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Abstract

In this research, using the double-objective mixed integer linear
programming method, an optimal supply chain network for the collection and
recycling of urban waste has been presented in terms of source separation and
the uncertainty of per capita waste generation by citizens. Due to the uncertainty
in the parameters of the problem, the two-stage stochastic programming method
has been used to model the problem. The objective functions include an
economic function to minimize investment costs and a social objective function
to maximize the amount of recycling. In order to accurately solve the problem
on a large scale, the Lagrange release method has been used. To validate and
confirm the effectiveness of the model presented in this research, the model was
implemented on a case study in the city of Karaj. Accordin? to the obtained
results, to increase the amount of recycling in the waste sup 3/ chain network,
more infrastructural and operational investments are needed. By increasin
recycling, the harmful environmental and destructive effects of burying an
burning waste will be reduced. The Lagrange release solution method can be
used as a suitable method to reduce problem-solving time. In this research, it
was observed that the Lagrange release method can solve large-scale problems
Wilth appropriate accuracy and in less time compared to the commercial CPLEX
solver.
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1.Introduction

In Iran, 50,000 tons of waste are produced daily, of which only about
10% are recycled. In the city of Tehran, approximately 2% of daily urban
waste production is separated at the source. The operation of collecting
and disposing urban waste is very expensive due to the high investment
costs for the waste collection and transportation fleet and the need to
spend significant operational costs. Therefore, even small and partial
reductions in the operating costs of waste management lead to large
savings in the cost of municipalities. On average, between 60 and 80
percent of urban solid waste management costs are related to waste
collection and transportation costs. While in the world, on average, 70%
of the produced waste is recycled, optimistically, this figure reaches
about 20% in Iran, and this means that in the country, about 16 million
tons of waste are buried in the ground without being recycled. One of the
important reasons for the low waste recycling in Iran is the lack of
separation from the source of all types of waste produced in the country.
The purpose of this research is to reduce the costs of urban waste
management through separation at the source of waste and creating
special hubs for each type of separated waste.

2- Literature review

Among all municipal solid waste management strategies, waste
recycling has received more attention than other options due to its impact
on economic growth in addition to protecting the environment and
human health. Given the need for investment in collection and disposal
facilities along with high operating costs, conducting waste collection,
recycling, or disposal operations is very costly. Therefore, a slight
improvement in this process causes a significant reduction in the costs of
municipalities (Babaei et al., 2017). The meaning of solid waste
management is a set of coherent and systematic programs and laws
related to the control of production, collection, transportation, separation,
recycling and burial of waste based on the principles of public health,
economy and conservation of biological resources (Akbarpour Shirazi et
al., 2015). According to the conducted research, urban solid waste
management can be considered as a supply chain network design
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problem (Mohammadi et al., 2019). This network includes facilities such
as waste collection stations, transfer stations and recycling and disposal
facilities. In the process of household waste collection, waste collected
from local collection stations is first sent to transfer facilities where it is
unloaded from municipal collection trucks and loaded into larger trucks
to be transported to landfills in bulk (Habibi et al., 2017). In order to
design an efficient and suitable supply chain network for urban waste
collection, mathematical programming models can be used to improve
the performance of this network by optimizing the location of facility
locations and their allocations, and therefore, making them valuable tools
for improving overall supply chain efficiency (Habibi et al., 2017). Since
the parameters and information required for designing the waste supply
chain network are not always certain, designing the supply chain in a
deterministic way decreases its practical efficiency. Therefore,
considering uncertainty in designing the model is inevitable (Rahimi &
Qadavati, 2017). The findings from previous research indicate that, in the
majority of studies, the issue of waste separation at the source and the
establishment of hub centers for each type of the separated waste have
not been taken into consideration; therefore, in the present study, both of
the above mentioned issues have been taken into consideration in
designing the model.

3- Methodology

Building on the points mentioned, this research is an attempt to design
a multi-level supply chain network for urban waste collection and
recycling, focusing on source segregation and uncertainty in citizens' per
capita waste generation. This supply chain network includes urban points
(segregated waste collection tanks) as waste collection centers, transfer
centers or hubs for separated waste, recycling centers, as well as burial
centers and waste incinerators. The flow of materials in this supply chain
is considered in such a way that the waste is separated at the source by
the citizens and placed in the tanks specific to each type of waste. Then,
these wastes are transported by collection trucks to the hub or waste
transfer centers specific to each type of waste, and then, transported by
larger trucks to recycling centers and disposal centers (including burying
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or burning waste centers). In order to design the network, a mixed integer
programming problem is designed, which includes two economic and
social objectives. The first objective function seeks to minimize initial
investment and operating costs, while the second objective function, that
is, the social objective function, focuses on maximizing urban waste
recycling. In order to take into account, the uncertainty in the citizens' per
capita waste generation, a two-stage random programming method has
been used. In order to linearize the above two objective functions, the
epsilon constraint method is used. Also, using a case study in the city of
Karaj, the efficiency of the designed model has been investigated. The
solution method used to solve the presented model in large dimensions is
the Lagrange release method, which is classified in the group of exact
problem-solving methods.

4- Results

In the present study, with the aim of addressing the existing research
gap, an integer linear programming mathematical model was developed
for designing the waste collection and recycling network, focusing on
source separation and the establishment of hubs for each type of
separated waste.

In this research, in addition to the concept of recycling, the concept of
separation hub was also considered in the design of the supply chain. In
order to validate the model, a case study was conducted in Karaj and its
results were presented. Collecting suitable data to solve the problem was
one of the problems of designing the model due to the high amount of
required data and the difficulty of accessing some statistics. According to
the obtained results, in order to increase the amount of recycling in the
waste supply chain network, more infrastructural and operational
investments are needed. By increasing recycling, the environmental and
destructive effects of burying and burning waste will be reduced. The
Lagrange release method can be used as a suitable solution method to
reduce problem solving time in problems with high values. In this
research, it was observed that the Lagrange release method can solve
problems with high values with appropriate accuracy and in less time
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compared to the CPLEX solver. Therefore, it can be said that the
innovations of this research include the development of the waste
collection and recycling supply chain model under uncertainty,
considering the separation hubs, using the Lagrange release method to
solve the model and the case study of Karaj city.

5- Discussion

The purpose of this study was to design a multi-objective
mathematical model to manage municipal and hospital waste. Hence,
after reviewing the related literature, the gap in the existing studies was
determined. In the studies conducted in the relevant articles, it was found
that the specialized hub for each type of waste was not included, and only
in a few articles, the concept of recycling was considered in the design of
the supply chain. Also, to the researchers' best knowledge, no article was
found in which exact solution methods were used to reduce the difficulty
of solving the problem. Considering the collection and recycling supply
chain network presented in this research and also based on the literature
review, issues such as routing the movement of waste collection and
transportation trucks in the mentioned network, production and storage
planning for recycling centers, using heuristic and meta-heuristic
solution methods to solve the model which are combined with other exact
mathematical solution methods such as Lagrange release, considering
environmental objective functions such as pollution reduction in the
waste transportation and recycling process and considering the
uncertainty in the capacity of facilities can be considered as the subject of
future research.
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Figure 1: Urban waste management network model
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Figure 2: Municipal areas in Karaj city
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Table 1 - The percentage of production of household waste components
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Weight percentage in Tehran Average weight percentage in the Type of waste
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74.56 72.04% () 5 Loy
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Table 2- Estimated population of Karaj city in 2040

815 i adlaio 1 2 3 4 5
Regional Municipality
1¥90 Jlo 0 Camos 128,943 97,500 97,681 202,000 225,000

Population in 2015

VFYe Jlo Comos 8590 622,498 470,700 471,547 975,195 1,086,232

Estimated population in
2040

610 yoels adlaio 6 7 8 9 10
Regional Municipality

WA Jlw 48 Comes 245,000 195,000 140,454 175,000+ 87,026
Population in 2015

VPV Jlo Comos 3590 1,182,786 941,401 678,509 844,847 420,135

Estimated population in
2040
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Table 3- Epsilon values of the second objective function

k o
1 478,002
2 956,004
3 1,434,006
4 1,912,010
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Table 4- Values of objective functions for different epsilons

(c¥)pgs Bun gl ludo (olog 3)lbe ,138)Jg) Bua &b ,lade k
The value of the second The value of the first objective
objective function (tons) function (Thousand billion
tomans)
1,848,079 16,741 1
1,848,079 16,741 2
1,848,079 16,741 3
1,912,010 16,748 4
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Table 5- Results of solving by Lagrange method

(436) Jo> oylo; (w0 pd) St 8 (plogd) ol Bud U J> (g,
Solving time (seconds)  Optimum gap%o Main objective solution
function(Toman) method

16,748,962,977 oS

16,748,831,666 51,5 g5leolj]

120 Almost zero Lagrange
liberation
16,604,867,760 das g3lwdlsl
210 .86 oo

Integer release

Silowny (559 @ (5152 515 3590 (y9m0lS 3and 5 Wilowny (SUSE (30 Slasi =V Jgoo
Table 8- The number of waste separation container and the number of trucks
required for waste collection

E o S 8 9, ( Wlows £
2 S 3.2 0 @ «j % Type of waste
w EZ a3 3z ’ >
¥ ,58 %geg 388 A _5s
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Jizs  35% 33§ 13 &R
EIER-T= 425 7E5 w™ %S¢
s 3 Q 35 O B > <
2 c g “ay _g é c = ST
3 © o 22 2 a2
3 £ 53 £ 3 s
1 2 73 - b Lot lowuny
Hospital waste
8 33 1352 104 A Slowany
Glass waste
10 33 1678 175 8 wiloww
Metal waste
5 15 733 72 9> Slowwy
Wood waste
265 880 47,949 5279 5 ilowy
wet waste (organic)
33 142 5931 457 Sty Slowen
Plastic waste
24 95 4280 376 Ig8e g (GIELS Wilowus

Paper waste

(F11)



YVA-YY Y. oo VEo Y liamn;—VY ol € 0 ko ¢ VA 593 699 038 Cat pado
e —

5 Sbdlony (lp panss cdbil Sl )l & e (U YV e mbs
crl O 53+ Gl oy 505 €8L3L 3STpe (sl b3 3)90 b )t A g (Sl
I pier Flaslony & bape ((CasgraS M5 ) cdbil 1S 5o cad)lo ¢ COLjL S50 g5 aw
oo bailony 500 & cod ™ 5" wlowy W5 i oo 4 gl ol el ol S0
camd o S5 1y 008 ya cadg Sloww dilpw Sl oo VY a4 Sonp " 5" Wlow 1pj conl

¥ Slows (69l zor sl 9ualS 45 295 angi Wb 4SS pl 4 by emelS Slasi 390 4
@ALES (gl (y00l8” (gl Lol (AT (00 )l i 93 ) i o )] (BY gy ¥ il
w)S Hlai o 8Ll She b Cla oo Sl ond SS& Wilowy Joo (5 Y0 gy S oS
S Blis Vo Jods polie a8 cCanl (pl b owelS dlawi Dyg0 0 K00 a5 Ll ol
bl VY- Jlo 3 25 j1ed 00 A5 Slowy Joo 5 55l o sl 55 2050 slo (0l
Sl 9elS sl Wligy gy Vol <5l 3900 (geels A i iy Sl S iy
Sy ola 38150 51 o Slowsy Joo sl 0a2iS (sl &ligy gy S0 g Slows (559l 2o
lie) yide b gy BLl Gl sj) welp Cygo 3 Cul oad 4B a5 > bl
39l 5L 3590 b 0aisS lawi ()8 el Y 50 Lungpur £ Mio ) 0aiiS ygu0lS yo Lawgs
EP S Mg Hlie daxjp YL 4SS 4 dag L b dnlgs 8 ol SO 4 Y Jad ) el
ol sl ez sl Sl 2)90 pogasie ile 5 1o aeelS a4 ¢ A8l ity Slowsy
9 S jbre ol ey Gl pasiie V' Jgdar 5> Sl L 09 dalgd il Slewy
Slowy g9 dw cpl Wbl oo A2 5 (Setadly o ablons 4 byrpe ciy 4 o (y90elS
Slooly yolaid] dgs 4y 1) Wloww AJg5 jlade oy yido

o oanlio A Joax )3 85 b Cla Cud)b 55 5 el (K0 4 bypye gl 4 g L
e 5 ddlain )> (G318 g (gt (Sl lons (Slablony GOl sl disgy oS0 20,5
Can dibile ) gy (BUlewy pogase Olb el A (e rizes ASle £
8l oo 25 e )l e

¢ A loen (651008 Bblie gueat Jols &5 25 b i ¥l So e s Je
Q. Cwl b Hawass ol SO LS < 1l oo Wloww 9 Sty Slows o Slowy g1y
pepate Ol K o adilewy (ogaste Clb S ¢ Canl o IS S0 S)le
iz 398 sl (Sl sloblowy pogatte b S g G- 2lshe (slablon
goome 12 10 9390 (o bl Oy S )8 b S 53 598 de el 1 S 6l
¥)ooas el el Ola ¥z b ise ke 2 ST 3 sableny S5 e ol

(*\y)



15502 9 591 a0 Cymxe oS3l At (810 AB W S Juo

R 85 5lez 53 Stodly Sl sl o ¥ o 7y b S5 slee 3§ Slewy sl o
sz S Candl s 4y ol b (@5 4 Uit ey 52 lsho 9 32K Slawy (el oo ¥ S
fo sy Ol s ST il |y Glo ol Col dijn Canl (o Gl sl L
Gl 09d e 255 b (e 0 2 o )l e — A (Sl ¢ 5 Slowy g5
2] Cad & g e |y (e
Sl 3l sl b oS Slles gl g S8 5 Joo sladije ol S0 ole
2y ol sl a8 e Ol ol ol iy G138 & s 298 oo Biome yid
lobilons £V SSE sl ggome 3 Corudg pl b g sl b (6 iy a5 G
sl blony (sl (S8 Ol VY 21) bl o (SSE Glo VP sl 4 5l 25 b daws
b Gabilows sl (SSE Ol ¥ olud g 25 b e ¥ s Ay (Sl ¢ 5
{ Slwslons 5 (292« 5318 e

Lol udyb g oo -A Jgaa
Table 6- Location and capacity of hubs

(o9) @ ity cudyb P sl (5,10 405 allio <l g
Daily capacity of the hub (tons) Hub establishment Hub type
municipal area
8 6 Sl slows dilowwy o
Hospital waste hub
148 6 & i Silowny O
Glass waste hub
184 6 S Wlowy
Metal waste hub
80 7 9 Wlows Ol
Wood waste hub
1200 1 ) Sy 5 Slowwy ld
Area 1 wet waste hub
148 10 Y i Sy Silowwy Ol
Hub of plastic waste area 1
107 10 Y sy S wilowwy o
Hub paper waste section 1
1108 8 Y sy 5 dilowwy O
Area 2 wet waste hub
137 8 Y s Sty dilowny o
Hub of plastic waste area 2
98 9 Y oS0 AL Wil ol

Hub paper waste section 2

(*1Y)



YVV-TYY. o0 VT lians;—VY ool € 0,land « VA o3

99 Okt S p2de

1221 6
151 6
109 6
1743 4
215 4
155 4

Y iy 5 dlowy O
Area 3 wet waste hub
¥ sy Sty wilowy ol
Hub of plastic waste area 3
¥ sy il Slowy o
Hub paper waste section 3
£ 5y 5 Slowy ol
Area 4 wet waste hub
£ gy Sdly ilowny
Hub of plastic waste area 4
£ yidu dEl5 Wiloww
Hub paper waste section 4

ol 2 Jre waiSon Jod Ola sl col abge Lld e |y Jae gols cell

~ols Jg 25 o el (LB blE e 01,0 U g9 sladilowy 4 bgpe lasls s
b S Yo slo it | pi50 y 3 Jde 395 45 5,0 Cla s A Jaa 3 5]
b S0 WL agja blod pas bald o ¢ 00d 0 0dalie A Joln 10 &S 45len
Aoy S5 Joo sloaujs oS cul ol Jdo bwg L3 bl oliy olb ol
Calodd yioS i <o & g o cbrdiyia 4 Cond bl LS olod 3 Ol s

OB Ll Sl a3 S Sl Julod -4 Jgaa
Table 9-Sensitivity analysis of the fixed cost target for the establishment of the hub

(oL )dBgdos ansp  (Glog)Slles dujd  (olog?) 5,135 dlo g aisja

o dlass b coli a3

Transportation Operating cost | Investment cost Number Hub fixed
cost (Tomans) (Tomans) (Tomans) of hubs cost
3,288,250,993 2,157,509,232 11,308,202, 752 16 Hasit s>
3,267,423,684 2,157,509,232 11,164,202,752 40 Does not >l

have
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Figure 4- Sensitivity analysis of removing the fixed cost of establishing the hub
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Table 10- Results of sensitivity analysis of epsilon limit

(Olog)Jiigdos aizza (plogi) Slbos a3 (Dlg) Sd @l okl Cadgamms jlado
Transportation cost Operating cost Objective function  Epsilon limit value
(,Tomans) (tomans) (Toman)
3,270,646,268 2,177,594,624 16,741,037,456 1,848,079
3,274,974,664 2,173,479,340 16,741,250,567 1,864,061
3,279,335,524 2,169,363,912 16,741,495,999 1,880,044
3,288,250,993 2,157,509,232 16,748,962,977 1,912,010

3,290,000,000
3,285,000,000
3,280,000,000
3,275,000,000
3,270,000,000

3,265,000,000
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Figure 5- Results of sensitivity analysis of epsilon limit
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