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Abstract

The rapid increase in the production of plastics products has overwhelmed the world’s ability to deal with
them, resulting in one of the most pressing environmental issues. In this study, we consider a multi-period,
multi-echelon supply chain design network for plastic wastes transformation. The goal for the supply
chain problem addressed here is, given the collections sites, to design a network that transforms plastic
waste into value-added products and optimally distributes these products to refineries for further
processing, cities, and plastic end-users. The network choice is selected to achieve a tradeoff between
economic feasibility and environmental impact. The case study selected covered the areas of Delaware,
New Jersey, New York, Philadelphia, and Maryland. The results obtained achieves optimal plastic
upcycling by selection of technology and spatial distribution of technologies that are profitable and
environmentally friendly. This work contributes to improving the long-term environmental and economic

viability of plastic management.
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Introduction

During the past few decades, rapid technological
development and economic growth have improved people's
living standards, but with significant strain on the world's
natural systems and tremendous environmental
consequences including pollution from plastic wastes.
Plastic waste is ubiquitous and has been identified as a
significant component of marine debris because of its
prevalence in the waste streams and longevity (Koelmans et
al., 2014; Pham et al., 2014). Studies have linked plastics to
causing diseases in marine lives (Rochman et al., 2013).
New technologies are emerging to upcycle — transform into
forms of higher value — plastic wastes into value-added
products; these products (majorly olefins, paraffin, and
hydrogen) are used as starting material in refineries.
Without a doubt, eliminating plastic is practically
impossible; the ideal approach is to regulate and manage the
plastics produced so that the process is profitable,
environmentally friendly, and socially acceptable
(Mohammadi et al., 2019). To achieve an economically
effective and environmentally friendly waste management
system, the location of plastic waste collections through
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transportation and transformation means to the final end-use
must be integrated (Cooper et al., 1997; Zhao and Huang,
2019). There is an extensive literature developed on
effectively managing waste through the integrated supply
chain (Allman et al., 2021; Branddo et al., 2021; Rathore et
al., 2022; Saif et al., 2022). These studies have collectively
provided essential insights into the critical role of an
integrated supply chain approach to the performance of a
waste management system.

The objective of the supply chain design is to
achieve a balance between responsiveness - meeting
customer needs in an environmentally friendly manner - and
being economically profitable. An integrated approach has
proved to improve supply chain performance effectively as
it considers how the logistical and cross-functional drivers
interact (Badejo and lerapetritou, 2022; Dias and
lerapetritou, 2017). These drivers include the facilities,
inventory, transportation, and sourcing (Chopra, 2019).
Facilities decisions includes the location, role, and facility
capacity. Increasing the number of facilities increases
investment and inventory costs but decreases transportation



costs and reduces response time. Similarly, increasing the
flexibility or capacity of a facility increases the facility costs
but decreases inventory costs and response time (Bhosekar
and lerapetritou, 2020; Golpira, 2020). Transportation
modes offer a tradeoff between cost, delivery time, and
environmental impact. A fast transportation mode raises the
overall cost and reduces the inventory holding costs (Elbert
et al., 2020). Thus, each supply chain must find the
appropriate tradeoff when designing the facilities’ network.
In this article, we address the problem of optimal supply
chain design for plastic upcycling. This is done by
simultaneously maximizing profit and reducing the
environmental impact of the entire supply chain. The
formulation integrates facility location, production,
logistics, and inventory minimization to ensure optimal
waste plastics flow. Three alternative routes are considered
here: upcycling, recycling, and incineration. By leveraging
the available collection centers within the specified region,
and the previous study on the plastic upcycling technologies
(Garcia and Robertson, 2017; Volk et al., 2021), the
objective is to design the optimal supply chain by
connecting the plastic collection sites to the transformation
facilities, and to the end-users. The customer location
(refineries) and collection sites are fixed for this problem.
In what follows, the problem statement is described,
followed by the model development and solution approach,
and then the results and conclusions.

Problem Statement

The problem is to design a supply chain network
that moves waste plastics from collection sites through
transformation  processes  (incineration,  recycling,
gasification, and pyrolysis) to distribution centers and then
to the final users (refineries and cities). Plastic waste in the
collection sites is transferred to a pre-treatment or
incineration unit. In the incineration unit, the plastics are
combusted for energy generation, while pre-treated plastics
are either transferred to recycling units where they are
mechanically transformed for reuse or to transformation
sites for upcycling into chemicals used as raw material in
the petroleum refineries. As shown in Figure 1, the location
of the collection sites considered are in New Jersey,
Philadelphia, Washington DC, New York, Delaware, and
Maryland. There are 130 collection sites and 11 refineries
considered in this region.

The supply chain problem considered is described
by a multi-period, multi-echelon network design problem
where decisions are made concerning the nodes to open,
their capacity, and the transportation links connecting the
nodes. Adopting a graph structure notation, we aim to
design a directed and connected network G(n, e) with a set
of n nodes and arcs e(n,n") connecting nodes n and n'.
Figure 2 shows a schematic of network where the supply
nodes (collection sites) and demand nodes (refineries and
cities) are fixed. Between the supply nodes and the demand
nodes are transshipment nodes that carryout the
transformation of materials to value-added products at a

cost p(n), store some of the products at a cost £4(n), and
transport some through arcs. Flow through an arc is allowed
only in the direction indicated by the arrowhead, each arc is
multimodal with s modes. The capacity of the arcs
provides an upper bound on maximum transportation
through this arc.
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Figure 1:Collection Sites and Refineries

The cost of flow through each arc mode, #(m), is
proportional to the amount of that flow and the distance
&(n,n") between nodes. The cost of operating nodes is also
proportional to the amount of materials transformed and
stored at the nodes. It should be noted that the nodes are
multidimensional, and the arcs are also multi-modal.

Recycling
units

Figure 2: Supply Chain Topology

The objective is to maximize the total profit of sending the
available supply through the network to satisfy the demand
with minimal environmental impact. The problem is solved
for a time period of 12 months, and the decisions are to
determine the transshipment nodes and establish connecting
links (arcs) for optimal flow between supply and demand
nodes.

Model Development

The supply chain problem is modeled as a multi-
objective optimization that simultaneously optimizes
economic and environmental objectives. In this section,
first, we discuss the constraints, followed by the objectives
and solution procedure.
Following a network structure, Equation (1) ensures that
the arcs between nodes only exist if the nodes are present.
x(n,n') <ym);xMn,n',t) <yn') vnn',t (D



Equations (2a) ensure that if a facility is opened only one
capacity k can be selected, once the capacity is selected
from the candidate capacity set c(n, k), the capacity is
computed by equation (2b) while the investment cost for
this capacity is calculated using equation (2¢).

> vk <ym) 2a)
K
cap(n) = y(n, k) x c(n, k) (2b)
2
Icost(n) = Zy(k,n) X ncost(n, k) (20)
K

At facility nodes, only one technology can be selected, and
each technology has a pretreatment unit. According to
equation (3a), we select a single technology and equation
(3b) ensures that a specific capacity is selected for the
facility nodes that are open. Finally, the cost is calculated
using equation (3c¢).

yt(n, k,tech) <y(n) VneF (3a)
k,tech
cap(n) = Z yt(n, k,tech) x c(n, k) (3b)
k,tech
Icost(n) = Z yt(n, k, tech) X fcost(n, k,tech) (3c)
k,tech

The transshipment nodes n receive materials, transform
them, keep some as inventory and transfer others to the
successor nodes n'. Equations (4a) and (4b) show the
transformation and inventory balance for nodes other than
the warehouse nodes.

0 (', t) = Z(x(n) x Qf(n,n'm, ) (4a)
Q" (', ) < cap(n) (4b)

The inventory balances for all materials leaving a given
node are shown in equations (4c) — (4e).

In,t) = I(n,t — 1) + Q" (n,t) — Z o, (40

I

Imin(n) < I(n,t) < Imax(n) o (4d)
Qin,m't < x(n,n") X trCap(m) (4e)

In order to avoid out-of-stock situation, inventory which is
equal to or greater than the safety stock is stored in each
facility. The safety stock, Imin, is assumed to be
proportional to the throughput, the constant of
proportionality, g(n) , is the risk of out-of-stock situation
(Brunaud et al., 2019) as given by equation (4f).

Imin(n) = Fm) Z Qf(n,n',m,t)

I p (4f)

Product demands 4 (n, t) are generated from the demand
node n (refineries and cities), the unsatisfied demands
4t (n,t) are penalized, and &~ (n', t) ensures that facilities
can supply beyond demand requirements. Equation (4g)
shows the balance between the demands and what is
supplied.

am',t) = Yum Q#(n, n,m, t) =

st(n',t) — 6~(n',t) (49)

There are two objectives considered, the economic and the
environmental objective. The economic objective is shown

in Equation (5), consisting of two components, capital cost
given by Equation (5a), and the operating cost given by
Equation (5b). The revenue is calculated in Equation (5c¢)
and the final profit in Equation (5d).

capCost = Zlcost(n) (5a)
OptCost = ) (p() x Q" (n,0) + (AW X 1(n,0)

. Z £(m) x 8(n,n’)

nn’ mt
x Qf (n,n',m,t)
+ Z;,aen x &(n,¢) (5b)
n,t
revCost = pr X Qf(n,n',m,t) (5¢)
nn’ mt

The economic objective is given in Equation (5d)
EcoObj = revCost — (capCost + OptCost) (5d)

The environmental objective is calculated as the CO;
equivalent for generation at each node and arc as shown in
Equation (5e) using the weighted average for each node

elmp(n), and transportation modes at the arc elmp(m).

EnvObj = z elmp(n) x Q" (n,t) +
n,t
Z elmp(m) x (n,n") x Qf(m,n’,m,t)  (5e)
nn' mt

Solution Approach

Due to the large number of collection sites
involved, Kmeans algorithm is used to cluster the collection
sites and their capacity aggregated. The algorithm chooses
a number of centroid that minimizes the within-cluster-sum-
of-squares (WCSS) (Pedregosa et al., 2011). The Elbow
method is used to select the optimal number of clusters. In
this method, the number of clusters are varied and WCSS is
calculated for each variation and a plot showing the WCSS
for each variation is used to select the optimal number of
clusters.

To make decisions x subject to equations
(1) - (4), which forms the feasible space & of the problem,
we follow a goal programming approach, where we
determine the desired level, {EcoObj*, EnvObj*}, for each
objective called the utopia points, and the goal is to find the
solution closest to each objective function's desired level
(Ransikarbum and Mason, 2016). Equation (6) shows the
reformulation of the problem.

MinZ = Z w; X (dff +d;) (6a)
i€(1,2)
st EcoObj — df + di = EcoObj* (6b)
EnvObj — df + d5 = EnvObj* (60)
Z w; =1 (6d)
i
XEF (6e)
df,di €eR, Vi€ {1,2} 1)



The utopia point is calculated using equation (7).

EcoObj* = max{EcoObj| x € & } (7a)
EnvObj* = min{EnvObj| x € & } (7b)
In order to get the pareto set of solutions, the weights w; for
objective in equation (6) are parameterized and solved for
each w; combination.

Results and Discussion

The clustering results is shown in Figure 3 from
which it can be observed that the WCSS monotonically
decreases and as the WCSS decreases the curve becomes
asymptotic to the x-axis. For this problem, 6 clusters were
selected the centroid of each cluster is referred to as
secondary collection centers. With the aggregation of the
collection centers, the supply chain problem is formulated
and solved using GAMS/CPLEX (v 38.2.1) on a PC with
intel® core™ j7-10510U /2.30 GHz and 16GB of RAM.
Following the approach described in the solution
methodology, each objective was first optimized
individually to obtain the utopia point. Each objective was
normalized to reduce numerical errors.
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Figure 3: Elbow method for clustering

Table / shows the maximum values that can be
achieved for each of the objective whereas Figure 4 shows
the selections made when optimizing each objective
separately. It should be noted that the selected solutions aim
to satisfy the demands of all products first before selecting
technologies according to the objectives. In the case of
profit maximization, shown in Figure 4a the selection is
such that the maximum profit is $154M weekly, however
this comes at an increased GWP corresponding to 420 tons
of CO; equivalent weekly, and Figure 4b shows that when
the environmental impact minimized, the global warming
potential (GWP) is reduced by approximately 765 tons of
CO; weekly while keeping profit to $1.3M. In terms of
selected technologies, pyrolysis 2 is more profitable and for
environmentally friendly technologies, pyrolysis 1 and
recycling are the preferred candidates.

Table 1: Payoff Matrix for Objectives

Obijective Profit Env. Impact
Max {Profit} 153.602 417.295
Min {Env Impact} | 1.548 -764.282

The Pareto front for the solutions is shown in
Figure 5 as it clearly observed that the profit increases
linearly with environmental impact. A solution which
reduces the GWP by 177 tons of CO, equivalent weekly is
selected with profit at $82M. The selection choices for this
point are shown in figure 6. Relative to the more profitable
selection, the selected solution reduces the number of
pyrolysis 2, increased pyrolysis 1, increased recycling
technology, and increased capacity for the warehouses.
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Figure 4: Facility selections: (a) Maximum Profit;
(b)Minimum Environmental Impact
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Figure 5: Trade-off among objective functions for
Environmental Impact and Profit

The recommended spatial arrangement for the solution
is shown in Figure 7. It should be noted that choice of
location balances the distribution and inventory of materials
to satisfy the objectives The technology arrangement shows
a good spatial distribution across the geographic area of
consideration.  Furthermore, technologies such as
Gasification and Incinerators are centrally located.
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Figure 6: Technology arrangement for selected solution
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Figure 7: Spatial arrangement for selected solutions

Conclusions

This article discusses the optimal supply chain
design for plastic upcycling technology for a given
products’ demands and collection sites. Goal programming
was used to design a supply chain network by considering
the tradeoff between economic and environmental
objectives. The results achieve technology selection and
spatial distributions that achieves a tradeoff between the
profit and environmental impact.
In the future development, additional technologies can be
considered, and decomposition approaches proposed to
solve larger problems can be adapted.

Acknowledgements:
The authors acknowledge the financial support of National
Science Foundation’s Grant No. OIA — 2119754,

References

Aalaei, A., Davoudpour, H., 2016. Revised multi-choice
goal programming for incorporated dynamic
virtual cellular manufacturing into supply chain
management: A case study. Engineering
Applications of Artificial Intelligence, Artificial
Intelligence Techniques in Product Engineering
47, 3-15.

Allman, A., Lee, C., Martin, M., Zhang, Q., 2021. Biomass
waste-to-energy supply chain optimization with
mobile production modules. Computers &
Chemical Engineering 150, 107326.

Badejo, O., lerapetritou, M., 2022. Integrating tactical
planning, operational planning and scheduling
using data-driven feasibility analysis. Computers
& Chemical Engineering 161, 107759.

Bhosekar, A., lerapetritou, M., 2020. Modular Design
Optimization using Machine Learning-based
Flexibility Analysis. Journal of Process Control
90, 18-34.

Branddo, R., Edwards, D.J., Hosseini, M.R., Silva Melo,
A.C., Macédo, A.N., 2021. Reverse supply chain
conceptual model for construction and demolition
waste. Waste Manag Res 39, 1341-1355.

Brunaud, B., Lainez-Aguirre, J.M., Pinto, J.M., Grossmann,
.LE., 2019. Inventory policies and safety stock
optimization for supply chain planning. AIChE
Journal 65, 99-112.

Chopra, S., 2019. Supply chain management: strategy,
planning and operation, Seventh edition. ed.
Pearson Education, New York, NY.

Cooper, M.C., Lambert, D.M., Pagh, J.D., 1997. Supply
Chain Management: More Than a New Name for
Logistics. The International Journal of Logistics
Management 8, 1-14.

Dias, L.S., lerapetritou, M.G., 2017. From process control
to supply chain management: An overview of
integrated decision making strategies. Computers
& Chemical Engineering, ESCAPE-26 106, 826-
835.

Elbert, R., Mdaller, J.P., Rentschler, J., 2020. Tactical
network planning and design in multimodal
transportation — A systematic literature review.
Research in  Transportation Business &
Management, Modal shift and logistics integration
in intermodal transport networks’ in Research in
Transportation, Business and Management 35,
100462.

Garcia, J.M., Robertson, M.L., 2017. The future of plastics
recycling. Science 358, 870-872.

Golpira, H., 2020. Optimal integration of the facility
location problem into the multi-project multi-
supplier multi-resource Construction  Supply
Chain network design under the vendor managed
inventory  strategy. Expert Systems with
Applications 139, 112841.

Koelmans, A.A., Besseling, E., Foekema, E.M., 2014.
Leaching of plastic additives to marine organisms.
Environmental Pollution 187, 49-54.

Mohammadi, M., Jamsa-Jounela, S.-L., Harjunkoski, I.,
2019. Sustainable supply chain network design for
the optimal utilization of municipal solid waste.
AIChE Journal 65, e16464.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V.,
Thirion, B., Grisel, O., Blondel, M., Prettenhofer,
P., Weiss, R., Dubourg, V., Vanderplas, J., Passos,
A., Cournapeau, D., Brucher, M., Perrot, M.,
Duchesnay, E., 2011. Scikit-learn: Machine
Learning in Python. Journal of Machine Learning
Research 12, 2825-2830.

Pham, C.K., Ramirez-Llodra, E., Alt, C.H.S., Amaro, T.,
Bergmann, M., Canals, M., Company, J.B.
Davies, J., Duineveld, G., Galgani, F., Howell,
K.L., Huvenne, V.A.l., Isidro, E., Jones, D.O.B.,
Lastras, G., Morato, T., Gomes-Pereira, J.N.,
Purser, A., Stewart, H., Tojeira, I., Tubau, X.,
Rooij, D.V., Tyler, P.A., 2014. Marine Litter
Distribution and Density in European Seas, from
the Shelves to Deep Basins. PLOS ONE 9, €95839.



Ransikarbum, K., Mason, S.J., 2016. Goal programming-
based post-disaster decision making for integrated
relief distribution and early-stage network
restoration. International Journal of Production
Economics 182, 324-341.

Rathore, P., Chakraborty, S., Gupta, M., Sarmah, S.P.,
2022. Towards a sustainable organic waste supply
chain: A comparison of centralized and
decentralized systems. Journal of Environmental
Management 315, 115141.

Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013.
Ingested plastic transfers hazardous chemicals to
fish and induces hepatic stress. Sci Rep 3, 3263.

Saif, Y., Griffiths, S., Almansoori, A., 2022. Municipal
solid waste supply chain management under an
integrated optimization of sustainability targets.
Computers & Chemical Engineering 160, 107725.

Volk, R., Stallkamp, C., Steins, J.J., Yogish, S.P., Mdller,
R.C., Stapf, D., Schultmann, F., 2021. Techno-
economic assessment and comparison of different
plastic recycling pathways: A German case study.
Journal of Industrial Ecology 25, 1318-1337.

Zhao, J., Huang, L., 2019. Multi-Period Network Design
Problem in Regional Hazardous Waste
Management Systems. International Journal of
Environmental Research and Public Health 16,
2042.



