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1. Introduction

Due to the heightened awareness for environmental preserva-
tion, hazardous waste management has become a popular concern
in recent years. In this paper, we focus on a particular type of
waste i.e., used oil, which encompasses any contaminated oil that
has been through its intended use cycle. Used oil needs to be
handled as a hazardous waste, particularly when it is mixed with
certain other wastes and displays any of the following four
characteristics: ignitability, corrosiveness, reactivity or toxicity
[1]. Over 350,000 t of used oil is produced annually in the UK.
[2] whereas nearly 1.4 billion gallons of used oil is generated in the
U.S. [3] each year. Even though most of this waste can be recycled
(or cleaned), large quantities of used oil continue to be improperly
disposed. In China, for example, about 782,100 t of used oil was
emptied into the river system in 2007 [4]. Note that this volume
qualifies used oils as the third most important pollution source in
China. Evidently, there is a pressing need for the design and
development of integrated used oil collection, storage and proces-
sing systems. We aim at filling this gap from the network design
perspective.

We define the used oil location-routing problem as the simultaneous
optimization of facility location, capacity acquisition and vehicle-
routing decisions so as to minimize the associated total cost and
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environmental risk. Similar to other hazardous wastes, the manage-
ment of used oil comprises the processes of transportation, storage,
treatment and disposal [5]. Each of the latter three processes can be
performed at a different facility. It is also possible to co-locate the
storage, treatment and disposal of used oil in which case, the site
would be an integrated facility [6]. In this paper, we assume that a
central decision-maker is required to locate multiple facilities with
proper capacity levels, and design vehicle routes visiting all the used
oil generation and processing sites.

The optimization of the used oil location-routing problem has
bearings on the economy and the environment. The economic
impact, measured as cost, is primarily due to the expenditure on
facility location, capacity acquisition, and transportation. The
impact on the environment, however, can be quantified as the
risk to the population and the environment due to a release
incident—en route or at a facility. Therefore, the integrated devel-
opment of a facility and transport network configuration that
considers both cost and risk is necessary.

Used oil is an ignitable liquid that contains high levels of heavy
metals posing a significant threat to the environment. Petrochemical
industries, manufacturing companies, mining and smelter operations,
in general, are the major generation points for used oil. The concen-
tration of heavy metals in the used oil increases because of the friction
in a metallic cylinder. As reported in Table 1, Pb, Zn, Ba, Cr and Al are
the top five heavy metals contained in the used oil, where lead (Pb)
constitutes the major concern [7]. When used oils are released from
their container, e.g., due to a fire accident, these toxic contaminants
and their compounds represent a direct hazard to the environment.
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A used oil release accident, however, is an extremely low probability
event, albeit it can cause serious damage. For this reason, in assessing
the environmental risk, we focus on the consequence evaluation.
Specifically, we study the “off-specification used oil” which exhibits
the toxicity characteristic for lead (D0O08) [1].

We conceive the used oil collection and processing problem as
a three-layer framework, where the generation node, the storage
facility and the integrated facility are in different echelons. We
assume that the treatment and the safe disposal of used oils are
both done at the integrated facility site. As illustrated in Fig. 1, the
vehicles originating from the storage facilities perform a tour to
collect the available waste at the generation nodes, where used
oils are produced as a by-product of the industrial activity. The
material collected at the storage facilities is often directly trans-
ported to integrated facilities by larger vehicles.

In this paper, we propose a model with two objectives—to
minimize the total environmental risk and to minimize the total
cost—for the used oil location-routing problem so as to determine:

® Where to open storage facilities and their capacity levels,

® Where to open integrated facilities and their capacity levels,

® The number and routes of the vehicles to collect used oil at the
generation nodes, and

® How to ship the used oil from the storage facilities to the
integrated facilities.

A main contribution of our paper is the incorporation of vehicle
routing problem (VRP) as one of the key components of the
proposed model. We represent VRP by adopting a two-
commodity flow formulation. Our second key contribution is the
proposed integration of the Box Model and the Gaussian Plume
Model for the assessment of environmental risk. This enables us to
pay close attention to the heavy metals contained in the used oil
that are airborne upon an accidental release. We measure the

Table 1
Contaminants of potential environmental concern occurring in the used oil.

Hazardous component Approximate concentration range (mg/kg)

Lead (Pb) 3700-14,000
Zinc (Zn) 630-2500
Barium (Ba) 60-690
Aluminum (Al) 4-40
Chromium (Cr) 5-24

/O
O

N

Q

O Generation node
A Storage facility
[l Integrated facility

— Flow in the tour

environmental risk around each road segment, or facility, as the
size of a “box” that contains a given threshold level of contami-
nants. The impact radius that determines the box size is obtained
using GPM. We also developed a solution approach by adapting
the weighted goal programming method for solving the arising bi-
objective problem. Through a case study and the related test
instances, we demonstrate that the proposed analytical approach
is amenable to practical implementation in practice.

The remainder of this paper is organized as follows: Section 2
presents an overview of the relevant literature. The bi-objective
location-routing model is presented in Section 3, where the
proposed environmental risk assessment model is also described.
Section 4 presents the solution procedure developed on the basis
of the weighted goal programming method through the percen-
tage normalization technique. In Section 5, we outline the applica-
tion of the proposed analytical approach in studying a realistic
case study based on Chongqing, China. In Section 6, we evaluate
the proposed model’s scalability. Finally, Section 7 provides some
concluding comments and future research directions.

2. Literature review

To the best of our knowledge there is no academic literature
pertaining to the design of used oil collection and processing
facility networks, although this waste type accounts for a large
portion of the total hazardous waste generated. We start this
section by a comprehensive review of the state of the art on the
generic hazardous waste location-routing problem, and position
our work in this context in terms of its contributions. Then, we
provide exceedingly brief overviews of the vast literatures on VRP
and environmental risk assessment. The main message of this
section is that the prevailing studies neglected the tour planning
issues pertaining to the collection of hazardous wastes. Moreover,
they overwhelmingly focus on improving public safety, while the
mitigation of environmental risk has not been well studied in this
context.

2.1. Hazardous waste location-routing

Starting from early 1990s, a number of researchers have attempted
to address the hazardous waste location-routing problem [8,22]. In
Table 2, we provide taxonomy of the existing literature. Evidently, the
hazardous waste location-routing problem was first studied by

Y

mm) Flow from storage facility to integrated facility

Fig. 1. The used oil management framework.
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Table 2
Taxonomy of the most relevant literature.

Author Model features Objectives Risk model
Year Waste Technology Tour Cost Risk Equity
Zografos and Samara [9] 1989 Single Single No No Yes No Edge weight
Revelle et al. [10] 1991 Single Single No Yes Yes No Population exposure
Stowers and Palekar [11] 1993 Single Single No No Yes No Population exposure
Jacobs, Warmerdam [12] 1994 Single Single No Yes Yes No Incident probability
Current and Ratick [13] 1885 Single Single No Yes Yes Yes Population exposure
Wyman and Kuby [14] 1995 Single Multiple No Yes Yes Yes Population exposure
Giannikos [15] 1998 Single Single No Yes Yes Yes Population exposure
List, Mirchandani [16] 1991 Multiple Multiple No Yes Yes Yes Impact area
Nema and Gupta [17] 1999 Multiple Multiple No Yes Yes No Pop. exposure x waste amount x incident prob.
Nema and Gupta [18] 2003 Multiple Multiple No Yes Yes Yes Pop. exposure x waste amount x incident prob.
Alumur and Kara [5] 2007 Multiple Multiple No Yes Yes No Population exposure x waste amount
Zhao and Zhao [19] 2010 Multiple Multiple No Yes Yes No Population exposure x waste amount
Shuai and Zhao [20] 2011 Multiple Multiple No Yes Yes No Population exposure x waste amount
Funda [21] 2012 Multiple Multiple No Yes Yes No Population exposure x waste amount

Zografos and Samara [9], who suggested a multi-objective model,
minimizing travel time, transportation risk and disposal risk, to
determine the location of disposal facilities and the transportation
route. The risk in their model was represented as the known weight of
edges in the network. However, their model is restricted to only one
type of hazardous waste, and the vehicle route is designed as a trip
that starts at waste generation node and ends at the selected disposal
facility. Stowers and Palekar [11] developed a single objective model
that minimizes the risk due to location and transportation decisions.
They quantified the risk as the exposed population i.e., the number of
people exposed to hazardous wastes. In accordance with this assess-
ment, highly populated regions can be avoided.

Minimizing the economic impact is another common objective
when making location-routing decisions. Revelle et al. [10] devel-
oped a model for the minimization of a convex combination of cost
and risk for the route selection and storage facility location. This
combination is formulated through the weighting method of
multi-objective programming. The risk in their study is measured
as the exposed population. The minimization of cost can also be
found in the model presented by Jacobs and Warmerdam [12]. The
locations of storage and disposal facilities, and the related routes
from generation nodes to the facility sites are simultaneously
determined in their model. They estimated the risk as the total
probability of a release-causing accident en route and at a site.
Using the constraint method to define the trade-off between cost
and risk, their multi-objective linear programming model is
amenable to solution by commercial software packages. Current
and Ratick [13] and Wyman and Kuby[14] studied risk equity
maximization in this context. Risk in these two models is esti-
mated by population exposure. The difference between these two
multi-objective models is that Wyman and Kuby [14] make an
additional decision that involves technology selection. Moreover,
to deal with the convex objectives, Current and Ratick [13]
adopted the weight method, while Wyman and Kuby [14] per-
formed several sensitivity analyses based on different sub-
objectives to indicate the robustness of the results, which provided
various plans for decision-makers. Giannikos [15] formulated a
location-routing model with four objectives: to minimize cost, to
minimize perceived risk, to maximize risk distribution equity, and
to maximize the facility operation disutility distribution. Goal
programming was used to preprocess this multi-objective model.

The papers cited until now assume the presence of a single type
of hazardous waste, ignoring the possibility of having to deal with
multiple types of commodities. List and Mirchandani [16] pre-
sented a location-routing model that incorporates multiple types
of hazardous wastes. The risk in their model is inversely propor-
tional to the square of distance. In order to represent the efficiency

of technology options, Nema and Gupta [17,18] formulated waste-
waste and waste-technology compatibility constraints in a com-
prehensive model. A waste-waste compatibility constraint states
that the two types of waste can be transported and/or treated
together since they would not have a chemical reaction. Similarly,
a constraint for waste-technology compatibility indicates that a
technology alternative is capable to treat the specified waste type.

More recent papers in this field are [5,19-21]. Alumur and Kara
[5] proposed a multi-objective model with the purpose of opti-
mizing technology acquisition, treatment center and disposal
center locations, routes for multiple waste types from generation
nodes to treatment centers with compatible technologies, and
routes for waste residues from treatment centers to disposal
centers. It is noteworthy that each route in their model is a direct
trip, with a different origin and destination. To obtain efficient
solutions, they aggregated the multiple objectives into a weighted
sum of the individual objective functions. Zhao and Zhao [19]
developed a bi-objective model, minimizing the total cost and risk,
to additionally decide how to route waste residues from genera-
tion nodes to disposal centers. In contrast with [5], the model in
[19] incorporates the risk associated with fixed facilities. In a more
comprehensive location-routing model Shuai and Zhao [20],
focused on the societal risk associated with the management of
multiple types of hazardous wastes, while they have assumed
direct shipments for waste collection. Most recently, Funda [21]
utilized three criteria: total cost, transportation risk, and site risk.

Among the prevailing studies, the work that is most relevant to
ours is by Alumur and Kara [5]. Hence, we complete this subsec-
tion by highlighting the differentiating features of our model from
theirs. In addition to focusing on a specific waste type i.e., used oil,
we aim at determining the capacity of each facility that was not
modeled in [5]. In addition, the waste collection routes in our
model are tours, each of which starting and ending at the same
storage facility. Also in contrast with Alumur and Kara [5], we
focus on mitigating the environmental risk due to both transpor-
tation and siting decisions, and incorporate the variable costs of
the facilities in the total cost function.

2.2. Other streams of relevant research

The traditional two-index (and three-index) vehicle flow for-
mulation [23,24], the set partitioning formulation [25], and the
two-commodity flow formulation [26] are the three main forms
for representing VRP. The first formulation requires a special set of
constraints to eliminate sub-tours, such as the ones proposed by
Dantzig et al. [27] and Miller et al. [28]. The set partitioning
formulation is deemed impractical due to the large number of



160 J. Zhao, V. Verter | Computers & Operations Research 62 (2015) 157-168

variables [29]. In this paper we resort to the two-commodity flow
formulation, since it is known to achieve lower gaps with shorter
computational times [30].

The environmental and societal health risks associated with
hazardous wastes have been known for three decades [31]. A
variety of air dispersion models, which are applicable for the
environmental impact assessment, have been proposed. The Box
Model and Gaussian Plume Model (GPM) are by far the most
popular air quality models recommended for the air pollution
analysis and official regulatory guidelines [32-35]. The basic box
model is based on mass balance [36], which only predicts the
volume-averaged concentration for the emissions near the surface.
The impact area is represented as a box, and it is assumed that the
air mass inside the box is well mixed. It is well known, however,
that the hazardous material concentration generally decreases
with distance from the release site. Verma and Verter [37] is a
good example that demonstrates the use of GPM to estimate the
spatial distribution of toxic concentration level for ground-level
emissions during rail transportation.

3. Mathematical formulation

In this section we first describe two important building blocks
of our analytical framework: the environmental risk assessment
model and the two-commodity VRP formulation. Then, we present
the proposed model for the hazardous waste location-routing
problem. The formulations in this section capture the character-
istics of the collection and processing networks that deal with
hazardous wastes that are airborne upon accidental release. The
generic model is then calibrated to represent the differentiating
features of used oils in Section 5. We start by stating the following
assumptions: (i) the environment is stable and does not present
major changes over time; (ii) the total amount of hazardous waste
on the truck (or the facility) constitutes the potential release
source; and (iii) the vehicles and facilities satisfy the security
requirements of transporting and processing hazardous wastes.

3.1. Environmental risk assessment

We focus on the hazardous ingredients of used oils that are
airborne upon accidental release into the environment. The box
model is a rather practical approach to assess the environmental
risk in this context [33]. The risk is measured as the size of the box
within which a pre-determined threshold level of contamination
will be reached after an accidental release of the hazmat contained
in used oils en route and at site. Thus, each segment of a transport
corridor could be surrounded by a number of boxes with different
sizes. The size of each box represents the potential impact volume
of the used oil being shipped, stored or processed.

In this study, both the facilities and routes are regarded as
release sources, and we refer to them as node source and edge
source, respectively. For a node source, the box is as a hemisphere,
whereas for an edge source the box is a semi cylinder. Suppose B is
the size of box, the environmental risks for node and edge sources
can be formulated as follows:

3
prode :% « %ﬂ_(Rnode) 1)

Bedge :% x ”RedgeDedge (2)

where R"™% and R°%° are the impact radius of node and edge
sources, respectively, and D€ is the length of the edge. For the
materials with similar characteristics to used oil, the impact radius
R®42¢ js 800 m in all directions according to the hazmat transporta-
tion guidelines from U.S. EPA [38]. Therefore, Function (2) can be

modified into:
Bed2¢ — 4007D°%¢ 3)

Note that we calculate the impact volumes of the involved box,
including the ones generated from each node and edge source,
based on the same concentration level. To estimate the impact
radius of node sources, we modify the GPM, where the standard
GPM is appropriate for representing a single release source that is
specially regarded as a node. The steady-state node source can be
thereby modeled as

node dee y2 Hz
Xy, 2= ”uayazexp ( _2_032,> exp (— ﬁ) 4)

z

where C"°%(x, y, z) is the concentration (mg/L, mg/m>) at down-
wind point (, y, z); Q"% is the release rate of hazmat (mg/s, m>/s)
from node source; u is the average downwind speed (m/s); x is the
downwind distance from node source (m); H is the release source
height (m); oy and o, are the horizontal and vertical dispersion
coefficient respectively (m). The dispersion coefficients in Model
(4) are determined by the atmospheric stability category and the
downwind distance x to node source, where oy, = ax°, 6, =bxd.
Pasquill and Smith [39], and Arya [33] provide the values of
dispersion parameters a, b, c and d based on atmospheric stability
category.

We use C"%(x) to present the concentration level at point with
the downwind distance x from the node source. At zero elevation
of both release sources and impact areas (H=0), Eq. (4) can be
modified into

Qnode

de
CHO X)=——
® ruabxec+d

®)

As for the edge source with the release rate Q°¢, the max-
imum ground-level concentration C can be obtained at the down-
wind point with the distance 800 m from the edge source:

Qedge

C=—— 6
zuab x 8004 ©
For determining the impact radius of node sources R"%, we
can use the following function:
node
Rnode — c+d Q _ (7)
zuabC

The release rate at a node depends on the hazmat amount,
rupture size, internal pressure and facility capacity [8]. Let CAP
denote the facility capacity, and T denote the release duration. We
assume that the node capacity is the main determinant of the
release rate, and hence use the following simplification:

cAp

node __
Q T

®

3.2. The two-commodity flow VRP formulation

Each collection tour starts from a storage site, visits a number
of generation sites and returns to the same storage facility, which
constitutes a VRP. We represent such tours using the two-
commodity flow formulation provided by Baldacci et al. [26]. The
advantage of this formulation is that the sub-tour elimination
constraints, in the traditional sense, are not required. Instead, for
each tour, a copy of the origin node is added to the original road
network in order to represent the destination of that tour.
Accordingly, we extend the original road network by introducing
the nodes that present the copies of storage facility candidates.

Note that, there are two types of flows on each vehicle route:
First, from the storage facility to its copy, which indicates the load
on vehicle; and second, from the copy to the storage facility, which
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represents the empty space on the same vehicle. Besides the basic
flow rules stated in the two-commodity flow formulation, we
build the vehicle routes such that: (i) each vehicle route starts at
an open storage facility with a selected capacity level, and ends at
its copy with the same capacity level; (ii) each vehicle visits at
least one generation node; (iii) each generation node is visited
exactly once; and (iv) the total amount of used oil transported by
each vehicle cannot exceed its capacity.

3.3. A bi-objective location-routing model

The following sets, parameters and decision variables are used
in developing the bi-objective used oil location-routing model.
Sets:

® N(V, E) road network with vertices V and edges E, where
V=GUSUSUF.

G(1,2,...,g) used oil generation nodes.

5(1,2,...,s) storage facility candidates.

5(1,2,...,5) the copies of storage facility candidate.
F(1,2,..., f ) integrated facility candidates.

L(1,2,..., ] ) capacity level options for facilities.

Parameters:

® FC; fixed cost of opening facility ieS U Fwith capacity level

lel.

CAP; capacity level I e L acquired at facility ie S U F.

VC; unit variable cost of operating used oil at facility ieS U F.

g; amount of used oil generated at node i e G.

VFC fixed cost of collection vehicle.

VICAP collection vehicle capacity.

Dj; length of edge (i,j) e E.

TC**°" vehicle cost of transporting used oil per kilometer among

generation nodes, storage facilities and copy storage facilities.

® TC"e ynit cost of transporting used oil per kilometer from
storage facilities to integrated facilities.

® C maximum ground-level concentration of the hazmat con-
tained in used oils.

® T, release time of used oil at facility i e S U F with capacity level
lel.

Decision variables:

® o, 1 if facility with capacity level leL is located at node
ieS UF, 0 otherwise.

® wj,y 1if edge (i,j) € E appears in the vehicle route, where this
vehicle is destined to the copy storage facility meS with
capacity level [ e L, 0 otherwise.

® X;im amount of used oils loaded in the vehicle on edge (i,j) € E,
where this vehicle is destined to the copy storage facility me S
with capacity level [ e L.

® X;m empty space on the vehicle traveling on edge (i,j)€E,
where this vehicle is destined to the copy storage facility me S
with capacity level I e L.

® y;; amount of used oil transported from storage facility i e S (or,
equivalently, copy storage facility) to integrated facility jeF
with capacity level [ e L.

® z.. 1 if the used oil generated at node ieG is finally trans-
ported to copy storage facility meS with capacity level IeL,
0 otherwise.

® 5., amount of used oil stored at facility meS with capacity
level I e L, where

Smi = Z Xijml (9)
ieG(ij)eE

fu amount of used oil treated at facility i e F with capacity level
leL, where

fi=2Zyu= X Ymi (10)
jes meS
m—j=|S|

Note that, m—i=|S| denotes that node meS is the copy of node
ieS

K number of collection vehicles needed.

Using the above notation, Fig. 2 provides an illustrative exam-
ple for the basic flow rules used in our two-commodity flow
formulation.

The proposed location-routing model is as follows:

M@A): minhy = Y Y FCjoy+ Z ZVC (Sa+fa)
ieSUFlel ieSUFlel
+ Z Z ZTC"eatDijyijl+ z Z Z%TCSI‘OYE
icSjeFlel ijeGuSUSmeSlel
X DijWijmi+K x VFC (11
. . 3/(c+d)
min I’lz: Z @<Llill>
icsurier 3 \auabCTy
4007 l]yyl
+ T T X 200mDjwim+ T ¥ T (12)
ijeGuSUSmeSlel ieSjeFlel

Subject to (9) and (10)

Z (Xijm[—inml)Zz X 8i X Ziml, VieG, Vme§, Viel
jeGUSUS
j#i
(13)
Y X XXnim=KxVCAP—- ¥ g; (14)
ieGpeslel ieG
Ecx,»mm, = zg:cgi X Zim» YMeS,Vlel (15)
> X Y X Xjm <K xVCAP (16)
ieGjeSmeslel
Xijml+xjiml = VCAP x Wijml, Vl,] eGUSU g, i #_], Vme §, viel
(17)
Z Wijml:2 X Zjmi, VjeG,Vmef,VleL
ieGUSUS (18)
i#]
W5y =1 Wipsy =1 Wyss, =1 Wyss =1
X5 =0 Xps =20 x5, =30 X355 =35
> » @2 A
A= 020 0
vcap=40tons g =20 =10
Xy45, = 40 X5 =200 x5, =10 X35 =3
Wigsy =1 Wy =1 Wisy =1 Weysy =1

© Generation node —> Flow from storage facility to its copy
/\ Storage facility

A The copy of storage facility — 4-1

---> Flow from the copy to the storage facility
Facility-capacity level

Fig. 2. The illustration of basic flow rules for the two-commodity flow formulation.
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I
ieGUSUS

l;ﬁ m Z (szml+szml) :O, VjeS, vm eg,m—j;ﬁ |S| (19)
lel

x
ieGUSUS

i#M Y (Wi +Wjiny) =0, Vj,meS,j#m (20)
lel

Y SWim=0, VijeGuSuUS.i=j a1

meslel

Z ZZim1=1, VieG 22)

meslel

Wim <0y, VieS,VjeGUSUS,VmeS,m—i=|S|,Vlel (23)

j;FleZLyiﬂ:lgLs“’ vies (24)
sy <0;CAPy, VieS,Vlel (25)
fii<0yCAP;, VieF,vlel (26)
ELoﬂsl, VieSUF 27)
0y=0,1, VieSUF,Viel (28)
Wi =0,1, V(i,j)eE,vmeS,Viel (29)
Xjm =0, V(,j)eE,vmeS,viel (30)
Xy = 0, v(@i,j)eE,ymeS,viel 31
Y =0, VieSUS,VjeF, viel (32)
sp>0, VieS Vlel (33)
fi=0, VieF,Vvilel (34)
K Integer (35)

Objective function (11) aims to minimize the total cost, whe-
reas objective function (12) minimizes the total environmental
risk. The cost objective function is the sum of the fixed cost of
storage and integrated facilities, the variable cost of operating
storage and integrated facilities, the total used oil transportation
cost on the road network and the vehicle fixed costs. Notable in
this objective function is that, each collection route in the planned
tour is counted twice since the route is defined by two paths. Once
a collection route is selected, its distance traveled will be doubled
in the model. To eliminate the cost of the second path, we divide
the term of transportation cost in the tour by two. Turning to the
risk objective (12), the first term represents the total volume of the
boxes around the nodes with a predetermined uniform concen-
tration level. This term is obtained by combining (1), (7) and (8).
The second term in (12) corresponds to the total risk associated
with the collection tours, whereas the third term represents that
of the return trips between the storage and integrated facilities.
Note that the impact radius of 800 m is associated with the
collection vehicles with capacity VCAP, whereas the vehicles used
between the storage and integrated facilities typically carry larger
amounts of used oil, denoted by y;;. These terms are based on (3).

The first four constraints (13)-(16) are for conservation of flow
during the collection of used oils. Constraint (13) states that the

total outflow minus the inflow at each generation node is equal to
twice the amount of used oil generated at this node, where this
generation node is allocated to a copy storage facility with a
selected capacity level. Constraint (14) guarantees that the total
outflow of copy storage facilities is equal to the remaining capacity
of vehicles. Constraint (15) ensures that the total inflow of a copy
storage facility with a selected capacity level is equal to the total
generation amount of allocated used oils. Constraint (16) ensures
that the total inflow of copy storage facilities is limited by the
vehicle capacity. Constraint (17) ensures that the X, and X
variables take feasible values, whereas (18) states that each gene-
ration node has two incident edges. Note that when m —j # |S| the
nodes j and m are not copies of each other. Therefore, Constraint
(19) ensures that the vehicle cannot visit any of the other copy
storage facilities on its way from a storage facility j to its copy m.
Constraint (20) guarantees that there are no links connecting copy
storage facilities, whereas constraint (21) eliminates the trivial
sub-tours, where a link has the same starting and ending node (as
noted earlier, these are the only type of sub-tours that are allowed
by our formulation). Constraint (22) indicates that the used oils
produced at each generation node are finally transported to only
one copy storage facility with only one selected capacity level.
Meanwhile, constraint (23) guarantees that the vehicle can only
start at an open storage facility. The conservation of flow at the
storage facilities is guaranteed by constraint (24)-(26) are capacity
constraints. Constraint (27) guarantees that each facility can only
acquire at most one capacity level. The variable domains are given
at Constraints (28)-(35).

The developed used oil location-routing model M(A) is formu-
lated as a bi-objective mixed integer linear programming model
including 0-1, integer and continuous decision variables. For
problems of realistic size, the resulting model may not be amen-
able to solution via commercial software. Thus, in the next section,

Table 3
Weekly amounts of the used oil produced at generation nodes.

Generation node Amount (t) Generation node Amount (t)
1 2 11 15
2 4 12 10
3 4 13 10
4 10 14 2
5 5 15 8
6 20 16 10
7 10 17 5
8 7 18 10
9 5 19 10

10 10 20 10

Table 4

Facility candidates.

Storage facility candidate Integrated facility candidate

Node Fixed cost (10° yuan) Node Fixed cost (10° yuan)
21 100; 120; 150; 160 31 200; 220; 250; 250
22 120; 150; 160; 180 32 180; 200; 210; 220
23 150; 160; 180; 200 33 150; 160; 180; 200
24 100; 120; 150; 160 34 120; 150; 160; 180
25 120; 150; 160; 180 35 150; 160; 180; 200
26 150; 160; 180; 200 36 180; 200; 210; 220
27 100; 120; 150; 160 37 120; 150; 160; 180
28 120; 150; 160; 180 38 140; 150; 160; 180
29 150; 160; 180; 200 39 160; 180; 200; 220
30 180; 200; 210; 220 40 120; 150; 160; 180
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we present a modified weighted goal programming approach to
obtain representative efficient solutions.

4. Solution procedure

When solving the developed bi-objective optimization model,
there is usually a Pareto optimal solution set. The solution of
single-objective optimization model, in the contrast, can be
obtained within reasonable time. For this reason, converting
M(A) into a single-objective model is a practical solution approach.

Since the goal programming technique and linear weighting
method have been widely used as the efficient conversion
approaches to solve the multi-objective problem of hazardous
waste management [5,9,10,13-15,19], we implement the weighted
goal programming method [40], namely transforming our pro-
posed bi-objective location-routing problem into a weighted
single-objective one based on the goal programming technique.
Although this method has been successfully applied to the solution
procedure designed by Zhao and Zhao [19], the analysis of each

weighted sub-objective has been ignored. Similar to Alumur and
Kara [5], we pay attention to the weight of each sub-objective, and
aim to provide various efficient plans for the used oil location-
routing problem through verifying weights. To be specific, we
modify the weighted goal programming method [40] and rewrite
M(A) as

M(B) :

min h3 = /10:1/31 +(1 72)02/}2 (36)

Table 5
Optimal values for M(A)—1 and M(A)-2.

Model Objective Annual cost  Environmen- CPU time
(yuan) tal risk (km?) (s)

M(A)-1 Min cost 433,360 84,222 1614.61

M(A)-2 Min envir. risk 1,213,400 22,351 2414.05

o=y
.‘f‘r\\ L’:.‘\ ? \‘-\,

@ Generation node

Storage facility
candidate

Integrated facility
candidate
The existing
integrated facility

Fig. 3. Used oil generation nodes and alternative facility sites in Chongqing.
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Table 6
Optimal solutions for of M(A)-1 and M(A)-2.

Model Storage facility/ Integrated facility/ # of Tour Route
capacity level (tyr—') capacity level (tyr—1) Collection
vehicle
M(A)-1  24/6000 34/6000 5 24-4-24; 24-13-11-9-10-24; 24-12-20-15-18-24; 24-1-7-14-6-17- 24-34
24; 24-8-19-5-2-3-16-24.
M(A)-2  21/1500, 26/1500, 31/1500, 36/1500, 7 21-5-21; 21-3-16-10-4-1-2-21; 26-6-26; 26-18-15-20-14-26; 27- 21-31; 26-36;
27/1500, 28/1500. 37/1500, 38/1500. 7-27; 27-19-11-9-17-27; 28-13-8-12-28. 27-37; 28-38.
Subject to Constraints (8)-(10), (13)-(35) and 10.00
j— * o~
hi—py =hj (37) é 8.00
z
hy—p, =15 (38) = 600
=
L
Note that parameters h; and h, are the sub- objective functions E 400
presented in Sections 3. 4 and (1—1) are the respective positive g
weights attached to deviations, where 1e[0,1]. ; is the normal- g 200
ization factor of sub-objective, i=1,2. ; is the positive deviation of
sub-objective, i =1,2. h{" is the target value of sub-objective, i=1,2. 0.00
2.00 4.00 6.00 8.00 10.00 12.00 14.00

The objective function (36) is the achievement function of
minimum optimization problem. Egs. (37) and (38) are the regular
constraints formulated in the weighted goal programming. They
state that the positive deviations are obtained from the target values
of sub-objective. Once the target value and normalization factor are
given, the M(B) is easy to solve. For this reason, a solution procedure
for M(A) can be designed as follow, where some key techniques are
adopted to decide the related target value and normalization factor:

Step 1: Find h{. Solve M(A) with the sub-objective of minimiz-
ing the total cost and environmental risk separately, and we
refer them as M(A)-1 and M(A)-2. The optimal value of each
sub-objective is set as the target value hf, i=1,2.

Step 2: Set a;. Use percentage normalization technique [40] to
decide the normalization factor value «;, i=1,2, where

100
hy

@

(39)

Step 3: Set A and (1—24).
Solve M(B). The final solution of M(B) is an efficient solution of
M(A).

It can be assessed that the solution of M(B) is flexible to the
respective positive weight 1, which is set by decision-makers
according to their personal preferences. As the value of A varies,
a number of potential optimal solutions are generated. As for the
decision-makers who are concerned about the cost and environ-
mental risk in the used oil location-routing optimization, the
solution with a proper range of weight 2 would be desirable.

In the next section, we test the developed model and approach
based on a case study of the used oil management in Chongqing, where
the proper range of parameter 2 is recommended from the trade-off
analysis. Meanwhile, some related comparisons are also provided.

5. A realistic case study: Chongqing, China

A case study, which makes use of the developed model and
approach in Chongging of Southwest China, is presented in this section.
First we outline the data set that is derived from the real-life instance.
Then, we present our findings through the solution of the case.

Cost (10%)

Fig. 4. Trade-off curve with 1 increment of 0.1.

5.1. The data set

To estimate the parameters related to the environmental risk
assessment model presented in Section 3, we first use the thresh-
old impact radius of 800 m in all directions around the edge
sources in accordance with the recommendations in [38,41]. Then,
according to the report for immediately dangerous to life or health
concentrate level of lead and its compounds commissioned by CDC
[42,43], we assume the release time as 60 min. The dispersion
parameters in GPM, assumed as per the suggestion in [44], are as
follows: a=0.02, b=0.05, c=0.89, d=0.61 and u=3 m/s.

In 2012, the GDP of Chongqing is almost 500 billion yuan (i.e.,
US$80 billion), majority of which is based on the petrochemical
industries. Nearly 300 petrochemical facilities are distributed in 38
regions of this province, and there is only one integrated hazar-
dous waste treatment facility located in Changshou. As the
industrial development of Chongqing accelerates, the exiting
integrated facility is facing capacity problems in processing all
the used oils generated in the province.

The weekly generation of used oil at each facility is less than
the truck capacity of 40 t. Also, to comply with the definition of a
“large hazardous waste generator” in the Resource Conservation
and Recovery Act Subtitle C of EPA,'! we combined the small
generation nodes that are in the vicinity of each other. As a result,
thus case includes 20 nodes that generate used oil. The weekly
generation amounts of used oil are reported in Table 3. Note that
the concentration of Pb in the used oil at each generation node
equals to the allowable level of 100 mg/kg [3]. In view of the
constituted regulations in China, we also determined 10 alterna-
tive sites for the storage facilities (i.e., nodes 21-30) and 10
alternative locations for the integrated facilities (i.e., nodes 31-
40). Table 4 reports the fixed costs of facility candidate for four
different capacity levels i.e., 1500, 3000, 4500 and 6000 t annually.
The spatial distribution of these 40 nodes, including generation
nodes, storage facility candidates and integrated facility candi-
dates, are all illustrated in Fig. 3.

1 See http://www.epa.gov/region02/waste/csummary.htm.
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Table 7
Optimal Solution for M(A) with 1=0.40.

165

# of Collection Tour
vehicle

Storage facility/capacity
level (tyr—1)

Integrated facility/capacity
level (tyr—1)

Route

21/1500; 24/3000; 34/3000; 37/1500; 40/1500. 6

27/1500.

21-3-16-9-11-21; 24-15-19-8-24; 24-10-17-5-2-13-24; 24-12-20-4-18- 21-40; 24-34;
24; 27-14-6-27; 27-1-7-27.

27-37.

@ Generation node

Storage facility

B Integrated facility

The existing
integrated facility

— Tour

B 3 Return route

Fig. 5. The optimal solution to the used oil location-routing problem in Chongqing (1=0.40).

77
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| N
[1.5) [5.10)  [10.15) [15.20)  [20.)
Gap (%)

[0.1)

[0.9)

[9.18) [18.27) [27.36) [36.45) [45. 54) [54.63) [63.72)
CPU time (107 5)

Fig. 6. Results for 100 test instances with different generation amounts of used oil.

The vehicle cost and the unit cost of transporting used oil per
kilometer are calculated based on the average cost of fuel as 7.32
yuan km~! and 3.66 yuan t~! km !, respectively. A vehicle, in this
work, is assumed to use on average 0.301km~', and fuel costs
about 1.22 yuan 1.

5.2. Solution of the Chonggqing case

The solution procedure is implemented on a computer with a
2.2 GHz Intel processor and 2 GB RAM and by using IBM ILOG

CPLEX 12.5 with active standard CPLEX cuts. Table 5 depicts the
solutions to M(A)-1 and M(A)-2 i.e., the cost-only and risk-only
solutions, respectively. Note that the optimal cost-only solution
and the optimal risk-only solution (bold-faced, underlined) are the
target values in the developed solution procedure. For these two
solutions, Table 6 reports the facility locations, capacity levels,
collection tour plans, and routes between storage and integrated
facilities.

It is worthwhile to note that the two-commodity flow formula-
tion of the VRP involves about 100 times more continuous
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variables than the traditional three-index vehicle flow formulation
[24]. Nevertheless, we were able to find an optimal solution to M
(A)-1 in 27 min, whereas the traditional formulation was not able
to identify the optimal solution within an hour. The best solution
found via the traditional model within an hour has 50% higher
costs than the optimal solution. It is also interesting to compare
the proposed model with that of Alumur and Kara [5]. As
mentioned earlier, the vehicles in [5] make a return trip to each
generation node for collecting the used oils, in contrast with the
collection tours developed by our model. Therefore, [5] would
need 20 vehicles for transporting used oils from the generation
nodes to the storage facilities in this case, whereas our model
provides a plan with at most 7 vehicles. Arguably, the latter is
more desirable from the perspective of both the costs and the
environment.

To represent the trade-off between the cost and the environ-
mental risk, we increase A from O to1 in increments of 0.1 and plot
Fig. 4. The optimal solution to M(A)-1 is the right-most point in
Fig. 4 where 1=1 and that of M(A)-2 is the left-most point with
A=0. Note that the points for 1=0.7, 0.8 and 0.9 overlap in the
figure. It seems that the reduction in the environmental risk
flattens when 1 > 0.4. Thus, Table 7 presents the location-routing
plan for 2=0.40, and Fig. 5 depicts the solution, where directed
solid lines refer to collection tours, and dotted ones represent
routes between storage and integrated facilities. The cost of this
solution is 982,510 yuan, whereas the environmental risk is
26,750 km?. That is it is possible to achieve an environmental risk
within 2200 km® of the risk-only solution by incurring about
550,000 yuan. We remark that the location of the existing facility
was represented as alternative site 37, and it indeed appears in the
optimal solution (i.e., the star in Fig. 5).

6. Further computational results

In this section, we evaluate the scalability of the proposed
model for the used oil location-routing problem. To this end, we
use the Chongqing case as a “base case” and develop two sets of
hypothetical problem instances. In Problem Set 1, we took the base
case location data as given and generated 100 instances, each with
different amounts of used oil generated at the 20 sites. Problem
Set 2 contains 20 instances, each with an expanded set of location
alternatives compared to the base case.

Based on the case study involving 10 storage and 10 integrated
facility candidates, an instance in Problem Set 1 corresponds to a
realization of the weekly used oil generation at each of the 20
source facilities from a uniform distribution between 1 and 40 t. In
solving M(A)-1 for each of the 100 instances, we imposed a 2-h
CPU time limit. CPLEX found the optimal solution within 2 h for
only two instances. For the other instances, we determined the
time point at which the best solution was identified (i.e., after
which no improvement in the solution was recorded). Fig. 6
provides the frequency distribution of the CPU time for these
best-known solutions within two hours and the gap between the

lower bound and the best-known solution. Remarkably, the gap is
less than 1% for 77 instances and the best-known solution was
identified in 72 instances within an hour.

We also categorized the same 100 instances into five groups
according to the level of variation among the amount of used oil
generated at the 20 source facilities. The second column in Table 8
indicates that Group A comprises all the instances where genera-
tion amounts are up to 10 t, whereas Group B comprises all the
instances where generation amounts are up to 15 t etc. Evidently
the problem becomes computationally more challenging as the
variation among the generation amounts increases.

In order to test the proposed model for tackling larger net-
works, each of the 20 instances in Problem Set 2 expands the sets
of existing and alternative sites by adding randomly generated
nodes. Ranked in ascending order of the total number of nodes,
Table 9 depicts the numbers of generation sites and alternative
storage and integrated facility locations for these instances. We
used a 10 h CPU time limit in solving M(A)-1. The computational
results reported in Table 9 indicate that when the total number of
generation nodes and storage/integrated facility site alternatives
exceeds 50, it becomes more likely to obtain unacceptable gaps
with a CPU time of 10h. As expected, the problem quickly
becomes computationally prohibitive as the location sets are
expanded. We conducted further computational experiments on
the instances with a gap between the lower bound and the

Table 9
Results for the test instances on larger networks.

Instance # of # of storage  # of integrated CPU Gap
generation facility facility time (%)
nodes candidates candidates (min)

Network 1 20 10 10 2692 0.02

(Case
study)

Network 2 20 15 10 68.32 2.00

Network 3 20 10 20 2952 111

Network 4 20 20 10 585.62 25.18

Network 5 35 10 10 60.63 2.59

Network 6 20 15 20 85.83  2.00

Network 7 40 10 10 588.40 21.02

Network 8 20 10 30 3227 183

Network 9 20 20 20 586.10 31.35

Network 10 35 10 20 63.65 2.99

Network 11 20 15 30 141.10 3.78

Network 12 20 10 40 3335 3.62

Network 13 20 20 30 589.68 36.77

Network 14 40 20 10 599.67 38.51

Network 15 35 10 30 66.68 3.33

Network 16 20 15 40 183.12 8.96

Network 17 40 20 20 591.13 45.23

Network 18 20 20 40 596.97 40.25

Network 19 35 10 40 7125 3.82

Network 20 40 25 20 588.88 56.24

Table 10

Results for the test instances on gaps > 4% with extended CPU time limit.

Table 8 Instance CPU (min) Gap CPU(min) Gap CPU (min) Gap
Categorization the 100 test instances with different generation amounts of used oil. <10h (%) <20h (%) <30h (%)
Group Amount of Average Max Min Average Max. Min. Network 4 585.62 2518  767.15 7.81 1465.27 1.17
used oil (t) CPU time CPU CPU gap (%) gap gap Network 7 588.40 21.02 882.60 10.51 141217 2.63
(s) time (s) time (s) (%) (%) Network 9 586.10 3135 767.78 9.72 1481.83 2.04
Network 13 589.68 36.77 884.53 18.39 1397.55 533
A [1,10] 1210.12 233095 55194 0.10 043 0.01 Network 14  599.67 38.51 1085.40 2311 1736.63 6.24
B [1,15] 1626.80 715033 288.02 0.36 452 0.00 Network 16 183.12 8.96 72238 5.10 1341.83 1.01
C [1,20] 2356.52 7151.66 288.02 1.07 27.08 0.00 Network 17 591.13 4523 916.25 29.40 1604.45 9.70
D [1,30] 2531.78 7151.66 288.02 135 27.08 0.00 Network 18 596.97 40.25 1074.53 25.36 1762.47 15.51
E [1,40] 2718.20 7183.89 288.02 2.04 32.28 0.00 Network 20  588.88 56.24 865.67 39.37 1532.22 11.81
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best-known solution larger than 4%. It is clear from Table 10 that
additional computational time is effective in reducing the gap.
Note that within a CPU Time of 30 h (which is quire reasonable for
this kind of strategic design problems), we were able to reduce the
gap under 10% in all, but two, instances.

In concluding this section, we reiterate that the variation
among the collection nodes in terms of the amounts of used oil
generated seems to be a significant determinant in problem
complexity, in addition to the size of the location sets, which is a
somewhat more obvious factor. It also seems that the develop-
ment of a solution algorithm that takes advantage of the structure
of the integer formulation at the core of the proposed model may
become necessary when the problem instance at hand is signifi-
cantly larger than the Chongging case.

7. Conclusion

This paper presents a new bi-objective model for the used oil
location-routing problem, in which, the main contribution is
threefold. First of all, we propose a new used oil location-routing
formulation, where the problem is defined as simultaneous
optimization of facility location, capacity acquisition and vehicle
routing. Note that, we assume that the vehicles in vehicle-routing
sub-problem make two types of trips—tours and routes. Secondly,
we propose a new risk measure by focusing on the air pollution
resulting from accidental release accidents causing fire. To this
end, we integrated the box model and GPM, and formulate the
assessment model as a sum of impact volumes in air due to the
release and ignition of the used oils. Thirdly, we develop a solution
methodology for the proposed bi-objective model. Note that the
cost and risk objectives are measured in different units. Moreover,
the weights for these two objectives can be different according to
decision-makers’ preferences. We modify the weighted goal pro-
gramming method to convert the bi-objective optimization pro-
blem into a traditional MILP through the adoption of percentage
normalization technique. This allows the decision-makers to
obtain various optimal location-routing plans for used oil manage-
ment through a parametric analysis of the weights associated with
each objective.

We also present a case study in Chongging of Southwest China,
and test instances to demonstrate the workability of the developed
model and approach. Based on the case study we also prove that
our model outperforms the traditional VRP model in this domain
i.e., our solution has both lower cost and lower environmental risk,
with smaller gap and shorter CPU time. The test instances
demonstrate the applicability of our model and evaluate the
scalability of our developed model for the used oil location-
routing problem, in which, the computational results show that,
our model can provide efficient solutions for different size pro-
blems with various generation amounts of used oil.

It is important that our model is specifically proposed for the
used oil. When managing multiple hazardous wastes, some new
improvements in the model and approach are required. On the one
hand, it may be necessary to consider other relevant objectives and
constraints in the model. For instance, balancing the workload on
vehicles in the sub-problem of vehicle-routing [45], introducing
waste-waste compatibility into the constraint set, namely one must
ensure that incompatible wastes are not shipped on the same
vehicle. Also, there is a possibility of incorporating the time window
limitation on vehicle routes into the modeling process [46,47]. On
the other hand, a heuristic technique is essential for solving large-
scale problems. For instance, one can divide the combined location-
routing problem into several sub-problems. According to the priority
of each sub-problem, especially the VRP [47,48], the efficient
solutions can be found through multiple heuristic solving stages.

Extension of the proposed environmental risk assessment
model can be another research direction. To be specific, the
ecology damage before a cleanup and the remains impact after
stopping a release or even removing the released material should
be considered [49]. In actual, the environment is changing over
time. There is thereby a motivation that the downwind speed can
be taken into account in combination with risk assessment. The
pollution in water and soil can also be explored. Moreover, in an
effort to minimize the environmental risk, the proposed routes
may pass through highly populated regions, which would increase
the total population exposure. The extended model can also
incorporate this trade off among multiple risk measures. Another
concern lies in the exploration of the choice of A. Based on the
proposed solution procedure, the selection of 4 is challenging due
to its data sensitive, which may require large amount of sensitivity
analysis in each case study to choose a right value.
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