to its role in responsible 

consumption insofar as they were related to concepts such as green supply, brands with green 

labels, etc. 

The moments of translation at the university are shown in Figure 2-11, and the complete 

description is included in Appendix A.  
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Figure 2-11: Mobilization of actors in local and global networks within the Javerianaôs WEEE man-

agement (Méndez-Fajardo and González, 2014). 
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To more thoroughly answer these three questions, the elements of a systems approach (presented 

in Section 2.1) should be recalled: i) different dimensions of the problem; ii) targets of the 

different stakeholders; iii) processes within WEEE management; and, iv) circular cause-effect 

relationships stemming from current decisions in both the short-, medium- and long-terms.  

The first question refers to the decision-makerôs approach. Although the main decision-makers 

incorporated different dimensions and (occasionally) different actors, programs and strategies 

regarding WEEE management, they failed to account for a multi-causal analysis, multiple 

management stages and knowledge gleaned from past experiences in an explicitly methodological 

way. Regulations, laws and guidelines include keywords chosen to foster more systemic actions. 

In spite of this, two main situations emerged. First, the content of the documents has not been 

implemented (as was the case for Milestone 2 at the Pontificia Universidad Javeriana; see Figure 

2-11), so they have been relegated to unimplemented-yet-documented ideas. Second, some 

implemented strategies did not include systemic design; thus, only partial solutions have emerged 

to address the structural causes of the problems to date. Take, for example, the focus of some 

recycling programs on physical waste collection artifacts, such as bins, to the detriment of 

educational strategies and continuous information campaigns vital to fostering consumer 

participation. Situations of this nature were observed in Colombian cities and the Pontificia 

Universidad Javeriana. In consequence, trashcans are frequently filled with mixed waste, making 

the recycling processes inefficient. Further confirmation of the non-systems-based approach in 

decisions is attested by the lack of reliable data on waste generation and the increasing levels of 

informal activities in collection and recycling. 

Decision making did not follow a systemic process at the country or university levels. In the latter 

case, the main motivation was the authorityôs requirement for compliance with the laws, such that 

decisions were made with an emphasis on short-term solutions. What is more, decisions usually 

flowed from the campus administration area (to the exclusion of other areas), and decisions looked 

to address daily problems. There was no systematic defined set of criteria to facilitate the 

prioritization of issues that require investments, e.g. infrastructure development, educational 

campaigns or natural resource management (water, energy, ecosystems). Nonetheless, some 

successful projects were initiated, attributable to interest from scholars; however, these scholars 

have not been actively involved in decision-making. Yet, there are positive signs: due to the 

recently passed environmental policy, various scholars will be brought in to the decision-making 

process as advisers for the new environmental committee charged with designing and 

implementing future strategies. 

At the country level, informal recycling, discarded WEEE in public areas and sanitary landfills, 

low rates of WEEE collection, low consumer participation, high levels of smuggling and low EEE 

quality in markets collectively demonstrate the absence of a systems-based approach to decision-

making. A primary cause is rooted in the inadequate cooperation among relevant actors, i.e. the 

lack of coordination among public and private organizations and even within the public sector.  

The second question addresses the organizational structure needed for WEEE management. The 

operational structure, albeit extant, proved insufficient for effective WEEE management in the 

country and university cases. This research has shown that the most important operational roles in 
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waste management for the two single-cases (e.g. the environmental authority at the national level 

or the logistics director at the Pontificia Universidad Javeriana) have several responsibilities, even 

outside of the waste management field. Moreover, the lack of information systems, to name one 

example, available to support decision-making and related activities represents one of the most 

conspicuous weaknesses of the management system. This lack resulted in a veritable dearth of 

information regarding waste generation (amount of WEEE generated), generators (actors 

generating waste) and flows, among other aspects. That being said, one sign of progress is that, at 

the outset of this exploratory study, neither Colombia nor the Pontificia Universidad Javeriana had 

a related policy, which has been remedied today. 

The third question proposes the identification of elements that have triggered improvements in the 

WEEE management in each context. In addition to the need to comply with public laws, the 

particular interests of relevant actors have motivated the OPP in each system (the MADS in 

Colombia and the CAO at the Pontificia Universidad Javeriana) to promote the design and 

implementation of strategies considered milestones (Figures 2.9 and 2.11). Since positioning and 

marketing are key for equipment producers or large consumers, such as universities, both 

Corporate Social Responsibility and Corporate Environmental Responsibility, usually measured 

through project impact, have come to form a pivotal step in improving waste management. 

Looking specifically at the university case study in which education is the Universityôs raison 

dô°tre, decision-makers are interested in turning the campus itself into the subject of education. 

Beyond external requirements imposed by local, regional or national environmental authorities, in-

house motivation, e.g. boosting Corporate Social Responsibility and increasing the universityôs 

positioning both nationally and internationally, prompted the primary decision makers to support 

policy design activities. Therefore, the latest actions regarding waste management are not merely a 

reaction to requirements, but rather are part of a strategy crafted to strengthen Corporate Social 

Responsibility. Of note are Milestones 5 and 6 (Figure 2-11), which emerged as preventive 

strategies. The massive e-survey (Milestone 5 in Figure 2-11) was part of the participatory design 

to elicit appropriation of the policy by the actors to design the universityôs environmental policy 

(for detailed results, see Appendix D). Moreover, this non-authority-driven strategy may also be 

applied to the implementation of the PCP for batteries (Milestone 6 in Figure 2-11). It must be 

granted that Milestone 6 was aligned with Colombiaôs WEEE Management Law, given that the 

battery program increased the awareness of responsible consumption in the university community. 

More than five years elapsed between the first attempt to design and pass a policy related to 

WEEE management (at the national level) or environmental management (at the university level) 

and the realization of this goal. The introduction of a facilitator to methodologically guide 

discussion and dialogue among actors catalyzed both processes. At the university, this was 

apparent due to the environmental policy legalized in November 2015 and, in the final step, the 

national WEEE policy currently under review by the MADSôs legal arm. The following 

understanding about the alignment of actorsô interests in the two contexts could help shape similar 

projects: a policy should be made public as the framework for designing subsequent laws and 

regulations (which, in turn, guide the lawôs implementation). However, in Colombia, the WEEE 

Management Law was passed in 2013, whereas more successful policy design only came about in 
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2014 and 2015, around the same time as the design of the regulation that included legally-binding 

annual collection rates for producers. In this legislative context, calls to attend policy design 

activities were led by the MADS (the OPP at the national level), the same actor actually designing 

the corresponding regulations. This effectively prompted actor mobilization and made it easier to 

achieve the required participation.  

Lastly, additional elements were observed during the policy design that should be taken into 

account for sustainable WEEE management implementation: i) the same person should represent 

actors in local networks throughout the entire process; ii) this representative should be interested in 

the topic, rather than view it as an obligation; and, iii) as non-human A-Ns, there should be 

detailed reports of all strategies designed and implemented, along with key elements (actors, 

actions, type of WEEE, failures, successes, possible future problems and consequences, among 

other) and complementary strategies, a de facto acknowledgment of the fact that achieving project 

sustainability requires time and resources. 

 

2.4.1 Design Requirements 

The answers presented above depict the current state of WEEE management in developing 

countries. Clearly, there is noticeable contrast between the current state of affairs and a sustainable 

system. As demonstrated by the interviews and literature review, a more sustainable system would 

eradicate WEEE in public areas or sanitary landfills, do away with informal recycling, achieve 

high rates of consumer participation in PCPs and develop regulations and infrastructure to handle 

all WEEE categories and combat low-quality EEE on the market. An ideal system of this nature 

would also reinforce formal recycling via the implementation of infrastructure in an effort to 

recover valuable materials in the country. 

The gap between the current system explored in the case study and more sustainable systems is 

explained in terms of design requirements, illustrated in Figure 2-12 below.  

The implementation of all listed requirements would ensure WEEE management was on a more 

sustainable path. Requirements include information (IT) infrastructure-related aspects (R1 and 

R2), as well as physical infrastructure (R3); others are associated with human activities, such as 

education, participation, cooperation and decision making (R4 - R8). 
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Figure 2-12: Design requirements for more sustainable WEEE management  

 

 

Public policies are advantageous when bringing together these requirements to form the basis for 

strategy and program development; however, the design of sustainable policies means 

requirements such as participation (R5 and R7) and cooperation (R4) cannot be overlooked.  

In light of this doctoral researchôs focus on the achievement of more systemic decision-making 

processes, the design will not broach all requirements. In other words, the decision-enhancement 

studio (DES) developed herein included three main elements: people (decision-makers and 

facilitator), processes that guided the studio as the main facilitative environment for decisions and 

a set of technological tools that integrated technological tools and protocols (Keen and Sol, 2008). 

Thus, requirements explicitly incorporated into the design of the DES (see Chapter 3) are as 

follows: R5 and R8 are related to general DES goals, while R3, R4, and R7 are related to specific 

technological tools goals.  
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3 The Decision-Enhancement Studio: Towards More Sustainable 

WEEE Management 

3.1  Sustainability and Decision Making 

As described in Chapter 1, global agreements on sustainable development have affirmed the 

relevance WEEE management. The effects of such management are more impactful in developing 

countries. The exploratory two-case study presented in Chapter 2 revealed the absence of a 

systems approach in decision-making. This absence emerged as the main structural cause of 

unsustainable WEEE management in Colombia. In an effort to implement a systems-based 

approach (or a process closer to a systems-based approach) to waste management, Decision 

Support Systems (DSS) have been integrated into the simulation-based models, for an integrated 

approach serves, for example, to guide decision making regarding landfill allocation (Alves et al., 

2009; Antanasijevic et al., 2013; Kollikkathara et al., 2010). Further still, this integration allows 

for a conceptualization of the role of computers within decision making in order to better 

understand and thereby improve the decision-making process. However, decision enhancement 

studios take this one step further, given that they serve as a management lens through which it is 

possible to significantly enhance executive decision making via a fusion of human skills and 

technology. DESs apply this fusion to areas that combine people, processes and technology, and in 

which, generally speaking, the impact on decision making has to date been quite limited (Keen, 

2011; Keen and Sol, 2008). The present doctoral thesis engages people, processes and technology 

using a Decision-Enhancement Studio (DES), designing a DES that accounts for relevant actors in 

WEEE management in Colombia, the facilitator (people), the studioðthe main facilitative 

environment for decisions guided by a protocol (processes)ðand tools such as a computer-based 

simulation, a multi-criteria decision table (technological tools, T-T) and questionnaires (see Figure 

3-1). 

Figure 3-1: The decision enhancement studio (DES) 
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As detailed below, the DESôs goal is broader than the T-Tôs goals. The T-T consists of an agent-

based model (ABM) implemented as a computer-based simulation using NetLogo, a multi-criteria 

decision table implemented in Excel Microsoft Office and a questionnaire included in the DES 

guideline.  

This chapter describes the design of the studio and the T-Ts and outlines the DESôs 

implementation. In Chapter 4, the results of this DES, in addition to its validation, are discussed.  

 

3.2  The Decision-Enhancement Studio, DES 

When defining the DESôs goals, it is important to review the types of decisions proposed by Keen 

and Sol (2008), who argued for six categories:  

i) Urgent decisions significantly affect customer relationships, market strategy or corporate fi-

nancing, etc. 

ii)   Consequential decisions have a range of ñadequacy,ò in which there is room for error, time 

to make adjustments and limited downside risk. Here, the DES contributes to the transfor-

mation of the decision-making process.  

iii)   Non-avoidable decisions are ones whose contributions consist of encouraging involvement 

that leads to commitment, and, in turn, help avoid delays and/or purely ñpoliticalò decisions 

imposed by some stakeholders 

iv)  Non-reversible decisions are decisions where some parties are not comfortable committing 

to a decision, even though said parties are aware of the decisionôs importance and conse-

quences. Therefore, these decisions often form the basis of decision avoidance. 

v)  Packed with uncertainty decisions mean the DES should include simulations to make a rec-

ommendation or consensual forecast, in particular via rapid ñwhat if?ò visualization and 

analysis. 

vi)  Wicked decisions emerge from a conflict of values and the difficulty of making trade-offs. 

In these scenarios, the DES provides a forum for building a mutual understanding of views, 

shared scenario evaluation and collaborative efforts to reach an agreement with a commit-

ment to ñfollow-onò action. Thus, the main contribution of this decision is, as in consequen-

tial decisions, to improve the process. 

The DES has, as a general goal, answering the research questions posed by this doctoral thesis, 

whereas the goals of the T-T are more specific and tailored to the structural causes of insufficient 

and inefficient WEEE management in Colombia. Per the results of the exploratory case study 

(Chapter 2), requirements responsible for driving the design of the DES are R5 and R8 (DESôs 

goals), while R3, R4, and R7 are responsible for driving the more specific T-T goals. 
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Figure 3-2: Requirements used for designing the decision-enhancement studio 

 

In other words, the DESôs goal was directly related to the definition of a systems approach: 

cultivating an environment in which different points of view (actors) are shared, learning about 

WEEE management processes so as to add different dimensions to the discussion and raising 

awareness of the circular cause-effects underlying current decisions with regard to short-, medium- 

and long-term decisions. Thus, the DES´s goal was formulated as follows: ñDecide on aspects that 

affect sustainability in WEEE management in Colombiaò. Per the six types of decisions previously 

outlined, this represents a wicked decision, whereas the T-T goal, identified by the relevant actors, 

was to answer the following question: ñHow can consumer behavior be influenced?ò This 

corresponds to an urgent decision. 

The DESôs general structure can be broken down into four main parts (Table 3-1), although it was 

one four-hour-long meeting with a coffee break. 

Table 3-1: General DES Structure 

 

As part of the T-Ts, an ABM was designed and implemented as a computer-based simulation (see 

Section 3.3), in addition to the development of a multi-criteria decision table using the weighted 

sum method and implemented in Excel (see Section 3.4). Section 3.5 details the DES setup. 
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3.3  Coop4SWEEEM: The Agent-Based Model and Simulation 

Agent-based modeling may be defined as a computational method that allows for the creation and 

analysis of models, as well as model experimentation; these models are made up of agents that 

interact in the decision-making process decisions within an ñenvironmentò (Gilbert, 2007). Agent-

based modeling helps discover possible emergent properties from a bottom-up perspective and 

allows for the representation of phenomena (as do other models, e.g. equation-based models). 

Furthermore, agent-based modeling makes it possible to simulate complex situations with limited 

information, limited possible responses, limited material resources and limited computational 

capabilities. Nevertheless, the effectiveness of ABMs largely depends on agent organization and 

coordination roles within the model (Dam et al., 2012; Nikolic and Kasmire, 2013). A generic 

ABM structure is shown in Figure 3-3. 

Figure 3-3: Generic ABM structure. Adapted from (Knoeri et al., 2010)  

 

In order to design the ABM, the Overview, Design concepts and Details protocol (ODD) proposed 

by Volker Grimm in 2006 was used. The ODD protocol established a standard for describing 

ABMs (Grimm et al., 2010; Grimm, V. et al., 2006) and has been widely used in the scientific 

community (Müller et al., 2013). The ODD protocolôs general structure (see Table 3-2) was 

adapted to design an ABM dubbed Coop4SWEEEM (Cooperation for Sustainable WEEE 

Management).  
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Table 3-2: ODD structure for the design of Coop4SWEEEM (Grimm et al., 2010; Müller et al., 2013) 

 

3.3.1. Overview 

Purpose 

Entities, state variables and scales 

Processes overview and scheduling 

 

 

3.3.2. Design concepts 

Basic principles 

Individual decision making and sensing  

Interaction, collectives and heterogeneity 

Stochasticity 

Emergence and observation 

3.3.3. Details (translation of the conceptual ABM 

into a computer-based simulation) 

Implementation details 

Initialization and input data 

Sub-models 

 

Each item included in Table 3-2 is explained below. Additionally, Section 3.3.3 describes aspects 

related to the implementation of this ABM in the free software NetLogo 5.2, which is a platform 

for building and analyzing agent-based models and a staple of agent-based modeling (Wilensky, 

1999). 

 

3.3.1  Overview 

As part of the ODD protocol (Table 3-2), the ñoverviewò covers the modelôs purpose, information 

regarding ñentities, state variables and scales,ò and the description of the ñprocesses overview and 

scheduling.ò These three elements are developed below. 

ODD starts with a concise summary of the overall purpose for model development. Since the 

urgent decision was defined as ñHow can consumer behavior be influenced?ò the goal of 

Coop4SWEEEM becomes a display of cooperation scenarios between EEE producers and 

distributors, which is crucial for the implementation and operation of post-consumer programs 

(PCP). In turn, these PCPs rely on incentives to encourage consumers to return their WEEE 

through the formal system. 
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Figure 3-4: Boundaries of WEEE management related to the collection process 

 

 

Here, two key points should be clarified. Firstly, WEEE refers, for the present purposes, to ICT 

equipment (or similar), such as mobile phones and computers, for they require different logistics 

than, say, large appliances, e.g. refrigerators. Secondly, neither second-hand distribution/use 

processes nor recycling (pre-treatment) activities were included in the ABM. These two caveats 

should make it clear that Coop4SWEEEM was designed for policy makers, for those who make 

decisions about PCPs as part of WEEE management in urban areas.  

In the ODD, an entity is considered a distinct or separate object or actor that behaves as a unit and 

may interact with other entities or be affected by external environmental factors. In this research, 

entities were agents, and the environment was divided into the two following areas: the 

ñmotivation to cooperate areaò and the ñurban area;ò the latter is where PCPs were physically 

implemented. For their part, agents are a collection of autonomous interacting entities with 

encapsulated functionality that operate within a computational world, thus allowing for the 

representation of agent behaviors in light of their past experience(s) (Railsback and Grimm, 2011). 

The entities utilized in Coop4SWEEEM were identified through the case study (see Table 3-3). 
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Table 3-3: Entities of the Coop4SWEEEM ABM  

 Entity  Type Description 

 Producer Agent Represents the producer within WEEE management 

 Distributor Agent Represents the distributor within WEEE management 

 Consumer Agent Represents the consumer within WEEE management  

Post-consumer program 

(PCP) 

Agent Represents the artifact that generates decisions in producers, 

distributors and consumers within WEEE management 

Motivation to cooperate area Environment Represents the dynamics of the motivation to cooperate in 

producers and distributors 

Urban Area Environment Represents an urban area where the PCPs are implemented 

and where consumers act 

 

ñState variables and scalesò are defined by the entitiesô properties or attributes, as shown in Table 

3-4. However, two additional variables are a function of agent actions: potential pollution 

(expressed as a percentage), a function of the WEEE not returned by consumers via formal 

systems; and the gap between ñmotivation to cooperateò in producers and distributors (likewise 

expressed as a percentage). 

Table 3-4: Agent attributes in Coop4SWEEEM 

Entity  Attribute  Unit  

 Producer 
Motivation to cooperate Percentage  

Resources Units of money 

 Distributor Motivation to cooperate Percentage  

 Consumer 

WEEE  Units  

Main interest Interest 

Money received Units of money 

Post-consumer program (PCP) WEEE collected  Units 

Resources bag Units of money 

Motivation to cooperate area Spatial variable Coordinates (x, y) 

Urban Area Spatial variable Coordinates (x, y) 

 

The PCPs included in this design were defined as the ñcollection strategy,ò consisting of urns (or 

boxes) physically placed at EEE points of sale in addition to a variety of incentives aimed at 

influencing consumers (in an effort to increase the amount of WEEE collected). The PCP 

represents the triad of producer-distributor-box (see Figure 3-5), in which ñproducerò and 

ñdistributorò represent real (generic) actors. In particular, information diffusion and education 
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strategies were coupled with consumer incentives. The incentives considered in this model were 

economic and social in nature. 

Figure 3-5: Producer, distributor, (PCP) box and consumers in Coop4SWEEEM 

 

 

As mentioned, the ñenvironmentò was split into two zones (see Table 3-3 above): the first 

represented the cooperation dynamics between producers and distributors (Sub-model 1) by 

situating them into the two activity areas in line with their percentage of ñmotivation to 

cooperate.ò The second zone contained consumer dynamics (Sub-model 2) in an urban area. 

ñMotivation to cooperateò in producers and distributors was defined on the basis of the case study 

results. It is useful to classify the agents into ñmore activeò or ñless activeò areas within the larger 

ñmotivation to cooperateò areas. Similarly, the primary consumer motivations when deciding 

whether or not to formally recycle their WEEE were designed using the data obtained in the 

massive survey of the Pontificia Universidad Javerianaôs community, as the Sub-model in Section 

3.3.3 below illustrates (see also Appendix F). 

As part of the ñoverview,ò ñgeneral processesò of Coop4SWEEEM are shown in Figure 3-6. The 

current legislative context as pertains to the case study includes regulations for some WEEE. 

Essentially, these regulations defined an initial percentage of motivation to cooperate in producers 

and distributors. Under such conditions, the first step was to implement the initial alliance to 

stimulate cooperation. From there, the next step was to design the two PCPs, beginning with the 

selection and subsequent implementation of incentives. 
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Figure 3-6: General processes of Coop4SWEEEM 

 

The ODD defines ñschedulingò as the proper order for executing events in the model. The general 

schedule corresponds to the previous figure (3.6), yet, within processes two and three, there were 

specific sub-processes that relied on two different time scales: WEEE delivery dynamics were 

weekly, as were changes in distributor motives, while producer motives and the amount of WEEE 

collected via the two PCPs was reviewed annually (in line with current Colombian regulations).  

Following the logic displayed in Figure 3-6, the detailed schedule is shown in Figure 3-7. 

Figure 3-7: Detailed schedule of Coop4SWEEEM processes 
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decided (and continually decide) whether or not to deliver WEEE (measured weekly); distributor 

motivation to cooperate was measured weekly as a function of the amounts of WEEE collected; 

and, producer motivation to cooperate was measured annually (conforming to EPR-derived 

regulations). In parallel, the PCP-Box measured the amount of WEEE collected per week, though 

amounts were tallied over a year to establish how much each collection point received annually. 

Similarly, the potential pollution and the gap between the motivation to cooperate in producers and 

distributors were measured weekly. 

Finally, since this model does not include options for consumers to generate additional WEEE 

(e.g. buy new EEE), one situation that may lead this model to cease functioning is consumer 

failure to deliver WEEE. Another would be if the motivation to cooperate in producers or 

distributors dropped to zero.  

 

3.3.2 Design Concepts 

Design concepts include the description of the theoretical and empirical background, as well as 

individual decision making and ñsensing,ò interaction, collectives, heterogeneity, stochastic 

properties, emergence and observation. 

As described in Chapters 1 and 2, the principal theoretical background applied to the development 

of this ABM is Waste Management addressed from a systems approach and focused on WEEE, for 

which the Extended Producer Responsibility (EPR) principle (Lindhqvist, 2000) proves the most 

appropriate by virtue of its widespread use. In this theoretical context, EEE producer and 

distributor cooperation is needed to achieve, for example, a specific consumer-oriented WEEE 

collection goal (Kiddee et al., 2013; Widmer et al., 2005). This principle is complemented by the 

reverse logistics concept; reverse logistics holds that WEEE collected by distributors through 

consumer delivery is assigned to producers in order to ensure regulatory compliance (Bai and 

Sarkis, 2013; Chiou et al., 2012; Li and Tee, 2012).  

Two different conceptions stem from the theories used to design agents in this research: producers 

and distributors represent organizations, while consumers represent individuals. To ensure 

methodological coherence, the approach to the study of their decisions must also be different. On 

one hand, organizations decide based on the behavioral planned theory (Ajzen, 1991), in which 

utility and opportunity cost drive agent interest. On the other, behavior curtailment in consumers is 

based on the value-belief-norm theory (Stern, P.C. et al., 1999). Regardless, economic rationality 

(Henrich et al., 2005) was used in the design of both agents in light of its utility for understanding 

the effects of incentives. Decisions in producers and distributors are based on the motivation to 

cooperate, which was obtained from the case study employing Actor-Network Theory (ANT) 

(Callon, 1986b; Latour, 2005) (see Chapter 2 for more information). However, the consumer 

decision model was empirically supported with data obtained in a virtual survey of students, 

professors, researchers, managerial and administrative staff at the Pontificia Universidad Javeriana 

in Bogotá. 2139 (84%) registries (within the surveys) were completed, of which 1614 (75.5%) 

were responded to by inhabitants from Bogotá (Appendix F). 



 

43 

Individual decision making in agents served as the template for the modelôs cooperation rules 

(Table 3-5). 

Table 3-5: Cooperation elements in Coop4SWEEEM 

Agent Required cooperation activity Primary motivation  

Producers 
Economically supporting the incentives included in the 

PCP 
Complement to annual collection goals 

Distributors 
Having a physical space in business places to locate the 

urn and temporarily store the waste collected 

Consumers who deliver WEEE daily 

became potential customers 

Consumers Delivering WEEE to the PCP Incentives included in the PCP 

 

ñSensingò in agents depended on the existence of PCPs. Producers and distributors increased or 

decreased their motivation to cooperate in function of the WEEE received in the PCP Box (as well 

as accumulated amount collected). Consumers decided to cooperate, i.e. deliver WEEE, when PCP 

Boxes were physically close in the spatial environment that simulated an urban area and as a 

function of the incentives offered to themðconsumers cooperated when incentives coincided with 

their primary interest (economic remuneration or support of socio-environmental projects or 

simply stumbling across the PCP).     

It is important to point out that there were no learning processes or individual predictions in this 

initial version of Coop4SWEEEM. 

ODD protocol defines interaction as the direct and/or indirect (e.g. competition for a mediating 

resource) interactions through which individuals encounter and affect others. Interactions could 

involve communication, though, in Coop4SWEEEM, there was no direct communication 

(messages) among agents. Since the motivation to cooperate in both producers and distributors, in 

addition to the consumerôs decision to participate, was dependent upon incentives, communication 

was done via PCPs.  

ODD protocol provides two definitions of collectives. For the first, agents can belong to 

aggregations such as social groups, organizations or human networks; for the second, a separate, 

explicit type of entity engages in its own actions (Müller et al., 2013; Railsback and Grimm, 

2011). Looking at the latter, in Coop4SWEEEM, there were four collectives: producers, 

distributors, PCP boxes and consumers. Agents in this ABM were considered heterogeneous 

because, as demonstrated in Table 3-4 above, they differed in parameters, preferences and 

decision-making criteria.  

Stochasticity in the ODD protocol refers to determining which processes include randomization. 

To define the stochasticity in Coop4SWEEEM, the spatial information was defined as discrete, as 

were agent attributes, such as money, resources, WEEE and primary interest. However, motivation 

to cooperate was defined as continuous. See Table 3-6 below for further description of stochastic 

properties. 
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Table 3-6: Stochasticity in Coop4SWEEEM 

Entity  Stochastic property Stochasticity 

Producers 

and distribu-

tors 

Level of motivation to coop-

erate  

Range determined by the analysis of case study data ï continu-

ous 

Spatial location within the 

motivation to cooperate area 

Range of (x, y) coordinates showing high or low motivation ï 

discrete 

Consumers 

Initial spatial location within 

the represented urban area 

Range of (x, y) coordinates within a represented urban area ï 

discrete 

Spatial movement within the 

represented urban area 

Randomized (x, y) coordinates within the entire represented 

urban area - discrete 

If the PCP includes information diffusion strategies, the ran-

domized movement is directly addressed to the PCP ï discrete 

PCP Box 
Initial spatial location within 

the represented urban area 

Range of (x, y) coordinates within a represented urban area ï 

discrete 

 

Spatial location and movement include randomized movement, which represented the scant or 

non-existent diffusion of information regarding implemented PCP in the real worldðthe main 

reason why consumers have not been apprised of these collection options. Randomized consumer 

movement was greater in the absence of diffusion of information regarding PCPs. Conversely, 

when information was spread, consumers (in accordance with their stated preferences) were drawn 

to the PCP. Further still, the spatial location of the two PCPs was also randomized so as to 

represent the physical dispersion of these programs in the real world. Also, continuous 

randomization helped represent differences among agents in terms of their motivation to cooperate 

(percentage) and, as a result, helped increase heterogeneity in the model. 

To define ñemergenceò in the ODD protocol, the following question must be answered: What key 

results, outputs or characteristics of the model emerge from individuals? (Müller et al., 2013). 

With an eye towards improving support and enhancing decision-making in policy makers and 

authorities, the desired results of emergent properties in Coop4SWEEEM, such as higher amounts 

of WEEE collected and higher cooperation between actors, were made explicit. These 

characteristics were, in turn, linked to higher sustainability and the prevention of pollution of 

WEEE management. Thus, emergence in Coop4SWEEEM can be said to refer to two categories: 

¶ The dynamics of WEEE collection that emerge from consumer decisions with respect to 

delivering waste are defined in terms of a comparison of their interests and incentives of-

fered by the PCPs. The flip side of collected WEEE is ñpotential pollutionò (WEEEs not 

delivered by consumers).  

¶ The dynamics of motivation to cooperate in producers and distributors result from the 

ñsatisfaction of individual interestsò related to collected WEEE. In addition, the observa-

tion of the maximum gap in the motivation to cooperate was interpreted as high-low po-

tential success of the aggregated PCP (of the whole system). 
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The direct environmental implications of potential pollution must be complemented by the real-

world consequences of not delivering WEEE to formal programs. Failing to deliver WEEE to 

formal programs may engender the following negative effects: i) it may fall into the informal 

recycling chain, which could harm the health of informal workers and the environment by 

releasing toxic substances; ii) it may be thrown away or disposed of (by consumers or members of 

the informal recycling sector) in public areas; see Vignette 2.1.1 in Chapter 2 for more on this 

point; and, iii) it may be discarded with ordinary waste, ending up in sanitary landfills. This 

situation would release toxic substances in the waste matrix and pollute natural resources, 

especially water sources. 

The model represents the dynamics of WEEE collection and agent behavior in a single unique 

design of the PCPs in each run. After runs, for the sake of comparing different scenarios (i.e. PCP 

designs), the results of each possible combination should be observed; using Equation 1, this 

meant observing a total of fifteen combinations. 

 

Eq. 1  

 

Where: i is the number of parameters (3 types of incentives, on/off), and j is the number of PCPs.  

 

3.3.3 Translating the Conceptual Model into the Computer-based Simulation 

To implement the ABM as a computer-simulation tool, the conceptual model must be translated 

into a computational one. The initialization elements and the following two sub-models facilitate 

this translation: cooperation between producers and distributors and consumer participation. 

In order to define the model worldôs initial state, and as set forth by the ñprocesses overviewò 

(Figures 3.6 and 3.7 above), the initial alliance for cooperation was implemented, which created 

two producers and two distributors; in turn, these producers and distributors were linked to two 

PCPs. Every agent possessed an initial motivation to cooperate and was placed in the 

corresponding active area (more or less). Then, the initialization called for the design and 

implementation of the two PCPs. In this model, there was no input data matched to external 

sources, such as data files, or other models representing processes that changed over time (the 

ODDôs definition of ñinput dataò).  

The first sub-model is ñCooperation between Producers and Distributors.ò Analyzing the data 

obtained in the case study allowed for the modeling of the mobilization of actors into local and 

global networks. The current normative situation in Colombia, as of 2015, is the existence of 

regulations for some WEEE generated, in particular computers, light bulbs and batteries 

(Milestone 3 in Figure 3-8); that is, PCPs are designed (in this model) for collecting the 

aforementioned WEEE to comply Colombiaôs regulatory framework (Milestone 4 in Figure 3-8). 

As Figure 3-8 makes clear, the mobilization of agents to cooperate between these two milestones 

reached roughly 50% of the maximum positive mobilization. In order to randomly assign the 

ὅȟ  
ὭȦ

Ὥ Ὦ Ȧ
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percentage of the initial motivation to cooperate (MTCo in Equation 2 below) as part of the initial 

agent attributes of these agents, the range was set between 45% and 55%.   

Figure 3-8: Actor mobilization in local and global networks in the single-case study of WEEE man-

agement in Colombia (see Chapter 2 for further information regarding the case study). 

 

 

During operation of the PCPs, agents with more than 70% motivation were placed in the more 

active area (representing the local network in the real world). Furthermore, during this stage, the 

level of motivation (%) was measured every week (each tick in NetLogo) and adjusted according 

to the amount of WEEE delivered at each PCP. Change in this variable is called ñsatisfaction of 

interestsò (in producers and distributors); ñsatisfaction of interestò dynamics are expressed by the 

equation 2: 

 

Eq. 2 

 

Individual satisfaction is a function of the WEEE collected via the PCP. It differed for producers 

and distributors: 

¶ For producers, it meant increasing WEEE collected by 1% per year 

¶ Also for producers, it meant either (cumulatively) increasing collected WEEE 5% per year 

(every 52 ticks in NetLogo): e.g. year 1, 5%; year 2, 10%; year 3, 15%; and so on. Or, con-

versely, reducing collected WEEE by 10% per year when it was under 5% (cumulatively). 

This rule represents real-world regulatory control (% of WEEE collected annually). 

¶ For distributors, it meant increasing WEEE collected by 2% per year or reducing non-

WEEE collected by 0.2% per tick (week).  

Low local network

mobillization

Solid 

project

High degreeof attachmentof A-N in global network.

DisagregatedA-N

High local network

mobillization

1

3

4

5

2
6

Maximum postive mobillization

50%

ὓὝὅϷ ὓὝὅ ὍὲὨὭὺὭὨόὥὰὛὥὸὭίὪὥὧὸὭέὲ 



 

47 

The simulation stopped when the motivation to cooperate percentage of any producer or 

distributor reached a value of zero. 

The second sub-model is ñConsumer Participation.ò To characterize this participation, a virtual 

survey of the Pontificia Universidad Javeriana community was conducted. A total of 2,139 of 

2,547 questionnaires were completed. Of these, 1,614 respondents were from Bogotá and fell into 

the following age ranges: 18 to 22 (43.4%), 22 to 50 (47%), >50 years old (9.6%). 53.3% of 

consumers prefer to deliver their WEEE to a PCP located in shops and stores where EEE is sold 

(shops, markets). This population of 53.3% showed other additional interests (i.e. motivation to 

participate) displayed in Table 3-7. 

Table 3-7: Consumer distribution according to primary motivation to participate (based on the virtual 

survey, Appendix F) 

Primary Interest  %*  

Receive money (economic incentive) 21.7 

Support social/environmental projects 70.8 

Finding the box is sufficient (proximity) 3.7 

Receive information about the PCP** 3.7 

* Of the 53.3% motivated by PCP in stores 

** Info. regarding what to do with WEEE and the negative impacts prevented by responsible 

recycling 

 

Each consumer started the simulation with 5 WEEE devices, and every week (tick), consumers 

could deliver one WEEE to a PCP-Box. The simulation should allow users to distinguish each 

consumer when they deliver WEEE. The simulation stopped when the total WEEE held by 

consumers fell below 5%. 

Coop4SWEEEM was implemented using NetLogo software. Table 3-8 summarizes the agents, 

computational attributes and values defined in the previously described design. 
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Table 3-8: Agents, computational attributes and values in Coop4SWEEEM 

Entity  Attribute  Values 

 Producer 
Motivation to cooperate 0 ï 100 

Resources 0 ï 100 

 Distributor Motivation to cooperate 0 ï 100 

 Consumer 

WEEE  0 ï 5 

Primary interest 1 - 4 

Money received 0 - 5 

Post-consumer 

program (PCP) 

Incentive offered (1 COP per WEEE received) On-Off 

Social/environmental project to support On-Off 

Diffusion of information about the PCP and 

WEEE management 

On-Off 

WEEE collected  0 - 805 

Resources bag 

Start with 0 

Decreases with each WEEE received 

Increases if producer belonging to the 

PCP cooperates 

Motivation to 

cooperate area 

High activity zone (higher % of motivation to 

cooperate):  x, y coordinates 

(-16 to 0), (9 to 16) 

Low activity zone (lower % of motivation to 

cooperate):  x, y coordinates 

(0 to 16), (9 to 16) 

Urban Area x, y coordinates (-16 to 16), (-16 to 8) 

 

The complete NetLogo code is included in Appendix G. In line with the ODD protocol described 

above, the interface has three main areas (see Figure 3-9 below).  

The initialization and input data area includes the design of the two PCPS, each of which has three 

kinds of incentives that can be turned on or off. Firstly, the PSA-Posc1 (or 2) corresponds to the 

support of a social/environmental project economically handled by producers. Secondly, the Inc$-

Posc1 (or 2) refers to the offer of a direct economic incentive to consumers, such as money in 

exchange for turning in WEEE or redeemable bonds when buying new EEE. The third and last 

incentive (DifuPosc1 ï or 2) is related to the diffusion of information regarding PCP via media.  
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Figure 3-9: Coop4SWEEEM interface1   

 

 

The first step in Coop4SWEEEM, as previously stated, consisted of implementing the initial 

cooperation alliance, whose main result was the visualization of producers and distributors (the 

upper animated area in Figure 3-9). There were two producer-distributor pairs linked to PCPs 1 

and 2, respectively. The second step was to design and implement the two PCPs in terms of 

incentives and then visualize both PCP-Boxes and consumers (the lower animated area in Figure 

3-9). There were 161 consumers, 10% of survey respondents in Sub-model 2 (Section 3.3.1.3) 

described above, adding up to a total of 805 units of WEEE at the simulationôs outset. 

After carrying out the previous steps, the collection system operation commenced. During this last 

phase, emergence and observance were continuously displayed in the output area. Consumer 

dynamics (lower part) and producer-distributor dynamics (upper part) can be seen in the 

Animation Area in Figure 3-9 (and Figure 3-10). Producer-distributor movement here represents 

agent motivation to cooperate; the value of this motivation increases or decreases according to the 

design described in Sub-model 1. For its part, the animation of consumers shows both their 

randomized movement relative to the location PCP Boxes; color changes correspond to consumer 

decisions regarding WEEE delivery (Figure 3-10).  

  

                                                 

1 This figure is in Spanish, given that it is a screenshot of the simulation used for the Case Study in Colombia, a Spanish-

speaking country 

Área de animación

Área de resultados

Área de configuraciónInitialization and input data
Animation

Outputs (emergenceand observation)
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Figure 3-10: Animation Area Details2  

 

Turning attention to the graphs in the output area (Figure 3-11), producer and distributor 

motivation changed in response to consumer delivery of WEEE, as well as potential pollution (%). 

Figure 3-11: Visualization of emergence and observation (output area)3  

 

A clear example of how the model works is seen in Figure 3-12. This figure illustrates results of 

the scenario in which PCP-1 includes consumer incentives and PCP-2 does not include any. For 

                                                 

2 This figure is in Spanish, given that it is a screenshot of the simulation used for the Case Study in Colombia, a Spanish-

speaking country 

3 This figure is in Spanish, given that it is a screenshot of the simulation used for the Case Study in Colombia, a Spanish-

speaking country 
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the sake of clarity, the graphs of the gap in motivation and potential pollution do not show data for 

each PCP; instead, they portray accumulated data. 

Figure 3-12: Example displays for one scenario (final simulated scenarios are shown in part 3.5 below)4 

 

 

At the end of each simulation run, the amount of WEEE collected by each PCP (as units and 

percentage), in addition to total time (years), final motivation gap and potential pollution were 

displayed in the output area. These data represent the criteria taken into account for each 

alternative (scenario) in the multi-criteria tool. 

In order to evaluate implementation of the ABM, an experimental design was utilized. Results can 

be consulted in Appendix G. 

 

3.4  The Multi-Criteria Decision-Making Tool 

The multi-criteria decision-making (MCDM) tool consists of a list of alternatives (scenarios 

simulated in Coop4SWEEEM) and criteria used to choose or reject alternatives (ai). To prioritize 

alternatives, the weighted sum method was employed (Caterino, 2009; Fishburn, 1967); this 

method requires a weight (wi) be assigned to each criterion (j), until 100% is assigned (Equation 

3). 

 

Eq. 3                 Вὥύ   

Four criteria were defined on basis of the results of the case study and literature review. Firstly, the 

amount of WEEE collected, the parameter included in policies and regulations as the unit of 

required producer collection amounts. Secondly, the time elapsed between the simulationôs 

                                                 

4 This figure is in Spanish, given that it is a screenshot of the simulation used for the Case Study in Colombia, a Spanish-

speaking country 
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beginning and end, which represents the number of years needed to collect the WEEE assigned to 

consumers. Thirdly, there was the final gap between producer and distributor motivation. Fourthly, 

there was the percentage of potential pollution registered at the end of the simulation. 

The weighted sum method was programmed in an Excel spreadsheet (Table 3-9 below); each cell 

was filled with data obtained from each run of the Coop4SWEEEM simulation. Each weight in the 

table could be changed by decision-makers (DES attendees) in order to generate debate about the 

importance of including the perspectives of different actors involved in the decision-making 

process. 

Table 3-9: Structure of the multi-criteria decision-making (MCDM) tool 

 

* The sum of the weights has to be equal to 100. The highest value corresponds to the most important criterion in the decision 

 

  

Simulated scenario Prioritization

Criterion weight* 100

1 Scenario 1 50 0 0 1 0 0 20 0 0 40 0 0 0 1

2 Scenario 2 20 0 0 0,2 0 0 50 0 0 20 0 0 0 2

3 Scenario 3 30 0 0 2 0 0 20 0 0 60 0 0 0 3

4 Scenario 4 40 0 0 3 0 0 60 0 0 10 0 0 0 4

5 Scenario 5 50 0 0 6 0 0 90 0 0 50 0 0 0 5

6 Scenario 6 90 0 0 0,4 0 0 2 0 0 5 0 0 0 6

7 Scenario 7 90 0 0 20 0 0 50 0 0 2 0 0 0 7

8 Scenario 8 70 0 0 10 0 0 5 0 0 80 0 0 0 8

The worstThe best The best

* The sum of the weights have to be iqual to 100. The highest value corresponds to the most important criterion in the decision

Prioritization scale

25 25 25 25

% WEEE Collected Years Motivation gap (% ) Potential polution (% )

The worst The best

Prioritization scale
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Figure 3-13: Relationship between the two T-Ts (Coop4SWEEEM simulation and MCDM [Excel])5 

 

3.5  DES Setup 

At first, to engage attendees, a shared understanding of key concepts had to be inculcated. A 

perfect example is the meaning of systems approach. This was defined as an approach that takes 

the following into account i) social, cultural, economic, politic, technical and environmental 

dimension; ii) roles within WEEE management (government, producers, distributors, consumers, 

and formal and informal recyclers); iii) stages of WEEE management in Colombia 

(production/importation, distribution, use/reuse, collection, pre-treatment, treatment, exportation); 

and, iv) circular cause-effect relationships stemming from current decisions in the short-, medium-  

and  long-terms. A post-consumer program (PCP) was defined as a collection strategy that 

consists of an urn (a box) physically available at EEE points of sale. A PCP should also offer 

incentives aimed at influencing consumers, and thereby the amount of WEEE collected.  

The third key concept was cooperation. In this DES, cooperation refers to the performance of 

activities that different actors should carry outðtogetherðin order to achieve more sustainable 

WEEE management. The specific activities required of each actor involved in the simulated 

collection system, along with the primary motivation of each, are shown in Table 3-10. 

 

 

                                                 

5 This figure is in Spanish, given that it is a screenshot of the simulation used for the Case Study in Colombia, a Spanish-

speaking country 

Resultadoscorrida 1, escenario1:

Resultadoscorrida 2, escenario1: 

Resultadoscorrida 3, escenario1:  


























































