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Abstract

Despite its negative impacts, freight transportation is a primary component of all supply chains.

Decision makers have considered diverse strategies, such as Horizontal Collaboration (HC) and
the usage of alternative types of vehicles, to reduce overall cost and the related environmental
and social impacts. This paper assesses the implementation of an electric fleet of vehicles in
urban goods distribution under HC strategy between carriers. A biased randomization based
algorithm is used to solve the problem with a multi-objective function to explore the relationships

between both delivery and environmental costs. Real data from the city of Bogot4, Colombia are
used to validate this approach. Experiments with different costs and demands projections are
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performed to analyze short- and medium-term impeedtged to the usage of electric vehicles in
collaborative networks. Results show that the ogtirselection of vehicle types depends
considerably on the time horizon evaluation and atervariation.

Keywords: Urban Freight Transport; Horizontal Collaborati®@ustainability; Electric Vehicles;
Multi-objective Optimization; Case Study.

1. Introduction

Transportation plays a very important role in modsociety. It is essential for economic
development taking into account that globalizatioas led to an increasing demand for
transported goods. Indeed, according to Moore andliRdi (2013, p. 5), “economically and
socially vibrant urban areas cannot exist withogystem for moving people, goods and services.
The health of cities, and their ability to generateome and wealth for their inhabitants is
improved if the transportation system is efficientransportation accounts for 47% of total
transportation of goods in the European Union, 3@%he USA, and 64% in Japan (Pérez-
Bernabeu et al., 2015). Overall, it is estimateat thorld freight transport activity will grow up
by 82%, between 2005 and 2050 (European Commigfafta, b). However, transportation has
also negative externalities such as noise, pohugiod traffic congestion. Furthermore, transport
sector has been largely recognized as a majoribatdr to climate change. As a matter of fact,
in the European Union, road transportation is rasjibe for the generation of about 82% of the
COz emissions and about 18% of the current Green H@ae (GHG) emissions (Hill et al.
2012), while in the United States of America, in130 the transportation end-use sector
accounted for a large part of @OCHs and NO emissions from fossil fuel combustions.
Moreover, according to the United Nations (201dgnsport activities account for about 25% of
global GHG emissions in the Asia and Pacific regidmong various transportation sources, the
light duty vehicles were the main pollutant facthre to the fact they increased by 35% the
distance traveled in the period 1990-2013, cauait®% release of GQemissions from fossil
fuel combustions in 2013 (Nejat et al. 2015). Glghdransportation accounted in 2011 the 22%
of direct CQ emissions and the 1% of indirect ones (Nejat 2@l5). All these factors call for a
better planning on transportation activities. Hoamgwnany efforts for reducing emissions in this
sector have not been very successful (Silva and-&atro, 2016). Within these efforts, transport
companies have tried to improve management practigemplementing cleaner technologies in
order to increase environmental benefits (or degre@gative externalities).

At the operational decision-making level, goods$gortation is one of the most significant
components of distribution logistics in supply ichananagement (Tsao and Lu, 2012). It is
hence relevant to continuously enhance plannindhoaist for distribution activities and induce
the collaboration of the actors involved by aligntheir interests to increase the efficiency of the
whole operation. From the optimization point of wjethe problem of goods transportation is
represented by the Vehicle Routing Problem (VRP)islindeed the most famous problem
regarding transportation planning (Toth and Vigal4#). The VRP first appeared in the academic
literature with the work of Dantzig and Ramser (@P5ince then, this problem has been widely
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studied by the academic community yielding to dédfe variants inspired from real-life
applications (see for example the literature sy (Toth and Vigo 2014, Montoya-Torres et
al. 2015, Braekers et al. 2016, Ko¢ et al. 2016,o0Moet al. 2016). Nowadays, with the
increasing concern on environmental and sustaindéelopment issues in logistics decision-
making, current research on VRP has focused onnttiasion of environmental issues. This
research line is often referred to as the GreenidieliRouting Problem (GVRP), which is an
emerging area of research (Lin et al. 2014). Amthegdifferent research directions in GVRP,
the search for alternative fuels has led to theodhiction of clean energy technologies, such as
electricity, ethanol, hydrogen, compressed natgsasl, etc. (Erdogan and Miller-Hooks, 2012).
The current paper focuses on this direction ofGMRP: using clean energy vehicles.

In addition, because of the globalization of masketew trends have appeared in the retall
industry. Traditionally, transportation organizaso(carriers) relied on their internal potential to
reduce costs and increase profitability. Most camgs however, have applied optimization

techniques to the point where no further improvenadtheir own processes is attainable. In
order to survive under the ever-increasing pressoreperate more efficiently, carriers are

obliged to adopt collaborative operations, whiclemmg up cost-saving opportunities that are
impossible to achieve with an internal company $o¢lrgun et al. 2007; Wang and Kopfer

2011; Vanovermeire and Sorensen 2014). Indeedyremiental concerns and technological
innovations in distribution planning and last-mdepply chain management have led decision
makers to consider collaborative strategies to cecawerall costs and level of pollution, while

improving social management of the supply proc€ssicerning freight distribution, the most

popular collaborative strategy is the sharing gfdtics resources (Quintero-Araujo et al., 2017a).
This can take place at the transport level, but mlsvarehousing, inventory and other operations.
These strategies are based on collaborative deeaisaking and information sharing. They

usually take the form of agreements and partnesdi@pnzalez-Feliu and Morana 2011).

Among the various possible carrier collaboratioratsgies, this paper focuses on Horizontal
Collaboration (HC). The European Union has defité@ as “concerted practices among
companies operating at the same level(s) in theketiaEuropean Union, 2001). These
companies can either be competing or unrelatedlisuppmanufacturers, retailers, receivers or
logistic service providers that share informatitagilities or resources with the goal of reducing
costs and/or improving service. According to Cragjs et al. (2007b), HC may be defined as the
collaboration between two or more firms that arvacat the same level of the supply chain and
perform comparable logistic functions. Bahinipdtaé (2009, p. 880) define HC as “a business
agreement between two or more companies at the kamlein the supply chain or network in
order to allow ease of work and co-operation towachieving a common objective”.

Although the main goals of HC are to reduce shigmiasts and to provide a faster distribution
service to customers, other important benefitsratated to a reduction of the environmental
impact of distribution activities (Betkas & Lapor#®11; Lera-Lopez et al. 2012). In addition,
through partnering with fellow transportation orgations, the carriers may extend their
resource portfolio, reinforce their market positienhance their service levels and create a more
efficient transport planning (Krajewska and Kop2806; Hernandez et al. 2011; van Lier et al.
2016). In summary, the collaboration between aadbrgoods distribution process has shown to
3



have a positive impact when improving the globéitefncy and effectiveness of the distribution
system (Quintero-Araujo et al. 2017a, b, Mufioz-afiizar et al. 2017).

Given the previous context, the following reseamrestion can be stated: in what extend
horizontal collaboration employing a mixed fleetvahicles (gasoline-based and electric) allows
decision makers for an efficient and effective apenal planning of freight delivery routes
within the context of urban distribution activitie$o respond this question, the objective of this
paper is threefold. Firstly, a conceptual methogplas applied for the analysis of freight
distribution in urban areas in order to evaluate benefits of horizontal collaboration. The
second objective of this paper is a metaheurisigoreghm development, based on biased
randomization techniques, taking into account thatcollaborative scenario can be modeled as a
Multi Depot Vehicle Routing Problem (MDVRP), which known to be a NP-hard optimization
problem (Montoya Torres et al. 2015). Finally, thed objective of this paper is to thoroughly
assess the implementation of an electric fleetebiiales in the urban distribution of goods under
HC strategy, in order to evaluate short- and miditenvironmental impacts. To do so, a multi-
objective function is also proposed to explore ridationship between the delivery cost and the
environmental impact. The economic cost is caledlatsing the purchase price of each vehicle,
its maintenance cost and the cost of used enemgygasoline or electricity). The environmental
impact is calculated using the €®missions created by the production of the enaryy the
emissions created by the consumption of the eneéigyng transportation. In addition, we
consider the different characteristics of the aldé vehicle types (e.g. power source, autonomy,
CO: emissions, capacities, etc.)

This approach is validated using real-data takemfthe city of Bogota, Colombia. Experiments
with different costs and demands projections andopmed as well as to analyze short- and
medium-term impacts related to the use of electgbicles in the configuration of the
collaborative transport network.

This paper is organized as follows. Section 2 prissa review of related literature. The problem
under study is formally described in Section 3.tdac4 is devoted to describing the proposed
solution approach, including the characterizatiébrthe problem under study and the algorithm
employed to solve this hard optimization problenxp&iments and analysis of results are
presented in Section 5. The paper ends in Sectioy fresenting some concluding remark and
highlighting some opportunities for further reséarc

2. Literaturereview
2.1. Horizontal collaboration (HC) in transportatio

According to Gonzalez-Feliu et al. (2013), overerd@cyears, several strategies and logistic
models have been developed in order to increaggysapain efficiency, where collaboration is
one of the most promising areas of study in suppbin management. In the academic literature,
collaboration is commonly seen all along the sumtigins (Montoya-Torres and Ortiz-Vargas,
2014). In general, two types of collaboration candistinguished: between actors in a supply
chain at different stages (vertical collaboratiamd between actors of the supply chain at the
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same level having analogous needs (horizontal lmmiédion) (Gonzalez-Feliu et al. 2013). This
collaboration in urban logistics can take placseateral stages and can involve different levels of
interaction: transactional, informational, and deaal (Lambert et al. 1999, Gonzalez-Feliu and
Morana 2011). Various types of horizontal collabiora have been discussed in both
professional and academic literature. Cooperatiotiaboration, alliances, and partnerships are
all used to refer to concerted practices on hotaosupply chain links (Cruijssen et al. 2007b).
However, collaboration involves much more than @apon, especially in terms of sharing
information, risks, knowledge, profits, etc.

In most of the cases, the HC literature focusesaliances in which customer requests are
exchanged between the patrticipating organizatibrsugh various techniques (Verdonck et al.
2013). A mechanism generally accepted in HC coatexthe joint route planning concept, which
assumes that the customer orders from the consortiambers are combined and collected in a
central pool. Moreover, the efficient route scheraes set up for all requests using appropriate
vehicle routing techniques. Under some generaupistances, HC in urban freight delivery can
be modeled as a Multi-Depot Vehicle Routing Probl@dDVRP) (Quintero-Araujo, 2017,
Perez-Bernabeu et al., 2015). In this way, econsrofescale can be obtained (Cruijssen and
Salomon 2004, Cruijssen et al. 2007a,b). Indeethpemies are incentivized to share trucks,
routes and costumers in order to improve theirviddial turnovers. Similarly, they offer, in
many cases, a better service to customers, alotigraducing the environmental impact of the
delivery activities (Mufioz-Villamizar et al. 2015).

Caputo and Mininno (1996) presented one of theé Warks enhancing HC describing the main
activities which support it: electronic documensge ustandardized containers and pallets design,
multi-supplier warehouses selection, coordinatedting plans implementation and load
consolidation in the delivery processes. More rdgeKrajewska et al. (2008) analyzed different
ways to redistribute profit margins of freight ¢ars involved in HC alliances. Cruijssen and
Salomon (2004) studied how the shared informatiooray carriers can lead to savings between
5% and 15% due to improved transport planning, avhéitner et al. (2011) identified planning
premises to favor HC organizational models in lbgss

At the operational level, most published works &apko logistics field are related to maritime
and air transport (where major alliances betwedmes can be easily found), while research on
HC in road transportation is scarce, despite theaatdges that can be achieved. Indeed, HC
between carriers allows the reduction of returpstivithout cargo. In Europe, empty returning
trips account for about 25% of road transportatmtivities (European Commission 2011c),
while backhaul trips in China account for almost thalf of the traveled distance (Punte 2011).
Several research works showing the benefits of H@leying different measures, frameworks,
optimization and/or simulation models (see Tableld)addition to backhauling routing, those
works also address different objective functiond approaches, such as the reduction ob CO
emissions, total distance traveled, number of atel the utilization level of vehicles.



Table 1. Characteristics of sample works in HC

Authors Pr_opose_d Objective function / Metric
considerations
Cruijssen and Salomon (2004) Order sharing Cosinm@ation
Nadarajah (2008) Goods exchanging Distance mintiniza

Total cos(ordering cost
inventory cost and back order
cost)
Collaborative savings

Simulation of flexible

Prakahs and Deshmukh (2010) supply chains

Bailey et al. (2011) Backhaul Costs L
maximization
Anand and Bahinipati (2012) Compat!blllty among Hon;ontal_ collabo_ratlon
competing suppliers intensity metric

Transshipmelin
Vornhusen and Kopfer (2014)  pickup and delivery Cost-savings maximization

problem

Pérez-Bernabeu et al. (2015) Green_ho_use gas Distance minimization
emissions

Montoya-Torres et al. (2016) City logistics Cosnhimization

Integrated Routing ar

Quintero-Araujo et al. (2017a) Facility Location Costs minimization
Decisions

Quintero-Araujo et al. (2017b) Stochastic demand stdbice minimization

2.2. Vehicle routing using electric vehicles

As pointed out before, the Vehicle Routing Probl®RP) is a central problem in transportation
(Bektas et al. 2016). The standard objective functiontfaditional VRP is to minimize the total
traveling distance, while many of the Green VRP RFY papers consider the reduction of
pollutants, such as nitrogen oxides@) (Jovanowi, 2014), particulate mattergifovi¢, 2014)

and greenhouse gases (GHG) (Madankumar and Rajern2dd5). Some papers directly add
those items into the objective function, while maxlyers consider fuel consumption as a relative
concept (Demir et al. 2014b), because it can bestioras used as a surrogate measure for the
emissions of air pollutants. The simultaneous amrsition of economic and environmental
objectives leads to more complex optimization peaid.

Also, as pointed out before, collaborative transpatwork configuration can be performed
through solving the variant of the VRP known as tviidepot Vehicle Routing Problem-
MDVRP. In terms of the computational complexitye tMDVRP is known to be NP-hard, which
means that exact solution methods can provide aptisolutions only for small datasets.
Therefore, heuristics and metaheuristics methodse baen developed to provide near-optimal
solutions for mid- to large-sized instances or d@aldlife cases (Quintero-Araujo et al., 2017a).

6



Furthermore, an important characteristic of ref@ldibgistics problems found in enterprises is that
decision-makers, very often, have to simultaneowsdal with multiple objectives. These
objectives are sometimes contradictory (e.g. minimg number of vehicles and maximizing
service level). As pointed out by Pérez-Bernabeal.ef2015), very few papers have discussed
HC through multi-objective / multi-criteria decisianaking models. There are very few papers in
the literature on the MDVRP that consider multiplgectives (Montoya-Torres et al., 2015).

Furthermore, the use of electric vehicles in thatext of GVRP represents a promising
opportunity for reducing costs and pollution caubgdransportation. Despite the fact that some
limitations, such as high costs, have hampered thiusion, there is continuous technological
progress to improve them (Felipe et al., 2014; Fend Figliozzi, 2012). As pointed out by
Arslan et al. (2015), the usage of electric velsigle the logistic operations led to several new
problems flourishing in the literature such as widin-routing problem (Bektas and Laporte,
2011; Demir et al., 2014a; Franceschetti et al., 2013; Kog et al., 2014), green-vehicle routing
problem (Erdogan and Miller-Hooks, 2012; Cirovicatt 2014; Felipe et al., 2014; Jabir et al.,
2015), location optimization of alternative fuebtsdns (Yildiz et al., 2015), and mixed-fleet
routing problems (Schneider et al., 2014; Goeke &cdheider, 2015). These studies establish
the environmental and operational impacts of aleethicles from the logistics perspective. As
pointed out by Lin et al. (2014), GVRP has receatigen in the literature with a continuing need
of enriching the related studies either througlotitcal contributions or by real applications.

2.3. Summary

Goods transport is essential for the economic draftcities and regions (Lin et al., 2014). In
order to reduce the negative externalities of partation systems, several strategies have been
implemented, such as HC and the use of alternaislevehicles (such as electric vehicles). The
evaluation of HC strategies among carriers alldvesreduction of vehicle empty trips, and hence
reduces C@ emissions, total distance traveled, number ofe®wtnd increases the utilization
level of vehicles. Nevertheless, the inclusion ollygant emissions in vehicle routing problems
has allowed the design of new routing models arel development of new optimization
algorithms (Bektas and Laporte 2011). Currentlgidbcs and transportation systems include
heterogeneous fleets for their activities. Theseenhi fleets consist of common internal
combustion engine vehicles as well as other vehieging sustainable technologies, (e.g. electric
vehicles). The incorporation of a mixed-fleet ohigdes in transport systems activities also raises
some additional challenges from the strategic, rplag) and operational perspectives (Juan et al.
2016).

To the best of our knowledge, no previous work wkses the impact of the electric vehicles use
in collaborative urban transport networks consigrmultiple objectives on both short and
medium terms. The problem under study in this papeks addressing these issues: horizontal
collaboration with electric vehicles, and thoroygtreasuring their economic and environmental
impacts. The proposed approach is modeled usinghmetistic procedures based on biased
randomization techniques.



3. Problem description

Traditionally, goods distribution has been consdefrom an individual perspective. That is,
each company decides from which logistics faci{dgpot, warehouse, distribution center, etc.)
its customers will be served. This situation carebsily modeled by the well-known Capacitated
Vehicle Routing Problem (CVRP). In the case ofetént companies serving the same area, the
situation becomes a set of individual Capacitatetiitde Routing Problems (CVRPs) (Mufioz-
Villamizar et al. 2017). The CVRP model designsivdel routes, each of them covered by a
single vehicle starting and finishing at the cdntl@pot. Each customer is visited once and all
vehicles have the same characteristics. The aith@fCVRP is to find a set of routes that
minimizes total costs. Vehicles’ capacities mustdspected while customers’ demands are to be
satisfied. However, in recent years, different bass strategies have appeared trying to
overcome such individualized approach. In that eeidC can be implemented between
companies in order to better achieve their goaldewleducing operational costs, among other
benefits (Quintero-Araujo et al. 2017a). An exampfeHC occurs when different companies
decide to cooperate by sharing both depots andleshcapacities, to perform the final delivery
to their customers. In this case, it is assumed ¢élach company has already determined the
logistics facility from which it serves its custoraeAs mentioned before, this situation can be
modeled by the Multi Depot Vehicle Routing ProbléMDVRP). The main objective of a
MDVRP is to find the customer allocation to facdg and the corresponding routes to serve all
customers’ demands while minimizing the total disttion costs. Each route must finish at the
same depot from which it departed. Similar to\rP, each customer must be visited once, and
the depot and vehicle capacities must be respegtedllustrative representation of MDVRP
applied to HC is presented in Figure 1.



Distribution with HC
Modeled as a MDVRP

- @ > Depot, costumers and routes Firm 1
. . —+ Depot, costumers and routes Firm 2

. @ —* Depot, costumers and routes Firm 3

Fig. 1. Representation of MDVRP applied to HC (sourcehars’ own elaboration)

In terms of complexity, MDVRP is an NP-hard probletue to the fact of being a natural
extension of the VRP (Toth and Vigo, 2014). Thusat solution methods for NP-hard problems
can only provide optimal solutions for small dataser instances. That is to say that, as the
problem size increases (i.e., number of pointseécsérved by the vehicles), exact approaches
present computational difficulties to explore a#itly the problem feasible region. Therefore,
heuristics and metaheuristics methods need to é& tasprovide near-optimal solutions to mid-
or large-sized instances or to real-life casess Mmork aims to overcome this limitation by
proposing a metaheuristic approach based on braseldmization, which is a technique that has
been successfully tested in similar routing corstédtian et al., 2011; Mufioz-Villamizar, 2013;
Quintero-Araujo et al. 2016).

As previously stated, road transportation is resgme for a huge amount of greenhouse gas
emissions. Therefore, there is an increasing isteneusing more efficient vehicle types from an
environmental point of view. The incorporation gféener’ vehicles has been studied in recent
years. However, there are many open issues regatm use of such kind of vehicles as
mentioned by Juan et al. (2016). We have congiditra all the aforementioned conditions can
be analyzed within the context of a case studyniemerging economy (Colombia), not only in
the short but also in the medium term. To do so,haee included all involved costs (both
economic and environmental) that can arise in treesponding planning horizon. In addition,
we use competitive solving approaches relying oer@ons Research techniques to support our
guantitative analysis. It is important to remindtthas this is a case study, these costs are ispecif
to the Colombian case.
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4. Description of the solution approach

According to the information given in the previosections, a metaheuristic approach has been
proposed to measure the impact of the usage dfiel@ehicles in collaborative urban transport
networks from a multi-objective perspective. Ourgmse searches for the evaluation of the
relationship between delivery cost and environmemtgpact. Thus, we have developed an
iterated local search (ILS) algorithm (Lourencaket 2010) based on biased randomization (BR)
techniques (Juan et al. 2011) in order to solveMBRVP problem. The choice of such method
relies on the fact that recent advances in thed fief metaheuristics sugges(i) the
implementation of simple and powerful methodologresrder to facilitate their replicability in
real-settings andji) the use of hybrid methods to benefit from the ateges of the underlying
techniques.

Hence, we are going to use an ILS to find an ihigalution. Then, at each iteration, a
perturbation of the obtained local optima will erreed out. Finally, a local search will be also
applied to that perturbed solution. The generatégtion is accepted as the new current solution
under some conditions (Talbi, 2009). BR works coesng similar strategies to the Greedy
Randomized Adaptive Search Procedure (GRASP) (Rlesend Ribeiro, 2003). However, two
main differences can be observed among GRASP andFB&ly, BR considers all elements
potentially eligible at each iteration of the caonstion process, while GRASP uses a restricted
candidate list. Secondly, GRASP applies a uniforobability distribution to choose among the
restricted candidate list elements, while BR assigrhigher probability of being chosen to the
most promising elements, that is, those that &edylito contribute to a higher improvement of
the objective function.

Our method splits up the problem into three sulblenms, to reduce its complexity, but
aggregates them in order to guarantee the qualityolutions. The first sub-problem is the
customer allocation to depots; the second one fisidothe set of routes starting from each depot
to serve the corresponding customers; finally thimel one is the allocation of the type of vehicle
(i.e. gasoline or electric) to each route, usimguti-objective function.

Our generic global approach, presented in Figuiis Based on Mufioz-Villamizar et al. (2017)
analysi and is composed of three main phases. Phdséines the characteristics of the urban
freight transport network. Phase 2 solves custoafiecation and routing sub-problems; and,
finally, Phase 3 assigns the different vehicle sypad creates an efficient relative frontier.
Details of each phase are described in Figure 2.

2. Costumers’

1. Urban transport
network
characterization

Location of stores and
depots, matrix of
distances, types of
vehicles, etc.

allocation and
routing

Clarke & Wright
savings with biased-
randomization and

iterated local search.

3. Allocation of
types of vehicles

Definition of relative
efficient frontier:
delivery cost vs.

sustainability impact.
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Fig. 2. Global generic approach (source: authors’ ownaekion)

4.1. Characterization of the urban transport netiwor

In this phase, we identify the elements of the aasder study. Key elements are location of
depots and delivery points (e.g. stores) selecdnod corresponding demand, distances/cost
between nodes (i.e. travel distances among depuatsdalivery points and between delivery
points themselves). In addition, we consider trenntharacteristics of the available vehicle

types.

As this approach seeks to assess the environmengatt, emission factors for each vehicle type
must be calculated in order to compute totak@@issions. These emission factors are computed
considering(i) the emissions generated by the energy productidn(&nthe emissions due to
the transport operation itself. Considering thagérgg can be generated using different sources
(e.g. oil, natural gas, nuclear, hydroelectric olag, energy production has different costs and
emissions depending on both the local diversitypofver plants and distribution network
efficiency. Therefore, C€emissions will be different for each country whénes approach is
applied. In addition, energy consumption dependbaih the given use and the efficiency of the
vehicles (i.e. costs and emissions generated ideheery process directly depend on the activity
and usage of fleet vehicles). Estimations of tHas®rswill be shown further in the experiments
section.

4.2. Costumers’ allocation and routing

Having the purpose of determining the customercation to depots, we use a distance-based
saving list and we apply a biased-randomized deleaver this saving list to create allocation
maps. Firstly, we compute the marginal savigsof assigning a customet) (to a depot d)
instead of assigning it to the nearest alternatey@ot (') using the following expressidiy = Cid

- Cg=. Then, the list of savings is sorted in decreageter. Next, we consider a biased-
randomized selection to the saving list to assigstamers to depots. Once all customers have
been assigned to depots, we use the biased-raretbwgzsion of the Clarke & Wright savings
(CWS) heuristic (Clarke & Wright 1964) to generasndidate routes. This process is executed
during a given time (30 seconds in our case) aad#st solution obtained so far is also kept as
the basis solution. Due to asymmetric distances,stvings of using the arg () for route
constructions are computed as folloBay = Cis + Cqj — Gj. Hence, a perturbation operator is
applied over the customer-depot allocations andntve (perturbed) allocations are then routed
as previously explained. In order to reduce thle oisbeing trapped in a local optimum, we use
an acceptance criterion alike to the one emplogesimulated Annealing when a non-improving
solution is obtained.

Finally, the best customer/depot allocations atecsed as the promising ones and a more time
intensive routing algorithm is executed (SR-GCWS-@&§orithm proposed by Juan et al.
(2011)). This algorithm extends the biased-randation for the CWS heuristic, by including
splitting policies to the VRP’s for a divide andncmer strategy and a cache memory. This
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process is executed duriB§Oiterations. An overview of the procedure is giverFigure 3.

Compute allocation savings list for
each depot

l |: Using Biased

For each depot use the allocation Bandomisation
No =aving list to choose an unazsigned
node

Allnodes are allocated?

Ve _..-[UsingCWS

‘Create routesfor each allocation
map

!

/ Keep bassSol

|= stopping criterion met?

No

Perturbate allocation maps

l Using Biased Randomised
| version of CWs

Create routesfor new allocation
maps

1

Apply local search

Mewsol improves bestSol?

Yes
\‘P
No Update best5ol
Yes

Updatebasze5ol ¥es-

Return bestSol /

Fig. 3. Flowchart of the algorithm for Phase 2.
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4.3. Allocation of vehicle types and efficient teda frontier

After the routes definition by minimizing distana@e multi-objective evaluation is performed to
assess the impact of the use of electric vehiale€amparison to gasoline ones, using a
relativized efficient frontier. It is important toecall that very few papers have discussed
horizontal collaboration or MDVRP through multi-ebtive / multi-criteria decision-making
models. This relativized efficient frontier is paged by Muioz-Villamizar et al. (2017). The
efficient frontier is the set of non-dominated smlos for the combination of different objectives.
Depending on the decision maker preferences, ardift solution could be chosen from the
efficient frontier. In our approach, two impacte @&ken into account in this valuation: economic
and environmental costs (@missions). However, other objective functionssasial impact,
could be simultaneously evaluated using this medlogy of relative analysis. This is, as each
impact has different units (i.e. US$ for the coatel CQ emissions for the environmental
impact), it is convenient to perform the relativealysis of each of them. Thereby, every impact
can be evaluated in the same objective functiom ageighted-sum of factors. The proposed
procedure is different from other known multi-olijee approaches and determines the type of
required vehicles for each route defined in sulsect.2. It is important to clarify that this
sequential approach implies that the results optegious phase are going to be the inputs in this
one.

The relativized efficient frontier is created usiigee different objective functions (if, f> and

f3). Note that our approach uses one objective fanctor each evaluated impact (ife.for
economic cost ané for environmental impact) and an additional fuoctithat aggregates the
two previous ones (i.€3). The first objective functiorf;, computes the economic cost of using a
specific combination of gasoline and electric vé¢gan the routes (e.g. route 1 uses an electric
car, route 2 a gasoline car, etc.). As mentionddregin our approach, the economic cost is
calculated using the purchase price of each vehitslemaintenance cost and the cost of used
energy in transport operation. Objective functipnomputes the environmental impact using the
CO. emissions created by the production of the enemgg the emissions created by the
consumption of the energy during transportationcokding to these ideas, our approach
evaluates every possible combination of allocatbrehicle types to each route from Phase 2,
with first two functions separately. The best solu$ obtained so far, for each objective function,
are kept as the basis solutiahandf,’. Then, objective functiofs is computed (see Equation 1)
with every possible combination of allocation ohigte used in the previous step. It is important
to emphasize that functiofisandfz, along withf,;" andfy’, must be evaluated previously and are
inputs offa.

hia-ok &

f3=0ff1 I3
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Note that the objective functidais used to calculate a relativized solution. Thkiative analysis
process occurs giving weights to each impact ¢=aveight for economic cost and @a=weight
for CO; emissions). According to the preferences of theisten maker, different weights for
each impact can be evaluated. It should be notgdhlk minimum value for this third function is
1, as a result of the relative analysis procesas;Tfor each selected weight of each impactdi.e.
and 1), the best solution d obtained so far, is kept as the basis solutioraliinthe efficient
frontier is created using the best results in tHimdction, f3, for all combinations of selected
weights.

5. Experiments and analysis of results

In order to perform some numerical tests, and qsaatitative sample, the proposed framework
was tested using real data from a case study ionilmh. The case study method was selected in
order to explore and investigate this contempopdrgnomenon in the real-life context of urban
distribution in a populous city (Bogota) in emergieconomy (Colombia). The aim is to explain
the phenomenon through detailed contextual anabfsaslimited number of conditions and their
relationships. Hence, the three major and mostessmtative networks of convenience stores
(proximity shops) operating in Bogota, Colombia reveelected in order to closely examine the
data within this specific context. The rationaléibe this choice is based on the fundamentals of
case study as a research method (Yin 2017) whema#l geographical area or a very limited
number of individuals as the subjects of studydkeaed. Yin (2017) defines the case study
research method “as an empirical inquiry that itigates a contemporary phenomenon within its
real-life context; when the boundaries between phemon and context are not clearly evident;
and in which multiple sources of evidence are used”

Similarly, theoretical experiments with differenbsts and demand projections have been
performed to analyze short- and medium-term impgeterated by the use of electric vehicles in
the configuration of the transportation fleet. Asextension of our previous work (see Mufioz-
Villamizar et al. 2017), we have designed a morkcieht procedure (i.e. a metaheuristic
algorithm) to evaluate the use of electric vehidtesollaborative urban transport networks from
a multi-objective perspective. Thus, Mufioz-Villaanizet al. (2017) presented a heuristic
approach based in MILP models, which is going ta@dmpared with the results obtained in this
study, as a first step, to check the improvemetiténsolution procedure. Then, a further analysis
will be performed taking into account the maintesgosts of vehicles and considering longer
time horizons for the operation (i.e. 1 and 5 ypaX®te that, the model presented by Mufioz-
Villamizar et al. (2017) is a MILP-based approasihjich is not able to handle mid- to large-
sized instances. Therefore, the comparison of ttvesepproaches for 1 and 5-year scenarios is
not possible. In addition, three scenarios witledént energy costs (i.e. electricity and gasoline)
were evaluated in order to run a cost sensitiviig ysis.

The rest of this section is structured as followke characterization of the urban transport
network in the case under study is presented irsestion 5.2. Subsection 5.3 shows a
comparison against the results of Mufoz-Villamiztral. (2017). Subsections 5.4 and 5.5.
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present short and medium-term assessment of thefeectric vehicles for one and five years,
respectively. Finally, Subsection 5.6 presents st sensitivity analysis for the fifth year of
operation.

5.2.Characterization of a case study: Urban distributio Bogota, Colombia

The proposed approach was tested using real datatfre three major networks of convenience
stores (proximity shops) operating in Bogota, Cdd@nBogota is the capital of Colombia and
its largest city. Its population is around 10 roitliinhabitants. It is the fifth largest city intira
America and twenty-fifth in the world (City Mayor2015). The selection of Bogoté as the city
under study allows us to have a complex and compeample of the behavior of cities in
emerging economies.

Current locations of proximity shops of selectednpanies are obtained using a geographical
information system (GIS). For privacy reasons, e going to name the three aforementioned
proximity shops as Company E, Company O and Compgmgspectively. Company E owns 16
stores, Company O owns 35 stores, and Company M dWinstores, for a total of 61 stores
(delivery points). The asymmetric origin-destinatimatrix was obtained using actual driving
distances using Google Mdf¥s mapping service (accessed: 24 August 2016). Amibieg
different options provided by the software, the redst path was kept for calculations in this
study.

For the short-term evaluation (i.e. 1 year), weelkdynands for all the 61 delivery points were
randomly generated from a uniform distribution betw the 1% and the 10% of the maximum
vehicle load capacity); ~ U(0.01 * CAP;0.10 x CAP). For the mid-term evaluation (i.e. 5
years), annual demand increases of 5% and 25%ddezl do this random generatidm.order to
replicate the experiments, full origin-destinatiomatrices and stochastic demand sets are
available upon request to the corresponding autfothis paper. It is also assumed that
availability of the necessary vehicles achieve6@24 of service level.

Selected vehicles for urban freight transport weemault Kangoo Van (gasoline vehicle) and
Renault Kangoo Z.E. (electric vehicle). Charactmssof these used vehicles are resumed in
Table 2. Note that both models have the same payod are from a similar category, thus they
can be compared one each other. As mentioned bef@eeconomic cost components that we
consider in this study are the cost of used en@rgy electricity or gasoline), the price of each
vehicle and the yearly maintenance cost (Table 3).

Table 2. Characteristics of used vehicles (Renault Colam®016)

Kangoo Van Kangoo Z.E.
(Gasoline Car) (Green Car)
Price USDS 15,423.73 USDS 28,813.56
Payload 650kg 650kg
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Energy Consumption 4.3 liters/100km 16.2 kWh/100km*

CO2 emissions 112 g/km 0 g/km
*kWh consumption by Next Greencdr (2016)

Table 3. Approximate yearly maintenance cost (US$) per tfpeehicle (Audatex, 2016)

Kangoo Van Kangoo Z.E.

(Gasoline Car) (Green Car)
Year 1 USS 324 USS$ 138
Year 2 USS 430 USS 457
Year 3 UssS 351 USS 269
Year 4 Uss 733 USS$ 524
Year 5 UssS 667 USS$ 138

Alternatively, environmental components of the mlsttion process are the G@missions
generated by the production of the energy (i.ectetity or gasoline) and the emissions by the
consumption of the energy itself. As also mentioeadier in this paper, each country has a mix
of power plants that use different energy soursesithe economic cost and the £€nissions
will be different for obtaining electricity or gagee in each country.

According to the Colombian Ministry of Mines anddtgy, 64% of electricity in the country is
produced by water resources, 31% by thermal resswaiad other sectors such as wind energy
are now being explored (CREG, 2015). The price lettacity in Bogota is $0.18 / kWh
(CODENSA, 2016) and the price of gasoline is $67 liter (GlobalPetrolPrices.com, 2016).
Colombia has a rate of 0.199 kg of £€émissions per kWh of electric energy produced 268

kg of CQ: emissions per liter of gasoline produced (UPMEL&O0 These factors are used to
calculate the quantity of emissions created byugeeof each source of energy. Finally, with this
data, cost and CQOemissions per kilometer were calculated for bgtetof vehicles and are
presented in Table 4. Note that £€missions per kilometer are computed adding thesoms

by using the vehicle and the emissions generatgudgucing their respective energy source (i.e.
gas or electricity).

Table4. Cost and emissions per type of vehicle

Kangoo Van Kangoo Z.E.
(Gasoline Car) (Green Car)

Cost / km 0.029 USS /km 0.023 USS/ km
CO2 emissions / km 0.212 kg/km 0.032 kg/km

5.3. Comparing our procedure

According to the information given in previous pguaphs, Mufioz-Villamizar et al. (2017)
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presented a heuristic approach based on MILP meodeigaluate the usage of electric vehicles in
collaborative urban transport networks from a rrolljective perspective. In order to carry out
statistical analyses, ten different sets of demdimdtances) for all the 61 delivery points were
generated. Demands were randomly generated, asimeglin the previous subsection, from a
uniform distribution between the 1% and the 10%haf maximum vehicle load capaciby ~
U(0.01 = CAP; 0.10 * CAP). Additionally, results from Mufoz-Villamizar et.a(2017) were
updated with the latest data of vehicles (Renaolb@bia, 2016), gasolingslobalprice.com,
2016 and electricity (CODENSA, 2016) costs and&issions (UPME, 2016).

As an initial comparison, the Muioz-Villamizar éfs(2017) results for routing and our results
are presented in Figure 4. Notice that our appragad able to improve the routing solutions
provided by the Mufioz-Villamizar et al.’s (2017)unistic method in a 10.3% on average. This
value is equivalent to an average reduction of 23 fer instance in routing distances.
Nevertheless, given the cost of traveling one kédten (less than 0,029 US$/kilometer), money
savings are not as significant as the distancectimu

Total routing distance per instance

300
250
€ 200
g 150
-§ 100

50 —
0

1 2 3 4 5 6 7 8 9 10
Instances
B Mufioz-Villamizar et al. (2017) Our Approach

Fig. 4. Routing distance comparison: Mufioz-VillamizarAdt(2017) vs Our Approach

Finally, complete results of Mufioz-Villamizar et €017) (with updated data) and our approach
are presented in Table 5 and Table 6, respectiwdiye efficiency frontiers for both approaches
are shown in Figure 5. Different values wf(i.e. a=weight for cost and r=weight for CQ
emissions) were proposed to show the behavior efefficiency frontier. That is, only the
values that changed the allocation of vehicle tyjoeseach approach are presented. Improved
results in costf() and emissiond4) functions, and hence in the efficiency fronteme due to the
improvement of the solution method. This is, thepgmsed approach makes a better customer
allocation and an improved vehicle routing. Smaprovements in cost functions are due to the
low costs of traveling to kilometer compared witle fpurchasing cost of each vehicle. Therefore,
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we can state a preliminary good performance optbposed method.

Table 5. Mufioz-Villamizar et al. (2017) results: Economist ($), CQemissions (kg), relative function
value and percentage of used vehicles that ar&ielec

Cost function Environmental function Relative function % of electric

Zy Zy Zs vehicles
1.00 61,702 49.2 1.00 0%
0.98 63,041 47.6 1.56 3%
0.78 71,074 40.1 1.66 18%
0.58 83,125 30.0 1.70 40%
0.33 96,514 19.5 1.71 65%
0.13 105,887 12.8 1.72 83%
0.03 112,582 8.7 1.69 95%
0.00 115,260 7.4 1.00 100%

Table 6. Our approach results: Economic cost ($),2@missions (kg), relative function value and
percentage of used vehicles that are electric.

Cost function Environmental function Relative function % of electric

Zy Zy Zs vehicles
1.00 61,701 44.2 1.0 0%
0.89 63,040 43.0 1.6 3%
0.88 73,751 34.2 1.7 23%
0.87 84,463 26.2 1.7 43%
0.86 97,853 17.0 1.7 68%
0.85 108,564 10.3 1.7 88%
0.82 113,920 7.3 1.7 98%
0.00 115,259 6.7 1.0 100%
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Fig. 5. Efficient frontier comparison: Mufioz-Villamizar at (2017) vs Our Approach

5.4. Short-term evaluation

Weekly demands for all the 61 delivery points weamdomly generated from a uniform
distribution in order to analyze short impactsha tise of electric vehicles in the configuration of
the transport network, (see subsection 5.2). Thezeb2 different instances were evaluated with
the proposed approach to simulate the completesgoah operation for a full year. This
experiment allows a better comparison between tisés®f acquiring the vehicles and the costs
of the transport process. Results for this sceraae@resented in Table 7 and Figure 6. Note that
this data corresponds to total cost (emissions)ofa-year operationAs mentioned before,
different values ofi were proposed to fully show the behavior of thecieincy frontier. For this
one-year evaluation, the cheapest option is to kbepentire gasoline fleet. However, after
considering a 0.04 value in the weight for £gnissions (i.e. &) the optimal solution is made
by a complete electric fleet. This is, for therange [0.965; 1] there is, at least, one gasoline
vehicle. As soon as the value is less than 0.965 all vehicles become mtecthus, the
improvement in the environmental impact is, rekfyy much greater than the cost of having a
fleet of electric vehicles. In this case, having #mtire electric fleet of vehicles generates an
economic overrun of 22%, with an 88% reductionhia environmental impact; in comparison
with the scenario of having the entire fleet ofaaee vehicles.
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Table 7. Our approach results for one-year operation: Beoa cost ($), C@emissions (kg), relative
function value and percentage of used vehiclesatteaelectric.

Cost function Environmental function Relative function % of electric

Z Z, Z3 vehicles
1.00 129,579 190,927 1.0 0%
0.975 135,407 140,895 1.2 25%
0.97 142,005 97,362 1.2 50%
0.965 149,000 57,168 1.2 75%
0.00 156,727 23,149 1.0 100%

200,000

160,000

120,000

80,000

CO2 emissions (kg)

40,000

0
$125,000  $130,000  $135,000  $140,000 $145,000  $150,000  $155,000  $160,000

Cost USS

Fig. 6. Efficient frontier for one-year operation.

5.5. Mid-term evaluation

For a better understanding of the transport managgma scenario of five years’ operation has
been evaluated. For this mid-term evaluation onusiag of electric vehicles in urban freight
transport collaborative networks, two additionay kespects have been taken into account: the
incorporation of the yearly maintenance cost (¥able 3) and the variations in customer
demands to this random generation (see subsect®n Bor the case of the variations in
customer demands, two different annual increas&8wénd 25% have been separately evaluated
in order to analyze their impact in low and highndad growth. Therefore, 260 instances were
generated for each annual increase for a total26f Beekly demands for all the 61 delivery
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points. Similarly to other situations, the full gin-destination matrices and demand sets are
available upon request to the corresponding awththris paper.

5.5.1. Annual increase in demand by 5%

Results of applying the proposed approach for a twarizon of 5 years with annuals increases of
5% in demands are presented in Table 8 and Figuke éinexpected result with two extremes is
obtained. For this scenario, the cheapest optida keep just one gasoline vehicle. Once again,
after a 0.04 value in the weight for €@missions (i.e. 1) the optimal solution is the selection
of a complete electric fleet. That is, for theange [0.96; 1] there is at least one gasolinéclesh
As soon as thet value is less than 0.96 all vehicles become etecthe main reason for this
result is that the maintenance costs of gasolindcles are, in med-term, higher than the
maintenance costs of electric vehicles. In thisade, having the entire electric fleet of vehicles
generates an economic overrun of only 2%, but aatezh of almost 29% in the environmental
impact; over having a 20% of gasoline vehicles (re gasoline vehicle in the fleet).

Table 8. Our approach results for five years with annoatéments of 5% in demand

Cost function Environmental function Relative function % of electric

Z4 Zy Z3 vehicles

1.00 294,577 167,011 1.00 80%
0.96 294,577 167,011 1.02 80%
0.00 300,388 118,872 1.00 100%
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Fig. 7. Efficient frontier for five-year operation with anal increments of 5% in demand

Additionally, and for a better understanding of sheesults, Figure 8 shows the number of
vehicles used annually as demand grows when thghévsir cost is equal to 1.00 (ie=1). Note
that there is only one gasoline vehicle and that purchased in the third year. Thus, it is not
necessary to analyze other valuesi @fs there is no other different combination foraHecation
of the different vehicle types. This scenario ass#rat electric vehicles are more profitable in
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mid-term, while gasoline vehicles are more profiaim the short-term because of their lower

purchase price. It is important to emphasize tlgmhahd increase is very low. Thus, it is only

necessary to purchase an additional vehicle to ieip meet the demand during the last 3 years
of operation. Since this last vehicle will be usedy for 3 years, it is more profitable to buy a

gasoline vehicle than an electric one.
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120,000 -+
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80,000 - g
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40,000 -
20,000 - 1
0 - 0
1 2 3 4 5
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Fig. 8. Yearly demand and used vehicles withl.
5.5.2. Annual increase in demand by 25%

The last scenario evaluates a 25% annual increadenand for 5 years. Results of applying the
proposed approach are presented in Table 9 andeFgun this scenario, the cheapest option is
to keep a 50% of gasoline fleet and the other 50%eelectric fleet. Nevertheless, only after a
0.56 value in the weight for GQemissions (i.e. &), the optimal solution would include a
complete electric fleet. In this scenario, havingoanplete electric fleet generates an economic
overrun of only 8%, with a reduction of almost 5&%ihe environmental impact; in comparison
with having a 50% of gasoline fleet.

Table 9. Our approach results for five years with annoatéments of 5% in demand

Cost function Environmental function Relative function % of electric

Z4q Zy Zs vehicles
1.00 454,564 318,045 1.00 50%
0.97 456,721 239,100 1.03 60%
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0.92 462,131 187,585 1.04 70%
0.86 470,512 160,416 1.05 80%
0.44 480,026 143,020 1.04 90%
0.00 492,327 140,295 1.00 100%
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250,000 60%

220,000 20%
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190,000
20%
160,000

130,000 0%
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Fig. 9. Efficient frontier for five-year operation with anal increments of 25% in demand

This solution initially appears different from thresults obtained in the previous scenarios.
However, the results have the same explanatiomur&i$0 shows the number of vehicles used
yearly as demand grows when only the economic itigataken into account (i.e=1). In this
case, a fixed number of electric vehicles is puselarom the first year (i.e. 4 vehicles) and, as
demand increases, only in the second year a negtrieleehicle is purchased. Then, only
gasoline vehicles are purchased to meet custorgairements. Once again, it is confirmed that
electric vehicles are more profitable in a 4-5 gegaeriod of evaluation, while gasoline vehicles
are more profitable in a 1-3 years’ time-horizon.
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Fig. 10. Yearly demand and used vehicles withl.

Another remarkable aspect of this scenario is ahednsiderable amount electric vehicles (EVs)
are profitable for any value oft or 10 (i.e. weight for economic cost and weight for
environmental impact. respectively). As it can bersin Figure 11, at least 50% of the fleet of
vehicles must be electric for any combination & thulti-objective function. This confirms once
again that electric vehicles are economically amdirenmentally profitable for mid-term
evaluation.
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Fig. 11. Number of used electric vehicles each year acogritio. values.
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5.6. Cost sensitivity analysis

Due to the fact that this study is related to ao@ddian case, we have to take into account the
effect of the costs variability of both energy sms, i.e., gasoline and electricity. On the one
hand, gasoline costs in Colombia are revised adated every month due to the variation of the
international oil price. On the other hand, asGh&o of the electricity generated in the country is
by water resources, its price is highly influentgdthe presence of rainy and dry seasons. In the
first case, energy costs tend to decrease whilthensecond case, electricity costs have an
increase tendency. The selected values for thasastivas are based on their observed historical
behavior. Thus, a sensitivity analysis is reqliine order to refine our findings. To do so,
different energy costs have been evaluated. Thathise additional scenarios with different
increases in electricity and/or gasoline costs wggeerated for the fifth year of scenario in
subsection 5.5.2. The analysis of scenarios witflerént costs can be used to see the impact of
the proposed approach in other companies/contexts:

» Scenario 0 is the current situation of the fifttayef operation with an annual increase in
demand of 25%. In this scenario, there is no vianah energy costs.

» For Scenario A, a 3% increase in the cost of gasa$ assessed.

» For Scenario B, a 10% increase in the cost of @bégtis evaluated.

» For Scenario C, a simultaneous increase of 3% &olgee cost and 10% in the cost of
electricity are evaluated.

Efficient frontiers for the three scenarios arespréged in Figure 12. It is important to note tlat,
only the fifth year is evaluated, maintenance c@sts not taken into account. Consequently,
results are similar to the short-term evaluatioswfsection 5.4. That is, the cheapest option is to
keep the entire gasoline fleet. Analogously in gw&enario, as soon as thevalue is less than
0.90, all vehicles become electric (see Table Thgse results were expected since the increase
in energy costs are relatively much smaller thanahvironmental benefits of having an electric
fleet.
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Fig. 12. Efficient frontiers of the sensitivity analysis

Table 10. Percentage of electric fleet amdralues per scenario

% of electric Alpha values ()

vehicles Scenario0 ScenarioA  Scenario B Scenario C
0% 1.00 1.00 1.00 1.00
10% 0.97 0.97 0.97 0.97
20% 0.97 0.97 0.97 0.97
30% 0.97 0.97 0.97 0.97
40% 0.97 0.97 0.96 0.97
50% 0.96 0.97 0.96 0.96
60% 0.96 0.96 0.96 0.96
70% 0.96 0.96 0.97 0.96
80% 0.95 0.95 0.95 0.95
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90% 0.90 0.90 0.90 0.90
100% 0.00 0.00 0.00 0.00

6. Conclusions and per spectives

This paper evaluates the usage of electric vehiriesrban freight transport collaborative
networks. The idea of using electric cars for fineiransportation within a city emerges as a
solution to reduce carbon emissions, traffic andsenaontamination in downtown. Several
aspects were taken into account to fully evaluagettansport operation in short- and mid-term
scenarios, from both economic and environmentaspgestives. Purchasing and maintenance
vehicles costs and the cost of used energy (iectredity or gasoline) were considered as
economic costs. On the other hand,.@dissions by the production of the energy (i.ecteicity

or gasoline) and the emissions by the energy copsomduring transportation were selected as
environmental components.

The approach presented in this paper considerprtii#ems of collaborative network definition

(i.e. costumers’ allocation and routing process) #re use of different types of vehicles (i.e.
electrics or gasoline), both in an integrated wlye objective was to evaluate the impact of
implementing horizontal collaboration with a mixdlktet of (gasoline-based and electric)
vehicles in terms of efficiency and effectivenedstite decision-making process. Since the
problem of route distribution planning is highlyroplex in terms of computational resources,
this problem was solved using a biased randomizdigsed optimization approach in order to
improve the search process of near-optimal solstfoncostumer’s allocation and routing. Then,
a multi-objective procedure is executed to creatdativized efficient frontier.

Computational tests were carried out using reab dabm the three major networks of
convenience stores operating in Bogota, Colombiatly, our approach was compared against a
heuristic method already available in the literatuAccording to the obtained results, our
procedure seems to perform quite well and was #bleutperform the heuristic method of
Mufoz-Villamizar et al. (2017). This improvementcacs in phase 2 (customer allocation and
routing sub-problems), in the biased randomizedralgn. Then, experiments of 1 and 5 years
were performed to find an efficient frontier sotutiin the using of electric vehicles for short- and
mid-term, respectively.

As a managerial conclusion, our findings suggeat the purchase of new vehicles (electric or
gasoline) depends on the time horizon left for aperation. This is, electric vehicles are more
profitable, both economically and environmentafty, periods of more than 3 years. Moreover,
gasoline vehicles performs better for a short-toperation because of their lower purchasing
cost. Finally, we can state that the economic ggviar using gasoline vehicles are much relative
lower than the reduction of the environmental intgmcusing electric vehicles. In the best of the
cases, reductions up to 22% in environmental impac be generated with economic overruns
of only 2% in operational costs.

It is to note that, as this is a case-study basedarch, numerical results are valid for the case
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study. However, since a sensitivity analysis wae alarried out, freight distribution companies
in countries employing a similar mix of energy sms could find this results interesting to
evaluate their own strategies. Another limitatidrihas work is that only one type of vehicle was
selected to carry out the numerical experimentss Vbhicle type was selected because of its
market availability as both gasoline-base and Btet#chnologies, so allowing a fair comparison
of results. Despite this particular vehicle selattithe conceptual approach to solve the proposed
problem is generic. Thus, numerical values canasdyechanged as parameters of the algorithms
so this study can be easily replicated anywhee els

For further research, interesting opportunities rgmavhen other objective functions regarding
environmental or social impact evaluations are iamed. In fact, other economic costs (e.g.
costs for depot adequacy or costs of fleet reassgt) can be used for a better understanding of
the complex distribution operations in collaboratimetworks. Likewise, it is important to
incorporate the life cycle environmental cost @odlic vehicles by including the energy use and
emissions associated with the components and partiiction of this kind of vehicles. Finally,
regarding the collaborative structure of distribatinetwork, a variety of issues still prevent a
widespread application of horizontal collaboratioetween companies in supply chains. The
development of this type of collaboration requitles existence of a high level of trust among
companies, being most of them reluctant to shaferrmation because they are usually
competitors (Ozener and Ergun. 2008). Another kegué when promoting horizontal
collaboration practices is that the costs savirspeated with collaborative strategies cannot be
easily estimated for a single company but they havbe estimated on a global supply chain
level. Hence, valuable opportunities for futuree@ch emerge in this area.
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