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Abstract: The current global economic crisis and the growing common concern over environmental issues are pushing 
companies to look for the minimisation of both cost and environmental impact of their operations along the whole 
supply chain. In recent years, one of the most interesting challenges is the development of effective methods and 
approaches able to support companies in defining strategies and actions suitable to meet multiple strategic purposes.  

Aim of this paper is to present a decision support system designed for assisting companies in design and management 
of their supply chain network. This tool is based on a multi-objective optimisation model for the integrated design of 
a fresh food supply network under the main aim of the minimisation of both network global cost and environmental 
impact. A Mixed Integer Linear Programming (MILP) model computes economic costs and environmental impact 
drivers for a multi-product, multi-layer, multi-period capacitated location-allocation optimisation problem. Problem 
variables deal with strategic and tactical decisions e.g. facility location, route assignment and packaging type selection. 

The model considers two different objective functions. The former is aimed at the minimisation of economic costs 
related to supply chain activities, e.g. production, shipment, storage, end-of life treatment. The latter objective function 
considers the same activities but deals with the minimisation of their global environmental impact along the supply 
chain. A set of feasibility constraints complete the proposed model to guarantee the solution applicability. Demand 
satisfaction, production and distribution capacity limits are included into the model. 

Finally, an application of the proposed model on a realistic food supply chain network is proposed. Output of model 
application is the definition of the Pareto frontier of optimal solutions, which can be used as support to the supply 
chain decision-maker. Results highlight the existence of a trade-off between economic and environmental costs in 
supply chain management.  

Keywords:  Green supply chain management, Multi-objective Optimisation, Mixed Integer Linear 
Programming, Supply Chain Network Design, Reusable Plastic Containers 

 

1 Introduction 

Sustainable supply chain management (SSCM) is an 
increasingly important topic as companies respond more 
and more to internal and external pressures from 
stakeholders, policymakers, consumers, governments, and 
organisations dedicated to environmental, social and 
corporate responsibility (Ageron et al. 2012). SSCM is 
defined as the consideration of environmental, social and 
economic performance in the management of information, 
material and capital flow (Seuring & Müller 2008). Such a 
global definition includes the concept of Green Supply 
Chain Management (GSCM), which is defined by 
Srivastava (2007) as the integration of environmental 
thinking into supply chain management activities: from 
product design, to delivery of the final product, to end-of-
life treatment. According to this definition two main 
research streams are distinguished i.e. green design for 
products and green operations. This research falls in the 

latter category and focuses on one of the most relevant 
issues in supply chain management and also in SSCM and 
GSCM: Supply Chain Network Design (SCND). SCND is 
one of the most comprehensive strategic decision problems 
that needs to be optimised for long-term efficient 
operations of the whole supply chain (Wang et al. 2011). 
SCND contains the determination of number, capacity and 
location of network facilities as well as the allocation of 
material flow through the network. Devika et al. (2014) 
present a taxonomy of SCND studies classified by model 
objective, number and type of echelons, modelling, 
solution method and output. Their review demonstrates 
that in the recent literature Multi-Objective Optimisation 
(MOO) is an increasingly used approach for 
green/sustainable SCND. Relevant contributions to MOO 
in GSCM and SCND are in Hugo & Pistikopoulos (2005), 
Frota Neto et al. (2008), Wang et al. (2011), Chaabane et al. 
(2012), Govindan et al. (2014). All these studies present 
MOO models aimed at the definition of the Pareto frontier 
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of optimal solutions, which represent the best trade-off 
between different objective functions i.e. minimisation of 
network economic cost and minimisation of network 
environmental impact.  

2 Reference network and optimisation method  

This paper addresses the issue of SCND and presents a 
Multi-Objective Mixed Integer Linear Programming 
(MIMOLP) model developed as support to decision-
makers for fruit and vegetables SCND. Such a research 
represents the evolution of the study presented in Accorsi 
et al. (2014), in which a fresh food supply chain is analysed 
through Life Cycle Assessment and Life Cycle Costing 
methodologies. Design process entails choices on facility 
location, fresh food flow allocation, packaging selection 

and packaging flow allocation, and transportation mean 
selection in a multi-period timeline. This model can be 
distinguished from the previous studies in the following 
directions. Firstly, the forward and reverse logistics are 
integrated in a Closed Loop Supply Chain (CLSC). 
Secondly, the model is focused on the role of packaging in 
fruit and vegetable distribution: depending on the different 
nature of packages i.e. reusable or disposable, two different 
sub-networks can be selected for fresh product 
distribution. It allows the decision-maker to compare from 
both environmental and economic point of views the use 
of alternative packaging systems and, in turn, different 
logistics systems. Figure 1 presents a scheme of the 
reference network on which the model is based.  
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Figure 1. Reference network scheme

Fresh food flow is allocated along three echelons: from 
farmers, to distribution centres (DC), to grocery stores 
(GS) where crops can be temporarily stored. Disposable 
packages move along a five echelon sub-network: from 
package suppliers, to end-of-life treatment centres (i.e. 
recycling centres and incinerators), travelling through the 
food supply sub-network. For reusable packages an 
additional echelon is required. Poolers are the core node for 
their closed loop chain. At poolers, reusable crates are 
collected, washed, inspected, stored and made available for 
further cycles depending on the packaging lifespan. Further 
details on network operations are reported in Accorsi et al. 
(2014). On the basis of this reference network a MIMOLP 
model has been developed. The model takes into account 
each activity conducted within the network e.g. packaging 
manufacturing, transportations, food cold storage, package 
recycling and incineration, washing of reusable crates, crate 

storage. To each activity an economic and an 
environmental impact value is identified and assumed as a 
parameter of the model. 

3 Model Formulation 

The following sections introduce sets, variables and 
parameters of the model. For the sake of brevity only the 
economic objective function is presented. Constraints are 
only briefly commented. 

3.1 Sets 

Table 1 reports model sets. In addition to the facilities, 
presented in Figure 1, a set of periods, fresh products, 
disposable and reusable types of packaging and different 
transportation means can be introduced in the modelling. 
Although the location of farmers, GCs and DCs, recycling 
and incineration centres are supposed to be known, the 
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DCs and poolers are subject to a capacitated facility 
location problem. 

Table 1. Problem sets 

Description Set Index 

Farmers F f 
Grocery Stores G g 
Distribution Centres D d 
Poolers K k 
Recycling Centres R r 
Incinerators I i 
Packaging suppliers Z z 
Periods T t 
Products V v 
Disposable crates U u 
Reusable crates W w 

Crates Q s.t. U ∪ W q 

Transport mean types M m 

 

3.2 Variables 

Table 3 introduces the list of variables of the model. They 
represent the output of the problem solution, which can be 
resumed as follows: definition of the optimal location for 
DCs and selection of the poolers supplying the reusable 
crate service; allocation of fresh products along the routes 
from farmers to DCs, from DCs to GCs; definition of the 
optimal amount of products that can be stored at DCs and 
GCs; packaging selection and flow allocation of crate flows 
within the network. Except for location problem variables, 
all allocation problem variables are continues and not 
integer. Such a decision allows a faster computation of 
problem optimal solution. It means that amount of 
packages and travels is not necessarily integer. However, 
given the magnitude of crate flow, an output that considers 
a fractional values can be considered an acceptable 
approximation.  

Table 2. Problem variables 
Var. Type Description 

Ydt binary Open distribution centre for the period t 
Ykt binary Open pooler for the period t 

Xvft ≥0 Products v produced by f in t 

Xvdt ≥0 Products v in d in t 

Xvgt ≥0 Products v in g in t 

Xvfdmt ≥0 Products v delivered from f to d by m in t 

Xvdgmt ≥0 Products v delivered from d to g by m in t 

Zqgrmt ≥0 Crates q delivered from g to r by m in t 

Zqkrmt ≥0 Crates q delivered from k to r by m in t 

Zqgimt ≥0 Crates q delivered from g to i by m in t 

Zqkimt ≥0 Crates q delivered from k to i by m in t 

Zqzfmt ≥0 Crates q delivered from z to f by m in t 

Zqzkmt ≥0 Crates q delivered from z to k by m in t 

Zqkfmt ≥0 Crates q delivered from k to f by m in t 

Zqdgmt ≥0 Crates q delivered from d to g by m in t 

Zqgdmt ≥0 Crates q delivered from g to d by m in t 

Zqfdmt ≥0 Crates q delivered from f to d by m in t 

Zqdkmt ≥0 Crates q delivered from d to k by m in t 

Zqft ≥0 Number of crates type q required by f in t 

Zqkt ≥0 Amount of package q in k in t 

Zqdt ≥0 Amount of package q in d in t 

Zqgt ≥0 Amount of package q in g in t 

Wqkt ≥0 Crates q waiting for washing in k in t 

3.3 Parameters 

Table 3 lists the parameters of the model. The optimisation 
problem takes into account a demand of fresh crops by the 
market, a time-dependant productivity of farmers, technical 
characteristics of both reusable and disposal crates (e.g. 
capacity, lifespan, volume when empty/filled, and 
recyclability, purchasing cost, manufacturing 
environmental impact), end-of-life treatment cost and 
impact for each type of crate, cost and emission related to 
reusable container washing, transportation mean features 
(e.g. unit cost and emissions, vehicle capacity), facility 
properties (e.g. produce storage cost, fixed opening costs 
and emissions associated with facility operations, storage 
capacity by produce weight and stored crate number), and 
distances between network nodes. 

Table 3. Problem parameters 

Parameter Description 

demvgt demand of products v by g in t 
provft productivity of v by farmer f in t 
veq crate volume when empty 
vfq crate volume when filled 
cpq weight capacity of crate q 
arq recyclability coefficient package q 
lfq package life cycle 
vtm mean m capacity by volume 
cd DC d capacity in weight 
ck pooler processing capacity 
emq emission for packaging manuf. 
erq recycling emission per package 
eiq incineration emission per package 
etm unit emission with mean m 
esq package washing emission 
efd fixed emission DC d 
efk fixed emission pooler k 
evd product storage emission in d 
cfd fixed operating cost DC d 
cfk fixed operating cost pooler k 
cmq package unit purchasing cost 
crq recycling cost per package 
ciq incineration cost per package 
ctm unit transport cost with mean m 
csq package washing cost 
svd Storage cost of products v in d 
sqg storage cost in g of one package q 
sqk storage cost in k of one package q 
dzf distance between z and f 
dfd distance between f and d 
ddg distance between d and g 
ddk distance between d and k 
dkf distance between k and f 
dzk distance between z and k 
dki distance between k and i 
dkr distance between k and r 
dgi distance between g and i 
dgr distance between g and r 
BIG_M big-m 

 

3.4 Objective functions 

The main features of the MIMOLP model is the 
consideration of two objective functions. For the sake of 
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brevity, only the economic function is here presented. It 
expresses the minimisation of (1) fixed costs associated 
with the opening of DCs and poolers, (2) transportation 
costs of crates along the network, (3) purchasing costs of 
crates from packaging supplier, (4) service costs related to 
reusable crate collection and washing, (5) 
disposal/recycling costs of crates, (6) storage costs of 
produce and crates. In the environmental objective 
function, the same activities are taken into account 
however, instead of the economic cost, the associated 
environmental impact is considered.  
 

 

(1) 

 

(2) 

 

(3) 

 

(4) 
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3.5 Constraints 

A set of 38 expressions model the network behaviour and 
define the solution set. For the sake of brevity, model 
constraints are only commented: for each period market 
demand of produce must be met; capacity of facilities, 
crates and vehicles cannot be overcome; inflow, outflow 
and inventory level of produce and crates must be balanced; 
according to their nature, crates circulates in the dedicated 
sub-network; containers cannot exceed their lifespan, and 
the end of which they must be delivered to the appropriate 
end-of-life treatment. 

3.6 Pareto frontier generation method 

The presented problem has two conflicting objectives: 
there is a trade-off between economic and environmental 
objectives that makes not possible to reach a single optimal 
solution which optimises the value of both objectives 
simultaneously. Such a trade-off leads to a set of optimal 
solutions called Pareto frontier. For each feasible point of 
Pareto frontier, it is impossible to improve any objective 
without deteriorating the other one. So, Pareto frontier 
generation provide the decision maker with a portfolio of 
alternative optimal solutions. In this study the Normalised 
Normal Constraint Method (NNCM) presented Messac et 
al. (2003) has been adopted for Pareto frontier generation. 

4 Case study and results 

In order to present an example of application of the model 
a case study is considered, modelled and solved. The 
network is structured as follow: 8 grocery stores, 6 farmers, 
4 potential DC, 3 packaging supplier, 3 potential pooler, 2 
recycling centres, 2 incinerators. Network nodes are 
represented in Figure 3. Along the network 4 different 
products must be supplied to the market for a period of 10 
weeks. 3 types of trucks, different in capacity, 
transportation emissions and costs, are available for the 
deliveries. Packaging suppliers offers a set of 4 types of 
crates: wooden box (600x400x240mm), cardboard box 
(600x400x240mm), reusable plastic containers (RPC) in 
two dimensions (600x400x240mm and 600x400x120mm).  
Figure 2 presents the Pareto frontier of optimal solutions 
for the analysed problem. On the axis the values of total 
economic cost and total environmental impact associated 
with the operations considered in the model in the assumed 
time frame. Points C and E represent the anchor point of 
the curve i.e. the best economic solution and the best 
environmental solution respectively. The frontier has been 
obtained by applying the NNCM on a set of 20 intervals. 
Sub-optimal solution dominated by the solutions of Pareto 
frontier are in red. Table 4 resumes a comparison between 
some reference optimal solutions.  
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Figure 2. Pareto frontier of optimal solutions 

Table 4. Resume of noteworthy optimal solutions 
 Solution 
 C P1 P2 E 

DC open * period 14 14 14 14 
Pooler open * period 0 3 7 10 

Wooden boxes 4907 39554 19440 0 
Cardboard boxes 41877 7230 0 0 
RPC (h240 mm) 0 0 17278 21501 
RPC (h120 mm) 0 0 0 0 
Crates purchased 46784 46784 36718 21501 

Mean type M1 
M1, 

M2, M3 
M1, M2, 

M3 
M2 

 
Results show that, depending on the solution chosen by the 
decision-maker, different packaging systems would be 
adopted and different transportation means would be 
preferred. Some solutions suggest an assorted mix of 
package type, and a mix of different vehicles. At each 
solution corresponds a different network configuration, 
which can be much diverse from the others.  
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Figure 3a and Figure 3b show the package flows crossing 
the network for solution C, in which disposable crates are 
preferred, and solution E, in which the exclusive use of 
RPCs entails the centrality of the pooler. 

5 Conclusion 

This paper presents a MOMILP model that can be applied 
as a decision support system for the SCND of fruit and 
vegetables multi-packaging distribution systems. Aim of 
the model is the simultaneous optimisation of economic 
and environmental performances of the network, in 
agreement with the principles of GSCM. Output of model 
application is a set of solutions that can be considered 
optimal by the decision-maker. A small example of 
application of the model on a realistic case study is also 
presented. Output of the application is the Pareto frontier 
of optimal solutions. Results show that the mere 
consideration of economic costs as well as the concern 
alone of environmental issues leads to extremely different 
network configurations. This research suggests that, in 
fresh food SCND the decision-maker deals with the 
existence of significant trade-offs between economic and 
environmental objectives, as also shown in (Accorsi et al. 
2014). So, MOO can be profitably used as decision support 
system and MOMILP is an efficient methodology, at least 
for small instances. Such a methodology can be used   
The authors suggest further research for the improvement 
of the proposed model. Perishability is extremely important 
in food supply chains. As Govindan et al. (2014) suggest, 
perishability is a dimension of the problem, so a possible 
improvement for the proposed model could be the 
introduction of its consideration in network planning. 
Finally, since the calculation time grows with the growth of 
problem extension, different solution methods should be 
explored e.g. evolutionary computation, genetic algorithms 
and other meta-heuristics. 
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