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ABSTRACT: Freight transportation can impact the effectiveness of smart city development if it is not well
planned. Commodities with international flows such as soy can cause traffic in urban areas where
ports are installed, negatively influencing economic (e.g. delays and fines), social (e.g. population
quality of life) and environmental (e.g. intensification of pollutant and greenhouse gases emissions)
dimensions. Thus, this paper aims to apply a location-allocationmathematical model to determine the
ideal location of logistics integration centers - LICs dedicated to soybean transportation. We believe
that, by properly locating structures that allow intermodality, the use of road transport would decrease
by replacing it with intermodal alternatives with less environmental impact, reducing road congestion
in urban centers under port influence. In addition, the total costs of the network would be optimized,
promoting positive economic impacts on the soybean logistics chains. Therefore, eight scenarios
were established varying the model’s input parameters (such as investment and minimum volume of
soybean moved through a LIC). The model was implemented in the Mosel language using the Xpress
IVE solver version 1.24.24. The costs of each scenario were investigated, and the benefits related to
the currently configuration (with no LIC) were pointed out. In the end, it was observed that the applied
model might support government strategic planning (including, here, the design of smart cities).

RESUMEN: El transporte de carga puede afectar la efectividad del desarrollo de una ciudad inteligente
si no está bien planificado. Los productos con flujos internacionales como la soja pueden causar
congestión en las áreas urbanas donde se instalan los puertos, lo que afecta negativamente las
dimensiones económicas, sociales y ambientales. Por lo tanto, este artículo tiene como objetivo
aplicar un modelo matemático de ubicación y asignación para determinar la ubicación ideal de
los centros de integración logística - CIL para el transporte de soja. Se entiende que, al ubicar
adecuadamente las estructuras que permiten la intermodalidad, el uso del transporte por carretera se
reduciría al reemplazarlo con alternativas intermodales con menos impacto ambiental y eso reduciría
la congestión vial en los centros urbanos bajo influencia portuaria. Además, habría una optimización
de los costos totales de la red, promoviendo impactos económicos positivos en las cadenas logísticas
de la soja. Con este fin, se establecieron ocho escenarios que varían los parámetros de entrada del
modelo (como la inversión y el volumenmínimo demovimiento). El modelo se implementó en el Mosel
utilizando el solucionador Xpress IVE versión 1.24.24. Se investigaron los costos de cada escenario y
se señalaron los beneficios relacionados con la configuración actual (sin CIL). Al final, se observó que
el modelo aplicado puede apoyar la planificación estratégica del gobierno (incluido, aquí, el diseño de
ciudades inteligentes).

1. Introduction

The concept of smart cities involves the intensive use
of technology in the city design aiming to connect
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people, information and urban elements, in order to
develop sustainable, competitive and innovative urban
environments, improving the population’s quality of life
[1, 2]. To be classified as “smart”, several other factors
besides transportation need to be considered in a city
(such as education and governance). [3] claim that smart
cities are based on three pillars of urban management:
governance, energy and transportation. Regarding
transportation, the authors explain that smart cities must
ensure an effective “mobility” of people and cargo.

However, in Brazil, the freight transportation could
hardly affect the adequate design of smart cites due to the
challenges faced by this sector that influence the urban
areas. The structural inefficiencies negatively impact on:
(i) the economic dimension, by losing competitiveness,
increasing of “Custo Brasil” index etc. due to logistics
issues; (ii) the environment, since this sector, for instance,
was the main source of anthropogenic CO2 emissions in
2017, accounting for 45.8% [4]; and, (iii) the society,
directly (by congestion, for example) and indirectly
as reflections of environmental issues (e.g. pollution
increases public investment on public health), generating
negative economic impacts (inefficiency reflects on
employability and income distribution, for example).

In this context, scientific and governmental studies
[5–9] point out the logistics integration centers (LICs)
– i.e., facilities that mainly promote intermodality and
may (or not) offer additional logistics services, such as
transshipment terminals and logistics platforms - as key
elements to improve the efficiency of the Brazilian logistics
system. However, they must be located at strategic points
of the national territory.

Therefore, we believe that the use of mathematical
models dedicated to the facility location in the freight
transportation system could help (even indirectly) the
governmental planning and public policies propositions
aiming to develop smart cities. Thus, this paper aims
to determine the optimal location of LICs dedicated to
the soybean transportation by the application of the [5]’s
mathematical model.

It is important to highlight that facility location is a
strategic decision that, from the transportation planning
perspective, could allow modal shift and multimodality
impacting in the efficiency of different supply chains (and
urban areas, as well). As a result, the use of higher
capacity alternatives could provide improvements in city
planning design considering the transportation flows: for
instance, it could reduce the traffic of heavy vehicles in
the main soybean port zones and emit less CO2. Thus,
the optimal location of LICs might support smart city
planning in the Brazilian context. It is relevant to mention

that this paper is an extended version of [6], presented at
ICSC-CITIES2019.

The model was applied considering the Brazilian
soybean transportation, due to the relevance of this
product in the Brazilian economic matrix: according
to the National Supply Company - CONAB, soybean
accounted for 52% of total grain production in Brazil in
the 2017/18 harvest and, as the production increased in
the 2018/19 crop, the country became the world’s largest
soy producer, surpassing the United States [10]. The
context of transportation is also justified by the fact that
the logistics cost represents 12.3% of the Brazilian Gross
Domestic Product - GDP, compared to a cost of 7.8% in
the United States [11]. Transport accounts for the largest
share of this cost [12], having consumed 6.8% of GDP in
2015 [12] and 6.6% in 2016 [11]. In addition, [13] argues
that the improvement of logistics infrastructure is a key
factor for the recovery of the Brazilian economy, given its
systemic impact on other sectors, especially in the mining,
agriculture and beverage industry.

Back to the literature, [14] perform a review comparing
the development of Brazilian and Portuguese smart cities
and show that, although it is a subject of interest, the
development and design of smart cities in these countries
are still limited. It reinforces the importance of studies
thatmight contribute for the development of smart cities in
the country, even if we are looking at only one dimension:
the transportation (especially, related to facility location).

According to [15], the literature about smart cities
usually focuses on the general concepts, internet of things
or big data and hardly ever studies about planning of
smart cities. Additionally, even “zoning and location”
being pointed out as one of the key factors of smart cities’
design [3], a search made using Web of Science and
Scopus databases, with the keywords “facility location”
and “smart city” (and their variants), on October 6th 2020,
at 6:48 p.m., has found only four papers published at
scientific journals [3] [15–17] and directly related to the
subject. Using Scopus, eight other papers published at
international conferences were found.

About the papers published in scientific journals, [3]
propose a mathematical framework aiming at optimizing
the zoning, land-use allocation, location of new facilities
(schools, hospitals and offices) and transport network
design, in order to better conduct investments in smart
cities infrastructure, from a sustainable standpoint. [16]
tried to answer the following question: “how an integrated
and landmark transport interchange contributes to a
smarter, more sustainable and friendly city”? Then, the
authors study the “Euraflandres” case, analyzing how
intermodal transport infrastructures for passengers, such
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as city-hubs, can contribute to enhance urban mobility.

Similarly to [3] [17] present a method to support local
authorities and state government’s decisions on optimal
allocation of based public services and optimal location
of new ones; while [15] propose two heuristic approaches
to solve the Multi-Service Capacitated Facility Location
Problem in the context of smart cities (these facilities to
be located should provide services to the population).

Note that these papers are focused on locating urban
services (as schools) and providing more efficient
transport for passengers. Nevertheless, freight transport
can negatively influence the smart cities performance,
if the freight flow in urban area is not considered during
the city planning. In Brazil, for instance, there are ports
located inside the urban area, as Rio de Janeiro and Santos
ports, that deal with import and export flows. These flows,
when added to the daily traffic of vehicles, might increase
the problems with congestion and mobility.

It is important to highlight that the model provided in
this paper is also directly related to the “smart territory
concept”, since it deals with the transportation planning
considering the whole Brazilian territory, i.e., not being
focused only on the urban area. Therefore, we are dealing
with the challenge pointed by [18] related to leap “smart”
planning from the urban to the regional scale.

At last, we emphasize that the facility location
literature is largely studied in Operational Research
area. State-of-the-art papers dealing with the main
mathematical models and solution techniques can be
found at: [19–31]. We also found facility location surveys
focused on specific areas such as healthcare facilities
[32], perishable agri-food chains [33]; and one dedicated
to mapping the Brazilian context [34]. However, there is a
scarcity of cases applying the models in the smart cities
design or in the planning of smart territories.

From this introduction, this paper is divided into four
sections: Section 2 presents a description of [5]’s
mathematical model, Section 3 shows the parameters of
the case study, Section 4 presents our application and
discussions, and Section 5 shows the final considerations.

2. Mathematical model of
Guimarães (2015) [5]

The location-allocation model presented by [5] is
capacitated, multi-product and multi-echelon (although
direct flows between origin-destination (O/D) are allowed,
without the use of logistics integration structures),
which seeks to optimize the total costs by installing

LICs that promote intermodality. Besides, the following
assumptions are adopted:

1. LIC is a simplified structure that only allows modal
shift. Thus, there is no kind of value addition to the
product (as processing, packaging, labeling, etc.);

2. LICs will be selected from a set of predefined
candidates based on criteria established according to
the case study;

3. The flow between the production and consumption
zones will only be intermediated by a LIC, if this
provides a reduction in the total cost of the network.
Otherwise, it will be directly transported from origin
to final destination, without passing through a LIC;

4. If no producer benefits from the installation of LICs
with reduced total transportation cost, the LIC shall
not be opened;

5. There is a minimum capacity established for opening
a LIC to ensure the economic viability of this facility.
Similarly, each LIC has a capacity related to physical
and structural limitations; and

6. Regarding the direct flow, a product must be sent
directly to a point of consumption from the point of
production in a single way (unimodality). The flow
through a LIC, on the other hand, must perform, at
least, one modal shift (multimodality).

Once the assumptions underlying the development of
Guimarães’s proposal [5] are known, Table 1 details the
sets, parameters and decision variables that compose
the model. It is noteworthy that the mathematical model
presented by [5] is a refinement of [7], as it imposes the
explicit fulfillment of peer-to-peer demands, making
it adherent to an economic reality in which suppliers
of goods and services are concerned with respecting
established contracts; and there may be a relationship of
trust between producers and consumers, and customers
are not willing to have their demands met by other
suppliers [5].

The mathematical model proposed by [5] is described as
follow.
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Table 1 Sets, indexes, parameters and decision variables of [5]’s model

Notation Description

Sets

I Set of production zones, where i ∈ I;
J Set of consumer zones, where j ∈ J ;
P Set of products, where p ∈ P ;
K Set of LICs candidates, where k ∈ K;

Mdir
pij

Set of modes available to ship product p ∈ P directly from production zone
i ∈ I to demand zone j ∈ J ;

Ment
pik

Set of modes available to ship product p ∈ P from production zone i ∈ I to
LIC k ∈ K;

M lea
pkj

Set of modes available to ship product p ∈ P from LIC k ∈ K to demand
zone j ∈ J ;

Parameters

Cdir
pijm

Unit transport cost to ship product p ∈ P from production zone i ∈ I to
demand zone j ∈ J , directly by transport modem ∈ Mdir

pij (without using a
LIC);

Cent
pikm

Unit transport cost to ship product p ∈ P from production zone i ∈ I to LIC
k ∈ K, through transport modem ∈ Ment

pik ;

Clea
pkjm

Unit transport cost to ship product p ∈ P from LIC k ∈ K to demand zone
j ∈ J , through transport modem ∈ M lea

pkj ;

CT lea
pkjm

Transshipment cost for a product p ∈ P to be shipped between LIC k ∈ K
and demand zone j ∈ J , under transportation modem ∈ M lea

pkj . The cost is
related to the modal shift carried out at a LIC. Note that, in order to reduce
transportation costs, more than one modal shift may eventually be
implemented along the path from k to j and are accounted for;

gk Opening cost of LIC k ∈ K;
θpk Operational cost of receiving product p ∈ P at LIC k ∈ K;
vmin
k Minimum capacity allowed for LIC k ∈ K;

vmax
k Maximum capacity allowed for LIC k ∈ K;

dpij
Total volume of product p ∈ P originating from production zone i ∈ I and
required by demand zone j ∈ J ;

Variables

xdir
pijm

Decision variable for the volume of product p ∈ P shipped directly from
production zone i ∈ I to demand zone j ∈ J through transport modem ∈ Mdir

pij ;

xent
pikm

Decision variable for the volume of product p ∈ P shipped from production
zone i ∈ I to LIC k ∈ K by transport modem ∈ Ment

pik (identifies the inbound
flow of products to a LIC);

xlea
pkjm

Decision variable for the volume of product p ∈ P sent from LIC k ∈ K to
the demand zone j ∈ J by the transport modem ∈ M lea

pkj (represents the
outbound flow from a LIC);

zk Binary variable. If a LIC k ∈ K must be opened so zk = 1, otherwise, zk = 0;

yipkj

Decision variable for the volume of product p ∈ P shipped from i ∈ I to j ∈ J
through LIC k ∈ K. It guarantees the strict enforcement of peer-to-peer
demands.

Source: Adapted from [5]

Minimize:

MinZ =
∑
p∈P

∑
i∈I

∑
j∈J

∑
m∈Mdir

pij

Cdir
pijmxdir

pijm+

∑
p∈P

∑
i∈I

∑
k∈K

∑
m∈Ment

pik

Cent
pikmxent

pikm +
∑
k∈K

gkzk

+
∑
p∈P

∑
k∈K

θpk

∑
j∈J

∑
m∈M lea

pkj

xlea
pkjm


+

∑
p∈P

∑
k∈K

∑
j∈J

∑
m∈M lea

pkj

(
CT lea

pkjm + Clea
pkjm

)
xlea
pkjm (1)

Subject to:

∑
m∈Mdir

plj

xdir
pijm +

∑
k∈K

ypikj = dpij ∀p ∈ P, i ∈ I, j ∈ J

(2)

vmin
k zk ≤

∑
p∈P

∑
i∈I

∑
m∈Ment

pik

xent
pikm ≤ vmax

k zk∀ k ∈ K (3)
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∑
j∈J

ypikj =
∑

m∈Ment
pik

xent
pikm ∀p ∈ P, k ∈ K, i ∈ I (4)

∑
i∈I

ypikj =
∑

m∈M lea
pkj

xlea
pkjm ∀p ∈ P, k ∈ K, j ∈ J (5)

xdir
pijm ≥ 0 ∀p ∈ P, i ∈ I, j ∈ J,m ∈ Mdir

pij (6)

xent
pikm ≥ 0 ∀p ∈ P, i ∈ I, k ∈ K,m ∈ Ment

pik (7)

xlea
pkjm ≥ 0 ∀p ∈ P, k ∈ K, j ∈ J,m ∈ M lea

pkj (8)

ypikj ≥ 0 ∀p ∈ P, i ∈ I, k ∈ K, j ∈ J (9)

zk ∈ {0, 1} ∀k ∈ K (10)

The Objective function (1) minimizes transportation costs,
involving either direct shipment costs as well as costs for
shipments carried out by LICs. Likewise, opening and
operational costs related to LICs as well as transshipment
costs are also considered. Constraints (2) ensure
that the total demand of any supply zone i ∈ I
must be met, either through direct shipments between
corresponding origin-destination zones or through a
LIC. It also guarantees that, regardless of using a
LIC, peer-to-peer demands must be strictly satisfied.
Constraints (3) set lower and upper bounds for the
operational capacity for LIC candidates which direct impact
the decision of opening a LIC. Constraints (4) and (5)
ensure that peer-to-peer demands are strictly enforced.
Such a goal is attained by disaggregating inbound and
outbound flows at a LIC. Accordingly, the switching of
origin-destination pairs at a LIC is thus prevented, even
if that turns out to be cost attractive. Finally, the domain
of the decision variables is given by Constraints (6) –
(10). Besides, Constraints (11) and (12) can also be added
to the model. Constraint (11) ensures that there is a
maximum budget limit F for investment on LICs where
fk is the investment to open LIC k ∈ K, and Constraint
(12) considers that a public policy can be applied where a
maximum number p of LICs must be respected.∑

k∈K

fkzk ≤ F (11)

∑
k∈K

zk ≤ p (12)

After presenting the mathematical model, Figure 1
illustrates the flows allowed between the echelons,
according to assumption number six presented at the
beginning of this section. The dashed line represents

the direct flows, from a production zone i to a demand
zone j. These flows are represented by variables xdir

pijm in
the mathematical model. The non-dashed line represents
the indirect flows through a LIC, whose origin-destination
matrix should be guaranteed. Then, it is represented
by different variables in the model: xent

pikm and xlea
pkjm

that are directly related to yipkj , as previously explained.
Besides, a demand point can receive cargo directly from
the production zone (as the pair i2−j3 in Figure 1), through
a LIC (for example i2 − k − j2 in Figure 1) or both (see
destination j1 in Figure 1). The decision will depend on
the minimum cost of the network (see Objective Function),
respecting the constraints of the model.

3. Case study: Brazilian
transportation of soybean

The data were obtained from the georeferenced database
of the National Plan of Logistics and Transport - PNLT
planned for the year 2031, due to its relevance for Brazil.
Developed by the Brazilian Transport Ministry [35–37],
PNLT is considered as a key governmental planning
that marks the restart of the integrated planning of the
transportation sector in the country [8, 38, 39]. With
characteristics of a Multi-Year Plan, PNLT estimates
the production and consumption matrices of different
Brazilian products for the year 2031, indicating the
required investments in transport infrastructure to
achieve a balanced and low cost transportation matrix [5].

In PNLT, the Brazilian territory was divided into 558
homogeneous microregions (according to Brazilian
Institute of Geography and Statistics - IBGE) and there
was one additional zone to represent foreign trading
(import and export flows), totaling 559 production and
consumption zones. Eighty of these microregions (see
Figure 2) were pre-selected to receive the LICs (known
as candidate microregions). These regions were chosen
considering two factors: (i) closeness to the production
zone; and (ii) the existence of intermodal connections
(i.e. places where transshipment and intermodality can be
effectively performed).

The PNLT multimodal network predicted for the year
2031 already considers the infrastructure projects
foreseen in the plan. We established that road would be
used as the unimodal alternative for the direct transport
(without using a LIC), since almost 60% of the Brazilian
freight transportation are done by this alternative, which
is often used to transport soybean. In the case of
transport through a LIC, the soybean would be destined
from the point of production to the LIC by road and,
when consolidated, would depart from this facility to
the destination using an intermodal option. The soybean
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Figure 1 Flows between echelons

Table 2 Origin-destination matrix of soybean predicted to 2031 (in t)

O/D North Northeast Midwest Southeast South Exterior Total
North 402,690 73,300 17,700 0 0 4,023,840 4,517,530
Northeast 44,890 4,764,720 93,650 184,970 0 9,541,230 14,629,460
Midwest 656,260 0 18,140,230 2,615,360 2,602,570 15,086,380 39,100,800
Southeast 0 0 134,670 1,333,990 164,920 1,886,410 3,519,990
South 0 0 0 213,780 14,607,710 9,292,340 24,113,830
Total 1,103,840 4,838,020 18,386,250 4,348,100 17,375,200 39,830,200 85,881,610
Source: [8]

Table 3 Features of each scenario

Scenario Opening cost (€)
Opening volume
(minimum in t)

Maximum number of
LICs (p)

0 0.00 Free 0
1 0.21 Free Free
2 0.21 1,000,000 Free
3 6,382,978 Free Free
4 21,276,595 Free Free
5 6,382,978 1,000,000 Free
6 21,276,595 1,000,000 Free
7 0.21 1,000,000 1 to 11

Note: The costs were converted from real to euro, considering € 1 = R$ 4.70
(quotation from October, 2nd 2019).

production and consumptionmatrix used in this study, also
derived from PNLT, represents its projected production
and consumption for the year 2031, based on domestic
and foreign market growing expectations. Figure 3 shows
the intern consumption and production zones predicted
to 2031, while Table 2 shows the flows according to IBGE
regions.

Transportation costs between O/D pairs (directly or
through the facility) and the LIC operational costs were
obtained in [5]. Operational cost was € 1.74/t, including
transshipments in the facility. Maximum capacity was
not considered, so we can evaluate the size required to

the facilities that would be important in other stages of
governmental planning. To perform the optimization, eight
scenarios were established whose features are described
in Table 3.

To evaluate the reduction of costs obtained with the
LICs usage, it is necessary to know the Scenario 0 where
any LIC is located (i.e., p = 0 in Constraint (11)). It means
that all soybean would be transported by road in 2031 with
no investment on LICs installation. The environmental and
social impacts of this scenario will not be evaluated in this
paper, being recommended to future studies. However, we
strongly believe that this situation increases the emissions
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Figure 2 Microregions candidates to receive a LIC

Figure 3 Geographic distribution of production and
consumption predicted to year 2031

of CO2, the number of accidents in roadways and the
traffic in urban areas, implicating negatively in the design
of smart cities (especially those that held ports that are
main link in the soybean foreign market, as Paranaguá
in Paraná state). The results of each scenario and the
comparison to the Scenario 0 are presented in the next
section.

4. Main findings

The mathematical model was implemented in the Mosel
language [40] considering the parameters presented in
the previous section (PNLT georeferenced base for the
2031 horizon). For solving each scenario, Xpress IVE solver
version 1.24.24 was used on a Windows 10 machine with
an Intel® CoreTM i7 CPU @ 3.40GHz and 12 GB of RAM
memory. The scenarios took approximately 30 minutes
to be solved and maps were created using TransCAD
software to show the results. It is important to highlight
that, although the [5]’s model is multi-product, the case
analyzed here only considers just soybean flows. The
results of the scenarios are summarized in Table 6 at the
end of this section.

The difference between Scenarios 1 and 2 is that the
last one imposes a lower bound to the facility capacity,
which means that a LIC is opened if it receives at least
1,000,000 t of soybean (lower bound for the volume). In
both of them, the initial investment to open a facility is
symbolic, since it is believed that the government would
locate the integration structure independently of its costs,
because it is known as a key element of the logistics
networks that would provide greater efficiency levels to
the transport sector.

Figure 4 and 5 show themicroregions enabled in Scenarios
1 and 2, respectively. In the first case, 68 microregions (of
the 80 candidates) were indicated for opening LICs. This
value was reduced to 37, when a lower limit was imposed
for structures. This means that in Scenario 1, almost half
of the facilities were opened to move less than 1 million t
of soy.

Figure 4 LICs enabled in Scenario 1
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Figure 5 LICs enabled in Scenario 2

Nevertheless, they might not be economically viable, as
facilities have opening costs. Even though considering
that initial investment was symbolic (equivalent to € 0.21)
- it is known that sometimes public-private partnerships
or public financing are made for financing this kind of
governmental projects – the facilities need to attract
sufficient quantities to enable the financial return of
the project. Besides, considering smart cities design,
the governmental budget should be shared between
different areas to promote smart infrastructures as
telecommunication, internet of things, innovation, human
capital and so on.

Regarding the total costs, it reached € 931,914 million in
Scenario 1, increasing to € 951,063 million in Scenario 2.
A greater cost in Scenario 2 was expected since, by not
allowing LICs to be opened attracting less than 1 million
t, the cost of transport increases. It happens because the
intermodal transport (through a LIC) would be replaced by
direct road transport. Nevertheless, Scenario 2 reflects
more the economic reality since, it considers the minimum
capacity of the facility.

Scenarios 3 and 4 are based on Scenario 1 and consider
initial investments to open a LIC. In Scenario 3, the cost
for opening a LIC is € 6,382,978 and in Scenario 4 this cost
is € 21,276,595. The results are presented in Figure 6 and
7.

As expected, by imposing LICs installation costs, the
number of enabled facilities reduces to 11 microregions in
Scenario 3 (at a total cost of € 1,085 billion); decreasing to
6 LICs in Scenario 4 (at a total cost of € 1,206 billion). Then,
we decided to verify the behavior of the model considering

Figure 6 LICs enabled in Scenario 3

Figure 7 LICs enabled in Scenario 4

increases in the initial investment to open a LIC. Table 4
compares the enabled regions when the initial investment
ranges from € 6,382,978 to € 21,276,595, considering fixed
intervals.

We verify that only four microregions are indicated to
open, independent of the costs associated to the LICs
installation: Gerais de Balsas, Cruz Alta, Aripuanã and
Alto Teles Pires (highlighted in Table 4). Similarly, there
are regions enabled only when the investment is low,
such as Guarapuva. Anápolis, on the other hand, is only
indicated to be opened when the installation cost is at
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Table 4 Comparison of LICs enabled for Scenario 3 and 4 varying the investment in LICs

Microregion of the LIC
Investment (millions of €)

6.4 8.5 10.6 12.7 14.9 17.0 19.2 21.3
Gerais das Balsas (MA) X X X X X X X X
Maringá (PR) X X X X X X X
Toledo (PR) X X X X
Guarapuava (PR) X
Cruz Alta (RS) X X X X X X X X
Dourados (MS) X X X X
Aripuanã (MT) X X X X X X X X
Alto Teles Pires (MT) X X X X X X X X
Cuiabá (MT) X X X X X X
Anápolis (GO) X X X X X
Entorno de Brasília (GO) X X X
Sudoeste de Goiás (GO) X X X
Note: The abbreviations refer to the Brazilian states: MA - Maranhão, MT - Mato Grosso,
GO - Goiás, PR - Paraná and RS - Rio Grande do Sul.

Table 5 Results for Scenario 7

Number of
LICs (p)

Total cost
(€ billions)

△% of total
cost

Optimal microregions of the LICs

0 1.55 - None
1 1.39 -10.55 Anápolis
2 1.26 -18.90 Anápolis and Alto Teles Pires
3 1.21 -22.33 Anápolis, Alto Teles Pires and Gerais das Balsas
4 1.16 -25,34 Anápolis, Alto Teles Pires, Gerais das Balsas and Aripuanã

5 1.11 -28.22
Anápolis, Alto Teles Pires, Gerais das Balsas, Aripuanã
and Guarapuava

6 1.08 -30.55
Anápolis, Alto Teles Pires, Aripuanã, Gerais das Balsas,
Cruz Alta and Maringá

7 1.06 -31.78
Anápolis, Alto Teles Pires, Aripuanã, Gerais das Balsas,
Cruz Alta, Maringá and Cuiabá

8 1.05 -32.60
Anápolis, Alto Teles Pires, Aripuanã, Gerais das Balsas,
Cruz Alta, Maringá, Cuiabá and Dourados

9 1.04 -33.15
Alto Teles Pires, Aripuanã, Gerais das Balsas, Cruz Alta,
Maringá, Cuiabá, Dourados, Entorno de Brasília and
Sudoeste de Goiás

10 1.02 -34.25
Alto Teles Pires, Aripuanã, Gerais das Balsas, Cruz Alta,
Maringá, Cuiabá, Dourados, Entorno de Brasília, Sudoeste de
Goiás and Toledo

11 1.01 -34.66
Alto Teles Pires, Aripuanã, Gerais das Balsas, Cruz Alta,
Maringá, Cuiabá, Dourados, Entorno de Brasília, Sudoeste de
Goiás, Toledo and Guarapuava

least € 12.7 million (since it probably concentrates flows
from other regions and LICs that are no longer open).
Therefore, it was possible to verify the trade-off between
number of opened LICs and the value of initial investment.
This discussion will be better detailed in Table 6.

Regarding to Scenarios 5 and 6, they are based on
Scenarios 3 and 4, respectively, but impose a minimum
volume (1 million t) to open a LIC. As a result, the same

regions were indicated at the same cost of Scenarios 3
and 4. It means that the opening cost is a strong factor
in the facility location problem, imposing, even indirectly,
that the opening of a facility would be feasible only to
move higher amounts of soybean, whose economy from
the use of LICs in the logistics network overcomes the
initial investment. Therefore, although in Scenarios 3
and 4 no lower bound had been imposed for the volume
in a LIC, the mathematical model indicated the opening
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Table 6 Comparison of scenario

Scenarios
Number of
LICs

Total cost
(billions €)

Initial
investment (€)

Logistics cost
(€ billions)1

Transport cost
(€ billions)

Direct flow
(106 t)

Flow through
a LIC (106 t)

0 0 1.55 0.00 1.55 1.55 85.88 -
1 68 0.93 0.21 0.93 0.83 28.89 56.99
2 37 0.95 0.21 0.95 0.85 28.62 57.26
3 11 1.09 6,382,978.72 1.01 0.92 33.26 52.63

3 (Table 4)

10 1.11 8,510,638.30 1.02 0.93 33.86 52.02
10 1.13 10,638,297.87 1.02 0.93 33.86 52.02
8 1.15 12,765,957.45 1.05 0.96 35.20 50.68
7 1.16 14,893,617.02 1.06 0.97 35.87 50.01
7 1.18 17,021,276.60 1.06 0.97 35.97 49.92
6 1.20 19,148,936.17 1.08 1.00 38.49 47.39

4 6 1.21 21,276,595.74 1.08 0.99 36.37 49.51
5 11 1.09 6,382,978.72 1.01 0.92 33.26 52.63

5 (Table 4)

10 1.11 8,510,638.30 1.02 0.93 33.86 52.02
10 1.13 10,638,297.87 1.02 0.93 33.86 52.02
8 1.15 12,765,957.45 1.05 0.96 35.20 50.68
7 1.16 14,893,617.02 1.06 0.97 35.87 50.01
7 1.18 17,021,276.60 1.06 0.97 35.97 49.92
6 1.20 19,148,936.17 1.08 1.00 38.49 47.39

6 6 1.21 21,276,595.74 1.08 0.99 36.37 49.51

7

11 1.01 0.21 1.01 0.92 33.26 52.63
10 1.02 0.21 1.02 0.93 33.86 52.02
9 1.04 0.21 1.04 0.95 34.55 51.33
8 1.05 0.21 1.05 0.96 35.20 50.68
7 1.06 0.21 1.06 0.97 35.87 50.01
6 1.08 0.21 1.08 0.99 36.17 49.71
5 1.11 0.21 1.11 1.03 39.64 46.24
4 1.16 0.21 1.16 1.10 49.65 36.23
3 1.21 0.21 1.21 1.14 50.05 35.83
2 1.26 0.21 1.26 1.20 50.27 35.61
1 1.39 0.21 1.39 1.33 54.51 31.37

Note: (1) Logistics costs refer to the sum of the costs with transport direct and through a LIC (which means, unimodal and intermodal)
plus the transshipment and variable costs at a LIC (when applicable). Therefore, it only excludes the investments to open the facilities.
The logistics costs can be found by reducing the values of total cost from investment costs. We highlight that we considered only two
decimal places in the Table 6, which can respond for some divergences in the expected value.

of only structures that attract at least 1 million t. The
results obtained in Scenario 7 are presented in Table 5.
This scenario evaluates how the network would behave if
the government defined, a priori, the number of LICs to be
opened due to some public policy to establish smart cities.
It is noteworthy that the opening cost is also symbolic
(€ 0.21) and there is a lower bound of volume to open
facilities in this scenario.

Regarding the optimal locations, we verify that until p = 5
LICs, the regions indicated previously remain among those
enabled. For instance, the difference between p = 4 and
p = 5 is that Guarapuava is indicated to receive a LIC,
but all the other regions indicated when p = 4 remain.
When p = 6, the mix of enabled microregions becomes
different. Anápolis remains indicated until p = 8. The

microregions Entorno de Brasília and Sudoeste de Goiás
compose the optimal results when p ≥ 8, while Toledo is
enabled from p = 10. Guarapuava, by its turn, is indicated
in two specific moments: p = 5 and p = 11. It is important
to mention that the frequency related to how many times
a microregion is indicated to receive a LIC can be used to
create an investment plan, i.e., the highest frequencies
can define the priority LICs.

Considering the total cost, it decreases as the number
of LICs indicated to be opened increases, varying from
-10.55% to -34.66% in relation to the scenario where no
facility is opened. Nevertheless, the inflection point (in
which the opening of additional facilities would increase
transport costs) was not evaluated. However, considering
that the number of optimal LICs, in Scenario 2, is equal to

113



V. de Almeida-Guimarães et al., Revista Facultad de Ingeniería, Universidad de Antioquia, No. 98, pp. 104-116, 2021

Figure 8 Relation between costs and economies and number of LICs opened (logarithmic graph - base 2)

37, it can be stated that values greater than this, results
in costs higher than the optimal. Table 6 summarizes the
values obtained in all scenarios.

With results presented and considering that design
smart cities requires a great amount of investments
in different areas, the decision maker should evaluate
properly the different scenarios aiming to choose a policy
for freight transportation that supports the needs of
sustainable cities and respect the budget limit. Then,
by analyzing the variation of total costs in relation to the
number of opened LICs, it is observed that difference
of costs when 11 (Scenario 7, p = 11) and 37 facilities
(Scenario 2 with p free) are in operation is low to justify
the construction and operation of new 26 LICs (especially
because the initial investment is symbolic in both cases).
When it comes to the transportation costs, this difference
is almost negligible. Therefore, the decision maker might
open only 11 facilities and apply the remaining resources
on other infrastructures related to smart cities.

Evaluating Scenarios 3, 4, 5 and 6, the same findings
are made when 6 or 11 LICs are opened. Given that the
difference in transportation costs is around€ 65.96million,
the decision maker should consider whether opening 5
additional LICs would be feasible or whether the funds
should be earmarked for enabling other design-driven
technologies and public policies related to smart cities.

Moreover, disregarding a minimum volume that
guarantees the economic viability of each facility (as
Scenario 1 and 3) is not realistic. As result, Scenario 1 has
a similar cost of Scenario 2; however, it opens almost the

double of LICs. When including the initial costs that were
considered as symbolic, it becomes clear that the amount
of facilities indicated in Scenario 1 would not be feasible.

Figure 8 highlights the deceleration in the variation
in costs and savings generated from the increasing
number of LICs, characterized by the horizontality of the
curve. We emphasize that these curves relate the number
of LICs opened in Scenarios 1 – 7 to transportation costs
and the economy in relation to Scenario 0. The total cost
is not considered, but the transport cost is, since the total
cost might vary even if the same number of LICs is opened.

Figure 8 shows that the rate of variation in the economy
related to the opening of an additional facility decelerates
from the 6th LIC, considering only the cost of transportation
(thus, ignoring the initial investment from opening the
structures). By adopting the initial investment equivalent
to € 21,276,595.74 (highest value investigated in the
scenarios), only 6 LICs were indicated for opening. This
suggests that in an eventual strategic plan, p = 6 could be
a starting point for government strategic planning.

Finally, it should be noted that several other factors
are essential for the development of smart cities.
However, transportation can be a key factor, especially in
the Brazilian context: a country of continental proportions,
whose transport matrix is mostly road - both for cargo
and passengers [35–37], which suffers from inefficiencies
[11, 41].

Besides, to achieve greener smart cities, we believe
that the optimization model could include environmental
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factors, such as carbon emissions, in the decision of
opening or not a facility. Therefore, for future studies,
we indicate the application of the model proposed in
[8] which considers logistics (including, here, the initial
investments to open a facility when applicable) and
emission costs in the decision of locating a facility
dedicated to modal integration. Regarding the social
aspects, it is harder to evaluate – as discussed in [34]
due to the lack of consensus on how to measure social
impacts. Nevertheless, we believe that by using LICs
and reducing traffic and road flows, we are collaborating
to reduce social impacts such as accidents, time spent
in traffic, expenditures with health system related to
transportation issues and injuries from accidents.

5. Conclusions

This paper presented a mathematical model that might
help in the governmental strategic planning of the
transportation sector, which is pointed out by the literature
as one of the key elements of the development and design
of smart cities. Although there is a lack of literature
on the subject, it is understood that transportation is
fundamental for the movement of people and goods.
Thus, strategies (as LICs opening) to reduce the impact of
transport on the design and operation of urban areas are
critical tasks to the development of smart and integrated
cities. Still, it might help the planning of smart territories.

The objective of this research was achieved since we
determined the optimal location of LICs focused on
soybean transportation from the mathematical model
application of [5]. It is important to highlight that the
optimal location varies according to the parameters of the
scenario under assessment. In Table 4, for instance, it
was possible to evaluate how the optimal location varies
according to the variation on the initial investment to open
a LIC. It is relevant in the planning process because allows
the decision-maker to evaluate different scenarios and
perspectives before taking a final decision (that most of
times implies in high costs and, once it is implemented,
hardly ever can be changed without spend significant
amount of money, once it is implemented).

In addition, the findings pointed out the costs and
number of facilities to be opened in order to help in
defining public policies and the distribution of resources
between transport projects (e.g. that facilitatemobility and
reduce congestion) and other dimensions that make up a
smart city, considering the different scenarios proposed.

As a limitation, the results are highly dependent on
the database used, and it is important to note that
the latest PNLT update (performed in 2012) was made
considering only the infrastructure projects predicted until

the year 2031. Therefore, updates in the transport network
could not be considered. Nevertheless, we have not found
recent government plans with the same characteristics of
PNLT or database available for updating the model input
parameters.

As a suggestion for further studies, it is recommended
to adopt sustainable mathematical models of location
or, at least, the ones that consider the environmental
dimension, given the difficulty in measuring the social
dimension and the scarcity of literature presented in [8]
and [34]. Besides, others cargos could be considered and
new scenarios must be proposed.
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