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A profitability assessment of European recycling processes treating

printed circuit boards from waste electrical and electronic equipments

Abstract

The management of Waste from Electric and Electronic Equipments (WEEEs) is a well-stressed
topic in scientific literature. However, both (i) amounts of cash flows potentially reachable, (ii)
future profitability trends, and (iii) reference mix of treated volumes for profitability optimization
are not so clear, and related data are hardly recoverable. The purpose of the paper is trying to fill in
this gap by identify the presence of profitability within the recovery process of Waste Printed
Circuit Boards (WPCBs) embedded into WEEEs. Net Present Value (NPV) and Discounted
Payback Time (DPBT) will be used as reference indexes for the evaluation of investments. In
addition, a sensitivity analysis on critical variables (plant saturation, materials content, materials
market prices, materials final purity level, PCBs purchasing and opportunity costs) will demonstrate
the robustness of results. Finally, the calculation of NPVs for each of the EU-28 nations (in function
of both WPCB mix and generated volumes) and the matching of predicted European WPCBs
volumes (within the 2015-2030 period) and NPVs will quantify the potential advantages coming

from these End of Life practices.

Keywords: Economic Analysis; Recycling; Waste from Electric and Electronic Equipments; Waste

Printed Circuit Boards

Nomenclature
Au: gold inf: rate of inflation
C.: acquisition cost of WPCBs Imy,,: lost materials in pretreatment process

Cy: unitary acquisition cost of WPCB Im,,: lost materials in refinement process
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I discounted cash inflows WPCBs: waste printed circuit boards

1. Introduction

The mass electronics sector is one of the most important sources of wastes, both in volumes [1, 2]
and in materials content terms [3, 4], with dangerous effects on the environment. In fact, even if
great improvements in the e-waste recovery (with relevant increases from the sustainability point of
view) were done in comparison with decades ago, current performances are yet too low for
counteracting the annual increase of generated wastes, especially if we consider WPCBs, or the
most complex, hazardous, and valuable component of e-wastes [5-8]. In addition, also from a
supply chain point of view, improvements of collaboration between different actors were limited [9,
10]. To this aim, an important objective is the creation of a more efficient, lower cost and
sustainable closed loop system [11, 12]. Basic guidelines for the reuse, recovery and recycling of
WEEEs were established all over the world in the last decades, and lots of authors analysed and
compared different WEEEs directives and national recovery systems [13-15]. However, all these
analyses were either rarely or superficially assessed [16, 17]. In particular:

e WEEESs volumes are clearly increasing and their economic potentials was already assessed
by the experts. However, they considered entire e-wastes, and not Printed Circuit Boards
(PCBs) [18];

e Interesting economic models were already tested in different industrial contexts (e.g. the
automotive sector), but not in the mass electronic industry [19].

Given that, the first aim of this paper is assessing the potential profitability characterizing all the
phases of a typical PCBs recovery process focused on WEEEs, in different plants configurations.
Secondly, potential profits will be exploited for both the comparison of different mixes of WPCBs
treated by multi core plants and the definition of future profitability trends in Europe. These data
could assist governmental and industrial actors during the definition of corrective measures on

current directives.
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The paper is organized as follows: Section 2 presents the research framework and a description of
the economic model considered within this work. Main results are presented in Section 3.
Additionally, a sensitivity analysis on the main critical variables (Section 4) and an overall
discussion of results (Section 5) are conducted. Section 6 presents concluding remarks and future

perspectives.

2. Research framework

PCBs are the most valuable component embedded into Electric and Electronic Equipments (EEEs).
The current amount of electronic systems is impressive. Only by considering that, on average, a
PCB accounts for almost 3% of the overall weight of a WEEE, the expected volumes of PCBs are
enormous and accountable in several million tons [20]. However, current WEEE directives (based

on weighting principles) seems to do not adequately take into account their management [6, 21].

2.1 European WEEESs volumes

The entire work presented within this paper starts from the overall amount of WEEEs generated in
EU28 in 2012 [22]. It was selected as reference year because 2012 is the last year with data referred
to all EU28 nations. These date were, then, divided into categories (Cat), by following the WEEE
classification guideline defined in the WEEE Directive. Among them, only four were selected
because of their relevance (about 93.1%) on the overall amount of WEEE volumes. By following
this classification (Catl, Cat2, Cat3 and Cat4): Catl WEEEs represent big household appliances
(e.g. fridges, washing machines, air conditioners, etc.); Cat2 WEEEs are small household
appliances (e.g. microwave ovens, vacuum cleaners, etc.); Cat3 WEEEs represent IT and
telecommunication devices (e.g. PCs, tablets, notebooks, smartphones, etc.) and Cat4 WEEEs are
mass electronic products (e.g. TVs, monitors, stereos, cameras, etc.). Given these WEEE categories,

it was possible to classify the type of PCBs embedded into these products [23]. In fact, Catl and
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Cat2 WEEEs are re-known to embed low grade PCBs. Instead, Cat3 and Cat4 WEEEs embeds high

grade PCBs. Table 1 reports data about WEEE annual generated volumes in EU28.

Table 1

EU28 WEEE collected volumes in in 2012

Catl Cat2 Cat3 Cat4 Total > /Total*
Belgium 50,711 11,792 19,290 26,322 116,458 93%
Bulgaria 28,043 2423 3158 2014 38,431 93%
Czech Republic 24,303 2994 10,047 13,877 53,685 95%
Germany 235,666 77,149 160,125 171,354 690,711 93%
Estonia 1797 346 1463 1608 5465 95%
Ireland 22,348 2204 6809 7868 41,177 95%
Greece 20,018 2638 5047 7577 37,235 95%
Spain 90,594 7050 20,679 23,876 157,994 90%
France 256,560 27,021 66,229 104,342 470,556 97%
Croatia 6620 373 2929 5223 16,187 94%
Italy 117,004 117,000%*  143,400**  74,000%* | 497,378 91%
Cyprus 1403 132 529 344 2514 96%
Latvia 2150 356 502 610 4694 77%
Lithuania 7927 880 1844 1687 14,259 87%
Luxembourg 2073 456 762 1299 5010 92%
Hungary 23,688 4357 8961 4965 44,262 95%
Malta 859 6 332 273 1506 98%
Netherlands 59,590 7067 17,625 29,869 123,684 92%
Austria 31,326 7431 17,632 16,160 77,402 94%
Poland 82,246 16,946 27,154 25,746 175,295 87%
Portugal 25,268 4355 7062 5425 43,695 96%
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Romania 11,399 864 4976 3514 23,083 90%
Slovenia 4097 1016 1782 1513 9430 89%
Slovakia 11,372 2071 2835 3222 22,671 86%
Finland 26,803 1912 7640 14,214 52,972 95%
United Kingdom 240,887 32,432 173,720 32,161 503,611 95%
Iceland™*** 747 68 455 244 1589 95%
Liechtenstein 17 39 43 40 140 99%
EU 28 1,385,516 343,378 723,630 584,347 3,231,094 94%

* =3 (Catl + Cat2 + Cat3 + Cat4) / Total; ** = Estimated ; *** = Referred to 2010

Source: [22]

2.2 PCBs recycling processes

The recycling process can be seen as the sum of three main phases that, starting from PCBs, are
able to obtain, as final output, a set of (almost pure) raw materials. These phases can be
distinguished in: disassembly, pretreatment and refining [20]. During disassembly, hazardous
components (e.g. condensers or batteries) are disassembled from the main board and destined to
specific treatments. During pretreatment, PCBs are crushed into micro pieces up to become a
uniform powder, through the use of several technologies (e.g. shredders and grinders). Then,
powders are separated in metal and non-metal ones by exploiting different physical principles (e.g.
density, magnetism, weight, etc.). Finally, metal powders are refined through the available
technologies (e.g. pyrometallurgy, hydrometallurgy, or a mix of them), up to obtain almost pure

secondary resources [16, 24].

2.3 Recycling plants sizing
After having defined the typical phases constituting a PCBs recycling process, the plant sizing
phase was done by following the available literature data [17, 25]. This way, the hourly productivity

was set in 0.125 t/h and 0.3 t/h (for mobile and field plants, respectively). Furthermore, by
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considering a working period of 240 days and 8 working hours per day, these are the overall
resulting values:

e 240 t powders/year (mobile plant);

e 576 t powders/year (field plant).
These two configurations of a plant are proposed together because, within the EU-28, there are very
different distributions of e-wastes from one country to another and within the same country, as

evidenced in the previous subsection 2.1.

2.4 Economic model

The main features (see Section 1) characterizing almost all of the current economic models focused
on e-waste recycling processes can be listed in three points: (i) the focus on a particular phase of the
process [17], (i1) the absence of standards in material composition of PCBs taken into account [16],
and (ii1) the limited set of application fields [26]. In practice, the previous three lacks generated a
particular kind of papers, focused on either operational costs comparison or theoretical economic
models assessment A recent work covered this literature gap and, basing on the Discounted Cash
Flow method (DCF), an economic model able to assess the profitability of a complete PCBs
recycling process was proposed [19]. Reference indexes were selected to be Net Present Value
(NPV) and Discounted Payback Time (DPBT). A summary of the main formulas constituting the

original model are reported below:

NPV = ¥io(I — 0)/(1 + 1)° (1)
YEPT1 = 0)/(1+ 1)t =0 )
Iy = Zlnznf QP—srm,j * Plpy * PTrm,jt vVi=1..n 3)

_ 2°s 2°s 3°s 3°s 1°s 2°s 1°s °s 2°s 2°s 2°s 2°s
0t - Clcs,t + Clis,t +C + Clcs,t + Ca,t + Cd,t + Cl,t + Ccm,t + Ce,t + Ci,t + Cl,t + Cm,t +

Ics,t

Cle+C3E+ G+ G+ C35 + C35t + Core + Craxe vi=1..n 4)
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In the previous formulas 1°s means “disassembly” step, 2°s means “pretreatment” step and 3°s
means “refinement” step. The profitability of a recycling plant is influenced by two main variables,
or materials embedded into WPCBs (identifiable from the primary WEEE category) and plant
capacity. For this reason the set of selected scenarios evaluated in this paper are eight, or a
combination of four WPCBs groups (Catl, Cat2, Cat3 and Cat4 WPCBs), as defined in Section 2.1,

and two plant sizes (240 t/y and 576 t/y), as defined in Section 2.3.

2.5 Economic and technical inputs

Table 2 reports data about economic and technical inputs of the model. Results say that a mobile
plant investment cost is evaluated in 639 k€, while the one for a fixed plant is assumed to be 1533
k€ [17, 25, 27, 28]. Economies of scale are the main cause of this difference, quantified in about
29%. The recovered materials evaluation occurs in function of market prices historical trend, within
a defined period of time. By taking as reference the March 2014-March 2015 period, monthly
observations were gathered from the most relevant websites dedicated on raw materials exchanges
[29-31]. Initial assumptions about materials concentrations were taken directly from scientific
literature [23]. However, in order to better explain the effects of relevant variables changes, a

sensitivity analysis is proposed in the next Section 4.

Table 2

Economic and technical inputs

Input Ref. Input Ref. Input Ref.
Ccu: 1195 €/t [17] e3’s: 3900 kWhit'; [27] | Dy Table 3 [23]
Cl:  90€/k [32] 9500 kWh/t" Nmm:  Table 3 (23]
Cy: 325 €/t [17] de 200km; 0km" [27] |p:  70% [19]
cy: 0.11 €kWh  [17] inf: 2% [32] | pea: 5% [19]
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cu2’s, 913 €/t [17,25] | Im,: 20% [23] | pu: 0.125 t/h'; 0.3 t/h"  [17,25]
646 €/t Imrp: 5% 23] | ps: 2% [32]
Cu3’s. 3860 €/t [27,28] | n: 5y 10 y" [25] | pZs:  25% [33]
2740 €/t" ng  240d [25] | p3s: 5% [28]
Cr: 150 €/d [34] Ngebt: Y [32] | prm:  Table 3 [23]
Crem: 830€/t [27] ny: 8h [25] | prm: Table 3 [23]
Cl,:  36% [27] nis: 152" [35] | plm:  95% [23]
Cl: 0.34 €/(km*t)  [36] nZs: 253" [17] | prm:  Table 3 [29-31]
e2’s: 50 kW [17] nds: 253" [17] |1 5% [32]
141 kW" N Table 3 [23] | rg: 4% [32]

i = mobile plant;ii = field plant

Table 3
Characterization of materials embedded into PCBs

Materials Catl WPCBs Cat2 WPCBs Cat3 WPCBs Cat4 WPCBs

Prm (%) Prm (%) Prm (%) Prm (%) Prm (€/kg)

Selling materials

Tron (Fe) 15.45 12.00 14.10 6.93 0.05
Copper (Cu) 13.00 11.00 20.00 17.25 5.13
Silver (Ag) 0.01 0.02 0.17 0.08 480
Gold (Au) 0.003 0.002 0.04 0.01 32,500
Palladium (Pd) 0.003 0.001 0.01 0.002 29,000
Aluminium (Al) | 7.65 8.60 3.38 10.05 1.5
Beryllium (Be) 0 0 0.002 0 8.6
Bismuth (Bi) 0 0 0.02 0.03 19.5
Chromium (Cr) 0.02 0.02 0.54 0.02 175
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Tin (Sn) 1.49 2.70 0.69 0.73 16
Zinc (Zn) 1.94 1.40 1.35 1.17 1.6
Hazardous materials

Antimony (Sb) 0.08 0.06 0.13 0.16

Arsenic (As) 0 0 0.0005 0

Bromine (Br) 0.16 0.01 0.82 0.39

Cadmium (Cd) 0 0 0.000001 0

Chlorine (CI) 0.20 0.43 0.01 0.31

Lead (Pb) 1.25 3.00 0.79 1.09

Nickel (Ni) 0.07 0.11 1.13 0.26

Conferred materials

Plastics 41.50 46.00 30.20 25.00
Epoxy 8.50 16.00 0.92 14.75
Ceramics 7.00 0 15.02 13.60
Glass 0 0 2.00 0
Others 2.20 0 8.38 8.50
Liquid crystals 0 0 0.16 0

(*) 0.003% of Au means 30 ppm of Au or 30 grams of Au in 1 ton of PCBs

Source: [23, 29-31]

After having defined the economic model structure (and related input values), all the financial

indexes useful for the assessment of the investment will be estimated in Section 3.

3. Results
Waste recycling processes represent not only an environmental protection action, but also an

economic opportunity. As already presented in Section 2, eight scenarios were analysed in this
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work, and is clear that the financial feasibility is verified only for two categories of WPCBs (Table

4).

Table 4
Economic indexes — Baseline scenario
Index Catl WPCBs Cat2 WPCBs Cat3 WPCBs Cat4 WPCBs

Mobile plant (240 tons of powders/year)

DPBT (y) >5 >5 1 >5
NPV (k€) 1311 _1457 6605 -153
NPV/Qy (€/t) -5463 6071 27,521 638

Field plant (576 tons of powders/year)

DPBT (y) >10 >10 1 2
NPV (k€) 3918 4539 29,963 1045
NPV/Qy (€/t) -6802 ~7880 52,019 1814

More in detail, positive results are coming from Cat3 WPCBs in both the two plants configurations
(NPV is equal to 29,963 k€ and 6605 k€ in fixed and mobile plants respectively), and from Cat4
WPCBs only for field plants (NPV is equal to 1045 k€). DPBT results follows NPV values, and are
equal to 1 year for Cat3 WPCBs and 2 years for Cat4 WPCBs. This means that cash flows allow the
re-entering from the investment already during the first period of activity. Field plants presents a
longer lifecycle than mobile plants (10 years out of 5 years). This aspect, starting from equal gross
profits, explains the reaching of greater NPVs (both in positive and negative terms). However, as
explained in other papers [17, 37] mobile facilities applications can represent an ideal solution for
small countries or cities, where volumes are limited.

The results obtained within this work confirm what described by [19], where NPVs varies in the

range 96,626 — 495,726 €/t in a field plant and in the range 12,599 — 66,304 €/t in a mobile plant
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and DPBTs are equal to one year. The Au percentage in automotive WPCBs is very high (900 —
4200 ppm) and this determines greater profits of their recycling process. Other works that
considered a lower Au content (5 ppm) evidenced as, in these cases, the focus must be pointed to
other materials (Cu in particular), but this does not guarantee a complete profitability: -83 $/t and 14
$/t in a field and mobile plant respectively with a capacity of 0.125 t/h [17] and 256 $/t in a field
plant with a capacity of 0.3 t/h [25]. These last two works do not consider the entire recycling cycle
and the same lack is common to [28] setting DPBT to one year for a plant treating WPCBs with
1000 ppm of Au.

For what concerns the Au relevance among revenue items, data showed in Fig. 1 are significant
(equal for both the plants configurations): in Cat3 WPCBs are estimated 415 ppm of Au (max
value, accounting for 72% of revenues), and in Cat2 are estimated 20 ppm of Au (min value,
accounting for 30% of revenues), and they represent the main profitability item. Among other
materials, significant is the influence of Pd (with a high market price), and Cu (present in a high

percentage).

72

57

Gold Copper Palladium Tin Silver Other metals

#WPCBs Catl <~ WPCBs Cat2 WPCBs Cat3 WPCBs Cat4

Fig. 1. Plant’s revenues distribution (in percentages)

The costs distribution analysis shows as the operational costs are equal to 94% for a field plant and

87% for a mobile plant (Fig. 2). These results are coherent with respect of what proposed by other
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works [19, 28]. The most relevant item is represented by WPCBs purchasing both for field and
mobile plants (42% and 34%, respectively). This value is followed by labour costs (18% and 21%,

respectively). Finally, transport costs are equal to 6.5% in the mobile plant.

21
18
14 13
9 8 8
0
2 & = 8
Acquisition Labor Energy Reactant Maintenance Investment Transport Other items

materials

@ Field plant = Mobile plant

Fig. 2. Plant’s costs distribution (in percentages) — average values

In order to strengthen the obtained results, a sensitivity analysis oriented to alternative scenarios (if

compared to what presented before) is implemented in the next section.

4. Sensitivity analysis

The obtained results are related to hypotheses on input variables. Hence, a strong variance of the
expected economic profitability results could occur. This limit can be overtaken by implementing a
sensitivity analysis on critical variables [19]:

. The materials content as percentage of a WPCB total weight for all the four categories.
The materials content was already analysed, in fact four categories of WPCBs were
evaluated in this paper;

. The materials market price is evaluated for three materials that, more than others, impact
on revenues — see Fig. 1 — or Au, Pd and Cu. Pessimistic and optimistic scenarios were
analysed where the price was increased or decreased by its standard deviation (28,000-

37,000 €/kg for Au, 18,000-28,000 €/kg for Pd and 3.5-6.8 €/kg for Cu respectively);
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Table 5.

The final purity level, applied only to Au because of its high relevance on revenues.
Four pessimistic scenarios were analysed, with purity levels reduced within the range
60%-90% in comparison to the initial value of 95% ;

WPCBs purchasing cost, representing the main cost item. Pessimistic and optimistic
scenarios were assessed, with costs variations between 1000 €/t up to 1400 €/t (or an
offset of about 200 €/t from the baseline scenario);

Plant saturation, in which a lower amount of WPCBs in input represents a lower hourly
productivity. To this aim, five pessimistic scenarios were assessed, with saturation levels
going from 50% up to 90%. For example, considering the mobile plant, 90% of 240 t/h
is equal to 216 t/h. Instead, by considering the field plant, 90% of 576 t/h is equal to 518
t/h;

Opportunity cost, able to evaluate the money value in different periods. Even in this
case, an optimistic and pessimistic scenarios are assessed, with values varying from 4%

up to 6%;

NPV (k€) in mono-core plants - Sensitivity analysis

Catl WPCBs Cat2 WPCBs Cat3 WPCBs Cat4 WPCBs

Field Mobile  Field Mobile  Field Mobile  Field Mobile

Variable | Value NPV (k€)

Prau 37,000 | -3679 -1255 -4359 -1415 33,800 7522 1835 36
(€/kg) 28,000 | -4158 -1367 -4720 -1499 26,037 5688 256 -343
Prpd 28,000 | -3673 -1254 -4421 -1430 31,346 6928 1272 -99
(€/kg) 18,000 | -4174 -1371 -4662 -1486 28,524 6269 810 -210
Preu 6.8 -3474 -1207 4171 -1371 30,665 6769 1643 -10
(€/kg) 3.5 -4352 -1413 -4899 -1541 29,278 6445 461 -285
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plau 90 -4009 -1375 -4608 -1511 28,471 6123 745 =275
(%) 80 -4191 -1501 -4745 -1619 25,485 5160 145 -520
70 -4374 -1628 -4883 -1726 22,500 4196 -455 =765
60 -4556 -1754 -5020 -1834 19,515 3232 -1056 -1011
(06 1400 -3303 -1456 -5186 -1602 29,317 6461 399 -302
(€11 1000 -4565 -1174 -3924 -1320 30,578 6743 1660 -12
Qw 518-216 | -3211 -1266 -4323 -1397 26,705 5859 699 -226
® 461-192 | -3121 -1221 -4110 -1337 23,504 5112 360 -299
403-168 | -3029 -1175 -3894 -1277 20,246 4366 14 -371
346-144 | -2938 -1130 -3681 -1218 17,045 3620 -326 -444
288-120 | -2846 -1085 -3464 -1158 13,787 2874 -672 -517
r 4 -4107 -1344 -4761 -1495 31,482 6796 1105 -153
(%) 6 -3743 -1279 -4334 -1421 28,551 6423 989 -152

The obtained results from this section confirm that profitability is not always verified. In particular,
in comparison to what presented in Table 4, the plants treating Cat4 WPCBs can have a change in
the sign of their NPVs. By considering field plants, NPVs becomes negative when the Au purity
level falls to 70% or when the saturation level is 60%. Instead, by considering mobile plants, NPVs
become positive when the Au market price is equal to 37,000 €/kg. More in general:

e NPVs are always negative with mobile and field plants treating Catl and Cat2 WPCBs;

e NPVs are always positive with mobile and field plants treating Cat3 WPCBs;

e NPVs are almost always negative with mobile plants treating Cat4 WPCBs (18 scenarios

out of 19) and almost positive with field plants (15 scenarios out of 19);

In comparison to what proposed in [19], all the proposed critical variables in Table 5 produce
significant variations. The cause must be retrieved in the lower Au content characterizing these
PCBs. Higher values of NPVs are present in both the plant configurations when the saturation level

reaches the 50% for WPCBs pertaining to Catl and Cat2 groups (-1085 k€ and -1158 k€
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respectively for the mobile plant, -2846 k€ and -3464 k€ respectively for the field plant) and when
the Au market price reaches 37,000 €/kg for WPCBs pertaining to Cat3 and Cat4 groups (7522 k€
and 36 k€ respectively for mobile plants, 33,890 k€ and 1835 k€ respectively for field plants).
Lower values of NPVs are present in mobile plants when the Au purity level reaches 60% for
WPCBs pertaining to Catl, Cat2 and Cat4 groups (-1741 k€, -1834 k€ and -1011 k€ respectively),
and with a saturation level of 50% for WPCBs pertaining to Cat3 (2874 k€). Instead, lower values
of NPVs are present in field plants when the WPCBs purchasing cost reaches 1400 €/t for Catl and
Cat2 WPCBs (-4565 k€ and -5186 k€ respectively), with a saturation level of 50% for Cat3 WPCBs
(13,787 k€) and Au purity level of about 60% for Cat4 WPCBs (-1056 k€). However, it is important
to evidence as a low saturation level penalizes profitable plants, and offers better results when the
plant works in non-profitable conditions (in fact, by augmenting treated WPCBs the costs increase
is higher than revenues increases). The limit given by the sensitivity analysis is the absence of an
occurrence probability related to each phenomena. However, it is possible to observe as all the
scenarios can have positive chances to verify, in fact: (i) the opportunity cost of capital can change
because of either the effect of macro-economic conditions related to the specific nation or the nature
of investors (private/public capital); (ii) the WPCBs purchasing cost can differ because of the
different material composition of WPCBs; (iii) the secondary materials market price can be
subjected to great oscillations - the standard deviation is a proxy of their amplitude — reaching their
maximum level for precious metals (e.g. Au and Pd); (iv) the Au purity level could fall because of
the selection of low performing technologies; (v) the plant’s saturation level is strictly linked to the
initial choice in terms of productive capacity and actual working hours. Future research streams
could be the risk assessment of these choices. However, it is important to observe as the results
proposed in this section can offer a more complete overview on the profitability coming from these
mono-core plants. The subsequent section, from one side, will evaluate multi-core plants and, from
the other side, will offer an assessment on the economic impact related to the recovery of these

wastes in the European market.
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5. Discussion

The aim of this section is double. From one side, the optimal mix of the four WPCBs categories
will be estimated for both the two types of plants. From another side, the quantification of potential
revenues coming from the correct management of e-wastes, and the analysis of their expected

trends in the next 15 years, will be executed for the four WPCBs categories.

5.1 Optimal mix quantification
The first exploitation of data gathered from the Eurostat database about WEEEs generated volumes
was the identification of profitability coming from a mix optimization of the four WPCBs
categories presented in the previous sections. These economic values derives from the sum of the
percentage of WPCBs of a certain category multiplied by the expected amount of materials
embedded into them, and results are reported in the following Table 6. However, two considerations
have to be done. First of all, no productive setup are considered during the recycling process for the
treatment of different WPCBs categories. Second point, waste WPCBs in input are considered to be
recovered from specialized suppliers, and no evaluation of generic suppliers is done within this
work. These two points could become interesting research objectives for future works.
The economic profitability characterizing only some WPCBs can be a strong obstacle to the
development of the recycling sector, also in presence of favourable regulations and proved
environmental advantages in n terms of reduced CO, emissions. The PCBs mix can be a factor able
to modify this situation. In this section, the quantification of NPVs related to 28 fractional mixes
(equal to 28 European countries assessed and presented in section 2.1) will be presented both for
mobile and field plants (Table 6). The main hypotheses taken into account are the following:

e Starting from WEEE volumes presented in Table 1, WPCB volumes were calculated. To

this aim, the fractional weight of WPCBs (out of the overall WEEE weight) was defined.
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Estimated values are 0.4%, 0.5%, 13% and 11% for Catl, Cat2, Cat3 and Cat4 WPCBs,
respectively [23];

A multi core-core (and no more a mono-core) recycling plant requires both a dedicated
interface with stakeholders from whom PCBs are collected and adequate change in
operational phases of the recycling process. Given the lack of information on these aspects,
the level of costs is considered to be constant. Instead, from the revenues side, WPCBs are
considered as a function of their materials composition, or the fractional mix previously
defined. For example, WPCBs recovered from Belgium (4%, 1%, 45% and 50%
respectively for categories 1, 2, 3 and 4) present typically 230 ppm of Au, 70 ppm of Pd and

182,600 ppm of Cu.

Table 6

NPV (k€) of multi-core plants in EU-28
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United Kingdom | 24,825 5404 15° | Germany 15,655 3261
Italy 20,274 4341 16° | Estonia 15,653 3261
Iceland 20,080 4296 17° | Ireland 14,678 3033
Hungary 19,202 4090 18° | Slovakia 14,428 2975
Cyprus 18,447 3914 19° | Spain 14,371 2962
Romania 18,156 3846 20° | Latvia 13,960 2866
Malta 17,183 3619 21° | Czech Republic | 13,769 2821
Portugal 16,927 3559 22° | Belgium 13,693 2803
Slovenia 16,823 3535 23° | Greece 12,808 2596
Liechtenstein 16,764 3521 24° | France 12,564 2539
Austria 16,596 3482 25° | Luxembourg 12,260 2468
Bulgaria 15,898 3319 26° | Netherlands 12,216 2458
Poland 15,867 3311 27° | Croatia 12,190 2452
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14° | Lithuania 15,730 3279 ‘28O Finland 11,652 2326

What is clearly evidenced by results is that profitability is verified in all scenarios and this derives
from the presence of Cat3 WPCBs (57.3% in EU-28) and from the quasi-absence of Catl and Cat2
WPCBs within the related fractional mix (3.4% and 1% in EU-28, respectively). NPVs are higher in
nations where the fractional mix sees a presence of Cat3 WPCBs higher than the European mean
value (United Kingdom 83%, Italy 68%, Iceland 67%, Hungary 64%, Cyprus 61% and Romania
60%). The worst result is related to Finland, presenting a fractional data of Cat3 WPCBs equal to
38%. In the subsequent part of the section the analysis of pessimistic scenarios (where the
percentage of Cat3 WPCBs will fall to 30%, 20% and 10%) will be implemented. Furthermore,
Cat4 WPCBs (presenting a positive NPV in field plants — see Table 4) are hypothesised to have the
same weight of Cat3 WPCBs and the remaining part of the mix is equally distributed between the
remaining two categories. This way, the assessed scenarios are the following (the numbers represent
the percentages related to each WPCB category within the mix of treated WPCBs):

o  20%-20%-30%-30% scenario;

o  30%-30%-20%-20% scenario;

e  40%-40%-10%-10% scenario.

NPVs related to these scenarios are proposed in the following Figure 3.

160 ppm 110 ppm 70 ppm 74 ppm 91 ppm
Au Au Au Au Au

7424

3492

1338

420 393 -488 0 0

sl

20-20-30-30 Scenario 30-30-20-20 Scenario 40-40-10-10 Scenario  Break Even Point Scenario

= Field plant = Mobile plant
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Figure 3. NPV (k€) in multi-core plants — Sensitivity analysis

Results demonstrate that profitability is not always verified. Previously, it was already defined as
the content of gold has a great impact on economic results. Here, its effect is evident. For example,
by considering an average PCB containing 110 ppm of Au, NPVs are equal to 3492 k€ and 420 k€
for a field and mobile plant, respectively. By decreasing the Au content to 70 ppm, NPVs becomes
negative, and both the plants become non-profitable. Hence, it is possible to calculate the specific
Break Even Point able to set NPVs to zero by only acting on the Au content. This value was
calculated to be equal to:

e 74 ppm of Au for field plants;

¢ 91 ppm of Au for mobile plants.
Finally, in order to identify the European economic potential coming from the recovery of WPCBs
embedded into WEEE:s, it is needed to multiply the economic value proposed in Table 6 with the

related volumes estimated in 2012 (Table 7).

Table 7

Total NPV (k€) of multi-core plants in EU-28

1° United Kingdom | 1,170,160 611,340 15° | Greece 34,691 16,875
2° Germany 1,100,186 550,016 16° | Romania 33,815 17,192
3° Italy 971,921 499,450 17° | Bulgaria 20,709 10,376
4° France 456,660 221,482 18° | Croatia 20,485 9889
5° Poland 184,524 92,412 19° | Slovakia 19,266 9534
6° Spain 140,732 69,615 20° | Lithuania 12,462 6235
7° Belgium 132,793 65,239 21° | Slovenia 12,121 6113
8° Netherlands 122,180 59,002 22° | Estonia 10,087 5043
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9° Austria 120,544 60,699 23° | Luxembourg | 5292 2557
10° | Czech Republic 69,398 34,124 24° | Cyprus 3582 1824
11° | Hungary 60,430 30,892 25° | Latvia 3415 1683
12° | Finland 53,220 25,498 26° | Iceland 3088 1586
13° | Portugal 47,648 24,044 27° | Malta 2262 1144
14° | Ireland 46,568 23,095 28° | Liechtenstein | 295 149

The economic potential related to the recovery of WPCBs embedded into WEEEs is estimated in
about 4859 M€ in a scenario with only field plants and 2457 M€ in a scenario with only mobile
plants. In comparison to what previously exposed, the role of the fractional mix seems to be less
relevant. By assessing the first positions of the ranking presented in Table 7 (by seeing the
economic value related to field plants), together with United Kingdom and Italy, there are even
Germany and France. These four nations represent almost the 76% of the overall European NPV.
This way, the current context delineate a clear picture where the implementation of PCBs recycling
plants could improve both environmental and economic performances of the European industrial

system.

5.2 Future profits quantification

Second aim of this section was the identification of future economic opportunities trend. To do that,
the first data required was the overall amount of expected WEEEs generated from 2015 up to 2030.
These data, together with related trends, were directly gathered both from Eurostat (regarding 2012
collected volumes in EU28) and literature (regarding the expected growth rate, fixed in about 3%
per year even if some author speaks about a 5% rate) [19]. After that, it was possible to predict
(with logical approximations) the expected profit (in a min — max range) coming from the correct
management of these amounts of WPCBs. The following Table 8 reports all these data. However, it

is important to underline the two main hypotheses taken into account, or:
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e The growth rate related to each of the four WPCBs categories was considered to be the
same;

e Min and max values of NPVs are associated to mobile plants and field plants, respectively.

Table 8

Estimates of generated WPCBs volumes and profits in EU-28 from WEEEs

EU WEEEs expected annual generation (Mtons) 3.23 3.63 4.21 5.65
EU total PCBs expected annual generation (Ktons) 161.9 167.03 193.63 260.23
EU total PCBs expected NPVs — min values (M€) 2457 2536 2939 3950
EU total PCBs expected NPVs — max values (M€) 4859 5013 5811 7810

Sources: [38, 39], self-made analysis

Table 8 reports the potential dimension of the WEEE’s PCBs recycling market. Values are
impressive, going from 2.46 billion € up to 3.95 billion € as minimum values, and refer to the
baseline scenario presented in Table 6. Maximum levels are even more interesting, going from 4.86
billion € up to 7.81 billion €. However, it is important to underline that minimum and maximum
values were calculated on the fractional mix. These numbers, even if theoretical, demonstrate the
utmost importance of WEEE’s PCBs management and the amount of profits that could be
potentially achieved. Without any doubt, this research will play a critical role in improving society
and the world in terms of reducing waste, improving recycling, reducing reliance on natural, rare
earth and precious materials, and improving resource efficiency and circular economy in key
manufacturing processes where we rely on these materials. Interesting improvements of this work
could be the assessment of environmental impacts of the recycling process, the analysis of different
business models for the End of Life management of complex products, the proposition of corrective

actions to current directives, and the assessment of recycling issues related to future waste streams.
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6. Conclusions

Waste from Electric and Electronic Equipments are one of the most important sources of secondary
raw materials. However, studies demonstrating their economic potentials are quite rare. The paper
went in this direction. A quantification of the amounts of materials (and related economic values)
potentially recoverable from different types of WPCBs was implemented. Again, the expected
profitability coming from WPCBs recycling processes was compared on two different types of
plants (mobile and field ones) and into different scenarios, with an increased severity of the context.
Furthermore, an assessment of different mixes of WPCBs was implemented for both the
identification of the minimum level of Au content guaranteeing the profitability of recycling
processes and the identification of the most relevant nations in terms of WEEE generated volumes.
Finally, basing on both NPV values and predictions about future WEEE volumes, a quantification
of the potential dimension of the recycling market was described for the 2015-2030 period.
However, it is important to underline that the obtained economic values are so high, and different
from common values available in literature, because of the joined selection of four WEEE streams

instead of only one.
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