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Abstract

:

Nowadays, sustainable approaches to waste management are becoming critical, due to increased generation and complex physicochemical composition. Waste electric and electronic equipment (WEEE) management, in particular, is being given increasing attention due to the continuous augment in electronic equipment usage and the limited recycling rates. In this work, a multi-objective engineering optimization approach using a decision support system (DSS) was used to analyze the feasibility of installing a WEEE treatment plant in the Friuli-Venezia Giulia region (Northeastern Italy), considering that most of the produced WEEE is currently exported outside the region. Meaningful economic and environmental parameters were considered in the assessment, together with current WEEE production and composition. Plant investment cost was in the range of EUR 7–35 M for a potentiality of 8000–40,000 ton of treated WEEE/yr, the lower bound corresponding to the WEEE produced in the region. Payback time was 4.3–10 yr, strongly depending on the market’s economic conditions as well as on plant potentiality. Proper public subsidies should be provided for a plant treating only the locally produced WEEE, establishing a circular economy. The fraction of recovered materials was 78–83%, fulfilling the current EU legislative requirements of 80% and stabilizing around values of 80% for a higher washing machine fraction. An increase in personal computers may allow to augment the economic revenues, due to the high conferral fees, while it reduces the amounts of recovered materials, due to their complex composition. CO2 emission reduction thanks to material recovery was in the range of 8000–38,000 ton CO2/yr, linearly depending on the plant potentiality. The developed DSS system could be used both by public authorities and private companies to preliminarily evaluate the most important technical, financial and environmental aspects to assess overall plant sustainability. The proposed approach can be exported to different locations and integrated with energy recovery (i.e., incineration of the non-recoverable fractions), analyzing both environmental and economic aspects flexibly.
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1. Introduction


Global population increase and economic growth unavoidably lead to increased waste generation, which poses significant sustainability challenges, especially if the waste is improperly managed [1]. Source selection of the generated waste allows to recover valuable resources and/or energy through the development of the so-called “biorefineries”, contributing to sustainable waste utilization, with a reduction in environmental pollution and additional economic benefits [2]. Given the raising interest in urgent environmental issues, including climate change and natural resources depletion, the European Union (EU) is strongly encouraging the transition from linear economy to a more sustainable circular economy (CE) framework in waste management [3]. CE consists of a closed-loop system, where a zero-waste philosophy is applied, with a holistic approach, aiming at a regenerative system, in which both waste and input energy flows are minimized [4]. The CE paradigm attracted increasing interest in the last years, following the most recent EU guidelines on waste management [5,6].



Among the different waste fluxes, waste from electric and electronic equipment (WEEE) stands out as the fastest-growing waste stream [7]; in addition, WEEE management faces significant technological challenges, due to the contemporary presence of recyclable and hazardous components [8]. Considering quantitative data, yearly, Oceania generates 17.3 kg WEEE/inhab, while Europe and America follow with, respectively, 16.6 kg/inhab and 11.6 kg/inhab of produced WEEE [9]. Global WEEE generation reached 53 Mt in 2019 from 33.8 Mt in 2010 [10], and a further 3–4% increase is expected annually in the next years [11,12].



In the market, nearly 900 different categories of electrical and electronic equipment (EEE) are currently present, including information and communication technology (ICT) products, such as personal computers and mobile phones, video cameras, and household equipment (e.g., washing machines), refrigerators and air conditioners [13,14]. Amongst WEEE, mobile phones and computers stand out as the most common wastes, due to their short life-span, widespread usage, and rapid development and replacement [6]. WEEE, also called e-waste, which originates from discarded EEE, is composed of up to 69 elements (precious and base metals, critical raw materials) [14], and contains costly components with a significant economic value, if properly recycled and recovered [15]. However, WEEE also includes a large number of hazardous compounds (mercury, brominated flame retardants, chlorofluorocarbons—CFC, and hydrochlorofluorocarbons—HCFC) that, if improperly managed, can lead to heavy environmental pollution, as well as human health risks [14,15,16].



When compared to other waste streams, the correct management and recycling of WEEE are particularly critical due to the peculiar waste composition and continuously increasing WEEE amounts. Also, landfill conferral is still the prevalent disposal method for all fractions that are not precious or base metals, with negative environmental burdens [14]. A recent study focused on two Scandinavian countries, i.e., Denmark and Norway, showed that there is still a limited degree of circularity in WEEE management, with a mismatch between companies’ approach to end-of-life management and the ambitions of the European WEEE Directive (2012/19/EU). This is even more surprising if considering that the Northern EU countries currently show the best performances in WEEE recycling, with values above 60% in Sweden and Switzerland, and between 38 and 50% in Norway and Denmark [17]. In the 2012 WEEE Directive, the EU imposed strict recycling quotas for the different WEEE categories [18], differentiated for each State Member; remarkably, these quotas cannot be fulfilled only by metal and glass fractions, but also plastic recycling is needed, due to its significant content (20–35%) in most WEEE [19].



As previously highlighted, WEEE management has become a global concern, due to rapid economic growth, urbanization, and growing high-tech demand [20], together with decreasing product service life [21]. However, only about 20% of all the generated WEEE is currently documented to be correctly collected and recycled [10], while a prevalent fraction of the produced WEEE is still incorrectly disposed of, even in illegal ways [22]. Still, an unfair, uncircular, unsustainable, and unequal WEEE market towards African countries (e.g., Nigeria) exists, which negatively impacts both the environment and human health [23]. Even in advanced countries like Germany, the mass of collected WEEE is significantly lower than the amount of EEE put on the market, so the recycling quotas required by the EU legislation are still not satisfied [24]. Some critical aspects that need to be addressed to improve global WEEE management may include a mandated network registry, the integration of formal and informal sectors, better consumer awareness and improved eco-designs, further investments in recycling and reuse facilities, improved disposal facilities, regulated transboundary movements, manufacturers’ responsibility, and a more stringent law enforcement [9].



Thus, WEEE recycling and resource recovery clearly represent an opportunity to reduce greenhouse gas (GHG) emissions and global environmental impacts [25]. Furthermore, as previously introduced, e-waste recycling can be an outstanding source of raw materials (including rare earth metals) for European economies, which traditionally lack mineral resources; interestingly, recycling processes allow for reducing both energy usage and CO2 emissions when compared to raw ore processing [26]. The feasibility of WEEE reuse, instead, strongly depends on commercial alternatives for product application, with power consumption and life-span being major factors in the overall reuse feasibility [27]. Remarkably, not always WEEE reuse is environmentally more sustainable than recycling, especially when dealing with energy-intensive equipment (e.g., white goods), whose efficiency throughout their life-span is more impactful than the construction phase [28]. Reuse of small electric devices, instead, is typically more sustainable than recycling since product utilization is less impactful than manufacturing [28].



Due to the interaction and contradiction between different economic and environmental objectives, the decision-making process can be extremely complicated when working with real complex wastewater or waste flows, such as WEEE [29,30]. Innovative approaches for WEEE management (including modeling tools focused on material flow analysis and life cycle assessment—LCA) are being currently developed in the literature to enhance overall sustainability, with a focus on resource recovery [31,32]. In particular, multi-objective optimization is useful to evaluate complex scenarios, including WEEE management, providing useful insight to decision-makers concerning the overall sustainability of alternative solutions for WEEE treatment. A multi-objective optimization approach was recently applied to study green chain network design and sustainable distribution systems [33]. Similarly, a multi-objective logistic model, including economic, environmental, and social factors was proposed in [34] to optimize reverse logistics in the Indian WEEE market: supply chain profitability, environmental impact of processes and activities, and social benefits were thoroughly analyzed [34]. However, to the best of the authors’ knowledge, a thorough approach to preliminarily evaluate the techno-economic sustainability and environmental benefits of a WEEE treatment plant is currently missing in the literature.



The present research was aimed at developing a decision-support tool to preliminarily assess the financial sustainability and related environmental burdens of a WEEE treatment plant, providing a useful tool for decision -makers (public authorities and private companies). The case study of the Friuli-Venezia Giulia region (Northeast of Italy) was specifically investigated, given the lack of dedicated plants on the territory, but the proposed approach can be exported to any location by properly specifying the related boundary conditions (amount of produced WEEE, specific WEEE composition, conferral fees, economic subsidies for the recovered products). The different WEEE fractions were investigated, together with their specific composition, to evaluate the total amount of resources that could be recovered. A plant layout treating the produced WEEE was designed, considering the specificity of the different WEEE fractions. The economic sustainability of the investment was assessed considering actual market conditions for WEEE, together with plant operating costs. The environmental impact was analyzed with CO2 emissions reduction thanks to resource recovery, as well as considering the fraction of recovered materials. A multi-objective optimization model (modeFRONTIER® 2021R3) was employed to evaluate the variation of meaningful economic and environmental parameters under changeable input conditions, including plant potentiality, WEEE-specific composition, conferral fees of the different WEEE fractions, and incomes given by national packaging consortium. Parameter variation was consistent with current market evolution. A wider utilization of standardized mathematical tools such as the present one to thoroughly evaluate the techno-economic and environmental sustainability of a WEEE treatment plant may allow to stimulate in the future increased WEEE recycling with valuable resource recovery, highlighting the advantages of conscious and correct management of this important waste stream.




2. Multi-Decisional Modeling Approach


Given the level of detail of the information available from the regional waste management databases (i.e., ARPA) [35] used for gathering input data for the model, the work has been structured in sequential steps, as schematized in Figure 1. The treatment capacity of the WEEE plant considered regional waste availability to enhance the environmental sustainability of WEEE management from a circular economy perspective.



A state-of-the-art review of decision-making methods applied to sustainable energy planning was provided in [36]. The investigation phase forecasts data acquisition (WEEE production and availability, product composition, and feasible recovery technologies). The design phase consists of scenario analyses, performed using mathematical simulations; the first step of this phase is the definition (through the so-called formative scenario analysis) of the different WEEE products to be recovered, starting from a list of available waste products on public databases. The specific features of each product, such as recoverable material fractions, must be known, including the presence of hazardous materials or fluids that need particular disposal procedures. Moreover, the plant’s technologies and economic features, such as capacity-specific capital costs, but also operations and maintenance (O&M) costs, must be available to allow a thorough assessment.



Besides technical constraints for each considered WEEE product, territorial boundary conditions were also considered, e.g., the local waste availability, automatically excluding from the DSS evaluation the non-compliant scenarios. Finally, concerning the constraints imposed on the model outputs, compliance with some threshold values of economic indicators (e.g., the maximum payback time) was imposed to exclude economically inconvenient scenarios.



Since the aim of the toolbox was a sustainability evaluation of local WEEE recovery and treatment, besides the economic objective functions, the environmental (minimization of carbon dioxide emissions) and the energy (maximization of primary energy saving) aspects were considered as well within the developed DSS.



The decision variables considered within the DSS for the model development, which are explained in detail in the Results section, are briefly: (i) the treatment plant capacity; (ii) the mass of recoverable materials; (iii) the economic value of these components; and (iv) the value of the economic subsidies linked to the environmental and energy benefits, such as the Italian energy efficiency stocks (TEE), that correspond to one ton oil equivalent (TOE) of primary energy saving. The investigation was carried out by varying the decision variables in a pre-defined range with a chosen step of variation.



The four-step simulation procedure (design of experiment—DOE, calculation, initial population variation) of the multi-objective optimization model was conducted following the procedure reported in [37] with the support of a commercial software (modeFRONTIER® 2021R3).



The last phase consists of decisionmaking, performed using a critical comparison of the performances of the different scenarios and an analysis of the impact of the most important decision variables on the objective functions.




3. Treatment Plant Modeling


The main aim of the conducted research was to reuse the recovered material in the analyzed regional area, where several energy-intensive industrial plants are present (e.g., steel casting facilities).



3.1. Waste Availability and Composition


As previously reported, quantitative data regarding WEEE production in the analyzed region were obtained from ARPA’s (i.e., the Regional Agency for Environment Protection) public database [35]. WEEE characterization, in terms of single product categories, was conducted following the actual WEEE market and availability as well as with interviews with experts in the field. For each category, different commercial products were considered, analyzing the possible materials to be recovered, including ferrous (steel, iron) and non-ferrous (aluminum, copper, brass) metals, as well as other important materials such as glass, oil, concrete and recoverable plastics, and still-working ancillary components (engines, pumps).



The non-recoverable fractions, including thermosetting plastics and rubbers, electric components, and fluids, that need special treatment to avoid negative environmental burdens and/or hazardous effects originating from an uncontrolled dispersion, such as CFCs, were supposed to be sent to a dedicated disposal. The detailed composition of each WEEE stream obtained from this preliminary assessment, together with the recoverable and non-recoverable fractions from each WEEE category, is summarized in Figure 2.



The treatment operations of the collected WEEE are described more in detail in the following section.




3.2. Plant Design


The considered plant layout (Figure 3) is essentially composed of (i) a storage and an intake system; (ii) a pre-treatment phase, where all the hazardous materials and fluids (cathode tubes from monitors and televisions, CFC refrigerants from refrigerators) are manually separated; (iii) a two-step grinding phase (where all the waste components are dimensionally reduced to facilitate the following separation); and (iv) a selection phase, where the materials are divided into recoverable and non-recoverable fractions for successive valorization and/or dedicated treatments.



Conventional separation techniques (magnetic and eddy current separators, grinding, and sieving) are used to recover the metals, separating them from the other materials, mostly involving plastics, inert fractions (glass, concrete, ceramics), and wood. The separated materials (especially metals and selected plastics) can be then recovered and valorized, or disposed of if their quality is too low (e.g., mixed plastics).



The treatment plant was schematized using a simplified model developed in Microsoft Excel (MS Office LTSC Professional 2021)®, reporting mass and energy balances for each treatment step. Considering the total weight of each WEEE product as Qi (ton/yr) and the specific material fraction that makes up the product as xi, the total amount of recovered materials (Qm, ton/yr) can be expressed as:


    Q   m   =   ∑  i      x   i   ·   Q   i      



(1)




where the subscript i represents the considered product category.



Multiplying the results of Equation (1) for the specific emission factor of the considered material fraction (μ, ton CO2,eq/ton), the expression for GHG emission reduction (ton CO2,eq/yr) obtained from the recovery of the analyzed fraction can be easily obtained:


    C O   2   =     ∑  i      x   i   ·   Q   i       μ  



(2)







Extending the sum to each recovered material fraction, the overall GHG emission reduction (ton CO2,eq/yr) due to resource recovery can be finally expressed as:


    C O   2   =   ∑  j        ∑  i      x   i j   ·   Q   i         μ   j      



(3)




where the subscript j represents the material fraction.



The electricity request for the plant’s operation considers the global request of all the separation and treatment phases. Power functions of the selected process technologies were built as proposed in [38] and reported in Equation (4):


    P   y   =   P   r e f   ·         x   y       x   r e f         α    



(4)




where the electricity request of the considered technology, Py (kW) at a defined capacity xy (ton/yr) is determined knowing its reference power request (Pref, kW) at a known reference capacity xref (ton/yr), and by applying a scale factor α.



As concerns the thermal energy request, it was necessary to cover the plant’s thermal needs; the solution able to minimize GHG (CO2, CH4) and other pollutant (NOx) emissions was chosen to limit the overall environmental impacts as much as possible: following a preliminary technical analysis, a gas-fired boiler was selected.




3.3. Economic Analysis


To thoroughly evaluate the plant’s performances, economic aspects were also taken into consideration in the techno-economic assessment. Plant investment costs include storage areas, sheds, canopies, and offices, where a unit cost expressed in EUR/m2 was considered, as well as all electromechanical devices for WEEE dismantling and separation, and trucks for waste collection and transportation. For electromechanical equipment, the cost of commercial devices was used, while collection and transportation costs were estimated using interviews with experts in the field. The considered operating costs forecast electricity and natural gas, and fuel for trucks, as well as the maintenance of the infrastructure and electromechanical equipment. The revenues are connected to two different aspects: (i) the input conferral fees of the different WEEE fractions, expressed as EUR/ton, multiplied by the mass of each WEEE stream; (ii) the subsidies provided by the national packaging consortium (CONAI) for the recovered materials, according to the specific composition of each WEEE stream.



As explained in the previous sections, the plant was composed of specific processes operating in different phases in the process scheme. Cost functions of the applied technologies were built by applying Equation (4) and by substituting power with costs, expressed as EUR.



The revenues deriving from material recovery were obtained by substituting the emission factor μ in Equation (3) with the specific cost of each material fraction (expressed as EUR/ton), leading to the following equation:


    R   m   =   ∑  j        ∑  i      x   i j   ·   Q   i           c   j    



(5)







Economic analysis was carried out through the calculation of the initial capital cost and annual cash flows. Two common performance parameters were utilized to compare various scenarios: net present value (NPV) and payback time (PB). They were calculated as follows:


  N P V = −   C   T O T   +   ∑  y = 0   15        F C   y         1 +   k   d i s c o u n t   + i n f l     y        



(6)






  P B =     C   T O T     F C    



(7)




where CTOT represents the total investment cost (EUR), FC is the annual cash flow (EUR/yr), kdiscount and infl indicate the discount (%) and inflation rate (%), respectively assumed, while y represents the considered year.





4. Results


The implementation of the developed model within the DSS tool was aimed at helping the stakeholders in the decision-making process through a conscious comparison between different WEEE treatment and recovery scenarios. The development of a database of inputs to the model represented one of the project’s preliminary activities.



In Table 1, the parameters considered in the modeling study are summarized. They consisted of total WEEE amounts to be treated, specific WEEE composition (in terms of single categories), conferral costs for the different WEEE fractions, and market compensations (subsidies) for the recovered materials. The latter values were set according to the actual Italian market and also forecasting a possible future market evolution, according to interviews with specialized operators in the WEEE sector.



The annual report of the Italian WEEE Coordination Center, in fact, reports for 2022 a total WEEE production of 360,842 ton, subdivided into 5 categories (R1–R5): R1 includes refrigerating devices, and can be assimilated to fridges, while R2 mostly gathers washing machines and other large whites. R3 is related to monitors, including televisions, while R4 and R5 respectively include ICT products (including PCs) and light sources [39]. The relative proportion of the 5 WEEE categories are shown in Figure 4. The composition of the collected WEEE in Italy in 2022 highlights a prevalence of R2 (washing machines) and, secondly, of R1 (fridges) [39], coherently with what reported in Table 1. In Table 2, the most important output parameters considered in the assessment are summarized, including the technical constraints that were introduced to ensure plant economic and environmental sustainability. Besides traditional economic parameters, such as total capital cost, PB time, and NPV, meaningful environmental aspects were considered, including the reduction of CO2 emissions (due to resource recovery from WEEE) and the fraction of total recycled materials, expressed as % of the influent waste flow, to satisfy the thresholds of the current legislative framework (EU Directive 2012/19), that asks for a minimum 80% recovery.



Case Study: Friuli-Venezia Giulia WEEE Plant


The amount of WEEE generated in the Friuli-Venezia Giulia region (Table 3), which consists of a total production of about 7700 ton/yr, was used as the first attempt flux of input material for the plant modeling in the mathematical simulations. The different EWC (European Waste Catalogue) categories of the different WEEE products are reported in Table 3: it can be seen that specific WEEE production is around 6.5 kg/inhab yr, which is coherent with the mean North Italian production, and higher than mean Italian WEEE generation [39]. In addition, the WEEE composition used for the developed model is consistent with the most recent data regarding Italian WEEE production [39].



The main results of the mathematical modeling are depicted in Figure 5: the economic indices for a plant exclusively treating the local WEEE are generally not compatible with an industrial utility. In fact, the PB time is around 10 yr even for the most optimistic market scenarios, which forecast high conferral costs of the WEEE fractions and high revenues from the recovered secondary materials. The capital cost for the WEEE plant was calculated as EUR 7 M for the lowest amount of treated WEEE (7600 ton/yr), while it increased up to around EUR 30 M for the highest considered flux of WEEE (40,000 ton/yr).



The NPV index strongly depended on the economic market conditions and was essentially zero for the worst scenarios (corresponding to a PB time of 10 yr), while it increased up to EUR 30 M in correspondence to high waste conferral costs, high fees for recovered materials, and higher waste fluxes than those exclusively produced in the analyzed region (i.e., most favorable conditions). The recovered material fraction was in the range of 78–83%, and interestingly, an increase in the washing machine fraction allowed to stabilize the overall recovered fraction at about 80%, allowing to satisfy current legislation requirements. This is due to the relatively high amounts of materials that can be recovered from this particular WEEE category. An increase in plant potentiality up to 40,000 ton/yr (considering also treating the WEEE fluxes produced by other Italian regions) allowed for significantly improving the economic indices, reducing the PB time to about 4 yr for the most optimistic scenarios. In these conditions, a higher NPV value, up to EUR 30 M, was obtained. Regarding environmental performances, CO2 emission reduction was in the range of 8000–38,000 t CO2/yr, linearly depending on plant potentiality, due to the proportionally higher amount of secondary materials recovered from the treated WEEE.



For the considered WEEE treatment scenarios, the charts in Figure 6 depict the main effects of the most important decision variables on PB minimization and material recovery maximization. Some decision variables have been omitted in these charts due to the limited effect on the objective functions. In these diagrams, a box plot of a low level and a high level (represented respectively with a “−” and a “+”) for each variable is represented. The difference between the average value of the two groups represents the relative importance of the variable: the greater the difference, the more important the variable. In addition, the slope of the line connecting the mean values of the two groups represents the correlation between the variable and the objective. A positive slope indicates a positive correlation, while, on the contrary, a negative slope indicates a negative correlation.



The analysis of economic indices variation with the most relevant input parameters of the model (Figure 6) showed that an increase in washing machines and PC fractions could allow for reducing the investment PB time due to their relatively high conferral fees compared to other WEEE fractions (e.g., televisions) (Table 1). This behavior may be consistent with market evolution in the next years, considering that personal computers are more and more present in all household and industrial activities, and their life-span is often lower than other EEE products [6]. In addition, an increase in the fridge fraction and a decrease in PC percentage would allow to increase the total amount of recovered materials from the analyzed WEEE, according to the specific composition of each waste stream. In fact, the peculiar PC composition limits the amounts of recoverable materials, so it appears fundamental to treat a WEEE mix with a significant presence of other products, such as fridges. Finally, in the considered range of input variables (Table 1), PC conferral cost had a higher influence on plant economic sustainability, if compared to fridge conferral cost and also to the subsidies provided for secondary recovered material (steel and aluminum), due to the significantly higher boundary in the PC conferral cost that was considered in the assessment.



Actually, a significant increase in the subsidies provided by the Italian national consortium CONAI for recovered materials has been observed in the market in the latest years, thanks to the higher quality of the collected waste streams [40], so a further enhancement in these subsidies can be easily forecast in the near future. In any case, it is fundamental to monitor market conditions to assess the long-term sustainability of the investment. The presence of dedicated incentives could increase the financial sustainability of the WEEE treatment plant, especially when selecting a relatively low amount of treated waste, such as that exclusively produced in the analyzed region. This solution would create a real circular economy in the sector, but the calculated economic indices appear dissatisfying in the absence of dedicated incentives. Regarding environmental performances, CO2 emission reduction is mainly influenced by recovered material fractions: waste income showed to greatly influence environmental performances. The washing machine fraction displayed a similar but less pronounced effect, while the fridge fraction exhibited a limited effect. On the contrary, an opposite effect was featured by the PC fraction, leading to a decrease in CO2 emission reduction, again due to the limited possibility of material recovery due to its peculiar composition.





5. Discussion


The proposed DSS approach to assess WEEE plant sustainability and the related potential for resource recovery is extremely flexible and could be exported to different locations by changing boundary conditions (amount of treated WEEE, composition of the treated waste, conferral fees and subsidies for the recovered materials). This simplified evaluation, which accounts for multiple but potentially conflicting objectives (e.g., maximization of revenues and limitation of the environmental impacts), can be useful both for public authorities and private companies to preliminarily evaluate plant installation feasibility in changeable market conditions, including meaningful environmental aspects, which are becoming crucial in the transition towards a circular economy. Furthermore, additional treatment operations could be included in the modeled plant, such as the incineration of the non-recoverable fraction (mixed plastics, wood). The actual study could be a useful tool for policymakers and could be further implemented by considering the recovery potential of precious and rare earth metals, as proposed in [13] for the Australian case study, better assessing the overall value of the recovered materials. Furthermore, the inclusion of social indicators, such as additional job places, workdays created, and harm risk at work should be considered in the future to have a broader vision that goes beyond economic and environmental aspects; these indicators were studied in [34] in a WEEE multi-objective optimization model, together with conventional economic and environmental parameters.



From the preliminary results obtained in the present modeling campaign, it could be seen that installing a WEEE treatment plant in the analyzed region would be environmentally attractive considering a circular economy approach, and aims at closing the waste cycle in the area where it is produced, avoiding transporting the produced WEEE to other regions. In fact, plant implementation allowed a virtuous GHG emission reduction, comparable with what was obtained in similar studies [41]. If considering an economic perspective instead, WEEE plant sustainability would be assured only with a higher WEEE flow than that produced in the investigated region. In this regard, an enhancement of economic performances could be achieved through precious metals recovery (e.g., gold) from printed circuit boards (PCBs) of the treated WEEE as investigated by several studies [42,43]. However, WEEE plant installation may be seen also from the perspective of public utility, and not only from that of a private company, providing dedicated incentives to allow its operations. More generally, an effort towards a higher collection of WEEE is needed in Italy, due to the lower recovered amounts in comparison to other European countries, such as Germany and France [39], to move towards the required EU legislative standards. So, the amount of WEEE to be treated and recycled is expected to grow in the next years, even if with a slowly increasing trend, as observed in the past. The need for improved WEEE collection and management was underlined also in [32], where the Belgium case study was analyzed, reporting a low current recycling ratio of 32%; interestingly, the reported paper proposed an approach based on combined material flow analysis (MFA) and LCA to thoroughly optimize the environmental performances of the WEEE recycling chain.



Another remarkable paper suggested the possibility of applying the Internet of Things (IoT) approach in WEEE collection systems in Malaysia to enhance the efficiency of the collecting chain: a backend server was developed to automatically notify and schedule e-waste collectors to recover WEEE when the volume of the collector box reaches 80% filling [44]. As domestic e-waste flow is very complex and strongly depends on consumers’ behavior, household surveys can be conducted to obtain primary data to understand citizens’ behavior towards WEEE, including meaningful aspects such as out-of-use storage, intention to repair damaged EEE, waste destination, place and time of acquisition, second-time acquisition, and donation [45]. Other virtuous approaches to moving towards a circular economy in the WEEE sector may include a stronger focus on reuse, remanufacturing, and refurbishment as sustainable practices to extend product life, reducing the overall amount of produced waste [6].



Further development of the current model is needed in the future, since a deeper characterization of WEEE products and material composition should be carried out, following the fast WEEE market evolution that is occurring nowadays. In this framework, in [46], an intense characterization campaign was carried out to assess specific WEEE characteristics in Portugal: it was shown that the additives used to darken plastics lower their detection in installed optic separators, contributing to a lower global recycling ratio. Moreover, a more detailed mathematical model should be developed in the future, considering the energy recovery of the non-recoverable waste fractions that possess a significant energy recovery potential (e.g., wood or mixed plastics). Finally, advanced recovery technologies may be considered, such as biotechnological processes (e.g., bioleaching, biosorption, and bio-electrochemical systems), that represent new alternatives to traditional pyrometallurgical processes and that could be potentially exploited in the future to recover critical components and reduce environmental pollution [47]. However, the technological readiness level (TRL) and the environmental sustainability of these innovative strategies, which also include dissolution/precipitation, supercritical fluid extraction, catalytic pyrolysis, and waste-to-energy equipped with carbon capture and storage (CCS), should be carefully assessed before industrial implementation [48].



Finally, a dedicated tool for sustainability assessment in WEEE management named “SUSTWEEE” was recently developed in the scientific literature, addressing environmental, economic, and social aspects: seven main indicators, including qualitative and quantitative aspects, were defined and assessed considering 44 criteria [49]. Allocation and normalization steps were performed, resulting in a useful WEEE evaluation matrix with color coding; in this sense, it could be interesting to include social indicators in the model developed in the present study to give a broader overview to decision makers.




6. Conclusions


In this work, a mathematical toolbox was developed to preliminarily analyze the financial and environmental sustainability of a WEEE treatment plant with resource recovery, following circular economy principles. Different WEEE products were supposed to be treated coherently with the current market situation. The variability of relevant input parameters such as waste conferral fees, plant potentiality, percentage of the different WEEE fractions, and fees for the recovered material fractions were investigated. In order to assist stakeholders in the decision-making process, a holistic DSS was implemented, which can be potentially exported to other case studies across the world, considering the rising interest in WEEE management and the still limited recycling ratio, despite the recent legislation acts (e.g., UE Directive 2012/19).



The results revealed that the capital cost of WEEE plant construction is in the range of EUR 7–35 M for the different tested potentialities (8000–40,000 ton/yr), the lower bound corresponding to the WEEE exclusively generated in the region, while the upper bound considered treating also the WEEE produced by neighboring regions. The minimum obtained PB time was 4.3 yr, considering favorable market conditions (high conferral fees and maximum subsidies for the recovered product fractions) which can be consistent with future market evolution, considering the rising value of recovered materials, and the largest plant potentiality. CO2 emissions reduction due to material recovery was in the range of 8000–38,000 ton CO2/yr, linearly increasing with plant potentiality. The treatment of the WEEE exclusively produced in the investigated region allows to give significant environmental benefits, due to the establishment of a local circular economy; however, the financial sustainability of this solution is limited. Thus, proper financial incentives should be provided by public authorities. The fraction of recovered materials varied with WEEE- composition in the range of 78–83%, satisfying in most cases, the required threshold of 80% recovery. The specific composition of a WEEE mixture has a conflicting influence on results: while an increase in the PC fraction allows a rise in economic income, due to the high conferral fee, it decreases the fraction of recovered materials, due to the relatively unfavorable composition of this stream when compared to other fractions (e.g., washing machines).



Considering the rising amounts of WEEE produced globally and the currently low recycling rates, it will be critical in the future to develop a diffuse network of recycling plants. This research allows to preliminarily assess, in any situation, the financial and environmental sustainability of installing a WEEE treatment plant by specifying the boundary conditions (plant potentiality, WEEE composition, and conferral fees and subsidies for the recovered fractions). Further research and model optimization must be carried on in the future, such as the integration of energy recovery from non-recoverable fractions (mixed plastics and wood), as well as the consideration of social aspects, besides the economic and environmental parameters.
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Figure 1. Conceptual scheme of the developed decision support system (DSS). 
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Figure 2. Recoverable and non-recoverable fractions from the analyzed WEEE streams. 
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Figure 3. Process scheme of the waste electric and electronic equipment treatment plant. 
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Figure 4. Composition of the collected waste electric and electronic equipment in Italy in 2022. 
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Figure 5. Variation of WEEE plant environmental and economic indices at different plant potentialities. 
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Figure 6. Effect of waste flux, composition and conferral fees on waste electric and electronic equipment plant payback time, CO2 emission reduction, and recovered material fraction (PC: personal computer; WM: washing machine). 
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Table 1. Variable input parameters considered in the modeling approach.
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	Parameter
	Initial Value
	Simulated Range
	Simulation Step





	WEEE plant potentiality (ton/yr)
	7600
	7600–40,000
	5000



	Fridges specific fraction (-)
	0.17
	0.15–0.20
	0.01



	Washing machines specific fraction (-)
	0.29
	0.25–0.40
	0.01



	Computers specific fraction (-)
	0.14
	0.10–0.25
	0.01



	Fridges and washing machines conferral cost (EUR/ton)
	80
	50–200
	10



	Televisions conferral cost (EUR/ton)
	100
	50–120
	10



	Computers conferral cost (EUR/ton)
	400
	200–500
	20



	Compensation steel recovery (EUR/ton)
	31
	31–61
	10



	Compensation aluminum recovery (EUR/ton)
	131
	131–251
	20



	Compensation plastic recovery (EUR/ton)
	82
	82–404
	40



	Compensation glass recovery (EUR/ton)
	6
	6–53
	9










 





Table 2. Output parameters considered in the modeling approach and adopted constraints.
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	Parameter
	Constraint





	Total investment cost (EUR)
	None



	Yearly operating costs (EUR/yr)
	None



	Yearly income (EUR/yr)
	None



	Net Present Value (NPV) (EUR)
	None



	Pay-back (PB) time (yr)
	≤10 yr



	CO2 emission reduction (ton CO2/yr)
	None



	Recovered material fraction (%)
	≥80%










 





Table 3. WEEE production in Friuli-Venezia Giulia region in the year 2022, sub-divided using EWC codes.
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	Province
	EWC 200307 (ton/yr)
	EWC 200123 (ton/yr)
	EWC 200135 (ton/yr)
	EWC 200136 (ton/yr)
	EWC 200121 (ton/yr)
	WEEE tot (ton/yr)
	Popul (inhab)
	Specif Prod (kg/inhab yr)





	Udine
	-
	868
	589
	2057
	22
	3363
	516,715
	6.51



	Gorizia
	-
	181
	113
	578
	3
	978
	137,784
	7.10



	Pordenone
	82
	419
	245
	1129
	11
	1798
	309,612
	5.80



	Trieste
	-
	322
	170
	916
	3
	1501
	228,080
	6.58



	Total Friuli-Venezia Giulia region
	82
	1790
	1117
	4680
	39
	7708
	1,192,191
	6.47
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