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Undoubtedly, metals are the basis of the sustainable development of all human societies. In the last
century, the role of copper, as the third most widely used metal, after steel and aluminum, has been
crucial. Copper is a recyclable metal. It has many applications such as industrial electricity, plumping,

wiring, electronic equipment, transportation, and infrastructure. Today, with the growth of the industry
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in societies, the demand for copper has increased. This motivated us to study its supply chain network
design firstly. To the best of our knowledge, there is no research reported about copper supply chain
network design. This paper aims to maximize the profit of the copper closed-loop supply chain. We
formulate this network design problem as a Mixed Integer Programming model. The model is considered
as single-objective and multi-product. The exact solution of the model is found by using GAMS software.
Sensitivity analysis results provide useful results that managers can use them in decisions.
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1. INTRODUCTION

Industrial development has increased demands for basic
metals such as steel, aluminium, copper, zinc, etc. [1].
Special features of copper make it a vital material for
various sectors such as transportation, industrial
electricity, plumping, wiring, electronic equipment, and
infrastructure [2]. Today, copper demand growth is more
than its supply growth. The reason for this matter is
economic growth and population increase [2]. Therefore,
the supply and demand management of copper and its
products is an important issue that can be used as the
concept of supply chain management.

Supply chain management is an approach that
coordinates suppliers, manufactures, distributers, and
retailers in order to satisfy the needs of customers as
much as possible. In the meantime, the goal is to satisfy
the proper service level [3]. Decisions in the supply chain
are divided into three phases: strategic, tactical, and
operational. In recent years, network design, which is one
of the strategic level decisions, has become the most
important issue due to competition in the world market.

*Corresponding Author Institutional Email: hkhademiz@yazd.ac.ir (H.
Khademi-Zare)

Traditional network design in the supply chain
determines the structure, number, and capacity of
facilities. It also specifies the mode of transportation and
the type of communication [4]. Reverse Logistics (RL) is
a noticeable topic in developed countries. RL is
concerned with returned product flow; while the Closed-
Loop Supply Chain (CLSC) considers forward and
backward flows [5]. Utilizing CLSC can be a way to
achieve sustainable development goals in the industrial
area. Many studies on the CLSC area have been done in
various cases such as citrus [5], faucet [6], gold [7], tire
[8], and oil [9] industries.

In mining industries, the use of metals such as copper
and its products is increased with the development of
industrial infrastructure in countries. Copper can be
recycled again and again without losing its original
properties.

Figure 1 shows copper mine production by region,
1960 versus 2018. In this figure, the production of
different regions has changed over time. For example, the
share of Latin American production in this period
increased from 19 to 42%. The reason for the increase is
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Figure 1. Copper mine production by Region, 1960 versus
2018 (ICSG)

the discovery of copper mines in Chile and Peru. These
two countries are the largest copper producers in the
world, located in Latin America. Production in Latin
America in 1960 was less than 750,000 tones, but in 2018
it reached 8.7 million tones (The World Copper Factbook
2019). It can be concluded that the discovery or non-
discovery of copper mines, as well as the use of reserves,
affects the production trend in an area over time.

Researchers conducted studies on various areas of
copper such as processing slags of copper production
[10], renewable energy in copper production [11], copper
mining productivity [12], improved copper smelter, and
converter productivity [13]. There is no paper on copper
Supply Chain Network Design (SCND), to the best of our
knowledge, although network design is a configuration
which can help the supply chain to perform well [14].

In this paper, we design an SCND model for the
copper supply chain. Besides, the proposed model is
designed as a closed-loop to put the aforementioned real-
world suppositions into practice.

The Copper supply chain includes mining, refining,
fabrication, manufacturing, use, waste management, and
recycling stages. Minerals are extracted from mines,
copper ores are crushed, concentrates and tailings are
produced during processes, and the concentrates are
converted to copper with higher purity in the smelter
stage. In the fabrication stage, some semi-finished
products are produced [1].

The rest of the paper is organized as follows: Section
2 reviews the literature briefly. The proposed problem is
precisely defined and formulated in section 3. Section 4
explains the solution method and also presents
computational experiments and sensitivity analysis.
Finally, conclusion and future opportunities are brought
in section 5.

2. LITERATURE REVIEW

The lack of rich literature in the SCND of the mining
industry forced us to review the SCND models in other
industries. In the following, we review the literature
briefly. Pishvaee et al. [15] designed a multi-stage RL

network. They proposed a Mixed Integer Linear
Programming (MILP) model and solved it by a
metaheuristic algorithm. Then, Kannan et al. [16]
developed the pishvaee et al. [15] model by adding a term
related to carbon to the objective function. They solved
the MILP model by using an exact method and
implemented it in plastic industry. Zadeh et al. [17]
designed a steel supply chain network. Their model
included iron ore mines, raw steel producers, steel
companies, and also customers. They formulated the
proposed network by using Mixed Integer Non-Linear
Programming (MINLP) and MILP models by
considering uncertainty and solved them by an exact
method. The results showed that the MILP approach is
better than MINLP for their model. Fallah-Tafti etal. [18]
designed a CLSC network. They combined strategic and
tactical decisions in order to make optimal decisions.
The problem was formulated as a multi-objective MILP
and solved by possibilistic-STEM. Ahmadi Yazdi and
Honarvar [19] designed a logistic network and
considered pricing policy in the dual-channel. They
proposed a deterministic and a stochastic MILP model
for the network. The scenario-tree method was used to
solve the problem. Zohal and Soleimani [7] proposed a
green forward/ reverse logistic network. In their integer
linear programming model costs and emissions were
minimized. They solved the model by metaheuristic and
exact methods and implemented it in gold industry.
Talaei et al. [20] proposed a green CLSC network. They
formulated the problem as an MILP model. Costs and
carbon dioxide emission rates were minimized in the
model. An exact method was implemented to solve the
uncertain model. Their case study was Copiers industry.
Cheraghalipour et al. [5] proposed a citrus CLSC
network. They formulated the problem as a Mixed
Integer Programming (MIP) model and solved it by using
metaheuristics algorithms. Jalali et al. [21] developed an
SCND problem with disruption supposition. In their
paper, a new two-stage stochastic MIP model was
developed under uncertainty to minimize the costs. They
solved the problem by using an exact method. Seifbarghi
et al. [22] designed a CLSC network for paper industry.
They formulated the problem as an MIP model. The
model was solved by using fuzzy goal programming and
applied in Iran. Zegordi et al. [23] designed a CLSC
network. They also decided to supplier selection based on
discount factor. The problem was formulated as an MIP
model and costs were minimized on it. Then the model
was solved by using an exact method. Leins et al. [24]
investigated copper supply and value chain across
Zambia, Switzerland and China. Valueworks have shown
that mining infrastructures such as insurance,
transportation, finance, trade, etc. affect the decisions of
the copper supply chain. Among them, the financial issue
was more important. Sherafati et al. [25] proposed an
SCND problem. They maximized the profit and
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prioritized the less developed regions in order to social
community development in the uncertain model. The
problem was formulated as an MINLP model and was
solved by an exact method. They implemented the model
in cable industry. Mardan et al. [26] designed a green
CLSC network. The problem was formulated as an MILP
model. They minimized the total costs and the
environmental topic of the supply chain. The model was
solved by using an exact approach. They implemented
the model in wire-and-cable industry. Gholipoor et al. [6]
presented a faucet CLSC network design problem. The
objective function of the model was maximizing the
profit. Also, they paid attention to environmental issue.
The proposed model was as MILP by considering
uncertainty. It was solved by an exact method and was
implemented in a real case study. Valderrama et al. [14]
designed a supply chain network in iron ore industry.
Environmental and social aspects of sustainable
development were considered in their research. They
formulated the problem as an MILP model. The model
was solved by an exact method.

A review of literature and Table 1 reveal gaps in
previous researcher’s studies, which we list here: 1-
Despite the fact that mining industries are the basis of
economic development in countries [27], a few studies
have been done on their network design. 2- Despite the
fact that copper mineral metal has high recyclability and
factors such as population growth and increasing
urbanization rates etc. increased its demand more than
double between 1990 and 2015 [28], to the best of our
knowledge, no studies have been performed on copper
supply chain network design so far. 3- Network design
provides the best structure for the supply chain so that it
can have high economic performance in the long term
[14], but to the best of our knowledge, there has not been
a paper with a formal mathematical model for designing
a copper supply chain network.

In this paper, we will cover deficit of research in the
mining industry network design area. SCND models need
to be applied in a specific industry because there is not
the same solution for network design problems [14]. The
copper industry is very important and it is necessary to
pay attention to it because this useful metal has high
recyclability and the development of human societies has
increased its demand in recent years. Therefore, our
contribution is to provide a network design model for the
copper supply chain. In our proposed model copper scrap
management is considered. This is very important and
worthy for the following reasons: Copper is a non-
renewable metal and has high recyclability. Also, the
environmental aspect of sustainable development is
considered by recycling it.

Regarding managerial insights, it should be said that
our model can help managers to have proper strategic
planning in the copper industry and similar industries. In
addition, the recycling of scrap saves costs, energy, and

consumption of this non-renewable metal and it does not
endanger the rights of future generations.

3. PROBLEM FORMULATION

In this section, we propose and formulate a model for the
aforementioned problem. As shown in Figure 2, factories
manufacture products. Then, customers receive them
through distribution centers. Distribution centers deliver
them to customers. When customers used products, they
return them to the scrap product warehouses as scrap.
Then, scrap products are transported from scrap product
warehouses to production factories.

Factories melt scrap and reuse them in production
cycle. Figure 2 shows the proposed copper supply chain
network.

This supply chain has some features that distinguish
it from other supply chains, which we describe below: 1-
In this chain, scrap does not turn into iron ore, which is a
raw material. Rather, it is converted into usable products

TABLE 1. Literature review of SCND

Solution

Network Model Method Industry
Authors

ooz EE5mz §

] <

[15] * *
[16] *oox * Plastic
[17] * * o= * Steel
[18] * * *
[19] * * *
[7] * * * o Gold
[20] * * * Copier
[5] * * * Citrus
[21] * * o
[22] * * * Paper
[23] * -
[25] * * * Cable
s
[6] * * * Faucet
[14] * * * Iron Ore
-[IJ—:[;Zr * *oox Copper

OL: OpenLoop CL:Closed Loop RL:Reverse Logistic MILP:
Mixed Integer Linear Programming MINLP: Mixed Integer Non-
Linear Programming MIP: Mixed Integer Programming E: Exact
M: Metaheuristic MCDM: Multiple Criteria Decision Making
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in the factory after some processes. These conditions
save a lot of energy and costs. In copper production
factories, there are two production technology
(pyrometallurgy and hydrometallurgy). Extracted raw
materials from the mine, can be produced in two
technologies, but scrap can only be produced by one
technology (pyrometallurgy). This feature forces us to
use two different decision variables to show the amount
of production in the factory (the details are described in
the model). In fact, this feature differentiates the model
structure (decision variables and constraints) of the
copper supply chain network design problem from other
existing models. 2- The location of the mines (as
suppliers) are always fixed. It means that they are not
potential and it cannot be decided to build them.
Therefore, equipment and facilities in the chain should be
set according to their locations. 3- Copper can be
recycled again and again and its value does not decrease
due to recycling. Also, recycled copper can be used in the
same copper supply chain.
Model assumptions:

e The location of customers and mines are fixed and
other locations are potential.

e Capacity of mines, factories, and warehouses are
finite.

e There is no flow between the same facilities.

e Itisassumed that scrap warehouses deliver scrap to
the production factory based on their weight, and
the scrap of all products is considered the same.

e Raw materials extracted from the mine can be
produced by two production technology:
Pyrometallurgy and Hydrometallurgy, but scrap can
only be produced by Pyrometallurgy.

The indices, parameters, and decision variables are
shown in Table 2, 3, and 4, respectively.

Ogin [Production|  Vijkq Distribution Xkgqy /Customer
Factory (i) Center (k) )

’
M ”
\ ’
\ ’

O Fixed Facility ‘)’; A0
4

(3 Potential Facility
M Serap ) /7
“\Warehouse

— Forward Flow
Figure 2. Proposed copper CLSC

-+ Backward Flow

TABLE 2. List of Indices

Indexes Description

S Fixed Suppliers (Mines) s<{1,2,...,S}

i Potential production factory i e {1, 2,01 }
k Potential distribution center k {1,2,,,,, K}

Potential scrap warehouse | e {1,2,..., L}

y Fixed customer zones y e {1, 2,...,Y}
q Product type g e{l, 2,..,Q}
n Raw Material n e {L 2,..N}
e Production technology e 6{1,2,,.,, E}
TABLE 3. List of Parameters
Parameters Description
sp, Unit selling price of product (
fc, Opening cost of production factory i
K, Opening cost of distribution center k
fn, Opening cost of scrap warehouse |
pl,, Unit mining cost of raw material n from mine S
Unit transportation cost between scrap warehouse
CcC -
and production factory
tc Unit transportation cost of raw material n
n between mine and production factory
me Unit transportation cost of product ¢ between
d production factory and distribution center
sc Unit transportation cost of product  between
q distribution center and customer
be Unit transportation cost of scrap product ¢
4 between customer and scrap warehouse
1 Distance between mine S and production factory
e Si |
e2 Distance between production factory i and
a distribution center k
e3 Distance between distribution center Kk and
K customer Yy
ea Distance between customer Y and scrap
4 warehouse |
e5 Distance between scrap warehouse | and
" production factory i
nc Unit production cost of product ( from
* production technology e (from raw material)
tSq Unit production cost of product q from scrap
a2 Unit cost-saving in production of product ¢ due
‘ to recycling
di,, Demand of customer Yy from product q
s Amount of scrap product q returned from the

yq

customer y
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Maximum capacity of mine S from raw material

CS,, 0
Ci Maximum production capacity of production
iq factory i from product ¢
ck Maximum capacity of distribution center k from
ka product q
en Maximum capacity of scrap warehouse | from
19 product q
Percentage of total production in production
a3, . .
! factory I that related to production from scrap
ad Conversion rate of raw material to product in
i production factory i
a5 Conversion rate of scrap to product in production
i factory i
TABLE 4. List of Decision Variables
Decision i
Variables Description
ift 1if production factory i is opened and 0
' otherwise
fk 1 if distribution center K is opened and 0
K otherwise
fn, 1 if scrap product WarehOL.Jse | is opened and 0
otherwise
o Flow of raw material n from mine S to
sin production factory i

Quantity of product q that produced in

Vlige production factory i by production technology e
(from raw material)

Quantity of product q that produced in production

v2;, .
factory 1 from scrap

v Quantity of product ( that is transported from
ka production factory i to distribution center k

X Quantity of product ( that is transported from
kay distribution center K to customer y

u Quantity of scrap product ( that is transported
yla from customer Y to scrap warehouse |

W Quantity of scrap that is transported from scrap
li

warehouse | to production factory i

Equation (1) shows the objective function. It maximizes
supply chain profit. The Profit equals revenues minus
costs. In our model, the products are produced either from
raw material or from scrap. The sum of these products is
sold in the market and the revenue of the chain is equal
to the value of their sales. Costs in our model include the
following: opening costs, mining, transportation, and
production.

MaxZ =" " (sp, — (SC, x €3,,)) X Xyq, —
(zzz plsn + (tcn x e:I'si) x Osin +
zzz PCoe X Vi, + ZZ(tsq —a2,)xv2,

+3°37% 7 me, xe2, XV, +
o )
ZZZDCq xed, xu, +
y I q
D> coxes, xw, +
| i
> fe, xift, + > fk, xifk, +
i k
> fn, xifn))
|
Equations (2)-(3) show production balance constraints.
Ze:vliqe +V2, = Zk:vikq vi,g )
a3, x Zklquvlkq = Zq:vzlq Vi @3)

Equations (4)-(6) show input and output balance
constraints.

a4, x 2205‘" = zq:ze:\/liqe Vi @)
a5, x Zw,, = ;vz,q Vi 5)
Zvikq = Zxqu Vqu (6)
i y
Equation (7) shows demand balance constraint.

Zxqu < dlyq vy.q (7)
K

Equations (8)-(10) show scrap flow balance constraints
in backward.

Zk: Xiqy = Zuqu vy, q @)
Z uqu = €yq vy.q (9)
1

Zy:quuqu = ZW" v (10)
Equations (11)-(14) show capacity constraints.

Zklzq:vikq < Zq:ifti X Ci, vi a1
ZZn:OSin < Zn:cssn Vs (12)

Zi:zq:vikq < Zq:lfkk X Ckkq vk (13)
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Zylzq:uqu < ;ifnI xcny, vl (14)

Equation (15) shows the decision variables domain
constraint.

1
ft,,ifk, ,ifn, e { ,
0 (15)

osin,\ﬂiqe’vziq’vikq’ Xqu’uqu ! WIi 2 O

Constraint (2) shows that products are produced by raw
materials and scrap in production factories. Constraint (3)
shows that production from scrap is only a part of the
total production in each production factory. Constraints
(4-5) show that production factory inputs, which are raw
materials and scrap, are converted into products after the
production process. In mathematical equations, we used
conversion coefficients to show the production process.
Constraint (6) shows input and output balance for each
distribution center. Constraint (7) shows demand
constraint for each customer. Constraints (8-10) show
scrap flow balance in backward. Equations (11-14) show
capacity constraints for different facilities. Equation (15)
shows the decision variables domain constraint.

4. SOLUTION APPROACH AND COMPUTATIONAL
EXPERIMENTS

We solved all test problems by using the CPLEX solver
of GAMS commercial software version 24.8.2. All
calculations were done on a personal computer with Intel
(R) Core (TM) i7-2670QM CPU @ 2.20 GHz, 8.00 GB
RAM memory.

4. 1. Instances In this section, twelve test
problems are examined in different sizes (small, medium,
and large). There are four test problems in each size.
They are shown in Table 5.

Table 5 shows that computational time and objective
function value increase by increasing the size of the
problem.

4. 2. Sensitivity Analysis In this section, the
model parameters are changed to determine their effect
on the objective function. Sensitivity analysis is
performed on the first example from Table 5. The results
are shown in Figure 3 and Table 6.

In sensitivity analysis, all parameters were changed
by 70 and 130% of their original value. Among them,

sp,, fc,, fk., pl,, tc,, el;, e3,, PCy,, 1S

i n Si 9

q >
a2,, dl,, parameters had the greatest impact on the
objective function. According to Figure 3 and Table 6, a

change in the amount of the mentioned parameters leads
to changes in the objective function, but as can be seen,

SP, , PCq , and d1,, parameters have the greatest

impact on the objective function compared to others.

The results of sensitivity analysis show that the
demand, selling price and production cost are important
factors in the proposed model and have a greater impact
on the supply chain profit than other parameters. Supply
chain managers can use these results to design

TABLE 5. Test problems
Size of Objective

Size Problem Problems (s, Function  Computational
Number q,i,k,y,I,n, (Monetary Time (Second)
e) Unit)
1 22223222 36634240 0.450
g 2 22224222 52456140 0.567
= 3 233,353,222 103578300 0.471
4 233,363,222 119613100 0.494
5 34448422 220126500 0.567
g 6 3,4,44,94,2,2 251435600 0.716
g 7 355510522 364928900 0.625
8 355,5,11,52,2 391258800 0.667
9 46,6,6,13,6,2,2 539564200 1.433
10 4666146, 5a4m65400 1.424
5 2,2
® 11 477,715,722 731415700 1.698
12 HNTIAST 780980400 1.765
m70%
< 20000000
S
G 15000000
5
5 10000000
=
&, 5000000
Qo
@ 0 - S
NN O DDDN D DDNDND
%Q\()‘ \c,\\ %&\\cf\ &c,\\\ \\%\m&ﬁ Q\Qg \.q\o‘ o \\6,0‘
] MR =
Parameters
% 130%
20000000
c
o o
£ 15000000 &
e y )
2 10000000 5 N
\.
2 5000000 N E
| 5) - 1
g o N .. NN
Qo
o TEXTESRTTTT
TeFLEILTEY S
2 °38 -
Parameters

Figure 3. The parameters' impact on the objective function
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network, market and customer issues, as well as
production processes.

TABLE 6. Sensitivity analysis

° 9
=
he] 1% <8 @
2 23 g8 8% 3
s 32 3 23
3 < = 2o ® 3
o 4 = o= ® 5
g >3 =5 =
70% 130%
70 20524640
Spq 100 36634240 16109600 16109610

130 52743850
70 37624590

fc 100 36634240 990350 990340
130 35643900
70 36733010

fk, 100 36634240 98770 98760
130 36535480
70 36796160

pl,, 100 36634240 161920 161910
130 36472330
70 37083880

tc, 100 36634240 449640 449630
130 36184610
70 37083880

el 100 36634240 449640 449630
130 36184610
70 36652050

e3,, 100 36634240 17810 17800
130 36616440
70 40148700

PCqe 100 36634240 3514460 3514450
130 33119790
70 36928570

ts, 100 36634240 294330 294320
130 36339920
70 36214110

az, 100 36634240 420130 420130
130 37054370
70 24553710

di,, 100 36634240 12080530 12080540

130 48714780

5. CONCLUSION AND FUTURE STUDIES

The Demand for copper has increased by development of
technology and communication infrastructure. Copper
can be extracted from mines. Its mines are not distributed
throughout the world uniformly.  Therefore, it is
necessary to optimize copper supply chain so that
everyone can use it fairly. In addition, copper can be
recycled again and again. But to the best of our
knowledge, there is no paper about copper SCND.

In this paper, an MIP model for a copper CLSC is
proposed. Section 3 of this paper, describes the
assumptions and formulation of the problem. The
problem is solved by an exact approach in GAMS 24.8.2
software with CPLEX solver. Sensitivity analysis is
implemented for parameters of the model in section 4. In
the future, the present model can be developed by
considering the uncertainty of the parameters and vehicle
routing operations.
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