<@ sustainability

Article

Optimization Model for Sustainable End-of-Life Vehicle
Processing and Recycling

Shimaa Al-Quradaghi "*(, Qipeng P. Zheng 2, Alberto Betancourt-Torcat 3

check for
updates

Citation: Al-Quradaghi, S.; Zheng,
Q.P; Betancourt-Torcat, A.; Elkamel,
A. Optimization Model for
Sustainable End-of-Life Vehicle
Processing and Recycling.
Sustainability 2022, 14, 3551.

https:/ /doi.org/10.3390/
sul4063551

Academic Editors: Marc A. Rosen
and David Watling

Received: 4 August 2021
Accepted: 14 March 2022
Published: 17 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ali Elkamel 3*

Department of Mechanical and Industrial Engineering, Qatar University, Doha 2713, Qatar
Department of Industrial Engineering and Management Systems, University of Central Florida,
Orlando, FL 32816, USA; qipeng.zheng@ucf.edu

Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada;
abetanco@uwaterloo.ca

Correspondence: shaima.ali@qu.edu.qa (S.A.-Q.); aelkamel@uwaterloo.ca (A.E.)

Abstract: The aim of this paper is to provide a mathematical programming model for sustainable
end-of-life vehicle processing and recycling. Environmental benefits and resource efficiency are
achieved through the incorporation of a processing and recycling network that is based on industrial
symbiosis whereby waste materials are converted into positive environmental externalities aimed at
decreasing pollution and reducing the need for raw materials. A mixed-integer programming model
for optimizing the exchange of material flows in the network is developed and applied on a real case
study. The model selects the components that maximize reusable/recyclable material output while
minimizing network costs. In addition, GHG emissions are calculated to assess the environmental
benefits of the network. The model finds the optimal processing routes while maximizing the yield
of the components of interest, maximizing profit, minimizing cost, or minimizing waste depending
on which goals are chosen. The results are analyzed to provide insights about the network and the
utility of the proposed methodology to improve sustainability of end-of-life vehicle recycling.

Keywords: End-of-Life Vehicles (ELVs); Mixed-Integer Linear Programming (MILP); process systems
engineering; optimization; sustainable development; Qatar

1. Introduction

Sustainable management of End-of-Life Vehicles (ELVs) has become a global priority
due to the environmental concerns. One of the United Nations’ sustainable development
goals is to ensure sustainable consumption and production patterns (Goal 12) [1]. Reducing
waste generation through prevention, reduction, recycling, and reuse is one priority in
Goal 12. As defined by the European Directive of ELVs 2000/53/EC, End-of-Life Vehicles
are “vehicles that have become waste”, and waste is defined as “any substance or object
which the holder discards, or intends to discard, or is required to discard” [2]. It was
estimated that by the end of 2020, the global number of ELVs will exceed 100 million [3].
Recycling ELVs saves energy and natural resources. According to Steel Recycling Institute,
“recycling one ton of steel conserves 2500 pounds of iron ore, 1400 pounds of coal, and
120 pounds of limestone” [4]. This resulted in an energy saving from steel recycling that is
equivalent to powering 20 million homes for the year 2012 [5]. The recycling process has
been adopted by many countries worldwide [6-26]. There are many successful experiences
in recycling ELVs worldwide, including in Europe, United States, Russia, Netherlands, New
Zealand, China, Japan, Canada, Australia, Turkey, South Korea, and others [2-7,9,14,27].
A recent paper provided a comprehensive review of the ELVs literature by presenting
232 peer-reviewed articles from the period of 2000-2019 [6]. The article highlighted the
major gaps in the literature, which include the lack of comprehensive ELV network-design
models and methodologies that incorporate nodes beyond the shredding stage and the
beneficial synergism with existing related companies.
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Research areas related to End-of-Life Vehicles are diverse. While some papers present
the ELVs management process worldwide [10-18], others apply mathematical modeling to
solve ELVs from different perspectives [9,14,19-22,27-30].

Reverse logistics as defined by [31] is “the process of planning, implementing, and
controlling the efficient, cost effective flow of raw materials, in-process inventory, finished
goods and related information from the point of consumption to the point of origin for the
purpose of recapturing value or proper disposal” [31]. In the literature, extensive studies
are available on recycling products using a reverse-logistics concept [32-35]. Furthermore,
more than 76% of the studies dealt with the open-loop supply chain whereby the material
suppliers, production facilities, and distribution services are only linked in a feed forward
flow manner; hence, the closed-loop supply chain that includes reverse logistics to collect
and process used products was not studied [36].

In the early 1996, an initiative by Recourse Recycling Systems, Inc. (RRSI) collaborating
with Vehicle Recycling Partnership (VRP) began to document the challenges for ELVs
recycling [27]. After years of research, the initiative resulted in another project: Auto
Recycling Documentation Project (ARD). The ARD project aimed to find “methods of
collection and vehicle disassembly that optimize the net value of post-consumer vehicles
in terms of recyclable material recovery in addition to conventional recovery of reusable
parts” [27]. The findings from the project identified some methods and costs of recovering
ELVs’ non-metal materials (glass, foam, plastics, textiles, and elastomers).

The aim of the research in this paper is to present a mathematical programming model
to solve the end-of-life vehicle problem utilizing the concept of industrial symbiosis. The
model takes into account full interactions between several entities. The proposed model
consisting of mixed-integer programming, superstructure optimization, and data blocks
feeding these structures aims to encourage circular economy and industrial symbiosis in
the network. By finding the optimal processing routes that maximize the flow exchange,
profit is maximized, while costs and expenses are minimized. In addition, the amounts of
CO; emissions in the network are reduced by applying the Eco-Industrial Park approach.

The remainder of this paper is organized as follows: Section 2 proposes the network
superstructure and provides a mathematical programming model for the optimal network
design. Section 3 presents a case study of ELVs in Qatar. Finally, Section 4 outlines
the conclusions.

2. Proposed Network Superstructure

The developed network is shown in Figure 1 and shows the interconnections between
the different processing entities. These entities include power plants, dismantling facilities,
waste-to-energy plants, wastewater-treatment plants, plastic companies, aluminum com-
panies, steel companies, glass companies, tire-recycling companies, and battery-recycling
companies. The anchor entity that generates the most waste/byproducts is the dismantling
facility [13,20,30]. The dismantling facility is the core of the network, as it sends out scrap
materials of different types to the corresponding industries.

The network is based on material flows exchange from one entity to the other. Figure 1
is illustrated in a geo-spatial format; however, the entities form a network without any
location restriction. As presented by [20], material exchanges have five types: type A is
waste exchanges through third party; type B is within facility, firm, or organization; type
C is between firms collocated in a defined Eco-Industrial Park; type D is between local
firms that are not collocated; and type E is between virtually organized firms across a
broader region [13,20]. The main types for flows to build an EIP are types C-E [30]. In
the proposed network, the material exchanges through different ways of transportation;
trucks and pipelines are the main methods. The modeled network is shown in Figure 2.
The figure shows the processing pathways going from the collection points (CP;, CP2, ...,
CPy) to the dismantling and shredding facilities (DF;, DF,, ... , DFy). This is followed by
the different processing facilities, such as tire and battery further processing, and finally,
the introduction of useful products to market. More details about the different components
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and nodes of the overall superstructure used in the development of the model are given in
Appendix A.
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Figure 1. Proposed network for End-of-Life Vehicles processing and recycling; Copyrighted by the
authors, Registration Number VAu001381819.

Collection Points Dismantling Facilities Processing Facilities Market

i: Collection Points Jj:Dismantling Facility k: Processing Facility m: Markets
i=12,..,1 j=12...,] k=1-PCo m=SM, RP, ..., MK
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Figure 2. Proposed Network: burgundy, ELVs flow; orange, parts flow; green, plastics flow; dark
blue, aluminum flow; purple, steel flow; solid gray, glass flow; red, tire flow; blue, battery flow;
dashed gray, future interactions/flows.
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2.1. Optimization Model

The present section shows the main features of the proposed optimization model for
designing the End-of-Life Vehicles (ELVs) network.

2.1.1. Problem Statement

The proposed optimization approach seeks to minimize both fixed and variable costs
associated with the Eco-Industrial Park for End-of-Life Vehicles. The mathematical model
consists of four sets of nodes designed to operate as a network: collection points (i),
dismantling facilities (j), processing facilities (k), and markets (m). Firstly, vehicles that
have become waste are sent to collection points (i) where they are stockpiled for further
processing. Secondly, vehicles are sent to secondhand markets (sh € m) and/or dismantling
facilities (j) where they are sold as secondhand vehicles and/or dismantled into main pieces
and materials, respectively. Thirdly, vehicles’ pieces and materials are sent to markets (1)
and/or processing facilities (k). Fourthly, final products from processing facilities (k) are
sent to markets (1), whereas specific intermediate products are exchanged among facilities
for further processing. The optimization procedure selects the most suitable combination of
network components. Therefore, an integrated relationship among nodes was considered
in the present analysis. The EIP design must meet operating constraints.

2.1.2. Problem Representation

A source-sink structure representation was employed to embed potential Eco-Industrial
Park for End-of-Life Vehicles (ELV) designs of interest. The indices g and g’ denote anal-
ogous main sets representing the source-and-sink nodes structure of the network, re-
spectively. Accordingly, the main set of network nodes/components g and g’ are given
as follows:

g ={i, j,km}g = {j km}

where i denotes the collection points, j the dismantling facilities, k the processing facil-
ities, and m the markets. The index k = {PCo, ACo,SCo, GCo, TRC, BRC} includes
plastic company (PCo), aluminum company (ACo), steel company (SCo), glass company
(GCo), tire-recycling company (TRC), and battery-recycling company (BARC). The index
m = {sh, rp,dc, fl, ot, mk} comprises secondhand market (sh), reusable parts market (rp),
disposal center (dc), fluids market (fI), other materials market (of), and commercialization
markets (mk).

Similarly, the index h = {pl,al,st,gl, tr, bt, vf, om, nr} defines the type of mate-
rial/part found in a vehicle. The symbol pl symbolizes plastic, al aluminum, st steel,
gl glass, tr tire, bt battery, vf vehicle fluids, om other materials, and nr non-recyclable materi-
als. The index t € tr = {ru, fi,st} includes ru rubber, fi fiber, and st steel. Additionally, the
index b € bt = {bf, pb, hz, pl} includes bf battery fluid, pb lead, hz hazardous materials,
and pl plastic. Likewise, the index f € vf = {to,co,e0,ga, cf, bf} comprises to transmis-
sion 0il, co coolant, eo engine oil, ga gasoline, cf cfc-hfc, and bf battery fluid. The index
o € om = {cu, pb, pt} contains cu copper, pt platinum, and pt lead. Similarly, the index
n € nr = {dis, hz} includes dis (disposable materials) and hz (hazardous materials).

2.2. Model Formulation

The mass and energy balances for the End-of-Life Vehicles’ nodes/stages are presented
next. Variables are denoted in italic font, while parameters are represented by regular font.
These balances represent the equality constraints in the model. Inequality constraints
representing amounts of raw materials and capacity constraints will be dealt with later.
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2.2.1. Model Constraints

Collection Points (i)
The collection points are used to stockpile vehicles that have become waste. Accord-
ingly, the number of vehicle type v stocked at collection points can be estimated as follows:

NV, =) CPy;, Yo (1)

where NV, is a parameter denoting the total number of vehicles type v sent to all collection
points, and CP,,; is the number of vehicles v sent to collection point i. The index v = {ge, de}
includes ge gasoline engine vehicles and de diesel engine vehicles. Moreover, from collection
points, a number of vehicles can be sent to a secondhand vehicle market (SH,; ,,) as follows:

SHyim = SHPy iy (CPy;), Yv,i, m = sh 2)

where SHP,; ,,, is a parameter denoting the share of vehicles v sent from collection point i
to mth market. The general mas balance in the collection points node is given as follows:

CPv,i = 2] DFv,i,j + ZmESh SHU,i,mr Yov,i 3)

where DF,; ; is the number of vehicles v sent from the ith collection point to the jth disman-
tling facility.

Dismantling Facilities (j)

The yield of materials at the dismantling facilities can be given as follows:

MATERIALy,,j = YIELDP,, (Y, DF,;), Vo, j (4)

where MATERIAL,,, j is the yield of material & from vth vehicle at dismantling facility j,
and YIELDP,j, is a parameter denoting the yield of material & from the vth vehicle.
The amount of material out of dismantling facilities to processing facilities is as follows:

PFU,h,j,k = PFPU,h,k (MATERIALU’;[/]>,]’Z € {pl, al,st,gl, tr, bt},’ Vv,j,k (5)

where PF,, i is the vehicle’s v type of material 1 sent from jth dismantling facility to kth
processing facility, and PFP,,  is a parameter indicating the type of material / from vehicle
v sent to processing facility k.

The amount of material out of dismantling facilities to a reusable parts market is
as follows:

RP,jjm = RPP, . (MATERIALU,h/j), he {pl,al,st, gl tr,bt}; m=rp; Yo,i (6)

where RPy), i, is the vehicle’s v type of material i sent from jth dismantling facility to mth
market, and RPP,, ,,, is a parameter indicating the share of type of material /2 from vehicle
v sent to mth market.

The amount of material out of dismantling facilities that cannot be recovered /recycled
must be sent to the disposal center as follows:

DCy)yjm = DCPy ), (MATERIALW), m = dc; Yo, h, j @)
where DCy, ; 1, is the vehicle’s v type of material i that cannot be recovered/recycled and
must be disposed from the jth dismantling facility into mth market, and DCP,}, ,, is a

parameter indicating the share of type of material & from vehicle v sent to mth market.
The amount of material out of dismantling facilities sent to fluids market is as follows:

FLyfjm = FLP, (Zhev ; MATERIALv,h,j), m = fl; Yo, f,j ®)
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where FLyf;,, is the vth vehicle’s material f sent from jth dismantling facility to mth
market, and FLP,,, is a parameter indicating the share of material f from vehicle v sent to
mth market.

The amount of material out of dismantling facilities sent to the other materials market
is as follows:

OMogjm = OMPPyo. (1,0, MATERIALy ), 1 = of; ¥0,0, ] )

where OMy, ;1 is the vth vehicle’s material o sent from jth dismantling facility to mth
market, and OMPPy, ,, is a parameter indicating the share of material o from vehicle v sent
to mth market.

Tire-Recycling Company (TRC)

The amount of material out of the tire-recycling company sent to reusable parts market
is given as follows:

TRog = TR (Y, 3 Yyerne PRonjik) & = m(rp); ¥o (10)

where TRy is the vth vehicle’s tires sent to gth node, and TRP, is a parameter indicating
the share of tires sent to gth node.

The amount of material out of the tire-recycling company sent to the steel company
and commercialization markets is given as follows:

TRCyg = (1 o D TRPg) TRCP; (Zh Y Ve va,h,]-,k), g € {k(SCo), m(mk)}; Vo, t (11)

where TRCy ¢ is the vth vehicle’s material t sent to ¢gth node, and TRCP; 4 is a parameter
indicating the percentage of material t sent to gth node.

Battery-Recycling Company (BARC)

The amount of material out of the battery-recycling company sent to reusable parts
market is given as follows:

BRy,g = BRP; (Zh Zj ) kesre PFv,hJ}k)' g =m(rp); Vo (12)

where BRy is the vth vehicle’s battery sent to gth node, and BRP; is a parameter indicating
the share of batteries sent to gth node.

The amount of material out of the battery-recycling company sent to the plastic
company, disposal center, fluids market, and commercialization markets is given as follows:

BRCypg = (1= Yy yn(rp) BRPg ) BRCPhg (5, 3 Yy e PRonik ) & € {k(PCo), m(de),m(f1), m(mk)}; ¥o,b (1)

where BRCM,’g is the vth vehicle’s material b sent to gth node, and BRCPb,g is a parameter
indicating the percentage of material b sent to gth node.
The capacity constraint associated with each component of the proposed end-of-life
vehicle network are described as follows:
Mi M
By Caphlén < MF,, < Bqg Caph;X ,Vhg (14)
where MFy, ; is a variable denoting the mass flowrate of material & going through the gth
network component, By is a binary variable representing the selection of component g,
and Cap%\fgax and CaphMgi,n are the maximum and minimum installed capacities of the gth
component per material type h, respectively.
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v he{plalstgl} j ke{PCo,ACo0,SCo,GCo} memk

2.2.2. Network Revenues

The revenues obtained from the network’s recycled parts and yield products sales are
described below. For instance, the whole sale of recycled parts is given as follows:

SHyim Pojm
REVP=YY ¥ VPU( )+Z r L L PRICEvh(MAéé )+
U i méesh U he{plalstgltrbt} j merp

TRog BRog
Y Y ¥ PRICEv,h(MASS )+Z r X PRICEU,h(MASS )
U hetr gem(rp) U hebt gem(rp)

(15)

where REVP is the revenue from selling vehicle’s recycled parts, VP, is the selling price of
vehicle v, VM, is the mass of vehicle v, PRICE,, is the price of material/part / in the vth
vehicle, and MASS, ), is the mass of material/part & in the vth vehicle.

The whole sale of recycled materials to final markets is given as follows:

REVM=YYY ¥ pr(“vf]m)JrZ Yoy BFP(BIEiEb )+

v f j mefl v bebf gem(fl)

Y YP, (PFU ,wk) MP), + T ¥ 3 TMP; (TRCyg)+ (16)
vt ¢e{k(SCo), m(mk)}

L T L BMP, (BRCyg) + LY ¥ OMPy (OMygjm)

v be{pl,pb} ge{k(PCo),m(mk)}

v 0 j meot

where REVM is the revenue from selling vehicle’s recycled materials, FPf is the selling price
of vehicle’s fluid f, py is the mass density of fluid f, BFP is the battery fluid selling price,
BFD is the battery fluid mass density, YPy is the product yield for the kth processing plant,
MPy, ,, is the selling price for final product i at mth market, TMP; is the selling price for
recycled tires” material t, BMP,, is the selling price for recycled batteries” material b, and
OMP, is the selling price for other recycled material o.

2.2.3. Network Expenses

The expenses incurred by the end-of-life vehicle network are described below. To start
with, the expenses incurred by disposing of non-recyclable and hazardous materials (EXD)
are given as follows:

EXD = Z Zh Z Zmedc DEX (Dcvh]m) + Z Zbehz dem dc) HEX (BRC'U/b'g) (17)

where DEX and HEX are parameters denoting the expenses associated with the disposal of
non-recyclable and hazardous materials.

The fixed and variable expenses associated with the network components (EXNODE)
are given as follows:

EXNODE = ) B, (FCy)
gelify

(cp,,;
+;;VCPI (VM)
+Y Y. ) VDF; (MATERIAL,)
o on

+Y_ YY"y PF,;x (VPF, — DPFy)
v h o] ok

(18)

where FC, is a parameter that denotes the fixed expenses associated with the gth network
component, VCP; the ith collection point’s variable expenses, VDF; the jth dismantling
facility’s variable expenses, VPFy the kth processing facility’s variable expenses, and DPFy
the kth processing facility’s savings due to the usage of recycled material as feedstock.
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The transport network expenses are given as follows:

EXTRANS FLOWMAT, )¢ (DISTg o) UTCy 0, Vo, g8 (19)

vhgg = hg,8

TOTRANS =3 3, 3" 3, EXTRANS, ),y (20)

where EXTRANS,, .+ are the expenses from transporting material h of vth vehicle from
node g to ¢/, FLOWMAT,,, » is a generic variable representing the flow of material  of
vth vehicle from g to ¢/, DIST, ./ is a parameter that denotes the transport distance between
nodes g and ¢/, UTC, . is the unit transport cost from g to ¢’, and TOTRANS 1 is the

total transport cost.

vhgg

2.2.4. End-of-Life Vehicle Greenhouse Gas Emissions

The greenhouse gas (GHG) emissions associated with the end-of-life vehicle network
are discussed below. For instance, the total material transport GHG emissions (GHG-
TRANS) are given as follows:

EXTRANS, ¢ o
GHGTRANS =3} ;) .Y ( C,, UGHG, (21)

where TC, ./ is a parameter denoting the transport cost per distance travelled between
nodes ¢ and ¢, and UGHG, . is a parameter representing the unit transport GHG emissions
fromgto g’

The total GHG emissions generated by the processing plants (GHGPF) are given
as follows:

GHGPF =Y, %, Y, ¥, YPx (PFyj) (GHG; — SGHG) (22)

where GHG; is a parameter representing the unit GHG emissions rate to make prod-
ucts from virgin materials in the kth processing facility, and SGHGy the unit saved GHG
emissions rate from recycling materials in the kth processing facility.

Accordingly, the network’s total GHG emissions (TOTGHG) is as follows:

TOTGHG = GHGTRANS + GHGPF (23)

End-of-Life Vehicle Saved Greenhouse Gas Emissions
The total saved greenhouse gas (GHG) emissions associated with the end-of-life
vehicle network (SAVEDGHG) are given as follows:

SAVEDGHG =)}, 3.}, YP (PPzz,h,j,k> (SGHGy) (24)

2.2.5. Objective Function and the MILP Model

As environment is one of the essential reasons for developing Eco-Industrial Parks, the
proposed model encourages circular economy and industrial symbiosis. Hence, the model
selects the flow that maximizes reusable/recyclable material output while minimizing
network costs/expenses. The objective cost function seeks to maximize profit over the
selection of the key decision variables 77, which results in selection of network components
(Bg) and the flow of materials between nodes (FLOWMATU,h/g,g/). The objective function
involves two components: the network’s revenue and expenses. Accordingly, the opti-
mization approach aims to maximize the network’s profit by increasing revenue while
decreasing expenses.

The revenues are obtained are manifested from selling a vehicle’s recycled parts
(Equation (15)) and from selling a vehicle’s recycled materials (Equation (16)). The expenses
are occur because of disposing of non-recyclable and hazardous materials (Equation (17)).
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Fixed and variable expenses are associated with the network components (Equation (18))
and transport network expenses (Equation (20)). In this model, CO, reduction is indirectly
accounted for. The use of recycled material instead of virgin materials has a positive impact
on the environment. In addition, reducing the transportation cost in the network results in
reducing CO;. The results obtained by the model were analyzed using certain indicators,
such as CO, impact, to show the proposed EIP-4-ELVs COs,.

The conceptual formulation and objective function of the design optimization model
are given as follows:

Max PROFIT = (REVP+REVM) — (EXD+EXNODE+TOTRANS) (25)
n

Equations: ((15) + (16)) — ((17) + (18) + (20))

Subject to:

Bg Cangn < MF,, < Bg Cap%gx ,Vhg

where PROFIT is the problem’s objective cost function, and the first term of the equation
represents the network’s revenues, while the second term represents the expenses. Addi-
tionally, the problem’s key decision variables 7 include selection of network components
(Bg) and the flow of materials between nodes (FLOWMATU/h/g,g/). Whenever component g is
selected, there will be corresponding associated expenses to that particular component g
and the overall network. Furthermore, component g selection determines mass balances
and flow rate of material between nodes as in (Equation (14)).

The general constraint (Equation (14)) shows MFj ,, which is a variable denoting the
mass flowrate of material & going through the gth network component; B, is a binary
variable representing the selection of component g; Cap};f[;x and Cap%;‘ are the maximum
and minimum installed capacities of the gth component per material type /, respectively.

The general mass capacity constraint associated with each component of the proposed
end-of-life vehicle network is given in (14). MF ng is a variable denoting the mass flowrate
of material  going through the gth network component, B, is a binary variable representing
the selection of component g, and Cap%?x and Cap%én are the maximum and minimum
installed capacities of the gth component per material type h, respectively.

The optimization framework was developed in the General Algebraic Modeling Sys-
tem (GAMS) as an MILP model. The mathematical model consists of 5756 equations,
5743 continuous variables, and 17 discrete variables. The optimization problem was solved
using Cplex/GAMS.

3. Case Study in Qatar

The area of Qatar is 11,581 km?, and the population at the end of August 2020 was
2,735,707 [37]. The massive ongoing projects in Qatar result in increasing workforce, con-
struction, and vehicles. By 2013, the government established ELVs Removal Commission.
The ELVs Removal Commission is a joint force from Ministry of Municipality and Environ-
ment and the Traffic Department aiming to remove ELVs around the country. From 2013
to 2020, the commission removed more than 81K ELVs in Qatar (11 September 2020). The
experts estimate ELVs growth as 12,000-15,000 ELVs per year.

Qatar is divided into eight municipalities. For the sake of this research, we contacted
members in the ELVs Removal Commission to provide us with the process. The process of
managing ELVs in Qatar is based on each municipality being responsible to collect/remove
ELVs from its zone. The process starts when the municipality sends team members to
identify the locations of ELVs. Then, the traffic department in each zone sends another
team to post a violation sticker on ELVs. The sticker identifies the needed information
for the owner, such as the duration time for picking up the vehicle and the violation fee.
If the ELV is not claimed by the owner in the defined period, the ELV will be taken to a
special garage owned by the Ministry of Municipality and Environment. If the ELV owner
claims the vehicle, a violation fee must be paid before releasing the vehicle. After three
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months, if ELVs are not claimed by the owners, they are sent to one of the three dedicated
locations in the industrial area. The industrial area in Qatar is where most industries,
companies, factories, and workshops are located. Periodically, the Ministry of Municipality
and Environment holds auctions for the reusable vehicles. There are some efforts to resell
the spare parts of ELVs; the rest of the ELVs stay in the located areas. This paper takes this
action to the next level by providing a sustainable solution to safe and environmentally
friendly managing of ELVs.

3.1. Model Data

The current model was solved for two types of vehicle models: petrol and diesel;
however, the proposed general model of the previous section can include more vehicle
types. The model was applied to an end-of-life vehicle recovery network in Qatar. The
data used to run the model are mixed between real data obtained from Qatar ministry of
transport and communication and synthesis/estimated data from literature, such as costs
and yields of the processing nodes. The distances between the nodes was obtained from
Google Maps. The proposed model optimizes the procedure to select the most suitable
combination of network components to result in optimal exchange flow as well as low
impact on the environment. The optimization framework was developed in the General
Algebraic Modeling System (GAMS) as a MILP model. The mathematical model consists of
5756 equations, 5743 single variables, and 17 discrete variables. The optimization problem
was solved using Cplex/GAMS. The CPU time was only 0.172 s.

The average weight and material composition of each type of ELV are listed in Table 1.
All weights in kilograms were converted to metric ton (tonne) when performing the model
calculations. calculations. The distances in the proposed EIP-4-ELVs case study in Qatar
are shown in Table 2. The processing facilities” (PCo, ACo, SCo, GCo, TRC, and BARC)
distances are real data from Google Map coordinates. Other entities in the network were
estimated /approximated locations by the author using Google Map coordinates.

Table 1. Price used in the model.

(USD/Unit) References
\%1 V2
Used Vehicle 4000 5000 [38]
(USD/L)
Transmission Oil Coolant Engine Oil Gasoline CFC-HFC i?:gz
Used Fluid 1 0.4 1.2 0.5 5 0.1 [2]
USD/tonne
Plastic Aluminum Steel Glass Platinum (pt)  Copper (cu) Lead (pb)
Scrap Material 20 880 22 28 1180k 3300 880 [39]
USD/tonne
Plastic Aluminum Steel Glass
Finished Material 140 2080 166 1350 [39]
USD/tonne
Steel
Scrap from Tires 169 [40]

Transportation mode in the EIP-4-ELVs is assumed to be by truckload dry vans at
45,000 Ib capacity (20.41 tonne) [41]. Carbon dioxide emission rate for truckload dry van
is 0.0009 metric tonne CO, eq./km [41]; transportation cost is 0.1410 (USD/tonne/km),
which is equivalent to 2.83 (USD/km) [42]. The assumed capacities for the facilities in this
model are given by Table 3. The prices used in the model are given in Table 4, and costs are
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given in Table 5. The GHG emission rate from processing virgin and recycled materials is

listed in Table 6.

Table 2. Distance in km in the proposed EIP-4-ELVs for Qatar Case Study:.

To

From Cp, CPp, CP, DF,; DF, DF; PCo ACo SCo GCo TRC BARC SM
Cp, - - - - - - - - - - - - -
CP, - - - - - - - - - - - - -
CP, - - - - - - - - - - - - -
DF, 6.9 18 8.0 - - - - - - - - - -
DF, 5.0 9.7 3.1 - - - - - - - - - -
DF; 9.0 7.5 10.7 - - - - - - - - - -
PCo - - - 6.8 7.8 4.1 - - - - - 16.5 -
ACo - - - 248 25.1 26.1 - - - - - - -
SCo - - - 28.6 27.7 229 - - - - 13.8 - -
GCo - - - 8.2 49 42 - - - - - - -
TRC - - - 23.6 18.8 195 - - - - - - -

BARC - - - 24.2 20.5 17.8 - - - - - - -
SM 95 10.1 11.6 - - - - - - - - - -
RP - - - 7.1 4.7 6.9 9.0 27.4 23.5 39 19.9 26.5 -
DC - - - 6.8 6.4 2.6 3.6 22.8 24.6 15 17.7 19.6 -

Fluids - - - 44 5.0 8.2 - - - - - 20.7 -
oM - - - 3.6 76 5.7 - - - - - - -
MK - - - - - - 4.0 241 23.1 3.0 19.5 18.1 -

Table 3. Assumed capacities for the facilities in the model.
Facility Capacity (Tonnes/Year) Reference

Patrol (V1) Diesel (V2) Total
CP1 40,000 30,000 70,000
Collection Points CP2 35,000 28,000 63,000
CP3 27,000 25,000 52,000
DF1 20,000 15,000 35,000
Dismantling Facility DE2 15,000 20,000 35,000
DF3 10,000 16,000 26,000

PCo 2000 1600 3600

ACo 1500 1000 2500

[14,21,32,43-45]

Processing Facility SCo 15,000 10,000 25,000
GCo 1000 800 1800

TRC 800 600 1400

BARC 600 400 1000
Secondhand Market 10,000 8000 18,000
Reusable Parts Market 15,000 10,000 25,000
Disposal Center 25,000 25,000 50,000
Fluids Market 10,000 10,000 20,000
Other Materials Market 5000 5000 10,000
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Table 4. Average material composition of passenger cars (petrol and diesel).
Total Weight (kg) Iron and Steel Aluminum  Glass Plastic Tires Battery  Fluids Other
Petrol 1240 742 68 40 114 31 14 50 86
Diesel 1463 959 72 40 114 31 14 50 86
Average weight
(Petrol and Diesel cars) 1352 851 70 40 114 31 14 50 86
Percentage of material in 63% 5% 3% 8% 2% 1% 4% 6%
average passenger car:
Table 5. Costs used in the model.
Collection Points
CP1 CP2 CP3
Fixed Cost 5 6 6
(USD/year) 1.0 x 10 0.90 x 10 0.80 x 10
References Estimation based on literature
CP1 CP2 CP3
V1 V2 V1 V2 Vi V2
Variable Cost
(USD/vehicle) 10 12 12 11 11 10
References [32]
Dismantling Facility
DF1 DF2 DF3
Fixed Cost 6 6 6
(USD/year) 2.0 x 10 1.80 x 10 1.60 x 10
References Estimation based on literature
DF1 DF2 DF3
Vi V2 Vi V2 Vi V2
Variable Cost
(USD/tonne) 10 12 11 11 12 10
References (32]
Processing Facility Processing Cost
PCo ACo SCo GCo TRC BARC
Processing Cost
(USD/tonne) 800 1300 550 85 155 250
References [46] [47] [48] [32] [49] [50]
Processing Facility Discount Cost due to Energy Savings by using Recycled Materials
PCo ACo SCo GCo TRC BARC
Discount Cost
(USD/tonne) 445 947 49 3 15.5 25
References [46] [47] [48] [32] [49] [50]
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Table 6. GHG emission rate from processing virgin and recycled materials.

GHG Emissions Rate to Make Products from ...

PCo ACo SCo GCo TRC * BARC *
(metric tonne CO, eq./metric tonne of final product)
Virgin Materials 5.94 7.5 1.3 0.68 0.21 0.604
References [42] [51] [51] [52] [53] [44]
PCo ACo SCo GCo TRC BARC
(saved metric tonne CO; eq./metric tonne of product from recycled materials)
Recycling Materials 4.5 6.9 0.98 0.14 4.707 1.726
References [42] [51] [51] [52] [53] [44]

* For TRC and BARC, the values correspond to actual recycling facilities and not from virgin materials.

3.2. Model Results

The model results are shown in Tables 7-10. Figure 3 presents the optimal network. The
model results in processing 30,715 tons/year from both types (petrol and diesel vehicles),
which equals to 22,904 ELVs (12,528 petrol type and 10,376 diesel type) in one year. The
calculations are based on the weight of a standard petrol vehicle, 1.24 tons, and diesel
vehicle, 1.463 tons. On average, the dismantling facility dismantles 88 ELVs per day based
on 261 working days a year. That means the proposed network EIP-4-ELVs achieves the
goal of managing the process of ELVs in Qatar, as the yearly ELVs disposal in Qatar is
between 12,000-15,000 ELVs. The model was applied on a realistic case study:.

Table 7. Model results of processing 22,904 ELVs a year.

Vehicles Sent from Collection Point (CP) to Secondhand Market (SM) (Tonnes/Year) (Vehicles/Year)
Petrol (V1) 2330.25 1879
Diesel (V2) 910.80 623
Total vehicles sent to Secondhand Market 3241.05 2502
Vehicles sent from Collection Point (CP) to Dismantling Facility (DF) (tonnes/year) (vehicles/year)
Petrol (V1) 13,204.75 10,649
Diesel (V2) 14,269.20 9753
Total vehicles sent to Dismantling Facility 27,473.95 20,402
Materials sent from Dismantling Facility to ... (tonnes/year)
Plastic Company (PCo) 1280
Aluminum Company (ACo) 784
Steel Company (SCo) 9491
Glass Company (GCo) 727
Tire-Recycling Company (TRC) 354
Battery Company (BARC) 196
Total amount of materials s'entfrom.D.ismantling Facility to 12,833
Processing Facilities
Reusable Parts sent from Dismantling Facility to Reusable Parts market (tonnes/year)
Plastic 698
Aluminum 428

Steel 5177
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Table 7. Cont.
Vehicles Sent from Collection Point (CP) to Secondhand Market (SM) (Tonnes/Year) (Vehicles/Year)
Glass 40
Tire 161
Battery 86
Total amount of Reusable Parts sent from Dismantling Facility to
6590.881
Reusable Parts market
Disposable Material sent from Dismantling Facility to Disposal Center (tonnes/year)
Petrol (V1) 3166.37
Diesel (V2) 3165.48
Hazardous Material sent from Dismantling Facility to Disposal Center
Petrol (V1) 20.60
Diesel (V2) 18.55
Total amount of Disposal Material sent from Dismantling Facility to
. 6370.996
Disposal Center
Total amount of Fluid sent from Dismantling Facilities to Fluids market 962.68
Total amount of Other Materials sent from Dismantling Facilities to 716.66
Other Materials market )
Table 8. Profit from model results.
Profit from . .. (USD/Year)
Selling Used Vehicles from Collection Points (CP)
to Secondhand Market (SM) 10,636,110.00
Selling Reusable Parts from Dismantling Facilities (DF)
to Reusable Parts (RP) 268,806.56
Selling Used Tires from Tire-Recycling Companies (TRC) 108 425.01
to Reusable Parts (RP) e
Selling Used Batteries from Battery-Recycling Companies (BARC) 507418
to Reusable Parts (RP) )
Selling Fluids from Dismantling Facilities (DF) and Battery-Recycling Company 1108.982.08
(BARC) to Fluids market (Fluids) e
Selling Scrap Materials from Dismantling Facilities (DF) and Tire-Recycling
Company (TRC) and Battery-Recycling Company (BARC) 4,351,027.36
to Processing Facilities (PCo, ACo, SCo, and GCo)
Selling Scrap Materials from Dismantling Facilities (DF) and Battery-Recycling
Company (BARC) 3,535,703.60
to Other Market (OM)
Table 9. Cost from model results.
(USD/Year)
Expenses from handling and processing disposable materials from 5113438
dismantling facilities (DF) to Disposal Center (DC) e
Total fixed and operating costs of all collection points 1,041,783.09
Total fixed and variable costs of all dismantling facilities 2,024,646.58
Total costs of processing facilities 5,639,524.08
Total annual transportation cost including raw material/intermediate and final products 174,065.53
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Table 10. CO, emission results.

CO;, Emissions from ...

(Tonne CO; Eq./Year)

Transportation—assuming Truckload Dry Vans at 45,000 1b capacity 55.36
Plastic Company (PCo) 1567.10
Aluminum Company (ACo) 470.40
Steel Company (SCo) 3037.24
Glass Company (GCo) 392.60
Tire-Recycling Company (TRC) 59.51
Battery Company (BARC) 106.44
Total Annual CO, Emissions of the network 5688.64

Saved CO; emissions by ...

(tonne CO; eq./year)

Recycling Plastic 4897.18

Recycling Aluminum 5409.59

Recycling Steel 9301.54

Recycling Glass 101.79

Recycling Tire 1333.86

Recycling Battery 304.16
Total Saved CO, Emissions of the network 21,348.12

A )

o5

Figure 3. The optimal solution network proposed by the model with CP3, DF2, and the other entities.
Burgundy, ELVs flow; orange, parts flow; green, plastics flow; dark blue, aluminum flow; purple,

steel flow; solid gray, glass flow; red, tire flow; blue, battery flow.



Sustainability 2022, 14, 3551 16 of 26

It is notable that the amount of materials sent from the dismantling facility to process-
ing facilities is a good amount, and they are profitable (over USD 4.3 million per year). The
results are shown in Tables 7-10. Figure 4 shows the amount of ELVs by type that are sent

from CP to DF.

Secondhand Market

Dismantling Facility

0 2000 4000 6000 8000 10,000 12,000

H Diesel ®Petrol

Figure 4. Amount of ELVs (by type) sent from collection points to dismantling facility and second-
hand market.

On the other hand, Figure 5 illustrates the amount of different types of materials sent
from DF to the other entities in the network. It is notable that steel is the largest amount of
material sent from the DE. This emphasizes the proposed model to recycle ELVs and use
the recycled materials instead of virgin materials.

716.6
962.68 1280 ¢4 00

6371

9491

6580.1

| \\_727.00
06.00 35400
=PCo =ACo =SCo =GCo =sTRC =BRC =RP =DC =Fluids = OM

—_

Figure 5. Total amount of materials from DF to other entities in the network (tonne/year).
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The results show very interactive exchanges between the entities taking into consid-
eration the CO, emission factor. The total amount of CO, emission for the network is
5688.64 tonnes CO, eq./year; this is equivalent to CO, emission from 6,287,560 pounds of
coal burned according to the EPA greenhouse gas equivalent calculator [54]. The network
saved COj is 21,348.12 tonnes CO; eq./year, which is equivalent to CO, emission from
23,595,725 pounds of coal burned (according to the GHG Equivalencies Calculator) [54-56].
The detailed amount of saved CO, emission is illustrated in Figure 6.

1333.86

304.16
101.79 _\

4897.18
Va

9301.54
y - 5409.59
= Recycling Plastic = Recycling Aluminum = Recycling Steel
Recycling Glass = Recycling Tire = Recycling Battery

Figure 6. Saved CO, emissions by recycling different types of materials in the network (tonnes CO,
eq./year).

3.3. Sensitivity Analysis

Variation of data causes different results that can be examined through sensitivity
analyses. In order to address this issue, two sensitivity analyses are discussed to account
for variations in key model parameters over the network’s economic and environmental
performance. After carefully examining the previous results, it was noticed that two of the
model parameters significantly influencing the operation of the proposed network are the
number of ELVs processed in the network and the number of used vehicles send to the
secondhand market. The first parameter represents the process material input, whereas the
second accounts for the largest revenue contributor to the network’s economy.

As shown in Figure 7, the sensitivity to the number of ELVs was examined by increas-
ing the total number of ELVs processed in the network from 100% (baseline) to 190% (i.e.,
90% over the baseline). The baseline corresponds to the reference scenario discussed in the
previous section. The 100-190% range comprises potential operating capacities for the net-
work and sets the upper operating limit. Over this range, the problem becomes infeasible
because the amount of steel recycled from ELVs becomes larger than the maximum intake
capacity of recyclable steel set for the steel company.
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Figure 7. Saved CO, emission and network profit vs. number of ELVs (total and secondhand market).

Figure 7 shows in yellow color the saved CO; eq. emission (circle) and overall net-
work profit (triangle) as a function of the total number of ELVs processed in the network.
Accordingly, the greater the number of vehicles processed in the network the larger the
CO, eq. emission savings when the comparison is to the number of vehicles to landfill.
This is the direct result of larger amounts of recycled material being sent to the processing
and recycling companies, replacing virgin materials, which have larger carbon footprints.
Likewise, the network profit grows as the number of ELVs processed in the network ex-
pands. This is the result of higher numbers of used vehicles sold at the secondhand market
and more material available to be recycled at processing/recycling companies, generating
additional revenue. Accordingly, both variables are positively correlated with the number
of ELVs processed in the network.

On the other hand, the sensitivity to the number of used vehicles sent to the sec-
ondhand market was studied by increasing the ELVs ratio to the market from 100% to
160%. This range comprises potential operating capacities for the secondhand market
and also sets its upper operating limit. Beyond this upper limit, the problem becomes
infeasible because the number of used vehicles sent to the secondhand market surpasses
the maximum market capacity.

The green circle and triangle represent the saved CO, eq. emission and overall network
profit as a function of the number of ELVs sent to the secondhand market, respectively.
As shown in Figure 7, as the number of ELVs sent to the secondhand market grows, the
CO, eq. emission savings decreases. This is because the number of ELVs available for
dismantling is reduced, thus leading to less recycled materials that normally offset carbon
footprints. Although the number of used vehicles sent to the secondhand market increases,
the overall number of ELVs in the network is kept fixed.

Conversely, the network profit grows in line with the number of used vehicles sent
to the secondhand market. This market is profitable; nonetheless, its profit growth rate is
lower than that attained by increasing the total number of ELVs in the network (yellow
triangle trend: first sensitivity analysis). Beyond the 120% operating point, a second
dismantling facility is needed to process the increasing number of ELVs in the network.
However, only where the number of ELVs equals 120%, the revenue generated by the
materials processed in the second dismantling facility is not yet enough to offset the new
associated dismantling expenses.
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Even though the ratio of vehicles sent to the secondhand market remains unchanged
for the sensitivity to the number of ELVs, as the total number of ELVs processed in the
network grows, so indirectly does the number of used vehicles sent to the secondhand
market. This translates into two different revenue streams for the network and explains its
superior profit growth rate. Moreover, the CO, eq. emission savings variable is negatively
correlated with the growing number of ELVs sent to the secondhand market, whereas the
network profit is positively correlated.

4. Conclusions

The sustainable management of End-of-Life Vehicles (ELVs) has become a global
priority due to the environmental concerns. Recycling and reusing materials is one solution
to solve the problem of ELVs.

The research in this paper contributes to the scientific body of the knowledge by
presenting a modeling framework in terms of a superstructure of alternatives, which takes
into account full interactions between several entities. In addition, the research proposes a
Mixed Integer Linear Programming model to find the optimal processing network while
maximizing profit of the network

The proposed model was applied to a case study in Qatar. End-of-Life Vehicles in
Qatar reach yearly more than 15,000 in number. The mathematical model consists of four
nodes designed to operate as a network: collection points (i), dismantling facilities (j),
processing facilities (k), and markets (7). The optimization procedure selects the most
suitable combination of network components.

The results show that the model can process 30,715 tonnes/ year from both types (petrol
and diesel vehicles), which equals to 22,904 ELVs (12,528 petrol type, and 10,376 diesel
type). In addition, the model shows that it is profitable to use the EIP-4-ELVs approach.
The most reused material was steel. Notably, the total amount of CO, emission for the
EIP-4-ELVs network is 5688.64 tonnes CO; eq./year, and the saved CO; is 21,348.12 tonnes
CO; eq./year.

Overall, the model maximizes the total profit of the network and finds the amount
of materials flow between the entities. In addition, the model decides which facility to
open/use for the network flow. The results from the case study in Qatar can be directed to
solve the issue of ELVs, as the number of ELVs is in rapid growth for many reasons. The
area of Qatar being small helps the entities in the network to exchange by-products and
wastes through the connected network. This connection will have a huge positive impact
on economy, environment, and social aspects.

The economic side encourages profitable growth for the entities in the network while
at the same time preventing the use of virgin materials to produce some essential products
in the country. Hence, saving virgin materials will have impact on the environment by
reducing the GHG emissions. In addition, the processing network allows and provides
new jobs and opportunities for social growth in the community/country.

Future extended work for this model could include but should not be restricted to
the following: new generation of vehicles (electric vehicles), uncertainty in the key model
parameters, multi-period optimization, and parametric analysis using weight factors.
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Nomenclature

Indices

b vehicle’s battery materials
f vehicle’s fluids

g network component/nodes
g network component/nodes

h type of material / part

i type of collection point

j type of dismantling facility
k type of processing facility
m type of market

0 vehicle’s other material

t vehicle’s tire material

14 type of vehicle

n disposable and hazardous material index
Sets” Elements

ACo aluminum company

al aluminum

bf battery fluid

BARC battery-recycling company
bt battery

of cfc-hfc fluid

co coolant

cu copper

dc disposal center

de diesel engine vehicles

eo engine oil

fi fiber

FI (Fluid) fluids market

ga gasoline

GCo glass company

ge gasoline engine vehicles

gl glass

hz hazardous materials

MK commercialization markets
n vehicle’s non-recyclable material
nr non-recyclable materials
oM other materials

ot other materials market

pb lead

PCo plastic company

pl plastic

pt platinum

RP reusable parts market

ru rubber

SCo steel company

sh secondhand market

st steel

to transmission oil

tr tire

TRC Tire-recycling company

of vehicle fluids
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Continuous Variables

BRyg vth vehicle’s battery sent to gth node (tonne/y)

BRCypq vth vehicle’s material b sent to gth node (tonne/y)

CP,,; number of vehicles v sent to collection point i (tonne/y)

DF,; Vel‘u.cles v sent from ith collection point to jth dismantling (tonne/y)

. facility

DIST, o/ transport distance between nodes ¢ and g’ (km)

EXD expenses 1ncurre<;l by disposing of non-recyclable and (USD/year)
hazardous materials

EXNODE fixed and variable expenses associated with the network (USD/year)
components

EXTRANS, ) o ¢ expenses fr/om transporting material i of vth vehicle from (USD/year)

88 mnodegtog

vth vehicle’s material f sent from jth dismantling facility

FLofjm to mth market (tonne/y)

FLOWMAT, ), , gizvg(/)f material / of vth vehicle from network component (tonne/y=)

GHGPF total GHG emissions generated by the processing plants  (tonne CO, eq./y)

GHGTRANS total material transport GHG emissions (tonne CO; eq./y)

~ yield of material / from vth
MATERIALpj - Jehicle at dismantling facility j (tonne/y)
MFy, mass flowrate of material /1 going through the gth network (tonne/y)
k component

vth vehicle’s material 0 sent from jth dismantling facility

OMao,jm to mth market (tonne/y)

PE,, ¢ vehicle’s v r.naterlelll'h sent from jth dismantling facility to (tonne/y)

e kth processing facility

REVM revenue from selling vehicle’s recycled materials (USD/y)

REVP revenue from selling vehicle’s recycled parts (USD/y)
vehicle’s v type of material / sent from jth dismantling

RPopjim facility to mth market (tonne/y)
total saved greenhouse gas (GHG) emissions associated

SAVEDGHG with the end-of-life vehicle network (tonne CO, eq./y)
secondhand vehicles v sent from collection point i to

SHyim market 1 (tonne/y)

TOTGHG network’s total GHG emissions (tonne CO;, eq./y)

TOTRANS total transport cost (UsD/y)

TRyg vth vehicle’s tires sent to gth node (tonne/y)

TRCytg vth vehicle’s material ¢t sent to gth node (tonne/y)

Binary Variables

Bg 1 if network component g is selected;
0 otherwise

Parameters

BFD battery fluid mass density (tonne/L)

BFP battery fluid selling price (USD/L)

BMP, selling price for recycled battery material b (USD/tonne)

BRCP;,¢ percentage of material b send to gth node (%)

BRP, share of batteries send to gth node (%)

Caplﬁ/[ax maximum installed capacity of gth network component (tonne/y)

8 per material type
Cap};/[é“ minimum installed capacity of gth network component (tonne/y)
2 per material type h

DEX expenses associated with the disposal of non-recyclable (USD/tonne)
materials

DIST, o/ transport distance between nodes ¢ and ¢’ (km)

DPF, kth processing facility’s savings due to usage of recycled (USD/tonne)

material as feedstock
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FC,
FLP,,,
FP;

GHG;
HEX

MASS,,

MPh,m
NV,
OMP,
OMPP,,

PFP, )k

PRICE,,
RPPv,h,m
SGHG;
SHP,; ,

TC, ¢
TMP;
TRCP; g
TRP,
UGHG, ¢
UTC, g
VCP;
VDE,
VM,

VP,

VPF,
YIELDP,,

YP,
of

Appendix A

fixed expenses associated with the gth network component
share of material f from vehicle v send to mth market
selling price of vehicle’s fluid f

unit GHG emissions rate to make products from virgin
materials in the kth processing facility

expenses associated with the disposal of

hazardous materials

mass of material/part & in the vth vehicle

selling price for final product & at mth market

total number of vehicles type v sent to all collection points
selling price for other recycled materials o

share of material o from vehicle v sent to mth market
type of material / from vehicle v sent to processing
facility k

price of material/part & in the vth vehicle
(USD/material) or

type of material & from vehicle v send to market m

saved GHG emissions rate from recycling materials in the
kth processing facility

share of vehicles v sent from collection point i to market m
transport cost per distance travelled between nodes g
and ¢’/

selling price for recycled tire material ¢

percentage of material t send to gth node

share of tires send to gth node

unit transport GHG emissions from node g to ¢’

unit transport cost from node g to ¢’

ith collection point’s variable expenses

jth dismantling facility’s variable expenses

mass of vehicle v

selling price of vehicle v

kth processing facility’s variable expenses

yield of material /1 from vth vehicle

product yield for the kth processing plant

mass density of fluid f

(USD/year)
(%)
(USD/L)
(tonne CO,
eq./tonne)

(USD/tonne)

(tonne/material) or
(tonne/part)
(USD/tonne)
(tonne/y)
(USD/tonne)

(%)

(%)

(USD/part)

(%)
(tonne CO,
eq./tonne)
(%)

(USD/km)

(USD/tonne)

(%)

(%)

(tonne CO, eq./km)
(USD/tonne/km)
(USD/tonne)
(USD/tonne)
(tonne/vehicle)
(USD/y)
(USD/tonne)

(%)

(%)

(tonne/L)

To illustrate the in-flow and out-flow in the network, the following illustrations clarify
the flow for each node.
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