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ABSTRACT:

In recent years, since environmental issues and regulations impact strategic and oper:
decisions of companies, green logistics has a critical and gaining value for researcher.
companiesin this context green capacitated vehicle routing probler€{&®P) under minimizing fue
consumption, which is rarely encountered in real life systems, is studied in this paper. A mixed
linear programming model is proposed for solvingC8RP. In the GCVRP optimization model, fue
consumption is computedonsidering the vehicle technical specifications, vehicle load and
distance. Fuel consumption equation is integrated to the model through a regression €
proportional to the distare and vehicle load. @VRP optimization model is validated by vario
instances with different number of customers. Achieved results sho@-tBs¥RP model provides
important reductions in fuel consumption.

KEYWORDS Fuel consumption model, green vehiaieiing, mixed integer linear programming.

l. INTRODUCTION

In recent yearswith the growing environmentadoncerns industrial organizationbkave totake into
accountenvironmental factorg order toenhance theompetitiveaspectin this global world, logistics stays at
the center of the modern transportation systems. As the competition increases, the technology rapidly changes,
product lifecycle becomes shorter and the expectation of the custamseeases. In high competitive
environment, industrial organizations have to investigate logistics strategies and adopt green supply chain
applications to consider accurate use of natural resources as a social responsibility. The importance of
environmentaissues is continuously translated into regulations, which potentially have a tangible impact on
supply chain management. As a consequence, there has been an increasing amount of research on the
intersection between logistics and environmental factors [1].

The scope of this study is, developing a mathematical model which minimizes the fuel consumption for
green capacitated vehicle routing problem@@RP). The study has two dependent components. The first
component includes a graphical user interface koutate fuel consumption for a given load and distance. The
second component includes a mixed integer linear optimization model, to determine the route that minimizes
fuel consumption. The optimization model works with the data obtained from fuel consanapttulation
model. The remainder of this paper is organized as follows. Seétipresents a literature review. Sectidn
explains he fuel consumption calculatioMixed integer linear programming model is presented in Section 4.
Application examplesral results are provided in SectibnFinally, conclusions are presented in Secfion

Il. LITERATURE REVIEW

Laporte described theehicle routing problem(RP) as a problem of designing optimal delivery or
collection routes from one or sevedspotsto a rumber of geographically scattereitiesor customerssubject
to side constraints [2VRP is a classic combinatorial optimization problem involved in many applications. The
VRP plays a vital role in distribution and logistics. Since its introductiondytidg and Ramser, VRP has been
extensively studied. By considering additional requirements and various constraints on route construction,
different VRPs have been formulated, such as,-pgclkand delivery VRP, capacitated VRP, multigiepots
VRP, VRP wih time windows Although there are different forms of VRPs, most of them minimize the cost by
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minimizing the total distance without considering the fuel consumption rate. In fact, statistics show that fuel cost

is a significant part of total transportatioost [3].
There arenany studiesn the literature concerningith vehicle routing problem (VRPR[ 4, 5, 6, 7

etc.].In recent years, the interest in practical applications and literature about green logistics has increased; but,

according to our knowtlge, rot much research has been conducted on the VRP under minimizing fuel

consumption and emissionA. p a y d & @onudirstddied the VRP model on reducing t8€©, emissions

vehiclesused forwaste collectioroperationsn a city [8]. Ashortest path mod&las used in order to optimize

solid waste collection. Kuo, proposed a model for calculating total fuel consumption for theéeperedent

vehicle routing problem (TDVRP) where speed and travel times are assumed to depend on the time of travel

when plannig vehicle routing. Simulated annealing (SA) algorithm is proposed for finding the vehicle routing

with the lowest total fuel consumption [9B e k t a kapoatendéscribed an approach to reduce energy

requirements of vehicle routing based on a comprehensive emissions model that takes into account load and

speed. The authors present a comprehensive formulation of the problem and solve maisedtétgtances

[10]. Suzuki, presented a model indicates that a significant saving in fuel consumption aechi€€ons may

be realized by delivering heavy items in the early segments of a tour while delivering light items in the later

segments, so thdhe distance a vehicle travels with heavy fmads can be minimed [11]. Wygonik and

Goodchilddeveloped a VRP with time windows to minimize emissions for urbarygcknd delivery system

[12]. Xiao et al. proposed a mathematical model which minimiaes donsumption of the vehicles. They

developed a simulated annealing based algorithm to solve the model [3]. Erdogan and Hooks, considered fuel

consumption of the vehicles and seek a set of vehicle tours that minimize total distance traveled totsefve a se

customers while incorporating stops at alternative fueling stations in route plans [13].

I'n t hi

S

II.
resear ch,

FUEL CONSUMPTION CALCULATION

t he

proposed

mod e | ai

ms to

used fixed values for fuel consumption [8]. Kuo; calculated fuel consumption with respect to vehicle load and

vehicle speed [9]. Jabali et al. modeled fuehsumption as a function af p e e d

[1] .

Bekt ak

Veh

cal

ar

calculated fuel consumption based on average speed and vehicle load [10]. Suzuki; considered vehicle load,
average speed based on the road gradient and average amount of fuel consumed perehawebtdile is
waiting at customer sites [11]. Ubeda considered vehicle load [14]. Xiao et al. formulated a linear function
dependent on vehicle load for fuebnsumption [3].
consumption as a function of hiele load and distance [7]Demir et al. [15, 16] and Liu and Helfand used
mathematical equation to calculate fuel consumption [I&hle 1 indicates the summary of selected literature
regarding criteria for fuel consumption and calculation methods.

Huang et amodeled linear regression for fuel

Table 1. The summary of selected literature regarding criteria for fuel consumption and calculation methods

Criteria Calculation Method
Reference Fixed Speed Load Glr?ac:jailgnt Accgggtlon Regressior Table Equation

Apaydeén, ( + +
Jabali et al. [1] + +
Kuo [9] + + +
Suzuki [11] + + + +
Ubeda et al. [14] + +
Xiao et al. [3] + +
Bekt ak, L 4 + + +
Huang et al. [7] + +
Demir et al. [15,16] + + + +
Liu, Helfand [17] + +

According to our knowledge, the previous studies ignored the acceleration rate and/or did not directly
consider the vehicle load while calculating the fuel consumption. In this study, the fuel consumption is
calculated considering theehicle technical specifications, vehicle load and the route distance. This way of
calculation yields more realistic approachhe vehicle needs energy to move with constant speed or
acceleration in real time. This energy is equal to resistance forcesresistance force includes rolling
resistanceHgy) aerodynamic resistancExf), grade resistancé¢) and acceleration resistandée) [18]. The
total force Fr) at the wheels for a given acceleration and grade is

F

T

= FRo + FAe + FAcc

@)
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Assume thatPr is the total power at the wheels and calculated as

Pr=Fv 2)
wherev is the speed. To convert the total force to the fuel consumption, consumption bjahelt{plicities
with the total powerHr) as:
consumptior b Py 3)
To determine the timespeed graphic of a vehicle from ndd® nodej, it is assumed that, the vehicle
accelerates frond to t; the speed is constant sppeed limit {may) from t; to t;, and decelerates fromto ts.
Figure 1 shows the time speed graphic which has three discrete aréagsepresents the area fdne
acceleration timed, represents the area for the time with the constant speef;apdresents the area for the
deceleration time. In this study, it is accepted that the acceleration rate of the vehicle is equal to the deceleration

rate of the vehid (a_, = a,._), thereby, the speed of the vehicle in +t#ale can be determined.

speed A

time

0 I; I tz

Figure 1. The speed vs. time graphic to calculate fuel consumption

In order tocalculate the total fuel consumption of a vehicle in a specified distance, total power and
consumption formulations are developed as a function of time with the following equations:

ca,. t if 0¢t<t,
I
1
TV o if t,ct<t,
|
v(t) =
tvo-a, (t-t),  ftet<t, )
1
;0, otherwise
|
Fro(t) = Fe () + F () + F (1) (%)
v
Fo(t)=(fmg )+ (c,Ar )(/ ma) (6)
P, (t) = F, (t)v(t) (7)
Consumptior= bP_ (t) (8)
Total consumption= rjt bP_ (t)d, 9

wheref is the coefficient of rolling resistance is the vehicle weight (empty mucarried load) and is the
gravitational constanty is the aerodynamic coefficier,is the frontal surface aregjs the air density andis
the speed, o i s toFk04400025H s imihesoserab gear vatiop is tackatceleration rate,
Uis the coefficient related to gradient of the road.

In this study, because of the complexity of thuel fconsumption calculation (in equation 9), the
parametersexcept load and distance are assumed todpestant similar to Huang et di7]. So, the fuel
consumption equation is proportional to the distance and vehicle load and regression analyssedd aghi
using Minitab to obtain a mathematical equation between load, distance and fuel consumption, as shown:

Fuel consumption= adistance +a vehicle load +b (20)
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The data set used to achieve regression analysis, includes 2020 examples for different distances and
vehicle loads in the range of 130@400 kg for vehicle weight andi0100 km for distance. After the analysis,
the calculated value @f;, a; andb are; 0.0589, 0.0009911.5, respectively. The regression equation analysis is
also performed in Minitab. ThB-squarevalue of the proposed regression model is 95.7%, indicating that the
model fits the data extremely well.

V. LINEAR INTEGER PROGRAMMING FOR MULATION

The capacitated vehicle routing proble@VRP) is an interesting combinatorial optimization task,
which occurs frequently in realorld applications [19]. The CVRP may be described as the following graph
problem. LetG=(V,A) be a complete diredegraph, wher&/= { 0 , rf is the vertex set and is the arc set.
Verticesi= 1 , ré correspond to the customers, each with a knownneyative demand and vertex 0
corresponds to the depot. A nonnegative cpsis assigned to each aig)i A, and it represents the cost of
travelling from vertex to vertexj. A set ofK identical vehicles, each with the capadlyis available at the
depot. The CVRP consists of finding a collection of elementary cycles lesk th&with minimum total cost,
such that:
9 each cycle visits the depot vertex 0,
1 each customer vertex 1 , ®is vjsited by exactly one cycle,
1 the sum of the demardlof the vertices visited by a cycle does not exceed the vehicle cafacity

In this paper, a mixethteger linear integer programming model is considered to construct routes for a
set of vehicles to meet the demand of all custonkdnemogenous vehicles depart from and return to the depot
node after serving all the customers, each customer is visitetc@tand vehicles cannot carry load more than
capacity. The overall objective is to minimize the travelling distance and fuel consumption. The green
capacitated vehicle routing problem-@/RP) optimization model, proposed in this research, can be degielope
as follows:

Indices

i,j=01,...N Set of customers

k=1,..K Set of vehicles

Parameters

c, Traveling distance between custorhand customey
d, Demand of customer

Q Capacity of vehicles

a, Coefficient of regression equation
a, Coefficient of regression equation
b Coefficient of regression equation
M Big number

Min_load Unladen weight of the vehicle
Max_load Min_load+Q

Decision Variables
el if vehicle k travels from customer i to customer | (i, 1)

Xijk -1 .
i 0 otherwise

y, = load of vehicle at customer i

Model

N N K N K N N K

Minz= g a a ac¢ X, *Ka,y,+a a a,,yvita a a bx; (11)

i=0 j=0 k=1 i=1 k=1 i=0 j=0 k=1
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Subject to

N K

aax =1 for i, jand ji {1,2,.., N} 12
i=0 k=1

N K

a4 a x, =1 for i, jandil {12,., N} (13
j=0 k=1

N

4 Xop =1 for ki {1,2,.., K} (14
j=1

N

A X, =1 for ki {1,2,., K} (15
i=1

N N

a X, =& Xy for ki {1,2,.., K}land ji {1,2,.., N} (16)
i=0 i=0

Y, = Min _ load a7
y, -y, 2d -M (1-x,) for if {1.., N}, ji {0.., N}and ki {1., K} (18
Min _load ¢ y, ¢ Max _ load for ii {0,. N} (19
y, 20 (20
x, 1 {01} (21

The objective function ()1seeks to minimize fuel consumption related to distamck\ehicle load.
Constraints (12) and (1 &nsure that each domer is visited exactly at once. Caaétts (14) and (15ensure
the depart from and return tbe depot node. Constraint jlénsures flow balae for each node. Constraint
(17) indicates, vehicles are emptythe depot node. Constraints (18) and) (E3trict the load of vehicles at the
visited customer and also elimieahe sub tours. Constraints Y2hsurey; arenonnegative and constraints {21
define the binary variablesy . The objective function (3lis bilinear. Inthis study, it is observed thay; is
nonnegative only ifx = 1. Therefore, the bilinear objective function is converted the equivalent linear
form (22.

N N K N N N K

Mln zZ= a a a a1Cij Xijk + Kazyo +a azyi +a a a injk (22)

i=0 j=0 k=1 i=1 i=0 j=0 k=1

V. RESULTS AND DISCUSSION

This section presents the results of computatitional applications performed to assess the performance of
G-CVRP model. To test the proposedd¥RP model 15 different instances were generated randomly. The size
of the instancegenerated in this study ranges from 5 to 25 nodes. To better explain the 15 test instances, the
charactersitics of the instances, such as; customer number, average load, averagre distancecandrdista
can be seen in Table Zhe customer number spfies the number of nodes for a given route, the seed number
is the code for random number generator, the average load refers the average demand of the customer nodes, the
average distance refers to average distancg mfatrix, and the distance ranggfars to the difference between
max distance and minimum distance of the given route.
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Table 2 The characteristics of the 15 instances

Instances Number of  Average Average Distance
Customers Demand Distance Range

1 5 50.00 42.66 78.99
2 8 65.63 38.71 64.66
3 10 52.50 51.62 098.61
4 12 62.08 51.05 110.81
5 13 54.62 49.21 89.87
6 15 59.33 43.23 107.24
7 18 57.22 52.02 115.91
8 16 62.81 50.48 99.81
9 15 60.00 51.92 98.77
10 16 74.06 51.11 93.21
11 20 71.75 58.38 125.99
12 22 63.41 53.20 114.82
13 25 54.80 51.58 127.88
14 20 52.75 50.30 94.86
15 21 46.90 52.00 102.32

ProposedG-CVRP model is coded in MPL (Mathematical Programming Language) and solved with
GUROBI 5.1.0 solverEach instance is performed with both CVRP [5] andC\&ARP models anaptimum
results are obtained. Comparative results of the CVRP a@VRP model as to total distance, fuel
consumption and veHenumber can be seen in Tabl&lgere can be differences in vehicle numbers for CVRP
and GCVRP because of the different objeetifunctions of each model. For example the instance set with 10
customer nodes reaches the optimal solution with one vehicle for CVRP and with two vehiclesCMBRPGIt
can be concluded from tleemputational results in Table 8lthough the averagestiince obtained from CVRP
(353.81 km) is smaller than average distance obtained fre@VRP (378.13km), the average fuel
consumption in @VRP (25.61) is less than CVRP (26.10 In G:CVRP vehicles should serve the customer
with large demand earlier ithe route. With possible increase in total distance, this approach, reduces the
distance weighted average load of vehicles and therefore reduces fuel consumption. This outcome can be
clearly seerfrom the last column of Tablg 3uch as,

Table 3 Comptational Results

CVRP GCVRP %GAP
Instance Number of Total Fuel Number Total Fuel Number . Fuel
Customer: DistanciConsumptiol Vehi DistanctConsumptiot O.f DIStamC'Cons.umptim
ehicles Vehicles
1 211.93 13.4042 1 211.93 13.4042 1 0.00 0.00
2 233.81 15.8502 1 233.81 15.8502 1 0.00 0.00
3 10 299.09 20.8082 1 327.57 20.3957 2 9.52 -1.98
4 12 288.49 21.8091 1 298.69 19.4501 2 3.54 -10.82
5 13 295.34 21.2212 1 295.34 21.2212 1 0.00 0.00
6 15 346.29 29.2608 1 374.88 25.2197 2 8.26 -13.81
7 18 428.51 32.8033 2 438.13 29.8403 2 2.24 -9.03
8 16 369.37 29.3391 2 390.76 26.5671 2 5.79 -9.09
9 15 340.04 26.4800 1 369.77 25.3692 2 8.74 -4.20
10 16 376.43 26.8922 2 376.43 26.8922 2 0.00 0.00
11 20 44157 33.1009 2 442,41  33.0952 2 0.19 -0.02
12 22 448.64 34.3727 2 460.27 33.6299 2 2.59 -2.16
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13 25 474.35 35.9817 2 557.46 34.5884 3 17.52 -3.87
14 20 370.98 29.3911 2 411.24 28.3289 3 10.85 -3.61
15 21 382.37 31.2762 1 483.28 30.3941 3 26.39 -2.82

G-CVRP provides average 4.09 % fuel consumption reduction. The percentage gap refers the
percentage difference of CVRP andQ¥RP for each instance. In-GVRP the model tries to serve the
customers with heavier demand earlier and this obtains
the reduction in fuel consumptiofi.can be concluded from the results thaC8RP model outperforms CVRP
model according to fuel consumption results.

VI. CONCLUSIONS

In this paper @VRP, a variant of widely known VRP, is analyzed and formulated. Differémiy
classical VRP which tries to minimize total distance of the rout&MBP means to minimize total fuel
consumption of the route, consequently,@mission of the vehicles in the route. The contribution of this paper
is multiple. Initially a computatio for calculating fuel consumptiortonsidering the vehicle technical
specifications, vehicle load and the distangeproposed. Secondly because of the complexity of the fuel
consumption calculation, the parameters except load and distance are assumeortstdmt and regression
analysis is achieved by using Minitab to obtain a mathematical equation between load, distance and fuel
consumption. Differently from previous studies in regression analysis both vehicle load and distance are
considered in fuel egsumption calculation. Finally a mixed integer linear programming model for 0¥ RP
is presented and solved optimally with ME&urobi solver. GCVRP optimization model is validated by various
instances. Achieved results show t&CVRP model providesniportant reductions in fuel consumption.
Results also show that distance minimization does not necessarily mean fuel consumption minimization. Future
research can be studying theGQ¥RP with larger number of customer instances and also developing heuristic
algorithm for quick responses in rdéig applications. Proposed fuel consumption equation methodology can be
adapted to ifferent VRP formulations, such as picl and delivery VRP, capacitated VRP, VRP with time
windows and multiple depots VRP
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