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Crude oil port depots are key hubs in oil trade and thus play a vital role in the crude oil
supply chain. Based on the characteristics of the scheduling system in an oil port depot, the
development of a precise schedule is essential for handling asynchronous upstream supply
and downstream market demand, thereby reducing operation cost as well as the impact
of market fluctuations. Most previous studies focused only on the depot system, and few
have taken the export transport scheduling into consideration. In this study, the diversity
of crude oil storage modes, complexity of operations, and variety of transportation modes
are considered. To minimize the total operation cost, a mixed-time representation based
on a mixed-integer linear programming model is established. Finally, three real cases in
a crude oil port depot in China are studied, and the monthly schedules of the depot are

developed. Compared with previous algorithms, this method yields more accurate results
in a considerably shorter time with improved computational stability.
© 2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Mixed-time representation

1. Introduction
1.1. Background

In the current energy market, crude oil is still a major energy source for power generation and transportation. According to statistics, global crude
oil trade has reached a volume of 6.1222 x 107 billion barrels per day (BP, 2016). Crude oil port depots (COPDs) are key hubs for harbor storage of
unloaded oil and subsequent shipment to refineries for distillation based on the downstream oil market. Thus, COPDs play a vital role in the crude
oil supply chain. Developing a precise COPD schedule is crucial to handling asynchronous upstream port supply and downstream market demand,
thereby reducing operation cost as well as the impact of market fluctuations on the downstream industry chain. Several studies have demonstrated
the significance of effective COPD management in reducing the emission of greenhouse gas (Wu et al., 2017) and increasing enterprise-wide benefits
(Menezes et al., 2017).

As fluctuations in crude oil trading result in fluctuations in the throughput of large COPDs, and the interaction of discrete-event and continuous
processes (which was introduced in detail by Zhang et al. (2017a), Kelly et al. (2017a), Wu et al. (2016), and Duan et al. (2015)) is quite complex,
COPD scheduling is also considerably complex owing to the diversity of crude oil storage modes, complexity of operations processes, and variety
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Nomenclature

Abbreviations

CNY Chinese Yuan

COPD  Crude oil port depot

GA Genetic algorithm

MILP Mixed-integer linear programming
MINLP Mixed-integer nonlinear programming

Sets and indices

teT Time window, tmax is the maximum number of time windows
p,p’ € P Oil types

el Refinery

k € K  Transportation mode

a,a € Ay Type p oil tanks at COPD

neNp Receiving plan for type p oil

z € Zip, Demand plan for type p oil of refinery i

Continuous parameters
Crrikp Unit volume cost of transportation mode k for type p oil from COPD to refinery i (CNY)
Craikp Unit cost of transport initiation (CNY/km m?3)

Cps Unit cost of tank operation (CNY)

Crr Berthing per hour (CNY/h)

Lik Export distance from COPD to refinery i using transportation mode k (km)
M A sufficiently large number

VTmaxpa Upper capacity of tank a of type p oil (m3)

VTminp,a LOWer capacity of tank a of type p oil (m?)

VpEmaip,; Demand volume of refinery i for type p oil during demand plan z (m?3)

Vyvke  Unit transporting volume using transportation mode k (m?3)

Vsumapn Carry volume of tanker of type p oil during receiving plan n (m3)

Qromaxkp Upper limit of transporting rate when transportation mode k is used to transport type p oil (m3/h)
Qrominkp Lower limit of transporting rate when transportation mode k is used to transport type p oil (m3/h)
Qoomaxp Upper limit of flow rate when receiving type p oil (m3/h)

Qpominp Lower limit of flow rate when receiving type p oil (m3/h)

Texppiz Start time of demand plan z of refinery i for type p oil (h)

TexNipz End time of demand plan z of refinery i for type p oil (h)

TpEBp,n  Arriving time of oil tanker carrying type p oil of receiving plan n (h)

TMDBp,a  Start time of maintenance operation of type p oil tank a (h)

TMDNpa End time of maintenance operation of type p oil tank a (h)

Discrete parameters
Nkmaxk Maximum number of available vehicles of transportation mode k

Continuous variables

Vouttikpa Exportvolume of type p oil from tank a transported using transportation mode k to refinery i in time window t
(m?)

Voustp.aa Switching volume of type p oil from tank a to tank a’ in time window t (m?)

Vapitpna Receiving volume of type p oil to tank a in receiving plan n in time window t (m?)

VrNtp,a Inventory of type p oil tank a at the start time of time window t(m3)

VEexactipz Accumulated export volume of type p oil to refinery i in demand plan z at the start time of time window t (m3)

Vbeactpn Accumulated receiving volume of type p oil in receiving plan n at the start time of time window t (m3)

TpEMtpn Accumulated harboring time in receiving plan n at the start time of time window t (h)

pENpn  End time of receiving plan n for type p oil (h)

Tt Start time of time window t (h)

Discrete variable
Ngiikp Number of vehicles from COPD to refinery i transporting type p oil using transportation mode k in time window t

Binary variables
Bagxtikp Binary variable of transport initiation. If COPD adopts transportation mode k exporting type p oil to refinery i at
the start time of time window t, Bagxikp = 1; otherwise Bagxixp =0
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Bextikpa Binary variable of export operation. If type p oil tank a starts exporting oil to refinery i using transportation mode
k at the start time of time window t, Bgxyikp,a = 1; otherwise Bexy ik pa=0

Bswtp,aqa Binary variable of switching operation. If type p oil tank a switches oil to another tank in time window t,
Bswtp,aa = 1; otherwise Bswtpaa =0

Bintpna Binary variable of receiving operation. If type p oil tank a receives oil from an oil tanker in time window t, Bint,pn,a = 1;
otherwise Bint,pn,a =0

Bsextpa Binary variable of export operation. If type p oil tank a exports oil during time window t, Bsextpa=1;
otherwiseBsgxt,pa =0

Bsswtp,a Binary variable of switching operation. If type p oil tank a starts switching oil to tank a’ at the start time of time
window t, BSSWt,p,a =1; otherwise BSSWt,p,a =0

Bsintpa Binary variable of receiving operation. If type p oil tank a starts receiving oil from an oil tanker in receiving plan n
at the start time of time window t, Bsint,p,a = 1; otherwise Bsintp,q =0

Brexstip Binary variable of export start time. If the start time of time window t is equal to the start time of demand plan
z of refinery i for type p oil, Brgxgy,ip = 1; otherwise Brexpyip ;=0

Brexntip Binary variable of export end time. If the start time of time window t is equal to the end time of demand plan z
of refinery i for type p oil, Brgxnt,ip,z = 1; otherwise Brexn,ip,z =0

Bexmtip,, Binary variable of export time. If time window t is contained in the horizon of demand plan z of refinery i for type
p oil, Bexw,ip,z = 1; otherwise Bexwyip,z =0

BrpeBtpn Binary variable of receiving start time. If the start time of time window t is equal to the start time of receiving
plan n for type p oil, Brpestp,n = 1; otherwise Brpest,p,n =0

BrpeEntp,n Binary variable of receiving end time. If the start time of time window t is equal to the end time of receiving plan
n for type p oil, Brpentp,n = 1; otherwise Brpent,p,n =0

Bpemtp,n Binary variable of receiving time. If time window t is contained in the horizon of receiving plan n for type p oil,
BpEmtpn = 1; otherwise Bpemtpn =0

BrmpBtp,a Binary variable of maintenance start time. If the start time of time window t is equal to the start time of
maintenance plan of type p oil tank a, Brmpat,p,a = 1; otherwise Brumpat,p,a =0

BrMmpNtp,a Binary variable of maintenance end time. If the start time of time window t is equal to the end time of mainte-
nance plan of type p oil tank a, Brmpnt,p,a = 1; otherwise Brypnt,p,a =0

Bmrtpa Binary variable of maintenance time. If the time window t is contained in the horizon of maintenance plan of type
p oil tank a, Butt,p,a = 1; otherwise Byrtpq =0

of transportation modes. In such a dynamic, large, and complex scheduling system, current solutions are primarily based on the subjectivity
and experience of engineers. Thus, the schedule may not be comprehensively optimal and may result in energy waste and increased operation
cost in depot management and export. Recently, the development of computer technology and mathematical optimization has made it possible to
develop energy-efficient COPD schedules. Even though oil depot scheduling problems have been investigated, oil depots are merely considered tanks,
without regard to detailed operations and their economic effect on the entire system. Aiming at three types of operations processes—receiving,
switching, and export transporting—this study establishes a mixed-integer linear programming (MILP) model considering the dynamical variety
in the COPD scheduling system, codes an optimal solution program and finally constructs a detailed COPD scheduling model. This model can
provide a more objective basis for improving management in the depot system, shortening decision-making time, and reducing energy waste and
operation cost.

1.2. Related work

The expression of time is the basis of establishing a scheduling model and has a direct effect on the model scale and the
selection of the optimization algorithm. Currently, the modeling of time in scheduling models is mainly divided into discrete-
time representations (such as Saharidis et al. (2009) and Zhang et al. (2017b)) and continuous-time representations (such as
Castro and Grossmann (2014), Lin et al. (2003), Li et al. (2012a), Yadav and Shaik (2012), Reddy et al. (2004a), and Huang and Karimi
(2006)).

As detailed COPD schedulingis a complex problem, to simplify the coupling relationship between the model variables, detailed
schedules were obtained by methods based on discrete-time representations in previous studies. Discrete-time representations
scale well when longer time horizons are required because larger time intervals can be utilized and can easily handle time-
varying process conditions (Kelly and Mann, 2003). Shah (1996) developed a discrete-time MILP model for crude oil scheduling
by separating it into two sub-problems. The upstream problem comprised portside tanks and offloading, and the downstream
problem comprised allocation of charging tanks and operation of crude oil distillation units. Reddy et al. (2004b) proposed a
new mixed-integer nonlinear programming (MINLP) formulation based on a discrete-time representation and a novel MILP-
based solution approach to optimizing crude oil unloading, storage, and processing operations in a multi-crude distillation
unit refinery receiving crude oil from large carriers. Méndez et al. (2006) developed an MILP optimization model for the off-line
gasoline blending and short-term scheduling of oil refineries, which could be solved by using an iterative procedure. The objective
was to produce on-spec blends at minimum cost subject to stringent and constantly changing product specifications in most
markets. Yiizgec et al. (2010) put forward a model predictive control strategy aiming at minimizing the total operation cost for the
short-term refinery scheduling problem. This approach could rapidly determine the optimal control decisions in the presence
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of disturbances or demand variations at any point over the scheduling horizon. Kelly et al. (2017b) proposed a discrete-time
formulation for crude oil blend scheduling optimization and decomposed it into a logistic model and a quality problem.

Compared with the discrete-time representation, the continuous-time representation involves fewer time intervals, reducing
the scale of the model to a certain extent (Patel et al., 2010). Pinto et al. (2000) resolved planning and scheduling issues for
refinery operations by formulating large-scale MIP optimization models, and discrete- and continuous-time representations
were respectively applied for handling these problems. The continuous-time model was found to be able to circumvent the
difficulty caused by the relevant difference in the processing time of some operations. Jia et al. (2003) developed a model based
on a continuous-time representation, resulting in an MILP and state-task network representation that was used throughout the
model. Jia and lerapetritou (2004) applied event-based multiple time-grid continuous-time models to the crude oil scheduling
problem. However, the presence of nonlinear terms in continuous-time models required more appropriate algorithms. Moro
and Pinto (2004) aimed at minimizing the depot operation cost and constructed a continuous-time model to reduce volatility
in oil quantity and quality in refinery depots. Mouret et al. (2009) proposed a continuous-time formulation, called the single-
operation sequencing model, to solve a crude oil operation problem in refineries. Cao et al. (2010) developed stochastic chance-
constrained MINLP models for the short-term refinery crude oil scheduling problem in which the objective was the minimization
of the operation cost of the depot. Pan et al. (2009) proposed a new MINLP formulation for crude oil scheduling as well as
heuristic rules for linearizing the bilinear constraints and selectively prefixing certain binary variables. The crude oil scheduling
problem was thus reformulated as a MILP problem with fewer binary variables, which avoids composition discrepancy and
affords more effective solutions. Zou et al. (2010) established a continuous-time model based on an event-tree method for
operation optimization in long-term scheduling. Event triggered rules, a decomposition strategy, a depth-first search algorithm,
and a pruning strategy were adopted to improve the speed of optimal solution search. Li et al. (2012b) considered a crude oil
scheduling problem for a typical marine-access refinery under demand uncertainty. They developed a robust optimization model
by combining a unit-specific event-based continuous-time formulation with a robust optimization framework. Chen et al. (2012)
compared the event-based model, the unit slot model, and the multi-operation sequence (MOS) model, and demonstrated that
the MOS model solved the problem considerably faster than the other two models. Capén-Garcia et al. (2013) proposed a rigorous
mixed-integer dynamic optimization method for integrating the process dynamics of batch process scheduling. Oliveira et al.
(2016) proposed a framework comprising a stochastic optimization model based on MILP for scheduling a crude oil pipeline
connecting a marine terminal to an oil refinery and a method for representing oil supply uncertainty. Based on a priority-
slot modeling method, Zhao et al. (2016) proposed a continuous-time MINLP formulation for a crude oil scheduling problem
considering composition concentration discrepancy. Hou et al. (2017) developed a genetic algorithm (GA) approach for the detailed
scheduling problem of crude oil operations in a refinery. An industrial case study was used to show the application of the proposed
method.

These studies have addressed the optimization of receiving and export operations of refinery depots; however, special con-
ditions such as switching and maintenance have not yet been considered. Moreover, large regional crude oil scheduling and
operation cover wide fields, various study objectives, and relatively large systems. The present study focuses on crude oil systems
including offshore oil tankers or barges, port depots, refineries, and pipelines, thus providing a macroscopic perspective. Little
research has been conducted on combined transportation modes from port depots to refineries, and the integral optimization
of detailed export transport scheduling and operation planning has not been solved effectively.

1.3. Contributions of this study

A mixed-time MILP model is proposed aiming at optimal scheduling of a COPD.

o In this model, the depot system and refinery-oriented supply chain are considered an integrated system.
o Multiple transportation modes, namely pipelines, roads, and railways, are considered.

o Three types of operations processes—oil receiving, valve switching, and oil export—are considered.

e The detailed schedule of a COPD can be obtained.

1.4. Paper organization

The methodology and details of the mathematical model are presented in Sections 2 and 3, respectively. Section 4 presents a
case study in China. The conclusions are provided in Section 5.

2. 2. Methodology

2.1.  Problem description

The operation of a COPD is illustrated in Fig. 1. The COPD irregularly receives crude oil of varying quality from different districts.
The oil is delivered and stored in tanks. Based on different refinery demands and transportation conditions, an export plan is
developed to cater to the downstream market. As the receiving plan and export plan are not synchronized, the target tank should
be selected so as to ensure timely and optimal operation. Suboptimal internal storage will lead to poor tank scheduling and con-
siderable berthing and transportation costs. Moreover, in the maintenance period, the oil in the tank under maintenance should
be switched into another tank. Otherwise, the switching operation will occur when the oil in the two tanks should be merged
for centralized management. Designing a sensible and efficient switching plan will effectively curtail tank operation, expedite
tank group maintenance, unify unfilled tanks, and reduce operation cost. According to downstream refinery requirements and
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Fig. 1 - COPD operation.

oil characteristics, oil is transported to refineries by certain means. In general, there are three major transportation modes in the
refinery supply chain: by pipelines, by rail, and by road.

As pipelines are economical, a large proportion of crude oil is transported through pipelines from depots to refineries on the
mainland for refining and delivery to the downstream market. However, in view of practicability issues and terrain difficulties,
a large number of refineries cannot be connected via pipelines. In addition, owing to the high initial investment cost and longer
investment recovery cycle, some companies cannot afford the high cost of pipeline construction at an early stage.

Railway transportation has lower initial investment cost than pipelines and is characterized by high capacity and safety.
However, as a result of higher unit transportation cost, it is only suitable for refineries that are already situated alongside railways
and can benefit from this location advantage.

Highway transportation has the major advantages of higher flexibility, shorter construction time, and lower investment cost;
moreover, it is easier to adapt to local conditions. Therefore, it is less demanding for the receiving station devices. However,
owing to safety issues and the higher cost for long distance carriage, highway transportation is used for refineries that are close
to depot areas or unsuitable for pipeline or railway construction. In addition, the oil consumption of refineries restricts the
transportation mode. In general, small refineries lack the capital for constructing pipelines or railways; thus, they can choose
highway transportation only.

Therefore, refineries that are unreachable by pipelines should be supplied based on local features and take full advantage
of other nearby transportation resources. From the perspective of the economy of downstream refineries, a pipeline-oriented,
railway and highway backup crude oil supply system is founded, contributing to the variety and complexity of depot oil delivery
modes.

Moreover, pipeline transportation has a requirement for higher oil fluidity than highway and railway transportation. As a
consequence of various incoming oil types, distinct oil characteristics, and diverse oil fluidity, different types of oil correspond
to different conditions of pipeline transportation. For example, light oil has better fluidity. In pipeline transportation, light oil
can be delivered to the refinery smoothly without heating or additives such as pour point reducers or viscosity reducers; thus,
transportation cost is lower. For heavy oil, which has poor fluidity, heat or additives are required to improve flow characteristics
and ensure pipeline transportation safety. This will inevitably increase unit transportation cost and thereby the overall schedule
cost. For extra heavy or high pour point crude oil, pipeline transportation may not be possible. As the export cost varies greatly
according to oil type, the economic effect of transportation modes should be considered in COPD scheduling.

2.2. Model requirements

The model is formulated as an MILP model and is solved using the Gurobi optimization mathematical programming solver. The
output of the model is a detailed COPD schedule.
Inputs:

e Study period: start and end time.

¢ Cost information: unit transportation cost, operation cost, and berthing cost.

e Depot information: oil type, number of tanks, tank storage capacity, and delivery flow capacity.

¢ Refinery information: oil type demand, volume demand, time period, and transportation mode requirements.
o Oil tanker information: tanker arrival time, oil types carried, and carry volume.

e Tank maintenance information: time period of the maintenance plan.
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To be determined:

e Export plan: export time for each tank, export volume, transportation mode, and export destination.
Receiving plan: receiving time period for each oil tank and receiving volume.

o Switching plan: switching time period for each oil tank and switching volume.

Inventory variation of each tank.

Objective:

Minimization of the total operation cost for COPD scheduling under various operational and technical constraints. The total
operation cost comprises transportation cost, operation cost for tanks, and berthing cost for oil tankers.

Normally, the duration of oil transportation is taken into account by the demand plan of the refinery. Therefore, the trans-
portation time in each delivery method is not considered in this study.

3. Mathematical formulation
3.1. Time windows

Based on a mixed-time representation, this study proposes an MILP model for optimal detailed COPD scheduling. As the schedule
for tanker arrival, refinery demand, and maintenance is given during the COPD schedule development, the timing of those events
divides the study period into a large number of non-isometric time windows, as shown in Fig. 2(a). However, in several cases, the
number of fixed time windows is insufficient. For example, in a time window, each tank can perform only one operation. If the
fixed time window is overly long, the total delivery volume may exceed the capacity of the tank. Thus, a contradiction between
the model constraints will arise, leading to a non-solution condition. To handle this, several continuous time points are inserted
into each fixed time window to divide large discrete intervals into smaller continuous parts, as shown in Fig. 2(b). Multiple
operations can thereby be performed in the original large time windows, and the flexibility of the overall schedule is increased.
In this process, the time points (both fixed and continuous) are ordered and renumbered as t=1, 2, 3, ..., tmax. Therefore, the
mixed-time representation structure contains the known fixed and the unknown continuous time points, and each operation
can be started and finished only at those points. Moreover, as their sequence is known, the order of the fixed time points will
constrain the values of the operation state variables. For example, in the maintenance interval (the time windows between the
maintenance start time and end time), all operation state variables must be 0 (1 is performing state and 0 is ideal state).

3.2. Objective function
To minimize the operation cost F, an MILP model is established. The objective function is min F=f; +f, + f3. The total operation

cost comprises transportation cost f1, operation cost of tanks f,, and berthing cost of oil tankers f3.
The transportation cost is primarily a function of export volume, distance, and transportation mode. It is expressed as follows:

fi= ZZZZCTRMLLkZVOUEi.k,p,a teTielLkeKpePacAy (1)
t i kR p t

The operation cost of tanks is mainly related to the operation time and includes oil receiving, valve switching, and oil export.
The total cost is expressed as follows:

f2 = CDSZZZ(BSEXLP’G + 2BSSWt,p,a + BSINt,p.a) te T,p € P a e Ap (2)
p a

The berthing cost of oil tankers corresponds to the harboring time and is expressed as follows:

fa= CTFZZTDEth,p,n teT,pePach 3)

p n
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3.3.  Depot operation constraints

In a certain time window, each tank can have at most one type of operation; when oil is exported, only one transportation mode
can be selected. Furthermore, a tank cannot simultaneously switch oil into several other tanks. This is expressed as follows:

ZZBEXt,i,k.p.a + ZBSWt,p.a.a’ + ZBSWt,p,a’,a + ZBINt.p.n,a <1 te T,i el ke K, b e P.n e Np’ a, a e Ap (4)

i k a a n

In a certain time window, several oil tanks cannot export oil to a refinery using the same transportation mode, that is,

> Bexiikpas=l teTiclkeKpePaca, ©)

a

Owing to the equipment capacity of the COPD, only one type of oil can be received by a tank in a time window, namely,

ZZBINt,p,n,a <1 teT,pePneNyacAh ©)
p a

According to the definition of the binary variable for the export operation, Bsgxt+1p,q =1 if and only if ZZBEXHMKM =1

i k
and ZZBEXLU&F.Q = 0; otherwise, Bsgxt+1,p,a =0. The specific logical relationship is expressed as follows:
ik
BSEXt+1.p.a < ZZBEXHl,i.k,p,a + ZZBEXt,i.k,p,a teT,ielLke K,peP,ace AP (7)
ik ik

Bsext+1.p.a = ZZBEXHLi,k,p,a - ZZBEXt,i,k,p,a teTielkeKpePach 8)
i k i k

Bsext+1pa <1— ZZBEXt_i,k,p.a teTielLkeKpePach ©)
ik

The binary variables for the switching operation have the same logic as that for the export operation:

Bsswt+1,p,a < ZBSWHl.p.a’,a + ZBSWt,p,a’,a teT,pePaach (10)
a a

BSsWiy1p0 = ZBSWm,p,aua - ZBSWLP_“/_G teT,pePaadch (11)
a a’

Bsswit+i,pa <1— ZBSWLFGQG teT.pePaad ch (12)

a

with the constraints for the binary variables for the receiving operation, i.e.,

BsiNt+1pna < BiNt+1pna+BiNtpna t € T,p € P,n € Np,a € A (13)
BsiNt+1p.na = BiNt+1.pna —Bintpna t € T.p e P.n e Np,a € Ay (14)
Bsint+1pna <1—BiNtpna t € T,p e P,neNpach (15)

and those for the binary variables for the transport initiation, i.e.,

BAEXti1ikp = 9 BEXtiLikpa+ Y Bextikpe t€TieLkeKpePach (16)
a a

BaEXti1ikp = ZBEXt+1,i,k,p,a - ZBEXt,i.k,p,a teTielLkeKpePach (17)
a a

BAEXHl,Lk,p <1- ZBEXt,i,k.p,a teT,ielLkeKpePac Ap (18)

a

being expressed in a similar manner.
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The start time of each time window must be earlier than that of the next time window, namely,
<141 teT (19)
3.4.  Tank inventory constraints

Herein, M represents a sufficiently large positive value. When the binary variables for the export operation are zero, the corre-
sponding export volume must be zero, that is,

Bextikp.aM > Vouktikpa t€T.i€LkeKpePach (20)
When the binary variables for the switching operation are zero, the corresponding switching volume must be zero, i.e.,

Bswtp.aaM > Voustpaa te€T,pePaad ehy (21)
When the binary variables for the receiving operation are zero, the corresponding receiving volume must be zero, namely,

BintpnaM > Vapitpna, t € T,p e P,ne Np,aec Ay (22)
With volume conservation, the tank storage volume at the start of each time window should be equal to the storage volume at

the start of the previous time window minus the export volume and switched volume, with the addition of the receiving volume
and the switched oil volume from other storage tanks. That is,

VriNtt1pa = VTNt p.a — E E VOouEtikpa — E Voustp.aa + E Voustpa,a + E Vapitpna t€ T.ie Lk e K.peP,neNya,a €A (23)
k a a n

i
The inventory should be less than the maximum storage capacity, i.e.,
ViNtpa < VTmaxpa t € T.p € P,ac Ap (24)

If maintenance is required, the minimal storage volume should be set to zero, namely,

VTINt,p,a > VTminp,a _BMTt,p,aM teT,pePac Ap (25)
VTINt,p,a < BMTt,p,aMs teT,pePac Ap (26)
3.5.  Export constraints

One time window should start with the export plan, i.e., ZBTEXBU‘-M =1, and 7 = tgxpp i, Only when Brexpyjp, = 1, namely,
t

Tt < TEXBp.iz + (1 —BTEXBt,i,p,z)M teT,ie LpeP,ze Zi,p (27)

Tt > TEXBi,p.z + (BTEXBt,i.p,Z — 1)M te T,i [S I,p e P,z e Zi,p (28)

ZBTEXBKLP,Z =1 teTie I,p e P,z e Zi,p (29)
t

The logical relations of the variable constraints at the end time of the export plan are the same as those at the start time, that

is,

Tt < TEXNip,z + (1 — BrexNgipz)M t e T,ie Lp e P,z € Z, (30)

Tt > TExNipz + (BrEXNtipz — 1M t e T.ieLp e P,z € Zj (31)

> Brexwiipz=1 teTielpePzez, (32)
t

According to the definition of the binary variables for the export requirements, during the export period, Bgxm,ip,. =1, 1.,

BEXMt+1,i,p,z = BEXMt,i,p,z + BEXBt+1,i.p.z - BEXNt+1,i,p,z teT, ie LP €Pze Zi,p (33)
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If the binary variables for the export requirements are zero, the export operation is forbidden, namely,

ZBEXMLLP,ZM > ZZBEXLi’k.p.a teTkeKieclpePachzeZ, (34
¥4 k a

If the binary variables for the export requirements are equal to 1, the accumulated export volume is equal to the export volume
of the previous time window plus the volume during the previous time window, that is,

VExacti1ipz < VEXACtip.z +ZZVOUEt,Lk,p,a +(1-BexmiipsM teTkeKieLpePachzeZ, (32)
k a

VExaCt+1ip.z = VEXACtip,z +ZZVOUEt,i,k,p,a + (Bexmtipz — 1M te T keKielpePachpzelZ (35)
k a

If the binary variables for the export requirements are zero, then the accumulated export volume is equal to the export volume
started in the previous time window, i.e.,

VExaCti1ip.z < VEXACtip,z + BExmeip:M t € T,ie Lp e P,z € Z;) (36)

VExacti1ipz = VExactipz — BexmipzM t e T.ielLpeP.zeZy (37)
The final accumulated export volume is equal to the required export volume, namely,

VExACtm,ip.z = VDEMAipz 1€ Lp € P,z € Zip (38)

The export flow should satisfy the following flow constraints:

ZVOUEt,i,k.p.a < (zt+1 — 7)Qeomaxk p +ZBMIXTRt,p,p’M+ (1- ZBEXt,i,k.p.a)M teTieLkeKpp ePach (39)
a )4 a

ZVOUEt.i.k,p.a > (Tt+1 — Tt)QEOmink,p — ZBMIXTRt,p,p’M + (ZBEXt«ivk-Pﬂ — l)M teT,ielke K,p,p/ € P,a e Ap (40)
a P a

By considering the features of railway and highway transportation, the export volume should be an integral multiple of the
unit capacity volume of the transportation equipment, and the multiplicative factor is the number of pieces of transportation
equipment, which should be smaller than the maximum available number. That is,

ZVOUEt,i,k.p.a =VuvkeNktikp t € T.ieLkeKpePach (41)

a
> Nitikp =Nimaxi teTielkeKpeP @)
t i p

3.6.  Receiving constraints

The start of a time window must coincide with the beginning of the oil receiving operation, which implies that ZBTDEBt‘p_n must

t
be equal to 1, and 7 = tpepp,n Only when Brpegtpn = 1. Namely,

7t < tpEBp.n + (1 — BrDEBtpn)M t € T.p € P.n € Np (43)

7t > tpEBp.n + (BrDEBtpn —1)M t € T,p € P,n € Np (44)

ZBTDEBt,p,n =1 teT,pePneN (@5)
t

The start time of oil receiving is determined by the tanker arrival time, but its end time is determined by the oil receiving
plan, which implies that the end time is also a decision variable. Furthermore, one time window should start with the end of oil

receiving, which implies that ZBTDENt,p.n must be equal to 1, and ¢ = tpenp,n Only when Brpentpn = 1. That is,
t

Tt < TDENp,n + (1 - BTDENt,p,n)M te T,p € P,n e Np (46)

Tt = TDENp.n + (BTDENt,p,n — 1)M teT,pePne Np (47)
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Table 1 - Demand plan of refineries.

Ex. Re. Dem. plan z Venezuela oil UAE oil
St. time (h) En. time (h) Dem. volume (m?) St. time (h) En. time (h) Dem. volume (m?)
1 1# 1 50 74 16,876 15 39 32,258
2 220 244 17,384 283 307 31,818
2# 1 130 154 8344 102 126 20,453
2 285 309 9434 307 331 19,434
3# 1 178 202 16,485 78 102 35,646
2 258 282 16,864 250 274 35,477
2 1# 1 166 190 12,986 192 216 28,145
2 302 326 12,465 400 424 29,245
3 499 523 12,464 611 635 28,496
4 664 688 12,917 = = =
2# 1 79 103 13,080 32 56 31,029
2 259 283 13,167 215 239 31,629
3 439 463 13,463 448 472 29,864
3# 1 21 45 14,867 105 129 29,587
2 191 215 14,466 308 332 29,343
8 361 385 15,461 490 514 29,364
4 531 555 15,617 646 670 30,415
3 1# 1 101 125 13,435 41 65 32,968
2 281 305 12,948 306 330 33,216
3 469 493 13,154 611 635 33,179
4 660 684 13,867 = = =
2# 1 159 183 14,345 69 93 34,684
2 425 449 13,969 374 398 33,948
3 635 659 14,138 585 609 34,165
3# 1 131 155 13,284 12 36 26,268
2 321 345 14,466 178 202 26,324
3 501 525 15,461 399 423 26,177
4 687 711 15,617 537 561 27,157

Ex.: example number. Re.: refinery number. Dem. plan: demand plan number. St. time: start time of the plan. En. time: end time of the plan.
Dem. volume: demand volume.

ZBTDENt,p,n =1 teT,pePnel (a8)
t

The end time of oil receiving must be later than the start time, i.e.,

TDENp.n = TDEBpn P € P,n € Ny (49)

As in the definition of the binary variables for the receiving requirements, during oil delivery, Bpemtp,n =1, that is,

Bpemt+1.p.n = BpEMtp.n + BDEBt+1.p.n — BDENt+1pn t € T,p € P,n € Np (50)

If the binary variables for the receiving requirements are zero, the binary variables for the receiving operation must be zero,
namely,

ZBDEMLP_HM > ZBINLP_H,G teTkeKpePneNyacAh 51)

n a

If the binary variables for the receiving requirements are equal to 1, then the accumulated receiving oil volume is equal to
the accumulated receiving oil at the start time of the previous time window plus the receiving volume during the previous time
window. That is,

VpEeact+1.p.n < VDEACtpn + ZVADIt,p,n.a + (1 —Bpemtpn)M t e T.p e P.ne Np,ae Ay (52)

a

VpEeact+1.p.n > VDEACtpn + ZVADIt,p,n.a + (Boemtpn —1)M te T,p € P,n € Np,a € Ap (53)

a
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Table 2 - Receiving plan of the COPD.

Ex. Rec. plan n Venezuela oil UAE oil
St. time (h) Rec. volume (x10° m?) St. time (h) Rec. volume (x10° m3)
1 1 200 15 280 15
2 1 650 15 340 15
2 - - 720 15
3 1 680 15 493 15
2 — — 710 15

Rec. plan: receiving plan number. Dem. volume: demand volume.

Table 3 - Computation results.

Ex. Cont.var. Disc.var. #ofeq. #ofineq.  fi (x10° fa (x10° f3 (x10° F (x103 CPUtime Gap  CPU time
con. con. CNY) CNY) CNY) CNY) (s) of PCE (s)

1 5730 8832 39,521 1262 2851,1 1.5 498.5 3081.1 235 0.02% 318

2 9999 16,218 69,571 2514 5017.5 3.4 498.5 5519.4 475 0.03% 554

3 9607 15,582 66,976 2418 5261.1 3.4 498.5 5763.0 329 0.06% 435

Cont. var.: number of continuous variables. Disc. var.: number of discrete variables. Par.: number of parameters. # ofeq. con.: number of equality
constraints. # ofineq. con.: number of inequality constraints. PCE: parallel computing experiment.

If the binary variables of the receiving requirements are zero, then the accumulated receiving oil is equal to the accumulated
receiving oil at the start time of the previous time window, i.e.,

Vpeact+1.p.n < Vbeactp.n +BoemtpnM t € T,p € P.n € Ny (54)
VpEeaCt+1.p.n = VDEACtp.n — BDEMtpnM t € T,p € P,n € Np (55)
The final accumulated receiving oil volume should be equal to the carry volume of the tanker, namely,

VDEACtm,p,n = VSHMAp,n te T,p € P,Yl S Np (56)

If the binary variables for oil receiving are equal to 1, then the accumulated harboring time is equal to the accumulated
harboring time at the start of the previous time window plus the time step of the previous time window. That is,

TDEMt+1p.n < TDEMtp.n + Tt41 — Tt + (1 — BoEmtpn)M t € T.p € P.n € Np (57)

TDEMt+1.p,n = TDEMtp.n + Te41 — Tt + (BDEMtpn —1)M t € T.p € P,n € Ny (58)

If the binary variables of oil receiving are zero, then the accumulated harboring time is equal to the accumulated harboring
time started in the previous time window, i. e.,

TDEMt+1.p,n < TDEMtp.n + BDEMtpnM t € T,p € P,n € Np (59)
TDEMt+1,p,n = TDEMt,p,n — BDEMtpnM t € T,p € P,n € Np (60)

Receiving flow must satisfy the following flow limit constraints:

ZVADIt,p.n,a < (tt41 — Tt)QDOmaxp +(1- ZBINt,p.n,a)M teT,pePneNpach (61)
a a

ZVADIt,p.n,a > (teg1 — ft)QDOminp + (ZBINt.p.n,a -1)M teT,pePne Np,a € Ap (62)
a a

3.7. Maintenance constraints

If storage tanks require maintenance, one time window should start with the maintenance. That is, ZBTMDBt,p,a must be equal

t
to 1, and 7t = tMpBp,a ONly When Brumpatp,q = 1. Namely,

Tt < TMDBp,a + (1 — BTMDBt,p,a)M teT,pePac Ap (63)

7t > ™vDBp.a + (BTMDBtpa —1)M t € T,p € P,a € Ay (64)
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Fig. 3 — Supply and market chain of Qingdao COPD.
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Fig. 4 - Computation results of GA.

(65)

If oil tanks require maintenance, the start of one time window must coincide with the end of maintenance work. Thus,

ZBTMDNt,p,a must be equal to 1, and ¢ = tmpNp,a Only when Brvpntp,a =1. That is,

t

Tt < TMDNp.a + (1 — BTMDNt,p,a)M te T,p € Pac Ap

Tt

A%

ZBTMDNLP.G =1 teTielpePacAhy
t

TMDNp,a + (BTMDNt,p,a — 1)M te T,p € Pace Ap

(66)

(67)

(68)

According to the binary variables for maintenance conditions, during maintenance, Byrtp,a = 1. Namely,

BMTt+1.p.a = BMTt.p.a + BMDBt+1.p.a — BMDNt+1pa t € T,p € P,a € Ay

(69)



446 CHEMICAL ENGINEERING RESEARCH AND DESIGN 137 (2018) 434-451

10

Example 1
9 L
Example 2
8 -
Example 3
= 7F
zZ
&}
& 6 | g |
= R T—
X
I
4 |
3 L _l-l_
2 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60

Number of time windows

Fig. 5 - Computation results with different numbers of time windows.

4, Results and Discussion

A COPD in China is considered as an example (Fig. 3). This COPD receives crude oil imported from Venezuela, which is heavy
and has high viscosity, and the United Arab Emirates (UAE), which has better fluidity. The storage capacity of the COPD is
1,000,000 m* with four 100,000 m3 storage tanks for Venezuelan oil and six 100,000 m? storage tanks for UAE oil. The COPD has
three refineries (1#, 2#, and 3#) as market terminals; transportation is performed by rail, road, and pipelines. Currently, the most
difficult problem of the COPD is that tanks in oil refineries have limited capacity, and thus crude oil must be replenished frequently
and periodically. This increases the transport initiation cost owing to repeated shut-down if oil is transported by pipelines. By
artificial scheduling, the shortest time period for pipeline transportation is 10h, with low utilization efficiency and large energy

Time X X Venezuela oil tank UAE oil tank
) St.time (h) En.time (h)
window 1# 2H# 34 At 1# 24 3# A# 5# 6#
1 0.0 15.0
15.0 39.0 132,258
3 39.0 50.0
4 50.0 74.0 16,876
5 74.0 78.0
6 78.0 83.9 17,922
7 83.9 100.0 121,778 | 3,246
8 100.0 102.0 [ 2,700
9 102.0 126.0 120,453
10 126.0 130.0
11 130.0 154.0 [ 8344
12 154.0 172.0
13 1720 178.0
14 178.0 200.0 -
15 200.0 202.0 20,000
16 202.0 208.8 68,000
17 208.8 215.0 62,000
18 215.0 220.0
19 220.0 2440 7380
20 244.0 250.0
21 250.0 258.0 110,800
22 258.0 2740 121,600
23 274.0 280.0
24 280.0 282.0 20,000
25 282.0 283.0 10,000
26 283.0 285.0 20,000 2118
27 285.0 285.3 2,999 [Ta05
28 285.3 295.0 13,042 99,001
29 295.0 302.0 9503
30 302.0 307.0 6,750
31 307.0 309.0 12,700
32 309.0 331.0 16,734
33 331.0 336.0
I Railway Highway [l Pipeline Receive Switch(out) Switch(into) [l Maintaining

(a) Example 1

Fig. 6 - Detailed COPD schedule.
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Time . . Venezuela oil tank UAE oil tank
. St.time (h) En.time (h)
window 1# 24 34 44 1# 24 34 44 s 6i
1 0.0 21.0
2 21.0 320 - -
3 32.0 45.0 117,315
4 45.0 56.0 13,714
5 56.0 79.0
6 79.0 103.0 g0 [13000
7 103.0 105.0
8 105.0 129.0 129,587
9 129.0 166.0
10 166.0 1900 [Fi2jssel
11 190.0 191.0
12 191.0 192.0 01
13 192.0 2150 126,795
14 215.0 216.0 1350
15 216.0 239.0 130,279
16 239.0 259.0
17 259.0 2830 36000 167
18 283.0 302.0
19 302.0 308.0 -
20 308.0 326.0 21,243
21 326.0 3320 8100
2 332.0 340.0
23 340.0 3469 69,518
24 346.9 355.0 80,482
25 355.0 361.0
26 361.0 3g50  [5AelN
27 385.0 400.0
28 400.0 4240 129,245
29 4240 425.0 11,176 11,176
30 4250 439.0
31 439.0 4480 -
32 448.0 463.0 17,714
33 463.0 472.0 12,150
34 472.0 490.0
35 490.0 497.0 30,364 30,364
36 497.0 499.0 9,750
37 499.0 514.0 - 19,614
38 514.0 523.0
39 523.0 531.0
40 531.0 ssso  Be1ZN
4 555.0 611.0
22 611.0 635.0 128,496
43 635.0 646.0
44 646.0 650.0 13,415
45 650.0 664.0 90,000 118,900
46 664.0 670.0 60,000 - 8,100
47 670.0 688.0
48 688.0 7200
49 720.0 7299 99,001
50 729.9 735.0 50,999
51 735.0 744.0
I Railway Highway [l Pipeline Receive Switch(out) Switch(into) [l Maintaining

(b) Example 2

Fig. 6 — (Continued)

consumption. Moreover, with regard to the possibility of congelation after shut-down, pipeline transportation cannot be adopted,
owing to the high viscosity and high pour point of Venezuelan oil.

To demonstrate the practicality of the proposed method, three real schedules are taken as examples. The study horizon in
Example 1 is two weeks (336 h) and that in the other two examples is one month (744 h). The demand plans of the refineries and
the receiving plans of the COPD in each example are listed in Tables 1 and 2. In Example 2, tank 4# for Venezuelan oil will be
maintained from 425 to 497 h.

The computation results are listed in Table 3. As a number of related methods have been proposed, GA, a typical global optimal
searching algorithm, was used for comparison. The structure of the model was based on Hou et al. (2016), and the additional
constraints were programmed into the constraint matrix and used in the MATLAB GA Optimization Tool. The parameters and
computational logics of GA were chosen as defaults. To examine the stability of GA, the computation was repeated five times
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Time X X Venezuela oil tank UAE oil tank
. St.time (h) En.time (h)
window 1# 24 3 44 1# 24 3 44 54 6it
1 0.0 12.0
2 12.0 36.0 126,268
3 36.0 41.0
4 41.0 65.0 [ 26,968 |
5 65.0 69.0 5400
6 69.0 93.0 132,400
7 93.0 101.0
8 101.0 125.0 435 113,000
9 125.0 131.0
10 131.0 1550  [Fi3joooN 284
11 155.0 159.0
12 159.0 178.0 -
13 178.0 183.0 6,750
14 183.0 202.0 19,574
15 202.0 281.0
16 281.0 305.0 12,948
17 305.0 306.0
18 306.0 321.0 816 120,250 |
19 321.0 3300 - 112,150
20 330.0 345.0
21 345.0 350.0
22 350.0 374.0
23 374.0 398.0 1,548 131,050
24 398.0 399.0 11,350
25 399.0 4230 26,177
26 423.0 425.0
27 425.0 as90  [H3J600M 969
28 449.0 469.0
29 469.0 493.0 154 113,000
30 493.0 501.0 80,000
31 501.0 508.0 - 70,000
32 508.0 525.0
33 525.0 537.0
34 537.0 561.0 27,157
35 561.0 585.0
36 585.0 609.0 11,765 132,400
37 609.0 611.0
38 611.0 635.0 779 132,400
39 635.0 659.0  [A3)000M 1,138
40 659.0 660.0
41 660.0 6800  [Hi3)600M
pp) 680.0 684.0 867 40,000
43 684.0 687.0 30,000
44 687.0 695.0 80,000
45 695.0 710.0
46 710.0 711.0 10,000
47 711.0 7153 42,583
48 7153 725.0 97,417
49 725.0 733.0
50 733.0 744.0
I Railway Highway [l Pipeline Receive Switch(out) switch(into) [l Maintaining

(c) Example 3

Fig. 6 — (Continued)

for each example. The computation results of GA are shown in Fig. 4. Sensitivity analysis for the number of time windows was
conducted as shown in Fig. 5. The optimal schedule for each example is shown in Fig. 6.

As shown in Fig. 4, the final result by GA is on average more than three times as high as that of the proposed method. The
coefficient of variation in each example is 0.034, 0.3145, and 0.1545, respectively. The coefficient of variation in Example 1 is
relatively low but that of Example 2 is sufficiently high to prove the poor stability of GA. This indicates the complexity of the
studied target, the large scale of the model, and the complicated logic relations between variables. Moreover, it demonstrates
that the proposed method can better handle this type of complex COPD scheduling problem.

As for all tanks, only one operation can be performed in a time window, the number of time windows is crucial to the optimal
solution. If this number is insufficient for the required operation, the model will have no solution owing to its contradictory
constraints. Furthermore, additional time windows may decrease computation speed instead of improving it. As shown in Fig. 5,
there is no solution when the number of time windows is relatively small, whereas when the number of time windows increases
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Fig. 7 - Inventory variation of each tank.

to a certain value, there is a solution, and when the number further grows, the solution is optimized and is obviously improved,
as shown by the result of Example 2 (48 fixed time points). There is no solution until the number of time windows increases to
48. The optimal result can be obtained when a new time window is added. However, once this number reaches 51, there is no
improvement by further increasing the number of time windows. Fig. 6(b) shows the final schedule for Example 2. Four continuous
time points are inserted into the study period (346.9, 355, 729.9, and 735 h), and correspondingly four new time windows are added.
In these time windows, the depots receive only UAE oil. As the maximum capacity of the tanks is 10 x 10° m3, a minimum of
two receiving operations is required to receive oil from 15 x 106 m3 tankers. As shown in Fig. 5(b), 15 x 10° m? tankers for UAE
oil arrive at the COPD at 340 and 720 h. On the second arrival, tank 4# begins to receive oil at the maximum rate to ensure the
minimum harboring time until 729.9h when the tank capacity reaches the upper limit, and then tank 2# begins to receive oil
and finishes at 735.0h. In this case, if the two continuous time points of 729.9 and 735 h are not added, there will be only a fixed
time window (720-744 h), resulting in excessively large berthing cost.

As the number of continuous time points is important for model construction, an enumerative method was developed for
determining the optimal number of continuous time points. As the optimal solution of the model with fewer continuous time
points must be a feasible solution for the model with more continuous time points, the optimal solution should not worsen by
increasing the number of continuous time points. Therefore, it suffices to increase the number of time points and repeatedly
solve the problem. When the objective function can stably convergence to a value, the number of its continuous time points is
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the optimal solution. During actual operation, although an approximate feasible range for the number of time windows could be
empirically determined, various numbers of time points should examined to obtain the final optimal result, which may be time
consuming in some large-scale depot systems. Nevertheless, owing to the independence of the experiments, parallel computing
may be used to resolve this. Here, a parallel computing experiment was designed to assess the impact of the optimal time
point searching process on total CPU time. Ten instances of the proposed model were simultaneously run, with the number of
continuous time points set from one to ten. The CPU time for the three examples is listed in Table 3. The total computation time
did not significantly increase, thus demonstrating the practicability of the proposed method.

As shown in Fig. 6, this schedule can meet the requirements of each refinery as well as the unloading plan of oil tankers. Thus,
the practicability of the method is confirmed. In addition, this schedule extends the pipeline transportation time as much as
possible, ensuring that the pipeline constantly runs more than 24 h, thereby reducing energy cost by repeated transport initiation.
The inventory variation of each tank is shown in Fig. 7.

As shown in Fig. 7, the schedule can meet the inventory capacity limit of each tank, thus demonstrating the practicability
of the method. In addition, this method takes tank inspection and repair into consideration, so that transit operations can be
performed in advance. Under regular operations, the operation time of the COPD tanks should be reduced to the greatest extent.
As known from Examples 2 and 3, tanks 4# and 6# of UAE oil are not operated for a considerably long time.

5. Conclusions

A new method for detailed COPD scheduling based on a mixed-time MILP method was proposed. The proposed model considers
the issues of multiple transportation modes—namely pipelines, highways, and railways—and multiple operations—namely oil
export, oil receiving, and valve switching. These factors not only enhance the practicability but also increase the complexity of
the formulation. To minimize the cost of COPD scheduling, the cost of transportation, tank operation, oil tanker harboring as
well as the constraints of tank inventory, oil export and receiving, and maintenance were included.

The proposed method was successfully applied to a real-world COPD system in China, which comprises ten tanks and can
receive and export two types of crude oil imported from Venezuela and the UAE. The model provided a monthly detailed schedule
in three real cases. The results met all constraints and requirements of the field and therefore can be used as a guide for site
operation. Compared with GA, the proposed method yielded more accurate results with improved computational stability.
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