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Abstract: Eco-industrial parks (EIPs) are promoting a shift from the traditional linear model to the
circular model, where industrial symbiosis plays an important role in encouraging the exchange of
materials, energy, and waste. This paper proposes a generalized framework to design eco-industrial
parks, and illustrates it with regard to the end-of-life vehicle problem (ELV). An eco-industrial park
for end-of-life vehicles (EIP-4-ELVs) creates synergy in the network that leverages waste reduction
and efficiently uses resources. The performance of the proposed framework is investigated along
with the interactions between nodes. The proposed framework consists of five steps: (1) finding
motivation for EIP, (2) identifying all entities with industrial symbiosis, (3) pinpointing the anchor
entity, (4) determining industrial symbiosis between at least three entities and two exchange flows,
and (5) defining exchange-flow types. The two last steps are connected by a feedback loop to allow
future exchange flows. The proposed framework serves as a guideline for decision makers during
the first stages of developing EIPs. Furthermore, the framework can be linked to car-design software
to predict the recyclability of vehicle components and aid in manufacturing vehicles optimized
for recycling.

Keywords: eco-industrial park (EIP); end-of-life vehicles (ELVs); industrial symbiosis (IS); design
framework; sustainability; process optimization

1. Introduction

An industrial ecosystem optimizes the consumption of energy and materials, and minimizes
the generation of waste [1]. The study of industrial systems that operate like natural ecosystems is
called industrial ecology, in which the natural ecosystem generates waste from one organism to be the
resource for another [2]. Similar to the natural ecosystem, the industrial ecosystem capitalizes on the
exchanges of one firm’s waste to be another firm’s resource.

Industrial symbiosis is a subset of industrial ecology and has a particular focus on material and
energy exchanges [3]. Eco-industrial parks develop when industrial symbiosis occurs between firms;
the interactions include exchanges of material and energy.

Eco-industrial parks (EIPs) promote a shift from the traditional linear model to the circular
model. They are considered a community of businesses that reduce the global impact by sharing
resources like materials, energy, and water to reduce waste and pollution, and increase economic
gains [4]. The interactions in the community improve the environmental performance of the industrial
network. EIP is promoting a shift from the traditional linear model of “raw material to industry to
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waste” to a closed-loop model of “raw material to industry A to waste to raw material to industry
B”. Considering the global strategy, cities are considered at macro level, and single industry at the
micro level, and in between, there is the meso level where EIPs exist. EIPs not only exchange waste
heat, steam, bio-waste, and industrial waste but also knowledge, material, and energy. The circular
process that is built within EIP connects the entities and results in minimum effect on the environment.
Hence, solving environmental problems using an EIPs approach is one effective strategy of waste
management that limits pollution impacts on the environment. In this way, EIPs can be implemented
within industrial districts to encourage eco-design practices and the transition to circular business
models that are more sustainable in nature. This will also improve the efficiencies of the existing
industrial entities in given districts and thus enables them to improve their competitiveness on a global
scale. The first known EIP was in Kalundborg, Denmark; industrial symbiosis gradually evolved
over 20 years [5]. Today, many countries have eco-industrial park projects: Argentina, Austria, Brazil,
Canada, China, Denmark, Finland, France, Germany, Italy, Netherlands, Norway, Singapore, South
Korea, Spain, Sweden, Switzerland, the UK, the USA, and others [3,4,6-11]. Other works vis-a-vis
EIPs covered multidisciplinary areas, for example, optimization [12], life-cycle assessments [13],
policy implementation [14], social networks [15], and topology [4]. Furthermore, several studies in the
literature proposed frameworks for EIPs. For example, on December 2017, the United Nations Industrial
Development Organization (UNIDO), joining efforts with German Development Co-Operation (GIZ)
and the World Bank Group (WBG), published a document that presents an international framework
for eco-industrial parks [16]. The International Framework for Eco-Industrial Parks focuses on four
performance categories: park-management, environmental, social, and economic (Figure 1). Each
category consists of prerequisites and performance requirements that can be measured. All prerequisites
and performance requirements must be met for something to be considered an EIP. The report
guides decision makers on the important components to achieve maximal benefits economically,
environmentally, and socially. However, as indicated in the report, the International Framework for
EIPs provides only strategic details for EIP requirements and does not translate them to existing EIPs.
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Figure 1. International Framework for Eco-Industrial Parks.

The International Framework for Eco-Industrial Parks created by UNIDO, GIZ, and WBG is not the
only initiative to provide essential elements for forming EIPs. Several studies in the literature proposed
frameworks for EIPs from different views. There are two common themes for these frameworks,
general and special-case. While researchers like [17-25] a general framework for EIPs, other researchers,
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like [7,26,27] proposed more specific frameworks for solving a special-case issue. The reviewed articles
are presented in the next sections in chronological order in each theme.

Haskins (2007) proposed a general framework for eco-industrial park development named
iFACE. The acronym refers to i—identify stakeholders and their needs; F—frame the problem(s);
A—alternatives identification and study the options; C—choose and implement a course of action;
and E—evaluate continuously. The author expressed the framework as a combination of system
engineering, industrial ecology, organizational dynamics, logistics, and supply-chain theories [17].

Sopha et al. (2009) presented a more extended framework for creating industrial-symbiosis
modeling. The framework consists of two parts: (1) a system-engineering (SE) process and
(2) methods. The SE process consists of six steps: needs identification, defining requirements,
specifying performances, analyzing, designing and improving, and implementation. The methods
component lists different enabling technologies for each SE process step. Interviewing was proposed
for Steps 1-3, brainstorming for Step 1, literature study for Steps 2-6, survey for Steps 24, field study
for Steps 1-3, and workshop for Steps 3—6. The authors applied the framework on the case of an
industrial site in Mongstad, Norway, to increase industrial symbiosis [18].

Boons et al. (2011) proposed a conceptual framework for analyzing the dynamics of industrial
symbiosis. The framework has a set of conditions that are referred to as “antecedents” that affects
another set of “mechanisms”. The mechanisms elaborate on two levels: (1) societal and (2) regional
industrial systems. The application of the mechanisms led to outcomes that were reflected on the
ecological system and social networks. The authors concluded that the framework helped to build a
theoretical understanding of the dynamics of industrial symbiosis [19].

Romero and Ruiz (2013) proposed a nested-system framework for modeling EIP operations.
The framework describes the relationship between industrial systems and the environment. The main
building blocks for the nested framework are economic, social, and natural systems. In applying
the framework, five key properties were taken into consideration: (1) functionality; (2) theoretical
knowledge; (3) adaptability; (4) reliability; and (5) life span. The authors supported the framework by
merging complex-adaptive-system theory, industrial ecology, and the analysis of existing EIPs [24].

Francois Dumoulin et al. (2016) proposed an environmental-assessment framework for facilitated
regional industrial symbiosis. The framework helps to identify all environmental impact in facilitated
regional industrial symbiosis. The framework was divided into two main sections: (1) logical basis,
where key elements of environment observation are identified; and (2) method, where three steps
are performed, namely, identifying environmental impact, designing indicators, and assessing the
environment. The authors applied the framework on a case in Réunion, a French territory in the Indian
Ocean that had the potential for industrial symbiosis [20].

Kuznetsova et al. (2016) discussed the challenges that eco-industrial parks face and proposed
an optimization framework for EIP topology and operation. The framework consisted of two stages,
optimization of EIPs’ (1) topology and (2) operation. Each stage includes several steps. The framework
considers uncertainties in EIP and provides appropriate predictions. The authors detailed uncertainties
and risks that should be taken into consideration at the design stage [28].

Andiappan et al. (2016) proposed an optimization-based framework for coalitions in EIP.
The framework starts with defining co-operative plants in the intended EIP. Then, the framework
continues identifying interactions between plants, uses mathematical models to calculate the symbiosis
costs (cost of sharing exchanges between plants), and ends up with the eco-industrial park configuration.
The authors used mathematical models for calculating the economic correlations of cost and savings
allocation, and performed stability analysis for each entity. The framework was applied to a palm-oil
EIP in Malaysia. Results showed an increase in the savings for industries in the EIP [22].

Konstantinova, Johannes, and Vejrum (2019) discussed the importance of trust between
stakeholders in industrial-symbiosis initiatives. They developed a conceptual industrial-symbiosis
trust framework to facilitate gaining trust between partners. The framework illustrates three notions
of trust (ability, integrity, and benevolence) through three trust bases: (1) calculus-, (2) knowledge-,
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and (3) identification-based trusts. In their paper, the authors answered the research question of “How
can firms develop trust in the context of industrial symbioses investment?” through proposing the
framework that merges industrial symbiosis and management techniques [21].

Tao et al. (2019) proposed a three-dimensional framework for studying the influence of policy
on industrial symbiosis from the firm’s perspective. The three dimensions are industrial-symbiosis
(1) fostering models, (2) implementation stages, and (3) policy instruments. The framework was
demonstrated on a horizontal axis that presented ten executive policy instruments, the vertical axis
presented five stages of industrial-symbiosis implementation, and the depth axis presented four models
of industrial-symbiosis fostering. The authors applied the framework on two existing EIPs, one in the
United Kingdom and the other in China [25].

For special case frameworks, Behera et al. (2012) presented the existing Research and Development
into Business framework that was developed by the Ulsan EIP Center in South Korea. The framework
consists of three main steps: (1) exploring new networks, (2) feasibility study, and (3) commercialization.
Each step leads to another step following certain criteria within the framework. The aim of the
framework was to design industrial symbiosis between EIP stockholders. As an example, the authors
presented the Ulsan industrial symbiosis and explained how it had been developed to reach forty
instances of symbiosis, some of which having been designed [7].

Liu and Cété (2017) presented a framework for incorporating ecosystem services into China’s
EIPs. The framework combines policies, governance, techniques, technologies, key actors, and support
organizations to build the industrial symbiosis. In the framework, two main components are the core:
Component I, with elements of policies, governance, technologies, and business development; and
Component II, with elements of key actors and support organizations. The framework suggested
integration between the two components to result in an EIP. The framework was designed to solve
China’s environmental issues by proposing a circular economy through encouraging eco-industrial
park development. The authors suggested that the framework could provide guidance for other EIPs
around the world [26].

Gopinath et al. (2018) presented a material-flow framework for the sugar industry on the basis
of an extensive literature review. The authors reviewed the literature to find all characteristics of the
sugar industry to identify the optimal route that resulted in minimizing waste. The framework details
the material flow for the sugar industry and points to several waste types that can be reused by other
industries. The paper shows the importance of synergy between different types of sectors [27].

The above sections provided an overview of some available frameworks for EIPs in the literature.
The discussions outlined the efforts by scholars with different backgrounds to propose ways and
methods for designing EIPs. The review elucidates that although considerable efforts have been done in
the literature, essential research regarding applying the approach to different types of systems such as
ELVs is still required. Furthermore, the literature revealed the complexity of the available frameworks.
In the early stage of designing EIPs, decision makers need a simple, clear, and strategic framework
to follow and depend on. After having a solid base about the foundation of the elements in EIPs
with a general clear framework, decision makers and the EIP team might follow other comprehensive
frameworks that pertain to specific needs, such as optimizing industrial-symbiosis flow, evaluating the
firms’ trust, proposing policies, and other areas of concern. There exists no generalized framework that
compiles precise foundations and simple steps at the same time. Hence, there is a need to investigate
and construct a generalized and simple to follow framework for the design of eco-industrial parks.
This paper bridges this gap in the literature. A simple and yet comprehensive framework is proposed
in this paper. The framework consists of five steps: (1) finding motivation for EIP, (2) identifying
all entities with industrial symbiosis, (3) pinpointing the anchor entity, (4) determining industrial
symbiosis between at least three entities and two exchange flows, and (5) defining exchange-flow types.
Steps (4) and (5) are connected by a feedback loop, which allows any additional exchange flows in the
future. The paper illustrates the use of the framework on a special case study that involves end-of-life
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vehicles. Applying the recyclability index proposed by Villalba et al. (2004), the framework can be
linked to vehicle-design software to predict the recyclability of different types of components [29].

The remainder of this paper is organized as follows. Section 2 presents the proposed framework
for efficiently designing eco-industrial parks. In Section 3, a case study is employed to illustrate the
use of the framework. Finally, Section 4 outlines the conclusions and future work.

2. Generalized Framework for Eco-Industrial Park Design

With the extensive approaches available in the literature, the need for a straightforward framework
is rising. The proposed framework in this section illustrates the foundations of designing eco-industrial
parks. It provides general step-by-step actions to be followed in the very early stages of designing
EIPs. The framework answers fundamental questions that decision makers need in order to start
developing and designing EIPs. In a simple, clear, and step-by-step strategy, the framework lays out
necessary actors in the process of designing EIPs. The framework requires primary data that can easily
be collected from each entity forming EIPs.

The generalized framework for the design of EIPs consists of five steps (Figure 2): (1) finding
motivation for EIP [28], (2) identifying all entities with industrial symbiosis [30], (3) pinpointing
the anchor entity [31], (4) determining industrial symbiosis between at least three entities and two
exchange flows [4], and (5) defining exchange-flow types [31]. Steps (4) and (5) are connected by a
feedback loop to allow additional exchange flows in the future. Used parts should be first put into a
used market depending on historical demand. Information on their utilization should be monitored,
and a decision to eventually move them to the recycling node and consider them as waste material
should be made frequently. This balance between reuse of useful components and recycling them as
waste is an important consideration in Step 2 of the proposed methodology.

What is the Motivation to design EIP?
Economic, Environmental, Social, or Mixed

Find
Motivation
What are the Entities forming EIP?
. List all entities that will benefit from ETP
Identify
Entities
Which Entity is the most giving in EIP?
R Identify Anchor Entity with the most Exchange Flows
Pinpoint
Anchor Entity
What are the Industrial Symbiosis in the EIP?
. Use EIP Matrix to list all possible Industrial Symbiosis
Determine

Industrial Symbioesis

What is the Type of the Exchange Flows in the EIP?

-Tvpe 3. Tvi e 5
Define Extemnal: Type 3. Type 4 or Type 5

Exchange Flow Type

Figure 2. Generalized framework for design of eco-industrial parks.

For creating a successful EIP, a clear motivation should be stated, whether environmental,
economic, or mixed [30]. From this point forward, identifying entities shapes the overall components
of the network. Next, pointing out the main entity in the network plays a great role in outlining the
anchor entity that attracts other entities towards it.
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To ensure industrial symbiosis in the EIP, the 3-2 heuristic rule [4] should be satisfied. This
rule states that “at least three different entities must be involved in exchanging at least two different
resources” [4]. Hence, it is necessary to generate a full list of possible exchanges in the network [4,32-34].
For this reason, the EIP matrix is proposed to list all industrial symbioses in EIPs (Table 1).

Table 1. Eco-industrial park (EIP) matrix for listing all network exchange flows.

Entity 1 Entity 2 Entity n
. Exchange flow(s) Exchange flow(s)
Entity 1 Internal exchange from 1 to 2 from 1 ton
Entity 2 Excf};eol?ngg flooiv(s) Internal exchange EX(}?;;?; g)orxiv(s)
Entity n Excgzrr;gi ftlg‘iv (®) Excfilsrr;lgﬁ ?(;);V(S) Internal exchange

The last step is to identify material-exchange types. Figure 3 illustrates the different exchange types
on the basis of the literature. In her study, to find the taxonomy of different material-exchange types,
(Chertow, 2000) [30] classified five types: Type 1: Through waste exchanges through third party; Type 2:
Within facility, firm, or organization; Type 3: Between firms collocated in a defined eco-industrial park;
Type 4: Between local firms that are not collocated; and Type 5: Between virtually organized firms
across a broader region [4,30]. However, she highlighted that “Types 3-5 offer approaches that can
readily be identified as industrial symbiosis” [30]. For that reason, we considered material-exchange
Types 3-5 to be the main types for flows to build EIP. On that basis, we developed Figure 3 to simplify
external-exchange Types 3-5.

&
<

L4

Collocated Firms

Not-Collocated Firms |

e

Figure 3. Schematic drawing of different exchange types for industrial symbiosis. Arrows, exchange
flows; solid line, collocated-firms boundary; dashed line, non-co-located firm boundary; and dotted
line, regional-firm boundary.

The framework has a feedback loop between Steps (4) and (5) that allows for modification and
addition whenever there is new industrial symbiosis in the system. The framework results in a
connected graph with nodes and arcs. Nodes represent the entities in the network, and arcs represent
the exchange flows (Figure 3). The framework steps are elaborated upon in the next subsection.

2.1. Find Motivation

This step initially ensures the commitment of creating EIPs. The question, “Why create an EIP?”
is very important, and on the basis of the answer, the motivation is clear. The motivation for forming
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EIP can be related to the three pillars of sustainability: economic, environmental, and social. Some
companies exchange resources in order to reduce cost or increase profit (economic pillar). Other
companies have industrial symbiosis as a way to reduce greenhouse-gas (GHG) emissions and waste
(environmental pillar). To go beyond these two reasons, some companies form EIPs to create more job
opportunities to people in the EIP region (social pillar). In fact, all these benefits can be met in EIP.

2.2. Identify Entities

After knowing the motivation behind forming an EIP, the next step is to identify all possible
entities that help in achieving that motivation. Entities in the planned EIP should have exchange flows
with other entities from which the EIP benefits.

2.3. Pinpoint Anchor Entity

From all entities listed in the previous step, there should be one entity that attracts other entities
towards it as it has the most exchange flows to share. The anchor entity is the largest giver in the EIP. It
is important to identify the anchor entity to ensure that industrial symbiosis between entities continues.

2.4. Determining Industrial Symbiosis

Exchange flows between entities should be listed and determined. This visualizes all possible
industrial symbiosis in the EIP. For simplicity, we propose the EIP matrix that lists all industrial
symbiosis in the EIP (Table 1). The EIP matrix summarizes all exchange flows and gives detailed
information about the network.

2.5. Define Exchange-Flow Types

Figure 3 illustrates the different exchange types on the basis of the literature. The types of exchange
flow can be defined in this step. In this paper, we considered external-exchange Types 3-5 as the main
flow types to build an EIP. For industrial symbiosis to happen, there needs to be external and not
internal exchange flow. We define “internal exchange” as any industrial symbiosis that exists within
the entity (e.g., old equipment from one department in the entity can be used in another department).
On the other hand, “external exchange” is any industrial symbiosis that appears beyond the boundary
of the entity (e.g., old equipment sent to recycling company), including collocated, non-co-located, and
regional firms. This requirement is very important, as it identifies the distance between entities and
the modes of transportation of the exchange flows (trucks, pipelines, etc.).

3. Framework Application

3.1. ELV QOuverview

The European Directive of ELVs 2000/53/EC defines end-of-life vehicles as “vehicles that have
become waste”, and waste defined as “any substance or object which the holder discards, or intends to
discard, or is requires to discard” [35]. According to the Official Journal of the European Communities,
end-of-life vehicles account for up to 10% of the total amount of waste generated annually in the
European Union [35]. The directive requires car manufacturers to ensure that a minimum of 95% by
weight per vehicle is reusable and/or recyclable, including a minimum of 85% of material recoverability
(recyclability) or reuse [36].

The waste stream generated from end-of-life vehicles can be controlled/regulated through the
vehicle-design phase when product development occurs. “Design for X” is one of several methods
to aid the designer in this phase, where “X” refers to the life-cycle phase being evaluated [37-40]. In
other words, “X” represents the aim of the design: recycling, quality, sustainability, cost, and so on. It
requires the design to meet the specific defined goal (X).

One solution could be introducing design for sustainability (DfS) in the design phase that requires
maximizing resource efficiency while minimizing environmental impact [29,40,41]. A more specific
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definition for DfS is given by Vezzoli et al. (2018): “A design practice, education, and research that, in
one way or another, contributes to sustainable development” [42].

Using recycled scraps benefits the environment threefold by: (i) saving raw materials, (ii) saving
energy, and (iii) reducing GHG emissions [29,41,43]. Taking steel as an example to demonstrate the
use of recycling, every ton of new steel made from scrap steel saves 2500 b of iron ore, 1400 1b of
coal, and 120 Ib of limestone (Fold i). The use of recycled scrap steel reduces energy use by 75% (Fold
ii). The estimated GHG reduction for recycling steel in every recycled vehicle is 2205 Ib of GHGs
(Fold iii; [44]). In general, energy used in recycling scrap materials is less than the energy used in
manufacturing raw materials [40,45]. Energy saving and GHG reduction [44] for some metals are
illustrated in Figure 4.
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Figure 4. (a) Energy saving for recycling metals; (b) estimated greenhouse-gas (GHG) reduction per
recycled end-of-life vehicle (ELV).

However, the dilemma is to figure out if recycling ELVs is economically feasible. Villalba et al.
(2002) proposed a recyclability index to measure “the ability of a material to regain its valued properties
through recycling process” [45]. The recyclability index calculates the profit-to-loss margin for recycling;
hence, it determines whether it is economically feasible to recover the material [29]. With a positive
margin, recycling is a good choice; a negative margin indicates some concerns making the material not
worth recycling.

The end-of-life-vehicle recycling system aims to isolate hazardous content, and recover usable
parts and recycle others [43]. There is a tremendous number of studies in the literature about recycling
systems and managing ELVs that were comprehensively studied by [46,47].

Vehicles mainly go through different stages. Maudet et al. (2012) highlighted two main systems
for treating ELVs, dismantling components and vehicle shredding [48]. In more detail, Edwards et al.
(2006) described three main stages in the recycling process: (1) depollution, (2) dismantling, and
(3) shredding [49]. Figure 5 summarizes the overall stages for treating ELVs.

Drain all Fluids (Gas, Oil, Remove Engine, Tires, Press the hulk, and send
Coolant, _.), and Remave Windshield, Steering to shredding machine
Battery Wheel

@ 9 HO 3 || &

Figure 5. Three main stages in process of treating end-of-life vehicles.
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In the first stage (depollution), all fluids are drained and the battery is removed. The second stage
(dismantling) removes the engine, tires, wires, cables, windows, bumpers, and other parts that are
useable. In the third stage (shredding), the vehicle’s hulk is pressed using a hammermill and then
sent to the shredding machine. In the process, ferrous metal is separated using magnetic separation,
and an eddy current is used to separate the nonferrous metal. The remainder of that process (plastics,
rubber, fabrics, and dirt) is called automobile shredder residue (ASR) or fluff [40,43,49-51]. According
to Curlee et al. (1994), ASR generated from recycling ELVs accounts for about 25% (by weight) of the
shredded material [40]. The highest percentage of components in the ASR is fibers, which accounts for
42% by weight, followed by plastics, with 19.3% by weight. There are several approaches to separate
the components or use the ASR for different purposes [52,53].

ELV management is a crucial issue to deal with for governments, vehicle producers, and treatment
facilities. It has received increased attention due to its implications, both economic and environmental.
The problem has both tactical and strategic level decision making components. D’Adamo et al. (2020)
prepared regression models to predict the amount of ELVs generated yearly as a function of GDP
and population. They concluded that given the great amount of ELVs generated, adopting a practical
procedure for constructing efficient procedures to connect and induce collaborations between the actors
involved in ELV will help greatly in enhancing sustainability and creating economic opportunities [54].
Karagoz et al. provided a comprehensive review of 232 peer-reviewed articles published in the
period 2000-2019 that was aimed at identifying the gaps in the ELV management literature [47]. They
concluded that only few researchers suggested solutions that closed the waste management loop
by recycling and suggested that such approaches should be devised for the solution of real-life ELV
management problems to generate reasonable solutions for them. Finally, in a recent article that
provided a bibliometric literature review and assessed the efficiency of ELV management, De Almeida
and Borsato (2019) concluded that the literature reveals a series of strategies that are confusing [55].
The paper outlined several ELV management strategies and the different processes involved. The paper
also concluded that waste management research focusing on the holistic nature of the ELV problem and
which considers nodes of different efficiencies is still lacking. Furthermore, the paper suggested future
research management strategies that focus on sustainability and the triple bottom line. Therefore, the
proposed strategy of the previous section is clearly a step forward towards bridging this gap and its
use is illustrated on the case of the ELV management problem in the next sections.

The proposed methodology must also be tailored to the type of vehicles that are in existence in
a certain country and also to the specifics of that country. For instance, Che et al. (2011) discuss the
specifics of ELV problem in Japan, China, and Korea, and propose different scenarios [56]. For example,
labor cost is high in Japan and the design of an EIP (applied to the ELV management problem) must
take this into account. This can be done by focusing on automation and taking the economics of the
problem into consideration. For example, in the case of several possible alternatives available in one of
the suggested nodes by the proposed methodology, the different scenarios must be compared based on
a composite objective that considers both the NPV and the sustainability component. In this way, the
most desirable alternative with respect to this composite objective is selected. The specific nature of a
given country can also be in terms of enforced recycling laws. Step 2 of the methodology that focuses
on the identification of all entities with industrial symbiosis must therefore be altered to consider only
entities that conform to the law of the country where the recycling unit is to be implemented.

New generation vehicles (NVGs) like hybrid, plug-in hybrid, and electric vehicles are emerging
into the market with increasing rates due to advances in battery technology, material design, and
computerized technology. These vehicles have different components compared to the traditional fossil
fuel vehicles. They are equipped, for example, with highly efficient nickel-hydrogen or lithium-ion
batteries. When the proposed methodology is applied to NGVs, in Step 2, which is concerned with the
identification of all entities with industrial symbiosis, should take into account the balance between
reuse and recycling. For NGVs, there is an emerging trend for the effective utilization of waste
batteries [57]. Furthermore, because of the inclusion of these highly efficient batteries, the steel content
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of the vehicles is much lower than that of the traditional fossil fuel vehicles while plastic content is
more. For these reasons, non-traditional processing and recycle nodes should be considered for the
case of NVGs. Yu et al. (2017) provides a comprehensive analysis of the different recycle and reuse
approaches of waste batteries from NGVs [57].

3.2. Eco-Industrial Park for End-of-Life Vehicles

The proposed framework was applied to solve end-of-life vehicles (EIP-4-ELVs). The steps of the
framework tailored to this case are illustrated in Figure 6. The motivations for the case of EIP-4-ELVs
are environmental and economic. End-of-life vehicles are harmful to the environment, so solving this
problem is the main motivation. Furthermore, recycling old cars generates profit for many industries.
The next step is to identify which industries form the EIP-4-ELVs. The entities are suggested to be power
plants, dismantling facilities, waste-to-energy plants, wastewater-treatment plants, glass industries, tire
recycling, aluminum, plastic, and steel companies, and battery-recycling or -refurbishing companies.
The anchor entity that generates the most waste/byproducts in the case of EIP-4-ELVs is the dismantling
facility. This facility is the core of EIP-4-ELVs as it sends out scrap materials of different types to the
corresponding industries. Next is to determine all possible exchange flows in the EIP-4-ELVs using the
EIP matrix (Table 2). Last is to define the exchange-flow type for transportation purposes—External
Type 5 in this case. The feedback loop between the last two steps allows for any future change or
modification in the exchange flow. The EIP matrix is provided for this case in Table 2. Cells with (-)
indicate possible industrial symbiosis in the future as the EIP evolves.

Environmental and Economic

(ELVs are harmful for environment, and they can generate profit if

Find
S recycled
Motivation SeEd)
Power Plant, Dismantling Facility, Waste-to-Energy Plant, Wastewater
Treatment Plant, Glass Industries, Tire Recycling Company, Aluminum
:Edrftr:::?s/ Company, Plastic Company, Steel Company, Battery Recycling Company
Dismantling Facility
Pinpoint (It generates the most exchange flows in the network)

Anchor Entity

Fly Ash, Biomass Residues, Steel, Non-Ferrous Metal, Scrap Metal, Industrial

Waste, Gardening Material, Plastic Parts, Plastic Scraps, Scrap Tire, Glass Parts,
Determine

. .. Battery Parts, Treated Water, Wastewater. EIP Matrix is provided.
Industrial Symbiosis

External: Type 5

Define (Entities are not co-located, and flows transport by truck or pipelines)
Exchange Flow Type

Figure 6. Application of proposed framework to design EIP to solve end-of-life-vehicle problem.
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Table 2. EIP matrix for EIP-4-ELV case.

11 of 17

PP DF WEP WTP GI TRC ACo PCo SCo BCo
PP - Power-to-grid ~ Power-to-grid Power-to-grid Power-to-grid Power-to-grid Power-to-grid Power-to-grid Power-to-grid Power-to-grid
DF - - Industrial waste =~ Waste water ~ Glass parts Scrap tire Norrrllf:glo U5 Plastic parts Steel parts  Battery parts
WEP Fly ash - - Wastewater - - - - - -
Treated Treated Treated Treated Treated Treated Treated Treated
WTP Treated water -
water water water water water water water water
GI - - Industrial waste =~ Waste water - - - - - -
TRC - - - Waste water - - - - Metal parts -
ACo - - - Waste water - - - Plastic Scrap metal -
scraps
PCo - - - Waste water - - - - - -
SCo - - - Waste water - - - - - -
BCo - - - Waste water - - - Plastic Metal parts -
scraps

PP: Power plant; DF: Dismantling facility; WEP: Waste-to-energy plant; WTP: Wastewater-treatment plant; GI: Glass industries; TRC: Tire-recycling company; ACo: Aluminum company;
PCo: Plastic company; SCo: Steel company; BCo: Battery-recycling company.
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The anchor entity, as mentioned earlier, is the dismantling facility (DF) that is the main entity for
sending byproducts/waste to other industries. The waste and multiple byproducts created from the
DF are considered resources for the other industries. The proposed industrial symbiosis given by the
EIP matrix (Table 2) is shown in the connected network of Figure 7. Nodes present industries in the
EIP-4-ELVs, and arcs show the exchange flows. The network illustrates how entities in the proposed
EIP-4-ELVs can utilize waste from each other.

In the next section, we ran a simulation model to the developed network and present the outcomes.
As the aim of this paper was to solve ELVs, the focus was to study the material flows in the proposed
system boundary.

—>]
BCo
>
WTP <~ TRC
A
—>|
PCo
A
—_— —
PP DF Market
—>|
ACo
Y
«—
WEP (¢]]
Y
|
SCo

Figure 7. Schematic connected network of exchange flows in EIP-4-ELVs; red, energy flow; blue, water
flow; green, material flow.

3.3. EIP-4-ELV Simulation

3.3.1. Model Assumptions

The vehicle-dismantling facility (DF) is the source for all types of vehicles. In this study, we based
our calculations on data given by United Nations Environment Program (UNEP) in the 2013 report
titled “Metal Recycling, Opportunities, Limits, Infrastructure” [41], and from the original source, the
European Commission Joint Research Center report, “Environmental Improvement of Passenger Cars”
(Nemry, Leduc, Mongelli, and Uihlein, 2008). We considered two types of passenger vehicles: petrol
and diesel. Table 3 illustrates the composition of an average passenger car from each type, showing the
average curb weights for each type. As defined by the U.S. Department of Transportation, curb weight
is “the actual weight of the vehicle with a full tank of fuel and other fluids needed for travel, but no
occupants or cargo” [58].
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Table 3. Average material composition of passenger cars (petrol and diesel).

Total Weight Iron and Aluminum  Glass Plastic Tires Battery Fluids Other

(kg) Steel
Petrol 1240 742 68 40 114 31 14 50 86
Diesel 1463 959 72 40 114 31 14 50 86
Average weight (Petrol 1352 851 70 40 114 31 14 50 86

and Diesel cars)

Percentage of material in average
passenger car:

63% 5% 3% 8% 2% 1% 4% 6%

In the available data, this did not add up to the total weight because of the lack of detailed
information [58]. For the purpose of this paper, we did the following: (1) added Paint and Textile
categories to the other category; (2) calculated the percentage of material; and (3) calculated the
average material composition from the two types, and used it instead of weight. The average material
composition is shown in Figure 8.

6%

8%

3%

5%

m [ron & Steel = Aluminum = Glass = Plastic = Tires = Battery = Fluids m Other

Figure 8. Average material composition in passenger cars (based on petrol and diesel types).

In implementing the model, the following assumptions were made: (1) the dismantling facility
operates 10 h per day (7:00 to 17:00), (2) three Powerhand vehicle-recycling-system (VRS) machines are
used to dismantle the vehicles, and (3) average processing time for vehicles is 10 min.

3.3.2. Model Results

The connected network of exchange flows (Figure 7) is simulated via the SIMIO software
package [59]. The produced results spanning one month (28 working days) are shown in Table 4. As
can be seen in the table, the dismantling facility processed 1820 vehicles, and the material outcome
from the network could be used for each corresponding industry as a resource. This is only an example
of how one month of recycling ELVs produces a different quantity of materials that can be reused. If
done for the long term, the EIP-4-ELV network serves in the reduction of raw material extractions and
GHG emissions.
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Table 4. Simulation model results for ELVs.

Total ELVs Processed Unit: Thousands kg

form 28 Working Iron and Steel Aluminum Glass Plastic Tires Battery  Fluids Other
Days: 1820 1548 127 73 207 56 25 91 157

4. Conclusions

Eco-industrial parks (EIPs) promote the shift from the traditional linear to the circular model,
where byproducts and waste can be reused. The EIP literature covers multidisciplinary areas,
including optimization, life-cycle assessments, policy implementation, social networks, and typology.
The International Framework for EIP provided by the UNIDO, GIZ, and WBG report serves as
a guide for decision makers on important components to achieve maximal benefits economically,
environmentally, and socially. However, as indicated in the report, the International Framework for
EIP provides only strategic details for the EIP requirements, and does not translate them into an
existing EIP.

On the other hand, the frameworks for EIPs that are provided in the literature are very
comprehensive. Hence, there is increasing need for a straightforward framework. The proposed
framework illustrates the foundations of designing eco-industrial parks. It shows general step-by-step
actions to be discussed at the very early stages of designing EIPs. The framework answers fundamental
questions that decision makers need to consider for developing and designing EIPs. In a simple, clear,
and step-by-step strategy, the framework lays out necessary actors in the process of designing EIPs.
The framework requires primary data that can easily be collected from each entity that forms EIPs.

The proposed framework bridges the gap in the literature and provides a generalized framework
for the design of eco-industrial parks. The framework was employed to solve the end-of-life-vehicle
problem (EIP-4-ELVs). As a result of applying the framework in EIP-4-ELVs, a connected network of
exchanges was built. The outcomes represent the amount of different types of materials. If applied to
solve the end-of-life-vehicle problem, the framework can create a connected network that produces
different types of materials. By using EIP-4-ELVs, the network prevents using more natural sources,
and depends on some percentage of the byproduct exchange from other industries.
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