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a b s t r a c t 

Among the many extensions of the classical capacitated vehicle routing problem, multi-compartment ve- 

hicle routing problems have been studied extensively only in recent years. Vehicles with multiple com- 

partments enable the joint delivery or collection of goods with differing characteristics in separate com- 

partments that would otherwise need separate transportation with single-compartment vehicles. This 

enables greater flexibility in routing decisions and order assignment to tours. The versatile use of these 

vehicles is leading to increasing relevance in both research and industry, and consequently in an in- 

creasing number of related publications. The available studies, however, consider substantially different 

problem variants. As no survey on multi-compartment vehicle routing problems is available so far, the 

identification of common problem features and research opportunities has been difficult. This paper aims 

at overcoming this difficulty by proposing an extended typology for multi-compartment vehicle routing 

problems and extensively reviewing the existing literature. Although only few identical problems can be 

identified, common attributes among similar applications (regarding compartment flexibility, for exam- 

ple) are observed. Suggestions for future research directions are also proposed. 

© 2020 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

This paper deals with vehicle routing problems (VRPs) in which 

he loading space of the vehicles is or can be compartmented. 

uch multi-compartment vehicles (MCVs) are used to consolidate 

roduct flows in situations where different product types must 

e kept separated during transportation. Typical applications 

efer to the distribution of different petroleum products (e.g., 

iesel and super fuel) to petrol stations, the delivery of different 

inds of temperature-sensitive groceries (e.g., frozen, fresh and 

mbient products) to supermarkets, or the collection of different 

aste types (e.g., different-colored glass waste) from containers 

t waste collection points. The utilization of MCVs allows for joint 

ransportation of different product types on the same vehicle from 

 depot to the customers (e.g., petrol stations, supermarkets) or 

rom the customers (e.g., waste collection points) to a depot, and 

rovides a wide range of advantages, especially when products 

f different types have been ordered by the same customer or 
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ave to be collected at the same collection point. In contrast to 

ituations in which only single-compartment vehicles (SCVs) are 

vailable and each product type has to be transported on a sepa- 

ate SCV (see Fig. 1 ), the number of stops at customer locations 

r collection points, the number of necessary vehicles, and the 

otal length of all tours may be reduced significantly with an MCV 

see Fig. 2 ). Figs. 1 and 2 show that three dedicated SCV tours are

equired with seven stops in total, whereas with an MCV only a 

ingle tour with four stops may be necessary (assuming sufficient 

CV capacity). 

For the sake of simple explanation, in the following we will 

nly refer to the distribution of products to customer locations. 

evertheless, our presentation likewise applies to the collection 

f goods from collection points, unless stated otherwise. As in 

lassical vehicle routing, operational planning related to multi- 

ompartment vehicle routing problems (MCVRPs), i.e., VRPs where 

he vehicles may have different compartments, requires the deter- 

ination of a set of tours that specifies the customers to be vis- 

ted on each tour and the sequence in which they have to be vis- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Distribution process with SCVs. 

Fig. 2. Distribution process with MCVs. 
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and contribution in Section 6 . 
ted. When planning the tours of MCVs one needs to deal with 

ompartment-related particularities, such as the flexibility of the 

ompartment setup, as well as delivery-related requirements, such 

s the options for consolidating different customer demands on 

he same delivery tour. We note that – in comparison to classic 

RPs – additional specific constraints may need to be considered 

nd additional decisions may have to be made. It has to be deter- 

ined whether SCVs or MCVs should be used, and, in the latter 

ase, what the compartment setup should be like and which prod- 

ct types and demands should be assigned to each of the com- 

artments. These additional properties and decisions increase the 

roblem complexity significantly. 

MCVs have been in use for supplying petrol stations for 

ecades, while respective technologies are relatively new for gro- 

ery distribution, where such vehicles have only been introduced 

 decade ago, although their number has been growing rapidly 

ince then. Increasing availability of MCVs for applications in 

ifferent industries has initiated MCVRP-related research, with 

he first studies tracing back to the 1980s. In total, 84 publi- 

ations could be identified that focus on decision models and 

espective solution approaches for MCVRPs. The problems con- 

idered vary substantially with respect to the field of application 

nd problem delimitation. However, their treatment may exhibit 
800 
ifferent levels of detail and may be based on varying basic 

ssumptions concerning objective functions and constraints. As a 

onsequence, many MCVRP variants have been discussed, but no 

eneral problem formulation and model representation have been 

roposed so far. Not even a unique terminology has emerged over 

ime. 

Obtaining a clear view of the developments in the field is there- 

ore not a straightforward task. Our paper is meant to support this 

ssue. It presents the first comprehensive literature review that fo- 

uses entirely on MCVRPs. Section 2 will introduce consistent ter- 

inology and notation, define a conceptual MCVRP constituting 

 template for future research, and propose a respective model 

epresentation. Section 3 will introduce a typology based on at- 

ributes for the characterization of more specific MCVRPs. It will 

ake it possible to categorize the different contributions and point 

ut similarities and differences of the MCVRPs as well as iden- 

ify the state-of-the-art in the field. Section 4 then discusses re- 

ated MCVRP literature and provides details on the attributes used. 

ection 5 will provide a comparative analysis of the MCVRP litera- 

ure with respect to the attributes introduced and proposed solu- 

ion approaches. This section also includes a discussion of opportu- 

ities for future research. Finally, we will summarize our findings 
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. A general multi-compartment vehicle routing problem and 

ts formulation 

This section introduces the general problem setting of MCVRPs 

nd provides a corresponding general model. It serves as a basis 

or the introduction of further problem variants and modeling ad- 

ustments. Attributes for the definition of such variants will be dis- 

ussed in Section 3 . The capacitated VRP (CVRP) is the core ele- 

ent of MCVRPs. We will therefore first describe those character- 

stics of the CVRP that also apply to MCVRPs. 

CVRP-related fundamentals. The (asymmetric) CVRP is defined 

n a directed, complete and weighted graph G = (V, A ) , where the

ertex set V represents the set of n customer locations ( { 1 , . . . , n } )
nd a single depot ( { 0 } ). The corresponding set of arcs is de-

oted by A = { (i, j) | i, j ∈ V : i � = j} and a travel cost c i j is associated

ith each arc (i, j) ∈ A . Furthermore, there is a demand of d i units

 d i ≥ 0 ) for a single homogeneous product type at every customer 

ocation i . A homogeneous set of vehicles is available at the depot 

or the fulfillment of demands. K denotes this set of vehicles, and 

ach vehicle k has an identical (total) capacity Q . Consequently, 

he decisions to be made within the CVRP consist of assigning de- 

ands to vehicles and determining tours for all vehicles during 

hich the deliveries are to be performed such that all demands 

re satisfied, the vehicles’ capacities are respected, and the total 

ravel costs are minimized. 

Framework of the general MCVRP. MCVRPs mainly extend the 

VRP with respect to two attributes. First, instead of a single prod- 

ct type, a set of product types p, p ∈ P, is considered, and the

roduct types must not be mixed during transportation due to dis- 

inct transportation requirements. An order exists at each customer 

ocation i that consists of non-negative demands d ip for multiple 

roduct types p, and each location may be visited several times 

o supply the different product types. Second, in an MCVRP, the 

oading space of a vehicle can be separated into a limited num- 

er m 

max of compartments, in each of which exactly one product 

ype can be transported. We therefore define M = { 1 , . . . , m 

max } as

he set of compartments into which a vehicle’s loading space can 

e separated. This feature enables the simultaneous transportation 

f several non-mixable product types in different compartments 

f a vehicle. The number and the capacity of individual compart- 

ents in a vehicle are not fixed with respect to the compartment- 

elated attributes assumed in the general MCVRP, but can be 

djusted flexibly (i.e., between 1 and m 

max compartments of dif- 

erent sizes may be used on each vehicle). The division into com- 

artments is only limited by the total capacity Q of a vehicle’s 

oading space. Moreover, each product type may be assigned to 

ny compartment for transportation. Demands of multiple cus- 

omers for the same product type may be assigned to the same 

ompartment. We would like to note that in our context a ho- 

ogeneous vehicle fleet represents a situation where all vehicles 

ave the same total capacity ( Q), while the setup of compart- 

ents may vary (i.e., the number of compartments and associ- 

ted product types) between individual vehicles of the same fleet. 

ith respect to delivery requirements, it is assumed that demands 

 ip and d ir for different product types p and r of one customer 

, as well as individual demands for one product type p of dif- 

erent customers i and j, may be split across different vehicles. 

n this general MCVRP it has to be decided simultaneously (i) 

hich compartments of which sizes will be used for which prod- 

ct type, (ii) which demands are assigned to which compartments, 

nd (iii) in which sequence the different locations are to be vis- 

ted by the vehicles such that (iv) the decision-relevant costs are 

inimized. 
m

801 
A model formulation for the general MCVRP. We introduce the fol- 

owing decision variables in order to formulate the mathematical 

odel: 

 ipk ∈ [0 , 1] : share of product p that is delivered by vehicle k 

o customer i , i ∈ V, p ∈ P, k ∈ K;

 i jk = 

{
1 , if vehicle k is traveling from location i to j, 
0 , otherwise, i, j ∈ V, k ∈ K;

 pkm 

= 

{ 

1 , if product type p is assigned to compartment m 

of vehicle k , 
0 , otherwise, p ∈ P, k ∈ K, m ∈ M. 

he objective function and the constraints of the model can then 

e formulated as follows: 

inimize 
∑ 

i, j∈ V 

∑ 

k ∈ K 
c i j · x i jk (1) 

ubject to ∑ 

k ∈ K 
u ipk = 1 , i ∈ V \{ 0 } , p ∈ P, (2) 

 jpk ≤
∑ 

i ∈ V 
x i jk , j ∈ V \{ 0 } , k ∈ K, p ∈ P, (3) 

∑ 

j∈ V 
x i jk ≤ 1 , i ∈ V \{ 0 } , k ∈ K, (4) 

∑ 

j∈ V 
x i jk = 

∑ 

j∈ V 
x jik , i ∈ V \{ 0 } , k ∈ K, (5) 

∑ 

i ∈ S 

∑ 

j∈ S 
x i jk ≤ | S| − 1 , k ∈ K, S ⊆ V \{ 0 } , | S| ≥ 2 , (6) 

∑ 

i ∈ V \{ 0 } 
d ip · u ipk ≤ Q, p ∈ P, k ∈ K, (7) 

∑ 

p∈ P 
y pkm 

= 1 , k ∈ K, m ∈ M, (8) 

∑ 

i ∈ V \{ 0 } 
u ipk ≤ | V | · ∑ 

m ∈ M 

y pkm 

, p ∈ P, k ∈ K, (9) 

 ipk ∈ [0 , 1] , i ∈ V \{ 0 } , p ∈ P, k ∈ K, (10) 

 i jk ∈ { 0 , 1 } , i, j ∈ V, k ∈ K, (11) 

 pkm 

∈ { 0 , 1 } , p ∈ P, k ∈ K, m ∈ M. (12) 

The objective function (1) minimizes the total travel cost of all 

ours. Constraints (2) ensure that the complete demand for a prod- 

ct type is fulfilled for each customer. A customer must be visited 

n a tour if at least one of their demands is assigned to the cor-

esponding vehicle (constraints (3) ). Furthermore, each vehicle is 

nly allowed to visit each customer once at most (constraints (4) ), 

nd whenever a vehicle visits a customer location, it must also de- 

art from it (constraints (5) ). The elimination of subtours is en- 

ured by constraints (6) . Constraints (7) ensure that the demands 

ssigned do not exceed the vehicle capacity. Please note that we 

nly need to consider the total vehicle capacity as the compart- 

ent sizes can be adjusted flexibly. Moreover, constraints (8) and 
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Fig. 3. Attributes of multi-compartment vehicle routing problems. 
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p

9) consider the assignment of products to vehicles and compart- 

ents. The former ensure that only a single product type can be 

ssigned to each compartment of a vehicle, while the latter con- 

ect the u ipk variables to the y pkm 

variables. Finally, the variable 

omains are denoted by constraints (10) –(12) . A solution of this 

odel represents a specification of the compartment setup (i.e., 

umber and size of compartments) of each vehicle, an assignment 

f customer demands to vehicle compartments, and the determi- 

ation of routes for each vehicle. 

The general MCVRP and its formulation provide a basis for 

odeling different problem variants. Additional decision facts (e.g., 

oncerning the question of whether and how orders should be 

plit), additional constraints (e.g., loading constraints), and addi- 

ional objective function components (e.g., loading and unloading 

osts) could be integrated into this basic formulation depending on 

he respective specific MCVRP. This is also true for classical VRP ex- 

ensions such as multiple periods, time window constraints, weight 

onstraints or route length restrictions. However, this paper fo- 

uses on attributes that are relevant to MCVRPs and that uniquely 

rise from using MCVs, i.e., attributes related to compartments and 

o the splitting of demands and deliveries. Such attributes and the 

orresponding model extensions will be presented and discussed 

n the following section. A unified terminology for MCVRPs will 

lso be introduced as a result. 

. A typology of multi-compartment vehicle routing problems 

The development of a typology for different MCVRPs requires 

onsidering highly heterogeneous problem variants and applica- 

ions, since the problems discussed in the literature vary substan- 

ially. Comprehensive classifications for VRPs in general have al- 

eady been suggested. Among others, Lahyani, Khemakhem, and 

emet (2015b) recently introduced a taxonomy of rich vehicle rout- 

ng problems, and Pollaris, Braekers, Caris, Janssens, and Limbourg 

2015) defined categories of loading constraints for VRPs. Coelho 

nd Laporte (2015) provided a classification of different MCVRP 

ormulations in fuel distribution, but they only focused on two 

roblem-specific attributes. Overall, none of these and no other re- 

iew addresses MCVRP-specific attributes in a general manner and 

rovides a comprehensive review of related literature. 

We therefore introduce a typology for MCVRPs that con- 

iders problem attributes. We present a short description for 

ach attribute and discuss necessary modifications of the gen- 

ral model ( (1) –(12) ). We will focus on attributes with respect to

ompartment-related specifications (see Section 3.1 ) and order ful- 

llment requirements (see Section 3.2 ). Fig. 3 gives an overview of 

he attributes discussed in the following. The typology developed 
802 
s used as a basis for the literature review ( Section 4 ) to describe

nd distinguish problem characteristics. 

.1. Compartment-related attributes 

With respect to the characterization of compartment-related 

roperties, three types of attribute can be identified: (a) flexibil- 

ty of compartment sizes , (b) assignment of product types to compart- 

ents and (c) shareability of compartments . 

( a) Flexibility of compartment sizes. The size of the compart- 

ents can either be fixed (i.e., given) or flexible . The decision con- 

erning the use of fixed or flexible compartment sizes determines 

he number of compartments of each vehicle. If fixed compartment 

izes are used, the available vehicle capacity Q is separated into 

 distinct compartment setup with given capacities, and thus the 

umber of compartments is predetermined. Otherwise, if flexible 

ompartment sizes are used, the capacity of each vehicle can be 

plit into up to m 

max compartments; the number of compartments 

herefore remains flexible as well. 

In the general model ( (1) –(12) ), both the number and the sizes

f compartments are flexible. We therefore introduce modifications 

f the model for the consideration of fixed compartment sizes. Ad- 

itional constraints and parameter modifications are required for 

his case. First of all, let m 

max now equal the exact number of 

ompartments in each vehicle (i.e., a fixed and not a maximum 

umber of compartments). Furthermore, a fixed compartment size 

 m 

( q m 

≤ Q) for each compartment has to be introduced. Con- 

traints (13) ensure that the given compartment capacities are not 

xceeded. ∑ 

 ∈ V \{ 0 } 

∑ 

p∈ P 
d ip · u ipk ≤ q m 

, k ∈ K, m ∈ M. (13) 

In general, whether compartment sizes are fixed or flexible can 

lso be defined by the given compartment capacities ( q m 

) in a 

ore implicit manner ( Derigs et al. (2011) ). If we consider a prob-

em in which the sum of the given compartment capacities equals 

he vehicle capacity ( 
∑ 

m ∈ M 

q m 

= Q), then the number of compart- 

ents must be fixed as the capacity share of each compartment 

s clearly defined. Not using a compartment m in this case means 

hat the respective capacity q m 

will remain unused in the vehicle 

s the remaining compartments are also fixed in size and cannot 

e adjusted. On the other hand, flexible compartment sizes can be 

mplicitly indicated by allowing the sum of the theoretical com- 

artment capacities to be larger than the total vehicle capacity 

 

∑ 

m ∈ M 

q m 

> Q). This means that compartment capacities become 

otential capacities, as the full theoretical capacity of each com- 
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artment cannot be used, but instead the actual size of one com- 

artment is dependent on the vehicle capacity taken up by the re- 

aining ones. In this case, constraints (13) are required as long 

s the potential capacities of individual compartments are smaller 

han the vehicle capacity (i.e., q m 

< Q, ∀ m ∈ M). As soon as the po-

ential capacities equal the vehicle capacity, constraints (13) be- 

ome redundant and constraints (7) suffice as capacity restrictions. 

uch a setting allows full compartment flexibility with individual 

ompartment sizes between 0 and the vehicle capacity Q, and is 

overed in our general model. 

( b) Assignment of product types to compartments. The assignment 

f product types to compartments may either be predetermined 

 fixed assignment of a specific product type to a specific compart- 

ent), or it can be a decision made depending on the problem 

 flexible assignment of all product types to any compartment). A 

xed assignment of product types to compartments ensures that 

 given product type can only be assigned to a specific compart- 

ent, and therefore assignment to a vehicle is only possible if the 

ompartment required is available on this vehicle. This is the case, 

or instance, if a compartment is dedicated to a specific kind of 

uel (e.g., diesel fuel), and this compartment is not allowed to be 

lled with other types of fuel. In order to incorporate this case into 

he basic model, a parameter a pkm 

∈ { 0 , 1 } is introduced indicating

hether compartment m can be used for transportation of prod- 

ct type p in vehicle k or not. Moreover, the following constraints 

14) are added to ensure that a product type will only be assigned 

o a suitable compartment: 

 pkm 

≤ a pkm 

, p ∈ P, k ∈ K, m ∈ M. (14) 

In the special case where the number of product types is equal 

o the number of compartments ( | P | = m 

max ), the model can be

urther simplified, namely by setting the product type index equal 

o the compartment index. Consequently, the y pkm 

-variables are no 

onger necessary, and constraints (8), (9) and (12) can be elimi- 

ated. 

( c) Shareability of compartments. A compartment may either 

ontain the demand quantities for a single product type of mul- 

iple customers ( shared compartments ), or just the demand quan- 

ity for a single product type of a single customer ( unshared com- 

artments ). Shareability of compartments has also been suggested 

y Coelho and Laporte (2015) to differentiate between shared and 

nshared tanks in fuel distribution. The more general case of 

hared compartments is considered in our general model, while 

he second case requires the implementation of additional vari- 

bles and constraints in the mathematical formulation. More pre- 

isely, we introduce auxiliary binary variables ˆ u ipkm 

∈ { 0 , 1 } indi- 

ating whether the demand of customer i for product type p is 

ssigned to compartment m of vehicle k or not. These additional 

ariables are connected to variables u ipk by adding constraints (15) , 

hile constraints (16) ensure that a compartment cannot be as- 

igned to the demand of more than one customer. Constraints 

17) define the new binary variables. 

 ipk ≤
∑ 

m ∈ M 

ˆ u ipkm 

, i ∈ V \{ 0 } , p ∈ P, k ∈ K, (15)

∑ 

 ∈ V \{ 0 } 
ˆ u ipkm 

≤ y pkm 

, p ∈ P, k ∈ K, m ∈ M, (16) 

ˆ 
 ipkm 

∈ { 0 , 1 } , i ∈ V \{ 0 } , p ∈ P, k ∈ K, m ∈ M. (17)

Summary of compartment-related attributes. We use three types 

f compartment-related attributes in our typology. In summary, 

he following characteristics are used: 

• Fixed compartment sizes ( FixS ) and flexible compartment sizes 

( FlexS ), 
803 
• fixed assignment of product types to compartments ( FixA ) and 

flexible assignment of product types to compartments ( FlexA ), 
• shared compartments ( SC ) and unshared compartments 

( UC ). 

.2. Order fulfillment-related attributes 

In the classical CVRP, the fulfillment of a single demand can- 

ot be executed by several vehicles. However, problems with the 

plit fulfillment of demands are relevant in practice and have been 

tudied in the literature (known as VRPs with split deliveries; see, 

.g., Archetti & Speranza (2012) ). When multiple product types are 

onsidered, this terminology is not sufficiently precise as it may 

ndicate split deliveries for a single product type to a customer or 

he separated delivery of multiple product types. We therefore sug- 

est an extended terminology that distinguishes between two at- 

ributes, namely (a) the total number of visits per customer and (b) 

he mode of demand fulfillment . 

( a) Total number of visits per customer. This attribute defines 

hether all demands of a single customer for multiple product 

ypes must be delivered by one vehicle only ( single customer vis- 

ts ), or whether demands of a single customer for different prod- 

ct types may be delivered by different vehicles ( multiple customer 

isits ). More precisely, multiple customer visits enable the delivery 

o one particular customer with different vehicles for each prod- 

ct type ordered, while single customer visits ensure that each cus- 

omer is only approached once. In the general model ( (1) –(12) ), the

ore general case of multiple customer visits is considered. Adapt- 

ng this model to the case of single customer visits requires the 

ollowing modification: In addition to constraints (4) , constraints 

18) are required to ensure that each customer is only visited by a 

ingle vehicle. 

 

j∈ V 

∑ 

k ∈ K 
x i jk ≤ 1 , i ∈ V \{ 0 } . (18) 

( b) Mode of demand fulfillment. The differentiation of the de- 

and fulfillment attribute indicates whether a single demand of 

 customer for a single product type must be delivered by one ve- 

icle only ( unsplit customer demands ), or whether it may be split 

nd delivered by more than one vehicle ( split customer demands ). 

onsequently, in the event of split customer demands, it is not 

ust that different product types can be supplied by different ve- 

icles, but the demands of one product type can also be split to 

e delivered by different vehicles. Similarly, Coelho and Laporte 

2015) distinguish between split and unsplit (fuel) tanks at the cus- 

omer sites. In order to incorporate unsplit customer demands in 

he model formulation, it is sufficient to define the decision vari- 

bles u ipk as binary ( u ipk ∈ { 0 , 1 } , i ∈ V \{ 0 } , p ∈ P, k ∈ K). 

Summary of order fulfillment-related attributes. The differentia- 

ion between the two types of split customer demands can be 

ormulated in the following way: If demands for multiple prod- 

ct types p are regarded, the case will be referred to as sin- 

le or multiple customer visits . If only a single demand for a sin- 

le product type p is regarded, the case will be referred to as 

plit or unsplit customer demands (c.f. classical split deliveries). 

onsequently, problems with single customer visits always con- 

ider unsplit customer demands, whereas problems with multi- 

le customer visits may either consider split or unsplit customer 

emands. 

Summarized, with respect to order fulfillment-related at- 

ributes, the following characteristics are introduced in our typol- 

gy: 

• Single customer visits ( SV ) and multiple customer visits ( MV ), 
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• split customer demands ( SD ) and unsplit customer demands 

( UD ). 

.3. Further attributes 

Many additional attributes have been proposed for the char- 

cterization of specific MCVRPs in the literature. For instance, 

CVRPs with heterogeneous vehicles, multiple depots, stochastic 

emands, time windows or multiple periods have been discussed. 

owever, these attributes can also be considered in the context of 

ther VRP variants and are not exclusive to MCVRPs. We thus fo- 

us on those attributes that constitute the uniqueness of MCVRPs 

nd refer to the literature for further well-known attributes 

haracterizing VRP variants. With respect to the latter, we use the 

erminology of Lahyani et al. (2015b) . In the following literature 

eview, we categorize each MCVRP according to the newly intro- 

uced attributes and additionally provide information on further 

RP attributes. 

. Literature overview and analysis 

This section presents a comprehensive review of the litera- 

ure on MCVRPs. It covers contributions in peer-reviewed scientific 

ournals, handbooks, and conference proceedings. Routing of vehi- 

les accounts for the core aspect in VRPs. As a result, only papers 

xplicitly dealing with routing decisions are considered. Studies re- 

arding multiple compartments that do not involve routing deci- 

ions are only exceptionally included here if the respective models 

re fundamental for MCVRPs or provide valuable extensions for fu- 

ure research. 

The MCVRP literature is very heterogeneous and differences 

rise from varying applications in the first place. We thus group all 

ublications according to their area of application, since MCVRPs in 

he same field tend to consider more homogeneous problems. The 

ategories refer to fuel distribution ( Section 4.1 ), waste collection 

 Section 4.2 ), agricultural transportation ( Section 4.3 ), grocery dis- 

ribution ( Section 4.4 ), and maritime transportation ( Section 4.5 ). 

ll other publications that do not distinctly fit into any of these 

ategories are reviewed in Sections 4.6 (other applications) and 

.7 (conceptual work). We first provide a problem overview for 

ach area of application and then subdivide the subsequent dis- 

ussion according to pivotal problem attributes (e.g., multi- and 
Table 1 

Characterization of MCVRP literature in fuel distribution (in chronological or

Publication MCVRP-specific Attributes 

FixS FlexS FixA FlexA SC 

Brown and Graves (1981) x x 

Brown et al. (1987) x x 

van der Bruggen et al. (1995) x x x x 

Avella et al. (2004) x x 

Cornillier et al. (2008a) x x 

Cornillier et al. (2008b) x x 

Ng et al. (2008) x x 

Cornillier et al. (2009) x x 

Cornillier et al. (2012) x x 

Popovi ́c et al. (2012) x x 

Vidovi ́c et al. (2014) x x 

Coelho and Laporte (2015) x x x x 

Benantar et al. (2016) x x 

Urli and Kilby (2017) x x x 

Hsu et al. (2018) x x 

Yahyaoui et al. (2018) x x x 

Kaabachi et al. (2019) x x x 

Share in % 100 0 24 88 29 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW

804 
ingle-period problems). For each publication, we limit our dis- 

ussion to additional problem attributes that are not included in 

ur typology, and the respective solution approach. Our findings 

re summarized for each area of application using comprehensive 

ables. The tables include information on MCVRP-specific attributes 

s well as on the five most frequently found VRP-related attributes, 

amely multi-period contexts, stochastic demands, heterogeneous 

ehicle fleets, time windows, and tour duration or distance 

imitations. 

.1. MCVRPs in fuel distribution 

.1.1. Problem overview 

The distribution of fuel to petrol stations was the first indus- 

rial application in which the utilization of MCVs was consid- 

red. One or several fuel types have to be transported from re- 

neries or fuel distributors to petrol stations or other customers. 

he complete content of a compartment is usually delivered to 

 single customer (UC). Moreover, only a few publications con- 

ider problems where vehicles are equipped with flow meters by 

hich the amount of fuel to be unloaded from a compartment 

ay be monitored. The available literature in this area only con- 

iders vehicles with fixed compartment sizes (FixS). Most studies 

onsider problems with flexible assignment of fuel types to com- 

artments (FlexA) and problems in which each fuel station should 

nly be visited once in order to fulfill its demands. This means that 

he most common analysis is of unsplit customer demands (UD) 

nd single customer visits (SV). Table 1 summarizes the respective 

iterature. 

.1.2. Related literature 

Single-period problems. Brown and Graves (1981) were the first 

o study vehicles with multiple compartments. However, routing 

ecisions are not explicitly considered since only a single customer 

ay be assigned to any tour, where each vehicle may perform a se- 

uence of single-customer trips subject to a shift length limitation. 

he study includes customer time windows, a heterogeneous fleet, 

ultiple depots and technical accessibility constraints. In addition, 

ome product types can only be assigned to specific compartments, 

nd specific loading patterns must be respected when a vehicle’s 

apacity is not fully used. The authors aim at minimizing the sum 
der). 

VRP-related Attributes a 

UC SV MV SD UD MP StoD HF TW DC 

x x x x x x 

x x x x x x 

x x x x x x 

x x x x x 

x x x x x 

x x x x x x 

x x x x 

x x x x x x 

x x x x x x 

x x x x 

x x x x 

x x x x x x 

x x x x x x 

x x x x x x 

x x x x x 

x x 

x x x 

76 35 65 24 82 35 0 71 47 71 

: time windows; DC: duration/distance constrained. 



M. Ostermeier, T. Henke, A. Hübner et al. European Journal of Operational Research 292 (2021) 799–817 

o

B

i

t

d

t

i

L

a

b

t

q

t

s

h

c

m

l

p

r

s

i

h

h

c

t

a

t

t

t

t

i

t

s

t

C

p

t

i

B

k

e

a

o

s

a

H

l

t

w

r

c

p

f

t

a

i

t

r

t

(

h

e

(

c

d

p

p

t

a

t

R

n

f

s

m

s

f

o

s

s

m

s

b

t

c

P

t

t

a

C

M

u

p

h

a

t

d

c

p

f

a

h

c

l

m

4

4

d

t

s

i

c

o

e

d

l

t

s

u

d

t

t

t

p

b

f transportation costs and penalty costs for shift length violations. 

rown, Ellis, Graves, and Ronen (1987) analyze a similar problem 

n which multiple customers can be visited on each tour. In ex- 

ension to transportation costs, they take balanced workloads and 

elivery quantities into account in the objective function. The au- 

hors develop a dispatching system that decomposes the problem 

nto subproblems, which are then solved sequentially. Ng, Leung, 

am, and Pan (2008) present an MCVRP with a heterogeneous fleet 

nd up to three customers per tour. Demands are deterministic, 

ut the actual delivery quantities may be adjusted within certain 

hresholds. The multi-objective problem consists of maximizing the 

uantities delivered as well as minimizing the number of trips and 

he number of customers visited during a trip. It is solved with a 

pecialized heuristic. Avella, Boccia, and Sforza (2004) consider a 

eterogeneous fleet in which compartments are unshared between 

ustomers and may only be filled completely or not at all. Further- 

ore, each vehicle may perform several trips while a shift length 

imitation for each vehicle driver must be respected. The authors 

ropose a simple heuristic approach and a branch-and-price algo- 

ithm. Cornillier, Boctor, Laporte, and Renaud (2008a) focus on the 

o-called tank-truck loading problem with a heterogeneous fleet, 

n which the assignment of demand quantities to compartments 

as to be determined for a given assignment of customers to ve- 

icles. Each customer may only be visited once and at most two 

ustomers can be visited on any duration-constrained tour. The au- 

hors introduce a complete enumeration and a column generation 

pproach. A similar problem is studied by Cornillier, Laporte, Boc- 

or, and Renaud (2009) , in which the number of customers per 

our is restricted to four. In addition to Cornillier et al. (2008a) , 

ime windows, multiple trips, shift length limitations, and the op- 

ion of overtime are taken into account. The goal consists of max- 

mizing the total profit, which is determined by the difference be- 

ween revenues generated from the quantities delivered and the 

um of variable transportation and variable overtime costs. The au- 

hors develop two matheuristics (MHs) for solving the problem. 

ornillier, Boctor, and Renaud (2012) additionally consider multi- 

le depots. They propose an exact method in which all feasible 

ours are determined in a first step, and a subset of these tours 

s selected by means of a mathematical model in a second step. 

enantar, Ouafi, and Boukachour (2016) investigate an MCVRP with 

nown demands, which may be rationed downwards to a certain 

xtent. Their study incorporates time windows for the customers 

nd geographical accessibility constraints. A heterogeneous fleet of 

wned and rented vehicles is also considered as given, and con- 

equently rental fees are included in the objective function. The 

uthors suggest a tabu search (TS) approach to solve the problem. 

su, Walteros, and Batta (2018) deal with a problem in which de- 

ivery quantities are limited by tank capacities and fuel levels at 

he customer sites. Since compartments are unshared and must al- 

ays be filled completely by the distributor, it may be necessary to 

eturn residual contents if the customers’ tanks cannot take a full 

ompartment. The objective function aims at maximizing the total 

rofit, which derives from the difference between revenues from 

uel deliveries and the costs of returning residual contents. The au- 

hors develop a variable neighborhood search (VNS) as a solution 

pproach. Yahyaoui, Kaabachi, Krichen, and Dekdouk (2018) exam- 

ne shared compartments and a fixed assignment of product types 

o compartments. They propose a VNS as well as a genetic algo- 

ithm (GA). A similar problem with additional tour length limita- 

ions is considered by Kaabachi, Yahyaoui, Krichen, and Dekdouk 

2019) and solved by a hybrid artificial bee colony algorithm and a 

ybrid VNS. 

Multi-period problems. An MCVRP with many case-specific prop- 

rties is studied by van der Bruggen, Gruson, and Salomon 

1995) in a multi-period context. This considers various aspects in- 
805 
luding decisions about the opening and closing of intermediate 

epots, the composition of the vehicle fleet, the determination of 

eriodic delivery patterns to customers, and routing. The authors 

ropose a hierarchical decomposition procedure in which the ac- 

ual routing problem is solved at the lowermost stage, and which 

ims at minimizing the sum of variable transportation costs, over- 

ime costs, and fixed vehicle costs. Cornillier, Boctor, Laporte, and 

enaud (2008b) examine a multi-period MCVRP with a heteroge- 

eous fleet. It needs to be ensured that the replenishment is per- 

ormed in such a way that safety stocks and tank capacities are re- 

pected. Two customers may be visited at most on each tour, and 

ultiple trips, shift duration and the option of overtime are con- 

idered. The objective function includes revenues generated by the 

uel deliveries, variable transportation costs, drivers’ wages, and 

vertime costs. The authors develop a multi-phase heuristic that 

olves the occurring subproblems iteratively. A similar problem is 

tudied by Popovi ́c, Vidovi ́c, and Radivojevi ́c (2012) . Each compart- 

ent must always be filled completely or not at all, each petrol 

tation may only be visited once per each period, and the num- 

er of customers that can be visited on a single tour is limited 

o three. Variable transportation costs as well as inventory holding 

osts are taken into account. The authors propose a VNS. Vidovi ́c, 

opovi ́c, and Ratkovi ́c (2014) limit the maximal number of cus- 

omers per tour to four and include fixed vehicle costs. They in- 

roduce a heuristic that combines an MH component to determine 

n initial solution and a variable neighborhood descent algorithm. 

oelho and Laporte (2015) deal with four variants of multi-period 

CVRPs, which differ according to the combination of split and 

nsplit customer demands as well as shared and unshared com- 

artments. They aim at minimizing transportation and inventory 

olding costs, and develop a branch-and-bound algorithm for small 

nd a branch-and-cut algorithm for larger problem sizes. The au- 

hors demonstrate that the most flexible setting, i.e., split customer 

emands and shared compartments, results in the smallest total 

ost. Urli and Kilby (2017) study both a single-period and a multi- 

eriod MCVRP. Although the delivery quantities are deterministic 

or each day of the planning horizon, a multi-period approach is 

pplied to decide about the composition of the heterogeneous ve- 

icle fleet. For each vehicle that can be acquired for the fleet, a 

ertain fixed cost occurs in each period. The authors suggest a 

arge neighborhood search (LNS) based on a constraint program- 

ing model. 

.2. MCVRPs in waste collection 

.2.1. Problem overview 

MCVs are frequently considered in waste collection, in which 

ifferent types of non-mixable waste types are picked up at collec- 

ion points. However, MCVRPs in waste collection have only been 

tudied since 2010. In contrast to applications in fuel distribution, 

nstead of the delivery of product types to customers, here the 

ollection of different product (i.e., waste) types from customers 

r waste collection points is examined. Consequently, MCVs are 

mpty at the departure from a depot and their load will increase 

uring the tour. Nevertheless, the general structure of such prob- 

ems remains identical to problems in which product types have 

o be distributed. In contrast to problems in fuel delivery, most 

tudies in waste collection deal with fixed assignments of prod- 

ct types to vehicles (FixA) as different types of waste may have 

ifferent com partment requirements or need different compression 

echniques. Moreover, a single compartment can always be used 

o collect one type of waste from several customers (SC). Similar 

o problems in fuel distribution, the number and size of the com- 

artments are fixed in most cases (FixS). With respect to the num- 

er of customer visits, multiple visits (MV) are studied more often. 
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Table 2 

Characterization of MCVRP literature in waste collection (in chronological order). 

Publication MCVRP-specific Attributes VRP-related Attributes a 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Muyldermans and Pang (2010a) x x x x x 

Muyldermans and Pang (2010b) x x x x x 

Reed et al. (2014) x x x x x 

Henke et al. (2015) x x x x x 

Oliveira et al. (2015) x x x x x 

Elbek and Wøhlk (2016) x x x x x x x 

Rabbani et al. (2016) x x x x x x x 

Farrokhi-Asl et al. (2017) x x x x x x x 

Gajpal et al. (2017) x x x x x x 

Rabbani et al. (2017) x x x x x x 

Kiilerich and Wøhlk (2018) x x x x x x x x 

Henke et al. (2019) x x x x x 

Zbib and Laporte (2020) x x x x x x 

Share in % 85 15 77 31 100 0 38 69 0 100 15 8 23 0 31 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained. 
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urthermore, across all publications single waste types are always 

ollected completely by one vehicle if a customer is visited, and 

herefore customer demands are not split (UD). Table 2 summa- 

izes the literature in this area. 

.2.2. Related literature 

Single-period problems. Muyldermans and Pang (2010b) consider 

n MCVRP in domestic waste collection aiming at the minimiza- 

ion of variable travel costs. The authors introduce a guided lo- 

al search algorithm for the problem. They analyze the problem 

haracteristics for which the use of MCVs should be preferred to 

CVs when single customer visits are considered. MCVs turn out 

o be beneficial, for instance, if the number of product types in- 

reases, the vehicle capacity increases or the demand sizes de- 

rease relative to the vehicle capacity. Additionally, Muyldermans 

nd Pang (2010a) were the first to explore an arc-oriented rout- 

ng problem with MCVs. In this problem, the demand for the col- 

ection of different waste types occurs on the arcs instead of the 

odes of the network. As a solution procedure, the authors adapt 

heir guided local search from the node-oriented problem. Reed, 

iannakou, and Evering (2014) study a related problem and de- 

elop an ant colony optimization (ACO) approach. Oliveira, Ramos, 

nd Martins (2015) deal with a similar problem and suggest a 

luster-first, route-second approach, grouping waste containers ac- 

ording to their collection frequency. A problem in a slightly dif- 

erent context, namely the collection of different types of glass 

aste, is studied by Henke, Speranza, and Wäscher (2015) . As a 

pecial feature of the problem, the number of compartments is 

exible (but limited), and compartment sizes can only be varied 

n discretized steps. The authors introduce a VNS and show that 

he computing times increase with a growing number of product 

ypes, a growing number of demands, and a decreasing maximal 

umber of compartments. For an extension with continuously flex- 

ble compartment sizes, Henke, Speranza, and Wäscher (2019) pro- 

ose a branch-and-cut algorithm and analyze the impact on the to- 

al costs of using discretely or continuously flexible compartment 

izes. The vehicle fleet mix problem of Rabbani, Farrokhi-Asl, and 

afiei (2016) consists of owned and rented vehicles. Owned vehi- 

les must always return to one of multiple depots, whereas rented 

ehicles do not need to return. Furthermore, tour duration limits 

xist and a distinct disposal facility has to be visited for each waste 

ype. The sum of transportation costs, costs for renting vehicles, 

nd service costs for loading and unloading must be minimized. 

he authors introduce several GAs. Rabbani, Farrokhi-Asl, and As- 

arian (2017) extend this problem to a network design problem by 

ntegrating the determination of locations for depots and treatment 
806 
acilities. The latter must be visited at the end of each tour in order 

o dispose of the collected waste. The authors also apply a GA for 

he solution of the problem. A similar network design problem was 

ntroduced by Farrokhi-Asl, Tavakkoli-Moghaddam, Asgarian, and 

angari (2017) . The authors do not differentiate between owned 

nd rented vehicles, but use a heterogeneous fleet of owned ve- 

icles. They propose a GA and a particle swarm optimization algo- 

ithm. Gajpal, Abdulkader, Zhang, and Appadoo (2017) examine an 

CVRP for household waste collection that takes ecological aspects 

nto account. The authors consider alternative fuel-powered vehi- 

les with a limited fuel tank capacity, thus resulting in distance- 

onstrained tours. They present an adapted savings algorithm and 

n ACO algorithm. Only recently, Zbib and Laporte (2020) have 

tudied an arc-oriented MCVRP with a heterogeneous fleet of ve- 

icles. A special characteristic of their problem is that the actual 

apacity of a compartment depends on the type of waste collected 

nd a corresponding compression factor for that type of waste. The 

uthors aim at minimizing variable transportation costs, and solve 

he problem using a matheuristic, which decomposes the problem 

n three sequentially solved sub-problems. 

Multi-period problems. Elbek and Wøhlk (2016) were the first to 

tudy a multi-period problem in waste collection. Their problem 

ncludes many application-specific aspects. Two types of waste, 

lass and paper, have to be collected from containers in an urban 

rea. Each vehicle carries two large containers, i.e., compartments, 

ne for each waste type. The wastes collected need to be trans- 

orted to an intermediate facility. There, the compartment for pa- 

er can be emptied, and the compartment for glass waste can be 

xchanged with an empty compartment if it is filled completely. 

urthermore, when a certain amount of waste has been accumu- 

ated at the intermediate facility, it needs to be transported to dis- 

inct recycling facilities. Apart from variable transportation costs, 

ariable service costs for emptying the compartments are consid- 

red. The authors introduce a VNS. Kiilerich and Wøhlk (2018) pro- 

ide model formulations and large-scale problem instances for arc- 

riented routing problems with multiple compartments. The au- 

hors include variable travel costs and fixed vehicle costs in the 

bjective function. 

.3. MCVRPs in agricultural contexts 

.3.1. Problem overview 

As a third area of application, MCVRPs can be identified in the 

ontext of the collection of agricultural products, e.g., milk, olive 

il, or livestock. The attributes of such problems are quite simi- 

ar to problems in fuel distribution, i.e., the number and sizes of 
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Table 3 

Characterization of MCVRP literature in an agricultural context (in chronological order). 

Publication MCVRP-specific Attributes VRP-related Attributes a 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Ruiz et al. (2004) x x x x x x x 

El Fallahi et al. (2008) x x x x x x 

Oppen and Løkketangen (2008) x x x x x x x x 

Caramia and Guerriero (2010) x x x x x x x 

Kandiller et al. (2015) x x x x x x 

Lahyani et al. (2015a) x x x x x x x 

Sethanan and Pitakaso (2016) x x x x x x x 

Tasar et al. (2019) x x x x x x x x 

Share in % 100 0 13 88 75 25 88 25 25 88 25 0 63 0 88 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained. 
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ompartments are usually fixed (FixS), the assignment of product 

ypes to compartments is mostly flexible (FlexA), and demands are 

nsplit in most cases (UD). However, compartments may often be 

sed for collecting agricultural products from more than one cus- 

omer (SC), and single customer visits are assumed in the majority 

f problems studied (SV). Table 3 summarizes MCVRP literature in 

he agricultural context. 

.3.2. Related Literature 

Single-period problems. Ruiz, Maroto, and Alcaraz (2004) intro- 

uce an MCVRP with a heterogeneous fleet for the distribution of 

ifferent types of animal feed. Six customers at most may be vis- 

ted on a tour, a maximum duration of each tour is given, and ge-

graphical accessibility restrictions are to be taken into account. 

part from the minimization of travel costs, the authors aim at 

aximizing vehicle capacity utilization. They propose a combined 

ecomposition and set partitioning approach. Another problem 

ith tour length limitations for animal feed distribution is studied 

y El Fallahi, Prins, and Wolfler Calvo (2008) . The authors develop 

 memetic algorithm with path relinking and a TS. Kandiller, Eli- 

yi, and Tasar (2015) look at a feed distribution problem with ser- 

ice times and duration constraints and solve it with commercial 

ptimization software. Tasar, Türsel Eliiyi, and Kandiller (2019) ex- 

lore variants of the MCVRP with tour length limitations for which 

hey also consider the times for loading and unloading. The basic 

roblem variant is characterized by unsplit customer demands and 

ingle trips per vehicle. It is extended by allowing split customer 

emands and multiple trips. The authors introduce a VNS. Caramia 

nd Guerriero (2010) deal with the collection of milk from farms. 

hey consider a problem that incorporates aspects of the truck and 

railer routing problem. A duration-constrained tour for a vehicle 

ay consist of a main tour in which customers without any acces- 

ibility restriction are visited by the complete vehicle, and some 

ubtours in which the trailer is uncoupled and customers with ac- 

essibility restrictions are visited by the truck only. The goal con- 

ists of minimizing both the total distance and the number of ve- 

icles used. The authors propose an MH that iteratively solves two 

elaxed optimization problems: (i) the problem of assigning cus- 

omers to vehicles, and (ii) the problem of sequencing the vehicles. 

nother distance-constrained MCVRP in this context is studied by 

ethanan and Pitakaso (2016) . They consider a heterogeneous fleet 

nd cleaning activities, which are necessary before a compartment 

an be filled again. Cleaning costs are therefore taken into account 

n addition to variable travel costs. They propose variants of differ- 

ntial evolution algorithms as solution approaches. 

Multi-period problems. Oppen and Løkketangen (2008) study a 

ulti-period problem setting with a heterogeneous fleet for live- 

tock collection. Interdependencies between periods and collec- 

ions occur at the depot, i.e., the slaughterhouse, which faces 
807 
nventory and production capacity constraints. Interestingly, the 

umber of compartments depends on the animal type to be col- 

ected and the sequence in which the collection is performed. 

his is due to the fact that some compartments are arranged 

bove each other, and their usage depends on the size of the ani- 

als collected. Lahyani, Coelho, Khemakhem, Laporte, and Semet 

2015a) apply a branch-and-cut algorithm for a multi-period 

CVRP with heterogeneous vehicles in the context of collecting 

live oil of different quality grades. The authors also consider the 

leaning of compartments between periods. In addition to trans- 

ortation and cleaning costs, fixed vehicle costs are taken into 

ccount. 

.4. MCVRPs in grocery distribution 

.4.1. Problem overview 

In recent years the use of MCVs for the distribution of gro- 

eries has become a relevant topic as MCVs can contribute to a 

ost-efficient supply of different product assortments with specific 

emperature requirements. An example would be the supply of 

onvenience stores or supermarkets. This comprises frozen prod- 

cts, fresh foods (e.g., meat or dairy products) and classical prod- 

cts for the daily routine requiring an ambient temperature (e.g., 

ousehold articles or cosmetics). The distribution process usually 

nvolves the supply of multiple outlets on each tour, and each cus- 

omer is supplied with their specific demands. A setting of shared 

ompartments (SC) and unsplit customer demands (UD) is there- 

ore implied in the corresponding literature. Most studies in gro- 

ery distribution concern flexible compartment sizes (FlexS), as 

odern vehicles are either equipped with adjustable walls and 

ndividually controllable temperature zones or additional cooling 

nits, e.g., boxes, that can be loaded into a vehicle. As each prod- 

ct type has specific temperature requirements, the assignment to 

ompartments is always taken as fixed (FixA), except for one pub- 

ication. Finally, single as well as multiple customer visits are stud- 

ed (SV, MV). Table 4 summarizes related publications. 

.4.2. Related literature 

Single-period problems. Chajakis and Guignard (2003) study two 

CVRP variants for the supply of convenience stores with three 

roduct types. In the first variant, the complete loading area of 

he vehicle corresponds to a compartment that is only for ambient 

roducts. However, one may add further boxes, i.e., further com- 

artments, of a given capacity for frozen and refrigerated prod- 

cts. In the second variant, a movable bulkhead separates the tem- 

erature zones. Furthermore, a box for refrigerated products may 

e placed within the frozen area. In both variants, vehicles have 

eight constraints in addition to the typical volume capacity con- 

traints, and cooling costs depending on the number of used boxes 
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Table 4 

Characterization of MCVRP literature in grocery distribution (in chronological order). 

Publication MCVRP-specific Attributes VRP-related Attributes a 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Chajakis and Guignard (2003) x x x x x x 

Eglese et al. (2005) x x x x x x x 

Hsiao et al. (2017) x x x x x x 

Hübner and Ostermeier (2018) x x x x x 

Ostermeier and Hübner (2018) x x x x x 

Ostermeier et al. (2018) x x x x x 

Chen et al. (2019) x x x x x x 

Chen and Shi (2019) x x x x x x 

Martins et al. (2019) x x x x x x x 

Share in % 33 78 89 11 100 0 33 67 11 89 11 0 0 56 11 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained. 
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re taken into account. The authors introduce mathematical mod- 

ls and Lagrangean relaxations that reflect the assignment com- 

onent of the problem only and neglect routing aspects. Eglese, 

ercer, and Sohrabi (2005) study a real-world grocery distribution 

roblem with time windows, tour duration constraints, and back- 

auls. In addition to temperature zones, they distinguish product 

ypes according to storage at hub depots or distribution centers. 

he authors also take into account the loading and unloading se- 

uence of product types to prevent blocking situations. In their ob- 

ective function, they consider fixed vehicle costs, variable travel 

osts as well as penalty costs for time window or capacity vio- 

ations. The problem is solved using a simulated annealing-based 

pproach. Hübner and Ostermeier (2018) investigate the influence 

f loading and unloading costs on the distribution with MCVs. 

heir model evaluates routing decisions based on loading, unload- 

ng and transportation costs. They present an LNS. Ostermeier and 

übner (2018) consider the selection of both SCVs and MCVs for 

he optimal fleet mix and show that a mixed fleet is superior 

n all scenarios analyzed. Ostermeier, Martins, Amorim, and Hüb- 

er (2018) study loading constraints for the use of MCVs. The au- 

hors present a branch-and-cut approach as well as an extended 

NS framework. They show that loading constraints are relevant 

ven for small problem sizes and state that most loading issues 

an be solved by minor changes to the overall routing. Hsiao, 

hen, and Chin (2017) consider a problem in grocery distribu- 

ion in which both compartment sizes and compartment temper- 

tures can be adjusted flexibly. The impact of temperature and 

torage time on food quality is explicitly taken into account, i.e., 

igher temperatures or longer transportation times lead to a de- 

line in quality and consequently to shortages with respect to cus- 

omer demands. The extensive objective function captures travel 

ime-dependent wages, travel distance-dependent fuel costs, idle 

ime costs, storage and cooling costs, travel time-dependent emis- 

ions costs, shortage costs, and costs for quality substitution. They 

resent a biogeography-based optimization approach. Chen, Liu, 

nd Langevin (2019) discuss a problem in perishable food distri- 

ution with time windows. The number of customers to be vis- 

ted by a single vehicle is limited in order to ensure the freshness 

f products. The objective function considered consists of variable 

nd fixed transportation costs as well as fuel consumption costs. 

he authors introduce an adaptive LNS (ALNS) algorithm. Chen 

nd Shi (2019) study an MCVRP with time windows in the con- 

ext of urban/last-mile delivery. The problem is motivated by cus- 

omers having demands for multiple products that should not be 

ransported in a single compartment because of odor or mutual 

ontamination. Two variants of particle swarm optimization are 

roposed. 

ulti-period problems. The first publication in grocery distribution 

hat deals with multiple planning periods is presented by Martins, 
808 
stermeier, Amorim, Hübner, and Almada-Lobo (2019) . The authors 

tudy an MCVRP with product-specific time windows. This means 

hat all deliveries for a single product category are carried out 

ithin the same time window across the complete planning hori- 

on. Furthermore, penalties apply if the determined time windows 

re not met on a delivery day. The objective function aims at min- 

mizing transportation costs and penalties. Martins et al. (2019) in- 

roduce an ALNS with specialized daily and weekly operators to 

olve the corresponding problem. 

.5. MCVRP in maritime transportation 

.5.1. Problem overview 

The use of multiple compartments is also quite common in 

hip routing problems (SRP), where large ships or tankers trans- 

ort different types of products (e.g., oils, chemicals) within dif- 

erent compartments. In most applications, several supply ports 

i.e., ports where products are picked up for transportation) and 

emand ports are visited on a ship’s schedule. With respect to 

CVRP attributes, most SRPs include a setup with fixed compart- 

ent sizes (FixS). Compartments are shared between customers 

SC) in the majority of studies and follow a flexible assignment of 

roducts (FlexA). A slightly larger number of problems allow for 

ultiple visits (MV) and unsplit demands (UD) for the supply of 

orts. The distribution fleet usually consists of heterogeneous ships 

ith different characteristics and capacities (see Table 5 ). 

SRPs with multiple compartments consider further problem 

haracteristics that – in part – go beyond truck routing. For in- 

tance, travel times compromise several days or weeks and are 

ubject to a high degree of uncertainty (e.g., due to weather con- 

itions), and thus often only a few stops on a route are planned 

head in time. In addition, various constraints restrict the routing 

ptions (e.g., incompatibilities between ships and ports), a depot 

arely exists, and a ship route may not be a round trip ( Fagerholt

 Christiansen, 20 0 0a ). SRPs therefore often comprise fewer rout- 

ng combinations compared to truck routing problems. Given the 

ong planning horizons, we define an SRP as multi-period if a port 

an be supplied with the same product multiple times within the 

lanning horizon. 

.5.2. Related literature 

Single-period problems. Bausch, Brown, and Ronen (1998) was 

he first study published in the context of maritime transportation 

ith multiple compartments. The authors consider a real-life ap- 

lication for the supply of liquid bulk products by different kinds 

f vessels to select cost-minimal schedules. Fagerholt and Chris- 

iansen (20 0 0a) present a case study for the distribution of min- 

ral fertilizers. They formulate a multi-ship pickup and delivery 



M. Ostermeier, T. Henke, A. Hübner et al. European Journal of Operational Research 292 (2021) 799–817 

Table 5 

Characterization of MCVRP literature in maritime transportation (in chronological order). 

Publication MCVRP-specific Attributes VRP-related Attributes a 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Bausch et al. (1998) x x x x x x x 

Fagerholt and Christiansen (2000a) x x x x x x x 

Fagerholt and Christiansen (2000b) x x x x x x x 

Jetlund and Karimi (2004) x x x x x x x x 

Al-Khayyal and Hwang (2007) x x x x x x x 

Kobayashi and Kubo (2010) x x x x x x x 

Christiansen et al. (2011) x x x x x x x 

Siswanto et al. (2011) x x x x x x x 

Agra et al. (2013) x x x x x x x x x 

Christiansen et al. (2015) x x x x x x x x 

Santosa et al. (2016) x x x x x x x x 

Foss et al. (2016) x x x x x x x 

Christiansen et al. (2017) x x x x x x x x 

Wang and Li (2018) x x x x x x 

Siswanto et al. (2019) x x x x x x x x 

Share in % 80 20 20 87 73 27 47 53 47 53 60 0 93 73 7 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained. 
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roblem with time windows and use a (heuristic) set partitioning 

pproach to minimize transportation costs. These include variable 

ailing costs, port fees and costs for spot shipments. The algorithm 

o create candidate schedules used in their approach is further ad- 

ressed in a complementary study by Fagerholt and Christiansen 

20 0 0b) . Kobayashi and Kubo (2010) address a scheduling prob- 

em occurring in oil distribution that is similar to the study by 

agerholt and Christiansen (20 0 0a) . They consider multiple time 

indows for the pickup and supply at ports, and introduce a de- 

omposition approach. The shipping of bulk liquid chemicals is also 

tudied by Jetlund and Karimi (2004) , in which not all cargoes 

eed to be served, but can be outsourced instead. Tanker sched- 

les are determined to maximize profits, which depend on variable 

uel and port costs as well as charter costs for vessels. Schedules 

re additionally restricted by tour duration constraints. The authors 

uggest a decomposition approach. Wang and Li (2018) study an 

n-port SRP for single tankers with up to 50 compartments for 

he transportation of chemicals. In this context, ”in-port” refers to 

hipping operations to be performed within a single port. A cen- 

ral aspect of their study is the tank allocation problem, i.e., the 

llocation of chemicals to compartments with different properties 

e.g., different coating materials). Moreover, the authors consider 

tability constraints and minimum volumes for the loading of com- 

artments. As a solution approach, a two-phase heuristic is in- 

roduced in which candidate routes are generated using dynamic 

rogramming first, and a feasible tank allocation solution is 

earched for as a second step. 

ulti-period problems. An inventory routing problem (IRP) for 

he transportation of liquid bulk products is discussed by Al- 

hayyal and Hwang (2007) . In this problem, some ports have a 

ontinuous demand for product types, whereas other ports pro- 

uce those product types continuously. Moreover, for the com- 

lete planning horizon it needs to be ensured that the inven- 

ory levels at the ports neither fall below a minimum level 

or exceed a maximum level. Alongside variable travel and port 

osts, loading and unloading costs also have to be taken into ac- 

ount. Siswanto, Essam, and Sarker (2011) study a similar prob- 

em, and introduce a multi-heuristic to simultaneously address 

he arising subproblems: routing, ship selection, loading and un- 

oading activities. Christiansen et al. (2011) address an IRP in 

he cement industry with demand peaks that exceed available 

eet capacities. They therefore additionally decide which de- 

ands should be fulfilled. The objective is to minimize costs 

or unfulfilled demands and transportation, while ensuring fea- 
809 
ible inventory levels. A GA is suggested to solve the problem. 

n IRP in oil distribution is considered by Agra, Christiansen, 

nd Delgado (2013) in which inventory levels are only man- 

ged at demand ports and time windows are taken into account. 

he authors propose a model formulation as well as several valid 

nequalities. They use these inequalities to show that computing 

imes can be reduced significantly and optimal solutions can be 

btained for some real-life problems. Christiansen, Fagerholt, 

achaniotis, Tveit, and Øverdal (2015) study another in-port fuel 

upply problem with multiple trips. In this problem, large ships 

nchor at ports and are supplied with multiple types of fuel 

ils by smaller vessels. These operations have to be executed 

ithin certain time windows. Moreover, mandatory and optional 

emands are distinguished. Profit has to be maximized, while 

aily charter costs of vessels are considered. For the same prob- 

em, Christiansen, Fagerholt, Rachaniotis, and Stålhane (2017) show 

he superiority of a path-flow model. Santosa, Damayanti, and 

arkar (2016) solve an IRP for oil distribution with a GA. Their 

roblem also takes cleaning operations within compartments into 

ccount, which enables the utilization of one compartment for 

everal oil products if it is cleaned in between. Foss, Myklebust, 

ndersson, and Christiansen (2016) present an MIP and valid in- 

qualities for another IRP with flexible product assignment. In their 

xperiments they compare their model to approaches with fixed 

ssignments and mixable products, and highlight the economic 

enefits of the flexible model. Siswanto, Eko Wiratno, Rusdian- 

yah, and Sarker (2019) study an IRP in oil distribution with multi- 

le time windows. Similar to Siswanto et al. (2011) , the authors 

ropose a multi-heuristic approach to address the subproblems 

nvolved. 

.6. MCVRPs in other application contexts 

.6.1. Overview 

Several publications on MCVRPs exist in other contexts. Each 

tudy refers to a specific field of application, namely bike-sharing 

ystems, distribution of chemical products and passenger trans- 

ortation. Table 6 summarizes the corresponding publications. 

.6.2. Related literature 

Single-period problems. Li, Szeto, Long, and Shui (2016) introduce 

n MCVRP in the context of repositioning bikes in a bike shar- 

ng system. In this pickup and delivery problem, different types 
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Table 6 

Characterization of MCVRP literature in other application contexts (in chronological order). 

Publication MCVRP-specific Attributes VRP-related Attributes a 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Li et al. (2016) x x x x x x 

Cóccola et al. (2018) x x x x x x x 

Tellez et al. (2018) x x x x x x x x 

Share in % 67 33 67 67 100 0 67 33 33 67 33 0 33 33 67 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained. 

Table 7 

Characterization of MCVRP literature for conceptual problems (in chronological order). 

Publication MCVRP-specific Attributes VRP-related Attributes a 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Repoussis et al. (2007) x x x x x x x x 

Mendoza et al. (2010) x x x x x x x 

Mendoza et al. (2011) x x x x x x x 

Derigs et al. (2011) x x x x x x x 

Wang et al. (2014) x x x x x x 

Abdulkader et al. (2015) x x x x x x 

Archetti et al. (2015) x x x x x 

Goodson (2015) x x x x x x x 

Huang (2015) x x x x x x 

Kabcome and Mouktonglang (2015) x x x x x x x 

Archetti et al. (2016) x x x x x x x 

Kaabi (2016) x x x x x x x 

Lahyani et al. (2017) x x x x x x x 

Mirzaei and Wøhlk (2017) x x x x x x 

Silvestrin and Ritt (2017) x x x x x x x 

Alinaghian and Shokouhi (2018) x x x x x x 

Alemany et al. (2018) x x x x x x x 

Reil et al. (2018) x x x x x x x x 

Wang and Li (2018) x x x x x x 

Share in % 89 16 63 42 100 0 63 58 5 100 0 21 21 26 63 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained. 
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f bikes, i.e., bikes with one or two seats, have to be repositioned 

etween bike sharing stations such that known demands are sat- 

sfied. MCVs with spaces for specific bike types are available for 

ransporting the bikes. They allow for the transportation of smaller 

ikes in a compartment dedicated to larger bikes subject to penalty 

osts. Similarly, penalties apply if demands for smaller bike types 

re fulfilled by offering larger bike types. Consequently, the objec- 

ive function aims at minimizing the sum of variable travel costs 

nd both types of penalties. The authors propose a GA. Another 

ickup and delivery problem with MCVs is studied by Tellez, Ver- 

raene, Lehuédé, Péton, and Monteiro (2018) . They consider the 

ransportation of persons from pickup to delivery locations by a 

uration-constrained fleet of heterogeneous vehicles. Passengers 

ave different space requirements, i.e., they require a normal seat 

r space for a wheelchair. The vehicle capacity can be adjusted to 

andle different demands. Moreover, each transportation request 

s specified by a time window, a service time and a maximal du- 

ation for the completion of a transportation request. In the ob- 

ective function, the authors consider fixed vehicle costs, variable 

ravel costs as well as duration-dependent driver wages. An LNS is 

roposed. 

ulti-period-problems. An IRP with MCVs is studied by Cóccola, 

éndez, and Dondo (2018) in the context of the distribution of 

hemical products. Different chemical products have to be trans- 

orted from suppliers with known production rates to customers 

ho have storage tanks with given capacities and safety stocks. A 

ervice time is taken into account for each location, and each tour 

ust comply with a duration limit. In addition to variable travel 

osts, the authors consider holding costs for storing product quan- 

ities at the suppliers’ and customers’ locations. The authors sug- 

est a (heuristic) column generation procedure. 
810 
.7. Conceptual MCVRPs without a specific application 

.7.1. Problem overview 

Several papers study MCVRP-related problems without a spe- 

ific or distinct application. Some similarities can nevertheless be 

bserved for these problems. All of them consider shared compart- 

ents (SC), in most cases compartment sizes are fixed (FixS), and 

ustomer demands are unsplit (UD). A slightly larger number of 

tudies deals with fixed compartment assignments (FixA) instead 

f flexible compartment assignments, whereas the consideration of 

ingle and multiple customer visits is evenly distributed. All con- 

eptual studies are concerned with MCVRPs with a single period 

nly (see Table 7 ). The discussion in the following section is thus 

tructured according to the certainty of data. 

.7.2. Related literature 

MCVRPs with deterministic demands. Derigs et al. (2011) present 

 general model for fuel and food distribution that takes dif- 

erent options of compartment flexibility into account. As a 

roblem extension, they introduce incompatibilities for putting dif- 

erent product types in the same compartment as well as incom- 

atibilities for the assignment of certain product types to certain 

ompartments. The authors therefore explicitly allow for the mix- 

ng of some product types. They propose a solver suite of several 

lgorithmic components for their general problem formulation, i.e., 

everal construction and metaheuristic procedures. They use nu- 

erical experiments to identify combinations of these components 

hat appear to be the most promising for the respective problem 

ariants. Wang, Ji, and Chiu (2014) , similar to Derigs et al. (2011) ,

egard general compatibility constraints in order to define which 
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air of product types can or cannot be assigned to the same com- 

artment, and which product types can or cannot be assigned to a 

articular compartment. A reactive guided TS is proposed as a so- 

ution procedure. Archetti, Bianchessi, and Speranza (2015) study 

 problem with multiple product types to be delivered, but do 

ot explicitly consider compartments as only the vehicles’ total ca- 

acities are taken into account. They propose a branch-and-price- 

nd-cut algorithm. Furthermore, Archetti, Campbell, and Speranza 

2016) present an extensive study of four VRP variants, three of 

hich can also be classified as MCVRPs. These variants differ with 

espect to the combination of split/unsplit customer demands and 

ingle/multiple customer visits. The authors use worst-case analy- 

es to identify bounds on the maximal ratios of the objective func- 

ion values between these different variants and show that total 

ransportation costs decrease with increasing flexibility. In their 

nalysis they also show that co-collection becomes more benefi- 

ial when, among others things, customers can be visited mul- 

iple times or the number of product types increases. Repoussis, 

arantilis, and Ioannou (2007) deal with an MCVRP with heteroge- 

eous vehicles, time windows for the deliveries to customers, tour 

uration limitations and fixed vehicle costs. The proposed hybrid 

euristic combines components from GRASP and VNS. Kabcome 

nd Mouktonglang (2015) study a problem variant with soft time 

indows and a heterogeneous fleet. The evaluation of a solution is 

ased on three cost types: distance- and quantity-dependent trans- 

ortation costs as well as penalties for time window violations. 

aabi (2016) introduces a selective MCVRP with time windows and 

istance constraints, where ”selective” refers to the characteristic 

hat customers need not necessarily be visited. Instead, a profit is 

enerated for each customer visited, and the total profit thus has 

o be maximized. The authors propose a GA that uses iterated lo- 

al search for intensification. Abdulkader, Gajpal, and ElMekkawy 

2015) deal with a basic MCVRP with tour duration constraints and 

ropose a hybrid ACO where hybridization refers to the use of lo- 

al search procedures to improve the solution of ants. Wang and Li 

2018) develop a hybrid fruit fly optimization algorithm for a basic 

CVRP with tour length limitations. Silvestrin and Ritt (2017) con- 

ider a basic MCVRP with tour duration constraints and develop an 

terated TS that combines an iterated local search with TS to an- 

lyze the effect of split customer deliveries. Furthermore, Mirzaei 

nd Wøhlk (2017) propose a branch-and-cut algorithm for a similar 

roblem. An MCVRP with multiple depots, distance constraints and 

xed vehicle costs is studied by Alinaghian and Shokouhi (2018) . 

hey introduce a VNS, an ALNS, and a hybrid ALNS where the 

ybridization refers to the incorporation of components from the 

NS. Another MCVRP with heterogeneous fleet and multiple depots 

s examined by Alemany, Juan, Garcia, Garcia, and Ortega (2018) . 

n addition to depots under the operator’s ownership with given 

nd possibly insufficient product supplies, external facilities can be 

isited for replenishment during or at the end of tours. Variable 

ravel costs, fixed vehicle costs, and replenishment costs are con- 

idered. The latter are accounted for by incorporating hypotheti- 

al travel costs to external facilities. The problem is solved by a 

onstruction procedure combined with classical improvement op- 

rators. Reil, Bortfeldt, and Mönch (2018) investigate a VRP with 

ackhauls and three-dimensional loading constraints. Their prob- 

em resembles an MCVRP as they distinguish customer requests 

etween deliveries (linehaul requests) and collections (backhaul re- 

uests), which have to be transported in different compartments. 

therwise, linehaul requests might be blocked by backhaul re- 

uests during unloading. In addition to service times, tour duration 

imitations and time windows, several constraints specific to three- 

imensional loading are considered. The two-stage objective func- 

ion aims at minimizing the number of vehicles first, and the vari- 

ble travel cost second. For their problem, the authors introduce 
811 
 hybrid metaheuristic containing elements of TS and evolutionary 

lgorithms. Lahyani, Khemakhem, and Semet (2017) explore a trav- 

ling salesman problem (TSP) with a single MCV and revenues that 

re collected for serving customers. Moreover, each customer has a 

pecific hard time window, and incompatibilities between product 

ypes and compartments are taken into account. In addition to rev- 

nues, variable travel costs and costs for waiting at the customer 

ites are regarded in the objective function. The corresponding TSP 

ariant is solved using an MH approach. 

CVRPs with stochastic demands. Mendoza, Castanier, Guéret, 

edaglia, and Velasco (2010) were the first to examine a stochas- 

ic version of the MCVRP with distance constraints. More pre- 

isely, they consider stochastic demands. Hence, the objective 

unction aims at minimizing the variable transportation costs ex- 

ected. They propose a memetic algorithm as a solution approach. 

endoza, Castanier, Guéret, Medaglia, and Velasco (2011) intro- 

uce three construction procedures as well as an improvement 

rocedure for the same problem. Goodson (2015) consider tour du- 

ation limitations and the minimization of the expected total travel 

ime. The problem is solved by a simulated annealing procedure. 

uang (2015) studies a stochastic MCVRP with pickups and deliv- 

ries, which is further extended by a facility location component. 

olutions to this problem are evaluated by expected variable trans- 

ortation costs, fixed vehicle costs, depot opening costs, and ex- 

ected penalties for violations of vehicle and depot capacities. The 

uthor introduces a decomposition approach in which subprob- 

ems are solved iteratively. 

. Comparative review of MCVRP literature and future areas of 

esearch 

This section provides a structured summary based on the iden- 

ified attributes ( Section 5.1 ) and solution approaches ( Section 5.2 ). 

e identify similarities and differences in both sections, and dis- 

uss future areas of research. 

.1. Attributes of MCVRPs 

We will first provide a general overview of the different at- 

ributes by area of application before discussing the MCVRP- 

pecific and common VRP-related attributes in more detail. 

.1.1. Overview of attributes and areas of application 

MCVRP literature is heterogeneous and similar characteristics 

an only be identified in some areas of application. Table 8 

rovides a summary across attributes and applications to high- 

ight both similarities and dissimilarities. Comparing the respec- 

ive dominant characteristics of each attribute, problems in waste 

ollection and conceptual problems show a high degree of sim- 

larity, whereas problems in grocery distribution share few sim- 

larities with problems in fuel distribution, agricultural contexts 

r maritime transportation. In general, VRP-related extensions are 

onsidered most frequently in fuel delivery and maritime trans- 

ortation, and to a lesser extent in agricultural problems, other 

ontexts and conceptual publications. In waste collection and gro- 

ery distribution most publications focus on MCVRP-related at- 

ributes, while general VRP-related extensions are rarely consid- 

red. Finally, it is noteworthy that the consideration of stochastic 

emands is rare within the MCVRP literature. The following sec- 

ions compare the literature with respect to MCVRP-specific and 

RP-related attributes in greater detail. 
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Table 8 

Share of problem attributes across all areas of application. 

Application MCVRP-specific Attributes VRP-related Attributes a 

(Share in %) b (Share in %) b 

FixS FlexS FixA FlexA SC UC SV MV SD UD MP StoD HF TW DC 

Fuel 100 0 24 88 29 76 35 65 24 82 35 0 71 47 71 

Waste 85 15 77 31 100 0 38 69 0 100 15 8 23 0 31 

Agriculture 100 0 13 88 75 25 88 25 25 88 25 0 63 0 88 

Grocery 33 78 89 11 100 0 33 67 11 89 11 0 0 56 11 

Maritime 80 20 20 87 73 27 47 53 47 53 60 0 93 73 7 

Others 67 33 67 67 100 0 67 33 33 67 33 0 33 33 67 

Conceptual 89 16 63 42 100 0 63 58 5 100 0 21 21 26 63 

Total share 83 19 48 60 79 23 50 57 19 85 25 6 46 36 46 

a MP: multi-period; StoD: stochastic demand; HF: heterogeneous fleet; TW: time windows; DC: duration/distance constrained 
b Sum of the shares of a specific attribute may exceed 100% since some publications study more than one characteristic. 
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.1.2. MCVRP-specific attributes 

Comparative literature review . With respect to MCVRP-specific 

ttributes, three characteristics are found in more than two-thirds 

f all publications: fixed compartment sizes (83% of publications), 

hared compartments (79% of publications), and unsplit customer 

emands (85% of publications). 

In fuel and agricultural contexts, MCVRPs with fixed com- 

artment sizes are exclusively considered, while in waste collec- 

ion, conceptual problems, and maritime transportation the re- 

ated share is still at least 80%. Grocery distribution is the only 

rea of application in which problems with flexible compartment 

izes prevail as most publications deal with flexible or both fixed 

nd flexible compartment sizes (78%). In general, flexible compart- 

ent sizes enable better utilization of the vehicle capacity. How- 

ver, this requires special technology like moveable bulkheads or 

alls, which do not seem to be established equally well for differ- 

nt types of goods. Such technologies can be implemented more 

asily when solid product types have to be transported, as is the 

ase in waste collection and grocery distribution, but applications 

n maritime transportation show that these technologies are also 

easible for liquids. 

Regarding compartment shareability, the utilization of shared 

ompartments is always considered in waste collection, grocery 

istribution, other applications, and conceptual problems. Further- 

ore, more than 70% of publications in agricultural contexts and 

aritime transportation deal with shared compartments, whereas 

nly 29% of the publications do so in the case of fuel deliv- 

ry. Again, these findings can be attributed to the fact that in 

he former applications it is easier to differentiate between in- 

ividual customer demands because of their solid consistency 

e.g., by means of distinct roll cages for each customer de- 

and in grocery distribution), or because differentiation is sim- 

ly not relevant (e.g., collection of waste from different cus- 

omers). Moreover, customers in fuel delivery typically receive full 

ompartment loads since precisely splitting up liquids into multi- 

le shares requires additional technical equipment (e.g., flow me- 

ers for trucks). 

One of the attributes that can be observed most frequently 

cross all applications is the assumption of unsplit customer de- 

ands (85%). With the exception of problems in maritime trans- 

ortation, only scant attention has been paid to problems arising 

rom split customer demands. From a customer perspective, this 

nding is reasonable. While split deliveries may accommodate cost 

dvantages, the splitting of individual demands across multiple de- 

iveries does not appear to be very customer friendly. In the case 

f waste collection, it is usually not possible to empty the contents 

f a single waste container only partially. 
812 
The proportions of problems with fixed (48% of all publications) 

r flexible (60%) assignments are balanced more evenly. However, 

he consideration of fixed and flexible assignments differs signifi- 

antly across the various areas of application. The majority of pub- 

ications (i.e., more than 75%) in waste collection and grocery dis- 

ribution deal with a fixed assignment, while the opposite is true 

or fuel delivery, agricultural problems and maritime transporta- 

ion. As for the latter applications, each compartment can usu- 

lly be used for each product type (e.g., each type of fuel in fuel 

elivery, milk from different farms in milk collection, or chem- 

cal products transported in ships), as the items have identical 

ransportation requirements. As a result, product types can be as- 

igned flexibly to compartments. However, in grocery distribution 

nd waste collection the assignment is more restricted, as different 

roduct types have varying transportation requirements (i.e., differ- 

nt temperatures in grocery distribution or different compression 

echniques in waste collection). Similarly, the proportions of single 

50%) and multiple visits (57%) are balanced evenly, but differ be- 

ween the distinct areas of application. This is particularly the case 

ith agricultural problems, where the share of publications with 

ingle visits is 88%. 

uture areas of research related to MCVRP-specific attributes. Flex- 

ble compartment sizes and split customer demands are under- 

epresented in the current literature, even though both allow for 

igher flexibility in distribution. However, the higher flexibility is 

ccompanied by greater planning complexity. In general, more flex- 

ble distribution provides a larger degree of freedom concerning 

he routing decisions (e.g., via new options for joining the supply 

f different customers or product types), and consequently greater 

pportunities for cost savings. This has already been demonstrated 

n various areas of application (e.g., waste collection). Yet so far 

hese opportunities have especially been neglected in agricultural 

ontexts and fuel distribution. While the implementation of flexi- 

le compartment sizes may have been challenging in the past due 

o technical requirements, recent technological advances do sup- 

ort such approaches. 

Sharing compartments across customers is underrepresented in 

uel distribution, but technologically feasible. Analyzing how to 

ake use of this flexibility is a promising research avenue. More- 

ver, only few publications deal with split customer demands. 

plitting the demands of single customers increases the solution 

pace of the corresponding routing problem, and may provide sig- 

ificant savings, as demonstrated in the case of other VRP vari- 

nts (see e.g., Archetti & Speranza (2012) ). Additionally, consider- 

ng multiple customer visits in agricultural problems would also 

ontribute to a more flexible supply of customers and further op- 

ortunities for cost savings. 
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Current models mainly deal with cost minimization. This can 

e explained by the fact that flexible compartments, flexible as- 

ignment and multiple visits offer distinctive cost advantages. 

owever, profit impacts (e.g., service level agreements, delays or 

llowing split deliveries) and maintenance aspects (e.g., for flexible 

ompartments) that are affected by the use of MCVs have not been 

he focus of research so far and should be considered in the future. 

oreover, additional routing-relevant aspects like CO2-emissions 

MCV vs. SCV), energy savings resulting from split deliveries (e.g., 

or frozen products), consistency for deliveries (e.g., driver consis- 

ency for SCV vs. MCV, consistency across multiple periods, con- 

istency across multiple product segments) as well as social and 

uality aspects (e.g., for long distance transports of certain prod- 

cts in shared compartments) offer new and relevant research per- 

pectives. These aspects particularly motivate model enhancements 

ith respect to multiple objectives. 

The significant differences among applications show that 

CVRP literature is driven by the specific problem setting and 

echnological advances, such as enhanced compartment flexibil- 

ty. Interdisciplinary research across engineering and operations re- 

earch is a potential pathway to obtain inspiration from new tech- 

ological developments while assessing the impact on routing. For 

nstance, the use of fully electric and autonomous MCVs as well as 

CVs with new compartment types should be assessed. This par- 

icularly includes a comprehensive cost and benefit assessment and 

he analysis of all decision-relevant aspects from loading to rout- 

ng and unloading processes. Moreover, technological advances for 

CVs could be used for new delivery options (e.g., within sharing 

conomy concepts). 

There are further research opportunities related to MCVRPs in 

ther contexts. Problems in bike and ride sharing are becoming 

ver more relevant in practice, but just one publication is avail- 

ble in each of these fields so far. MCVs could be part of new

ity logistics concepts for home deliveries, and the corresponding 

CVRPs need to be analyzed. Online grocery retailers for instance 

se multi-temperature trucks for home delivery ( Wollenburg, Hüb- 

er, Trautrims, & Kuhn, 2018 ). Additionally, there may be en- 

irely different areas of application unrelated to vehicle routing. In 

anufacturing, for instance, Guo, Geng, Takahashi, Wang, and Jin 

2018) present the problem of assembling printed circuit boards, 

hich is based on an MCVRP. A similar transfer could be possible 

o other related problems, such as machine scheduling problems. 

.1.3. General VRP-related attributes 

Comparative literature review. We further compare the MCVRP 

iterature with regard to prominent attributes commonly found in 

ther VRP variants. These attributes are: tour length or tour dura- 

ion limitations, fleet composition, consideration of time windows, 

umber of planning periods and stochastic demand. 

The most frequently studied extensions concern heterogeneous 

ehicle fleets and limitations of the tour lengths or the tour du- 

ations. Heterogeneous fleets are considered in 46% of all MCVRPs. 

his problem extension is frequently used in maritime transporta- 

ion (93%), fuel delivery (71%), and agricultural problems (63%). Ve- 

icle setups are rarely adjustable in these applications, and an al- 

ernative approach to gain flexibility in distribution is therefore to 

se different vehicle types. With respect to limitations of the tour 

engths or durations, the consideration of such constraints is nec- 

ssary to comply with legal regulations. Duration or distance con- 

traints are imposed in 46% of all MCVRP publications. The largest 

hare of problems with duration constraints can be found in agri- 

ultural contexts (88% of publications). Exceptions can be observed 

n the literature on grocery distribution and maritime transporta- 

ion, in which there is only one publication each dealing with dis- 

ance or duration constraints. 
813 
About one third (36%) of the problems studied take time win- 

ow restrictions into account. Such constraints most frequently ap- 

ear in fuel delivery (47%), grocery distribution (56%), and even 

ore so in maritime transportation (73%). This finding seems rea- 

onable since the respective applications are either strongly cus- 

omer oriented or, in case of maritime transportation, deal with 

ightly planned handling capacities. The collection of waste on the 

ther hand is more flexible with respect to the time of collec- 

ion, and thus neglecting the consideration of time windows is 

ppropriate. 

Another attribute of VRP variants concerns the extension to 

ultiple planning periods. This problem variant is studied in only 

5% of all publications. Among those 25%, multiple planning pe- 

iods are particularly often considered in maritime transportation 

roblems due to their long-term nature. The focus on this aspect 

s also slightly greater in fuel delivery (35%), agricultural contexts 

25%), and other applications (33%) compared to the remaining ar- 

as. 

Lastly, little attention has been paid to stochastic demands so 

ar. Only a few papers in waste collection and the area of concep- 

ual problems consider stochastic demands, representing merely 

% of all publications. This may be justified by the fact that prob- 

ems in other contexts usually deal with the delivery of products 

rdered in advance by customers. Demand quantities are therefore 

nown, whereas this is not the case in waste collection. 

uture areas of research related to general VRP-related attributes. An- 

lyzing the MCVRP literature with regard to VRP related attributes, 

t becomes obvious that two out of five attributes considered have 

eceived little attention: multiple periods and stochastic demands. 

Considering multiple periods is a reasonable extension when- 

ver customers are flexible with respect to the period (e.g., day) 

f order fulfillment. This condition is commonly found in waste 

ollection and some agricultural problems, in which only a certain 

requency of visits needs to be ensured, but customers (e.g., house- 

olds) may be indifferent to the actual date of service (e.g., collec- 

ion of waste from containers). Moreover, if demands vary signifi- 

antly across periods (due to weekly seasonality at petrol stations 

r in supermarkets, for example), multi-period models will better 

eflect the actual problem setting. 

The second industry-relevant extension applies to the consider- 

tion of stochastic demands. These are neglected in basically all 

CVRP applications and have only been studied for conceptual 

roblems and a single waste collection problem so far. The integra- 

ion of stochastic demands will contribute to better decision mak- 

ng particularly for applications where goods are collected (e.g., 

aste collection, collection of bikes, return of empties, etc.), and 

or tactical planning problems (e.g., definition of template routes 

or fuel or grocery distribution) where demands are not known be- 

orehand. There are further aspects of MCVRPs that could be seen 

s stochastic such as travel times, service times, or the availability 

f customers themselves. Considering such stochastic or dynamic 

spects and applying corresponding solution concepts could allow 

or more realistic investigations. 

Other attributes have been considered more frequently, yet 

here are still various research possibilities. To begin with, the con- 

ideration of heterogeneous fleets offers a promising path for fu- 

ure research. Despite the fact that fleets of different truck types 

re often used in practice, only few publications in waste collection 

nd none in grocery distribution deal with heterogeneous MCVs. 

sing trucks with trailers appears to be a reasonable delivery op- 

ion especially in multi-product contexts, but only one publication 

as considered this extension and the resulting synchronization 

spect in an MCVRP context. Companies use different truck sizes 

nd types since the vehicles have been acquired at different points 

n time or in order to create more flexibility with respect to the 
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Table 9 

Overview of exact solution approaches. 

Exact Branch-and-cut Branch-and-price/ Others 

total column generation 

Fuel 4 (24) 1 (6) 2 (12) 2 (12) 

Waste 1 (8) 1 (8) 0 (0) 0 (0) 

Agriculture 1 (13) 1 (13) 0 (0) 0 (0) 

Grocery 2 (22) 1 (11) 0 (0) 1 (11) 

Maritime 3 (20) 0 (0) 3 (20) 0 (0) 

Other 0 (0) 0 (0) 0 (0) 0 (0) 

Conceptual 3 (16) 1 (5) 1 (5) 1 (5) 

Total 14 (17) 5 (6) 6 (7) 4 (5) 

Absolute number of papers introducing a certain type of approach; percentage 

share in brackets. 
tilization of transportation capacity. Consequently, this attribute 

hould also be part of corresponding routing problems in future 

iterature. 

While in other customer-oriented applications (e.g., fuel and 

rocery distribution) time windows are frequently taken into ac- 

ount, there is no corresponding consideration in an agricultural 

ontext. Furthermore, rest periods of truck drivers should be in- 

egrated in addition to time windows across all application areas 

n order to reach a higher degree of adaptation to practice, to en- 

ble more accurate planning and, above all, to meet existing legal 

egulations. In this context, there also appears to be a lack of pub- 

ications in grocery distribution that deal with tour distance or du- 

ation constraints, although limitations of working hours apply to 

etailers in real-world applications. 

Simply considering volume or weight constraints with respect 

o a vehicle’s capacity may not be feasible in contexts in which 

roducts or product batches are relatively large in relation to the 

ehicle capacity (e.g., when pallets or roll cages are used). Thus, 

aking two- or three-dimensional loading constraints into account 

ore extensively might enable valuable analyses. This will give 

aluable insights from a conceptual perspective when compart- 

ent sizes are flexible, as this would result in a two-stage pack- 

ng problem in which small items (products) have to be packed in 

arge items (compartments), and the large items themselves have 

o be packed in even larger ones (vehicles). 

Expanding the MCVRP to pickup and delivery problems is a rel- 

vant topic, but has not yet been investigated extensively. In gro- 

ery distribution it is necessary to pick up empty roll cages at re- 

ail outlets and transport them back to the depot, for example. In 

ther areas of application it may be necessary to empty and re- 

ll the truck during a tour at certain locations and consolidation 

oints (e.g., for waste disposal). Similarly, the MCVs may be used 

or backhauling, such as for picking up material from suppliers af- 

er customer deliveries. 

Traditional routing problems are part of various higher-level 

lanning problems – of strategic network planning, for instance. 

he use of MCVs and their impact within these planning problems 

hould be assessed. MCVs may influence service levels (e.g., lead 

ime of different product types) and total logistics costs. Purchas- 

ng decisions relating to transportation capacity, such as fleet mix 

r in-/outsourcing, are also affected by the application of MCVs. 

actical planning problems, such as driver capacity management, 

eed to be aligned when an MCVRP is being considered. Integra- 

ion into end-to-end transportation chains (e.g., from waste pickup 

o disposal or from warehouses to retail shelves) and an investiga- 

ion into dependent and decision-relevant costs are required. The 

ntegration of preparing and picking of different product types that 

eed to be combined for joint transport in an MCV is relevant if 

ifferent product types require specific processes and lead times. 

inally, addressing the question of how multi-compartment trans- 

ortation can be applied within multi-modal transportation net- 

orks or cross-docking applications may be another relevant path 

or future research. 

.2. Solution approaches for MCVRPs 

We further analyze the MCVRP literature with respect to solu- 

ion procedures. Overall, it can be observed that most publications 

76%) propose heuristics, while fewer studies (17%) introduce exact 

olution procedures. 

xact solution approaches. MCVRPs extend the CVRP that is known 

o be NP-hard ( Toth & Vigo (2014) ). Thus, MCVRPs are NP-hard 

roblems themselves, and the application of heuristic solution pro- 

edures appears to be generally reasonable. Exact solution pro- 

edures may nevertheless be applied if (in practice) computa- 
814 
ion time is less important or when (in numerical experiments) 

hey provide benchmarks for gaining insights into specific problem 

roperties. A lack of exact solution procedures can be observed 

ith respect to MCVRP literature. For problems in both waste col- 

ection and agricultural contexts in particular, only one exact ap- 

roach has been introduced so far, whereas this number is slightly 

igher for problems in grocery distribution (2), maritime trans- 

ortation (3), conceptual problems (3), or fuel delivery (4) (see 

able 9 ). Five of the methods proposed are branch-and-cut ap- 

roaches, six are branch-and-price / column generation methods, 

nd the remaining four are other exact methods such as branch- 

nd-bound or Lagrangean approaches. (As some publications intro- 

uce no or multiple procedures, the sum of ratios does not neces- 

arily add up to 100%.) 

euristics approaches. Table 10 provides an overview of the heuris- 

ics approaches that have been applied. Metaheuristics that have 

een proposed at least three times are explicitly listed, i.e., TS, LNS, 

NS, GA, ACO, MH, whereas all other heuristics are summarized 

ithin “other metaheuristics” and “non-metaheuristics”. 

The majority of publications introduce metaheuristics, and LNS 

11%), GA (13%), VNS (11%), and TS (7%) are the most frequently se- 

ected methods. All major types of metaheuristics have been pro- 

osed for conceptual problems. In contrast, there seems to be po- 

ential for the application of further approaches for problems in 

rocery distribution or maritime transportation, as LNS approaches 

ave mostly been considered for the former, and GAs for the latter. 

or problems in fuel distribution and waste collection, the variety 

f methods appears to be slightly higher. 

uture areas of research related to solution approaches. It goes with- 

ut saying that opportunities exist for research into new, improved 

r alternative solution approaches, particularly because most algo- 

ithms proposed so far have been designed for very specific prob- 

ems. As has been shown, only a minority of publications suggest 

xact approaches. There appears to be a lack of innovative concepts 

o solve MCVRPs to optimality or to combine exact and heuristic 

pproaches to improve existing results. Furthermore, with increas- 

ng computational power, exact approaches may be able to solve 

nstances of practice-relevant sizes, providing benchmarks and as- 

essing the solution quality of heuristics. 

With respect to heuristic approaches, the variety of methods 

hat have been proposed is quite different among areas of appli- 

ation. Heuristic approaches that perform very well for one appli- 

ation could be evaluated for other problem variants as well. In 

articular, further population-based metaheuristics could be tested 

or problems in fuel distribution, further local search-based meta- 

euristics for problems in waste collection, agricultural contexts 

nd maritime transportation, and both types of metaheuristics for 

roblems in grocery distribution. Multi-period problems, multi- 

bjective formulations or the further integration of relevant con- 
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Table 10 

Overview of heuristic solution approaches. 

Heuristics TS LNS VNS GA ACO MH Other Non- 

total MetaH MetaH 

Fuel 14 (82) 1 (6) 1 (6) 4 (24) 1 (6) 0 (0) 3 (18) 0 (0) 6 (35) 

Waste 11 (85) 0 (0) 0 (0) 2 (15) 3 (23) 2 (15) 1 (8) 3 (23) 2 (15) 

Agriculture 6 (75) 2 (25) 0 (0) 1 (13) 1 (13) 0 (0) 1 (13) 1 (13) 1 (13) 

Grocery 8 (89) 0 (0) 5 (56) 0 (0) 0 (0) 0 (0) 0 (0) 3 (33) 0 (0) 

Maritime 7 (47) 0 (0) 0 (0) 0 (0) 3 (20) 0 (0) 0 (0) 0 (0) 4 (27) 

Other 3 (100) 0 (0) 1 (33) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (33) 

Conceptual 15 (79) 3 (16) 2 (11) 2 (11) 2 (11) 1 (5) 1 (5) 6 (32) 3 (16) 

Total 64 (76) 6 (7) 9 (11) 9 (11) 11 (13) 3 (4) 6 (7) 13 (16) 17 (20) 

Absolute number of papers introducing a certain type of approach; percentage share in brackets; TS: Tabu search; 

LNS: Large neighborhood search; VNS: Variable neighborhood search; GA: Genetic algorithm; ACO: Ant colony 

optimization; MH: Matheuristic; MetaH: Metaheuristics. 
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traints for time windows, weight, distance or duration will require 

lternative heuristics (e.g., ALNS). A solver suite that is adjustable 

o the different attributes would be a valuable contribution to 

CVRP literature. This should include an in-depth comparison of 

euristic performance related to the different attributes. 

Innovative concepts are required in order to provide better fore- 

asts of stochastic demands and stochastic travel and process- 

ng times. Such forecasts may be based, for instance, on machine 

earning concepts and approaches from prescriptive analytics that 

ntegrate data estimation and optimization. Furthermore, in or- 

er to identify parameters of heuristics that strongly influence the 

uality of obtained solutions and the computational performance 

f the algorithm, extensive numerical experiments are necessary. 

elf-governing methods for the algorithmic configuration are there- 

ore becoming important. This includes the general solution ap- 

roach as well as the parameter selection during the optimization 

rocedure. Further attempts could be based on simulation opti- 

ization approaches. 

Finally, the availability of test instances is currently restricted 

o individual publications. A comprehensive database that contains 

elevant data sets structured by area of application and attributes 

erived in this paper would be a good starting point for further 

esearch and benchmarking approaches. 

. Conclusion 

The available literature on MCVRPs has steadily grown over the 

ast decades and especially during recent years, totaling 84 pub- 

ications so far. Most of these papers have been published dur- 

ng the last 10 years. This underlines the increasing importance 

f MCVs in research and industry, which comprises not only clas- 

ical areas of application (fuel deliveries, for instance), but also 

ewly emerging ones (such as bike sharing). Yet so far neither a 

niform typology for MCVRPs nor a comprehensive survey on dif- 

erent MCVRP variants have been available in order to provide a 

oncise overview of the literature, which appears to be rather het- 

rogeneous. This literature review on MCVRPs is intended to fill 

his gap. We have introduced a conceptual model formulation that 

rovides a basis for further model developments and covers ex- 

sting MCVRP variants and extensions. Moreover, we have identi- 

ed and defined attributes that allow the distinction of varying 

CVRP variants and consolidated the distinct characteristics in a 

omprehensive typology for MCVRPs. We have analyzed the ex- 

sting MCVRP literature using the typology and grouped MCVRPs 

ithin different areas of application and solution approaches. Fi- 

ally, we have identified existing gaps in research and indicated 

uture research opportunities. In short, especially a higher degree 

f flexibility using flexible compartment sizes, split customer de- 

ands or multiple periods, and variants adapted to real-world re- 
815 
uirements, such as dynamic or stochastic components, appear to 

e valuable directions for future research. 
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