Automotive printed circuit boards recycling: an economic analysis
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End of Life Vehicles (ELVs), together with Waste from Electric and Electronic Equipments (WEEEs), are re-known as an important source of secondary raw
materials. Since many years, their recovery allowed the restoring of great amounts of metals for new cars' production. However, the management of
electronic systems embedded into ELVs is yet rarely considered by the scientific literature. The purpose of the paper is trying to fill in this gap through the
proposition of an innovative economic model able to identify the presence of profitability within the recovery process of automotive Waste Printed
Circuit Boards (WPCBs). Net Present Value (NPV) and Discounted Payback Time (DPBT) will be used to demonstrate the validity of investments in this
type of plants. Furthermore, a sensitivity analysis on a set of critical variables (plant saturation level, gold (Au) content, Au market price, Au final purity
level, WPCBs pur-chasing cost and opportunity cost) will be conducted for the evaluation of the impact of significant variations on results. Finally, the
matching of predicted European ELVs volumes (during the period 2015 —2030) and NPVs coming from the economic model will quantify the potential
advantages coming from the implementation of this new kind of circular economy.
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1. Introduction

In the past twenty years, the booming consumer electronics
industry rapidly changed the economic and social landscape (Li et
al, 2015; Golembiewski et al., 2015; Sun et al, 2015). Highly
innovative products, with even lower lifetimes, generated a so high
amount of obsolete electronic devices that they became increas-
ingly a global challenge, nowadays re-known as WEEEs, or elec-
tronic wastes (e-wastes) problem (Lu et al., 2015; Hong et al,,
2015). Printed circuit boards (PCBs) represent the most complex,
haz-ardous, and valuable component of e-wastes. They can contain
more than 60 elements (on average), including plenty of heavy
metals (such as Lead (Pb), Chromium (Cr), Cadmium (Cd), Mercury
(Hg), Arsenic (As)) and toxic organic substances (such as bromi-
nated flame retardants, polycyclic aromatic hydrocarbons, dech-
lorane plus, etc.) (Song and Li, 2014; Huang et al., 2014). From the
automotive sector point of view, the use of PCBs inside a car for the
management of almost all the functionalities of a vehicle drastically
increased in the last decades (Kim et al., 2014). Hence, this trend
undoubtedly contributed in increasing volumes of PCBs produced
and, so, to the overall amounts of WPCBs dismantled. In fact, the
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automotive sector, together with the mass electronics sector, is one
of the most important sources of waste, both in volumes (Zorpas
and Inglezakis, 2012; Cucchiella et al.,, 2014a; S-iYoshida et al.,
2014; Tian and Chen, 2014) and in materials content terms (Berzi et
al,, 2013; Uan et al., 2007). For this reason, basic guidelines for the
reuse, recovery and recycling of ELVs were established all over the
world in the last decades. Within the scientific literature, lots of
papers analysed and compared different ELV directives and na-
tional recovery systems (S-iYoshida et al., 2014; Zhao and Chen,
2011). However, some topics were only superficially studied, for
example:

e The recycling of scrap automotive electronics (e.g. Electronic
Control Units (ECUs)), together with its environmental impacts,
does not appears to have been adequately assessed by the ex-
perts (Wang and Chen, 2013a, 2012);

e Some authors identified the potential support in the develop-
ment of new circular economies given By the recovery of auto-
motive electronic systems, but no practical applications are
available in literature (Cucchiella et al., 2015a);

o The existing economic models assessing the profitability of
recycling plants are very few, and specialized on a particular
phase of the process (Ghosh et al., 2015);

e The limited technological development of scrap automotive
electronics processes was assessed by some authors as one of
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the main reason for the lacking of literature focused on this
topic. This way, the implementation of new kinds of plants (e.g.
mobile recycling plants) was not taken into account since now
(Zeng et al., 2015).

Given that, the aim of this paper is threefold. From one side,
there is the need to define a mathematical model able to assess the
potential profitability characterizing all the phases of a typical
WPCBs recovery process (or dismantling, pretreatment and
refining). From a second side, this calculation has to be done on
different types of plants (for example, field and mobile ones).
Finally, the potential profitability has to be linked with the available
previsions on future ELVs generated volumes for the quantification
of the expected market dimension. The important findings of this
investigation could be very helpful to governmental and industrial
actors for a direct comparison with results coming from similar
types of models available in literature, so to better understand the
lost opportunity, by trying to define corrective measures for the
management of these new types of e-wastes.

The paper is organized as follows: Section 2 presents a
description of the research framework and. Section 3 presents
theoretical methods adopted within this study and the economic
model at the base of the overall analysis. Economic results are
presented in Section 4, under the form of NPV and DPBT indexes.
Additionally, a sensitivity analysis on the main critical variables
(Section 5) and an overall discussion of results (Section 6) will be
conducted. Section 7 presents concluding remarks and future
perspectives.

2. Research framework

ECUs are among the most valuable electronic devices embedded
in modern vehicles. They are able to perform the reading of signals
coming from sensors embedded in a car, and control the behaviour
of many sub-systems, as engine, air conditioning system, infotain-
ment system, safety devices, etc. (National Instruments, 2009). The
current amount of electronic systems is impressive, both in
numbers and in impact on costs. In fact, a modern medium-sized
car can embed up to 15 electronic systems on average (Kripli et al.,
2010; Freiberger et al., 2012) and luxury cars can reach up to 50
among microcomputers and electronic components (Wang and
Chen, 2011). Furthermore, a statistic of the Bayerische Moto-ren
Werke Corporation shows that, generally, these systems can
account for more than 30% of total vehicle cost, reaching more than
50% in luxury cars (Wang and Chen, 2013b). These last data alone
allow to evidence how much important is the recovery of the
embedded value in these components. However, current ELV di-
rectives (based on weighting principles) seems to do not
adequately take into account the management of these types of e-
wastes (Cucchiella et al., 2015a). Hence, there are no benefits for
the actors involved in the automotive reverse logistic chain to
invest in dedicated recovery centres (Cucchiella et al., 2015b).

2.1. Automotive PCBs characterization

Before the treatment of any kind of WPCBs amounts, there is a
materials' characterization phase. This means a definition of the set
of materials embedded in a certain amount of WPCBs, by chemi-cally
analysing a sample of them. This is a relevant phase because it allows
to: (i) comprehend the presence (or not) of valuable mate-rials (this
way a WPCB is classified as high, medium or low grade waste), and
(ii) define the expected revenues coming from their recovery. In
literature, the common ways to characterize WPCBs are essentially
two: (i) considering already available data coming from other papers
or intra-governmental reports (UNEP, 2013), and (ii)

implementing dedicated laboratory tests (Wang and Gaustad,
2012). The first one is the most common in papers focused on the
economic sustainability of PCBs recycling processes. The second
one is common when environmental sustainability is the main
focus. Given both the clear focus of this paper on the economic side
of sustainability, and the lack of existing data about automotive
PCBs composition, the approach selected by the authors was the
exploitation of existing data coming from industrial database. This
explains the decision to consider IMDS as a relevant source of data
from which starting with the economic assessment. IMDS is a
materials data management system used in the automotive sector.
Designed by Audi, BMW, Daimler, HP, Ford, Opel, Porsche, VW, and
Volvo, IMDS was then adopted by other car manufacturers, so
becoming a global standard used by almost all the automotive
Original Equipment Manufacturers (OEMs) worldwide. Data
related to 500 different automotive electronic devices were
extracted and, subsequently, categorized into four typologies
basing on their weights distribution (divided into quartiles). The
four resulting groups are represented by:

e Small WPCBs, going from 0.2 g up to 8.7 g;

e Medium-small WPCBs, going from 8.8 g up to 52.9 g;
e Medium-big WPCBs, going from 53.0 g up to 134.2 g;
e Big WPCBs, going from 134.3 g up to 4779 g.

This choice was purely objective and derives from the fact that
waste automotive PCBs are very different in terms of size, shape
and composition, depending on their functionality (Wang and
Chen, 2013a). Hence, a subdivision like the one commonly done
for WPCBs coming from WEEEs (or high, medium and low grade
waste) was considered as not representative.

2.2. WPCBs recycling processes

Starting from the main assumption that scrap automotive
electronic devices are, in effect, WPCBs, consequently it is possible
to consider the same technological process followed for the recy-
cling of WPCBs coming from WEEEs (Wang and Chen, 2013a, 2012;
Cucchiella et al., 2015a). Hence, the recycling process can be seen as
the sum of three main phases that, starting from WPCBs, are able to
obtain as final output a set of (almost pure) raw materials. These
phases can be distinguished in: dismantling, pretreatment and
refining (Sohaili et al., 2012; Yu et al., 2009) — see Fig. 1.

During disassembly, both the casings embedding PCBs and toxic
components present on the main board are separated. Toxic com-
ponents (e.g. condensers or batteries) are disassembled and
destined to specific treatments for hazardous materials. Instead,
casings (generally, Aluminium (Al)-made elements) can be directly
sold to smelters, becoming an additional source of revenues for
recyclers. The pretreatment process is implemented through a se-
ries of dedicated machines, or shredders, grinders and separators
(based on several physical principles). During pretreatment, WPCBs
are crushed into micro pieces up to become a uniform powder,
through the use of shredders and grinders. After this phase, pow-
ders are separated basing on their composition, by distinguishing
metal from non-metal powders (Zeng et al., 2015; Li and Xu, 2010).
Nowadays, these last ones are destined to landfills, however there
are interesting works studying alternative (and valuable) ways to
reuse them for different purposes (Li et al., 2012; Hadi et al., 2013).
Finally, metal powders are refined, up to obtain almost pure sec-
ondary resources (the purity level differs from on material to
another (Wang and Gaustad, 2012)) directly reusable for the pro-
duction of new goods. The refining process can be based on
different technologies (e.g. pyrolysis, pyrometallurgy, hydrometal-
lurgy, biometallurgy). In this work, hydrometallurgy is considered
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Fig. 1. A traditional WPCBs recycling process — Source: (UNEP, 2013).

as the only refining process because the literature (Behnamfard et
al., 2013; Birloaga et al., 2013) commonly agrees on its higher
sustainability, if compared to other methods. Although bio-
metallurgy could be even better than hydrometallurgy, currently
there are no information about its use at industrial scale (Zhu et al.,
2011; Liang et al., 2010).

The economic model that will be proposed in Section 3 has a
high level of detail. Hence, it is of utmost importance to take a look
on material flows (and related nomenclature) to better compre-
hend its logic — see Fig. 1. The recycling process starts from the
entire ECU (composed by a casing (Qe) and a PCB (Quw)). As
described before, ECUs are disassembled up to extract PCBs (Qw)
from casings (Qeng) and eliminate hazardous components (trans-
ferred to dedicated recovery processes — Qnwd). Then, they are
reduced into powders and part of them remains trapped into
shredder's/grinder's/conveyors mechanisms (Qimpp). The remain-
ing part (Qp-rmat) is, then, separated into metal (Qp-rmpr) and non-
metal (Qp.rnm) powders. The first one is directly refined up to
obtain almost pure materials (Qp-rm). For this reason, this part is the
one giving an idea of the potentially reachable profitability char-
acterizing input elements. However, during refining a little per-
centage of materials is lost, because of chemical reactions (Qimp).
The second one (mainly composed by inert materials, like plastics
and ceramics) is currently landfilled (Qp-rnm). In this work, this last
part was defined as the difference between the overall WPCB
weight and the sum of the metal powders embedded on it.

Qw = pp*Np*Ng (1)
Qe = Qw™Pe/(1 — Pe) (2)
Qhwd = Qe*Ped (3)
Qend = Qe — Qnwa (4)
Qimpp = Impp*Qw (5)

Qp_rmat = Qw — Qimpp (6)
Qp-rnm = Qp—rmat*Prnm (7)
Qp—rmbr = Qp-—rmat — Qp—rnm (8)
Qimrp = IMrp*Qp_mpr (9)
Qp-rm = Qp_rmbr — Qumrp (10)
Nrm
Qp_rmj = Qp_rm™*Prm j*Mu* (l ; prm,j*mu> Vj=1..nm
J (11)
Qp_prmj = er;" Qp_hrm,j (12)
Qp_srmj = Qp_rmj — Qp_prm,j (13)
Nw = Qw/Ww (14)

2.3. Recycling plants sizing

After having defined the typical phases constituting a WPCBs
recycling process, the next step is the plant's capacity sizing. Given
the features of a recycling process (very similar to a productive
plant), the sizing activity does not takes into account only the ex-
pected level of service (Cucchiella et al., 2015c; Pan et al., 2015), but
the required hourly productivity. Hence, by considering the refer-
ence values reported in literature (Zeng et al.,, 2015; Li and Xu, 2010)
this parameter was defined to be equal to 0.125 t/h and 0.3 t/h (for
mobile and field plants, respectively). These flows are materials
(under the form of powders) flowing out from the pretreatment



Nomenclature

j recycled metal

Impp: lost materials in pretreatment process
Imyp: lost materials in refinement process
my: 1 kg of WPCB

ng: number of days

np: number of hours

Nihrm: number of hazardous recycled metal
Nprm? number of non recycled metals

Nyme number of recycled metals

Nw: number of WPCBs

Pe: % of envelope

Ped: % of “dangerous” envelope

Pn: hourly productivity

Phwd: % of hazardous waste (disassembly)
Prmj: % of metal j in 1 kg of WPCB

Pram: % of not metals in recycled materials

Qe: quantity of envelope

Qend: quantity of not dangerous envelope

Qhwd: quantity of hazardous waste (disassembly)
Qimpp: quantity of lost materials (pretreatment)
Qp-hrm,j: quantity of hazardous recycled metal
Qimrp: quantity of lost materials (refinement)

rm: quantity of powders (recycled metals)

Qp-rmat: quantity of powders (recycled materials)
Qp-rm: quantity of powders (recycled metal j)
Qp-rmbr: quantity of powders (before refinement)
Qp-rnm: quantity of powders (recycled non-metals)
Qp_srm,j: quantity of selling recycled metal

Qw: quantity of WPCBs

Ww: weight of WPCB

phase. Furthermore, by considering a working period of 240 days
and 8 working hours per day (according to equation (1)), 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. In some cases, a field plant is useful to recover great
amounts of wastes from a specific location. In other cases, a mobile
plant able to be transferred from one location to another is
preferable to guarantee always a correct saturation of the plant
(Zeng et al., 2015; Cucchiella et al., 2014b). However, these generic
dimensions present a common limit. In fact, they are related to
mono-core plants (able to treat only one type of e-wastes), with a
very low flexibility level.

3. Research methodology

Given the literature gaps reported in Section 1 and the detailed
description of the research framework in Section 2, it is now
possible to better comprehend the economic model at the base of
this paper. Firstly, an analysis of the current economic models
available in literature (and related to e-waste recycling processes)
will be presented. Secondly, the basic pillars (Discounted Cash Flow
(DCF) method and reference financial indexes — NPV and DPBT)
taken into account for the profitability assessment will be assessed.
Finally, the economic model will be described into detail, together
with economic and technical input.

3.1. Current economic models

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 (Ghosh et al., 2015), (ii) the absence of standards in
material composition of WPCBs taken into account (Wang and
Gaustad, 2012), and (iii) the limited set of application fields (Wang
and Xu, 2015). The focus on a particular phase of the process, even
if can leave more space to different technological configura-tions of
a recycling plant, influences the overall economic result given by
the proposed model. So, from a practical point of view this can offer
a limited support to industrial actors when they have to decide to
invest (or not) in this type of plants. WPCBs materials composition
is the most important variable influencing the prof-itability of the
entire recycling process, as already underlined in

Section 2. Hence, it is important to correctly characterize WPCBs to
maintain the reliability of results. Finally, current studies are almost
completely focused on PCBs coming from a particular set of WEEEs,
or the ones re-known by the experts as the most profitable to be
recovered. Hence, because of the lack in data about WPCBs from
automotive scraps, this topic was rarely considered (IMDS, 2015).
In practice, the previous three lacks generated a particular kind of
papers, whose goals can be briefly synthetized here:

e A costs comparison of different PCBs dismantling processes (e.g.
manual versus mechanical techniques) (Zeng et al., 2013);
e A costs comparison of different PCBs disassembly processes (e.g.

on a specific product) (Fan et al., 2013);
e A cost comparison of different PCBs shredding + separation

processes (e.g. different technologies and plants
dimensions)(Zeng et al., 2015; Li and Xu, 2010; Xue et al.,, 2013);
o A cost comparison of different powders refining processes (e.g.
through hydrometallurgical technologies) (Kamberovic, 2011); e

An evaluation of theoretical economic models for PCBs recycling

(Niu et al., 2007); of entire PCBs (Wang and Gaustad, 2012).
e An assessment of potential revenues coming from the recovery

Table 1 reports a list of economic indexes currently used within
these papers.

Given the current state of literature about economic models
related to e-waste recycling processes, it is now possible to evi-
dence the main differences between the proposed model and the
existing ones.

3.2. Discounted cash flow method

DCF is a well-known economic assessment method estimating
the attractiveness of an investment opportunity. The standard
practice is to define a vision of future events precise enough to be
captured in a DCF analysis (Courtney et al., 1997). The reliability of
this approach is guaranteed also by the European Commission,
proposing it as reference method for the evaluation and compari-
son of investments (Regio, 2008). The main points characterizing
the DCF method are the following:

e Only cash inflows and outflows are considered within the
analysis;
e The determination of investment's cash flows is based on the
incremental approach;
e The aggregation of occurring cash flows during different years
requires the adoption of an appropriate discount rate.



Table 1
Current economic indexes used in literature.

Plant size Index Value Reference

0.5 kt WPCBs Total cost 25,000 $ (manual) (Zeng et al., 2013)
50,000 $ (mechanical)

10 kt WPCBs Total cost 350,000 $ (mechanical) (Zeng et al., 2013)
400,000 $ (manual)

Not specified Net profit 1.61 € (per notebook) (Fan et al., 2013)

0.1 t WPCBs/h Net Profit 600 RMB (Niu et al., 2007)

0.2 t WPCBs/h Net Profit 1300 RMB (Niu et al., 2007)

0.125 t WPCBs/h Gross Profit

0.3 t WPCBs/h Gross Profit

Total revenues
Payback Time

50 kg of WEEE per batch

Total revenues
Payback Time

100 kg of WEEE per batch

Not specified Payback Time
Internal rate of return

1t WPCBs Potential revenues

—83 $/t (field plant)

14 $/t (mobile plant)

129 $/t (manual—automatic line)
256 $/t (automatic line)

62,000 $/y (200 ppm Au)
161,000 $/y (1000 ppm Au)

Not feasible (200 ppm Au)

3y (1000 ppm Au)

99,000 $/y (200 ppm Au)
339,000 $/y (1000 ppm Au)

Not feasible (200 ppm Au)

1y (1000 ppm Au)

25y

43%

21,500 $/t (baseline scenario)
3800—52,700 $/t (alternative scenario)

(Zeng et al., 2015)
(Li and Xu, 2010)

(Kamberovic, 2011)

(Kamberovic, 2011)

(Xue et al., 2013)

(Wang and Gaustad, 2012)

A critical point of this method is that its reliability completely
depends by the level of confidence of future cash flows.

3.3. Profitability indexes

Several economic indexes can be chosen to represent profit-
ability, as evidenced in Section 1. However, net and gross profit
seems to be the most common among the experts. The problem is
that they do not analyse all the lifetime of an investment, but only a
predefined period. Hence, the authors decided to consider other
kind of indexes, as Net Present Value (NPV), Discounted Payback
Time (DPBT) and Internal Rate of Return (IRR) (Cucchiella et al.,
2015c; Chiaroni et al., 2014; Larsson et al., 2015; Weigel et al.,
2015; Cucchiella et al., 2015d):

o NPV is defined as the sum of present values of individual cash
flows;
e DPBT represents the number of years needed to balance cu-
mulative discounted cash flows and initial investment;
o IRR identifies the discount rate at which the present value of all
future cash flows will balance the initial investment.

However, among these three indexes only NPV and DPBT were
selected, because of the poor relevance of criticisms related to
them. In fact, NPV does not consider the size of the plant and DPBT
ignores both instant and value of cash flows. However, these in-
dexes provide a single result. Instead, IRR can cause conflicting
answers (multiple IRR can occur) when compared to NPV in
mutually exclusive investments (Brealey et al., 2011).

3.4. The economic model

The profitability of a recycling plant is influenced by two main
variables, or materials embedded into WPCBs and plant capacity.
For this reason the set of selected scenarios evaluated in this paper
are eight. They are obtained by a combination between the four
WPCBs groups (Small WPCBs, Medium-small WPCBs; Medium-big
WPCBs and Big WPCBs) and the two sizes of the plants (240 t/y and
576 t/y) — please see Section 2 for details. The economic model

considered within the paper can be described with the following
equations:

NPV = th/(l It—Ot)/ +1)t (15)
DPBT
th/(l+r)t:0 (16)
t=0

nl‘m
It = ZQlLsrm,j*plrm*prrmj,t Vt=1..n (17)

=
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Clcst = Cmv Ngept V= 0~~-ndebt -1 (23)
Cllst (Cian\sl Clcs t)*rd Vt= 0~~-ndebt -1 (24)
Cot_C +C +C (25)
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(27)

(28)

(29)

(30)
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(32)
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(39)
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(45)
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(47)

(48)
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(50)

G =CGx(1+inf) Yt=1..n (51)
Cont = Pin**Ciny (52)
Gl =CGix(1+inf) Vt=1..n (53)
Crem.t = Clem*Qp_rmbr (54)
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Cir = C*(Qw + Qe)*dys (56)
Cirtr1 = Crex(1+inf) Ve=1..n (57)
Craxt = ebtexClh, Vt=1...n (58)

3.5. Economic and technical input

Economic and technical inputs are proposed in Table 2. The
mobile plant investment cost is evaluated almost 639 k<€, while the
fixed plant assumed to be almost 1533 k€ (Zeng et al., 2015; Li and
Xu, 2010; Kamberovic, 2011; Cucchiella et al., 2014c). This differ-
ence evidences the presence of an economy of scale of about 29%
and the investment cost is covered by third party funds. The
recovered materials evaluation occurs in function of market prices
historical trend per 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 ma-
terials exchanges. Initial assumptions were taken from scientific
literature. However, with the aim to better explain the effects of
changes in values of relevant variables, a sensitivity analysis will be
proposed in the next Section 5.

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 4.

4. Results

The economic evaluation of a project allows the easing of its
application in a real context, where profitability is verified. In fact,
as in waste recycling processes, this could represent not only an
environmental protection action, but also an economic opportu-
nity. As already presented in Section 3, eight scenarios are analysed
in this work, and is clear that the financial feasibility is always
verified (Table 4). Furthermore, it is also important to underline the
relevance of results. In fact, DPBT is equal to one year. This means
that cash flows allow the re-entering from the investment already
at the end of the first year of activity. This result is confirmed also
by the work of Kamberovic (2011), even if the author analysed the
only metals refining phase and 1000 ppm of Au in WPCBs on average.
Instead, NPV varies basing on both plant capacity and WPCBs types.
From one side, NPVs reach their maximum value (495,726 €/t) with
a field plant and Small WPCBs (presenting 4200 ppm of Au). From the
other side, NPVs reach their minimum value (52,495 €/t) with a
mobile plant and Big WPCBs (presenting 900 ppm of Au). A direct
comparison with existing literature is not possible due to absence of
data related to economic performances on WPCBs recycling.
However, it is possible to highlight that these values are higher than
the ones obtained by Zeng et al. (2015) who considered a field and a



Nomenclature

Ca: acquisition cost of WPCBs
cy: unitary acquisition cost of WPCB
Cem: conferred material cost
Cln: unitary conferred material cost
Cq: disposal cost
Cy: unitary disposal cost
Ce: electric power cost
cy: unitary electric power cost
Ci: insurance cost
Cinv: total investment cost
luri\Zl“S; unitary investment cost (pretreatment)
C:Jn\3/ s. unitary investment cost (refinement)
C: labour cost
q': unitary labour cost
Cles: loan capital share cost
Ciis: loan interest share cost
Cm: maintenance cost
Co: operational cost
Crem: reactant materials cost
Crem : unitary reactant materials cost
Ce: discounted cash flow
Crax: taxes
Ciix : unitary taxes
Cer transportation cost of the plant

G- unitary transportation cost of the plant
des distances of transportation of the plant
DPBT: discounted payback time

eZ’s: energy power (pretreatment)

el’s: energy power (refinement)

ebt: earnings before taxes

I¢: discounted cash inflows

inf: rate of inflation

n: lifetime of investment

Ngept: period of loan

n},l',s number of operators (disassembly)
ng;,s number of operators (pretreatment)
ngl;s number of operators (refinement)
NPV: net present value

O¢: discounted cash outflows

pi: % of insurance cost

pZs: % of maintenance cost (pretreatment)
ps: % of maintenance cost (refinement)
Plim: purity level of recycled metal

Prim: price of recycled metal (average value)
p§ﬂ1: price of recycled metal (standard deviation)
I opportunity cost

Iq: interest rate on loan

t time of the cash flow

1°s: “disassembly” step; 2°s: “pretreatment” step; 3°s: “refinement” step.

mobile plant with a capacity of 0.125 t/h. in this case gross profits
where equal to —83 $/t and 14 $/t (see section 3.1). Furthermore,
these values are also different from the ones presented by Li and Xu
(2010) who considered a field plant with a capacity of 0.3 t/h and a
gross profit equal to 256 $/t (see section 3.1). However, both the
authors considered only the pretreatment phase and only one type

of WPCBs presenting an Au content of about 5 ppm. Consequently,
their revenues come mainly from the recovery of Cu.

Field plants present 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. Furthermore, from one side
economies of scale are exploited. Instead, from the other side, the

Table 2
Economic and technical input.
Variable  Value Reference Variable  Value Reference
cy: 1195 €/t (Zeng et al., 2015) ngs 1 2f (Zeng et al., 2013)
([ 90 €/t (Cucchiella et al., 2015d) nZs: 2f; 3 (Zeng et al,, 2015)
Cy: 325 €/t (Zeng et al., 2015) n3s 20, 3ii (Zeng et al., 2015)
cy: 0.11 €/kWh (Zeng et al., 2015) Nym: Table 3 (IMDS, 2015)
Clszl 5. 913 €/tf} (Zeng et al., 2015; Li and Xu, 2010) Nynm: Table 3 (IMDS, 2015)
646 €/t
cuds. 3860 €/t'; 2740 €/t (Kamberovic, 2011; Cucchiella et al,, 2014c)  pe: 70% (IMDS, 2015)
q' 150 €/d (Ardente et al., 2014) Ped: 5% (IMDS, 2015)
Crem : 830 €/t (Cucchiella et al., 2014c) Ph: 0.125 t/h’;  (Zeng et al,, 2015; Li and Xu, 2010)
0.3 t/h"
ha 36% (Cucchiella et al., 2014c) pi: 2% (Cucchiella et al, 2015d)
Ch: 0.34 €/(km*t) (Zhao et al., 2011) ps: 25% (Copani and Rosa, 2014)
e2s . 50 kwi;“ (Zeng et al., 2015) pis: 5% (Kamberovic, 2011)
141 kw"
eds . 3900 kWh/t'; 9500 kWh/t!  (Cucchiella et al., 2014c) Prom: Table 3 (IMDS, 2015)
dys: 200 km'; (Cucchiella et al., 2014c) Prm: Table 3 (IMDS, 2015)
0 km'
inf: 2% (Cucchiella et al., 2015d) plim: 95% (UNEP, 2013)
Impp: 20% (UNEP, 2013) Plim: Table 3 (London exchange, 2014; Metces, 2014; Infe, 2014)
Imyp: 5% (UNEP, 2013)
n: 5y'; 10 y" (Li and Xu, 2010) I: 5% Cucchiella et al., 2015d)
ng: 240d (Li and Xu, 2010) Iq: 4% (Cucchiella et al., 2015d)
Ngebt: 5y (Cucchiella et al., 2015d) wWw: 3.73 g% (UNEP, 2013)
Np: 8h (Li and Xu, 2010) 26.66 g%
94.99 g<;
209.09 g4
Nhrm: Table 3 (IMDS, 2015)

i = mobile plant; ii = field plant.

a = Small WPCBs; b = Medium-small WPCBs; ¢ = Medium-big WPCBs; d = Big WPCBs (average value).

Potential revenues derived by Qeng are not considered.
Conversion factor: 1$ = 0.93 €



Table 3

Characterization of materials embedded into ECUs.

Materials Small WPCBs Medium-small WPCBs Medium-big WPCBs Big WPCBs Generic WPCBs Generic WPCBs
Nrm Prm (%) Prm (%) Prm (%) Prm (%) Prim (€/kg) plslqn (€/kg)
Revenues

Silver (Ag) 0.09 0 0 0 480 45

Gold (Au) 0.42 0.20 0.24 0.09 32,500 4500
Copper (Cu) 18.84 2419 14.52 16.30 513 1.2

Iron (Fe) 0.18 0.17 0.19 0.10 0.064 0.02
Nickel (Ni) 0.69 043 113 0.89 12 1.2

Tin (Sn) 1.81 1.46 1.23 1.56 16 21
Tantalum (Ta) 0.08 0 0 0 148 25

Lead (Pb) 0.71 1.13 0.40 0.27 2.1 0.4

Costs

Nrnm Pnrm (%) Pnrm (%) Pnrm (%) Pnrm (%)

Epoxy Resin 15.81 3.73 12.73 13.60

Glass fibre 19.34 35.56 35.53 36.72

Others™ 2.63 2.63 1.23 1.47

Delta mat**") 39.40 30.50 32.80 29.00

(*) 0.42% of Au is equal to 4200 ppm, or 4200 g of Au in 1 ton of WPCBs.

(**) Others are all the materials (metals and non metals) cited by the IMDS database, but not considered in this work.
(***) Delta mat (metals and non metals) is the difference between the overall mass of a WPCB and the sum of all the considered materials embedded in a WPCB. It represents

the amount of materials not considered by the IMDS database.

Table 4

Economic indexes — baseline scenario.
Index Small WPCBs Medium-small WPCBs Medium-big WPCBs Big WPCBs
Mobile plant (240 tons of powders/year)
DPBT (y) 1 1 1 1
NPV (k€) 66,304 30,966 36,639 12,599
NPV/Qw (€/t) 276,267 129,026 152,662 152,495
Field plant (576 tons of powders/year)
DPBT (y) 1 1 1 1
NPV (k€) 285,538 134,271 158,562 55,656
NPV/Qw (€/t) 495,726 233,110 275,280 96,626

higher number of recycled WPCBs allows to recover a higher
amount of Au (Table 5). However, as explained in other papers
(Zeng et al., 2015; Kamberovic, 2011) mobile facilities applications
represent an ideal solution for small countries or cities and, at the
same time, they play an important role in collecting wastes.

A scenario with a mobile plant treating Small WPCBs presents a
higher NPV (66,304 k<€) than a scenario with a field plant treating
Big WPCBs (55,656 k€). This means that the percentage of Au
embedded into WPCBs has greater effect than dimensions. How-
ever, it is of utmost importance to consider that these results were
obtained by hypothesizing a full saturation of plants.

To this aim, in the next section of the paper, a sensitivity
analysis will be implemented on both non-saturated plants.
Instead, there are no market data related to WPCBs original
applications and this pushed the authors to consider mono-core
plants. However, future research objectives are the evaluation of
multi-cores plants, able to treat all types of WPCBs independently
from their dimensions and primary industrial application. To this
aim, being the Au content a critical variable, during the sensitivity
analysis also this aspect will be considered. Furthermore, scientific
literature and past pilot

plants experiences evidenced as recycling plants flexibility plays a
relevant role (Rocchetti et al., 2013). To this aim, potential revenues
coming from single waste streams can be used as a benchmarking
factor (Cucchiella et al., 2015b). Finally, for what concerns the Au
relevance among revenues items, data showed in Fig. 2 are signif-
icant: by considering the four types of WPCBs these are equal to
97.7% on average both in mobile and field plants. Another paper
fixed the incidence of Au on potential revenues in 71%, by consid-
ering a value of about 15,200 $/t, but with a range going from a
minimum level of 2500 $/t up to a maximum level of 40,000 $/t.
Clearly, the type of WPCBs considered influenced these results. This
is why the authors of this paper decided to take into account data
coming from the IMDS database, allowing the management of a
more significant sample.

Instead, the costs distribution analysis shows as the operational
costs are equal to 95.1% for a field plant and 89.1% for a mobile
plant. These results are coherent with respect of what proposed by
other works (Zeng et al., 2015; Li and Xu, 2010; Kamberovic, 2011;
Cucchiella et al., 2015d). The most relevant item is represented by
WPCBs purchasing both for field and mobile plants (47,5% and

Table 5

N'l‘r%?(r OF WPCBs treated and quantltfr%gflwa%d gold. Medium-small WPCBs Medium-big WPCBs Big WPCBs
Mobile plant (240 tons of powders/year)
Nw (1000*unit) 64,343 9002 2527 1148
Qp-rm, Au (kg) 791 380 448 167
Field plant (576 tons of powders/year)
Nw (1000*unit) 154,424 21,605 6064 2755
Qp_rm, Au (kg) 1898 913 1075 400
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Fig. 2. Plant's revenues distribution — average values.

37.5%, respectively). This value is followed by labour costs (19.9%
and 23.6%, respectively). Finally, transport costs are equal to 7.1%
in the mobile plant (Fig. 3).

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.

5. Sensitivity analysis

NPV results are based on assumptions of a set of input variables.
However, compared to the baseline scenario, the critical variables
can record changes with respect to initial estimations (Cucchiella et
al,, 2015d). Basing on what obtained in Section 4, critical vari-ables
are the ones that, more than others, have an influence on revenues
and costs. From the revenues point of view, it has been
demonstrated that they mainly depend on the recovery of Au.
Hence, three are the variables determining results: (i) the Au
content, as percentage of the WPCB total weight ( it was already
analysed, in fact four categories of WPCBs were evaluated in this
paper); (ii) the Au market price, varying from an optimistic and
pessimistic scenario where the assumed value is equal to 37,000 €/
kg and 28,000 €/kg (this range is equal to its standard deviation) —
see Table 2; (iii) the final purity level, varying from 60% up to 90%,
under the common hypothesis of 95% of the literature. From the
costs point of view, the most relevant item is represented by
WPCBs purchasing cost. As done for revenues, also in this case an
optimistic and pessimistic scenarios are assessed, where costs vary
from 1000 €/t up to 1400 €/t (or an offset of about 200 €/t from
the base value). Furthermore, in accord to what previously pre-
sented, is important to evaluate what happens when plants are not
fully saturated. In this case, investment costs are unchanged, but
operational incomes will vary. In particular, a lower amount of
WPCBs in input represents a lower hourly productivity. To this aim,
five pessimistic scenarios are assessed, with saturation levels

m Field plant

going from 50% up to 90%. For example, considering the mobile
plant, 90% of 240 t/h is equal to 216 t/h (Table 6). Instead, by
considering the field plant, 90% of 576 t/h is equal to 518 t/h (Table
7). Finally, the last variable considered is the opportunity cost, able
to evaluate the money value in different periods. This is a key
parameter of the DCF method. Even in this case, an optimistic and
pessimistic scenarios are assessed, with values varying from 4% up
to 6%.

The financial profitability is verified in all the one hundred
twenty alternative scenarios. WPCBs purchasing and opportunity
costs variations are not so relevant. Instead, the most significant
offsets comes from a possible low level of wastes in input. In fact,
whereas both mobile and field plants have to work with a satura-
tion of 50% (or treating 120 kt and 288 kt, respectively), NPVs are
reduced of about 50%. Plants flexibility could allow the treatment of
other types of wastes, but this could reduce expected profits.
Basing on what evidenced by the literature, WPCBs are valuable
compo-nents embedded into WEEEs. The IMDS demonstrated as
auto-motive WPCBs are even valuable items, and their Au content
could be higher than in WEEEs. Furthermore, the wide Au market
price variation could determine critical offsets. However, results —
even in less advantageous situations — offer relevant economic
oppor-tunities. Hence, further additional costs needed to obtain a
higher Au purity level are easily compensated. Results proposed by
this paper clearly define the sustainability of these recycling plants
from an economic perspective. A global overview on the economic
impact related to the recovery of these wastes within the European
market is described in the next section.

6. Discussion
The aim of this section is to support the quantification of po-

tential revenues coming from the correct management of e-wastes
coming from automotive scraps and try to analyse their expected

= Mobile plant

Insurance cost
Conferred material cost
Energy cost

Disposal cost

Reactant material cost
Transport facility cost
Maintenance cost

Investment cost
Labor cost
Acquistion cost
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Fig. 3. Plant's costs distribution — average values.



Table 6
Sensitivity analysis — mobile plant.

Variable Value Small WPCBs Medium-small WPCBs Medium-big WPCBs Big WPCBs
NPV (k€) A% NPV (k€) A% NPV (k€) A% NPV (k€) A%
Prau (€/kg) 37,000 75,670 14.1 35,472 14.6 41,944 14.5 14,571 15.7
28,000 56,938 -14.1 26,460 -14.5 31,334 -14.5 10,627 -15.7
plau (%) 90 62,744 -54 29,254 -5.5 34,622 -5.5 11,253 -10.7
80 55,624 -16.1 25,828 -16.6 30,589 -16.5 9907 -214
70 48,503 —26.8 22,403 -27.7 26,556 -275 8562 -32.0
60 41,383 -37.6 18,977 -38.7 22,523 —-38.5 7216 —42.7
Cl (€]t) 1400 66,160 -0.2 30,822 -0.5 36,495 -04 5870 —534
1000 66,441 0.2 31,104 0.4 36,776 0.4 12,736 1.1
Quw (t) 216 59,588 -10.1 27,784 -103 32,889 -10.2 12,376 -1.8
192 52,872 -203 24,601 -20.6 29,140 -20.5 10,888 -13.6
168 52,872 -304 21,419 -30.8 25,390 -30.7 9399 -254
144 39,439 —40.5 18,237 —41.1 21,640 —40.9 7911 -37.2
120 32,723 -50.6 15,054 -51.4 17,891 -51.2 6422 —49.0
r (%) 4 68,180 2.8 31,844 2.8 37,677 2.8 12,957 2.8
6 64,508 -2.7 30,126 -2.7 35,646 -2.7 12,256 -2.7
Table 7
Sensitivity analysis — field plant.
Variable Value Small WPCBs Medium-small WPCBs Medium-big WPCBs Big WPCBs
NPV (k€) A% NPV (k€) A% NPV (k€) A% NPV (k€) A%

Prau (€/kg) 37,000 325,629 14.0 153,558 14.4 181,271 143 64,099 15.2
28,000 245,447 -14.0 114,984 -144 135,852 -14.3 47,214 -15.2
plau (%) 90 270,299 -53 126,940 -55 149,929 -54 52,447 -5.8
80 239,821 -16.0 112,277 -16.4 132,665 -16.3 46,029 -17.3
70 209,342 -26.7 97,615 -27.3 115,401 -27.2 39,611 -28.8
60 178,864 -374 82,952 -38.2 98,137 -38.1 33,193 —40.4
Cli (€t) 1400 284,892 -0.2 133,625 -05 157,915 -04 55,010 -1.2
1000 286,153 0.2 134,886 0.5 159,177 04 56,271 1.1
Qw (t) 518 256,545 -10.2 120,510 -10.2 142,330 -10.2 49,812 -10.5
461 228,053 -20.1 106,987 -203 126,378 -203 44,068 -20.8
403 199,060 -30.3 93,226 -30.6 110,147 -30.5 38,223 -31.3
346 170,567 —40.3 79,702 —40.6 94,195 —40.6 32,479 —41.6
288 141,575 -50.4 65,941 -50.9 77,964 -50.8 26,634 -52.1
T (%) 4 299,933 5.0 141,044 5.0 166,556 5.0 58,465 5.0
6 272,161 -4.7 127,978 -4.7 151,132 —-4.7 53,047 -4.7

trends in the next 15 years. To do that, the first data required was
the overall amount of expected ELVs generated from 2015 up to
2030. These data, together with related trends, were gathered
directly from the literature (Eurostat, 2014; Megller Andersen et al.,
2008). The selection of this source, instead of others, was given by
the fact that this is the official estimation of ELVs volumes also
considered by the EU commission during the implementation of
the current ELV Directive. The second step was the distinction
between two ELV categories, or premature and natural ELVs. Pre-
mature ELVs, from one side, are almost new cars reaching their end
of life prematurely, generally because of a serious accident. Rep-
resenting almost 20% of total ELVs volumes generated annually
(Ferrao and Amaral, 2006; Hiratsuka et al., 2014; Zhou and Dai,
2012), these cars are almost destroyed and there are very few
chances to recover some components. Hence, the hypothesis done
by the authors within this paper was the recycling of the total
amount of volumes. Natural ELVs, from the opposite side, are cars
reaching their end of life naturally, generally for ageing reasons,
and represent the 80% of the total amount of annual ELVs volumes
(Ferrao and Amaral, 2006; Hiratsuka et al., 2014; Morselli et al.,
2010; Kanari et al., 2003). This way, they represent a good source of
second-hand spare parts or for remanufacturing scopes (rema-
nufactured volumes are estimated in almost 20%—30% of the
overall volume of ELVs). However, for the purpose of this paper,
expected remanufactured volumes are not considered in calcula-
tions. So, the initial amount of ELVs in terms of number of vehicles

was translated in terms of million tons to be potentially treated
and, then, divided between premature and natural ELVs amounts.
The average ELV mass was defined in about 1.16 tons (Zorpas and
Inglezakis, 2012; Mpller Andersen et al., 2008; Vermeulen et al.,
2011). Third step was the definition of the average PCBs mass (in
percentage) out of the total ELV mass. This index was defined
through a series of phases. A direct observation of about 500
automotive PCBs mass coming from the IMDS database shown that,
basing on their function, weights can vary from 0.2 g (e.g. in door
controls or cooling fans) up to almost 500 g (e.g. in ECUs,
instrument panels or navigation and entertainment systems). The
mean weight was defined in 85 g per WPCB. Given that, in a me-
dium car, there are 15 mechatronic components on average (Kripli
et al., 2010) and that each of them embeds at least one PCB
(Freiberger et al., 2012), this indicates a total weight, in terms of
electronic components, of about 1.275 kg per car. Given an average
ELV mass of about 1.16 tons (Zorpas and Inglezakis, 2012; Mgller
Andersen et al., 2008; Vermeulen et al., 2011), the ratio was
established in 0.11%, on average. This ratio was used to quantify the
annual generation of WPCBs coming from both premature and
natural ELVs. Finally, it was possible to predict (with logical ap-
proximations) the expected revenues (in a min—max range)
coming from the correct management of these amounts of auto-
motive WPCBs. The following Table 8 reports all these data. For
example, the calculation of the results reported in Table 8 and
related to 2015 was obtained as follows:



Table 8
Estimates of generated ECUs volumes in EU25 from natural and premature ELVs.

2015 2020 2030
EU ELV projected number (Mvehicles) 133 14.6 16.8
EU ELV expected mean weight (tons) 1.16 1.16 1.16
EU premature ELVs annual generation (Mtons) 3.09 3.39 3.90
EU natural ELVs annual generation (Mtons) 12.34 13.55 15.59
EU total ELVs annual generation (Mtons) 15.43 16.94 19.49
EU WPCBs expected mean weight (Kg) 1.275 1.275 1.275
EU premature WPCBs annual generation (Ktons) 3.39 3.73 4.29
EU natural WPCBs annual generation (Ktons) 13.58 14.90 17.15
EU total WPCBs annual generation (Ktons) 16.97 18.63 21.44
EU total WPCBs expected NPVs — min values (M€) 891 978 1125
EU total WPCBs expected NPVs — max values (M€) 8412 9235 10628

Source (Eurostat, 2014; Ferrao and Amaral, 2006; Hiratsuka et al., 2014; Vermeulen et al., 2011); self-made analysis.

13.3 Mvehicles*1.16 t/vehicle = 15.43 Mtons (59)
15.43 Mtons*20% = 3.09 Mtons from premature ELVs (60)
15.43 Mtons*80% = 12.34 Mtons from natural ELVs (61)
(3.09 Mtons*0.11%) + (12.34 Mtons*0.11%)

= 3.39 Ktons + 13.58 Ktons = 16.97 Ktons (62)
16.97 Ktons*52, 495 €/tons = 891 M€ (63)
16.97 Ktons*495, 726 €/tons = 8412 M€ (64)

Table 8, in the last two rows, reports the potential dimension of
the automotive WPCBs recycling market. Values are impressive,
going from 891 million € up to 1125 billion € as minimum values,
and refer to the base scenario presented in Section 4. Maximum
levels are even more interesting, going from 8412 billion € up to
10628 billion €. These numbers, even if theoretical, demonstrate
the utmost importance of automotive WPCBs management and the
amount of profits that could be potentially achieved. Trying to
strengthen the reliability of these estimates, the application of
more accurate prediction models (e.g. Artificial Neural Networks
(ANN)) (Chau and Muttil, 2007; Muttil and Chau, 2007) could be an
option when complex issues on sustainable topics has to be solved
(Zhao et al., 2006; Wu and Chau, 2006; Xie et al., 2006; Muttil and
Chau, 2006). Without any doubt, this market could become an
interesting business for many companies involved in closed-loop
supply chains.

7. Conclusions

End of Life Vehicles are one of the most important sources of
secondary raw materials. However, studies demonstrating the
embedded value in their electronic systems are quite rare. Even if,
from one side, this issue gives space to a potentially new research
stream, from another side it represent a big limitation in terms of
available data. Hence, this paper suffers of a lack of proved infor-
mation and the entire economic and sensitivity analysis are done
starting from both expected values and data coming from similar
sectors. Interesting improvements of this work could be the
assessment of environmental impacts of the recycling process,
analysis of different configurations of closed-loop supply chains,
and definition of corrective policies to current ELV directives.
Future directions in this research stream are expected to be the
assessment of recycling issues coming from the treatment of hybrid
and full-electric cars or auto-guided vehicles. The intention of the

paper was not only to partially fill in this literature gap, but also
propose something of interesting from a practical point of view.
Hence an economic model evaluating potential revenues and costs
coming from the recycling of scrap automotive electronics was
implemented and described into detail. The obtained indexes (e.g.
NPV and DPBT) demonstrated the validity of investments in two
different types of plants (mobile and field ones) and for all the four
types of WPCBs considered. Economic values obtained from the
model are so high, and different from common values available in
literature, because of the relevant presence of Au in automotive
WPCBs. A sensitivity analysis done on critical variables (e.g. plant
saturation level, Au content, Au market price, Au final purity level,
WPCBs purchasing cost and opportunity cost) allowed to test the
robustness of theoretical evaluations. Finally, the matching of
predicted ELVs volumes in the next fifteen years and expected NPV
allowed to define the potential dimension of a market dedicated to
the treatment of these wastes. These results could be useful for all
the actors involved, with different roles, in closed-loop supply
chains, as governments, recyclers, OEMs, consumers and other
stakeholders, constituting the starting point for the definition of a
new kind of circular economy.

References

Ardente, F., Mathieux, F., Recchioni, M., 2014. Recycling of electronic displays:
analysis of pre-processing and potential ecodesign improvements. Resour.

Conserv. Recycl. 92 (0), 158—171.

Behnamfard, A., Salarirad, M.M., Veglio, F., 2013. Process development for recovery
of copper and precious metals from waste printed circuit boards with
emphasize on palladium and gold leaching and precipitation. Waste Manag. 33
(11), 2354—-2363.

Berzi, L., Delogu, M., Giorgetti, A., Pierini, M., 2013. On-field investigation and
process modelling of End-of-Life vehicles treatment in the context of Italian
craft-type authorized treatment Facilities. Waste Manag. 33 (4), 892—906.

Birloaga, 1., De Michelis, L., Ferella, F., Buzatu, M., Veglio, F., 2013. Study on the
fluence of various factors in the hydrimmetallurgical processing of waste printed
circuit boards for copper and gold recovery. Waste Manag. 33 (4), 935—941.

Brealey, RA., Myers, S.C., Allen, F., 2011. Principles of Corporate Finance.

McGraw-Hill/Irwin, NewYork,NY.

Chau, KW., Muttil, N., 2007. Data mining and multivariate statistical analysis for
ecological system in coastal waters. J. Hydroinformatics 9 (4), 305—317. Chiaroni,
D., Chiesa, V., Colasanti, L., Cucchiella, F., D'Adamo, I., Frattini, F., 2014.
Evaluating solar energy profitability: a focus on the role of self-consumption.

Energy Convers. Manag. 88,317—331.

Copani, G., Rosa, P., 2014. Demat: sustainability assessment of new flexibility ori-
ented business models in the machine tools industry. Int. J. Comput. Integr.
Manuf.

Courtney, H., Kirkland, J., Viguerie, P., 1997. Strategy under uncertainty. Harv.

Bus.

Rev. 75 (6), 67—79.

Cucchiella, F., D'Adamo, I., Gastaldi, M., 2014. Sustainable management of waste to
energy facilities. Renew. Sustain. Energy Rev. 33, 719—728.

Cucchiella, F., D'Adamo, I, Gastaldi, M., 2014. Strategic municipal solid waste
management: a quantitative model for Italian regions. Energy Convers. Manag.

77, 709—720.

Cucchiella, F., D'Adamo, I., Gastaldi, M., Koh, S.C.L., 2014. Implementation of a real
option in a sustainable supply chain: an empirical study of alkaline battery

recycling. Int. J. Syst. Sci. 45 (6), 1268—1282.


http://refhub.elsevier.com/S0959-6526(15)01350-5/sref1
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref1
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref1
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref1
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref2
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref2
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref2
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref2
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref2
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref3
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref3
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref3
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref3
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref4
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref4
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref4
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref4
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref4
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref5
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref5
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref6
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref6
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref6
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref7
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref7
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref7
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref7
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref8
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref8
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref8
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref9
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref9
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref9
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref10
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref10
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref10
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref11
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref11
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref11
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref11
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref12
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref12
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref12
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref12

Cucchiella, F., D'Adamo, 1., Rosa, P., Terzi, S., 2015. Scrap automotive electronics:
amini-review of current management practicess. Waste Manag. Res. Cucchiella, F.,
D'Adamo, I, Lenny Koh, S.C.,, Rosa, P., 2015. Recycling of WEEEs: an

economic assessment of present and future e-waste streams. Renew. Sustain.
Energy Rev. 51, 263-272.

Cucchiella, F., D'Adamo, I., Koh, L.S.C., 2015. Environmental and economic analysis of
building integrated photovoltaic systems in Italian regions. J. Clean. Prod. 98,
241-252.

Cucchiella, F., D'Adamo, I, Rosa, P., 2015. End-of-Life of used photovoltaic

modules:

a financial analysis. Renew. Sustain. Energy Rev. 47 (0), 552-561.
Eurostat, 2014. End-of-Life Vehicles Statistics. European Commission.
Fan, S.-K.S., Fan, C, Yang, J.-H., Liu, K.F.-R,, 2013. Disassembly and recycling cost
analysis of waste notebook and the efficiency improvement by re-design pro-cess. J.
Clean. Prod. 39 (0), 209-219.

Ferra™o, R A48 BurfR feasisinDitlee prenaminy ffaio veryqua s RebEF8tecast.
Soc. Change 73 (3), 277—289.

Freiberger, F., Kohler, D., Nagel, A., Staarman, LK., Steinhilper, R., Tom, E.R.M., et

al., 2012. European Automotive Remanufacturing — Technical Trends & Market

Development. FJW Consulting Editions, Cologne (Germany).

Ghosh, B., Ghosh, M.K,, Parhi, P., Mukherjee, P.S., Mishra, B.K., 2015. Waste

Prin@ttuit Boards recycling: an extensive assessment of current status. J. Clean.
Prod. 94 (0), 5—19.

Golembiewski, B., vom Stein, N., Sick, N., Wiemhofer, H.-D., 2015. Identifying trends
in battery technologies with regard to electric mobility: evidence from pat-
enting activities along and across the battery value chain. ]. Clean. Prod. 87 (0),
800—-810.

Hadi, P., Gao, P., Barford, ].P., McKay, G. 2013. Novel application of the

nonmetallic fraction of the recycled printed circuit boards as a toxic heavy metal

adsorbent. J. Hazard. Mater. 252-253 (0), 166—170.

Hiratsuka, ], Sato, N., Yoshida, H., 2014. Current status and future perspectives in
end-of-life vehicle recycling in Japan. ]. Material Cycles Waste Manag. 16 (1),

21-30.

Hong, J., Shi, W.,, Wang, Y., Chen, W,, Li, X., 2015. Life cycle assessment of

electronic waste treatment. Waste Manag. 38, 357—365.

Huang, J., Chen, M., Chen, H., Chen, S., Sun, Q., 2014. Leaching behavior of copper
from waste printed circuit boards with Brensted acidic ionic liquid. Waste

Manag. 34 (2), 483—488.

IMDS, 2015. Database.

InfoMine, 2014. http://www.infomine.com/.

Kamberovic, ZJ., 2011. Hydrometallurgical process for extraction of metals from
electronic waste-part ii: development of the processes for the recovery of
copper from Printed Circuit Boards (PCB). Assoc. Metall. Eng. Serbia 17 (3),
139—-149.

Kanari, N., Pineau, J.L.,, Shallari, S., 2003. End-of-life vehicle recycling in the Euro-
pean union. JOM 55 (8), 15—19.

Kim, J.-Y., Jeong, S.-]., Cho, Y.-]., Kim, K.-S., 2014. Eco-friendly manufacturing

strategies for simultaneous consideration between productivity and environmental
performances: a case study on a printed circuit board manufacturing. J. Clean.
Prod. 67 (0), 249—257.

Kripli, J., Vandenberg, R., Steinhilper, R., Freiberger, S., Weiland, FJ., 2010. Rema-
nufacturing Automotive Mechatronics & Electronics — Not a Threat but an
Opportunity.

Larsson, M., Jansson, M., Gr~onkvist, S., Alvfors, P., 2015. Techno-economic assess-
ment of anaerobic digestion in a typical Kraft pulp mill to produce biomethane
for the road transport sector. J. Clean. Prod. 104, 460—467.

Li, J., Xu, Z., 2010. Environmental friendly automatic line for recovering metal from

waste printed circuit boards. Environ. Sci. Technol. 44 (4), 1418—1423.

Li, W,, Zhi, Y., Dong, Q., Liu, L., Li, J., Liu, S., et al., 2012. Research Progress on the
recycling technology for nonmetallic materials from wasted printed circuit

board. Procedia Environ. Sci. 16 (0), 569—575.

Li, J., Zeng, X., Stevels, A., 2015. Ecodesign in consumer electronics: past, present,
and future. Crit. Rev. Environ. Sci. Technol. 45 (8), 8340—860.

Liang, G., Mo, Y., Zhou, Q., 2010. Novel strategies of bioleaching metals from printed
circuit boards (PCBs) in mixed cultivation of two acidophiles. Enzyme Microb.

Technol. 47 (7), 322—326.

London metal exchange, 2014. https://www.lme.com/.

Lu, B, Liu, J., Yang, J., Li, B, 2015. The environmental impact of technology inno-
vation on WEEE management by Multi-Life Cycle Assessment. J. Clean. Prod. 89
(0), 148—158.

Metalprices, 2014. http://www.metalprices.com/.

Mpller Andersen, F., Larsen, H.V., Skovgaard, M., 2008. Projection of end-of-life
vehicles. Development of a projection model and estimates of ELVs for

2005—2030. Eur. Top. Centre Resour. Waste Manag.

Morselli, L., Santini, A., Passarini, F., Vassura, L., 2010. Automotive shredder residue
(ASR) characterization for a valuable management. Waste Manag. 30 (11),
2228-2234.

Muttil, N., Chau, KW., 2006. Neural network and genetic programming for
modelling coastal algal blooms. Int. ]. Environ. Pollut. 28 (3—4), 223—238. Muttil,
N., Chau, KW., 2007. Machine-learning paradigms for selecting ecologically

significant input variables. Eng. Appl. Artif. Intell. 20 (6), 735—744.

National Instruments, 2009. ECU Designing and Testing Using National Instruments

Products.

Niu, Q., Liu, X,, Shi, C,, Xiang, D., Duan, G., 2007. The recycle model of printed circuit
board and its economy evaluation. In: Electronics & the Environment, Pro-
ceedings of the 2007 IEEE International Symposium on: IEEE, pp. 106—111.

Pan, S.-Y., Du, M.A,, Huang, L.T,, Liu, LH., Chang, E.E., Chiang, P.-C., 2015. Strategies
implementation of waste-to-energydfWTE) supply chain for circular economy
system: a review. J. Clean. Prod.

Regio, D., 2008. Guide to Cost Benefit Analysis of Investment Projects. Structural
Funds, Cohesion Fund and Instrument for Pre-accession. European Commission,

Directorate General Regional Policy.

Rocchetti, L., Veglio, F., Kopacek, B., Beolchini, F., 2013. Environmental impact
assessment of hydrometallurgical processes for metal recovery from WEEE
residues using a Portable Prototype plant. Environ. Sci. Technol. 47 (3),
1581—-1588.

S-i, Sakai, Yoshida, H., Hiratsuka, J., Vandecasteele, C., Kohlmeyer, R., Rotter, V., et
al., 2014. An international comparative study of end-of-life vehicle (ELV) recycling
systems. ]. Material Cycles Waste Manag. 16 (1), 1-20.

Sohaili, J., Muniyandi, S.K., Mohamad, S.S., 2012. A review on printed circuit board
recycling technology. J. Emerg. Trends Eng. Appl. Sci. 3 (1), 12—18.

Song, Q., Li, J., 2014. A systematic review of the human body burden of e-waste
exposure in China. Environ. Int. 68 (0), 82—93.

Sun, M., Yang, X., Huisingh, D., Wang, R., Wang, Y., 2015. Consumer behavior

and perspectives concerning spent household battery collection and recycling in

China: a case study. J. Clean. Prod.

Tian, J., Chen, M., 2014. Sustainable design for automotive products: dismantling
and recycling of end-of-life vehicles. Waste Manag. 34 (2), 458—467.

Uan, J.-Y., Cho, C.-Y., Liu, K.-T., 2007. Generation of hydrogen from magnesium

alloy scraps catalyzed by platinum-coated titanium net in NaCl aqueous solution.

Int. J. Hydrogen Energy 32 (13), 2337-2343.

UNEP, 2013. Metal Recycling: Opportunities, Limits, Infrastructure.

Vermeulen, I, Van Caneghem, ]., Block, C., Baeyens, ]., Vandecasteele, C., 2011.
Automotive shredder residue (ASR): reviewing its production from end-of-life
vehicles (ELVs) and its recycling, energy or chemicals' valorisation. J. Hazard.
Mater. 190 (1-3), 8—27.

Wang, J., Chen, M., 2011. Recycling of electronic control units from end-of-life ve
hicles in China. JOM 63 (8), 42—47.

Wang, J., Chen, M., 2012. Management status of end-of-life vehicles and develop-
ment strategies of used automotive electronic control components recycling

industry in China. Waste Manag. Res. 30 (11), 1198—1207.

Wang, J., Chen, M., 2013. Technology innovation of used automotive electronic
control components recycling in China. Adv. Mater. Res. 610, 2346—2349.
Wang, J., Chen, M., 2013. Remanufacturing process for used automotive electronic

control components in China. ]J. Remanufactur. 3 (1), 9.

Wang, X., Gaustad, G., 2012. Prioritizing material recovery for end-of-life printed
circuit boards. Waste Manag. 32 (10), 1903—1913.

Wang, J., Xu, Z., 2015. Disposing and recycling waste printed circuit boards: dis-
connecting, resource recovery, and Pollution control. Environ. Sci. Technol. 49

(2), 721-733.

Weigel, M., Fischedick, M., Marzinkowski, J., Winzer, P., 2015. Multicriteria

analysis of primary steelmaking technologies. J. Clean. Prod.

Wu, C.L,, Chau, KW., 2006. Mathematical model of water quality rehabilitation with
rainwater utilisation: a case study at Haigang. Int. J. Environ. Pollut. 28 (3—4),
534-545.

Xie, J.X., Cheng, C.T., Chau, KW., Pei, Y.Z., 2006. A hybrid adaptive time-delay

neufigtwork model for multi-step-ahead prediction of sunspot activity. Int. J.
En-viron. Pollut. 28 (3—4), 364—381.

Xue, M., Li, J., Xu, Z., 2013. Management strategies on the industrialization road

of state-of- the-art technologies for e-waste recycling: the case study of electro-

static separation—a review. Waste Manag. Res. 31 (2), 130—140.

Yu, J., Williams, E., Ju, M., 2009. Review and prospects of recycling methods for
waste printed circuit boards. In: Sustainable Systems and Technology, 2009
ISSST'09 IEEE International Symposium on: IEEE, pp. 1-5.

Zeng, X., Li, J., Xie, H., Liy, L., 2013. A novel dismantling process of waste printed
circuit boards using water-soluble ionic liquid. Chemosphere 93 (7),

1288—1294.

Zeng, X., Song, Q., Li, J., Yuan, W., Duan, H., Liu, L., 2015. Solving e-waste problem

using an integrated mobile recycling plant. J. Clean. Prod. 90 (0), 55-—59.

Zhao, Q., Chen, M., 2011. A comparison of ELV recycling system in China and

Japan and China's strategies. Resour. Conserv. Recycl. 57 (0), 15-21.

Zhao, M.Y., Cheng, C.T., Chau, KW, Li, G., 2006. Multiple criteria data envelopment
analysis for full ranking units associated to environment impact assessment.

Int. J. Environ. Pollut. 28 (3—4), 448—464.

Zhao, W., Ren, H., Rotter, V.S., 2011. A system dynamics model for evaluating

the alternative of type in construction and demolition waste recycling center — the
case of Chongqing, China. Resour. Conserv. Recycl. 55 (11), 933—944.

Zhou, Z., Dai, G., 2012. Research of flexible dismantling cell for end-of-life vehicle
recycling. In: Int Conf Ecol Waste Recycl Environ Adv Biomed Eng,

pp. 73-79.

Zhu, N, Xiang, Y., Zhang, T., Wu, P, Dang, Z., Li, P, et al,, 2011. Bioleaching of

metabncentrates of waste printed circuit boards by mixed culture of acidophilic
bacteria. J. Hazard. Mater. 192 (2), 614—619.

Zorpas, A.A., Inglezakis, VJ., 2012. Automotive industry challenges in meeting EU
2015 environmental standard. Technol. Soc. 34 (1), 55—83.


http://refhub.elsevier.com/S0959-6526(15)01350-5/sref13
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref13
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref14
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref14
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref14
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref14
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref15
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref15
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref15
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref15
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref16
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref16
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref16
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref17
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref18
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref18
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref18
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref18
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref19
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref19
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref19
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref19
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref19
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref20
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref20
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref20
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref20
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref20
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref20
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref21
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref21
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref21
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref21
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref22
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref22
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref22
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref22
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref22
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref22
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref23
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref23
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref23
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref23
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref23
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref24
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref24
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref24
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref24
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref25
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref25
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref25
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref26
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref26
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref26
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref26
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref26
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref27
http://www.infomine.com/
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref29
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref29
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref29
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref29
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref29
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref30
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref30
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref30
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref31
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref31
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref31
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref31
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref31
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref32
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref32
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref32
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref32
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref32
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref33
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref33
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref33
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref33
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref33
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref34
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref34
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref34
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref35
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref35
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref35
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref35
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref36
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref36
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref36
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref37
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref37
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref37
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref37
https://www.lme.com/
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref39
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref39
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref39
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref39
http://www.metalprices.com/
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref41
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref41
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref41
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref41
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref41
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref42
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref42
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref42
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref42
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref43
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref43
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref43
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref43
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref44
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref44
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref44
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref45
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref45
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref46
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref46
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref46
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref46
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref46
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref47
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref47
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref47
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref48
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref48
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref48
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref49
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref49
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref49
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref49
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref49
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref49
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref50
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref50
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref50
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref50
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref51
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref51
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref51
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref52
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref52
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref52
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref53
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref53
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref53
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref54
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref54
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref54
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref55
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref55
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref55
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref55
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref56
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref57
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref57
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref57
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref57
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref57
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref57
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref58
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref58
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref58
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref59
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref59
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref59
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref59
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref60
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref60
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref60
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref61
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref61
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref62
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref62
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref62
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref63
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref63
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref63
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref63
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref64
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref64
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref65
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref65
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref65
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref65
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref65
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref66
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref66
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref66
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref66
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref66
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref67
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref67
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref67
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref67
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref67
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref68
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref68
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref68
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref68
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref69
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref69
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref69
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref69
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref70
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref70
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref70
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref71
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref71
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref71
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref72
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref72
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref72
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref72
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref72
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref73
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref73
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref73
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref73
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref73
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref74
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref74
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref74
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref74
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref75
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref75
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref75
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref75
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref76
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref76
http://refhub.elsevier.com/S0959-6526(15)01350-5/sref76

	Automotive printed circuit boards recycling: an economic analysis
	1. Introduction
	2. Research framework
	2.1. Automotive PCBs characterization
	2.2. WPCBs recycling processes
	2.3. Recycling plants sizing

	3. Research methodology
	3.1. Current economic models
	3.2. Discounted cash flow method
	3.3. Profitability indexes
	3.4. The economic model
	3.5. Economic and technical input

	4. Results
	5. Sensitivity analysis
	6. Discussion
	7. Conclusions
	References




