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Abstract. The reverse supply chain (RSC)
recently attracted many Vietnamese authorities,
enterprises and academia owing to the rise of
concern on the environment and regulations of
waste process. Along with rapid development,
Vietnamese manufacturing network has become
tightly strained when the end-of-life (EOL)
items are not taken back by their manufacturers
but end up being processed disorderly in different
local businesses. A distressing example is the
waste of imported solar panels in Vietnam.
Since the number of solar panels has grown
steadily in Vietnam recently, we speculate
that the metwork flows of EOL solar panel of
Vietnam will be very large and complex in a few
years. In order to help Vietnamese government
establish efficiently RSC, our paper will apply
the mized-integer linear programming (MILP)
and demonstrate an optimized solution for the
RSC of EOL solar panel in Ho Chi Minh City.
Indeed, via our collected data from current
financial market of Ho Chi Minh city, our
MILP shows that the optimal cost-reduction
1s 11219 USD, even with limited constraints
of only two landfills and very few collection
facilities in Ho Chi Minh city at the moment.
This result of our proposed RSC demonstrates
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that a significant profit is definitely possible
when the number of collection facilities in Ho
Chi Minh city increase in the future. Also, our
MILP approach is flexible for decision-makers
to achieve a satisfactory solution.

Keywords

End-of-life, solar panel, reverse supply
chain, mixed-integer linear programmsing.

1. Introduction

Solar energy is currently one of the widely used
energy sources in Vietnam, in which solar panels
are the main technology. By the end of 2020, the
total installed capacity of solar power nation-
wide in Vietnam has reached about 19,400 MWp
(equivalent to 16,500 MW) [1]. This number is
accounted for about 25% of the total installed
capacity of the national power system and will
continue to grow strongly in the future, reach-
ing 29.000 MWp in 2030 and 170.000 MWp in
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2050 [2]. With an increase in installations, the
number of solar panels reaching the end of life
(EOL) cycle will steadily increase. On average,
a solar power source with a capacity of 1 MWp
will generate nearly 70 tons of wastes after about
20-25 years from the beginning of power gener-
ation [2]. Thus, according to the forecast of the
Solar Energy Development Strategy, the amount
of waste solar panels will be about 2 million tons
by the end of 2030, which is predicted 12 million
tons in 2050 [3].

Nonetheless, under the various categories of
e-waste, a solar panel is one of the most criti-
cal waste streams, as it contains rare-earth el-
ements, such as selenium, tellurium, gallium,
molybdenum, and indium [4]. Disposal of so-
lar batteries, if improperly buried, can cause soil
and water pollution by generating heavy metals
or toxic emissions. In the event of a fire, the toxic
components contained in solar panels have the
potential to harm human health [5]. If not man-
aged, collected and recycled, then almost surely
with such a large quantity, solar panel’s waste
will cause serious environmental pollution and
huge waste of natural resources [6]. For this sit-
uation, many countries require and encourage
manufacturers to have a recycling plan for their
products. In order to achieve sustainability of
a solar panel in large scale deployments, it is
important to establish low-cost recycling tech-
nologies for the growing solar panel industry, in
parallel with rapid commercialization of these
new technologies [7].

In addition to the improvement of solar cell re-
cycling technology, we need to pay attention to
the reverse supply chain (RSC) for solar panels
so that we can promptly prevent factors that ad-
versely affect the environment due to electricity
waste and optimize resources for the system [8].

In terms of RSC network design, one of the
most prior studies was conducted in [9], which
determines how to handle used products and re-
duce the total cost of network. This research
used mixed-integer linear programming (MILP)
in the model and its results are confirmed
through a case study of a copier company in
Venlo, Netherlands.

Similarly, a national recovery network for the
e-waste in Portugal was investigated in [10].
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They applied the MILP model to seek the most
optimal locations for collection and sorting fa-
cilities. In [11], a reverse logistics system with
different collecting scenarios for electronic waste
in Turkey was built using the MILP model.
This study aimed to minimize the total cost of
the RSC system. Noticeably, the model included
various categories of storage and recycling cen-
ters. Recently, in [12], MILP was applied to max-
imize profit in an RSC system for used refriger-
ators.

In literature, the uncertain parameters have
been recognized as the key properties of RSC
systems, e.g. in [13-17]. The conclusion indi-
cates that the uncertain parameters of quantity
and quality of returned products have influence
on the practical applications of RSC systems.
Authors in [16] applied a stochastic program-
ming model to an RSC system to maximize the
profit in the case study regarding the electronic
waste recycling industry in Turkey. The consid-
ered uncertain parameters were transportation
costs and the quantity and quality of returned
products.

In this study, we will propose a novel RSC
model that contributes to reducing e-waste in
the environment and helps reusing, remanufac-
turing, recycling and disposal of EOL solar pan-
els. Note that, since the waste of EOL solar panel
is an emerging problem, our custom RSC model
is a prospective model for a problem occurring in
future. Hence, to our knowledge, our RSC model
is the first RSC model for EOL solar panels in
Ho Chi Minh city.

Also, for simplicity, we neglected the remar-
keting cost from our RSC in this paper, since
our aim is to focus on the industrial process of
EOL solar panels in our prospective RSC model.

Since MILP is a popular method for RSC in
literature, this paper will apply MILP and pro-
pose an optimized solution for an RSC of end-
of-life (EOL) solar panel in Ho Chi Minh City.
This MILP method has emerged as a potential
method for efficient RSC optimization because
of its flexibility in the processing of uncertain
information from managers or experts.

The rest of the paper is organized as follows.
Section 2 discusses the design of an RSC net-

137



VOLUME: 6 | ISSUE: 2 | 2022 | June

work. Section 3 introduces the mathematical de-
velopment for uncertain parameters. Section 4
illustrates the applicability of the model in prac-
tice with the case study of solar panels in Ho Chi
Minh City. Section 5 then draws a conclusion.

2. Model development

In this section, let us study an RSC model for
collecting EOL solar panels in Ho Chi Minh city,
as illustrated in Fig. 1 and Fig. 2. In short, there
are four main stages in our RSC network:

(i) Collection stage: the elements of EOL solar
panels will be accumulated from many sources,
e.g. electronic stores, factories, houses, etc.

(ii) Tranferring stage: the EOL elements will
be transferred to disassembly centers and cate-
gorized into smaller parts.

(iii) Refurbishment stage: the reusable parts
will be transported to spare markets or repair
centers.

(iv) Disposal stage: the irreparable and toxic
parts will be transported to disposal areas.

In our RSC model, the key elements are de-
cision variables and parameters, as defined in
Subsections 2.2 and 2.3 below.

2.1. RSC’s index
The notation of RSC’s index in Fig.1 are given
below.

¢ index of collection facilities, c=1,...,C

d index of prospective disassembly facilities,
d=1,...,D

r index of prospective repairing facilities, r =

1,...,R

[ index of prospective recycling facilities, [ =

1 L

s index of fixed spare markets, s =1,...,8

n index of fixed primary markets, n =
Y

o index of fixed landfill site, o =1,...,0

1

138

p index of end-of-life products, p=1,..., P

u index of reusable items, u =1,...,U
w index of renewable items, w=1,..., W
m index of recycling materials, m =1,..., M
t index of toxic waste, t =1,...,T
2.2. RSC'’s decision variables

The notation of RSC’s decision variables in Fig.1
are given below.

Xleap = {X117171, ey XlC,D,p} units of end-
of-life product p to be transferred from ¢ to d

XQd,r,w = {X21,1$1, ceey X2D,R,W} units of re-
newable item w to be transferred from d to r

X340t =1{X3111,...,X3p,0,7} units of toxic
waste ¢ to be transferred from d to o

X4d,s,u = {X41,171, ---7X4D,S,U} units of
reusable item v to be transferred from d to s

X5d,l,m = {)(51,1717 ~-~7X5D,L,M} units of re-

cycling material m to be transferred from d to
l

X610 ={X6111,...,X6L 0} units of toxic
waste ¢ to be transferred from [ to o

X7l,n,m = {X71,1,17 ceey X7L,N,M} units of re-
cycling material m to be transferred from [ to
n

X8 sw = {X81,11,..,X8r s w} units of re-
newable item w to be transferred from r to s

Zq4 is a binary variable: Z; = 1 if a disassem-
bly facility is built at the place d and Z; = 0
otherwise.

Z, is a binary variable: Z,. = 1 if a repair facil-
ity is built at the place r and Z, = 0 otherwise.

Z; is a binary variable: Z; = 1 if a recycling
facility is built at the place [ and Z; = 0 other-
wise.

2.3. RSC’s parameters

The notation of RSC’s parameters in Fig.1 are
given below.
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Collection facilities
©)

Lager companies

X2drw X1 c,d.p

A 4

X3d,o,t
Disassembly
X4d,s,u facilities (D)

Xsd,l.m
Repair faciliti Recycling faciliti X61ot
epair facilites ecycling racilities N = ok
R) 0 Landfill site (O)
Xgr,s.w X7Ln.m
k. ¥
Spare markels (S) [« Primary markets
Hinh 1: Diagram of solar panel RSC network.
~ :
Collection Facility (C) Di An Ly % Foce
Disassembling Facility (D) P THANH oTes @ §
@ Repair Facility (R) H!H [QUIA] |
Recycling Facility (L) g Loz @
Spare Market (S) X —* @

Primary Market (N)

Landﬁll Site (O) § THioc ,.@

BINH HUNG

\\‘ @ 1 msﬂ"”dp

Hinh 2: Prospective facilities [18] for the case of solar panel RSC network in Ho Chi Minh city. The details are
given in Tabs. 11 and 12.
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T, unit transportation cost ($USD) of end-of-
life product p € P

T, unit transportation cost ($USD) of reused
itemu e U

T,, unit transportation cost ($USD) of renew-
able item w € W

T, unit transportation cost ($USD) of recy-
cling material m € M

T, unit transportation cost ($USD) of toxic
wastet € T'

P, 4 unit processing cost ($USD) of end-of-life
product p at disassembly facility d

P, , unit processing cost ($USD) renewable
part w at repair facility r

P,,,; unit processing cost ($USD) of recycling
material m at recycling facility !

D, unit disposal cost (SUSD) of toxic waste ¢

C, unit collection cost ($USD) of end-of-life
product p at collection facility c

F fixed cost ( (3USD) of disassembly facility d
F, fixed cost ($USD) of repair facility r

F, fixed cost ($USD) of recycling facility {

S,, unit selling price ($USD) of reusable item u

S, unit selling price ($USD) of renewable
item w

S,, unit selling price ($USD) of recycling ma-
terial m
bad distance driven (km) from ¢ to d
Dd,s distance driven (km) from d to s
Dy, distance driven (km) from d to r
Dy, distance driven (km) from d to [
D, distance driven (km) from d to o
D, distance driven (km) from r to s
Dy, distance driven (km) from [ to n

Dl’o distance driven (km) from [ to o

Np,c the number of end-of-life products p
(unit) at collection facility ¢
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9~1u,p the ratio of reused items u obtained
from p

0~2w@ the ratio of renewable items w obtained
from p

GAE’)mJ, the ratio of recycling materials m ob-
tained from p

9~4t7p the ratio of toxic waste ¢ obtained from p
¢ the ratio of toxic waste t obtained from [

~m the ratio of recycling materials m obtained
from [

U.,s capacity (maximum value of u) at s

Uw,s capacity (maximum value of w) at s

ﬁmyncapacity (maximum value of m) at n

ﬁp,d capacity (maximum value of p) at d

Uw,r capacity (maximum value of w) at r
ﬁml capacity (maximum value of m) at [

(7,570 capacity (maximum value of t) at o

The parameters topped with a tilde (7) are
unforeseen parameters. Since it is hard to col-
lect accurate data from a fluctuating financial
market at a specific time, this paper use approx-
imated values of current market in Ho Chi Minh
city. The value of RSC’s parameters will be given
in the Appendix section and references there-in.

3. A mathematical model

In this section, let us apply MILP to minimize
the total expense of the RSC model for EOL
solar panels.

3.1. Objective function

The total expense will be determined by the sum
of all expenses, such as collection expenses, pro-
cessing expenses, fixed expenses, transportation
expenses, and disposal expenses minus the in-
come gained from selling recovered materials or
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items, as shown in Eq. (1)

Total expense(E) = collection expenses(E1)+
processing expenses(E2)+ fixed expenses(E3)+

transportation expenses(E4)+

(1)

disposal expenses(E5) — income (E6),

in which:

e Collection expenses (E1) is the expense that
the collectors have to pay for collecting the
EOL solar panels.

e Processing expenses (E2) is the expense of
processing products (i.e. EOL products at
disassembly facilities, renewable products
at repair facilities and recycling materials
at recycling facilities).

o Fixed expenses (E3) is the expense of facil-
ity maintenance in three facilities (i.e. re-
pair facilities, recycling facilities and disas-
sembly facilities).

e Transportation expenses (E4) is the ex-
pense of transportation in supply chain net-
work (e.g. from collection facilities to disas-
sembly facilities, etc.).

e Disposal expenses (E5) is the expense of
toxic waste disposal at landfill sites.

e Income (E6) is the profit via selling renew-
able items, reusable items and recycling ma-
terial.

All the expenses in Eq. (1) will be given in Egs.
(2)-(8) below. The first element of the total ex-
penses in Eq. (1) is collection expenses (E1) that
are calculated as follows:

El= ZCGC ZdeD Xleapx Cp
The processing expenses (E2) is then influenced
by many factors such as labor expenses, oper-
ating expenses and other expenses during the
treatment process at some relevant facilities (i.e.
disassembly facilities, repairing facilities and re-
cycling facilities). This costs (E2) is demon-
strated in the Eq. (3):

(2)

pEP

(© 2022 Journal of Advanced Engineering and Computation (JAEC)

Xledp X Pp7d+

- ZCEC ZdeD pEP
ZdeD ZTGR ZwGW X240 X Pyt
ZdED ZZEL ZMGM X5d,l,m X PmJ (3)

Thirdly, one of the most important indicators in
total expenses is fixed expenses incurred in the
foundation of repair facilities, recycling facilities
and disassembly facilities, which is defined in Eq.

(4):

Zl X FH‘

B3 = ZTER Zr x By + ZleL

ZdED Zgx Fy (4)

The next indicator of total expenses is trans-
portation expenses. This is a crucial expense in
any supply chain network, which largely relies on
transferring different kinds of goods from many
various locations in a chain, as given below:

=D e Dien 2pep Xledpx Deax Tyt
Zde Z ZweW X24,r0 X Day x Tt
Zte X340t X Dgo x Tit
s 2 e
Z e XBam X Day X Tyt
Zle ZOEO ZteT X610, X Dy x Tyt
Z ZTLEN ZmeMXﬁnm X Dy X Tyt

ZTGR ZSES Z’wEW T’S’w X DT’S X Tw
()
Subsequently, the highest impact on the envi-

ronment is disposal expenses. The Eq. (6) below
represents the formula of the disposal expenses:

deD
X4d,s,u X Dd,s X Tu+

D ien D
D ien D
D i 2ie

E5 = ZdeD Zoeo ZtGT ng,o,tXdeXDt

+ ZleL Zoeo ZtET X6l7o,t X Dz,o X Dt
(6)
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Finally, the financial benefit of total RSC net-
work gains from sales and resales of used prod-
ucts and recovered components at spare markets
and primary markets in Fig. 1 will be described
as follows:

B6=3 D oDy Xdsu X Sut
ZZGL ZneN ZmeM XTpm X Sm+t
ZreR Zses Zwew X8 5w X Sw. (7)

From above components, let us summarize the
final total expense as follows:

E=FE1+E2+E3+F4A+E5-E6  (8)

3.2. Constraints

Another key factor is the constraints of the
MILP model. First of all, the constraint in Eq.
(9) with the purpose of balancing the amount
of EOL items acquired from customers, small
electronic stores and large companies must be
accumulated at collection facilities:

Ve, p 9)

§ Xlegp,=N
deD ¢,d,p P,Cs

The following constraints, as illustrated from
Egs. (10)-(13), track distinct materials such as
reusable items, damaged components, recyclable
ingredients and toxic waste items, which are de-
molished, inspected and categorized into many
different parts at disassembly facilities in order
to transfer them to appropriate destinations. For
instance, the number of reusable items trans-
ported to spare markets is verified in Eq. (10).
The constraint in Eq. (11) indicates that the de-
fective components are transported to repair fa-
cilities. The other constraints in Eq. (12-13) ad-
equately ensure that the scale of recyclable ma-
terials and the number of toxic waste items are
sent to recycling facilities and landfill sites, re-
spectively:
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ZSES X4d,s,u -

Zpep(elu,p X Zcec Xleap),Ve,u  (10)

ZT‘GR X2

Zpep(92w7p X Zcechc,d}vacfw (11)

d,ry,w —

ZleL XBatm =

Zpep(egmvp X ZC€CX1C,d,p)7Vd,m (12)

ZOEO X3d’o’t -

DOt x D Xleap),vd,t (13)

Similarly, the constraints in Eqs. (14)-(16) below
guarantee no lack of products from “sender” to
“receiver”. That means the number of repaired
items at repairing facilities is precisely equiva-
lent to the scale of segments delivered to spare
markets in Eq. (14). In addition, Eq. (15) indi-
cates that the multiplication between the num-
ber of recyclable components and operation ef-
ficiency (9m,7:) at recycling facilities is exactly
equivalent to the scale of parts transported to
primary markets. Likewise, Eq. (16) shows the
equivalent relationship between the inflows at
recycling plants and the outflows at landfill sites:

ZdED X2d,r,w = Zses X8r,s,wa V?", w (14)

ZneN XTinm = (Fm X ZdeD X54,1,m), VI, m
(15)

L Y ST
16
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Apart from the given constraints, the next con-
straints demonstrated in Eqgs. (17)-(20) shows
the limited size of distinct locations. Firstly, Eq.
(17) indicates that the maximum size of EOL
products at disassembly facilities. Secondly, Eq.
(18) verifies that the capacity restriction of de-
fective segments at repair plants. Thirdly, Eq.
(19) emphasizes the capacity limit of recycled
ingredients at recycling facilities. Last but not
least, Eq. (20) expresses the maximum size of
toxic waste items at landfill sites:

Yo Xledp < Zax UpaNdp  (17)
Z X2d,7‘,w < Zr X ﬁw,mvwar (18)
deD
. N
ZdED X5aq0m < Z1 X Ui, ¥,m— (19)

Y ep X0t + Y, X61os < Uro, o
(20)
In order not to exceed market demands, the im-
posed constraints in Eqs. (21)-(23) are practi-
cal confirmation. Eq. (21) represents that the
number of reusable items sent to spare mar-
kets should be no exceed than its market size,
whereas Eq. (22) implies that the number of
renewable components delivered to spare mar-
kets should be less than or equal to its demands.
Likewise, Eq. (23) indicates that the number of
recyclable parts transferred to primary markets

should be satisfied with its market demands:

< ~
ZdED X4d’5’u — Uu757vu7 s (21)
X8 o < U, Vs (22)
7/‘e}% 19 )
E X7lnm§ﬁmnavman (23)
leL ’ b )

The final constraints of the mathematical model
display the binary and non-negative values of de-
cision variables shown in Eq. (24) and Eq. (25),
respectively:
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Za, Zr, 21 € {0,1} (24)

X]-c,d,pa X2d,r,u)7 X3d,o,ta X4d,s,u» X5d,l,ma

X6l,o,t7 X7l,n,ma X8r,s,w > 0 (25)

4. Case study of EOL

solar panels

In this section, we will present a practical sit-
uation of solar panel RSC network in Ho Chi
Minh (HCM) city, Vietnam. It will clarify our
mathematical RSC model and MILP approach.

4.1. The input parameters of

solar panel RSC

As defined in section 2.3. , all prospective fa-
cilities of disassembly and collection places are
given in Tab. 10. In order to meet high cus-
tomer’s demand in HCM city, the collection fa-
cilities are located in suitable plants through ur-
ban districts. Meanwhile, the disassembly facili-
ties are divided into three plants, which are built
along the vertical axis of HCM city with the pur-
pose of transporting items feasibly from the col-
lection facilities to other places.

Table 11 represents the fixed locations such
as repairing facilities, recycling facilities, spare
markets, primary markets and disposal areas.
These places are established logically to reduce
transporting time, as well as cost contributing
to the foundation system. The data of distance
are listed fully in Tab. 12, which represents how
far to transfer merchandise from one facility to
another. Table 13 demonstrates the transporta-
tion expenses, which consisted of transferring
cost of various items per kilometer. While Tab.
14 describes the disposal cost for treatment cen-
ters, Tab. 15 and Table 19 represents the dis-
tinct expenses incurred during the production
(i.e. collection expenses, fixed expenses, disposal
expenses, etc.). Also, Tab. 16 provides informa-
tion on treatment expenses at three main facili-
ties in the solar panel RSC model: disassembly,
recycling, and repairing facilities.
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Beside the given data tables, Tab. 17 and
Tab. 18 provides data on the number of EOL
solar panels at collection facilities and the in-
come gained from trading in reusable, recy-
cling and renewable components per unit, re-
spectively. Table 20 shows the maximum capac-
ity demand at all facilities. Table 21 shows the
ratio of renewable, recycling items obtained from
EOL products and Tab. 22 presents the ratio
of toxic waste and recycling materials obtained
from recycling facilities.

4.2. The output solution of

MILP

For our solar panel RSC, let us apply the popu-
lar branch and bound method [19] via Microsoft
Excel solver for MILP problem. The MILP’s op-
timized values of decision variables in subsection
2.2 are given as follows:

Table 1. Expenses of the our solar panel RSC
model ($USD)

Table 2. Units of recycling materials to be
transferred from disassembly facilities to recy-
cling facilities

Table 3. Units of recycling materials to be
transferred from recycling facilities to primary
markets

Table 4. Units of renewable items to be trans-
ferred from disassembly facilities to repair facil-
ities

Table 5. Units of renewable items to be trans-
ferred from repair facilities to spare markets

Table 6. Units of reusable items to be trans-
ferred from disassembly facilities to spare mar-
kets

Table 7. Units of end-of-life products to be
transferred from collection facilities to disassem-
bly facilities

Table 8. Units of waste items to be transferred
from recycling facilities to landfill sites

Table 9. Units of waste items to be transferred
from disassembly facilities to landfill sites
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Since the optimized total expense in Tab.l
is negative, our solar panel RSC is a profitable
model to the market size of HCM city.

5. Conclusions and
further work

This paper has introduced a reverse supply chain
(RSC) model for collecting the waste of solar
panels in Ho Chi Minh city, Vietnam. Normally,
the decision-makers for a supply chain is a multi-
objective problem. In order to facilitate this is-
sue, we regard this problem as a single optimized
problem subject to multiple constraints. Hence,
RSC must balance between two opposite prob-
lems: the higher the constraint satisfaction, the
lower the prospective number of optimal solu-
tions.

To clarify the effectiveness of the our solar
panel RSC model, we have applied the mixed-
integer linear programming (MILP) method and
demonstrated that our designed RSC is a prof-
itable model for a realistic scenario of solar pan-
els in Vietnam. The result of this study indicates
that the RSC model can yield a superior solu-
tion for a network of recycling solar panel and
reduce the total cost.

For further development, the RSC model may
be upgraded with cloud computing, which pro-
vides the decision-makers convenient means to
access cloud databases. The MILP approach via
cloud computing has a lot of attractive improve-
ment, which yields higher speed of computation
and provides real-time process for logistic net-
work. Hence, our designed RSC model could be
studied further from this point forward.
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Appendix
Tab. 3: Units of renewable items (X2, ,,) to be trans-
Tab. 1: Expenses of the suggested solar panel model ferred from disassembly facilities to repair fa-
($USD), as explained in Subsection 3.1. cilities.
Expense Suggested DR Renewable Solar Value
model Routes Panels
Collection expenses (E1) 5050 Ol D
Proc.esslng expenses (E2) 1708 D1 | R1 Silicon solar panel 118
Fixed expenses (E3) 9600 DI | R1 Thinofil ] ] 0
Transportation expenses (E4) 4225 11N so’al pane
Disposal expenses (E5) BT D2 | R1 Silicon solar panel 84
Income (E6) 31859 D2 | R1 Thin-film solar panel 0
Total expenses (E) -11219 D3 | R1 Silicon solar panel 0
D3 | R1 Thin-film solar panel 0
D1 | R2 Silicon solar panel 0
Tab. 2: Units of end-of-life products (X1, 4,,) to be D1 | R2 Th_u,l-fﬂm solar panel 59
transferred from collection facilities to disas- D2 | R2 Silicon solar panel 0
sembly facilities. D2 | R2 Thin-film solar panel 42
D3 | R2 Silicon solar panel 0
CD Used Solar Panels Value D3 | R2 Thin-film solar panel 0
Routes =
oD D1 | R3 Silicon solar panel 0
C1 | D1 | Silicon solar panel 200 D1 | R3 Th_lr.l'fﬂm solar panel 0
C1 | D1 | Thin-film solar panel 0 D2 | R3 Silicon solar panel 0
C2 | D1 | Silicon solar panel 100 D2 | R3 Thin-film solar panel 0
C2 | D1 | Thin-film solar panel 0 D3 | R3 Silicon solar panel 0
C3 | D1 | Silicon solar panel 110 D3 | R3 Thin-film solar panel 0
C3 | D1 | Thin-film solar panel 0
C4 | D1 | Silicon solar panel 80
C4 | D1 | Thin-film solar panel 0
C5 | D1 | Silicon solar panel 100
C5 | D1 | Thin-film solar panel 0
C1 | D2 | Silicon solar panel 0 Tab. 4: Units of waste items (X34, ,,+) to be transferred
C1 | D2 | Thin-film solar panel 100 from disassembly facilities to landfill sites.
C2 | D2 | Silicon solar panel 0 DO
C2 | D2 | Thin-film solar panel 120 R Waste items Value
C3 | D2 | Silicon solar panel 0 outes
C3 | D2 | Thin-film solar panel 100 o D
C4 | D2 | Silicon solar panel 0 D1 | O1 Waste 0
C4 | D2 | Thin-film solar panel 50 D1 | O1 | Hazardous substances 0
C5 | D2 | Silicon solar panel 0 D2 | O1 Waste 12.6
C5 | D2 | Thin-film solar panel 50 D2 | O1 | Hazardous substances 4.2
Cl | D3 Sili.con. solar panel 0 D3 | O1 Waste 0
Cl | D3 T,h,m'ﬁlm solar panel 0 D3 | O1 | Hazardous substances 0
C2 | D3 | Silicon solar panel 0 D102 Wast 118
C2 | D3 | Thin-film solar panel 0 aste :
C3 | D3 | Silicon solar panel 0 D1 | O2 | Hazardous substances 11.8
C3 | D3 | Thin-film solar panel 0 D2 | 02 Waste 0
C4 | D3 | Silicon solar panel 0 D2 | O2 | Hazardous substances 0
C4 | D3 | Thin-film solar panel 0 D3 | 02 Waste 0
C5 | D3 | Silicon solar panel 0 D3 | O2 | Hazardous substances 0
C5 | D3 | Thin-film solar panel 0
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Tab. 6: Units of recycling materials (X54,;,m) to be
transferred from disassembly facilities to recy-
cling facilities.

R]C?Lftes Recycling Materials | Value
O | D
D1 | L1 Glass 0
D1 | L1 Plastic 0
D1 | L1 Aluminum 47.2
D1 | L1 Silicon 0
D1 | L1 Metal 0
D2 | L1 Glass 0
D2 | L1 Plastic 0
Tab. 5: Units of reusable items (X445 ) to be trans- D2 | L1 Alu.nTnnum 25.2
ferred from disassembly facilfties to spare mar- D2 | L1 Silicon 0
kets. D2 | L1 Metal 0
D3 | L1 Glass 0
DS Reusable Solar Panels | Value D3 | L1 Plastic 0
Routes —
o0 D D3 | L1 Aluminium 0
D1 | S1 | Silicon solar panel 59 D3 | L1 Silicon 0
D1 | S1 | Thin-film solar panel 59 D3 | L1 Metal 0
D2 | S1 | Silicon solar panel 0 D1 | L2 Glass 271.4
D2 | S1 | Thin-film solar panel 0 D1 | L2 Plastic 0
D3 | S1 | Silicon solar panel 0 D1 | L2 Aluminium 0
D3 | S1 | Thin-film solar panel 0 D1 | L2 Silicon 29.5
D1 | S2 | Silicon solar panel 0 D1 | L2 Metal 0
D1 | S2 T'hln—fllm solar panel 0 Do [ 1.2 Glass 939.8
D2 | S2 | Silicon solar panel 42 Do 112 Plastic 0
D2 | S2 | Thin-film solar panel 42
D3 | S2 | Silicon solar panel 0 D2 | L2 Aluminium 0
D3 | S2 | Thin-film solar panel 0 D2 | L2 Silicon 0
D1 | S3 | Silicon solar panel 0 D2 | L2 Metal 0
D1 | S3 | Thin-film solar panel 0 D3 | L2 Glass 0
D2 | S3 | Silicon solar panel 0 D3 | L2 Plastic 0
D2 | S3 | Thin-film solar panel 0 D3 | L2 Aluminium 0
D3 | S3 | Silicon solar panel 0 D3 | 12 Silicon 0
D3 | S3 | Thin-film solar panel 0 D3 | 1.2 Motal 0
D1 | L3 Glass 0
D1 | L3 Plastic 59
D1 | L3 Aluminium 0
D1 | L3 Silicon 0
D1 | L3 Metal 5.9
D2 | L3 Glass 0
D2 | L3 Plastic 16.8
D2 | L3 Aluminium 0
D2 | L3 Silicon 0
D2 | L3 Metal 4.2
D3 | L3 Glass 0
D3 | L3 Plastic 0
D3 | L3 Aluminium 0
D3 | L3 Silicon 0
D3 | L3 Metal 0

148 (© 2022 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 6 | ISSUE: 2 | 2022 | June

Tab. 7: Units of waste items (X6, , ) to be transferred

from recycling facilities to landfill sites.

LO ‘Waste items Value
Routes
O | D
L1 ]| O1 Waste 0
L1 | O1 | Hazardous substances 59
L2 | O1 Waste 11.814
L2 | O1 | Hazardous substances | 11.814
L3 | O1 Waste 0
L3 | O1 | Hazardous substances 0
L1 | O2 Waste 1.448
L1 | O2 | Hazardous substances | 1.448
L2 | 02 Waste 0
L2 | O2 | Hazardous substances 0
L3 | 02 Waste 1.718
L3 | O2 | Hazardous substances | 1.718

Tab. 8: Units of recycling materials (X7, m) to be
transferred from recycling facilities to primary

markets.

Rfll:ies Recycling Materials | Value
(0] D
L1 | N1 Glass 0
L1 | N1 Plastic 0
L1 | NI Aluminum 5.792
L1 | NI Silicon 0
L1 | N1 Metal 0
L2 | N1 Glass 0
L2 | N1 Plastic 0
L2 | NI Aluminum 0
L2 | N1 Silicon 0
L2 | N1 Metal 0
L3 | N1 Glass 0
L3 | N1 Plastic 7.58
L3 | N1 Aluminium 0
L3 | N1 Silicon 0
L3 N1 Metal 0.101
L1 | N2 Glass 0
L1 | N2 Plastic 0
L1 | N2 Aluminium 0
L1 | N2 Silicon 0
L1 | N2 Metal 0
L2 | N2 Glass 258.152
L2 | N2 Plastic 0
L2 | N2 Aluminium 0
L2 | N2 Silicon 1.475
L2 | N2 Metal 0
L3 | N2 Glass 0
L3 | N2 Plastic 0
L3 | N2 Aluminium 0
L3 | N2 Silicon 0
L3 | N2 Metal 0

Tab. 9: Units of renewable items (X8 s,w) to be trans-
ferred from repair facilities to spare markets.

(© 2022 Journal of Advanced Engineering and Computation (JAEC)

RS Renewable Solar Value
Routes | Panels
(0) D
R1 | S1 | Silicon solar panel 202
R1 | S1 | Thin-film solar panel 0
R2 | S1 | Silicon solar panel 0
R2 | S1 | Thin-film solar panel 0
R3 | S1 | Silicon solar panel 0
R3 | S1 | Thin-film solar panel 0
R1 | S2 | Silicon solar panel 0
R1 | S2 | Thin-film solar panel 0
R2 | S2 | Silicon solar panel 0
R2 | S2 | Thin-film solar panel 101
R3 | S2 | Silicon solar panel 0
R3 | S2 | Thin-film solar panel 0
R1 | S3 | Silicon solar panel 0
R1 | S3 | Thin-film solar panel 0
R2 | S3 | Silicon solar panel 0
R2 | S3 | Thin-film solar panel 0
R3 | S3 | Silicon solar panel 0
R3 | S3 | Thin-film solar panel 0
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Tab. 10: Locations of collection and disassembly centers in HCM City.

Collection Locations Disassembly Locations
Areas (C) Areas (D)
1 201-233 Hai Ba Trung, Ward 1 Alley 45 Ho Van Tu, Truong
6, District 3, Ho Chi Minh Tho Ward, Thu Duc
city District, Ho Chi Minh city
2 77 Le Van Khuong, Hiep 2 739 Nguyen Van Linh, An
Thanh Ward, District 12, Ho Phu Tay Ward, Binh Chanh
Chi Minh city District, Ho Chi Minh city
3 Long Thanh My, District 9, 3 An Phu area, District 2, Ho
Ho Chi Minh city Chi Minh city
4 370 Phu Dinh, Ward 16,
District 8, Ho Chi Minh city
5 Nguyen Van Linh, Tan Phu

Ward, District 7, Ho Chi

Minh city

Tab. 11: Locations of various RSC centers of solar panels in HCM City.

Repair Locations Recycling Locations
Areas (R) Areas (L)
1 Linh Xuan area, Thu Duc 1 137 Street 48, Hiep Binh
District, Ho Chi Minh City Chanh Ward, Thu Duc
District, Ho Chi Minh City
2 Vo Tran Chi Street, Binh 2 Hoang Yen variety store,
Chanh District, Ho Chi The Lu Street, Tan Nhut
Minh City Ward, Binh Chanh District,
Ho Chi Minh City
3 Song Hanh area, An Phu 3 An Phu An Khanh urban
Ward, District 2, Ho Chi area, Thao Dien Ward,
Minh City District 2, Ho Chi Minh City
Spare Locations Primary Locations
Market (S) Market (N)
1 266-280 Dien Bien Phu, Vo 1 26 Street 26, Tang Nhon Phu
Thi Sau Ward, District 3, Ho A Ward, District 9, Ho Chi
Chi Minh City Minh City
2 Vo Van Kiet Street, Ward 2 Tan Hung Thuan area, Dong
10, District 6, Ho Chi Minh Hung Thuan Ward, District
City 12, Ho Chi Minh City
3 117/3B Tran Xuan Soan,
Tan Kieng Ward, District 7,
Ho Chi Minh City
Landfill Locations
Sites (O)
1 Da Phuoc area, Binh Chanh
District, Ho Chi Minh City
2 Hiep Thanh landfill, Hiep

Thanh Ward, District 12, Ho
Chi Minh City

Tab. 12: Travel distances between RSC centers (D, 4,

150

Da.s, Dary Dats Da,os Drys, Din, Dio) of solar panels

(km).

Dist. | C1 | C2 | C3 | C4 | C5 L1 L2 | L3 01| 02|R1|R2|R3|S1|S2|S3
D1 14 15 | 10 | 26 | 20 5 36 | 9 30 | 16 5 35 8 15| 23 | 20
D2 18 | 23 | 35 | 10 | 15 27 6 | 24| 11 | 27 | 32 5 25 | 17 | 14 | 18
D3 11 20 15 18 11 13 30 6 27 | 22 11 29 5 12 | 20 | 16
Dist. | N1 | N2 | O1 | O2 Dist. | S1 | S2 | S3

L1 11 15 | 26 | 17 R1 16 | 30 | 22

L2 36 19 18 28 R2 19 | 10 | 24

L3 13 19 24 22 R3 8 19 | 11
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Tab. 13: Transportation cost per kilometers of so-
lar panel components (Tp, Tu, Tw, Tm, Tt)
($USD), c.f. [20-22].

Tab. 17: Number of end-of-life solar panels (Np. ) at

collection facilities (unit).

] Items | Cost |
Silicon solar panel 0.09
Thin-film solar panel | 0.09
Glass 0.07
Plastic 0.07
Aluminum 0.01
Silicon 0.10
Metal 0.01
Waste 0.01
Hazardous substances | 0.10

Tab. 14: Disposal cost (D) for treatment centers
($USD), c.f. [21,22].

’ Items \ Disposal Cost ‘
Waste 0.01
Hazardous substances 0.10

Tab. 15: Fixed cost (Cp) of solar panels at collection
facility ($USD), c.f. [23].

‘ Items ‘ Recycling centers ‘
Cl1|C2|C3|C4|C5
Silicon solar panel 200 | 100 | 110 | 80 | 100
Thin-film solar panel | 100 | 120 | 100 | 50 | 50

Tab. 18: Income gained from solar panels reusable
(Sw), recycling (Sp,) and renewable (S, ) ma-
terials per unit (§USD), c.f. [25-28].

Items Recycling
] Items | Collection Cost | Glass 2
Silicon solar panel 5.0 Aflab:tlc ?))
— uminum
Thin-film solar panel 5.0 SiTicon 05
Tab. 16: Processing costs at disassembly (lsp,d), repair Ilfetal R B 1R B
(151”,7") and recycling centers (15m7l) of solar - ems cusab’e enewab’e
panel items ($USD), c.f. [24]. Silicon solar panel 70 70
Thin-film solar panel 50 50
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Items Disassembly centers
D1 D2 D3
Silicon solar 1.1 1.1 1.1
panel
Thin-film solar 1 1 1
panel
Items Repair centers
R1 R2 L3
Silicon solar 1.6 1.6 1.6 N
Tab. 19: Fixed cost of disassembly facility (Fy), re-
panel pair facility (l*:'r) and recycling facility (l*:'l)
Thin-film solar 1.5 1.5 1.5 ($USD).
panel
Ttems Recycling centers Disassembly | Cost | Recycling | Cost | Repair | Cost
1 L2 L3 D1 3200 L1 3000 R1 3200
D2 3500 L2 3200 R2 3300
Glass 0.2 0.2 0.2 D3 3500 L3 3200 | R3 | 3400
Plastic 0.3 0.3 0.4
Aluminum 0.2 0.3 0.2
Silicon 0.3 0.2 0.2
Metal 0.1 0.3 0.1
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Tab. 20: Maximum capacity demand at primary (ﬁm’n), spare markets (ﬁu,s,ﬁ%s), disassembly ((jfp,d), repair
(Uw,r), recycling (ﬁm,l) and landfill site (Ut,0) of solar panels (unit).

Items Spare markets Disassembly centers Repair centers
S1 S2 S3 D1 D2 D3 | R1 | R2 | R3
Silicon solar panel 500 500 600 600 500 500 | 500 | 300 | 200
Thin-film solar panel | 400 600 700 600 600 400 | 300 | 200 | 300
Items Recycling centers | Primary markets
L1 L2 L3 N1 N2
Glass 500 500 500 800 600
Plastic 400 600 600 600 500
Aluminum 500 500 400 700 700
Silicon 400 400 500 600 600
Metal 600 300 400 600 800
Landfill site
o1 02
Waste 2000 | 2100
Hazardous substances | 2200 | 2300

Tab. 21: The ratio of reused (f14,p), renewable (62, p), recycling (83 ), toxic waste (64t ,) obtained from
end-of-life products.

Reused | Renewable

Silicon solar 0.1 0.2
panel
Thin-film 0.1 0.1

solar panel

Recycling materials Toxic waste
Items Glass Plastic Aluminium | Silicon | Metal | Waste Hazardous
substances
Silicon solar 0.46 0.1 0.08 0.05 0.01 0.02 0.02
panel
Thin-film 0.69 0.04 0.06 0 0.01 0.03 0.01
solar panel

Tab. 22: The ratio of toxic waste (7,;) and recycling materials (¥,,;) obtained from recycling facilities.

Toxic waste Recycling materials
Items Waste Hazardous Glass | Plastic | Aluminium | Silicon | Metal
substances
Silicon solar panel 0.02 0.02 0.46 0.1 0.08 0.05 0.01
Thin-film solar panel | 0,03 0.01 0.69 0.04 0.06 0 0.01
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