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Abstract
In modern society, use of natural resources poses a great challenge. However, the circular economy paradigm has defined a new concept of waste, proposing it as a business opportunity. Of particular interest in this paradigm is ‘waste electrical and electronic equipment’ (WEEE), given its high growth rate, and ‘wasted printed circuit boards’ (WPCBs), which are the most valuable component of WEEE. Although WPCB recycling is currently dominated by large firms, the present work evaluates the economic feasibility of hydrometallurgical processes, as used within small and medium enterprises (SMEs). Discounted cash flow (DCF) is used as a reference methodology and net present value (NPV) is used as an economic performance index. The analysis is conducted on three categories of WPCBs (low-, medium- and high-grade) and 15 categories of e-waste. The results underline the key role played by the market price of Au and Pd, plus the purchase cost of WPCBs. Accordingly, sensitivity, scenario and risk analyses are conducted on these variables and a break-even point (BEP) analysis is used to define the exact values for which economic feasibility is verified. NPV is shown to vary from 6.8 million € for medium-grade WPCBs to 63.0 million € for high-grade WPCBs in a baseline scenario, with a negative (unprofitable) result (NPV of -2.8 million €) for low-grade WPCBs.
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Nomenclature
	Ag
	Silver
	Pb
	Lead

	Al
	Aluminium
	PCB
	Printed circuit board

	As
	Arsenic
	Pd
	Palladium

	Au
	Gold
	PI
	Profitability index

	Be
	Beryllium
	pi
	Percentage of insurance

	BEP
	Break-even point analysis
	pm
	Price of metal

	Br
	Bromine
	pms
	Percentage of maintenance (refinement)

	Cc
	Conferred material cost
	pmr
	Percentage of maintenance (shredding)

	Cd
	Disposal material cost
	pt
	Percentage of tax value

	Cd
	Cadmium
	Pt
	Platinum

	Ce
	Electricity cost
	Qas
	Quantity of powders after shredding

	Cinv
	Investment cost
	Qbr
	Quantity of powders before refinement

	Cl
	Labour cost
	Qcm
	Quantity of common metal powders

	Cl
	Chlorine
	Qe
	Quantity of envelope

	Clcs
	Loan capital share
	Qh
	Quantity of hazardous waste

	Cp
	Purchase cost
	Qhm
	Quantity of hazardous metal powders

	Cr
	Reactant materials cost
	Qlr
	Quantity of lost materials (refinement)

	Cu
	Copper
	Qls
	Quantity of lost materials (shredding)

	DCF
	Discounted cash flow
	Qnm
	Quantity of non-metal powders

	DPBT
	Discounted payback time
	Qvm
	Quantity of valuable metal powders

	ebt
	Earnings before taxes
	Qw
	Quantity of WPCB

	EoL
	End of life 
	r
	Cost opportunity of capital

	es
	Electricity (refinement)
	rd
	Interest rate on loan

	es
	Electricity (shredding)
	Sb
	Antimony

	Fe
	Iron
	Sr
	Share of refinement

	inf
	Rate of inflation
	Ss
	Share of shredding

	lm
	Purity level of metal
	Sn
	Tin

	n
	Lifetime of the project
	t
	Time of the cash flow

	nd
	Period of loan
	Ta
	Tantalum

	Ni
	Nickel
	WEEE
	Waste electrical and electronic equipment

	nl
	Number of operators
	WPCB
	Waste printed circuit board

	NPV
	Net present value
	Zn
	Zinc



1. Introduction
The ‘circular economy’ and ‘waste electrical and electronic equipment’ (WEEE) are emerging hot topics attracting great interest in the fields of environmental science and engineering (Ji et al., 2018). One of the most sustainable ways to use natural resources is to recover them from waste products (Bahers and Kim, 2018; Gaustad et al., 2018). Among all the waste sources produced by human activity, electronic waste (e-waste) is one of the most important, in terms of both volume and growth (Kumar et al., 2017). It is not always simple to estimate overall WEEE production in a certain country, especially when collection systems are absent or only newly installed, or when a substantial percentage of Au-rich PCBs is illegally commercialised. Nevertheless, some methods for assessing WEEE production were developed from the population balance model (Kim et al., 2013). Worldwide, generated e-waste reached 41.8 million tonnes in 2014 (Baldé et al., 2017), with an estimated annual growth rate of approximately 3–5% (Widmer et al., 2015). A key and pressing issue is the real recycling rate of WEEE in developing countries with transitioning economies, where environmental policies and recycling technologies/management have not been adequate to respond to increases in consumer purchasing power. An extensive study conducted in Vietnam, Indonesia and the Philippines and focused on CRTs/monitors demonstrated the lack of infrastructure and sound recycling technologies of CRT glass and PCBs. Even established facilities were found to rarely offer complete waste management options. The actual management was rather confused, as CRT glass and PCBs were formally exported to OECD countries or informally exported to other Asian countries, including Singapore, Malaysia and China. As the environmental costs were quite high, the authors held that a better option would be the establishment of a full collection and recycling chain within countries producing WEEEs (Yoshida et al., 2016). Together with WEEEs, hazardous materials and the valuable materials embedded in them (and currently thrown away) are also increasing (Tian et al., 2018). Lead, for instance, can be very toxic, depending on the Pb species that determine bio-accessibility (Fujimori et al., 2018). The application of end-of-life (EoL) strategies in several contexts (e.g. automotive, medical, aerospace and electronics industries) is becoming extremely relevant for the development of more sustainable manufacturing processes and circular economy models (De Almeida and Borsato, 2019; Tazi et al., 2019). A direct correlation between level of WEEE and gross domestic product was demonstrated by Awasthi et al. (Awasthi et al., 2018), whose contribution included a positive view of the role of WEEEs in reducing environmental damage (Song et al., 2018).
In the past decades, e-waste legislation has been introduced all over the world, and several studies have compared these laws in terms of their approach and strategy (Degreif et al., 2014; Ongondo and Williams, 2011). The European Commission reviewed the current WEEE Directive, which sets 2019 targets of 65% of all equipment sold (compared to 45% in the previous version of the WEEE Directive) or 85% of total WEEE (European Commission, 2017). The ability to increase the recovery of e-waste in a particular country requires a change in mentality on the part of the residents, leading to a greater willingness to participate in household recycling (Wang et al., 2016b). Thus, the issue extends beyond infrastructure concerns (Wang et al., 2016a). However, the adoption of weight-based principles within directives disadvantage the management of several critical raw materials, mainly those embedded in printed circuit boards (PCBs) (Işıldar et al., 2018).
PCBs are the most valuable component embedded in e-waste (Holgersson et al., 2018). They represent approximately 3–5% of overall WEEE weight, with an estimated volume of several million tonnes (Widmer et al., 2015). The scientific literature is full of works describing innovative WEEE and WPCB recycling technologies. Most of these works have focused their attention on the hydrometallurgical technique (Li et al., 2018; Yang et al., 2019). Others, however, have investigated the advantage of the pyrometallurgical technique (Wang et al., 2017; Xia et al., 2018). This difference can be explained by the fact that hydrometallurgy is less scale-sensitive than pyrometallurgy and the technique can be performed in mini-plants (e.g. at a laboratory scale). In contrast, pyrometallurgy requires economies of scale to reach economic sustainability. In addition, hydrometallurgy is more eco-friendly than pyrometallurgy. In this way, WPCB recycling processes based on hydrometallurgy can be both economically and environmentally sustainable at even a laboratory scale.
Currently, the WEEE recycling market is led by a small group of multinational companies adopting pyrometallurgical processes. Such companies must gather high levels of WEEE all over Europe to achieve economic benefits. In this context, it is relevant to create new treatment sites in each country, in order to decrease the impact linked to cross-border waste transportation (Rocchetti et al., 2018). The relevance of economically assessing e-waste recycling programmes to ensure that the valuable materials contained within electronic products find a second life has also been demonstrated as relevant (Cucchiella et al., 2015; Zeng et al., 2016). While the presentation of an economic model based on NPV is available in the literature (D’Adamo et al., 2016), the economic feasibility of specific WPCBs has not yet been elaborated (Awasthi et al., 2017). Such information is crucial for investors, because the material content of WPCBs may show significant differences (Arshadi et al., 2018).
The current research aims at improving our understanding of the necessary conditions for realising new plants for recycling all categories of WPCBs. Such plants are typically classified into three groups: (i) low-grade, (ii) medium-grade and (iii) high-grade (Hagelüken, 2006). In addition, five types of e-waste are examined within each group. In an attempt to simulate reality as closely as possible, material market prices are referred to as real values, while cost items and the material content of WPCBs are gathered directly from two firms employed in PCB recovery. In addition, in order to make the results more robust, alternative scenarios are assessed through both sensitivity and scenario analyses, varying the Au price, Pd price and purchase cost of WPCBs. Additionally, a risk analysis is applied, using the Monte Carlo method. Finally, a break-even point (BEP) analysis is used to define the levels of Au and Pd necessary to reach economic feasibility in the recycling process.

2. Materials and methods
2.1 Description of the process
Several processes are currently used to recycle products. A typical WPCB recycling process is constituted by four main phases: disassembly, shredding, separation and refining (Lu and Xu, 2016) (Figure A1). During disassembly, hazardous components (e.g. condensers and batteries) are disconnected from the motherboard and sent to dedicated recovery plants. The rest of the WPCB is shredded into scraps. The separation of scraps is done by exploiting several physical principles (e.g. density, magnetism and weight) to subdivide them adequately. Finally, metallurgical processes (e.g. pyrometallurgy, hydrometallurgy, electrometallurgy or biometallurgy, or a mix of these) are used to recover select materials from the scraps, in order to obtain almost pure secondary resources. The present work considers the hydrometallurgical method, according to the sustainability targets for small- and medium-grade plants (Rocchetti et al., 2013). The same approach was taken by other authors (Li et al., 2018). As an alternative analysis indicates a greater preference for the pyrometallurgy processing approach (Wang et al., 2017), the full focus of this work on the hydrometallurgical technique can represent a limitation of the study. To this end, future works should address the economic differences between metallurgical processes. Currently, the pyrometallurgy technique is used by firms that are significantly larger than the firms examined in this work. However, the development of small to medium plants is necessary to increase sector competitiveness and develop new applications of the circular economy.

2.2 Recovery of Au and Pd
The recovery of metals from PCBs is receiving increased attention among researchers and recycling firms, as PCBs represent the most important WEEEs, with enough base and precious metals to ensure that their recycling is profitable. In particular, the most concentrated metals on which recovery is focused and maximised are Au, Pd, Ag and Cu. Pt is rarely contained in PCBs, except for those used for special applications such as space electronics (e.g. satellites, space shuttles, etc.) or the motherboards on hard disks (Reuter et al., 2013).
Other metals of strategic and commercial interest, such as Ni, Pb, Zn, Sb, Ta and a few rare earth elements, can also be recovered, but they are not considered in large final recyclers’ calculations of the intrinsic value of PCBs. Nevertheless, in some cases it is possible for large plants to recover these additional elements, given the appropriate know-how. However, in order to guarantee sustainability in the recycling process, it is important for the plastic matrix of base and precious metals – and particularly toxic heavy metals – to be totally decontaminated. Any technology that recovers precious metals but no toxic heavy metals creates a bigger problem, as the remaining waste must go to a landfill. This is especially true in municipalities or companies that adopt waste-to-energy incineration, as such incineration requires plastic residue that is free from toxic metals. Municipalities should be prevented from paying additional amounts for collecting and diverting dangerous materials from landfills.
Hence, the present work is focused on enhancing the recovery of the two metals, Au and Pd, whose prices on the metal markets are currently the highest among those of the metals contained in PCBs. 
Metals could theoretically be recycled indefinitely, but several factors make complete recycling impossible in practice (e.g. product design and technical specifications, recycling technologies that cannot recover 100% of metals, loss during recovery and thermodynamic limitations). 
Removal of the structural and electronic components of PCBs during crushing and milling is a crucial pre-treatment in order to achieve the most efficient recovery and separation. In this step, the main components to remove are aluminium and iron frames/panels, aluminium electrolytic capacitors, heat sinks, black panels, inductors, quartz resonators, tantalum and multilayer capacitors, and batteries (Birloaga and Vegliò, 2018). The main disadvantage of this approach is the high cost of manpower; however, robotics and automatic sorting may alleviate this problem in the future. 
The direct hydrometallurgical route is by far the most studied in the literature. Several acids have been investigated, including both inorganic and organic (Akçil et al., 2015), cyanide (Parga et al., 2007), thiosulfate (Ha et al., 2010), thiourea (Birloaga et al., 2013; Örgül and Atalay, 2002), halide (Kim et al., 2011) and aqua regia (Park and Fray, 2009); but the most challenging stage is that involved in recovering and separating Au, Ag, Pd and Cu from the leach liquor. It is indeed crucial to maximise the recovery yield of PCBs as well as the purity of such recovered products.
Since Cu was found to negatively affect Au extraction, a double stage leaching procedure was proposed by Birloaga et al. (2013) for PCBs with a grain size of less than 2 mm. Cu was leached first by H2SO4 and H2O2 at room temperature in double step oxidative leaching, whereas in the second stage Au was extracted by thiourea and iron ions in an H2SO4 solution, with a total yield of 69% (Birloaga et al., 2013). This double stage leaching was also optimised to increase the extraction of both Au and Cu (Birloaga et al., 2014; Birloaga and Vegliò, 2016). However, care must be taken with thiourea, given its large consumption, partial decomposition and passivation of the Au surface if used to recover Au from pure Au surface.
Other researchers have focused on the recovery of all metals of interest (i.e. Au, Ag, Pd and Cu). In one study, double step oxidative leaching with an H2O2-H2SO4 solution for the extraction of Cu was followed by thiourea leaching in sulphuric acid and ferric ions to recover Au and Ag, whereas in a third stage further oxidative chloride leaching was carried out to extract Pd and the remaining Au.
In this manner, nearly 86% of Au and 72% of Ag were extracted from milled PCBs (grain size < 300 µm) in the second stage and precipitated by sodium borohydride. The solid that remained following the thiourea leaching underwent the third stage with NaClO-HCl-H2O2 leaching, through which Pd and the remaining Au were completely extracted (Behnamfard et al., 2013). The challenge with these options lies in the treatment costs of the residual solutions after metal recovery, which become effluents requiring treatment.
Other works have dealt with the recovery of precious metals contained in spent PCBs; for instance, Ag, Au, Pd dissolved contemporaneously by hot aqua regia. In this process, Pd was found to form a red salt (Pd(NH4)2Cl6) that precipitated during dissolution, whereas Au was separated by liquid-liquid extraction with tetraoctylammonium bromide/dodecanethiol in toluene. The result was that 93% of the Pd and 97% of the inlet Au were recovered as nanoparticles (Park and Fray, 2009).
Leaching of PCBs in a cupric chloride solution (HCl-CuCl2-NaCl) is another technique that was investigated for the recovery of Au and Pd, as well as other metals of interest. Temperatures up to 80°C and Cu ion concentration were found to increase metal extraction in an oxidative environment, generated by the injection of air in the reactor. The results showed that Cu (99%), Pd (90%), nickel (99%) and Ag (98%) could be readily extracted from PCBs in a cupric chloride solution but the extraction of Au was limited to 44% with respect to the initial content in the leached sample (Yazici and Deveci, 2015).
Another study investigated the selective recovery of Au and Pd using ethylenediamine-modified persimmon tannin adsorbent (EPPFR) from a hydrochloric leach liquor (Yi et al., 2016). The effect of several parameters, such as contact time, HCl concentration, metal ions concentration and temperature were studied. A modified primary amide in toluene was used to extract Au from an aqueous HCl solution, in which Au was leached from the PCBs of mobile phones. Au form (AuCl4)- ions were extracted selectively in the organic phase with respect to Cu, Pd and other elements that remained in the aqueous phase (Doidge et al., 2016).
Very effective leaching solutions containing hydrochloric acid (HCl), hydrogen peroxide (H2O2) and acetic acid (CH3COOH) in different concentrations are able to leach selective precious metals on PCBs without the need to crush and grind the PCBs (Foley et al., 2018). This is a great advantage in terms of investment costs. However, most of the Au and Pd is contained in PCB microchips, and such a process cannot be used in this context. A good solution could be to grind PCBs following the recovery of Au for recovery of Cu.
A mixed solution containing organic acids and oxidants is currently under evaluation for possible industrial application, although the most challenging aspect is the separation and recovery of metals with high purity and yield at a reasonable cost (i.e. at least comparable to those of current industrial processes).
As an alternative to milling and pulverising samples, large scraps of PCBs can be leached by means of a pre-treatment with a 10%wt NaOH solution to remove the chemical coating (mainly composed of Al), leaving the Pd, Cu, Au and Ag intact. Following this process, HCl, HNO3, H2SO4, acetic acid (C2H4O2) and citric acid (C6H8O7) were tested. The best extraction yields were achieved by HCl after 22 h and HNO3 after 96 h of reaction. In total, 100% of Au, Cu, Pd and Ag were extracted. The other acids, used alone, achieved extraction yields lower than 40% for the investigated metals (Jadhav and Hocheng, 2015). However, all these options require attention in terms of: (i) corrosiveness, (ii) the volatility of HCl, HNO3 and CH3COOH and (iii) the presence of H2O2 when using organic acids.
Other authors proposed combined pyro/hydrometallurgical methods, beginning with PCBs undergoing thermal oxidation to burn off plastics at high temperatures (>900°C). This process concentrated the metal fraction in the ashes, which were sent to the next hydrometallurgical stage, where metals were dissolved and recovered via hydrometallurgical techniques (ion exchange, precipitation, electrolysis, carbon adsorption, etc.). Here, challenges related to the release of dioxins and toxic chlorinated and brominated organics (e.g. from flame retardants). 
Final recyclers always use a pyrometallurgical pre-treatment. This is by far the most widely used industrial process, as it achieves a dual aim: first, metals are concentrated in the ash; second, the plastic fraction of the PCBs acts as a reducing agent, so that metals are converted into their metallic form. Furthermore, the non-metal fraction in the ashes for disposal is considerably lower. Metals with a low melting temperature, such as Pb, Zn and Sn, can be recovered from flue gas by condensation.
In the above process, ashes containing precious and non-precious metals are usually smelted with Cu and separated through a combination of pyrometallurgical and hydrometallurgical steps.
Cu smelting is an effective process for recovering precious metals in the Cu phase, followed by further separation by standard hydrometallurgical techniques. The recovery and behaviour of Au, Pd, Ag and Pt in Cu smelting conditions at 1300°C and oxygen partial pressure in the range of 10−5 to 10−7atm in a vertical tube furnace were investigated (Avarmaa et al., 2019). 
Another possible pre-treatment involves separating the brominated epoxy resins from metals by means of organic solvents (Zhu et al., 2013); supercritical methanol extraction (Xiu and Zhang, 2010) and supercritical water treatment (Xiu et al., 2013) have also been examined.
Researchers have also proposed a mineral processing approach for pre-treatment, such as froth flotation, in order to concentrate the metals and obtain a concentrated leach liquor. In one study, flotation tests were carried out in different conditions with a -75 µm grain size sample, but no collectors or others were used. Most of the metals were found to be concentrated in the pulp, while others concentrated in the froth phase. Ultimately, 64%wt of Au and Pd were recovered in the sink, with an enrichment ratio of 3.1 (Ogunniyi and Vermaak, 2009).
Finally, a novel extraction process has been proposed, based on pyrolysis with molten salts. The molten salts are used as a direct heat transfer medium, in order to separate the metal products in both the liquid and solid phases. In a study of this process, heavy metals such as Cu, Au and Pd, as well as others, such as lead, silver and zinc, separated on the bottom of the reactor and were subsequently filtrated, washed and dried for leaching (Riedewald and Sousa-Gallagher, 2015).

2.3 Characterisation of materials
Several categories of products exist and their characterisation is critical for defining the sustainability of their recovery (Lu and Xu, 2016). In the real context, WPCBs are commonly divided into three groups (Hagelüken, 2006): (i) low-grade (< 100 ppm Au); (ii) medium-grade (100–400 ppm Au) and high-grade (> 400 ppm).
In the present study, input data were provided by five firms employed in the sector, according to the availability of products and considering that the number of products needed to be equal for the three categories of WPCBs. The following WEEEs were analysed: (i) mobile phone,s portable minidisc players, digital cameras, notebook PCs and camcorders in the group of high-grade WPCBs; (ii) PDP TVs, desktop PCs, video games, LCD TVs and DVD player/recorders in medium-grade WPCBs; and (iii) refrigerators, printers, telefaxes, radio cassette recorders and VCRs in low-grade WPCBs. Each core was characterised by the presence of the following materials (Figures A2–A5):
· valuable metals, such as Au, Pd and Ag;
· common metals, such as Al, Cu, Fe, Sn and Zn;
· other metals, which were not specified and assumed to generate neither revenues nor costs;
· hazardous metals, such as Sb, As, Br, Cd, Cl, Pb and Ni, proposed as a single value; and
· non-metals, such as plastics, epoxy and ceramics.
The following step was to propose an average value for each of the three groups of WPCBs, with special focus given to valuable metals (Figure A6). 

2.4 Business model configuration
In general terms, the WEEE (and WPCB) value chain can be structured in several ways, depending on the party responsible for collecting, treating and refining the e-waste. Based on the adopted configuration, different value chains (and business models) can be discussed (Rosa and Terzi, 2018). An important example was proposed by Ghodrat et al. (2016). In their research, a big recycling company adopted two main business models. It simultaneously acted as: (i) a buyer of large amounts of WPCBs and (ii) a metals refiner. In the first case, authorised WEEE treatment facilities around Europe sold their WPCBs to the recycling company and received money on the basis of their Au content. In the second case, authorised WEEE treatment facilities around Europe paid the recycling company to recover materials embedded in their WPCBs, maintaining their ownership and only paying a treatment charge. This fee also included payment for material sampling – a process that hugely influenced the final value awarded to the facilities. Samples could be biased in favour of smelters if an auger-type sample was extracted, as precious metals, being mostly heavy and in small particles, would elutriate to the bottom of the container. Auger sampling from the top would often miss the bottom part. Thereby, understating the precious metals content, which tended to concentrate in the bottom of the bag/shipment/container, was difficult. Unless full cross-cut sampling practices were employed, the recycler could get a bad deal from the smelter.
However, considering the intent of this paper, the reference value chain was constituted by a very simple scheme, with only two actors: an authorised WEEE treatment facility and a WPCB recovery plant. The former sold WPCBs embedded in WEEEs to the WPCB recovery plant. The latter bought WPCBs from the authorised WEEE treatment facility, recovered valuable materials and sold them directly on the secondary materials market.

2.5 Economic model
DCF is a traditional methodology used to measure the economic feasibility of a project. It is based on future cash inflow and outflow projections, with the determination of cash flows based on the incremental approach. Two macro variables used in this analysis are the adequate lifetime of the project and the appropriate opportunity cost of capital (Courtney et al., 1997). NPV, defined as the sum of present values of individual cash flows, is the main indicator (Faircloth et al., 2019). The conversion of waste material into new material generates potential revenues. This work analyses the contribution of three precious metals (Ag, Au and Pd) and five common metals (Al, Cu, Fe, Sn and Zn). At the same time, investment and operating costs are required, including the purchase of WPCBs, conferrred materials, disposal materials, electricity, insurance, labour, maintenance and reactant material. The mathematical model used in this work is as follows:
	
	(1)

	Ɐt = 1…n
	(2)



2.6 Input data
Plant size significantly influences profitability (Ferella et al., 2016) and, according to the principle of developing new treatment sites in several territories (Rocchetti et al., 2018), a small plant was analysed. For this reason, the project analysed a recovery of 500 tonnes of WPCBs. The lifetime of the project was assumed equal to 10 years and the cost opportunity of capital to 5% (D’Adamo et al., 2016).
In terms of revenues, variations in market price were determined according to the maximum and minimum values proposed by a specific website, evaluated in the year 2018 (Metalprices, 2019): 32,600–36,350 €/kg for Au, 23,800–39,980 €/kg for Pd, 390–480 €/kg for Ag, 5.1–6.2 €/kg for Cu, 16.1–18.5 €/kg for Sn, 2.0–2.9 €/kg for Zn, 1.6–2.1 €/kg for Al and 0.03–0.06 €/kg for Fe. Average value was considered in the baseline scenario. The quantity of recycled metal for sale was calculated according to the materials presented in Section 2.3. In particular, the content of precious metals in several products varied from 20–1470 ppm for Au, 0–960 ppm for Pd and 40–7000 ppm for Ag. The recovery yield of recycled metal for all materials was assumed equal to 95% (Reuter et al., 2013).
The literature quantifies the costs of this process as 1364–1491 $/tonne (Li and Xu, 2010), 1,606–1721 $/tonne (Zeng et al., 2015), 2000–3000 €/tonne (Innocenzi et al., 2016) and 2404–3267 €/tonne (Cucchiella et al., 2016). The present work evaluates the results of a survey conducted among operators in the sector and specifically considers one large firm and four SMEs in the European territory. All interviewees were asked to validate the proposed list of costs according to their knowledge. Results underlined an increase of 10% for all items analysed. The purchase cost of WPCBs was found to vary significantly. This work assumed an average cost equal to 400 €/tonne, 1200 €/tonne and 2000 €/tonne for low-, medium- and high-grade WPCBs, respectively. However, interviewees declared that the purchasing cost depends on specific WEEE streams and the complexity of the reverse logistic chain. Hazardous components and metals are destined for dedicated recycling plants, while plastics, epoxy and ceramics can be consolidated. Unitary disposal cost is about three times greater than conferred disposal cost. Table A2 presents all of the input data used in this work.

3. Results 
3.1 Baseline scenario
Circular economy models can only be verified when environmental performance is coupled with economic feasibility. The recovery of WPCBs – similar to other waste streams (e.g. WEEE and ELV recovery) – is not always able to reach this goal, as its economic feasibility is strongly dependent on the presence of valuable metals. In particular, the present work compares the Au content of several products (Figure 1). 



Figure 1. Profitability analysis in the baseline scenario. NPV is reported in million € and cores are divided into three groups: (i) high-grade WPCBs, (ii) medium-grade WPCBs and (iii) low-grade WPCBs.

Two of the three actegories of WPCBs were found to be profitable. In particular, NPV was equal to 63.0 million € and 6.8 million € for high- and medium-grade WPCBs, respectively. NPV was negative for low-grade WPCBs, and some investors had little interest in recovering this waste. However, its role in supporting environmental protection is important and, consequently, there is a need to define economic strategies that are able to support the recovery of low-grade WPCBs.
As the results indicate the unprofitability of low-grade WPCBs, strategies must be developed to encourage firms to recover them. 
 The interpretation of these data is strictly linked to the material content of the products. The DCF distribution is reported in Figure 2 (single cores are proposed in Figures A2 and A3 for revenues and costs, respectively).


Figure 2. DCF distribution. Data are reported in percentages. Au and Pd play a dominant role in terms of revenues and WPCB purchase represents the main cost item.

The weight of Au and Pd was found to be extremely relevant. Both accounted for approximately 73–95% of discounted cash inflows when analysed according to their respective categories of high- and medium-grade WPCBs. In the worst scenario, their value was 43% for the refrigerator category but greater than 50% in other low-grade WPCB products. Au occupied the first position in approximately 11 products types, while Pd filled this position in four product types (camcorders, telefaxes, radio cassette recorders and VCRs). This result justifies firms’ approach of defining the purchase value of WPCBs according to the amount of valuable metal they contain. 
The NPVs of mobile phones (1470 ppm Au) and portable minidisc players (920 ppm Au) were extremely high: 90.6 million € and 71.2 million €, respectively. However, the presence of Pd could significantly improve the overall economics. The analysis of waste categories underlined that camcorders (510 ppm Au) had a greater economic value than digital cameras (760 ppm Au) and notebook PCs (610 ppm Au), despite their lower Au content. The reason for this may have been that Pd (960 ppm) was significantly higher in the camcorders than the other two categories (190 ppm).
WPCB purchase cost represented the main cost item in the discounted cash outflows, with weight varying from 33% (medium-grade WPCBs) to 46% (high-grade WPCBs). However, this was not found to be true of low-grade WPCBs, due to the higher labour costs involved. 
The WPCB recycling sector is particularly vulnerable, as the amount of e-waste collected depends on both the attitude of consumers towards environmental actions and political actions promoting a circular economy model. Finally, the e-waste sector is characterised by the presence of multinational companies. These plants – generally large pyrometallurgical plants – can consider relevant quantities of WEEE. Complex and hazardous components are present in WEEE and their treatment can require a disposal fee. In contrast, WPCBs are the main valuable components that can be valorised in e-waste.
In the present study, the economic feasibility of recycling processes treating PCBs from WEEEs varied in a discernible pattern, ranging from 39.2–90.6 million € for high-grade WPCBs. This suggests a clear business opportunity. In particular, high-grade WPCBs characterised by 854 ppm of Au and 434 ppm of Pd presented the following indexes: discounted payback time (DPBT) equal to 1 year, a profitability index (PI) equal to 63 and NPV/size equal to 126 thousand €/tonne. For medium-grade WPCBs, NPV varied from 1.7–12.5 million €. While this range is lower than that of high-grade WPCBs, it still represents significant value. For medium-grade WPCBs with 204 ppm of Au and 39 ppm of Pd, DPBT remained fixed at 1 year, while PI and NPV/size decreased to 7 and 14 thousand €/tonne, respectively. 
Finally, NPV was always negative for low-grade WPCBs, varying from -3.7 to -0.8 million €. In particular, low-grade WPCBs with 30 ppm of Au and 32 ppm of Pd had the following indexes: DPBT equal to more than 20 years (unprofitable), PI equal to -3 and NPV/size of -6 thousand €/tonne. However, in a circular economy, the income generated by high- and medium-grade PCBs could be used to subsidise the treatment of low-grade materials, in order to ensure true circularity. As low-grade materials still contain toxic metals, the landfill is not an option. What is not considered is the energy value from incinerating the plastic substrates.

3.2 Alternative scenarios  
The NPV results were based on a set of input variable assumptions, and this represents a limitation of the present study. However, this limitation was overcome by implementing alternative scenarios. The sensitivity analysis assessed the impact on NPV when a single critical variable changed, while the scenario analysis was constructed on the simultaneous variation of several variables (Courtney et al., 1997).
The choice of critical variables was based on the percentage distribution of discounted cash flows, and the following alternative scenarios were analysed:
· price of Au varying from its minimum value (30,000 €/kg; pessimistic price Au) to its maximum value (39,000 €/kg; optimistic price Au), based on a review of Au prices over the past 5 years;
· price of Pd ranging from its minimum price (15,000 €/kg; pessimistic price Pd) to its maximum price (40,000 €/kg; optimistic price Pd);
· WPCB purchase cost (CP) that was increased (pessimistic WPCB CP) or decreased (optimistic WPCB CP) by a delta of 200 €/tonne, 600 €/tonne and 1000 €/tonne for low-, medium- and high-grade WPCBs, respectively; and
· a pessimistic scenario in which all prices of valuable and common metals were assumed equal to their minimum values and WPCB purchasing was linked to the maximum cost, and an opposite situation (the optimistic scenario), in which the prices of metals were assumed equal to their maximum values and WPCB purchasing was linked to the minimum cost. 
In these scenarios, all input data were based on a 1-year review, according to Section 2.6. Variations in NPV were proposed for several PCBs embedded in e-waste (Figure 3).




Figure 3. Profitability analysis in the alternative scenarios. NPV is reported in million € and cores are divided into three groups: (i) high-grade WPCBs, (ii) medium-grade WPCBs and (iii) low-grade WPCBs.

Market prices are subject to great volatility, and this was demonstrated in the input values used in this work. Metal price is essentially determined by the tension between supply and demand. Currently, the price of Pd is greater than that of Au. Variation in the metal prices is useful for defining changes in purity levels (Zeng and Li, 2016). In fact, the selection of low performing technologies determines a lower value for the recovered material (Imre-Lucaci et al., 2017). In addition, the material content of PCBs varies within the same product category, according to its technological features (Pinho et al., 2018). For this reason, the choice of an average value based on a significant number of cores can minimise variability.
The present work compared 15 WPCBs and verified profitability only for certain recycled products. Basically, the alternative scenarios confirmed the economic performance results obtained in the baseline scenario. Mobile phones were the most profitable cores, varying from 81–106 million €. Also, portable minidisc players and camcorders were significantly profitable, reaching NPVs of at least 59 and 47 million €, respectively. Finally, within the group of high-grade WPCBs, digital cameras and notebook PCs achieved profits greater than 34 million €.
A change in profitability was observed in three cases. The first regarded DVD players/recorders, which were found to have negative NPVs in the pessimistic scenario; the second regarded telefaxes, which were profitable in both the optimistic scenario and the optimistic price Pd scenario. The probability linked to these alternative scenarios was certainly lower than that of the baseline.
The characterisation of the materials embedded within WEEE defined three groups of products according to Au content, and the economic analysis validated this categorisation. Quantitative analysis provided the following results:
· NPV varied from 53–78 million € for a specific high-grade WPCB; this group was not only profitable, but generated extremely high economic results;
· NPV ranged from 4–10 million € for a specific medium-grade WPCB, in which profitability was confirmed and the results proposed an interesting economic value added; and
· NPV varied from -4 to -324 thousand € for a specific low-grade WPCB, and this group did not create low economic value, but a situation of unprofitability.
Au and Pd prices were examined and, together with the recovery of other valuable metals (e.g. Ag), found to contribute to defining the economics of WPCB recycling. At the same time, the development of circular economy models requires the development of initiatives that close the entire life cycle. To this end, a holistic solution is required that deals with all metals, plastic residues and ceramic components. The same should also be provided for non-metallic materials, which should be consolidated into a single stream and treated downstream at treatment centres (e.g. waste-to-energy incineration plants). However, the main cost item is the purchase price of WPCBs. Medium- and high-grade PCBs embedded in e-waste can also present values that are significantly higher than the values proposed in this work. In fact, the proposed values refer to a short supply chain, but an increase in the number of parties involved could increase the cost of WPCBs, via mark-ups.

3.3 Risk analysis
The economic analysis was based on a DCF methodology using several input variables. As the values of these variables were characterised by uncertainty, a sensitivity analysis was performed to define the variation in NPV as a function of changes in a single critical variable. Investors and policy makers also compare economic performance, and typically include risk analysis in their measurements (Ip et al., 2018). Stochastic methods such as Monte Carlo are useful in dealing with uncertainty in a project. The Monte Carlo method generates artificial values of a probabilistic variable using a random, uniformly distributed number generator in the [0,1] interval, and applies the cumulative distribution function linked to these stochastic variables (De Clercq et al., 2017). The method is applied to 1000 runs of NPV values under varying economic conditions (Tran et al., 2018). In the present study, starting with the model presented in Section 2.5, the following Excel function was used: =NORM.INV(RAND(mean,standard_dev). The change regarded three critical variables defined in Section 3.2: (i) selling price of Au with mean = 33,750 €/kg and standard deviation = 3750 €/kg; (ii) selling price of Pd with mean = 28,500 €/kg and standard deviation = 16,180 €/kg; and (iii) WPCB purchase cost with mean = 2000 €/tonne and standard deviation = 1000 €/tonne for high-grade WPCB, mean = 1200 €/tonne and standard deviation = 600 €/tonne for medium-grade WPCB and mean = 400 €/tonne and standard deviation = 200 €/tonne for low-grade WPCB, according to the input presented in Section 2.6. Figure 4 shows the economic performance of the three groups of WPCB after 1000 iterations.




Figure 4. Monte Carlo analysis. NPV is reported in thousand € and cores are divided into three groups: (i) high-grade WPCBs, (ii) medium-grade WPCBs and (iii) low-grade WPCBs.

The results confirmed the previous analysis. The probability of a positive NPV was 100% for the recovery of high-grade WPCBs. Approximately 90% of the NPVs fell in the range of 40,000–80,000 thousand €. Regarding medium-grade WPCBs, NPVs were positive in almost all iterations (999 of 1000) and, consequently, a probability of 100% was reached. Theoretical unprofitability was verified when all critical variables assumed the worst input data. In low-grade WPCBs, approximately 90% of NPVs fell in the range of 4000–10,000 thousand €. Furthermore, the probability of a positive NPV was 4% and approximately 70% of NPVs feel between -4000 and 0 thousand €. 

3.4 Break-even point analysis
The economic results presented in both the baseline and alternative scenarios demonstrated that profitability was strictly linked to the category of WPCB examined. At the same time, the composition of materials embedded in PCBs is extremely heterogeneous. For this reason, the sampling method used to determine a representative assay is critically important (and difficult), as confirmed by the literature (Oguchi et al., 2013, 2011). A typical economic tool that is useful to investors in this scenario is break-even point analysis (BEP) (Cucchiella et al., 2016; De Clercq et al., 2017). BEP defines the minimum Au and/or Pd content that WPCBs must present to guarantee some profit from their recovery. 
Starting with the economic model previously analysed with relative input data, we applied some assumptions to the generic WPCB, setting the metal and non-metal fractions equal to 30% and 70%, respectively. Within the metals, Au and Pd were the two variables used for the definition and the remaining metals (as items of revenue) were distributed as follows: 16% Cu, 4% Al, 3% Fe, 2% Sn, 1% Zn and 600 ppm Ag. The value of hazardous metals was set to 2.5%, while other metals (without value added) were set to at least 1%.
Variation in Au and Pd was a function of two critical variables (Figure 5). The choice of values was assumed according to the baseline and alternative scenarios. The first variable regarded the purchase cost of WPCBs varying from 200–3000 €/tonne; the second variable regarded the relative selling price, ranging from 32,600–36,350 €/kg for Au and 23,800–39,980 €/kg for Pd (referring to variation in the past year). For example, if the price of Au was 33,730 €/kg, a content of 85 ppm of Au, without Pd, could have a positive NPV when the purchase cost of WPCB was 400 €/tonne. At the same time, the process could also be profitable when the PCBs embedded in e-waste had 100 ppm of Pd, without Au, with the price of Pd equal to 28,500 €/kg and the purchase cost of WPCB equal to 400 €/tonne.



Figure 5. BEP analysis (one variable). All data reported in ppm. Analysis was conducted separately for two valuable metals: (i) Au and (ii) Pd.

The results can be applied to all WPCBs, providing an immediate perception of whether the recovery process will be profitable and enabling an assessment of whether the hypothetical price of WPCB is reasonable. In fact, this value directly considers the actors involved in the specific market. Instead, market prices refer to a wider context and define the main responsibility of recyclers as providing a high quality of recovered material.
The material content of Au was found to vary from 75–210 ppm, while Pd varied from 65–285 ppm. This variation was determined by the greater difference between the two extremes of the Pd selling price. However, the BEP analysis conducted on a single variable could be improved by analysing the contribution of both valuable metals. A single value was defined in the previous evaluation to reach the condition of profitability, while BEP analysis conducted on two variables could identify multiple solutions. Figure 6 identifies three possible material combinations. It provides that one of the two metals must have a content equal or greater than the other. The analysis was conducted by evaluating the prices of Au and Pd in the baseline scenario (33,750 €/kg and 28,500 €/kg, respectively), but it would also be possible to repeat this analysis with the alternative scenarios. Assuming a WPCB purchase cost of 400 €/tonne, the condition of profitability could be reached in three scenarios: (i) when the content of both metals was equal to 45 ppm; (ii) when there was more Pd than Au (50 ppm vs. 40 ppm) and (iii) when there was more Au than Pd (50 ppm vs. 40 ppm).




Figure 6. BEP analysis (two variables). All data reported in ppm. The analysis was conducted jointly for Au and Pd. 

The results of the BEP analysis aligned with the results presented in the previous sections. The purchasing price of high grade WPCBs ranged from 1000–3000 €/tonne and the minimum required content of both valuable metals was 105–115 ppm. These values are lower than the Au and Pd levels reported in Table A1, regarding this group of cores. 
With respect to medium-grade WPCBs, only desktop PCs had values of Au and Pd greater than the minimum (75–85 ppm in the pessimistic Pc WPCB scenario). At the same time, several categories in this group demonstrated Au content greater than the minimum required in the same scenario (150–155 ppm). Consequently, the condition of profitability was met. Finally, PCBs embedded in DVD players/recorders were profitable in the baseline scenario, but showed a significantly reduced NPV in the pessimistic Pc WPCB scenario and were unprofitable in the pessimistic scenario. Their Au content was equal to 130 ppm – greater than the minimum value of 120–125 ppm in the baseline scenario and lower than 150–155 ppm. Lacking Pd, these material categories would have been unprofitable; but 15 ppm of Pd enabled them to reach economic feasibility when the purchasing cost of WPCBs was equal to 1800 €/tonne.
Low-grade WPCBs were unprofitable for all material source categories. Neither the minimum content of single metals (75–95 ppm Au or 65–130 ppm Pd) nor their joint presence (45–55 ppm) was satisfied. Telefaxes and VCRs presented 65 ppm and 45 ppm of Pd, but their Au content was low (30 ppm and 20 ppm, respectively). However, the minimum condition of 65 ppm was reached when the purchasing cost of WPCBs was 200 €/tonne (the optimistic Pd price scenario). In addition, when this cost was equal to 400 €/tonne, the BEP analysis required 70 ppm and, consequently, the telefax content was slightly lower. The presence of Au permitted profitability in this scenario.
The baseline scenario, alternative scenarios and BEP analysis produced many numbers based on common economic methodologies. The data referred to the real conditions of the market and each result was linked to an economic scenario. This could be encouraging to entrepreneurs seeking to effect a circular economy model. 

4. Discussion
The recovery and subsequent re-use of materials in manufacturing are crucial to the circular economy. The recycling of WPCBs from WEEE plays an important role in the sustainable use of environmental resources, and the recovery of valuable metals enables waste to be re-forecast as an opportunity, rather than a problem. 
Most developed countries follow the principle of extended producer responsibility, making electronic manufacturers responsible for the entire life cycle of a product – especially take-back and final disposal. The profitability analysis in this work has shown that, because material categories do not present valuable and/or critical metals, their recovery cannot be economically justified. However, circularity requires them to be treated. In this light, the perspective of bigger recyclers is very different from that of SMEs, as the former have the advantages of lower production costs, greater contractual powers and a consolidated supply chain. 
The sector is extremely complex to evaluate because it is characterised by multiple actors and business models. For example, when the WPCB recovery is internalised, purchase cost is not a consideration. Furthermore, material content differs according to the type of e-waste. In this work, an average value was hypothesised and a BEP analysis was conducted in order to extend the results to all types of material categories examined. While the hydrometallurgical process was considered – due to its applicability to smaller enterprises – the advantages of pyrometallurgical techniques should not be played down. In the event that a large amount of e-waste can be brought to a central location economically, pyrometallurgical processes may help firms achieve the benefits of economies of scale. However, it is often not worthwhile to transport (particularly overland) large quantities of low- to medium-grade waste. This situation is even more pressing in nations with large distances between cities (e.g. Canada, Australia, Russia, etc.). Thus, pyrometallurgical facilities are best placed in major port cities along busy trade routes (e.g. along the coasts and rivers of Europe), but these conclusions cannot be extended to geographies that do not share these aspects with Europe.
The purchase of WPCBs involves consistent quantitative orders, with price dependent on buyers’ samples and assays of WPCBs and the presence of hazardous materials (e.g. Ni and Be). However, the economic analysis in the current work demonstrated that cores classified as high-grade WPCBs reached extremely significant levels of profitability; for this reason, their bargaining power could be more significant than it current is. At the same time, all WPCBs must also be recycled. A possible solution could be to use the income derived from medium- and high-grade material processing to subsidise the costs of processing low-grade materials. The value from generating plastics energy should also be considered. Such value could be fixed in proportion to the number of WPCBs treated or evaluated. This idea should be analysed in future research comparing several alternatives.
The present work ranked WPCBs from 15 WEEE, but changes to the number of cores collected might have changed the ranking. At the same time, the sample of collected cores was dependent on e-waste generation, which was determined by the obsolescence age of the respective electrical and electronic equipment.  
The relative advantages PCB recycling can be classified according to the reference actor. As was demonstrated in this work, companies could benefit from PCB recycling by exploiting the extra profits that are generated from this activity. From an environmental view, private citizens could also benefit from PCB recycling, as directs less waste to landfills and depletes fewer resources. Finally, national governments could benefit from PCB recycling through a reduction in illegal transfers of waste and an increase in national economic well-being.

5. Conclusions
WEEE are showing alarming growth, and this calls for an economic analysis to define their profitability and prevent their illegal trade or incorrect disposal. This work has confirmed that the recovery of WPCBs embedded in WEEE can be economically sustainable. Starting from a consolidated methodology and using real data, the analysis has presented a recovery process and demonstrated that plants can profitably treat up to 500 tonnes of WPCBs (manageable by SMEs), with NPV varying according to the type of core. Within high-grade groups, NPV ranges from 39.2–90.6 million €. Medium-grade WPCBs can generate profits ranging from 1.7–12.5 million €. Only low-grade groups are unprofitable, with NPV ranging from -3.7 to -0.8 million €.
The recovery of Au and Pd are the principal determinants of this result, and the purchase cost of WPCBs must also be investigated in detail. Both sensitivity and scenario analyses give solidity to results obtained here and a result is proposed for each scenario, including both the baseline and alternatives. In addition, the BEP analysis provides insight on the minimum content of valuable metals necessary to achieve a positive NPV, taking into account three variables: (i) Au price, (ii) Pd price and (iii) cost of WPCB. In this regard, the BEP demonstrates that the content of valuable metals is lower when both Au and Pd are present in amounts of 35–115 ppm.
The intent of this work was not the comparison of different metallurgical processes under technological, environmental and economic perspectives, but the profitability assessment of small hydrometallurgical plants. Without any doubt, hydrometallurgical processes are not the only available method to avoid the disposal of secondary resources. Furthermore, it is undoubtedly true that hydrometallurgy, alone, cannot solve the global e-waste issue. However, the technique currently represents the best option for SMEs willing to participate in the WEEE recycling chain, in an attempt to compete with multinational companies that are already established in the market.
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High grade WPCB	63.0 million €

High grade	Medium grade	Low grade	63.049000000000007	Medium grade WPCB	 6.8 million €

High grade	Medium grade	Low grade	6.8249999999999975	Low grade WPCB	-2.8 million €

High grade	Medium grade	Low grade	-2.794	Gold	854 ppm Au
204 ppm Au

High grade	Medium grade	Low grade	854	204	30	Palladium	434 ppm Pd
39 ppm Pd
32 ppm Pd
30 ppm Au

High grade	Medium grade	Low grade	434	39	32	
NPV (million €)

Material content (ppm)



High grade WPCB	90.6
71.2
45.3
39.2
69.0

Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	90.624999999999986	71.149999999999991	45.25	39.190000000000012	69.027999999999992	Medium grade WPCB	9.1
12.5
7.3
3.6
1.7

Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	9.0560000000000027	12.463000000000005	7.2960000000000003	3.6319999999999997	1.6800000000000004	Low grade WPCB	-3.1
-3.7
-0.8
-3.6
-2.7

Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	-3.0759999999999992	-3.7130000000000001	-0.82299999999999995	-3.621	-2.7429999999999999	
NPV (Million €)


Cash inflows
Gold	High grade	Medium grade	Low grade	0.64799324994385088	0.7147783989711346	0.30977436799909946	Palladium	High grade	Medium grade	Low grade	0.27808234915623176	0.11539232976854263	0.27902639369400367	Silver	High grade	Medium grade	Low grade	4.1500345214202497E-2	2.516103017787135E-2	1.3458740195832467E-2	Copper	High grade	Medium grade	Low grade	2.1144510419713488E-2	9.5926687095036808E-2	0.23053331978994696	Tin	High grade	Medium grade	Low grade	9.8993629218588342E-3	3.7498614046241656E-2	0.12303350641944276	Zinc	High grade	Medium grade	Low grade	4.8021982197243997E-4	3.3985454856527322E-3	8.0623942177898977E-3	Aluminium	High grade	Medium grade	Low grade	8.6601439805142225E-4	7.699050990225032E-3	3.5575865195985441E-2	Iron	High grade	Medium grade	Low grade	3.3948124118838208E-5	1.453434652955103E-4	5.3541248789967745E-4	



Cash outflows
Investment	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	5.1518392824063362E-2	5.1681113809290885E-2	5.1048284302385852E-2	5.1385998030555408E-2	5.2144359431709038E-2	5.134548793467885E-2	6.3058241736148116E-2	6.3742108983820017E-2	6.4485646881185785E-2	6.2482864710499741E-2	6.1818857465716866E-2	6.2831627265005532E-2	8.1177605220792481E-2	8.1025163589459798E-2	7.8028639485214393E-2	8.4777534901532628E-2	6.2831627265005532E-2	8.2414132704275916E-2	Purchase	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	0.45610968816573672	0.45755031186849093	0.4519476590442415	0.45493755245513912	0.46165158143073931	0.4545789029285337	0.33496551500869226	0.33859821929138517	0.34254789419291093	0.33190911101749127	0.32838190311263316	0.33376173845316576	0.14373853753451243	0.14346861411058859	0.13816276662642524	0.15011281558976278	0.33376173845316576	0.14592801641373929	Conferred materials	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	3.5583196633987166E-2	3.5853276397765463E-2	3.4839379582275266E-2	3.5392139855779027E-2	3.6548032398708775E-2	3.5303870422358129E-2	4.3548486978696413E-2	4.4499480907858623E-2	4.5624867488604982E-2	4.2728430043207075E-2	4.1775432186376749E-2	4.3214691117526176E-2	5.6067573877352152E-2	5.5878729698248489E-2	5.203154526044524E-2	6.0640773888165279E-2	4.3214691117526176E-2	5.7636750858885352E-2	Disposal materials	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	6.0267779979966728E-3	6.2461108173791427E-3	6.1696278831447496E-3	6.4593853447790471E-3	5.2916350869917049E-3	5.9568019439755074E-3	6.5824743285388147E-3	6.0053780173520083E-3	7.3250441694212064E-3	6.6434927661261052E-3	6.5728921727024646E-3	6.3761842514092788E-3	8.7295288615460084E-3	8.8112684042159096E-3	7.5403711514037842E-3	9.2193286822608734E-3	6.3761842514092788E-3	8.8625002928392118E-3	Electricity	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	8.54778527709983E-2	8.3650555948620822E-2	9.0272133884934963E-2	8.6583041675684452E-2	7.9434356349829024E-2	8.7317679470090726E-2	0.10469304965941788	9.9461601645391834E-2	9.2557879712080154E-2	0.10935964875272386	0.11483313744281538	0.1066748241454486	0.13469980983010524	0.13555815644065025	0.15422739362293292	0.11291870277469872	0.1066748241454486	0.12724031411097775	Labour	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	0.21345933406156481	0.21413354595445377	0.21151150443270503	0.21291077454900514	0.21605294010958601	0.2127429265705538	0.26127310170677998	0.26410661104728045	0.26718735747047051	0.25888910659364323	0.25613788442785385	0.26033415599346932	0.33634817783075915	0.33571655701877734	0.32330087390583506	0.35126398848004492	0.26033415599346932	0.34147155840814997	Insurance	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	1.140274220414342E-2	1.1438757796712273E-2	1.1298691476106038E-2	1.137343881137848E-2	1.1541289535768483E-2	1.1364472573213344E-2	1.395689645869551E-2	1.410825913714105E-2	1.4272828924704621E-2	1.3829546292395471E-2	1.3682579296359715E-2	1.3906739102215239E-2	1.7967317191814054E-2	1.7933576763823574E-2	1.7270345828303155E-2	1.8764101948720347E-2	1.3906739102215239E-2	1.8241002051717411E-2	Maintenance	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	9.1221937633147357E-2	9.1510062373698187E-2	9.0389531808848303E-2	9.0987510491027837E-2	9.2330316286147865E-2	9.0915780585706749E-2	0.11165517166956408	0.1128660730971284	0.11418263139763697	0.11063637033916376	0.10946063437087772	0.11125391281772191	0.14373853753451243	0.14346861411058859	0.13816276662642524	0.15011281558976278	0.11125391281772191	0.14592801641373929	Reactant materials	High grade	Mobile phone	Portable minidisc player	Digital camera	Notebook PC	Camcorder	Medium grade	PDP TV	Desktop PC	Video game	LCD TV	DVD player/recorder	Low grade	Refrigerator	Printer	Telefax	Radio cassette recorder	VCR	4.9200077708362329E-2	4.7936265033588547E-2	5.252318758535833E-2	4.9970158786651508E-2	4.5005489370519916E-2	5.0474077570889168E-2	6.0267062453466913E-2	5.6612267872642438E-2	5.181584976298486E-2	6.3521429484749495E-2	6.7336679524664114E-2	6.1646126854038169E-2	7.7532912118606107E-2	7.8139319863647416E-2	9.1275297493015051E-2	6.2189938145051658E-2	6.1646126854038169E-2	7.2277708745675809E-2	



High grade	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	55.066000000000003	78.42	57.692999999999998	70.548000000000002	53.249000000000002	71.396000000000001	60.481999999999999	65.616	Mobile phone	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	82.614000000000004	105.84399999999999	81.406000000000006	103.533	84.078000000000003	96.203000000000003	88.058999999999997	93.191999999999993	Portable minidisc player	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	62.24	88.744	65.38	79.228999999999999	58.957999999999998	81.537000000000006	68.584000000000003	73.716999999999999	Digital camera	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	39.415999999999997	55.392000000000003	40.482999999999997	51.923000000000002	40.96	48.904000000000003	42.683	47.817	Notebook PC	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	33.511000000000003	49.064	35.363999999999997	44.546999999999997	34.9	42.844999999999999	36.624000000000002	41.756999999999998	Camcorder	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	57.548999999999999	93.058999999999997	65.828999999999994	73.506	47.351999999999997	87.492999999999995	66.460999999999999	71.594999999999999	
NPV (Million €)




Medium grade	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	4.3869999999999996	10.34	5.5460000000000003	8.6170000000000009	5.9450000000000003	7.5759999999999996	5.2850000000000001	8.3659999999999997	PDP TV	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	6.798	12.119	7.3	11.513999999999999	9.0559999999999992	9.0559999999999992	7.516	10.596	Desktop PC	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	9.2270000000000003	17.949000000000002	11.084	14.395	9.3019999999999996	15.156000000000001	14.003	10.923	Video game	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	4.8289999999999997	10.874000000000001	5.9790000000000001	9.14	6.3929999999999998	8.0660000000000007	5.7560000000000002	8.8369999999999997	LCD TV	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	1.5289999999999999	6.3129999999999997	2.5030000000000001	5.2119999999999997	3.6320000000000001	3.6320000000000001	2.0920000000000001	5.1719999999999997	DVD player/recorder	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-0.61799999999999999	4.4450000000000003	0.86499999999999999	2.8210000000000002	1.341	1.968	0.129	3.22	
NPV (Million €)




Low grade	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-4.4470000000000001	-0.32400000000000001	-3.1070000000000002	-2.355	-3.9980000000000002	-1.768	-3.649	-1.9379999999999999	Refrigerator	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-4.423	-1.393	-3.4940000000000002	-2.4900000000000002	-3.0760000000000001	-3.0760000000000001	-3.931	-2.2200000000000002	Printer	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-5.2469999999999999	-1.4830000000000001	-4.0789999999999997	-3.2010000000000001	-4.4660000000000002	-3.0720000000000001	-4.569	-2.8580000000000001	Telefax	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-2.8170000000000002	1.5069999999999999	-1.129	-0.42599999999999999	-3.262	0.67100000000000004	-1.671	-8.8999999999999996E-2	Radio cassette recorder	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-5.23	-1.1839999999999999	-3.8820000000000001	-3.2549999999999999	-4.75	-2.6589999999999998	-4.476	-2.7650000000000001	VCR	Pessimistic Scenario	Optimistic Scenario	Pessimistic Price Au	Optimistic Price Au	Pessimistic Price Pd	Optimisitc Price Pd	Pessimstic WPCBs Cp	Optimistic WPCBs Cp	-4.516	-2.8000000000000001E-2	-2.952	-2.4500000000000002	-4.4359999999999999	-1.3	-3.5979999999999999	-1.887	
NPV (Million €)




High-grade WPCB
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NPV (thousand €)



Gold
Price Au 32,600 €/kg	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	80	85	95	115	125	155	165	210	Price Au 33,750 €/kg	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	75	85	95	110	120	150	155	205	Price Au 36,350 €/kg	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	75	80	95	110	120	150	155	190	Acquisition cost WPCB

Au (ppm)


Palladium
Price Pd 23,800 €/kg	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	105	120	130	155	170	210	220	285	Price Pd 28,500 €/kg	

200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	90	100	110	130	145	175	185	240	Price Pd 39,980 €/kg	Pd

200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	65	70	80	95	100	125	135	170	Acquisition cost WPCB

Pd (ppm)


Equal content between Au and Pd
Gold	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	40	45	50	60	65	80	85	110	Palladium	200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	40	45	50	60	65	80	85	110	Acquisition cost WPCB

Au, Pd (ppm)


Pd content is greater than Au one
Gold	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	35	40	45	55	60	75	80	105	Palladium	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	45	50	55	65	70	85	90	115	Acquisition cost WPCB

Au, Pd (ppm)


Au content is greater than Pd one
Gold	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	45	50	55	65	70	85	90	115	Palladium	
200 €/ton	400 €/ton	600 €/ton	1000 €/ton	1200 €/ton	1800 €/ton	2000 €/ton	3000 €/ton	35	40	45	55	60	75	80	105	Acquisition cost WPCB

Au, Pd (ppm)


