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 This paper introduces a new bi-objective vehicle routing problem that integrates the Open 
Location Routing Problem (OLRP), recently presented in the literature, coupled with the 
growing need for fuel consumption minimization, named Green OLRP (G-OLRP). Open routing 
problems (ORP) are known to be NP-hard problems, in which vehicles start from the set of 
existing depots and are not required to return to the starting depot after completing their service. 
The OLRP is a strategic-level problem involving the selection of one or many depots from a set 
of candidate locations and the planning of delivery radial routes from the selected depots to a set 
of customers. The concept of radial paths allows us to use a set of constraints focused on 
maintaining the radiality condition of the paths, which significantly simplifies the set of 
constraints associated with the connectivity and capacity requirements and provides a suitable 
alternative when compared with the elimination problem of sub-tours traditionally addressed in 
the literature. The emphasis in the paper will be placed on modeling rather than solution methods. 
The model proposed is formulated as a bi-objective problem, considering the minimization of 
operational costs and the minimization of environmental effects, and it is solved by using the 
epsilon constraint technique. The results illustrate that the proposed model is able to generate a 
set of trade-off solutions leading to interesting conclusions about the relationship between 
operational costs and environmental impact. 

© 2017 Growing Science Ltd.  All rights reserved
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1. Introduction 

 
The open vehicle routing problem (OVRP) was first proposed in the early 1980s when there were cases 
where a delivery company did not own a vehicle fleet or its private fleet was inadequate for fully 
satisfying customer demand (Schrage, 1981; Bodin et al., 1983). Therefore, contractors who were not 
employees of the delivery company used their own vehicles for deliveries. In these cases, vehicles were 
not required to return to the central depot after their deliveries because the company was only concerned 
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with reaching the last customer. Compensation was not given for any driving outside of meeting this 
goal. Thus, the goal of the OVRP is to design a set of Hamiltonian paths to satisfy customer demand. 
During the last decade, consumers, businesses and governments have increased their attentions to the 
environment. Society in general is becoming increasingly aware and concerned of the environmental 
impacts of human activities and the indiscriminate use of natural resources. A growing interest is being 
perceived in companies to assess and reduce the environmental impacts of their products and services 
(Daniel et al., 1997; Frota Neto et al., 2009). In this context, the transportation industry has a significant 
effect on the planet, because of the large quantity of fuel used in its regular operations and the 
environmental consequences and greenhouse effects of fuel consumption and pollution. As a 
consequence, Green Logistics and Green Transportation have emerged in all levels of supply chain 
management, with growing value to researchers and organizations, motivated by the fact that current 
logistics centered on economic costs without accounting for the negative impacts on the environment is 
not sustainable in the long term (Lin et al., 2014). 

During the last few years, many logistics and operations research problems have been extended to include 
environmental issues and costs related to the environmental impacts of industrial and transportation 
activities (Bektas &d Laporte, 2011; Erdogan & Miller-Hooks, 2012; Demir et al., 2014; Lin et al., 2014). 
In this paper, we present a bi-objective mathematical model that integrates Open Location Routing 
Problem (OLRP) and the minimization of fuel consumption, named Green OLRP (G-OLRP). 
Considering that the vehicles do not return to the depots, we assert that the solution to the OLRP should 
be formed by radial paths, which allows us to propose a set of new constraints focused on maintaining 
the radiality condition of the paths, hence simplifying the set of constraints associated with the 
connectivity and capacity requirements. 

Briefly, the OLRP can be stated as the following graph theoretic problem. Let G = (V, A) be a complete 
and directed graph, where V = I ∪ J is the vertex set and A is the arc set. Vertex set I = {1, 2, ..., m} 
represents the set of candidate capacitated depots to be installed. Vertex set J = {m + 1, m + 2,  ... ,  m + 
n} represents the customers to be served. Each customer j ∈ J is associated with a known non-negative 
demand of goods Dj to be delivered. Each candidate depot i ∈ I has a fictitious demand Di = 0 and has an 
unlimited fleet of identical vehicles with the same positive capacity, denoted as Q. Note that for 
feasibility, the vehicle must meet the criterion that 0<Dj≤Q for all customers j. In addition, each candidate 
depot i has limited storage capacity of goods and a set-up cost, respectively denoted as Wi and Oi. A non-
negative traveling cost Cij and non-negative traveling distance Tij are associated with each arc (i,j) ∈ A, 
and a non-negative fixed cost F is associated with the use of each vehicle. Thus, the OLRP consists of 
finding a collection of routes of minimum travelling cost connected to a set of depots with minimum 
setup cost to satisfy the following: 

 Each customer vertex is visited by exactly one route. 
 Each route begins at a depot and ends at a client, thus forming radial paths only. 
 Each customer has to be fully served when visited (no fractional deliveries). 
 The sum of the demands of the vertices visited by a route cannot exceed the vehicle capacity. 

 

In the G-OLRP, in addition to the operational costs, a second objective function is included, which 
considers emissions generated due to fuel consumption in the routes performed. The mathematical model 
for the computation of fuel consumption and total emissions is based on the forces acting on each vehicle 
during its operation. Given the inherent difficulty of aggregating these objectives into a global criterion, 
we formulate the problem as a bi-objective one. The Pareto optimal solutions for the problem can be 
found and then analyzed a posteriori by decision-makers. This model corresponds to a mixed integer 
linear formulation and was implemented in AMPL (Fourer et al., 2002) and solved with CPLEX (called 
with the optimality gap option equal to 0%), using a work station with an Intel i7 870 processor. 

The main contributions of this paper are: 
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 The OLRP is extended in the proposed G-OLRP, considering the environmental impact in terms 
of fuel consumption minimization. 

 Because it is an approach that focuses on radiality of the paths, the proposed model is well suited 
to ORP, and the results are of high quality and performance. 

 This paper presents a contribution to the discussion of OLRP, which is a new problem 
insufficiently addressed in the literature. 

 This paper presents a contribution to the discussion of green VRP, by considering the integrated 
location of multiple deposits and open routing of multiple vehicles. 

 The radial characteristic of the solution-paths may be extended to other types of problems, such 
as the VRP with backhauls (VRPB) and the electric vehicle routing problem (EVRP), which are 
all in the context of Green Transportation. 

 

2. Literature Review 

In practice, the OVRP formulation represents situations, such as: home delivery of packages and 
newspapers, school bus routing, routing of coal mines material or shipment of hazardous materials 
(Braekers et al., 2015). When considering that the vehicles depart from a set of available depots and 
finish their deliveries at their last customers, the OVRP is generalized to the case known as Multi-Depot 
OVRP (MDOVRP). Tarantilis and Kiranoudis (2002) proposed the MDOVRP for the first time within 
the context of food distribution. Since this problem is a generalization of the OVRP, the MDOVRP 
belongs to the NP-hard class; therefore, heuristic methods are commonly presented in the literature to 
find good quality solutions quickly (Dueck & Scheuer, 1990; Ho et al., 2008; Mirabi et al., 2010; Liu & 
Jiang, 2012; Yao et al., 2014). 

Liu and Jiang (2012) proposed a hybrid genetic algorithm for the MDOVRP; however, the authors 
additionally proposed a mixed integer programming (MIP) formulation, which is the first formal 
mathematical definition of the problem.The literature on exact approaches for the MDOVRP is sparse 
and has received very little attention from researchers. The most recent MIP formulation was reported 
by Lalla-Ruiz et al. (2016), in which a new mixed integer programming formulation was presented and 
compared with the unique MIP formulation given in the literature at that time (Liu & Jiang, 2012). The 
authors focused on the improvements and extensions of the Miller-Tucker-Zemlin subtour elimination 
constraints, always considering that each vehicle departs from one of the available depots and finishes at 
the last customer it serves. As already mentioned above, when in the OVRP a set of candidate depots to 
be installed is considered, the resulting problem is known as the OLRP. This problem was recently 
introduced by Yu and Lin (2015), who also proposed an exact mathematical model to solve scenarios up 
to 50 clients and five depots with gaps close to zero. Additionally, they proposed a heuristic algorithm 
based on simulated annealing, which consists of two stages. First, an initial solution was constructed with 
a greedy approach, and second the initial solution was improved with a simulated annealing procedure 
with three search mechanisms: exchange, insertion and 2-opt movements. The proposal was also 
validated with adapted cases from Barreto et al. (2007), Prins et al. (2006) and Tuzun and Burke (1999). 

About green issues in vehicle routing, the reduction of indirect green-house gases emissions, addressed 
in the vehicle routing problem, represents one of the most common objectives to be optimized. The cost 
of a route depends on several factors that can be divided into two sets. In the first set are included: 
distance, weight, speed, path conditions, a percentage of fuel that is generally associated to the unit of 
distance, and fuel costs. The second set of factors does not have direct relationship on the travel 
programming and includes tire and vehicle depreciation, maintenance, driver wages, taxes, among others 
(Palmer, 2007; Boriboonsomsin et al., 2010). Comparing the two sets, the first set of factors are directly 
related to fuel consumption and therefore can be considered as a variable cost or cost of fuel. Also, if 
other factors remain constant, fuel consumption depends mainly on the distance and load. Entities for 
environmental impact analysis in the transport sector indicate that there is a strong correlation between 
the gross vehicle weight and distance traveled using given amount of fuel, see for instance Xiao et al. 
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(2012). Kara et al. (2007) is one of the first publications that considers minimizing the fuel consumption 
where they define the Energy Minimizing Vehicle Routing Problem (EMVRP) as the CVRP in which 
the objective function is a product of the total load (including the weight of the empty vehicle) and the 
length of the arc. Figliozzi (2010) compares different levels of traffic congestion and vehicle speeds, to 
formulate and solve the problem called Emissions Vehicle Routing Problem (EVRP). The problem is an 
extension of the VRPTW. Greedy heuristic is the solution technique used by the author. 

In Bektas and Laporte (2011), the authors consider factors such as speed, vehicle load and travel costs. 
The load and travel speed are factors that can be controlled. They have submitted four mathematical 
formulations for the Pollution Routing Problem (PRP) by considering time windows, speed, load, 
velocity. Branch-and-Cut is the solution technique chosen, using CPLEX 12.1. Suzuki (2011) develops 
an approach to the time-constrained, multiple stop, truck routing problem that minimizes the fuel 
consumption and pollutants emission to solve the traveling salesman problem with time windows 
(TSPTW). Their results suggest the approach may produce up to 6.9% in fuel savings over existing 
methods. The solution technique used was the compressed annealing. Xiao et al. (2012) define the Fuel 
Consumption Vehicle Routing Problem (FCVRP) and propose Fuel Consumption Rate (FCR) as a load 
dependent function, adding it to the classical CVRP to extend traditional studies on CVRP with the 
objective of minimizing fuel consumption. The methodology for solving the problem was based on the 
simulated annealing algorithm with a hybrid exchange rule to solve it. Their results show that the FCVRP 
model can reduce fuel consumption by 5% on average compared to the CVRP model. 

Erdogan and Miller-Hooks (2012) introduce the Green Vehicle Routing Problem (G-VRP). The G-VRP 
is formulated as a mixed integer linear program. The solution method is based on two construction 
heuristics and the Modified Clarke and Wright Savings formulation of Bektas and Laporte (2011). Two 
construction heuristics, the Modified Clarke and Wright Savings heuristic and the Density-Based 
Clustering Algorithm, and a customized improvement technique, are developed. Results of numerical 
experiments show good performance of the heuristics. Moreover, problem feasibility depends on 
customer and station location configurations. Pradenas et al. (2013) formulate a model with emissions of 
greenhouse gases for the VRPB problem (VRP with Backhauls). Ubeda et al. (2011) present a case study 
considering environmental criteria based on real estimations. Other approximations that use 
metaheuristics can be found in Demir et al. (2012) and Jemai et al. (2012). Demir et al. (2014) propose 
the bi-objective Pollution Routing Problem (PRP), as an extension of the PRP, which consists of routing 
a number of vehicles to serve a set of customers, and determining their speed on each route segment. 
Two objective functions related to minimization of fuel consumption and driving time are proposed. 
Several multi-objective optimization techniques are developed and tested for the problem, finding trade-
offs between fuel consumption and driver times. 

Kücükoglu et al. (2013) present the G-CVRP optimization model, in which fuel consumption is computed 
considering the vehicle technical specifications, vehicle load and the distance. Fuel consumption equation 
is integrated to the model through a regression equation proportional to the distance and vehicle load. 
The GCVRP optimization model is validated by various instances with different number of customers.  
The authors present a mixed integer programming model, solving it with Gurobi 5.10. Recently, Lin et 
al. (2014) and Toro et al. (2016) presented an extensive literature review on Green Vehicle Routing 
Problems. 

3. Proposed Model for the Green OLRP 

In this section we introduce the proposed bi-objective formulation for the G-OLRP. In the first 
subsection, the mathematical model used to compute the fuel consumption of a vehicle between two 
nodes is presented. The model is developed based on the forces acting on the vehicle and a detailed 
extension of this model can be found in Golden et al. (2008). In the second subsection, the model for the 
G-OLRP is presented. 
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3.1 Computation of fuel consumption and total emission 
 

In Toth and Vigo (2014), the analytical models for fuel consumption are classified into three classes, 
namely (i) emission factor models, (ii) average speed models, and (iii) modal models. In this paper an 
emission factor model is used which is expressed per unit of distance assuming constant speed. Eq. (1) 
represents one of the objectives of G-OLRP, consisting in the minimization of the fuel consumption and 
the total emission associated with this fuel consumption. 

2
, ,

ij ij ij ij
i j V i j V

E T s E T l 
 

    . (1)

The expression for the fuel consumption is formed by two parts. The first part, multiplied by α, 
corresponds to the amount of energy required considering the unloaded vehicle, where sij are the active 
arcs. The second term, multiplied by γ, corresponds to the amount of extra energy required considering 
the load carried on that arc, where lij represents the flow of goods transported by a vehicle through the 
arc (i,j) ∈ A. α is a parameter representing how much energy an unloaded vehicle spends in crossing the 
arc and is given in J/km. γ is a parameter representing the additional energy (per unit of load) that a loaded 
vehicle spends in that arc and is given in J/km-ton. Finally, both terms are multiplied by E, which is the 
total emission per unit of energy (kg of CO2/J ),  giving the total emission associated with the solution, 
which is calculated as: 

E = E1 × E2, (2)

where E1 is a conversion factor representing the amount of fuel required (gallons/J) and E2 is another 
conversion factor representing the amount of emission per unit of fuel (kg of CO2/gallons). The 
developed model for computing emission is linear and defined as an objective in our formulation. 

3.2 Problem formulation 
 

The model is a two-index vehicle flow formulation that uses two binary decision variables: 

– sij = 1 if arc (i,j) ∈ A is used and takes value 0 otherwise 
– yi = 1 if a depot is set-up at vertex i ∈ I 
 

Additionally, a real variable lij that represents the flow of goods transported by a vehicle through the arc 
(i,j) ∈ A is used. The standard CLRP is often criticized because its objective function combines facility 
locations determined at a strategic level, while vehicle routes are optimized at the operational level. For 
this reason, we propose to put all the values in the same time horizon according to that opening cost and 
route cost by considering the Net Present Value (NPV) to the lessee, as expressed in (3), see (Trigeorgis, 
1996): 

0 0
0 (1 )

N
t

t
t

I
NPV V V I

r

   
  

(3)

with 

It = Lt(1 − T) + DtT (4)
r = rB(1 − T) (5)

 

In these equations, V0 is the current value (cost) of the leased asset, Lt is the lease rental payment at time 
t, Dt is the depreciation expense at time t, T is the lessee’s effective corporate tax rate, rB is the before tax 
cost of borrowing, and N is the life, i.e. maturity of the lease. In this way, Oi

NPV represents the NPV of 
the leasing cost associated to the use of a facility i ∈ I and FNPV is the NPV of the leasing cost associated 
to the use of a vehicle, assuming Fk = F, ∀k ∈ K. The two-index vehicle flow formulation for the bi-
objective OLRP is defined as follows: 
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The objective function (6) minimizes operating costs, which correspond to the total travelling cost of the 
radial routes used to deliver the goods to the costumers, the sum of the setup cost of depots and the fixed 
cost associated with use of each vehicle. The second objective (7) models the fuel consumption and the 
total emission associated to this fuel consumption. Note that in the optimal solution the routes have a 
radial configuration in which they start at the depot and end up at a client. Thus, the set of constraints (8) 
and (9) impose the radial connectivity requirements of the OLRP as described below.  

The topology of open routing problems (ORPs) can be considered a graph consisting of x arcs and y 
nodes (y= |V|). As it is shown in (Lavorato et al., 2012; Bazaraa et al., 2011), in case there is only one 
depot, it is possible to compare the radial topology of an open problem with a tree, which is a subgraph 
connected with x−1 arcs. For m depots, the radial characteristic requires a subgraph connected with x − 
m = |J| arcs. Therefore, it can be seen that the radial connectivity requirements impose that the cardinality 
of J (number of customers) must be equal the number of arcs used in the optimal solution, as is guaranteed 
by the constraint (8). However, this single condition is not sufficient for radial solutions, since it must 
ensure proper system connectivity through the set of constraints (9), which guarantees the balance of 
demand flow in each customer so that it is fully served when visited. 

In general, one can state that the topology of an ORP with y nodes is radial if it satisfies the two following 
conditions: 

– Condition 1: the solution must have x − m arcs; 
– Condition 2: the solution must be connected. 
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Constraint (10) imposes that exactly one arc enters to each vertex associated with a customer. 
Consequently, the outdegree constraint (11) imposes that exactly one arc leaves each vertex associated 
with a customer, except for those customers who are at the end of the route. The uni-directional constraint 
(12) ensures that only one of the two variables sij or sji must be used. 

Constraints (13) and (14) impose both the depot and vehicle capacity requirements, respectively. 
Constraints (15) and (16) impose capacity requirements of flow of goods transported. Finally, constraints 
(17) and (18) define all binary decision variables, and constraint (19) defines the real variable. 

3.3 Multi-objective optimization 
 

Multi-Objective Optimization (MOO) is the computational process of simultaneously optimizing two or 
more conflicting objectives subject to a set of constraint functions. In MOO, the main focus is on to 
produce trade-off solutions representing the best possible compromises among different (possibly 
conflicting) objectives. 

In this paper, we approach the proposed multi-objective problem using an a posteriori methodology, in 
which the optimization returns some Pareto-optimal solutions, leaving the decision-making process to a 
post-optimization stage (Marler and Arora, 2009). 

In order to solve the multi-objective problem, one can adopt parameterized scalar problems, whose 
solution leads to a Pareto-optimal solution. For further discussion on multi-objective methods, we refer 
to (Miettinen, 1999; Ehrgott and Gandibleux, 2002; Marler and Arora, 2009). In the ò-constraint method, 
one objective is selected to be optimized, while the others are converted into inequality constraints by 
imposing upper boundsò. 

1min ( )x
x
  (20)

( )k kx         k = 2,...,m  (21)

x   
 

Cohon and Marks (1975) show that the ò-constraint method can be derived from the Kuhn-Tucker 
conditions for optimality for a MOO problem. A systematic variation of the parameters  kò can yield 

Pareto optimal solutions (Marler and Arora, 2009). If it exists, a solution to the ò-constraint formulation 
is weakly Pareto optimal, as shown in (Miettinen, 1999). Moreover, if the solution is unique, then it is 
Pareto-optimal. 

For more than two objectives, the ò-constraint formulation can lead to infeasibility problems, for some 
combinations of values of kò . Nevertheless, for two objectives, as is the case in our formulation, the 

method can yield Pareto optimal solutions with a systematic variation of ò. In order to generate points on 
the Pareto front, first we optimize each objective individually with the original constraints of the model 
and neglecting the other objective. This yields the minimum and maximum values of each objective that 
contain the Pareto front. Intermediate points on the front are obtained with discrete steps, varying ò within 
the minimum and maximum range. The generation of the Pareto front is independent of which objective 
is chosen to be minimized. If we select Ψ1 as objective and convert Ψ2 into a constraint or vice-versa, the 
result is practically the same, the Pareto front is obtained regardless of the selected objective. 
Nonetheless, we have observed in our experiments that when the emission (Ψ2) is used as objective and 
the operational costs (Ψ1) are posed as a constraint, the model is solved much faster than when the 
converse is done, allowing the solution of larger instances. 

4. Computational results 
 

In this study the test scenarios correspond to instances of the literature to the capacitated location-routing 
problem presented in (Prins et al., 2007), which include 20, 50, 100 and 200 customers and from 5 to 10 



  

 

210

deposits. The calculation of consumption of the vehicle was taken from the report of University of 
Michigan: Transportation Research Institute (2014), in which it is established that the average fuel 
consumption of a vehicle with these characteristics is 1 gallon per 15.81 km traveled. This value was 
used as a reference for calculating vehicle consumption at full load, which was estimated at 12 km per 
gallon. As for the amount of emissions per gallon of gasoline, we consider 8.70645kg of CO2 per gallon, 
this information is related to the fuel consumption guide (Gouvermment of Canada, 2015). In this report 
CO2 emissions vary according to the type of fuel used and engine characteristics such as size, type, 
vehicle brand and optimum cruising speed. The cost of emissions is calculated based on quoted prices 
presented in (SENDECO2, 2014). The value of 0.009 USD per kg of CO2. To quantify the price of a 
gallon of gasoline was consulted online1. This information is set according to the territory where the case 
study is contemplated. In our case, this parameter was 3.92 USD per gallon. The mathematical model 
was solved under CPLEX 12.5 (ILOG, 2008) on a computer Intel Core i7-4770 3.4 GHz, 16 GB of RAM 
and written in AMPL: A Modeling Language for Mathematical Programming (Fourer et al., 2002). The 
method used to generate the Pareto front is the ò-constraint method, using Ψ2 as objective and Ψ1 as a 
constraint. Sixteen instances used by Prins et al. (2007) are used in order to verify the efficacy of the 
proposed model and to confirm the observation that by increasing the number of vehicles the fuel 
consumption and hence total emission can be reduced, in the context of OLRP considering fuel 
consumption minimization. 

In all the instances analyzed, we have obtained a Pareto front representing the trade-off between green-
house gases emissions and operational costs. In order to better analyze the characteristics of the solutions 
on the Pareto front and to get better insights about the nature of this trade-off, we compare in Fig. 1 three 
representative points from the Pareto front obtained for the instance 100 10 2b. Point A corresponds to 
the minimization of Ψ1 (operational costs), point C corresponds to the minimization of Ψ2 (environmental 
impact) and point B corresponds to the solution selected by the min-max criterion (or minimization of 
maximum regret), which usually corresponds to a middle point on the Pareto front, a point that minimizes 
the maximum deviation to the minimum of each objective. Interesting characteristics can be observed 
from the analysis of Fig. 1. Point A is a solution characterized by minimum number of depots and 
vehicles, leading to longer routes connecting the clients to the depots. This solution involves employing 
less vehicles, operating fully loaded under longer routes, which in turn generates greater fuel 
consumption and consequently greater emission of green-house gases. With less vehicles, the amount of 
cargo per vehicle increases, which affects directly the fuel consumption, leading to a high value in the 
objective function Ψ2.  

Point C, on the other extreme of the Pareto front, is related to the minimization of objective function Ψ2 
(environmental impact). This solution presents a greater number of depots and routes than the solution 
of point A. In this way, the routes that connect the customers to the depots are shorter on average, 
implying shorter paths and fast deliveries of the load. As a consequence, the vehicles presents less fuel 
consumption overall and less emission of green-house gases.  It is intuitive that more fuel will be 
consumed if more vehicles are used. However, in the context of CLRP considering fuel consumption 
minimization, generally using more vehicles does not imply lengthening the travel distance. It is 
interesting to notice that by increasing the number of vehicles the fuel consumption and hence total 
emission can be reduced. Using few vehicles at full capacity does not necessarily imply in fuel economy, 
whereas using more vehicles, not fully loaded, can translate into reduced fuel cost and less environmental 
impact.  

In the long term, by having more depots and more routes, the fuel economy can balance out the initial 
investment costs. Another aspect influencing the minimization of emission is that the vehicles tend to be 
dispatched to attend those clients with higher demand. Heavier loads are delivered earlier in the route, 
decreasing the weight of the vehicle and contributing to the reduction of emissions. 

                                                            
1 http://es.globalpetrolprices.com/gasoline_prices/ 
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Fig. 1. Pareto front and three representative optimal solutions for the instance 100_10_2b used by Prins et al. (2007) 

 
Point B was selected according to the min-max criterion. This solution is characterized by an medium 
number of depots and vehicles with medium length paths. Similarly to the previous cases, it is possible 
to note how the number of depots affects the length of the paths connecting customers and depots. This 
solution corresponds to a balance between operational costs and total emissions. The reduction of 
operational costs favors solutions with longer routes, few vehicles and depots. From the perspective of 
environmental impact, the reduction of emissions leads to solutions with more vehicles and shorter 
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routes, usually attending clients with higher demand first. Other solutions along the Pareto front represent 
different trade-off configurations between these two objectives. 

Table 1  
Computational results for instances used by Prins et al. (2007) 

In
st

an
ce

 

No. 
of 

routes 
No. of 
depots 

Ψ1      
(USD) 

Ψ2         
(kg CO2) 

Cost of 
routes 
(USD) 

Cost of 
depots 
(USD) 

Cost of 
vehicles 
(USD) 

Fuel cost 
(USD) 

Fuell 
(Gallon) 

Run time 
(seconds) 

 
 
 

Optimal Pareto front 

20
_5

_1
a 

5 3 43,849 121,683.43 17,691 21,158 5,000 96,787.28 13,986.60 9 

 

6 3 44,608 120,023.93 17,450 21,158 6,000 95,467.31 13,795.85 30 

6 3 45,351 94,930.16 13,802 25,549 6,000 75,507.67 10,911.51 1 

6 3 46,455 92,351.68 13,427 27,028 6,000 73,456.74 10,615.14 2 

7 3 47,292 91,230.23 13,264 27,028 7,000 72,564.74 10,486.23 12 

7 4 52,317 83,897.99 12,198 33,119 7,000 66,732.66 9,643.45 3 

7 5 63,110 83,567.84 12,150 43,960 7,000 66,470.05 9,605.50 2 

20
_5

_1
b 

3 2 33,564 103,630.63 15,067 15,497 3,000 82,428.04 11,911.57 4 

 

4 2 33,729 97,886.13 14,232 15,497 4,000 77,858.86 11,251.28 2 

4 2 37,980 97,633.45 14,195 19,785 4,000 77,657.87 11,222.24 2 

4 3 45,909 97,157.09 14,126 27,783 4,000 77,278.97 11,167.48 1 

4 3 46,267 96,152.93 13,980 28,287 4,000 76,480.26 11,052.06 1 

5 3 47,018 94,440.23 13,731 28,287 5,000 75,117.98 10,855.21 4 

5 4 59,231 93,938.15 13,658 40,573 5,000 74,718.62 10,797.49 4 

5 3 41,125 91,864.45 13,356 22,769 5,000 73,069.20 10,559.13 2 

20
_5

_2
a 

                    

 

6 3 41,798 89,615.08 13,029 22,769 6,000 71,280.04 10,300.58 10 

6 3 42,528 84,820.59 12,332 24,196 6,000 67,466.49 9,749.49 7 

8 3 44,198 82,549.56 12,002 24,196 8,000 65,660.11 9,488.45 8 

10 4 53,727 78,284.89 11,382 32,345 10,000 62,267.98 8,998.26 2 

9 5 66,594 77,026.29 11,199 46,395 9,000 61,266.89 8,853.60 1 

10 5 67,527 76,565.04 11,132 46,395 10,000 60,900.01 8,800.58 2 

                    

20
_5

_2
b 

                    

 

3 2 32,520 107,359.49 15,609 13,911 3,000 85,393.99 12,340.17 0 

4 2 33,041 104,061.39 15,130 13,911 4,000 82,770.67 11,961.08 1 

4 2 39,361 93,689.21 13,622 21,739 4,000 74,520.62 10,768.88 1 

5 2 40,228 92,774.04 13,489 21,739 5,000 73,792.69 10,663.68 0 

6 3 53,439 83,557.15 12,149 35,290 6,000 66,461.55 9,604.27 0 

7 3 54,330 82,807.37 12,040 35,290 7,000 65,865.17 9,518.09 0 

                    

50
_5

_1
a 

                    

 

                 

12 2 64,217 253,340.32 36,832 15,385 12,000 201,507.48 29,119.58 30,226 

14 3 69,763 208,553.33 30,321 25,442 14,000 165,883.80 23,971.65 2,616 

13 4 78,100 205,754.10 29,914 35,186 13,000 163,657.29 23,649.90 703 

14 4 79,061 205,485.40 29,875 35,186 14,000 163,443.56 23,619.01 491 

14 5 92,652 205,100.22 29,819 48,833 14,000 163,137.19 23,574.74 538 

50
_5

_1
b 

                    

 

                 

6 2 49,114 190,721.62 27,729 15,385 6,000 151,700.42 21,922.03 138 

8 2 51,074 190,446.22 27,689 15,385 8,000 151,481.36 21,890.37 305 

9 3 59,418 171,782.80 24,976 25,442 9,000 136,636.44 19,745.15 11 

9 4 73,009 171,397.62 24,920 39,089 9,000 136,330.06 19,700.88 9 

                 

50
_5

_2
a 

                    

 

12 3 68,121 184,350.98 26,802 29,319 12,000 146,633.19 21,189.77 20276 

13 3 69,053 183,882.88 26,734 29,319 13,000 146,260.87 21,135.96 11,782 

14 4 81,528 161,677.98 23,506 44,022 14,000 128,599.04 18,583.68 90 

15 4 82,491 161,423.56 23,469 44,022 15,000 128,396.67 18,554.43 63 

16 4 83,480 161,347.34 23,458 44,022 16,000 128,336.05 18,545.67 66 

                    

50
_5

_2
b 

6 3 57,355 151,564.56 22,036 29,319 6,000 120,554.80 17,421.21 152 

 

6 3 59,242 141,192.58 20,528 32,714 6,000 112,304.90 16,229.03  

7 3 59,902 138,853.67 20,188 32,714 7,000 110,444.53 15,960.19 19 

7 3 62,208 138,413.21 20,124 35,084 7,000 110,094.18 15,909.56 34 

7 4 70,789 135,956.99 19,767 44,022 7,000 108,140.50 15,627.24  

8 4 71,640 134,931.79 19,618 44,022 8,000 107,325.06 15,509.40 5 

9 4 72,611 134,731.32 19,589 44,022 9,000 107,165.60 15,486.36  
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Table 1  
Computational results for instances used by Prins et al. (2007) (Continued) 

In
st

an
ce

 

No. of 
routes 

No. of 
depots 

Ψ1        
(USD) 

Ψ2          
(kg CO2) 

Cost of routes 
(USD) 

Cost of 
depots 
(USD) 

Cost of 
vehicles 
(USD) 

Fuel cost 
(USD) 

Fuell 
(Gallon) 

Run time 
(seconds) 

 
 
 

Optimal Pareto front 

50
_5

_2
bi

s 

                    

 

                 
12 3 60,052 194,432.67 28,267 19,785 12,000 154,652.19 22,348.58 1500 
13 3 60,971 193,875.28 28,186 19,785 13,000 154,208.84 22,284.51 487 
                 
                 

                    

50
_5

_2
b_

bi
s 

                 

6 3 41,193 113,009.46 16,430 18,763 6,000 89,887.98 12,989.59 12 

6 3 41,636 112,762.00 16,394 19,242 6,000 89,691.15 12,961.15 14 

7 3 42,612 112,596.80 16,370 19,242 7,000 89,559.76 12,942.16 61 

6 4 48,658 112,486.67 16,354 26,304 6,000 89,472.16 12,929.50 14 

                 

50
_5

_3
 

12 2 62,581 217,489.78 31,620 18,961 12,000 172,991.87 24,998.83 4984 

13 3 73,243 191,350.67 27,820 32,423 13,000 152,200.76 21,994.33 412 

13 3 77,416 182,009.65 26,462 37,954 13,000 144,770.89 20,920.65 77 

13 4 82,120 179,093.21 26,038 43,082 13,000 142,451.15 20,585.43 54 

14 4 82,979 178,122.42 25,897 43,082 14,000 141,678.99 20,473.84 27 

                    

50
_5

_3
b 

6 2 46,584 205,469.41 29,873 10,711 6,000 163,430.84 23,617.17 525 

7 2 51,354 174,651.96 25,393 18,961 7,000 138,918.57 20,074.94 247 

7 3 56,746 173,338.34 25,202 24,544 7,000 137,873.71 19,923.95 323 

8 3 61,726 168,349.99 24,477 29,249 8,000 133,905.97 19,350.57 96 

8 3 64,316 164,334.19 23,893 32,423 8,000 130,711.79 18,888.99 25 

8 3 69,639 162,903.87 23,685 37,954 8,000 129,574.11 18,724.58 22 

8 4 74,515 161,169.13 23,433 43,082 8,000 128,194.30 18,525.19 6 

10
0_

5_
1b

 

                    

                 

12 3 189,438 306,409.19 44,548 132,890 12,000 243,718.58 35,219.45 33,631 

15 3 201,401 291,558.63 42,389 144,012 15,000 231,906.41 33,512.49 3,694 

17 4 248,818 287,705.47 41,829 189,989 17,000 228,841.60 33,069.59 32,308 

18 5 291,210 285,669.29 41,533 231,677 18,000 227,222.01 32,835.55 76,883 

                 

                    

10
0_

10
_2

b 

11 3 190,280 229,207.25 33,324 145,956 11,000 182,311.98 26,345.66 66,497 

13 3 193,245 210,875.65 30,659 149,586 13,000 167,730.97 24,238.58 72,779 

14 4 239,820 205,749.88 29,914 195,906 14,000 163,653.93 23,649.41 44,238 

14 4 241,796 202,826.54 29,489 198,307 14,000 161,328.70 23,313.40 1,965 

16 5 295,934 200,225.53 29,111 250,823 16,000 159,259.85 23,014.43 1,378 

14 6 349,058 199,215.84 28,964 306,094 14,000 158,456.74 22,898.37 4,528 

16 6 350,987 198,726.46 28,893 306,094 16,000 158,067.48 22,842.12 1,510 

17 6 351,966 198,580.45 28,872 306,094 17,000 157,951.35 22,825.34 1,279 

20
0_

10
_1

a 

48 3 400,053 675,545.54 98,213 253,840 48,000 537,330.47 77,648.91 65,566 

53 7 787,817 454,157.03 66,028 668,789 53,000 361,237.55 52,201.96 28,368 

54 8 888,669 436,995.36 63,533 771,136 54,000 347,587.12 50,229.35 12,504 

57 8 939,656 435,213.64 63,274 819,382 57,000 346,169.93 50,024.56 77,822 

56 9 1,014,08
6

429,937.58 62,507 895,579 56,000 341,973.34 49,418.11 76,870 

58 10 1,103,79
4

424,435.12 61,707 984,087 58,000 337,596.67 48,785.65 26,614 

                    

20
0_

10
_2

b 

                    

                 

23 3 350,257 322,497.10 46,887 280,370 23,000 256,514.93 37,068.63 71,118 

27 6 692,466 280,542.94 40,788 624,678 27,000 223,144.50 32,246.31 53,679 

27 7 816,443 277,199.73 40,302 749,141 27,000 220,485.30 31,862.04 30,562 

27 7 816,389 276,828.46 40,248 749,141 27,000 220,189.99 31,819.36 33,143 

                 

                    

 
Table 1 presents the results obtained with the proposed model in 16 instances. Columns 2-5 show 
information about the optimal solution in three different points on the Pareto front: number of routes, 
number of depots, value of objective function Ψ1, value of objective function Ψ2. Columns 6-8 present 
the discrimination of the three terms in the first objective of operational costs, which correspond to the 
total travelling cost of the radial routes used to deliver the goods to the costumers, the sum of the setup 
cost of depots and the fixed cost associated with the use of each vehicle, respectively. Columns 9-10 
present the discrimination of the terms in the second objective of emission Ψ2, which correspond to the 
fuel consumption and the total emission associated to this fuel consumption. Column 11 reports the 
required computational time and column 12 shows the points on the Pareto front obtained with the ǫ-
constraint method. This last column also allows us to conclude that the proposed model is able to generate 
a set of trade-off solutions for the problem. In the results, we were able to obtain solutions with GAP 
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equal to zero for instances up to 20 customers. In instances with 50 customers, most solutions obtained 
have GAP equal to zero and few solutions were obtained with GAP less than 3%. In instances with 100 
customers, solutions were obtained with GAP inferior to 2% and in instances with 200 customers, with 
GAP less than 3%. We have observed in our experiments that when the emission (Ψ2) is used as objective 
and the operational costs (Ψ1) are posed as a constraint, the model is solved much faster than when the 
converse is done, allowing the solution of larger instances. Usually, when minimizing emissions, the 
number of selected depots is greater and therefore the complexity of the problem is lower, what reflects 
on the computation time required for the solution. Finally, it is interesting to highlight that the solutions 
obtained with the relaxation of (Ψ1) correspond to the Pollution-Routing Problem (PRP). Therefore, the 
results reported here can be considered as a reference for comparison with the single objective PRP. 

5. Conclusions and future work 
 

This paper proposed a multi-objective model for the G-OLRP considering fuel consumption. The model 
proposed is a bi-objective problem, considering the minimization of operational costs and the 
minimization of environmental effects. The proposed model for the calculation of particle emission was 
developed under assumptions close to the real scenario, assuming constant speed. The model can be 
adjusted for more complicated scenarios, for instance, considering an average inclination between any 
pair of nodes, varying speed, conditions of the road, heterogeneous fleet, among others. These variations 
will affect the values of the parameters α and γ, possibly with different values for each arc. 

The use of radiality constraints in the solution of open VRP has been very effective, which was motivated 
by the radial topology of open routes. The proposed mathematical model can serve as a reference to the 
solution of larger instances, in which other strategies can be employed, such as hybrid methods, 
heuristics, meta-heuristics, math-heuristics, set partitioning. The multi-objective approach to this 
problem is entirely appropriate, since the trade-off between economic aspects and environmental aspects 
can be selected from the Pareto front using a decision-making process. The fuel consumption is affected 
by the number of depots and the number of vehicles. The use of more vehicles implies a better distribution 
of the cargo per vehicle. However, when reducing emissions, one can find short routes, vehicles traveling 
with moderate load and delivering higher loads first. From the point of view of environmental impact, 
more vehicles performing shorter routes and serving as soon as possible those customers with higher 
demand seems to be the preferred strategy. In future work we should explore other methodologies for the 
calculation of fuel consumption and should consider aspects such as the slope of the road and vehicle 
speed in different edges. 
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