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ABSTRACT

The Moroccan automotive industry is experiencing steady growth, positioning itself as the largest manufacturer
of passenger cars in Africa. This expansion is leading to a significant increase in waste generation, particularly from
end-of-life vehicles (ELVs), which require proper dismantling and disposal to minimize environmental harm. Millions
of tonnes of automotive waste are generated annually, necessitating efficient waste management strategies to mitigate
environmental and health risks. ELVs contain hazardous substances such as heavy metals, oils, and plastics, which, if not
properly managed, can contaminate soil and water resources. To address this challenge, reverse logistics networks play a
crucial role in optimizing the recovery of used components, enhancing recycling efficiency, and ensuring the safe disposal
of hazardous and non-recyclable waste. This paper introduces a mathematical programming model designed to minimize

the total costs associated with ELVs collection, treatment, and transportation while also accounting for revenues from the

*CORRESPONDING AUTHOR:

Imane Rouichat, Energy, Materials and Sustainable Development (EMDD) Laboratory-Higher School of Technology—SALE, Center of Water,
Natural Resources, Environment and Sustainable Development (CERN2D), Faculty of Science, Mohammed V University, Rabat 10106, Morocco;
Email: jamal.mabrouki@umS5r.ac.ma

ARTICLE INFO

Received: 1 November 2024 | Revised: 12 December 2024 | Accepted: 25 December 2024 | Published Online: 12 March 2025
DOI: https://doi.org/10.30564/jees.v7i3.7660

CITATION
Rouichat, I., Slaoui, M., El Bakraoui, H., et al., 2025. A Reverse Logistics Network Model for Efficient End-of-Life Vehicle Management in
Morocco. Journal of Environmental & Earth Sciences. 7(3): 341-350. DOI: https://doi.org/10.30564/jees.v7i3.7660

COPYRIGHT

Copyright © 2025 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons
Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License (https://creativecommons.org/licenses/by-nc/4.0/).

341


https://orcid.org/0009-0004-7631-8434
https://orcid.org/0000-0003-1737-0633
https://orcid.org/0000-0002-0606-3796
https://orcid.org/0000-0002-3841-7755
https://orcid.org/0009-0002-6347-3772

Journal of Environmental & Earth Sciences | Volume 07 | Issue 03 | March 2025

resale of repaired, directly reusable, or recycled components. The proposed model determines the optimal locations for

processing facilities and establishes efficient material flows within the reverse logistics network. By integrating economic

and environmental considerations, this model supports the development of a sustainable and cost-effective automotive

waste management system, ultimately contributing to a circular economy approach in the industry.

Keywords: Supply Chain; ELV; Reverse Logistics; Recycling Network; Environmental Impacts; Circular Economy

1. Introduction

The Moroccan automotive industry has experienced
significant growth over the last decade. Its performance is
especially notable for export and in terms of job creation, in-
dicators for which this sector generated double-digit annual
growth.

Morocco’s positioning as a platform of production and
export of equipment and motor vehicles is supported by the
planting of renowned foreign groups (suppliers and manu-
facturers)!].

With a production of 403007 vehicles in 2021 (see Fig-
ure 1), increased tenfold in the last decade, Morocco ranks
second among producers in Africa, just behind South Africa
(499087). On the scale of 80 million vehicles produced in
the same year in forty countries, Morocco ranks 26th, i.e.,
0.5% of the world market!?].
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Figure 1. Production and Sales of New Vehicles in Morocco
(2015-2021)31,

This rapid development contributed significantly to the
vehicle fleet growth between 2002 and 2017, rising from
1.81 million vehicles to more than 4 million, all categories
combined leading to more cars on the road!!.

As the issues related to the automotive sector remain
complex and multiple, they lead us to question the changes
necessary to encourage the respect of social and environ-
mental standards, guaranteeing equitable and sustainable

development in the country (creation of decent jobs, use of

clean technologies, open innovation).

In this paper, our main concern is end-of-life vehicles
(ELVs) management in Morocco.

As the automotive sector creates about 5% of industrial
waste in the world [, Waste streams management is a global
challenge to sustainability®] and ELVs are one of its most
important subjects®-81.

Basically, ELVs are motor vehicles that have reached
the end of their useful lives, and they are categorized as waste.
ELVs can be classified into two categories; Natural ELVs
usually vehicles over ten years old and inoperable, this type
of ELV will be de-polluted and recycled for scrap metal, and
premature ELVs referring to the vehicles that are severely
damaged due to unnatural reasons such as accidents and
vehicle testing for automotive industry, and with efficient
management of collecting and recovery process they could
be used again or returned to the production cycle® 1%,

Above all, an ELV is considered particularly polluting
and dangerous for the environment. it contains liquid and
solid waste classified in the category of hazardous waste
(waste oil, lead batteries, etc.). Without proper treatment and
recycling, the ELVs are detrimental to the environment!!.

On the other hand, ELVs consist of 75% metallic and
25% non-metallic substances (tires, fluids, and other materi-
als). Basically, through proper recycling, ELVs can improve
the circular economy and address environmental concerns
linked to them 2],

It is worth noting that the composition of ELVs can
vary depending on factors such as the age of the vehicle,
its manufacturing date, and regional differences in vehicle
design and manufacturing.

Overall, it is difficult to provide a specific estimate of
the future composition of ELVs, as it will depend on a range
of complex and interrelated factors. However, it is likely that
the composition of ELVs will continue to evolve and change
in response to technological advancements, changes in man-

ufacturing processes, and evolving end-of-life management
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practices.

Thus, there is a great need for reverse logistics networks
that optimize the whole supply chain covering recovery of
used components, efficient recycling of materials and dis-
posal of hazardous and non-recyclable waste.

The recycling and reuse of ELVs has made them an
essential source of secondary raw materials for use in the
industry (131,

Waste management entails a diverse set of operations
and shareholders!'). Although both the rate and volume of
ELVs generated in Morocco are lower compared to devel-
oped countries, their management is a must because scrap-
ping is carried out most of the time by informal companies.
This situation needs to be addressed as soon as possible, it is
top priority in order to limit environmental degradation like
pollution, resource shortages and wastage and high carbon
footprints 131,

Morocco is confronted with complexity of ELV man-
agement and the limitations of the environment to handle the
pressure of both resource consumption and waste generation.

Reverse logistics is a relevant strategy enabling the
recovery of value from the materials that have diminished
it(1®]. This reverse flow is a process where the manufac-
turer returns used products from consumers for recycling or
remanufacturing '],

This research aims to create an ELV reverse logistics
network in Morocco. To achieve this, two requirements
should be fulfilled. One is to build an industrial consortium
on a national level grouping together the representatives of
the future reverse logistics network and industrial companies
should be encouraged to invest in reverse logistics activities.
The second condition is to prove that this kind of industrial
investment is profitable for the entire reverse logistics actors,
which is the objective of this paper.

Thus, this paper presents a mathematical model for
ELYV reverse logistics network in order to minimize its total
cost. The monetary factors considered in the model are the
cost of collection, treatment, transportation, and the revenue
from ELVs. The proposed model allows to determine the
optimal facility locations and material flows in the reverse

logistics network.

2. Reverse Logistics Model

Reverse logistics operations extend the traditional sup-

ply chain with additional activities, procedures and resources

to better assist in the collection and recovery of materials
and products as they reach their end-of-life 8],

According to Rogers and Tibben-Lembke, Reverse lo-
gistics is the “process of planning, implementing and con-
trolling the efficient and 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”[1?].

De Brito and Dekker?%! state that reverse logistics ac-
tivities include the recovery of materials; hence, the activities
involved are collection, inspection, sorting, reprocessing, and
redistribution. Reprocessing options include direct ones, like
reusing, and other ones that call for processes, such as recon-
ditioning, restoration, remanufacturing, recycling, and final
disposal. The parties involved in these processes are solid
waste managers, retailers, distributors, and manufacturers.

The integration of reverse logistics into waste man-
agement systems has increasingly gained attention in the
literature, reflecting its pivotal role in addressing the envi-
ronmental and economic challenges posed by ELVs. As a
major waste stream, ELVs offer significant opportunities for
resource recovery, supporting circular economy goals and
promoting environmental sustainability. Existing research
emphasizes that well-structured reverse logistics networks
can mitigate the environmental impacts of ELVs while simul-
taneously creating economic value[?">?2. For instance, life
cycle assessments and mathematical optimization models
have proven effective in designing dismantling and recycling
networks, helping maximize material recovery and minimize
waste!2324],

However, challenges such as inadequate infrastructure,
non-standardized dismantling processes, and weak regula-
tory frameworks remain prevalent, particularly in developing
countries 2261,

Comparative studies reveal stark contrasts between de-
veloped and developing nations in ELV management. Coun-
tries with advanced legislative frameworks, such as those
in the European Union and Japan, demonstrate high recov-
ery rates, thanks to robust systems that enforce producer
responsibility and establish clear guidelines for recycling
processes 27281,

By contrast, emerging economies often face obstacles
related to informal recycling practices, insufficient techno-

logical capacity, and limited policy enforcement. Informal
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sectors play a dominant role in these regions, handling ELVs
without regard for environmental safety or efficient resource
recovery 2> 21,

For example, SWOT analyses of ELVs recycling in
developing countries have highlighted significant opportu-
nities, such as low labor costs and a growing demand for
secondary raw materials, alongside threats such as regulatory
weaknesses and environmental degradation %),

This study extends the current understanding of Re-
verse logistics systems by integrating informal sector activi-
ties into formal frameworks and proposing an optimization
model tailored to the specific socio-economic and environ-
mental context of Morocco. By leveraging global best prac-
tices while addressing local challenges, this research not only
highlights the novelty of its approach but also underscores
its relevance in advancing sustainable resource management.
The findings contribute to bridging the gap between policy
and practice in reverse logistics, providing a pathway for
implementing circular economy principles in regions where
formal recycling infrastructure is lacking.

So far, few countries in the world have succeeded in
implementing an ELV recycling system with energy recov-
ery, such as the European Union, China, Japan and Korea.
Other countries are preparing to adopt this type of legislative
system for the management of ELVs.

The EU Directive on ELVs (2000/53/EC) aims to in-
crease reuse, recycling, and other forms of recovery to mini-
mize waste disposal **l. No later than 1 January 2015 it sets
two targets for ELVs; the reuse and recovery should increase
to 95% at least and the reuse and recycling should also in-
crease to at least 85% by an average weight per vehicle and
year (see Figure 2), and this concerns passenger cars with
seating capacity of nine or less and commercial vehicles with
gross vehicle weight of 3.5 t or less.
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Figure 2. ELV Recovery Targets as Outlined in the 2000/53/EC
Directive.

Materials from ELVs are either recovered, disposed
of in landfills, or both. Recovery operations include using
sub-assemblies or parts as spare parts, as well as recovering
materials or energy from waste.

Products could be recovered in several ways, and at
different levels; product recovery at a lower level refers to
“recycling”, in other words the materials contained in the
product are recovered.

At a higher level, reusing sub-assemblies and parts of

CLINT3

the product is often referred to as “remanufacturing”, “recon-
ditioning” or “refurbishing”.

A remanufactured product is frequently the term used to
refer to a worn, broken, or used product that has either been
restored to its original specification or upgraded to a new
one. Thus, remanufacturing not only encourages multiple
reuse of materials, but also enables continuous development
of product functionality and quality instead of manufacturing
all-new products and disposing of used products3!],

Reconditioning refers to the process of returning com-
ponents to a satisfactory and/or functional state, but not
beyond their original specification, through methods like
resurfacing, repainting, sleeving 2],

According to the EU Directive on ELVs (2000/53/EC),
energy recovery refers to the use of combustible waste as
a source to generate energy with direct incineration either
with or without other waste, but with heat recovery[?!1. This
is especially the case for materials that are not profitable
after recycling or due to the lack of processing centers or
technologies in the current market.

Overall, the recycling industry is key in moving from
a linear economy to a circular one. Furthermore, increased
recycling rates reduce environmental footprint, decrease the
country’s dependence on imported raw materials, and reduce
manufacturing energy 33! as shown in Figure 3.
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Figure 3. Energy Required to Produce Vehicle Materials, MJ per
Kg.

The proposed model in this paper is a multi-echelon
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reverse logistics network involving collection, disassembly,
processing (repairing, recycling), and final sites (primary and
secondary markets and disposal), as represented in Figure 4.

Supplier
Producer

Collection
ELVs
Reusable pllfs/sllb assembly l:hurdous ‘materials/ Waste

Defective parts | Sub-assembly

Reconditioned lable /Hazardous
al

| parts [ Recycling il
Recovery materials
o

Figure 4. Reverse Logistics Network System for ELVs in Morocco.

Note: The producer refers to a vehicle manufacturer or
a professional importer of vehicles into Morocco. The pro-
cess of deregistering ELVs is subject to country-specific rules.
Depending on the county, users, collectors, or dismantlers
may be involved in the process. However, one mandatory
requirement in most cases is a certificate of destruction. This
certificate is typically provided by the recycling facility that
processes the vehicle and serves as proof that the vehicle
has been properly disposed of and recycled according to
environmental regulations.

As shown in Figure 4 First, ELVs are collected in col-
lection sites, next they are sent to disassembly sites that
involves depollution where hazardous materials (fluids, bat-
teries, and heavy metals) are taken out first for environment
friendly dismantling.

ELVs are separated into sub-assemblies or components,
that are divided into four types: repairable, reusable, recy-
clable, and disposal. The parts are sent to the treatment
centers, where defective parts are reconditioned at repairing
centers while recycling centers handle materials according
to their nature and, moreover, non-recyclable and hazardous
materials are also sent to disposal centers.

Finally, materials generated from recycling are sold at
primary markets, and reusable, reconditioned parts are sold
at the secondary markets.

The transportation of ELVs plays a crucial role in the re-
verse logistics network and its cost strongly affects the profits
from product recovery. Moreover, excessive transportation
contributes to environmental degradation and diminishes the

motivation for recycling. The maximum benefit can only be

achieved through careful design and efficient coordination
between sites.

The two major elements impacting the transportation
costs are the volume and weight of products.

Both criteria do not vary during transportation of ELVs
from collection to disassembly sites. However, they do
change after being processed at disassembly sites as shown

in Figure 5.

Reconditioned component 1

Figure 5. Disassembly Tree for an ELV.

3. Mathematical Model

The model aims to minimize the cost structure of the
recycling system, in other words, the difference between the
fixed costs from each site (the cost of collecting, transporting,
and processing of ELVs) and the total revenue earned from
selling reused/repaired parts and recycled materials.

While designing the network, we made the following
assumptions related to the mathematical model for ELVs:

1. The model is a multi-echelon, multi-returned ELVs
reverse logistics network

2. Collection and Processing sites are already established
and certified (licenced)

3. A certificate of destruction is provided for the de-
registration of each ELV

4. The number of collection and final sites is fixed

5. The capacities of disassembly, repairing, recycling
and disposal centers are limited.

6. No energy recovery processing is included, waste is
sent to disposal centers

7. Transportation costs are proportional to the distance
traveled

8. Cost parameters are known (transportation, operation,
material, disassembly, recycling, fixed)

9. Holding charges and shortage costs are not considered
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The following notation is used in the formulation of
the model:

Sets:

C set of collection sites

D set of disassembly sites

R set of recycling centers

A set of repair centers

B set of secondary markets

P set of primary markets

E set of disposal centers

PR set of ELVs

SA set of sub-assembly components

DR set of directly reusable components

IC set of defective components

RC set of reconditioned components

RM set of recovery materials

NR set of non-recyclable materials

DC set of disposal components

TP; amount of materials or number of components of
type j produced from every ELV, component or material i,
for S=(i,j) :i,j e PRUSAUDRUDCUICURCURMU
NR

Parameters:

C; unit transportation cost for ELV, component or ma-
terial i € S

D, g distance between sites A and 3, (A, ) e T=C x D
UDXx RURXx EUDXx EUDXx AUAXBURX P
UD x B

o fixed costof sites e DUR UA

O; unit cost of disposal component and non-recyclable

material, i € DC U NR

Q, operation efficiency at recycling centerr € R

Q, operation efficiency at repair center a € A

EL{ demand at collection site ¢ € C for ELVi € PR

DP! demand of primary market p € P for component
or material i € RM

DB; demand of secondary market b € B for component
i€ RCUDR

KD¢ capacity for handling product i € PR at disassem-
blysited € D

KR} capacity for handling product i € SA at recycling
centerr € R

KA! capacity for handling product i € IC at repair cen-
teracA

Gj revenues from repaired components, directly
reusable or recycled types i € DR U RC URM

VD¢ unit processing cost of product i € PR at disas-
sembly sited € D

VR] unit processing cost of producti € SA atrecycling
centerr € R

VA? unit processing cost of product i € IC at repair
centera € A

Decision variables:

Xl)‘ # amount of products transported from site A to site
8, \B)eT

Qg 1 if disassembly site d € D is used, and 0 otherwise

Q, 1 if recycling center r € R is used, and 0 otherwise

Q, 1 if repair center a € A is used, and 0 otherwise

In terms of the above notation, the mathematical model
can be formulated as follows:

Minimize Z = Xf9(DegCi + VDY) + Xd"(Dg,C;i + VR
cCcd Di PR dDrRiSA
+ X{’e(DreCi + Oi)
r Re Ei NR
+ X2 (DgeCi + 0))
d De Ei DC )
+ Gde + arQr
d D r R
+ GaQa + X?a(DdaCi + VAia)
a A dDaAilC
- X82(G; — Dap* Cp)
aAb Bi RC
- X{"(Gi = Dpx Ci) — X{®(Gi — Dap Ci)
rRp PiRM d Db Bi DR
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X9 =EL; i PR
o (2)
cC
xicdepJ;: xjdb; d D j DR 3
i PR b B
cC
X4 x TP = Xe; d D, j DC 4
i PR e E
cC
XiCdePJ;: )(J.dr; d D jJ SA ®
i PR r R
cC
X9xTPl= x%#; d D, j IC 6)
i PR a A
cC
X< TPlx0Q,= XP; r R j RM @
i SA pP
d D
x"<TPl= X r R j NR ®
dD e E
i SA
XBxTPx0,= XP a A j RC ©
iIC b B
d D
X <pBP; b B, i DR (10)
dD
X®<pBP; b B, i RC (11)
a A
X <DP’; p P, i RM (12)
r R
X4<kDd: d D, i PR (13)
cC
X<kRL r R i SA (14)
dD
Xd <KA% a A i IC (15)
d D
X?‘BZO; (A B) CxD DXE DxXR DxA DxB AXB RXP RXE (16)
Qq, Qr,Q; are binary  d,r,a (17)
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Constraint (2) ensure that all ELVs leave the collection
site. Constraints (3)—(6) assure that the incoming flow of
returned products at the disassembly site d multiplied by
TP{ equals the outgoing flow to secondary markets, disposal
centers, and primary markets, respectively. Constraints (7)
and (8) require that the incoming flow of returned products
at the recycling center r multiplied by TP{ and operation effi-
ciency is equal to the outgoing flow from recycling center to
primary market and disposal center, respectively. Constraint
(9) state that the incoming flow of returned products at the
repair center a multiplied by TPi and operation efficiency
is equal to the outgoing flow from the secondary market.
Constraints (10)—(12) ensure that the amount of components
and recovery materials do not surpass the demand of primary
and secondary markets.

Constraint (13) assure that the amount of ELVs sent
from collection site ¢ to disassembly site d cannot surpass
its capacity. Constraint (14) ensure that the sub-assemblies
sent from disassembly site d to recycling centers r do not
exceed its full capacity. Constraint (15) assure that the faulty
components sent from disassembly site d to repair centers a
do not surpass its capacity.

Constraint (16) confirm that the number of transported

products is positive. Constraint (17) are binary variables.

4. Numerical Example

The numerical example of the proposed model, which
will be presented in a second article, is based on simulated
data and does not use real-world figures. It employs the
AMPL modeling language and the CPLEX solver, translat-
ing the mathematical formulation into a solver-compatible
format to ensure precise application of constraints and objec-
tives. The optimization process identifies optimal locations
for collection, treatment, and recycling facilities, minimizing
costs. It also maximizes revenues from recycled materials,
enhancing cost efficiency. Additionally, the model reduces
the environmental footprint by improving material recovery
and minimizing hazardous waste disposal. These simulated
results demonstrate the potential of the proposed model to
achieve both economic and environmental sustainability in

ELV management.

5. Conclusions

In this paper, we have tackled the problem of a reverse

logistics network for ELV management in Morocco by de-

veloping a multi-echelon and multi-returned ELV reverse
logistics network to model it. This paper is intended to ex-
tend previous research to model a more complete recycling
network featuring different treatment and final sites for multi-
ple types of ELVs. The responsible entities should determine
the most appropriate sites and the number of services needed.
The proposed model involves four levels of the recycling
process, covering collection, disassembly treatment (recy-
cling and repair centers) and final sites (disposal centers,
secondary and primary markets). Furthermore, each type of
waste undergoes a different recycling process according to
its nature.

For practitioners, the model shows that the most effec-
tive way to reduce the cost structure of the recycling system
is by reducing the transportation cost (by outsourcing trans-
portation, for instance). In terms of future work, the current
model can be extended in several important ways to enhance
its applicability and sustainability:

m Bridging Forward and Reverse Logistics:

One promising direction is to align forward and re-
verse logistics into a unified circular supply chain.
This could involve using the same transportation
routes and storage facilities for delivering new ve-
hicle components and collecting recyclable materials.
Moreover, encouraging manufacturers to design ve-
hicles with modular and easily disassembled parts
would simplify end-of-life recovery and recycling
processes.

For instance, a pilot project could involve automotive
companies producing vehicles with standardized com-
ponents that can be easily reused or recycled, reducing
costs and environmental impact.

m Incorporating Green Logistics Practices:
Integrating environmentally friendly logistics strate-
gies is essential for reducing the carbon footprint of
ELV management. Facilities could adopt renewable
energy sources, such as solar power, and switch to
low-emission transportation methods, like electric or
hybrid trucks, for material collection and distribution.
For example, logistics companies could deploy elec-
tric vehicles for transporting dismantled parts, sig-
nificantly cutting emissions compared to traditional
diesel-powered fleets.

m Recovering Energy from Non-Recyclable Waste:
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Another promising avenue is exploring energy recov-
ery methods for materials that cannot be recycled
economically. Techniques such as pyrolysis or gasifi-
cation could convert waste plastics and other materi-
als into synthetic fuels or energy sources, supporting
sustainable industrial practices.
For example, waste plastics from ELVs could be pro-
cessed into synthetic fuel using pyrolysis, reducing
reliance on fossil fuels and decreasing landfill waste.
m Incorporating Advanced Modeling for Uncer-
tainty:
To account for variability in factors like waste gener-
ation rates, transportation costs, and demand for recy-
cled materials, the model could incorporate stochastic
methods or simulations. This would ensure robustness
and adaptability to real-world changes and uncertain-
ties.
For instance, Monte Carlo simulations could evaluate
how fluctuations in fuel prices or recycling demand

might affect logistics costs and overall efficiency.

These directions for future research aim to make ELV
management more integrated, sustainable, and responsive to

evolving environmental and economic challenges.
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