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Abstract Multi-echelon distribution strategies in which freight is delivered to customers via intermediate depots rather than direct shipments is an increasingly popular strategy in urban logistics. This is primarily to alleviate the environmental (e.g., energy usage and congestion) and social (e.g., traﬃcrelated air pollution, accidents and noise) consequences of logistics operations. This paper presents a comprehensive MILP formulation for a time-dependent two-echelon capacitated vehicle routing problem (2E-CVRP) that accounts for vehicle type, traveled distance, vehicle speed, load, multiple time zones and emissions. A case study in a supermarket chain operating in the Netherlands shows the applicability of the model to a real-life problem. Several versions of the model, each diﬀering with respect to the objective function, are tested to produce a number of selected key performance indicators (KPIs) relevant to distance, time, fuel consumption and cost. The paper oﬀers insight on economies of environmentally-friendly vehicle routing in two-echelon distribution systems. The results suggest that an environmentally-friendly solution is obtained from the use of a two-echelon distribution system, whereas a single-echelon distribution system provides the least-cost solution. Keywords: Vehicle routing, Two-echelon distribution system, Greenhouse gas emissions, Energy consumption, Mixed integer linear programming 1. Introduction The signiﬁcant growth in freight traﬃc and increase in traﬃc congestion in urban areas necessitate introducing legal restrictions on the use of large-size vehicles with heavy loads. For instance, in some cities of Australia (e.g., Sydney and Melbourne1 ) oversize vehicles are not allowed to travel on designated routes during peak hours (RTA, 2007). The desired objective of keeping large vehicles away from congested areas aims not only to reduce the environmental externalities of freight distribution (e.g., energy usage and congestion), but also to improve the social consequences of such activities (e.g., traﬃc-related air pollution, accidents and noise). One way of achieving this objective is to use multi-echelon distribution strategies in which freight is delivered to customers via intermediate depots rather than direct shipments from the origin (Crainic et al., 2004; Perboli ∗
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et al., 2011). In two-echelon distribution systems, large trucks are used to transport freight over long-distances to intermediate depots where consolidation takes place. The products are transferred to destination points using small and environmentally-friendly vehicles. This approach also ﬁnds applications in e.g., multi-modal freight transportation, grocery and hypermarkets products distribution, and e-commerce and home delivery services (Feliu et al., 2007). Several projects (e.g., CIVITAS2 and ELCIDIS3 ) have been undertaken in recent years to address issues in two-echelon logistics systems and to manage freight transportation in urban areas. The two-echelon capacitated vehicle routing problem (2E-CVRP) is a distribution system where intermediate capacitated depots, called satellites, are placed between a supplier and ﬁnal customers (Feliu et al., 2007). Direct shipments from suppliers to customers as in Vehicle Routing Problems (VRPs), e.g., Jabali et al., 2012; Kritikos and Ioannou, 2013, are not allowed in this setting. Freight must ﬁrst be sent from the depot to a satellite and thence to the destination. The 2E-CVRP has two types of vehicle routes: (i) ﬁrst-echelon routes that start and end at the depot and visiting the satellites, and (ii) second-echelon routes that start and end at the same satellite and visiting the customers (see Fig. 1). Satellites usually have limited capacities and are allowed to be serviced by more than one ﬁrst-echelon route. In the second-echelon, however, each customer is visited exactly once by a route. A homogeneous vehicle ﬂeet is used at each echelon. Second-echelon vehicles are smaller in capacity than the ﬁrst-echelon vehicles. A handling cost proportional to the quantity loaded or unloaded is incurred for the satellites due to the unloading of ﬁrst-echelon vehicles and loading of second-echelon vehicles. Satellites do not perform any other activity, e.g., signiﬁcant physical installations and warehousing are not required. The objective of the basic 2E-CVRP is to determine two sets of ﬁrst and second echelon routes that minimize total routing and handling cost.



Figure 1: A solution to the 2E-CVRP (Source: Baldacci et al. (2013))



The basic 2E-CVRP assumes that distribution costs and travel times between nodes are known in advance and are constant (Feliu et al., 2007; Perboli et al., 2011). However, fuel consumption and therefore cost can change based on vehicle speed and load. In particular, vehicle speed can change 2 An initiative which was launched in 2002 to redeﬁne transport measures and policies in order to create cleaner, better transport in cities. http://www.civitas.eu/index.php?id=79&sel_menu=23&measure_id=620,Onlineaccessed: August2013 3 A project about electric vehicle city distribution system in Rotterdam, Netherlands. http://www.managenergy. net/resources/779,Onlineaccessed:August2013
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according to the traﬃc density at a certain time and location, and load is dependent on the visiting order of the customers. Real-world vehicle routing applications require calculation of distribution costs more accurately, which will also help to reduce relevant operational or environmental related costs. This has been shown in the relevant literature for a number of VRPs considering fuel consumption or emissions (e.g., Bekta¸s and Laporte, 2011; Franceschetti et al., 2013). Such an attempt has not yet been made for the 2E-CVRP with time-dependent travel times. This is the motivation behind this paper. In particular, we incorporate detailed fuel consumption estimations based on factors such as vehicle type, traveled distance, vehicle speed and vehicle load into the 2E-CVRP. Our study adds to the literature on VRPs that have fuel consumption or emissions considerations by: (1) developing a comprehensive MILP formulation for a time-dependent 2E-CVRP that accounts for vehicle type, traveled distance, vehicle speed, load, emissions and multiple time zones that may occur during the planning horizon, (2) presenting the applicability of the model in a supermarket chain operating in the Netherlands based on mostly real data, multiple scenarios, and analysis. The rest of the paper is structured as follows. The next section presents a review of the relevant literature on the 2E-CVRP and VRPs with environmental considerations. In the subsequent section, we present a mathematical formulation of the problem, followed by computational results on a real-life distribution problem. The last section presents conclusions and future research directions. 2. Literature Review The 2E-CVRP has recently attracted attention largely because of the growing need for research to manage distribution systems for congested urban areas (Crainic et al., 2004). The 2E-CVRP is an NP-Hard problem due to the fact that it is a special case of the VRP. Feliu et al. (2007) present a commodity-ﬂow formulation for the 2E-CVRP, using which solutions were obtained for diﬀerent scenarios with a branch & cut algorithm. Perboli et al. (2010, 2011) use valid inequalities to further improve the algorithm of Feliu et al. (2007) and obtain relatively good solutions with limited computational eﬀort. Jepsen et al. (2013) show that the model presented by Perboli et al. (2011) may not provide feasible solutions when there are more than two satellites in the solution. They describe an adjusted formulation and a new mathematical model for a relaxation of the 2ECVRP but provides optimal solutions for the given problem sizes of 50 customers and ﬁve satellites using a specialized branching scheme. Heuristic algorithms for the 2E-CVRP are presented in Crainic et al. (2008), Crainic et al. (2011), Perboli et al. (2011) and Hemmelmayr et al. (2012). Santos et al. (2012) and Baldacci et al. (2013) describe exact algorithms for solving the 2E-CVRP. The algorithm of Santos et al. (2012) is a hybrid branch-and-bound and column-generation, and the one by Baldacci et al. (2013) is based on decomposing the problem into a limited set of multi-depot capacitated VRPs with side constraints. Crainic and Sgalambro (2009) and Crainic et al. (2009) study the 2E-CVRP with various assumptions concerning diﬀerent operational issues such as the management of the vehicle ﬂeet, the ﬂexibility associated with the delivery of goods and the size of the controlled ﬂeets. One of the common points of all the studies above is the assumption of constant cost or travel times between the nodes. This is a strong assumption for the 2E-CVRP, since the problem includes second-echelon routes often traveled over congested urban areas with diﬀerent traﬃc density levels for diﬀerent times of a day. Additionally, this assumption is restrictive in that it does not allow for an explicit calculation of the fuel consumed in logistics operations, which is crucial in terms of reducing 3



environmental externalities (Soysal et al., 2012). To the best of our knowledge, the only study that considers fuel consumption in this context is by Crainic et al. (2012), who employ a generalized travel cost function comprising ﬁxed costs for the arcs, operational costs, and environmental costs. They assess the eﬀect of traﬃc congestion on travel cost by conducting analyses on diﬀerent scenarios which vary according to the day-period (time zone) in which vehicles travel. They assume that each day-period has diﬀerent arc travel costs and all delivery operations are carried out within the same day-period. Therefore, the travel cost of an arc changes in diﬀerent scenarios, but remains same within each scenario. This approach of changing travel costs according to the day-period in each scenario obviously cannot handle problems with multiple time zones. For instance, there might be an initial congestion period followed by a non-congestion period during the planning horizon. This requires a consideration of the transition period between periods of congested and free-ﬂow traﬃc. Such changes in arc travel cost within the same planning horizon or transition period between diﬀerent time zones were not addressed by Crainic et al. (2012). There exist other number of studies on the more standard versions of the VRP with an explicit consideration of environmental issues, such as fuel consumption or emissions. The standard VRP and its variants have been extensively studied in the literature, but only relatively few papers have looked at fuel consumption or emissions in the routing decisions. The interested reader is referred to the reviews by Demir et al. (2014b) and Lin et al. (2014) on the topic. We present a short comparison of such studies given in Table 1, diﬀerentiated with respect to the following factors taken into account in estimating fuel consumption or emissions: (i) distance traveled, (ii) vehicle load, (iii) vehicle speed and (iv) time-dependent speed proﬁles. Table 1: Studies on VRPs that have fuel consumption or emissions considerations Hsu et al. (2007) Kara et al. (2007) Apaydin and Gonullu (2008) Tavares et al. (2008) Tavares et al. (2009) Kuo (2010) Figliozzi (2010) Maden et al. (2010) Bekta¸s and Laporte (2011) Figliozzi (2011) Kuo and Wang (2011) Suzuki (2011) Ubeda et al. (2011) Crainic et al. (2012) Demir et al. (2012) Erdogan and Miller-Hooks (2012) Jabali et al. (2012) Jemai et al. (2012) Xiao et al. (2012) Eguia et al. (2013) Franceschetti et al. (2013) Gajanand and Narendran (2013) Kwon et al. (2013) Pradenas et al. (2013) Ramos et al. (2013) Demir et al. (2014a)



Distance trav.                          



Vehicle load                 



Vehicle speed                  



Time-dep. speed        -



According to Table 1, all studies take traveled distance into account in estimating the fuel consumption or emissions. However, although, vehicle load and speed are regarded as signiﬁcant 4



factors aﬀecting fuel consumption and emissions4 (Demir et al., 2011; Ligterink et al., 2012), not all studies presented in Table 1 have taken these factors into account. Some of the studies that employed vehicle speed have considered non-constant travel times between the nodes as well. In these studies, travel speed between the same two nodes can change due to the time of travel (e.g., rush hour or not) and locations of nodes (e.g., urban or rural area). Our brief review shows that most studies presented in Table 1 have not taken all four aforementioned factors into account simultaneously with the exception of Hsu et al. (2007), Kuo (2010) and Franceschetti et al. (2013). These studies, however, consider a single-echelon VRP. Other diﬀerences between this study and others are as follows. Hsu et al. (2007) assume that some links in the network have traﬃc congestion with known probabilities, and do not deal with multiple time zones and use expected travel times. Kuo (2010) proposes a heuristic algorithm for ﬁnding the vehicle routes, and the approach therefore does not guarantee optimality. Moreover, fuel consumption amounts are only estimated linearly. In particular, while incorporating load of the vehicles into the fuel consumption estimations, they assume that an extra load in the vehicle would increase fuel consumption by a predetermined percentage. Finally, a recent study by Franceschetti et al. (2013) propose an integer linear programming model for a VRP by considering two time zones starting with an initial congestion period and followed by a free-ﬂow period. 3. Problem Description 



The problem studied here is deﬁned on a complete graph G = {V, A∪A }, where the set of nodes V = {V0 ∪ VS ∪ VC } consists of three subsets: a depot (V0 = {0}), a set of satellites (VS ) and a set of customers (VC ). The set of arcs consists of two subsets: those in the ﬁrst-echelon A = A(V0 ∪ VS )  and in the second-echelon A = A(VS ∪ VC ) where A(S), S ⊂ V is the set of all arcs with both endpoints in S. Time-dependent travel times are considered to account for traﬃc congestion eﬀects   when traveling on arcs (i, j) ∈ Ac ⊆ A . The index set of ﬁrst-echelon vehicles located at the depot is K = {1, 2..., k}, each vehicle with capacity c. Freight is delivered to satellites from the depot through these vehicles. Each satellite can be served by more than one ﬁrst-echelon vehicle,  so the total freight assigned to each satellite can be split into two or more vehicles. A ﬂeet of ks  identical vehicles of capacity c < c are available at each satellite s ∈ VS for serving the customers, where each customer has a known demand qi to be delivered. The total number of  nonnegative   second-echelon vehicles is k = s∈VS ks . The demand of each customer cannot be split among diﬀerent vehicles and each customer is visited exactly once by a second-echelon route. Additionally, each customer has a service time shown by hi . As in the standard VRP, waiting at customers is  not allowed after service has been completed. The distance between two nodes (i, j) ∈ A ∪ A is denoted by dij . The unit handling cost of freight in satellite s ∈ VS is given as bs . The aim of the problem in this study is to determine the ﬁrst and second echelon routes for all vehicles by respecting the assumptions stated above so as to minimize the total cost of travel and handling. Travel cost includes that of driver and fuel consumption, calculated for each arc in the network. Let w denote the wage for the drivers and p denote the fuel price per liter. The driver of each vehicle is paid from the beginning of the time horizon until the time they return to the starting point. Fuel consumption is mainly dependent on speed, load and distance. The following sections 4
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explain the calculation of time-dependent travel times and fuel consumption in greater detail. 3.1. Time dependency The travel time of a vehicle depends on distance, where speed changes according to the departure time and the arc being traversed. Vehicles travel at a free-ﬂow speed f in the ﬁrst-echelon. The  vehicle traversing a congested arc (i, j) ∈ Ac has diﬀerent travel speeds sl , l ∈ T = {1, 2, 3..., Te } according to the time zone T in which it travels. Figure 2a shows an example of speed proﬁles for   four-time zones. The rest of the arcs, (i, j) ∈ A \Ac , are deﬁned as non-congested, for which speed  is constant and denoted f (Figure 2b).











(a) For arcs (i, j) ∈ Ac (second-echelon)







(b) For arcs (i, j) ∈ A \Ac (second-echelon)



Figure 2: An example of speed proﬁles for four-time zones



3.2. Fuel consumption and emissions We employ the same approach as in Bekta¸s and Laporte (2011), Demir et al. (2012) and Franceschetti et al. (2013) for estimating fuel consumption and emissions that is based on the comprehensive emissions model of Barth et al. (2005). According to this model, the total amount of fuel used F uel (liters) for traversing a distance distance (m) at constant speed speed (m/s) with load load (kg) is calculated as follows:   distance 2 + γβdistance(speed) + γα(μ + load)distance F uel = λ kNe V speed ξ 1 , γ = 1000ε , β = 0.5Cd Aρ, and α = g sin φ + gCr cos φ. Furthermore, k is the engine where λ = κψ friction factor (kJ/rev/liter), Ne is the engine speed (rev/s), V is the engine displacement (liter), μ is the vehicle curb weight (kg), g is the gravitational constant (9.81 m/s2 ), φ is the road angle, Cd and Cr are the coeﬃcient of aerodynamic drag and rolling resistance, A is the frontal surface area (m2 ), ρ is the air density (kg/m3 ), ε is vehicle drive train eﬃciency and is an eﬃciency parameter for diesel engines, ξ is fuel-to-air mass ratio, κ is the heating value of a typical diesel fuel (kJ/g), ψ is a conversion factor from grams to liters from (g/s) to (liter/s). For further details on these parameters, the reader is referred to Demir et al. (2011).
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3.3. A mixed integer linear programming formulation This section presents a comprehensive mixed integer linear programming formulation for the studied problem. This formulation is based on the model proposed by Jepsen et al. (2013) for the 2E-CVRP, but extends it to account for the time-dependent speeds and the amount of fuel consumed. The full notation that is needed for the model is presented in Table 2. We now present the formulation, starting with the objective function.  



M inimize



   λ1 ω1 (dij /f )Xijk + υ1 dij f 2 Xijk + 1 (μ1 Xijk + Iijk )dij p



(1.i)



(i,j)∈A k∈K



+



 



(dij /f )Xijk w



(1.ii)



(i,j)∈A k∈K



+







T s bs



s∈VS



+



(1.iii)       λ2 ω2 Gijs + υ2 Gijs f 3 + 2 (μ2 Zijs + Fijs )dij p







(1.iv)



  (i,j)∈A \Ac s∈VS



+







     mm mm 3 mm mm ) + υ2 ((dij /sm )Nijs )sm + 2 (μ2 Nijs + Eijs )dij p λ2 ω2 ((dij /sm )Nijs



 (i,j)∈Ac s∈VS m∈T



+























p


 (i,j)∈Ac s∈VS m∈T \{Te } n∈T,n>m



mn mn + Eijs )dij 2 (μ2 Nijs   Sis w. +



 



(1.v)



p=m+1



p



(1.vi) (1.vii)



i∈VC s∈VS



(1)



The objective function (1) comprises seven parts: (1.i) fuel cost for the ﬁrst-echelon, (1.ii) driver cost for the ﬁrst-echelon, (1.iii) handling fee in the satellites, (1.iv) fuel cost for the noncongested arcs in the second-echelon, (1.v) fuel cost for the congested arcs in the second-echelon if departure and arrival times are in the same time zone, (1.vi) fuel cost for the congested arcs in the second-echelon, if departure and arrival times are in diﬀerent time zones, (1.vii) driver cost for the second-echelon.  (i,j)∈δ + (s)







(i,j)∈δ + (s)



Xijk ,



∀s ∈ VS , k ∈ K



(2)



(i,j)∈δ − (s)



Xijk ≤ 1,



(i,j)∈δ + (s)











Xijk =



Iijk =



∀s ∈ V0 ∪ VS , k ∈ K 



Iijk − Wi,k ,



∀s ∈ VS , k ∈ K



(3) (4)



(i,j)∈δ − (s)



Iijk ≤ cXijk , ∀(i, j) ∈ A, k ∈ K  Iijk ≤ 0, ∀s ∈ V0 , k ∈ K.



(5) (6)



(i,j)∈δ − (s)



Constraints (2) to (6) relate to the ﬁrst-echelon. In particular, constraints (2) ensure ﬂow conservation for each vehicle at each satellite, constraints (3) ensure that a vehicle visits a satellite at most once, and constraints (4) to (6) model the ﬂow on each arc and ensure that vehicle capacities
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Table 2: Parameters and decision variables



Symbol δ − (s) δ + (s)  δ − (i)  δ + (i) Mi c  c  ks  k qi dij bs hi tl sl f  f zl el ωj υj j λj μj p w Xijk Wsk Ts Zijs Fijs mn Eijs Iijk Dijs mn Hijs Gijs Ri Sis m Pijs Lm ijs mn Yijs



mn Bijs mn Nijs



Amn ijs



Meaning entering ﬁrst-echelon arcs of satellite s ∈ VS , leaving ﬁrst-echelon arcs of satellite s ∈ VS , entering second-echelon arcs of node i ∈ VS ∪ VC , leaving second-echelon arcs of node i ∈ VS ∪ VC , suﬃciently large numbers, i ∈ {1, 2} capacity of vehicles in ﬁrst-echelon, capacity of vehicles in second-echelon, vehicle limit in satellite s ∈ VS ,   total size of the second-echelon vehicles, is equal to s∈VS ks , demand of customer i ∈ VC , distance between two nodes i = j ∈ V , unit handling cost of freight in satellite s ∈ VS , service time in customer i ∈ VC , ending time of zone l ∈ T \{Te }, travel speed in time zone l ∈ T , free-ﬂow speed in ﬁrst-echelon, free-ﬂow speed in second-echelon, max distance that can be traveled in time zone l ∈ T \{1, Te }, zl = (tl − tl−1 )sl ∀l ∈ T \{1, Te }, is calculated as follows, el = (tl − tl−1 )s3l ∀l ∈ T \{1, Te }, technical parameter, kj Nej Vj , for vehicle in echelon j ∈ {1, 2}, technical parameter, γj βj , for vehicle in echelon j ∈ {1, 2}, technical parameter, γj αj , for vehicle in echelon j ∈ {1, 2}, technical parameter, ξj /κj ψj , for vehicle in echelon j ∈ {1, 2}, curb-weight of vehicle in echelon j ∈ {1, 2}, fuel price per liter, wage rate for the drivers of the vehicles, binary variable equal to 1 if ﬁrst-echelon vehicle k ∈ K goes from i ∈ V0 ∪ VS to j ∈ V0 ∪ VS , and 0 otherwise, the amount of freight delivered to satellite s ∈ VS by vehicle k ∈ K, total demand delivered from satellite s ∈ VS , binary variable equal to 1 if second-echelon vehicle from satellite s ∈ VS goes from i ∈ VS ∪ VC to j ∈ VS ∪ VC , and 0 otherwise, the load on a vehicle from satellite s ∈ VS when leaving node i ∈ VS ∪ VC , the load on a vehicle from satellite s ∈ VS when leaving node i ∈ VS ∪ VC , and departure and arrival times are in zones m, n ∈ {T |n ≥ m} respectively, the load on a vehicle k ∈ K when leaving node i ∈ V0 ∪ VS , departure time from node i ∈ VS ∪ VC when departure node is j ∈ VS ∪ VC , and vehicle origin is s ∈ VS , departure time from node i ∈ VS ∪ VC when departure node is j ∈ VS ∪ VC , and vehicle origin is s ∈ VS , and departure and arrival times are in zones m, n ∈ {T |n ≥ m} respectively, travel time between node i ∈ VS ∪ VC and j ∈ VS ∪ VC for the vehicle that has an origin s ∈ VS , time at which service starts at node i ∈ VC , total time spent on a route that has node i ∈ VC as last visited before returning to a satellite s ∈ VS , binary variable equal to 1 if departure time of a vehicle that has an origin s ∈ VS to traverse arc  (i, j) ∈ Ac is higher than the tm , m ∈ T \{Te }, and 0 otherwise, binary variable equal to 1 if time zone during departure for a vehicle that has an origin s ∈ VS  to traverse arc (i, j) ∈ Ac is m ∈ T ∪ {0}, and 0 otherwise, binary variable equal to 1 if departure time for a vehicle that has an origin s ∈ VS is earlier than  tm , m ∈ T \{Te } and arrival time is later than tn , n ∈ {T \{Te }|n ≥ m} while traversing the arc (i, j) ∈ Ac , and 0 otherwise,  max distance that can be traversed on arc (i, j) ∈ Ac before tn , n ∈ {T \{Te }|n ≥ m} while departure time is earlier than tm , m ∈ {T \{Te }}, for a vehicle that has an origin s ∈ VS , binary variable equal to 1 if departure and arrival times for a vehicle that has an origin s ∈ VS are in  zones m, n ∈ {T |n ≥ m} respectively, while traversing the arc (i, j) ∈ Ac , and 0 otherwise,  travel time of a vehicle that has an origin s 8 ∈ VS for the arc (i, j) ∈ Ac when departure and arrival times are in zones m, n ∈ {T |n ≥ m} respectively,



are respected. 



∀s ∈ Vs .



Wsk = Ts ,



(7)



k∈K



Constraints (7) link the delivery from all ﬁrst-echelon vehicles with the total demand delivered from each satellite. 















Zabs =



 (a,b)∈δ − (i)











(



Zabs +







Zabs ≤ ks ,



(8) ∀i ∈ VC , s ∈ VS



Zabs ,



 (a,b)∈δ + (i)



  s ∈VS \{s} (a,b)∈δ + (s)







∀i ∈ VC



Zabs = 1,



s∈VS (a,b)∈δ  + (i)



  (a,b)∈δ − (s)



(9) ∀s ∈ VS



Zabs ) = 0,



∀s ∈ VS



(10) (11)



 (a,b)∈δ + (s)















Zabs ≤ k ,



s∈VS (a,b)∈δ  + (s)











Fabs =



s∈VS (a,b)∈δ  + (i)



(12) 







Fabs − qi ,







∀s ∈ VS , (a, b) ∈ A Fabs ≤ c Zabs ,  Fabs , ∀s ∈ VS Ts = 



∀i ∈ VC



(13)



s∈VS (a,b)∈δ  − (i) 



(14) (15)



 (a,b)∈δ + (i)



Ts =



s∈VS



qi ,



(16)



i∈VC







∀s ∈ VS



Dijs = 0,



 (i,j)∈δ + (s)















(17) ∀i ∈ VC



(Dijs + Gijs ) = Ri ,



(18)



 (i,j)∈δ − (i) s∈VS











∀i ∈ VC



Dijs = Ri + hi ,



(19)



 (i,j)∈δ + (i) s∈VS



Diss + Giss ≤ Sis , Dijs ≤ M2 Zijs ,



∀i ∈ VC , s ∈ VS



(20)







∀(i, j) ∈ A , s ∈ VS .



(21)



Constraints (8) to (21) relate to the second-echelon. Constraints (8) ensure that each customer is visited exactly once. Constraints (9) ensure conservation of the vehicle origin at each customer. Constraints (10) eliminate traﬃc between the satellites. Constraints (11) and (12) ensure that the number of vehicles used is not more than the available vehicles. Constraints (13) and (14) model the ﬂow on each arc and ensure that vehicle capacities are respected. Constraints (15) ensure ﬂow balance at each satellite. Constraints (16) ensure that total demand is equal to total amount delivered from all satellites. Constraints (17) initialize the departure time from the satellites as 0. Constraints (18) and (19) are used to model the relationship between departure and arrival times at each customer. Constraints (20) compute the time at which the vehicle returns to the satellite. Constraints (21) are used to set departure times to zero for arcs that do not exist in the route. 



Gijs = (dij /f )Zijs ,











∀(i, j) ∈ A \Ac , s ∈ VS .



(22)



Constraints (22) measure the travel time for the non-congested second-echelon arcs (i, j) ∈



9











A \Ac that exist in the route. 



m M2 (1 − Pijs ) + Dijs ≥ tm ,



∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te } 



m Pijs M2 ,



∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te } Dijs < tm +    m Pijs + Zijs = mLm ∀(i, j) ∈ Ac , s ∈ VS ijs ,



(24) (25)



m∈T



m∈T \{Te }







(23)







Lm ijs = 1,



∀(i, j) ∈ Ac , s ∈ VS .



(26)



m∈T ∪{0}



Constraints (23) to (26) compute the time zone when the vehicles depart from node i ∈ VS ∪ VC  to node j ∈ VS ∪ VC , where (i, j) ∈ Ac , by considering the departure time from node i ∈ VS ∪ VC and ending times of zones m ∈ T \{Te }. mn Bijs



  p≤n  m m = (tm Lijs − Dijs )sm + zp Lijs + M1 (1 − Lm ijs ),







∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m}. (27)



p=m+1



Constraints (27) are used to compute bounds, which are necessary to calculate the time zone  when the vehicles arrive at node j ∈ VS ∪VC from node i ∈ VS ∪VC , where (i, j) ∈ Ac . These bounds show the maximum distance that can be traversed before the end of each zone by considering the departure time from node i ∈ VS ∪ VC and ending times of zones m ∈ T \{Te }. mn mn M1 (1 − Yijs ) + dij ≥ Bijs ,



dij 



mn Bijs







+







∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m} 



mn Yijs M1 ,



∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m}   mn mn Yijs + Lm nNijs , ∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te } ijs m =



(29) (30)



n∈T,n≥m



n∈T \{Te },n≥m







(28)



mn Nijs = 1,







∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te }.



(31)



n∈T ∪{Te+1 },n≥m



Constraints (28) to (31) compute the time zone when the vehicles arrive at node j ∈ VS ∪ VC  from node i ∈ VS ∪ VC , where (i, j) ∈ Ac , by considering the departure time from node i ∈ VS ∪ VC and ending times of zones m, n ∈ T \{Te }. 



mn mn Eijs ≤ Nijs c,  







∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T |n ≥ m} mn Eijs







∀(i, j) ∈ Ac , s ∈ VS



= Fijs ,



(32) (33)



m∈T n∈{T |n≥m} 



mn mn ≤ Nijs M2 , ∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T |n ≥ m} Hijs    mn Hijs = Dijs , ∀(i, j) ∈ Ac , s ∈ VS .



(34) (35)



m∈T n∈{T |n≥m}



mn and H mn , which are Constraints (32) to (35) compute the dependent decision variables Eijs ijs
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used to calculate travel time and fuel consumption amounts. 



Te Te e Nijs = LTijs ,



∀(i, j) ∈ Ac , s ∈ VS



(36) p


   mn mn mn mn mn mn Amn zp Nijs ) /sn , ijs = (tn−1 Nijs − Hijs ) + dij Nijs − ((tm Nijs − Hijs )sm + p=m+1 



∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te }, n ∈ {T |n > m}    mm Amn (dij /sm )Nijs = Gijs , ijs + m∈T \{Te } n∈T,n>m



(37) 



∀(i, j) ∈ Ac , s ∈ VS .



(38)



m∈T 



Constraints (36) to (38) compute the travel time for the congested second-echelon arcs (i, j) ∈ Ac by considering time zones during departure and arrival. Xijk ∈ {0, 1},



∀(i, j) ∈ A, k ∈ K



Zijs ∈ {0, 1}, m Pijs



Lm ijs



∀(i, j) ∈ A , s ∈ VS 



∈ {0, 1},



∀(i, j) ∈ A , s ∈ VS , m ∈ T \{Te } 



∈ {0, 1},



∀(i, j) ∈ A , s ∈ VS , m ∈ T ∪ {0} 



mn ∈ {0, 1}, Yijs mn Nijs



∀(i, j) ∈ A , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m}



∈ {0, 1},



Wsk ≥ 0,



(39)











∀(i, j) ∈ A , s ∈ VS , m, n ∈ {T |n ≥ m}



∀s ∈ VS , k ∈ K



Ts ≥ 0,



(41) (42) (43) (44) (45)



∀s ∈ VS



Fijs , Dijs , Gijs ≥ 0,



(40)



(46) 



∀(i, j) ∈ A , s ∈ VS



(47)



Ri ≥ 0,



∀i ∈ VC



(48)



Sis ≥ 0,



∀i ∈ VC , s ∈ VS



(49)



Iijk ≥ 0,



∀(i, j) ∈ A, k ∈ K



mn mn , Hijs , Amn Eijs ijs ≥ 0, mn Bijs



≥ 0,



(50) 



∀(i, j) ∈ A , s ∈ VS , m, n ∈ {T |n ≥ m} 



∀(i, j) ∈ A , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m}.



(51) (52)



Constraints (39) to (52) represent the binary and nonnegativity restrictions imposed on the decision variables, respectively. 3.4. Strengthening the MILP model This section presents three groups of valid inequalities to tighten the formulation and accelerate the convergence to an optimal solution. The ﬁrst set of simple valid inequalities are on the binary variables and are as follows: m Zijs ≥ Pijs ,



Zijs ≥



Lm ijs ,



Zijs ≥



m Yijs ,



Zijs ≥



m Nijs ,







∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te } 



∀(i, j) ∈ Ac , s ∈ VS , m ∈ T \{Te } 



∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m} 



∀(i, j) ∈ Ac , s ∈ VS , m, n ∈ {T \{Te }|n ≥ m}.



(53) (54) (55) (56)



Constraints (53) to (56) represent the relationships between the given binary variables, speciﬁcally, if a second-echelon vehicle from satellite s ∈ VS does not use the route from i ∈ VS ∪ VC to m , Lm , Y m , and N m ), which are used to calculate related j ∈ VS ∪ VC , the binary variables (Pijs ijs ijs ijs  travel time and fuel consumption in the congested second-echelon arcs (i, j) ∈ Ac , take the value of 0. 11



The second set of valid inequalities are on the routing variables, and are presented as follows: Xijk + Xjik ≤ 1, Zijs + Zjis ≤ 1,



∀(i, j) ∈ {A|i, j ∈ VS }, k ∈ K 



∀(i, j) ∈ {A |i, j ∈ VC }, s ∈ VS .



(57) (58)



Constraints (57) and (58) represents both way ﬂow restrictions on arcs (i, j) ∈ {A|i, j ∈ VS } and  (i, j) ∈ {A |i, j ∈ VC }. The last set of valid inequalities are related to network ﬂows, and are presented as follows: qj Zijs ≤ Fijs ,







∀(i, j) ∈ A , s ∈ VS











Fijs ≤ (c − qi )Zijs , ∀(i, j) ∈ A , s ∈ VS  Fjls ≤ qj Zijs , ∀i ∈ VC ∪ VS , j ∈ VC , s ∈ VS . Fijs −



(59) (60) (61)



l∈VC ∪VS ,l=i



Constraints (59) and (60) are restrictions on the total load a vehicle carries by its capacity (Bekta¸s and Laporte, 2011). Constraints (61) model the relationship between each incoming ﬂow and outgoing ﬂows at nodes i ∈ VS ∪ VC (Perboli et al., 2010). Our preliminary experimentation has shown that signiﬁcant reductions in computational time can be obtained from the use of these additional constraints (53)–(61), as will be shown in the next section. 4. Case Study This section presents an implementation of the proposed model on the distribution operations of a supermarket chain operating in the Netherlands. We ﬁrst describe the data used, then present the results. 4.1. Description and Data The underlying transportation network includes one depot, two satellites and 16 supermarket branches (customers) as presented in Figure 3. The depot is located in Zaandam. The customers are located in the city center of Utrecht, and satellites are located at the boundary of the city. There exists two types of vehicles. Large vehicles are used for the deliveries between the depot and the satellites, each with a capacity of 20 tonnes. Small vehicles are used for the deliveries between the satellites and the customers, each with a capacity of 10 tonnes. The parameters used to calculate the total fuel consumption cost are taken from Demir et al. (2012) and are given in Table 3. It is assumed that small vehicles diﬀer from the large ones in terms of the frontal surface area and curb-weight. For small vehicles, the frontal surface area is 2.5m2 and the curb weight is 4000kg. For large vehicles, these values are 3.912m2 and 6350kg, respectively. Vehicles travel at a ﬁxed speed of 80 km/h between the depot and the satellites. Delivery starts at the same time from a peak-morning period in both satellites. A set of arcs shown in Table 4 are assumed to be congested based on the traﬃc data provided by the Google Maps5 . The rest of the arcs in the second-echelon are deﬁned to be non-congested and vehicles travel at a free-ﬂow speed in these arcs. We assume that there is an initial period of congestion in the congested arcs lasting for an hour6 , followed by a period of free-ﬂow. In the peak period vehicles travel at an average 5



http://maps.google.nl/,Onlineaccessed:August2013 http://www.forbes.com/sites/jimgorzelany/2013/04/25/the-worlds-most-traffic-congested-cities/ ,Onlineaccessed:September2014 6
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Figure 3: Representation of the logistics network



speed of 20 km/h, whereas in the period that follows vehicles travel at an average free-ﬂow speed of 40 km/h. Demand is generated randomly for purposes of sensitivity analysis as will be shown in the following section. For the base case, demand (kg) is (2000, 4500, 1500, 3500, 1500, 2500, 1000, 3000, 1500, 3000, 4000, 1000, 500, 1000, 500, 2000) for customers C1–C16, respectively. Distances between nodes (see Table A.1 in the appendix) are calculated using Google Maps5 . Handling cost at satellites one and two are three and two e/tonne respectively. Service times at customer nodes are assumed to be 10 minutes, regardless of the amount of delivery. 4.2. Analysis and Discussion The ILOG-OPL development studio and CPLEX 12.2 optimization package has been used to develop and solve formulation (1)–(52) for the case study. The resulting model has 2327 continuous and 1106 binary variables, and 3022 constraints. Optimal solutions were obtained on a computer of Pentium(R) i5 2.4GHz CPU with 3GB memory. We focused on four KPIs: (i) total distance, (ii) total time, (iii) total fuel consumption, and (iv) total cost. The proposed model was minimized over each KPI. Each model uses the same set of constraints as shown by (2)–(52), but has a diﬀerent objective function as discussed below. 4.2.1. Comparison of diﬀerent objectives To obtain a distance-minimizing solution, the following function has been used, M inimize



 



dij Xijk +











dij Zijs .



 (i,j)∈A s∈VS



(i,j)∈A k∈K



which minimizes the combined distances traveled in the ﬁrst and second echelons.
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(62)



Table 3: Setting of vehicle and emission parameters Notation ξ κ ψ k Ne V ρ A μ g φ Cd Cr ε p w



Description fuel-to-air mass ratio heating value of a typical diesel fuel (kJ/g) conversion factor (g/liter) engine friction factor (kJ/rev/liter) engine speed (rev/s) engine displacement (liter) air density (kg/m3 ) frontal surface area (m2 ) curb-weight (kg) gravitational constant (m/s2 ) road angle coeﬃcient of aerodynamic drag coeﬃcient of rolling resistance vehicle drive train eﬃciency eﬃciency parameter for diesel engines fuel price per liter (e) driver wage (e/s)



Value 1 44 737 0.2 33 5 1.2041 3.912 6350 9.81 0 0.7 0.01 0.4 0.9 1.7 0.003



Table 4: Congested arcs in the second echelon From C1 C2 C2 C3 C3 C3 C4 C4 C5 C7 C8 C9 C9 C10



Arcs To From S1 C11 C12 C4 C3 C12 C4 C12 C7 C13 C2 C14 C2 C14 C3 C14 C14 S1 C3 C15 C12 S1 C11 S2 C12 S2 C14



To C9 C8 C9 S2 C14 C15 C13 C10 S2 C14 C1 C12 C14



To obtain a time-minimizing solution, the following function has been used, M inimize



 



(dij /f )Xijk +



 



Sis .



s∈VS i∈VC



(i,j)∈A k∈K



which minimizes the total travel time in the ﬁrst and second echelons.
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To obtain a fuel-minimizing solution, we use the function below. M inimize



 



   λ1 ω1 (dij /f )Xijk + υ1 dij f 2 Xijk + 1 (μ1 Xijk + Iijk )dij



(i,j)∈A k∈K



+







      λ2 ω2 Gijs + υ2 Gijs f 3 + 2 (μ2 Zijs + Fijs )dij



  (i,j)∈A \Ac s∈VS



+







     mm mm 3 mm mm ) + υ2 ((dij /sm )Nijs )sm + 2 (μ2 Nijs + Eijs )dij λ2 ω2 ((dij /sm )Nijs



 (i,j)∈Ac s∈VS m∈T



+























p


 (i,j)∈Ac s∈VS m∈T \{Te } n∈T,n>m



mn mn + Eijs )dij 2 (μ2 Nijs



 



p=m+1



.



(64)



The objective function (64) is based on the fuel consumption model presented earlier and minimizes the fuel consumption for both the ﬁrst and second echelon travels. To obtain a cost-minimizing solution, we use the original objective function (1). In summary, we show the diﬀerences between the above presented model variations in Table 5. Table 5: Diﬀerences between the model variations



Distance-minimizing Time-minimizing Fuel-minimizing Cost-minimizing



Traveled distance    



Vehicle speed or Traﬃc congestion



Vehicle load



Vehicle type



Fuel price and Wage rate (drivers)



Handling fee



  



 



 











We present the resulting routes and comparison results for the four objectives in Table 6. In this table, we explicitly present the resulting routes both in the ﬁrst and the second echelons, yielded by the four formulations. For each solution, we also report the total distance (m), time (s), fuel (liter) and cost (e), both in absolute units and normalized with respect to the smallest value for each performance indicator (in brackets). A graphical visualization of the normalized data is presented in Figure 5 as well. Table 6: Distance, time, fuel and cost-minimizing solutions



First echelon routes Second echelon routes Total Total Total Total



distance (m) time (s) fuel (liter) cost (e)



Distance-minimizing D-S1-D D-S1-D S1-13-14-12-15-16-10-S1 S1-7-8-11-9-S1 S1-4-3-2-S1 S1-1-5-6-S1 288600 (1) 27795 (1.06) 64.23 (1.01) 291.57 (1.12)



Time-minimizing D-S1-D D-S2-D S1-13-5-1-3-2-S1 S1-10-6-S1 S2-9-4-7-8-14-S2 S2-11-12-15-16-S2 293700 (1.02) 26211 (1) 64.92 (1.02) 270.49 (1.04)



Fuel-minimizing D-S1-D D-S1-D S1-10-12-15-16-14-13-S1 S1-7-8-11-9-S1 S1-6-4-3-1-S1 S1-5-2-S1 291400 (1.01) 26984 (1.03) 63.42 (1) 287.76 (1.11)



Cost-minimizing D-S2-D D-S2-D S2-15-16-8-3-7-12-S2 S2-11-S2 S2-10-4-6-14-S2 S2-9-2-1-5-13-S2 302300 (1.05) 26358 (1.01) 67.33 (1.06) 259.53 (1)



The comparison results shown in Table 6 indicate that, although distance-minimizing solution 15



performs slightly worse in terms of fuel consumption, it yields signiﬁcantly higher travel times and cost. The resulting routes pass through congested arcs at times of traﬃc congestion, which results in increased travel time and fuel consumption. The reason for the poor performance with respect to total cost is also due to the higher handling cost in satellite one, which in this solution is used for all deliveries. In contrast to the distance-minimizing objective, the time-minimizing objective takes vehicle speed, and consequently the traﬃc congestion, into account (see Table 5). The comparison results shown in Table 6 indicate that reducing travel time and using the two satellites allow for a better cost performance compared to the distance-minimizing solution. The fuel-minimizing objective yielded an average of 2.5% reduction in fuel compared to the other objectives. It considers traveled distance, vehicle speed and load (see Table 5). Similar to the distance-minimizing solution, the solution proposes to use only satellite one. In comparison with the time-minimizing solution, although it performs better in terms of fuel consumption, it has a higher cost because of longer travel times and higher handling cost. Aiming for less fuel consumption means at the same time minimizing environmental damage in terms of transportation emissions and energy usage, since the amount of emissions and energy usage of a vehicle are directly proportional to the amount of fuel consumed. From this perspective, the solution obtained from the fuel-minimizing objective can be regarded as the most environmentally-friendly one. For the case study, being sustainable (fuel-eﬃcient) comes at a cost increase of 10.8% compared to the most economic solution. In contrast to the other objectives, the cost-minimizing objective takes travel time due to driver wage, fuel consumption and handling cost into account (see Table 5) and achieves, on average, a reduction of 6.9% in cost. The comparison results shown in Table 6 indicate that, among other types the cost-minimizing solution has the worst performance with respect to fuel consumption. However, the cost-minimizing solution uses only satellite two for the deliveries that allows to reduce the total handling cost. Additionally, it yields a slightly higher total travel time as compared to the time-minimizing solution, and consequently reduces total driver costs. 4.2.2. Eﬀect of valid inequalities on solution time To evaluate the eﬀect of proposed valid inequalities (53)–(61), an analysis has been carried out. Table 7 presents the results on the computational times required to solve each variation of the model to optimality, with diﬀerent combinations of the valid inequalities. The results show the eﬃciency of the valid inequalities. Table 7: The eﬀect of the valid inequalities on the computational time (in seconds) to obtain optimal solutions



Model Model+(53)–(58) Model+(59)–(61) Model+(53)–(61)



Distance-minimizing 76 230 51 61



Time-minimizing 3325 3293 1455 1410



Fuel-minimizing 497 562 342 210



Cost-minimizing 3738 2170 469 568



4.2.3. Sensitivity analyses This section presents sensitivity analyses for the model with respect to changes in the handling cost, demand and satellite capacities.
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• Eﬀect of change in the handling cost: It is clear that changes in the handling cost cannot aﬀect the routing decisions for the distance, time and fuel-minimizing solutions, since this is not considered in the objective function of these variations of the model. However, a change in handling cost in the satellites may aﬀect the resulting cost for all variations of the model. Additionally, handling cost may have an eﬀect on routing decisions for the cost-minimizing solution. This has motivated us to analyze two scenarios that diﬀer with respect to the handling cost structure: (i) Scenario H1: handling cost at satellites one and two are taken as two and three e/tonne respectively, (ii) Scenario H2: handling costs are equal and are set as two e/tonne for both satellites. The cost-minimizing solution yields same vehicle routes in both scenarios, namely D-S1-D and D-S1-D (ﬁrst-echelon) and S1-10-6-S1, S1-7-11-12-15-16-14-13-S1, S1-5-1-2-S1, and S1-4-3-8-9-S1 (second-echelon). However this solution is diﬀerent to that of the base case, which was presented in Table 6. In particular, the new solution uses satellite one for product delivery as opposed to using only satellite two as in our base case. Comparisons of the cost-minimizing solutions under diﬀerent scenarios are presented in Table 8. In the new scenarios, the fuel consumption is reduced from 67.33 liters to 63.44 liters due to the usage of satellite one. This reduction also contributes to the decrease in the total cost. One other ﬁnding is that although the new scenarios have a shorter total distance, they perform worse in terms of total time compared to the base case. The reason behind this result is the diﬀerence in the total distance traveled in and out of the city center. In particular, the total distance traveled out of the city center in the base case is 30600 m shorter than in the new scenarios, whereas, the total distance traveled into the city center is 19900 m longer than that of the new scenarios. Table 8: Comparisons of the cost-minimizing solutions under the base case, and scenarios H1 and H2



Base Case Scenario H1 Scenario H2



Total distance (m) 302300 291600 291600



Total time (s) 26358 26854 26854



Total fuel (liter) 67.33 63.44 63.44



Total cost (e) 259.53 254.42 254.42



The resulting costs of the distance, time and fuel-minimizing solutions change under the new scenarios. The % diﬀerence between the results of the distance, time and fuel-minimizing models over the cost-minimizing versions are shown in Table 9. For instance, the % diﬀerence in total cost between distance-minimizing and cost-minimizing solutions is 12.3% in the base case. However, this reduces to 1.6% in the new scenarios, since handling cost disadvantage of using only satellite one in the distance-minimizing solution disappears. The same holds for the fuel-minimizing solution in which the relative diﬀerence reduces from 10.8% to 0.1% due to the change in the handling cost. These results also reveal that the additional cost of being more environmentally-friendly reduces in the new scenarios compared to the base case. The relative diﬀerence increases between the time-minimizing and the cost-minimizing solutions in the scenario H1 can be explained in a similar way. The time-minimizing solution proposes to use satellite two as well as it is shown in Table 6, however the increased handling cost of the satellite two causes an increase in the total cost. When the handling costs in the satellites are equal, the total cost resulting from the time-minimizing and the cost-minimizing solutions become similar. • Eﬀect of change in demand: The hypothetical demand generated in the base case has a coeﬃcient of variation (CV) equal to 0.6, which represents the ratio of the standard deviation to the mean. In order to test the eﬀect of the variation in the demands, two more demand sets with diﬀerent CVs have been generated: (i) Scenario D1 with CV=0, where each node has demand equal to 2000 kg, (ii) 17



Table 9: Cost performances of distance, time, fuel and cost-minimizing solutions under the base case, and scenarios H1 and H2



Distance-minimizing Time-minimizing Fuel-minimizing Cost-minimizing



Base 291.58 270.49 287,76 259.53



Case +12.3% +4.2% +10.8% -



Scenario H1 258.58 +1.6% 272.49 +7.1% 254.76 +0.1% 254.42 -



Scenario H2 258.58 +1.6% 254.99 +0.2% 254.76 +0.1% 254.42 -



Scenario D2 with CV=1.32, where demand (kg) is (200, 6000, 100, 250, 5500, 200, 6000, 500, 100, 1500, 100, 7000, 4500, 300, 100, 100) for customers C1–C16, respectively. The results on the performance of distance, time, fuel and cost-minimizing solutions under diﬀerent scenarios are shown in Figure 4.



Figure 4: Comparison of distance, time, fuel and cost-minimizing solutions under the base case, and scenarios D1 and D2



The performances of the distance, time, fuel and cost-minimizing objectives on the KPIs are not the same in each scenario. For instance, the distance-minimizing objective results in a lower fuel consumption than the time-minimizing objective in the base case. However, the time-minimizing objective performs better than the distance-minimizing objective with respect to fuel consumption in scenarios D1 and D2. For each scenario, the amount of potential fuel consumption reduction and its contribution to the total cost can be seen in Figure 4. The same ﬁgure also shows the potential reduction in total cost. • Eﬀect of adding capacity restrictions on the satellites: With the exception of the timeminimizing solution, all other solutions use a single satellite. These solutions do not impose any limitations on satellite capacity, which implies that all deliveries can be made from a single satellite. To investigate the eﬀect of capacity limitations on satellites, we now analyze Scenario C, which, unlike the base case, assumes that the capacity of a satellite s ∈ VS has a ﬁnite capacity cs . This
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restriction is modeled through the following constraints. Ts ≤ cs ,



∀s ∈ VS .



(65)



In Scenario C, we assume that each satellite has two small vehicles to deliver the products to the customers, which makes for a delivery capacity of 20 tonnes. For Scenario C, we present the resulting routes and comparison results for the four objectives in Table 10. Table 10: Distance, time, fuel and cost-minimizing solutions under the scenario C



First echelon routes Second echelon routes Total Total Total Total



distance (m) time (s) fuel (liter) cost (e)



Distance-minimizing D-S1-D D-S2-D S1-13-4-3-2-S1 S1-1-5-6-10-S1 S2-14-12-15-16-S2 S2-9-7-8-11-S2 289700 (1) 27179(1.037) 65.38 (1.012) 277.69 (1.031)



Time-minimizing D-S1-D D-S2-D S1-13-5-1-3-2-S1 S1-10-6-S1 S2-9-4-7-8-14-S2 S2-11-12-15-16-S2 293700 (1.014) 26211 (1) 64.92 (1.005) 270.49 (1.005)



Fuel-minimizing D-S1-D D-S2-D S1-10-4-3-1-S1 S1-5-2-6-13-S1 S2-9-7-8-14-S2 S2-11-12-15-16-S2 294100 (1.015) 26394 (1.007) 64.61 (1) 274.02 (1.018)



Cost-minimizing D-S1-D D-S2-D S1-13-5-1-3-2-S1 S1-10-S1 S2-15-16-12-11-6-S2 S2-9-4-7-8-14-S2 295100 (1.019) 26337(1.005) 65.45 (1.013) 269.27 (1)



According to the results shown in Table 10, the routes for the time-minimizing solution remain the same as before, whereas solutions for the other objectives change. The addition of capacity constraints on satellites have now led to the use of both satellites in all model variations. This change has three main eﬀects on the resulting solutions. First, compared to the base case (see Table 6), the total cost performances have improved for the distance and fuel-minimizing solutions, and worsened for the cost-minimizing solution mainly due to changes in the handling cost. Note that the handling cost at the satellite one is higher than that at the satellite two. Second, the total distance in the distance-minimizing solution, the total fuel consumption in the fuel-minimizing solution and the total cost in the cost-minimizing solution have all increased. Third, the similarity between the four solutions resulting from the four model variations have increased, as shown in Figure 5 that shows the graphical visualizations of the normalized data for the base case and scenario C. 4.2.4. Comparison of the single-echelon and two-echelon distribution systems In this section, we analyze the case study assuming a single-echelon distribution system, in order to observe the eﬀect of the type of the distribution system on the selected KPIs. To be able to use the same formulation, the two satellites were removed from the network and a new one was located in the original depot’s location. This change has enabled us to omit the ﬁrst-echelon in the problem and to use the single satellite as a depot. Distances between the satellite (depot) and customers in this case are as presented in Table A.2. Note that the customer locations and related demands stay as in the base case. Congested arcs presented in Table 4 were adapted to the single-echelon case as follows. Congested arcs from/to the second satellite were removed, since that satellite no longer exists. Congested arcs from/to the ﬁrst satellite were removed, since in the new setting an average of 80% of the total travel between the satellite and customers occurs outside the boundaries of the city. It was assumed that vehicles travel at a speed of 70 km/h between the satellite (depot) and customers. Congested (20 km/h) and free-ﬂow (40 km/h) speeds in the city center were preserved. The length of the rush hour was also kept as one hour. However, the 19



Figure 5: Comparison of distance, time, fuel and cost-minimizing solutions under the base case and scenario C



eﬀect of peak-time travel on the KPIs is now diminished, since congestion dissipates by the time vehicles arrive to their ﬁrst customers from the satellite (depot). Finally, in the single echelon case handling costs were removed as satellite serves as a depot. Figure 6 presents the performance of the single-echelon case compared to the base (two-echelon) case.



Figure 6: The performance of the single-echelon case compared to the base (two-echelon) case



The results show that the two-echelon system outperforms the single-echelon system in terms of total travel distance, total travel time and total fuel consumption. The main reason for the poor performance of the single-echelon system is the use of small vehicles for the long distances, rather than large ones as in the two-echelon system. In particular, four small vehicles were used in the former between the depot (satellite) and the customers, whereas in the latter this was managed through two large vehicles. This load consolidation allowed for reduction in total travel distance, total travel time and total fuel consumption in the two-echelon system. Although the single-echelon system had higher time (increased wage cost) and fuel (increased fuel cost) requirements, the non20



existence of handling costs provided comparative advantage over the two-echelon case that led to a better total cost performance. To conclude, for this case study, the two-echelon distribution system enabled to obtain the most environmentally-friendly solution, whereas the least-cost solution was obtained by means of the single-echelon distribution system. However, we note that the singleechelon system will contribute relatively more to congestion due to the need for more vehicles to deliver the same amount of load. Moreover, this system will have worse performance on vehicle and driver utilisation that will reduce the eﬃciency of the logistics chain. 5. Conclusions In this paper, we have modeled and analyzed the 2E-CVRP to explicitly account for timedependent speeds in the second-echelon routes and fuel consumption. To the best of our knowledge, this is the ﬁrst attempt to develop a mathematical model for the time-dependent 2E-CVRP with an explicit consideration of fuel consumption through the use of a comprehensive emission function. The results of the computational experiments show that the resulting routes and the performances of the solutions with respect to the KPIs change according to the variation of the model. The traditional objectives of distance and time minimization do not ensure minimization of fuel consumption or cost. The comprehensive cost-minimizing objective, which breaks away from the traditional objective functions used in the 2E-CVRP by a detailed estimation of fuel consumption, can achieve average savings in total cost by 6.9%. However, it does not guarantee the best solution in terms of emissions. The use of fuel-minimizing objective can ensure the most environmentallyfriendly solution by reducing total fuel consumption on average 2.5% in return for a cost increase of 10.8%. The sensitivity analyses reveal that the performances of the variations of the model on the selected KPIs change according to the handling fee in the satellites, demand of the customers and capacities of the satellites. Additionally, for our case study, the most environmentally-friendly solution is obtained from the use of a two-echelon distribution system, although a single-echelon distribution system provides a solution with lower total cost. One possible extension of the paper is to develop a heuristic algorithm for the studied problem, which will enable to handle instances that are large in size. The model proposed in this paper can be used to validate and verify the potential of such heuristic algorithms. Acknowledgement This research is part of the SCALE project, partly funded by INTERREG IVB North-West Europe, which is a ﬁnancial instrument of the European Unions Cohesion Policy. References Apaydin, O., Gonullu, M.T., 2008. Emission control with route optimization in solid waste collection process: A case study. Sadhana 33, 71–82. Baldacci, R., Mingozzi, A., Roberti, R., Calvo, R.W., 2013. An exact algorithm for the two-echelon capacitated vehicle routing problem. Operations Research 61, 298–314. Barth, M., Younglove, T., Scora, G., 2005. Development of a Heavy-Duty Diesel Modal Emissions and Fuel Consumption Model. Technical Report. California Path Program Intitute of Transportation Studies, University of California, Berkeley. 21
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APPENDIX In this section, we present the distance data used for the MILP model. Table A.1: Distances between nodes, in meters
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D S1 S2 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16



D 51500 59000 -



S1 50000 10600 7600 8500 11700 8700 6500 7200 14300 14200 7500 6600 9100 9600 6400 8000 11800 13300



S2 57800 11000 8300 9200 9200 9100 7200 5600 7000 6000 5700 5200 5000 4000 4900 3200 3700 5100



C1 6900 8700 2700 4600 3500 1700 3400 5500 5400 4300 4300 5100 6200 4000 6000 10000 9900



C2 10000 9200 3100 2800 1700 2400 3000 4200 4100 3700 3400 4500 5600 4500 6500 8200 9200



C3 10800 8900 5300 3100 1600 4600 3100 3200 3000 4000 3500 4400 5700 6700 7700 6300 7300



C4 8400 6800 3800 2200 2400 2900 1600 2700 2500 2400 2000 3200 4300 4200 4800 6100 7100



C5 6700 7200 1500 2400 4600 2700 1700 4400 4300 2800 2100 3400 4500 2500 4500 6200 7300



C6 8000 6200 2800 2700 3700 2000 1300 3500 3400 1800 1300 2600 3700 3800 4100 5400 6500



C7 8800 9000 4100 2700 2300 1200 3200 1900 1500 2700 2300 2800 3300 4500 5100 5300 6400



C8 14000 7100 7200 4200 2800 2700 4600 3400 1500 3400 3800 2500 3200 6000 5100 4000 5100



C9 11900 5500 9200 6900 5700 5400 6700 5400 3300 3200 5000 1600 2700 5900 4200 4400 5500



C10 7100 5000 3900 3500 4300 2600 2400 1100 4100 4000 1300 2900 2900 2400 2900 4500 5600



C11 11000 4900 7600 5400 4200 3900 6000 4100 2500 1700 1700 3600 1300 5000 3300 3300 4400



C12 9700 3900 5500 5200 4700 4200 4000 2700 3200 2200 1900 2300 1300 3600 2000 3000 4100



C13 6300 5000 3700 4600 6200 4400 2500 2900 6000 5400 3300 2400 4500 4100 2300 5000 6100



C14 8200 3400 5600 6600 6400 6100 4500 3500 4900 3900 3500 3000 2900 2600 2100 3500 4500



C15 10100 2700 7400 8100 6300 5700 6300 4400 4500 3500 3100 4000 2500 1700 4100 2400 2200



C16 12200 4700 9500 9400 7600 7900 8400 6800 6500 5000 5200 6400 4600 3800 6100 4400 2000 -



Table A.2: Distances between nodes (single-echelon case), in meters
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S (D) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16



S (D) 56200 57200 58100 58200 56000 55800 60700 62800 56200 55300 63200 60300 55600 59600 59800 61200



1 54500 2700 4600 3500 1700 3400 5500 5400 4300 4300 5100 6200 4000 6000 10000 9900



2 56000 3100 2800 1700 2400 3000 4200 4100 3700 3400 4500 5600 4500 6500 8200 9200



3 60600 5300 3100 1600 4600 3100 3200 3000 4000 3500 4400 5700 6700 7700 6300 7300



4 57000 3800 2200 2400 2900 1600 2700 2500 2400 2000 3200 4300 4200 4800 6100 7100



5 55700 1500 2400 4600 2700 1700 4400 4300 2800 2100 3400 4500 2500 4500 6200 7300



6 57000 2800 2700 3700 2000 1300 3500 3400 1800 1300 2600 3700 3800 4100 5400 6500



7 58200 4100 2700 2300 1200 3200 1900 1500 2700 2300 2800 3300 4500 5100 5300 6400



8 61800 7200 4200 2800 2700 4600 3400 1500 3400 3800 2500 3200 6000 5100 4000 5100



9 56000 9200 6900 5700 5400 6700 5400 3300 3200 5000 1600 2700 5900 4200 4400 5500



10 54800 3900 3500 4300 2600 2400 1100 4100 4000 1300 2900 2900 2400 2900 4500 5600



11 57200 7600 5400 4200 3900 6000 4100 2500 1700 1700 3600 1300 5000 3300 3300 4400



12 55900 5500 5200 4700 4200 4000 2700 3200 2200 1900 2300 1300 3600 2000 3000 4100



13 54200 3700 4600 6200 4400 2500 2900 6000 5400 3300 2400 4500 4100 2300 5000 6100



14 54200 5600 6600 6400 6100 4500 3500 4900 3900 3500 3000 2900 2600 2100 3500 4500



15 58500 7400 8100 6300 5700 6300 4400 4500 3500 3100 4000 2500 1700 4100 2400 2200



16 60500 9500 9400 7600 7900 8400 6800 6500 5000 5200 6400 4600 3800 6100 4400 2000 -
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