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Abstract

Multi-echelon distribution mechanism is common in supply chain design and logistics systems in
which freight is delivered to the customers through intermediate depots (IDs), instead of using direct
shipments. This primarily decreases the cost of the chain and consequences of environmental (energy
consumption) and social (traffic, air pollution, etc.) logistic operations. This paper develops a novel
multi-objective mixed-integer linear programming model (MOMILP) for a two-echelon green
capacitated vehicle routing problem (2E-CVRP) in which environmental issues and time windows
constraints are considered for perishable products delivery phase. To validate the proposed
mathematical model, several numerical examples are generated randomly and solved using CPLEX
solver of GAMS software. The e-constraint method is applied to the model to deal with the multi-
objectiveness of the proposed model. Finally, the best Pareto solution for each problem is determined
based on the reference point approach (RPA) as one of the most effective techniques to help the
decision-makers.
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1. Introduction

A supply chain is a network of facilities organized to acquire raw materials, convert them to
finished products, and distribute the products to consumers. Organizational relationships and
strategic alliances and partnerships are crucial for supply chain management success
(Golpira, 2016; Golpira et al., 2017a). So, supply chain network coordination is a vital
decision affecting the future success of the business (Khan et al. 2019a). In today’s
competitive environment, minimizing the operational cost plays an important role for
companies along the coordinated supply chains. Industrialization, on the other hand, makes
pollutions a serious issue. Dealing with such contradiction, transportation should be more
considered along the supply chain (Khan et al., 2019b). Hence, constructing optimal routes to
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serve customers to minimize the total cost and emissions is of interest for academicians and
practitioners. In this way, a classical vehicle routing problem (VRP) was introduced by
Dantzig and Ramser (1959) to determine an optimal set of routes for a fleet of vehicles to
serve a given number of the customers and minimize total traveled distance. Besides, each
customer should be served by exactly one vehicle that starts its trip from a depot and ends in
the depot. VRP problems considering vehicles’ capacity constraints are called Capacitated
Vehicle Routing Problem (CVRP), which has been studied by many researchers in many
industries (Mandziuk and Swiechowski, 2017). Managers have to make some limitations on
heavy vehicles moving in urban areas. However, large vehicles are used for transferring
cargos from the depot located on the outskirts of the cities to the Intermediate Depots (IDs).
And, small vehicles are used to transfer cargos from IDs to the customers located in the
metropolitan areas. So, forming a two-echelon distribution system has been proposed by
Wang et al., (2017). Two-Echelon Capacitated Vehicle Routing Problem (2E-CVRP) is a
well-known distribution system in which IDs are located between suppliers and customers
(Gonzalez-Feliu et al., 2008). Direct shipments from suppliers to customers are not allowed
in this system (Jabali et al., 2012; Kritikos and loannou, 2013). This transportation network
consists of two-echelons. 1) The 1% echelon routing including determining the optimal routes
of vehicles, which start from the central depot (supplier) and end at the IDs. 2) The 2™
echelon routing as the determination of optimal routes, which start from IDs and ends at the
customers’ nodes. In each echelon, a homogeneous vehicle fleet is used. It is because of the
fact that by using optimization approaches, only a few designs need to be assessed, hence the
necessary computational time to achieve an optimal design is dramatically decreased
(Golpira, 2019). 1% echelon vehicles are located in the central depot and only fulfill the IDs
demands, whereas 2" echelon vehicles have lower capacities and provide customers’
demands through 1Ds. The unloading of the 1% echelon vehicles and loading of the 2"
echelon vehicles at the IDs contain a proportion of operational costs to the quantity
loaded/unloaded additional to the vehicles’ usage costs. The 2E-CVRP aims to find a set of
routes in each echelon to minimize the total vehicles usage and routing cost considering the
assumption that each customer can only be visited once (Perboli et al., 2011; Baldacci et al.,
2017).

Recent growing attention to the environmental issues, on the other point of view, is an
important perspective in transport systems (Khan et al., 2018, 2019c¢). In this way, reducing
CO2 emissions is the best way in building an environmental-friendly society (Yu et al., 2018).
And, different speeds of the vehicles, as well as the number of carrying loads, are directly
related to the fuel consumption and CO. emissions (Franceschetti et al., 2013; Soysal et al.,
2015).

Crainic et al. (2012) examined total routing costs minimization of the overall two-echelon
network in a 2E-CVRP. They considered more realistic assumptions in urban cargo delivery
where the travel costs depend directly on the distances, fixed cost of arcs usage, operational
costs, and environmental costs. However, they didn’t consider the diversity of the arcs’ travel
cost over time periods in the planning horizon. Soysal et al. (2015) presented a Mixed Integer
Linear Programming (MILP) model for a time-dependent 2E-CVRP considering different
vehicle types, vehicle speed, load, and emissions as well as multiple time zones. They solved
a small real-world instance by CPLEX to show the applicability of their model for economies
of environmentally friendly vehicle routing.

Another critical issue in a distribution system, especially in the case of perishable products is
customers’ satisfaction. The quality and freshness of the products depend on the delivery
process and environmental temperature during the delivery phase. Hence, perishable goods
must be delivered within acceptable delivery time windows, or a penalty should be incurred
for early/late deliveries (Chen et al., 2009). Song and Ko (2016) proposed a nonlinear
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mathematical model to maximize the total level of customer satisfaction, which depends on
the freshness of deliverables, where each vehicle has a maximum allowable delivery time.
Esmaili and Sahraeian (2017) presented a 2E-CVRP model with the aim of minimizing
customers' waiting time and total travel cost considering environmental issues for perishable
goods. They used a Single Additive Weighting (SAW) method to solve the problem.
Tirkolaee et al. (2017) developed a novel model for the robust multi-trip vehicle routing
problem with intermediate depots and time windows in order to determine the optimal routes
in a single-echelon supply chain for perishable products. They solve the model using CPLEX
solver and demonstrated the validity of their proposed model by generating and illustrating
different problems. Developing an Integer Linear Programming (ILP), Marandi (2017)
developed an approach for solving an integrated production-distribution scheduling problem
for perishable products and solved it using a graph-based heuristic method. More recently,
Shahparvari and Bodaghi (2018) proposed a MIP model to support tactical decision making
in assigning and distribution of perishable rescue items. They solved a VRP using time
windows (VRPTW) by CPLEX solver for multiple perishable products distribution using
historical data related to a case study. A two-echelon Inventory-Routing Problem (IRP) for
perishable items was investigated by Rohmer et al. (2019). They designed three metaheuristic
algorithms to solve the problem and could compare the obtained results against CPLEX.
Rahbari et al. (2019) proposed two robust bi-objective mathematical models for VRP with
cross-docking for perishable products with the aims of cost minimization and freshness
maximization. The Lp metric method was used to provide single-objective models. Finally,
they implemented the model using CPLEX solver of GAMS software and performed
comparative analyses. In terms of greenness consideration, Golpira (2016) and Golpira
(2017Db) introduced a new model to formulate a green supply chain network through a MILP
formulation. Yavari and Zaker (2019) designed a resilient-green supply chain for perishable
products considering environmental concerns. They formulated the problem using a bi-
objective MILP model and could investigate a real case study in a dairy company. A heuristic
approach was developed by Yavari and Geraeli (2019) for designing a green closed-loop
supply chain network of perishable products. They implemented their proposed algorithm to
solve a real case study problem considering multiple products and multiple periods.

Based on the aforementioned literature review, this paper would cover the research gaps by
developing a novel bi-objective model for green 2E-CVRP with intermediate depots for
delivering perishable products. Two types of time windows are considered to define the
applicability of the perishable products in the proposed approaches. The first objective is
defined to minimize total travel costs including routing costs, usage costs of the vehicles,
loading/unloading operations costs, and earliness and tardiness penalties of IDs/customers
deliveries in the 1%/2" echelon, and the second objective is devoted to minimize the total CO2
emissions along the supply chain. Hence, a multi-objective MILP (MOMILP) model is
developed to formulate the problem with regards to the real-world assumptions. Then, the
exact e-constraint method is applied to the model in order to deal with bi-objectiveness.
Finally, reference point approach (RPA) is implemented as one of the best techniques to find
the best Pareto solution.

The remainder of this paper is organized as follows. Section 2 describes problem assumptions
and mathematical model, Section 3 introduces the proposed solution method, Section 4
represents the computational results, and finally, the conclusions and research outlook are
presented in Section 5.
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2. Problem Definition

In this section, a bi-objective model is developed and explained for the green 2E-CVRP with
intermediate depots of perishable product distribution in order to determine the optimal routes
for the vehicles in each echelon concerning economics and environmental aspects. The main
characteristics applicable to the problem are to consider hard and soft time windows
representing the nature of perishable products distributions. Serving the customers out of soft
time windows may cause some penalty cost, but it is impossible out of hard time window.
Serving out of hard time windows would lead to perished products.

Figure 1 shows this two-echelon planning for the proposed supply chain design. In this
example, 1 central depot (supplier), three IDs, and 12 customers are distributed within the
supply chain network. The central depot covers all the IDs using two first-type vehicles. ID
number 1 (ID1), ID2 and ID3 cover 4 customers, 3 customers, and 5 customers, respectively.
Note that, ID3 uses two second-type vehicles to cover all of its allocated customers. Each
vehicle in each echelon has different capacity but all have equal maximum available time.
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_—— - ! | M2 (1)

\ v

%%bl"lmrl used vehicle (type 1) LY ‘»' ) -
m 1% level used vehicle (type 2) -

Centeral Depot
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2" level used vehile (type 2)

Figure 1. The schematic scheme of the proposed two-echelon supply chain.

The main assumptions of the model are as follows:

1. The defined supply chain network consists of a central depot and a set of IDs and
customers. Products flow passing through the 1% echelon is from the depot to IDs and
in the 2" echelon is from 1Ds to customers,

Vehicles in the same echelon have the same speed, capacity and usage cost,

3. Each ID receives its freight from one or more 1% echelon (first-type) vehicles, but each
customer receives its freight from one of the 2" echelon (second-type) vehicles,

4. Each 1% echelon vehicles will return to the depot after ending their tour and each 2"

echelon vehicles will return to IDs to complete their tour after their last service,

Vehicles have a constant maximum allowable service time,

Multiple perishable products are considered in the supply chain,

IDs have a limited capacity for each type of product,

A time planning horizon is considered in the supply chain,

N

NGO
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9. Each customer has a hard and soft time window of service during each period. Serving
out of a hard time window is not possible, but serving out of a soft time window is
possible with the acceptance of penalty cost.

2.1. Sets
Set of central depots (v € Vp),

Vo

Vs Set of IDs (k € Vs),

Ve Set of customers (j € V),
P Set of products (p € P),
T Set of periods (t € T),

M, Set of 1% echelon vehicles (m, € M;),
M, Set of 2" echelon vehicles (m, € M),
i,j, kv Index of nodes.

2.2. Parameters

Cam,p Capacity of vehicle m; for product p,

Ca'm,p Capacity of vehicle m, for product p,

[Cipt Capacity of intermediate depot k for product p in period t,

Cij Distance between nodes i and j,

djpe Demand of customer j for product p in period t,

A Coefficient factor of distance to cost ($/km),

CVin, Usage cost of vehicle m;,

CV'm, Usage cost of vehicle m,,

Skp Cost for loading/unloading operations of a unit of freight for product p in intermediate
depot k,

S'ip Copst for unloading operations of a unit of freight for product p in the place of customer j,

S"p Cost for loading operations of a unit of freight for product p in depot v,

GHp, Carbon emissions in each distance unit for vehicle m; (kg/km),

GH'p, Carbon emissions in each distance unit for vehicle m, (kg/km),

2 Speed of 1% echelon vehicles (km/h),

vy Speed of 2" echelon vehicles (km/h),

Ljt Lower bound of hard time window for customer j in period t,

Uje Upper bound of hard time window for customer j in period t,

LLj Lower bound of soft time window for customer j in period t,

UUj, Upper bound of soft time window for customer j in period t,

Pe Penalty cost of earliness in delivery time,

Pl Penalty cost of tardiness in delivery time,

stlj, Unloading time of a unit of product p at the node of customer j,

St2p Loading time of a unit of product p at the node of intermediate depot k,

St3p Unloading time of a unit of product p at the node of intermediate depot k,

Sthyy Loading time of a unit of product p at the node of central depot v,

Tnax Maximum available time considered for each vehicle,

A Optional large number.

2.3. Decision variables

Xm,t A binary variable equal to 1 if the vehicle m; is used in period t; O otherwise,
X' mykt A binary variable equal to 1 if the vehicle m, is used in intermediate depot k in period t; 0
otherwise,
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2.4. Mathemati

Min21 :A

A binary variable equal to 1 if arc (i, j) in 1% echelon is traversed by vehicle m, in period
t; 0 otherwise,

A binary variable equal to 1 if arc (i, j) in 2" echelon is traversed by vehicle m, in period
t; 0 otherwise,

A binary variable equal to 1 if the customer j is served by intermediate depot k and vehicle
m,, in period t; O otherwise,

A binary variable equal to 1 if intermediate depot k is served by central depot v and
vehicle m, in period t; O otherwise,

Auxiliary integer variable for the elimination of 1% echelon sub-tours,

Aucxiliary integer variable for the elimination of 2" echelon sub-tours,

Positive variable indicating the amount of product p received from intermediate depot k in
period t,

Positive variable indicating earliness in delivery times in node j in period t,

Positive variable indicating tardiness in delivery times in node j in period t,

Presence time in node i to deliver service in period t.

cal model

Z Z ZZ Z cij(Vjmy ¢ + Yimyt)

m1€M1 m2€M2 teT kEVS ileVOUVCUVS,itj

+z Z Clexm1t+zz Z CVin, X'yt

teT m1€M1 kEVS teT mzeMz
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+ ZZZS,de]pt-I_Z Z (P€F€Jt+PlFljt)

JEV, tET peP teT jEVSUV,

@)

Minz2= > 3 > GHpcyYime+ ). D > D GHycy Vi )

mleM1t

)

M2€EM, jEV,

€T i,jEVUVs mMyEM2 teT KEV i,jEVUV,
3
Aipt Zijm,t vkelV,p€eP,teT, ©)

Z Z Zijmye = 1 VjEVLLET, 4)

M2EM, kEVg

!

m1EM1 veEV,

Z vkmye = 1 vk €Vs, t €T, (5)

Z Vhem, ¢ = Z'vemyt Vv eV, keVgm, €M,teT, (6)
iEVoUVs
Z 2 vkmyt < M Z Vorem, ¢ VveV,m €M,teT, (7)
kevs kev,

K
Z Yijmyt = Zk

i€VsUV,

ime VK EVsjEV,my €Myt €T, (8)

Z Zijm,t <M Z y,’fjmzt Vk € Vg,m, € M,,t €T, )
JEV, JEV,

! —
Z Vijmt =

JEV UV i)
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Z Yikjmzt = Z ygmzt vm, € M, i €Vs UV, t €T, k €V, (1)
JEVSUV i) JeVsUVc,i#j
Dipe Z'vkmye < ICipe VpePteT ke, (12)
m1eEM1 veVy
Yi,jmlt <M Xmqt vmy € My, t €T, (13)
i,JEVoUVs,i#j
yikjmzt S M X' ke vm, € M, t €T,k EV, (1)
i,JEVsUV c,i#]j
1
Dipt Yikem,t < Cm,p vm, EM;,;pEP,LET, )

kEVs IEVoUV,i*k
k / 16
dipt Vemye < Calmap Vm, € My,Vp € Pt €T, (16)

K€V 1,jEVSUV g i#]

tt;, = Z Z (ttl-t + C;;) Viimyt VjEVg,tET, an
MIEM1i€VoUVs,i% ] 1

tty =0 VjEVyt €T, (18)

Lip < ttyy < Uy VkEV,tET, (19)

Fegs = LLyy — tty VkeV,teT, (20)

Flyp = tty, — UUp, VkEV,tET, (21)

Cij . 22
ttj, = Z Z Z (ttit +%)yi"jm2t VjEV,tET, (22)

M2EM2 KEVs iEVsUV,i%]

Lt < ttj, < Ujy VjeV.,teT, (24)
Fejy = LLj, — ttj, vjeV,teT, (25)
Fljy > ttjy — UUj, VjeV.,teT, (26)

, CGj 27
Z Z St3kakpt + Z Z Z St4va vkmltkat + Z Z U_ yijmlt < Tmax ( )
KEVs pEP VeV KEVs peP KeVs i, jeVsOVeizj ©

vm, € MLt €T,

Ci; 28
Z Zstzkppkpt + Z Z stl,dip: + Z Z ;’2 Yot < Tmax (28)

ke€Vg peP JEVc DEP KEVs 1,jEVSUV c,i%]

vm, € M2,t €T,

0;—0j+Ayijme<A—1 Vi,j € Vg,my € My, t €T, (29)
0 =0 j+Ayfim <A-1 Vi,j € V,,m, € My, Vk €V, t €T, (30)
Xm0 X mykts J’ikjmzt: J’i/jmlt: Zjtr Z vkt € {0,1}; Dypr, Feje, Fljg, ttyy =0 (31)

0,0, € Z*Vi,j EVyUVs UV, Vm; € M;,m, € M,,Vk € Vs, t €T.

The objective function (1) minimizes total cost of the supply chain, which includes the sum
of the 1% echelon and 2" echelon vehicles routing costs, usage costs of the 1st echelon and
2nd echelon vehicles, loading/unloading operations costs in intermediate depots, loading
costs of central depots, loading operation cost in customers’ nodes, and finally earliness and
tardiness penalties in delivery times of 1Ds and customers. The second objective function (2)
minimizes total CO, emissions for the 1%t and 2" echelons’ routes. Constraint (3) calculates
the demand of IDs to supply the products in each period. Constraint (4) ensures that each
customer’s demand for products should be served in each period. Constraint (5) force that the
demand of each ID should be delivered in each period. Constraints (6) and (7) lead to a
relationship between 1st echelon routes variables and the allocation variables of the demand
of IDs to the central depot. Constraints (8) and (9) lead to a relationship between 2nd echelon
routes variables and the allocation variables of the demand of customers to the IDs.
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Constraints (10) and (11) indicate the flow balance of input and output on each echelon.
Constraint (12) limits the freight capacity of the IDs. Constraints (13) and (14) respectively
force the use of the 1st echelon vehicles at the 1st echelon and 2nd echelon vehicles in the
2nd echelon. Constraint (15) and (16) limit the freight capacity of the 1st and 2nd echelon
vehicles. Constraints (17)-(19) represent the soft time window equations for each ID.
Constraint (20) and (21) respectively determine the duration of earliness and tardiness in
giving service to IDs. Constraints (22)-(24) represent the hard time window equations for
each customer. Constraints (25) and (26) respectively determine the duration of earliness and
tardiness in serving customers. Constraints (27) and (28) set time limitation of using the 1st
and 2nd echelon vehicles. Constraints (29) and (30) also lead to the elimination of sub-tours.
Constraint (31) specifies the type of variables.

2.5. Linearization of the model

The 5% term of the first objective function caused to non-linearization of that function. So, the
following linearization expressions are applied as follows:

2 20,0 0 SwtvnPa=) ) ) ) ) S (@)

m,EM, pEP teT kEVg VEV PEP teT teET kEVs VEV g

hykm,pt < Dipt VpeP,teT keV,veEV,m €M, (33)
hokm,pt <M Z'ypmae VpEeEPteT keV;,veEVy,m €M, (34)
hvkmlpt = kat -M(1- Zlvkmlt) VpeP,te€T k€V,vEVym €M, (35)
hykm,pe = 0 VvpeP,teT keV,veEVy,m €M. (36)

Constraint (27) also turns into a linear equation by replacing the variable Ay, pe
Wlth Z,vkmlt- kat'
Constraint (15) is linearized as follows:

Z Z kat yi,km1 t= Z Z 6ikm1tp Vm, € Ml:p EP,teT, (37)

keVg IEVoUVs kevg IEVQUVs

ik i+k
6ikm1tp < kat keVsieVouVsi#+km eM,peEP,teT, (38)
Sikemytp < MM yigm1e k€Vsi€VoUVsi#+km; €M,peP,teT, (39)

5lkm tp—kat_MM(l ylkmlt) kEVS,iEVOUVS,I::/:k,mlEMl,pEP,tET, (40)
Sikmytp = 0 keVsieVouUVsi+#km, eM,peEP,teT. (41)
Linearization of Constraint (17) is as follows:

ttjyy = Z Z (ttw + ))’i’jmlt

m{EMq iEVoUVs,i%]

S5 (e S @

mqEM; iEVOUVS,ii]

VjeVsteT,
fijmye < ttit vm, € M,i€V,UV,jeV;teT, (43)
fiimye <M Yijm, ¢ vmy E M, i €V, UV, jEVtET, (44)
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fijmye = ttie = M — Yijm, ) vm, € My,i €V, UV, jeEVs,t€eT, (45)
fijm,e =0 vm, E M,i€eV,UV,jeV,teT. (46)

Constraint (22) is linearized as well as Constraint (17):

o= > > (et + o )yme ViEVoteT (47)

Mm,EM, KEVs iEVgUV,i%]

Gtim,e < tty vm, € My,i € Vg UV, Vj € Vg, Vt ET, (48)
Gimgt SM yfim. ¢ vm, € M,,i € Vs UV, Vj E Vg, VLET, (49)
Gimye = tte =ML = yfm ) Vm, € M,,i €Vs UV, VjEVgVLET, (50)
Gtim,e 2 0 vm, € M,,i EVs UV, Vj EVs VLET. (51)

After defining and applying the above linearization, the proposed model changes to a MILP
model.

In the following, several random instances in different sizes are generated and solved by the
exact g-constraint method which is coded in CPLEX solver of GAMS optimization software
to confirm the validity of the model.

3. e-constraint method

In the literature, there are many solution methods developed in order to solve and validate the
similar problems optimally including exact and approximation techniques (Alinaghian et al.,
2014; Babaee Tirkolaee et al., 2016; Tirkolaee et al., 2018a, 2018b, 2018c, 2019a, 2019b,
2019c; Mostafaeipour et al., 2019; Babaee Tirkolaee et al., 2019; Goli et al., 2019a, 2019b;
Sangaiah et al., 2019).

The exact approach of the g-constraint method is used as one of the well-known approaches
for modifying the multi-objective problems, which deal with this kind of issues by
transferring all objective functions except one of them to the constraints (Ehrgott and
Gandibleux, 2003; Golpira et al., 2017a, 2017b).

The Pareto fronts can be generated as follows (Bérubé et al., 2009):

minimize f(X)
subject to
XEX,

BX)<es, (52)
fo(X)<en.

The steps of the e-constraint method are as follows:

1. Select one of the objective functions as the main objective function.

2. Each time, according to one of the sub-objective functions, solve the problem and
obtain the optimal values of each objective function.

3. Divide the interval between two optimal values of the sub-objective functions to the
predefined number and create a table of values for &, ..., &n.

4. Each time solve the problem with each of the values of ¢, ..., en With the main
objective function.

5. Report Pareto solutions findings.

Journal of Industrial Engineering and Management Studies (JIEMS), VVol.6, No.2 Page 204



A novel multi-objective model for two-echelon green routing problem of perishable products ...

In the proposed e-constraint method, the first objective function is considered as the main
objective function and the second objective function is introduced as a sub-objective
function. Then, 8 breakpoints for the objective functions, and totally, up to 8 Pareto points are
generated. The formulation associated with the proposed problem is shown in Problem (53):

minimize f(X)
subject to (53)
fz(X)SEz.

Therefore, the best solution for the first and second objective function is found between the
Pareto fronts of the g-constraint method.

4. Computational results

In this section, to evaluate the validity of the problem, three problems with small to large
sizes are generated randomly. The input parameters are randomly generated using a uniform
distribution. Then the problems are executed on a laptop with Intel Core i7 (8GB of RAM)
using CPLEX solver of GAMS software. Information about the random samples generated
specified in Table 1. Moreover, the value of the model’s parameters is presented in Table 2.
To implement the proposed solution technique, the single-objective problems are solved
considering the 1% and 2" objectives, respectively (cf. Table 3). Then, the breakpoints can be
calculated using the obtained values for the 2" objectives (cf. Table 4). Finally, the problems
are solved for each breakpoint based on Problem (53). The Pareto fronts obtained for the
problems are depicted in Figure 2. Decision-makers would analyze the obtained Pareto
results and choose the best possible solutions according to the trade-off between objectives.
To this end, an efficient method, namely, RPA is implemented to extract the best Pareto
solution in each problem. The obtained objective values for each solution are represented in
Table 2. We should normalize the objective values due to their unit dissimilarity.

Table 1. Information for random instance problems.

Problem No. Vol Vsl Vel |P| T| |M4] |M;|
1 1 4 12 2 6 2 4
2 2 8 20 4 12 3 5
3 3 12 30 6 24 5 8
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Table 2. Parameters’ value of the proposed model.

Parameter Value Parameter Value Parameter Value
Pe 50 Cam,p Uniform(3000,5000) Ca'p,p Uniform(500,1000)
CV'm, Uniform (300,400) CVin, Uniform (100,200) ICypt Uniform(10000,20000)
Tnax 8 Skp Uniform(1,1.5) Cij Uniform(2,10)
LLj; Uniform(1.5, 4) S'in Uniform(1,1.5) djpt Uniform(10,25)
UU;; Uniform(2, 8) GHp, Uniform(0.4, 0.45) A 0.5
Pe 100 Uje Uniform(3,10) Lj; Uniform(1, 6)
St2xp Uniform(0.01,0.05) stly, Uniform(0.01,0.05) U, 60
vy 80 GH'y,, Uniform(0.4, 0.45) S" oy Uniform(1,1.5)
St3pp Uniform(0.01,0.05) Sthyy, Uniform(0.01,0.05) A 108
Table 3. Computational results for single-objective problems.
Min Obj. 1 Min Obj. 2
Problem No. Average Run Time (second)
Obj. 1 Obj. 2 Obj. 1 Obj. 2
1 817310.765 419.565 1342277.642 279.614 68.504
2 1477910.497 747.114 2131605.088 566.220 497.320
3 2664148.957 1459.353 3206489.761 1076.690 3226.657
Table 4. Different breakpoints in each problem.
Breakpoints
Problem No.
0 1 2 3 4 5 6 7
1
279.614| 299.607 | 319.6 | 339.593 | 359.586 | 379.579 | 399.572 | 419.565
2
566.22 | 592.062 | 617.904 | 643.746 | 669.588 | 695.43 | 721.272 | 747.114
3
1076.69|1131.356|1186.022|1240.688|1295.355|1350.021|1404.687 | 1459.353
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Figure 2. Obtained Pareto fronts for different-sized problems.

As can be seen in Figure 2, there is not a direct relation between two objectives, and the
Pareto fronts show a strong contradiction between two objectives. The Pareto frontier in each
problem is approximately similar considering it exactness by 8 breakpoints. As it is obvious,
we can’t keep both objectives in their optimal levels simultaneously. So, decision-makers
should choose only one point among the existing Pareto points. Each point contains different
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information for the values of decision variables and the main limitations to be
institutionalized.

On the other hand, the run time comparison of the problems (cf. Figure 3) demonstrate that
the problem has a high complexity such that it may not be solved using exact solution
techniques in large scales. Therefore, developing heuristic/meta-heuristic algorithms can be
regarded as potential future research directions.

3500
3000
2500
2000
1500

1000

Average run time value ()

500

0
1 2 3

Problem No.

Figure 3. Run time comparison of different problems.

4.1. Best Pareto Solution

This subsection proposes an effective technique to choose the best Pareto solution among the
existing ones in the front. Eventually, the selected Pareto solution of each problem can be
analyzed and implemented as the optimal planning for 2E-CVRP. Deb and Sundar (2006)
introduced RPA to determine the best point or Pareto points in multi-objective problems. This
method can be employed by either assigning or not assigning weights to the objectives. The
main idea is to identify the solutions which are close to the reference point.

The normalized Euclidean distance (dev, ) between each non-dominated solutions and the

reference point is computed using Eq. (54) so that each solution with the lowest value of
dev, has the highest priority for the decision-maker.

1=1

deVb \/ZW (f max f mll’l )2 Vb =1,2,...,8. (54)

where w, represents the weight of I™ objective in each Pareto solution, f, is the value of

objective I, z, denotes the value of the reference objective or reference point, and f, MaxX and

f MM are the maximum and minimum values for objective I, respectively. Therefore, to

choose the best Pareto solution for each problem, the values of the required parameters are
given in Table 5. These values are tuned according to the initial importance of each objective
function.
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Table 5. Parameters’ value in RPA

Parameters Values
0.6
W,
0.4
W,
Al min
£1 i
1.4
5= min
Z2 fa
1.3
max Maximum value obtained for the first objective among 8 Pareto solutions
f
1
max Maximum value obtained for the second objective among 8 Pareto solutions
f ] g
2
min Minimum value obtained value for the first objective among 8 Pareto solutions
f ] g
1
min Minimum obtained value for the second objective among 8 Pareto solutions
f
2

Now, the values obtained for dev, of each problem are represented in Table 6. The minimum
value obtained for dev, in each problem is considered as the best corresponding to its
breakpoint number; i.e., Pareto solution number. Finally, Table 7 shows the best Pareto

solutions.

Table 6. Values of dev, for each problem.

dev, of each breakpoint
Problem No.
0 1 2 3 4 5 6 7
1 1.1101.121(1.089(1.075|1.077|1.082|1.099|1.143
2 1.367|1.390(1.410(1.377|1.358|1.375|1.380|1.407
3 1.820|1.797(1.794(1.743|1.709|1.632|1.616|1.602

Table 7. Best Pareto solution for each problem.

Problem Minimum Best Pareto Solution
No. dev, Obj. 1 Obj. 2
1 1.075 1171885.783 329.641
2 1.358 1775074.114 682.419
3 1.602 2664148.957 1409.653

According to Table 7, the best Pareto solution of each problem is identified using RPA.
Hereby, the decision-maker can easily provide the foundation for implementing the optimal

policy.
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5. Conclusion

In this paper, a novel multi-objective mixed-integer linear programming model (MOMILP) is
proposed to optimize a green two-echelon capacitated vehicle routing problem (2E-CVRP) of
perishable products distribution considering hard and soft time windows. The first echelon
includes central depots as suppliers and intermediate depots as central warehouses. The
second echelon consists of intermediate depots and customers and the aim is to determine the
optimal routes for the vehicles of each echelon. The objectives are to minimize total cost and
total CO, emissions. In order to evaluate the proposed mathematical model, several problems
are generated randomly and solved using CPLEX solver of GAMS software. Moreover, the -
constraint method is applied to the model to cope with its bi-objectiveness. Finally, the
obtained Pareto solutions demonstrate an obvious contradictory between two objective
functions. Furthermore, an effective technique entitled reference point approach (RPA) is
then implemented to help the decision-maker for finding the best Pareto solution in each
problem.

For future studies, meta-heuristic algorithms can be employed to solve the large-sized
problems in reasonable run times, and we may include the other objectives such as reliability
maximization, minimization of total service time. Moreover, some real assumptions can be
incorporated in the model such as urban traffic conditions to make the model more close to
the real-world.
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