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Abstract

In this work, a multi-objective mixed integer linear programming (moMILP) model is
presented for the design and planning of sustainable closed loop supply chains. It
includes strategic decisions such as facility location, definition of the transportation
network, technology selection and allocation, as well as tactical decisions such as
supply planning, that satisfy the demand. The first objective accounts for the
economical pillar of sustainability considering profit maximization. The profit is
measured through net present value (NPV) at the end of the planning horizon,
accounting for costs with facilities, transportation, raw material acquisition, production
and remanufacturing, inventory, product recovery and human resources. The second
objective is the environmental impact minimization, evaluating the environmental pillar
of sustainability. It is measured using the Life Cycle Assessment (LCA) methodology
ReCiPe, applied to the main activities of the supply chain: production, transportation
and facility installation. Both unimodal and intermodal transportation are considered.
The third objective accounts for the social pillar of sustainability. This is measured
through socio-economic indicators applied by the European Union to its Sustainable
Development Strategy. An approximation of the Pareto front is obtained through the
augmented E-constraint method that allows to address the trade-offs inherent to these
conflicting objectives. The applicability of the model is demonstrated through a
representative supply chain case study showing how this tool may help companies to
adjust to the new sustainability context.

Keywords: sustainable supply chain, intermodal transportation, technology selection,
environmental impact, socio-economic indicators, optimization

1. Introduction

The growing pressure from both customers and governments towards sustainable
development is redirecting strategies focused on profit to strategies that account for the
triple bottom line, where profit, planet and people are considered (Bojarski, Lainez et al.
2009). However, the complexity inherent to the integration of such decisions has been
delaying the growth in both research and implementation of sustainable development
practices. A number of different and interdependent factors are involved and have an
impact on the economic, environmental and social performances of the supply chains,
resulting in highly complex models. Facility location decisions for instance directly
influence the costs and environmental impact of transportation, which is the activity
responsible for the major share of both costs (Bhattacharya, Kumar et al. 2014) and
environmental impact (Plambeck 2012) within supply chains. However, these decisions



2 B. Mota et al.

also have an impact on the community in which the facilities are located. Decisions
such as the transportation network also have an impact on the three pillars of
sustainability. Depending on the transportation mode chosen, the costs may be higher
but compensated by a lower environmental impact or additional job creation. Within
this activity there is also the possibility of selecting either unimodal transportation, in
which a single transportation mode is used to distribute the product to its final
destination, or intermodal transportation, where the product is carried by a combination
of at least two transport modes (e.g. road, rail, sea, air) (Macharis and Bontekoning
2004). Another decision variable of significant impact is technology selection since
different technologies might have different operating costs, may use different quantities
of raw materials or different raw materials altogether, may result in different
environmental impacts, and may require a different workforce, among many other
interconnected consequences. Closing the loop by recovering end-of-life products opens
an even more complex path that needs to be carefully designed and planned so as to
actually translate into a more sustainable supply chain. In addition is the difficulty in
quantitatively measuring such environmental and social impacts, where a significant
research gap is found (Mota, Gomes et al. 2014). Hence, decision support tools that
adequately address such complex problems, both at a strategic and tactical level, should
be developed to help companies adjust to these current and growing sustainability
pressures. This work aims to be a step forward in this direction by presenting a model
for the design and planning of closed loop supply chains, which introduces the
discussed decision variables and incorporates the three pillars of sustainability.

2. Problem definition and mathematical formulation

The proposed model aims at determining the supply chain structure, transportation
network, and technology allocation, along with planning decisions that maximize profit,
minimize environmental impact and maximize the social benefit of a closed loop supply

chain.
_A w

modes
Figure 1. Modelled supply chain structure.

The modelled supply chain structure is the one depicted in Figure 1, which shows a
four-echelon structure where suppliers send the raw materials to the factories, the
factories transform the raw materials into final products and can then send these
products to other factories, to distribution centres or directly to the clients. End-of-life
products are then recovered at the clients and can be sent back to the distribution centres
or directly to the factories. Transhipment is also allowed between distribution centres. In
the factories the end-of-life products are remanufactured and then sold as final products.
Transportation between all facilities can be performed using only one transportation
mode (unimodal transportation) or using intermodal transportation. In this latter case a
new entity is installed, a hub terminal, where the transfer of cargo from one
transportation mode to the other is performed. The problem is modelled through a
moMILP formulation. The economic objective function is obtained from the
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maximization of the NPV, as shown in equation (1), which is given by the summation
of the discounted cash flows (CFf) of each time period t, considering the interest rate
ir. The cash flow per time period is obtained through the difference between the net
earnings (NVE?) and the fraction of the total depreciable capital (FTDCY) (Eq. (1a)). At
the end of the time horizon part of the total fixed capital investment (FCI) — the salvage
value (sv) - can be recovered (Eq. (1b)).

max NPV = Z(l——ﬂ')t (1)
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The net earnings (NE?) are given by the difference between the incomes, defined by the
amount of products sold, and the total cost per time period (Eq. (1¢)). The costs include
the costs with raw materials (first term, where X;4;;¢ is the flow of product m through
transportation mode a between entities i and j in time period ¢), production (second
term, where W, ;¢ is the amount of product m produced through technology g in entity i
in time period ), product recovery (third term), remanufacturing (fourth term, where
D gi¢ is the amount of product m remanufactured through technology g in entity i in
time period ), transportation costs for air (fifth term) and for road transportation (sixth
term, where Qg;j; is the number of trips with transportation mode a between entities i
and j in time period ¢), handling costs at the hub terminal (seventh term), inventory costs
(eighth term, where S,,,;; is the inventory of product m in entity i/ in time period ¢) and
labour costs at entities (ninth term, where Y; is a binary variable for entity installation in
location i), at production and remanufacturing technologies (tenth term, where Zg; is a
binary variable for technology allocation) and at transportation (eleventh term, where
Kgij is a binary variable for transportation link establishment). The last term describes
the depreciation of the capital invested (DPf) for which the straight-line method is
assumed, as described by Cardoso et al. (2013) and as shown in Eq. (1d). Through Eq.
(le) it is assumed that the payment of the fixed capital investment is divided into equal
sums for each time period. The fixed capital investment (F'CI) is defined in Eq. (1f) and
is given by the investment in facilities (first and last term), investment in production and
remanufacturing technologies (second term) and investment in transportation links
(third term).
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The environmental objective function is modelled using the ReCiPe methodology as
described in Mota et al. (2014). For each midpoint category c¢ the environmental impact
of production (first term), transportation (second term) and entity installation (third
term) is determined, summed and normalized as shown in Eq. (2).

The social objective function is designed taking into account socio-economic indicators
applied by the European Union to its Sustainable Development Strategy, namely, the
Gross Domestic Product (GDP) and the unemployment rate of each country. These two
indicators are applied through p;, a regional factor. Hence, two social objective
functions are in fact given. One where y; results from GDP statistics and the other
where the regional factor results from unemployment rate statistics. This way the
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models prefers the location of entities (first term), the allocation of technologies (second
term) and the establishment of transportation links (third term) in regions of higher
unemployment rate or of lower GDP, according to the selected regional factor.
Additionally these social objective functions are designed to balance these regional
indicators with the maximization of the number of jobs created (w;/wg/wyg;;), as shown

in Eq. (3).

min SocialAssessment

N

Yi

_ gmi
= Z Hi— Z Wi W
{€1Ul, Ulggr Y mg,i(mg)EGrropUGREMAIEL g 3)
Kaij
+ i
Waij

a,i,j:(ai,j)ENet

Given the conflicting objectives a multiobjective methodology is implemented to obtain
an approximation of the Pareto front. The augmented €-constraint method is applied as
described in Mavrotas et al. (2009).

3. Case-study and results

The developed model was applied to a European case-study where decisions regarding
facility location, technology selection and allocation as well as transportation network
establishment are to be taken so as to satisfy the demand. Two possible locations exist
for factories, one in the United Kingdom and one in Italy, where the suppliers are
already located. Seven possible locations exist for warehouses: United Kingdom, Italy,
Spain, Germany, Portugal, Hungary and Bulgaria. Three airports for intermodal
transportation: one in France, one in Spain and one in Belgium. The targeted markets
are located in Portugal, Spain, Italy, the United Kingdom and Germany. Two final
products are modelled. Each can be obtained through production or remanufacturing.
For product 1 there are two alternative production technologies and one for
remanufacturing. For product 2 there is one production and one remanufacturing
technology. All technologies are characterized by different costs, capacities,
environmental impacts and number of workers. There are three transport modes
available, two types of trucks and one by airplane, again with different attributes. In
case a hub terminal is installed, it is also characterized in terms of economic,
environmental and social performance. Supply capacity, flows of products at entities,
inventory levels, production and remanufacturing capacities, and transportation
capacities are also constrained.

When maximizing NPV the model installs two factories, one in the United Kingdom
and one in Italy (which are selected in all scenarios), and two warehouses, one in
Bulgaria and one in Hungary. For production of product 1 a technology is chosen which
even though having higher installation costs, has a higher production capacity and lower
operating costs. Both types of trucks are used in a solution that balances their capacities
with the transportation costs. The highest share of costs results from human resources,
followed by transportation. In fact the model chooses to minimize the total number of
workers and to place them in the countries with the lower hourly labour costs. When
minimizing environmental impact the model chooses to install two warehouses, in the
United Kingdom and Portugal. Product recovery is increased and remanufacturing is
maximized to full capacity. The same technology as the one selected in the previous
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scenario is used since it also has the lowest environmental impact. To reduce the
environmental impact of transportation, which is the highest after that of production, the
model chooses to perform intermodal transportation using all three airports. This
solution translates in a 47% NPV reduction and a 40% increase in the number of
workers. When optimizing for maximum social benefit using the regional factor related
to GDP the model returns once again the warehouses in Bulgaria and Sofia, the
countries with the lowest GDP. At the same time it selects the technology and
transportation options that maximize the number of jobs created in a compromise that
minimizes the social indicator. When using the regional factor related to unemployment
rate the same takes place but the warehouses are located in Spain and in Portugal, the
countries with the highest unemployment rate. This translates in a significant economic
performance deterioration.

4. Conclusions

The presented work proposes a decision support tool to study how sustainability can be
introduced in supply chain design and planning. NPV is used to measure the economic
performance of the supply chain. The LCA methodology ReCiPe is used as an
environmental impact indicator. GDP and unemployment rate are introduced in social
indicators that balance job creation in regions with lower socio-economic performances
with the maximization of job creation. The model allows to understand the impact of
decisions such as facility location, technology selection and allocation, and
transportation network establishment, on the three pillars of sustainability. Through its
application to a European case-study results show how the different indicators return
conflicting solutions, as expected. Multiobjective optimization helps to visualize the
compromise between the different indicators (results not shown). Considering that
economic incentives could be provided to maintain economic performance, the results
still raise the question of what is more important, the environmental or the social
performance? And within social performance, is it preferable to maximize job creation
or to have job creation in regions with lower socio-economic conditions? And which
social indicator is more suitable? Future work should further extend the model to
include additional decision variables that have a direct impact on the performance of the
supply chain and affect its sustainability. Further case-studies will also contribute to a
better understanding of the implications of the proposed environmental and social
indicators.
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