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Abstract. Cost optimisation in decentralised, make-to-order production systems 

requires tight integration with suppliers and transport operations as well as 

flexible network connections. Additionally, minimisation of environmental 

impacts of freight flows must be included in the industrial practice to realise 

sustainable growth. To these aims, the paper presents a model integrating 

production networks and sustainable freight transportation. The model includes 

Bill-of-Material constraints with alternative sources having different production 

and distribution costs. The objective function considers sourcing, production 

and transportation costs as well as environmental impacts of transport over a 

multimodal network. Due dates and time windows constraints for production 

and transportation management are included. Computational experiments are 

based on a real multimodal network. The optimisation model solved the case 

study instance. A sensitivity analysis proved the model robustness. The results 

demonstrate that the model can be effectively used in order to analyse cost-

emissions trade-offs and the influence of links’ capacity on emissions. 

Keywords: Production Network; Transportation; Sustainability; Optimisation. 

1   Introduction and Background 

Competitiveness and sustainability are key drivers for designing and managing global 

production networks. Current challenges for networked production are then to stay 

competitive by optimising system-wide costs and service levels as well as to minimise 

negative impacts of freight transport on environment and society. These objectives are 

often separately pursued or only partially integrated in research approaches as well as 
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in planning tools used by industry. It becomes imperative to completely include and 

widely spread in the industrial practice effective methods and tools dedicated to the 

simultaneous fulfilment of both business and sustainable growth targets. The 

aforementioned objectives should be pursued not only at strategic level (network 

design) but also in the management of day-to-day operations. 

To these aims, the article presents a model integrating production networks and 

sustainable freight transportation. The optimisation model includes Bill-of-Material 

(BOM) constraints with alternative supply sources having different production and 

distribution costs. The objective function concurrently considers sourcing, production 

and transportation costs as well as the environmental impact of transport over a 

multimodal network. Multimodality is represented through a specific graph model. 

Due dates and time windows constraints for production and transportation 

management are considered. Computational experiments are based on a real 

multimodal network. 

The integration of production and transportation networks has been tackled in 

several optimisation problems for the minimisation of supply, production, inventory, 

facility, and transportation costs by using formulations based on multi-commodity 

production-distribution [1]. Reviews and classifications cover the design process of 

production-distribution networks [2], as well as models and algorithms for production 

and outbound distribution scheduling in make-to-order production systems [3] and the 

integration of production and distribution problems in global supply chains [4]. Only 

a few research works include the freight flow constraints related to the BOM in the 

Mixed Integer Linear Programming (MILP) formulations that have been used [4], [5]. 

Only a few works attempted to simultaneously pursue routing and scheduling material 

flows while minimizing the environmental impacts [6], [7]. In these networked 

production scenarios little evidence has been identified about the sourcing options 

from alternative suppliers. Environmental sustainability has been generally addressed 

in terms of CO2 emissions as well as other impact parameters encompassed in the 

objective functions [6], [7], [8], [9]. 

MILP, multi-objective programming and other analytical models have been used 

for designing sustainable logistic networks considering, respectively, uncertainty 

factors [10], environmental performance and cost efficiency of the logistics networks 

[11] as well as carbon footprints in supply chains [12]. In these works, BOM 

constraints, sourcing options as well as transportation planning are not included.  

In general, a multimodal transportation problem can be modelled through a multi-

commodity capacitated network design problem [13]. Nonetheless, another 

fundamental formulation is the multimodal, multiple capacity constraints, and 

multiple time windows transportation problem (M++P) [14]. This model constitutes 

the foundation of other research works that integrate short haul and long haul freight 

transportation problems [15].  

On the basis of the literature review, it seems that research lines faced the 

management of freight flows across production and logistics networks with the 

prevalence of specific perspectives and focus, in production, transport or 

environmental impact performance, or partial combinations of these targets. 



A Model to Realise Sustainability in Networked Production and Transportation 551 

2   Problem Definition and Methodology 

The problem is to determine the combination of production sites and multimodal 

routes over an integrated production and transportation network that concurrently 

minimises the total production and supply costs according to the BOM requirements, 

the transportation costs as well as the CO2 emissions of transportation means used to 

move materials, semi-finished and finished products. The time window constraints 

represent, at operational level, the output of a negotiated production scheduling 

process in a manufacturing network as performed in [16]. 

2.1.   Production Network Model 

The proposed approach considers a production network model in which components 

are produced and assembled in different plants in order to build the required final 

product. In the network depicted in Fig. 1a, coloured nodes represent production and 

assembly centres, while white nodes represent intermediate logistics nodes. When the 

customer in node 1 issues an order for a final product, a shipment for the final product 

is associated from the node 2 to the node 1. Under the hypothesis of a “make-to-

order” or “source-to-order” [17] production model, upon each request of final product 

k from an origin ok (node 2 in the Fig. 1a) to a destination dk, and under the hypothesis 

of zero inventories for intermediate and final products, correspondent orders for the 

components to be produced or assembled upstream in different locations are issued. 

 

Fig. 1a. Production and logistics network. Fig. 1b. BOM with alternative sources 

2.2.   Integration of BOM and Suppliers in the Production Network 

In order to consider the assembly relation among the different product flows in the 

network, a representation of the BOM must be associated to the production and 

logistics network. The production/assembly nodes in Fig. 1a are put in a “BOM 

relation” as in Fig. 1b and must be considered in the mathematical model as flow and 

time constraints. The representation should consider also alternative sources for the 

same component in a specific position of the BOM. 
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2.3.   Integration of Transportation Impacts 

The approach considers multimodality in shipments. Transportation modes are drawn 

at graph level as done in [6], [14], [15]. Each physical arc is duplicated to represent a 

single mode of transport. Mode changes are modelled by duplicating nodes and 

drawing virtual arcs representing the modal change. This choice allows separating the 

costing and the sustainability considerations for each transportation mode. 

Different approaches are used for considering sustainability factors in logistics and 

manufacturing modelling. Sustainability factors are considered in our model at 

objective function level. The objective function must minimise both transport costs 

and emissions that are produced by vehicles. A sustainability factor comes from the 

CO2 emissions of each transportation vehicle. The emission factor eij is associated to 

each arc (i,j)∈A of the network (i.e., to each transportation mode). 

2.4.   Solution Approach 

As described in [13], a multimodal transportation problem can be modelled as a 

multi-commodity capacitated network design problem defined on a directed graph G 

= (N, A) where a set of commodities (shipments) K have to be routed according to 

known demands and a set of facilities have to be installed on arcs (arc-based 

formulation). This model was used in different variants in order to solve 

transportation problems over integrated networks for short-haul and long-haul freight 

transport (see, for instance, [14], [15]). In the proposed approach, arcs and nodes are 

replicated in order to have a single arc for each multimodal transportation mean (e.g., 

a specific scheduled rail service). With respect to the mentioned formulations, K 

commodities are originated from specific, different sources according to the 

hierarchical product decomposition included in the BOM. The synchronisation of 

inbound and outbound freight flows is imposed through appropriate constraints in 

order to make materials and components available in a production plant for the final 

assembly. Different transportation means are made accessible between each pair of 

nodes by replicating the arcs corresponding to each available transportation service. A 

transportation service is a capacitated, single modal transportation operation that can 

be carried out in a specific time window. The optimisation procedure simultaneously 

minimises both the sourcing costs and the transportation costs including the 

contribution of the environmental impact. 

For each node i ∈ N let ∆
+
(i) the nodes j ∈ N such that (i, j) ∈ A and ∆

-
(i), the 

nodes j ∈ N such that (j, i) ∈ A. k ∈ K be the shipment of the final product. Time 

windows are defined as [ai, bi] for each i ∈ N while [E, L] is the earliness and lateness 

of the problem. Let moreover si  the service time at node i, for each i ∈ N; tij  the time 

needed to traverse an arc (i, j) ∈ A; wik , i ∈ N, k ∈ K the arrival time at node i for 

shipment k; xijk , (i,j) ∈ A, k ∈ K equal to 1 if shipment k uses arc (i, j), 0 otherwise. 

Other parameters of the model are: M, a large constants; qk the quantity of shipment 

k∈ K; Cij  the capacity of arcs (i,j) ∈ A; cij  the cost of traversing arc (i,j) ∈ A; fi the 

activation cost of node i∈ N; pi  the production cost of node i∈ N; α, β : α + β = 10  
the weights for cost and emission factors in objective function. 
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In the proposed model, the k shipments are linked due to the BOM structural 

constraints. To this aim we define a set B ⊂ K x K containing the precedence 

constraints between shipments which define the BOM structure. A tuple (h,k) ∈ B 

defines the shipment h as a requirement (a material or a subassembly) for the 

shipment k (a final product or a subassembly). 

The model considers alternative sources (i.e., suppliers) for materials and 

assemblies. At each shipment k ∈ K is associated a subset of alternative origin nodes 

O
k ⊂ N in which the shipment can be produced. d

k
 k∈K,  is the destination node for 

shipment k while I
k
 are the subsets of intermediate nodes for shipment k with I = ∪ I

k
. 

The following relation between origins and destinations can be stated: 

if (h, k) ∈ B  => ∃ d ∈ O
k
  :  d = d

h
. 

Therefore, the origin of the shipment k corresponds to the destination of the 

shipment h. At each node i ∈ O =∪k∈K O
k
, a fixed activation cost fi and a variable 

production cost pi are defined, while a production cycle time for node i is defined as 

ri. 

The integrated model can be formulated as follows: 
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The objective function (1) consists of four terms. The first term expresses the 

transportation cost. The second and third terms consider, respectively, production and 

activation cost, while the fourth term considers the emission factors (weighted with β, 

whereas the first three terms are weighted with α). Constraints (2) – (5’) characterize 

the flow to be followed by shipment k without splits in the inner nodes. Constraints 

(5’) states that a shipment h is activated only if the related shipment k is activated 

with (h, k)∈B. Constraints (6) – (8) guarantee schedule feasibility with respect to time 

considerations. The constraint (6’) imposes time synchronization between shipments 

following the BOM definition. Constraint (9) guarantees feasibility with respect to 

capacity considerations while constraints (10) define the binary decision variables. 

3   Test Scenario and Experiment Design 

The network consists of facilities located in central and northern Italy. For the test 

purposes, a subset of facilities representing the major sources and destinations of 

freight flows has been selected. More specifically, they are the freight flows with the 

highest levels and importance travelling on the network from Lombardia and 

Piemonte regions (north-western Italy) to Lazio region (central Italy), through hubs 

located in Lombardia region (blue circle in Fig. 2) as well as Emilia Romagna region 

(green circle in Fig. 2). 

According to the BOM representing, e.g., the assembly of kits for the telecom 

market, four facilities and nine modal transport connections are considered in the test 

instances. Transportation costs consist of a fixed and variable component dependent 

on the distance to be covered. The maximum distance from an origin to a destination 

is approximately 700 Km. Additional service times represent transhipment between 

different transport modes or vehicles. The transport modes considered are road and 

rail. The CO2 emissions are expressed in Kg CO2/Tonne-Km. 
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Fig. 2. Test scenario. 
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Fig. 3. Transportation cost and emissions. 

The model has been also used to quantify the impact of links capacity on 

transportation costs and emissions. To this aim, restrictive link capacity constraints 

have been set for the connection of the shipments related to components and materials 

(not for the final product) and allowing flow splits (xijk not integer). Under these 

settings, the objective function can be used to evaluate investments in link capacity in 

order to reduce transportation costs and emissions. Regarding the solution approach to 

the presented optimisation problem, a solver has been used. 
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4   Computational Results and Discussion 

The model has been implemented on IBM ILOG CPLEX Optimization Studio


. The 

case study presented in this paper consists of a production network of 19 nodes, 22 

arcs, 3 shipments, with 1 shipment having 2 alternative sources. This case study was 

solved in 0.37 seconds on a windows PC with Intel® Core™ 2 Duo T5750 2.00 GHz 

processor with 4 GB RAM. In the case study, the incidence of transportation costs on 

the production costs is lower than 5%. Moreover, since the alternative sources have 

similar production costs, the solver selected the node 9 (see Fig. 1b) as the best source 

alternative. Different sensitivity analyses have been conducted. The most important is 

related to the tuning of the weights for transportation costs and emission factors (α 

and β). The results (see exhibit in Fig. 3) demonstrate that it is possible to obtain a 

maximum reduction in CO2 emissions of 19% if compared to the case where only 

transportation and production costs are considered. On the other hand, this emission 

reduction corresponds to an increase in transportation costs approximately equal to 

23%. The model can be effectively used in order analyse the desiderated trade-off 

between cost and CO2 emission. 

Concerning the experiments related to the modification of capacity of links and 

implications in terms of environmental impacts, Fig. 4 shows a simulation which 

demonstrates the tight connection between link capacity and CO2 emissions. More 

specifically, this experiment suggests that the introduction of more stringent 

constraints on the capacity of the links leads to the selection of alternatives paths over 

the network in order to move the requested quantities. In fact, the increased material 

flows entail an increase in the emissions due to solutions that tend to allocate the 

shipments to modes with higher environmental impacts (e.g., road mode) or to paths 

with longer distances. Therefore, this type of experiment can be used for evaluating 

potential adjustments of link capacity on the most critical arcs. This could be carried 

out both in terms of (i) further development of logistics and transportation 

infrastructures as well as (ii) increase in the number of transportation services with 

lower environmental impacts on specific paths. 

 

 

Fig. 4. Emissions and link capacity constraints. 
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5. Conclusions and Future Research 

This work presented a methodology integrating production and sustainable freight 

transportation in a production network including BOM constraints and multimodal 

connections. A MILP model effectively solved the presented case study and the 

sensitivity analysis demonstrated the model robustness. Moreover, the model can 

support the evaluation of the capacity of the network or sub-networks that may lead to 

lower environmental impacts of freight transport operations. 

The main limitations of this work concern the solution of large instances and the 

inclusion of capacity constraints at sourcing level together with issues related to 

make-to-order systems. Regarding the former aspect, the model can encounter 

difficulties in solving large instances over highly detailed networks due to the 

complex graph representation. This entails the need to elaborate in future research 

tasks a smarter solution approach able to reduce the complexity of the problem or by 

decomposing the model, as performed in [18]. Concerning the latter limitation aspect 

of the work, the study has been conducted by focusing on a robust, integrated model 

with a degree of complexity compliant with the purpose of the development step of 

this research. The choice of the production model setting has been made in order to 

limit, at the current stage of the research, the complexity of the inclusion in the model 

of inventory level issues. The current research stage considers the hypotheses that the 

required materials or components are available at the suppliers’ sites and no 

inventories are available at the production and assembly sites of the final products. 

Therefore, future developments of the research may consider the increase of the 

model complexity degree by including further elements (e.g., in terms of supply 

capacity, production lead-times, depth of penetration of customer orders) useful for 

improving the decision-making in make-to-order production models (see, for instance, 

[19], [20], [21]). 

Future works may also consider the use of cross docks, inventory as well as reverse 

flows of materials in closed loop supply chains. From the solution approach 

viewpoint, the implementation of metaheuristics or alternative methodological 

approaches will be possibly considered. 
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