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Abstract: Logistics and the supply chain are areas of great importance within organizations. Due to
planning gaps, an increase in extra and unnecessary transport costs is usually observed in several
companies due to their commercial commitments and need to comply with the delivery time and
the batch quantity of products, leading to a negative economic impact. Thus, the objective of this
work was to adjust an optimization model to maximize the shipments usually carried out by the
companies. To validate the model, an automotive components manufacturer was selected, allowing
us to apply the model to a real case study and evaluate the advantages and drawbacks of this tool. It
was found that the company to validate the model exports most of its products, and most pallets sent
are not fully optimized, generating excessive expense for the company in terms of urgent transport.
To solve this problem, two mathematical optimization models were used for the company’s current
reality, optimizing the placement of boxes per pallet and customer. With the use of the new tool, it
was possible to determine that five pallets should be sent to the customer weekly, which correspond
to their needs, and that have the appropriate configurations so that the pallet is sent completely.

Keywords: optimization; logistics; supply chain; transport management program; randomly sized
packages; pallets organization; pallets loading problem

MSC: 49K45

1. Introduction

Transport can be considered an element of great importance in terms of logistics costs
for organizations [1]. Therefore, it is essential to focus on the efficiency of the logistics
operation, aiming for customer satisfaction [2]. On the other hand, process automation is
becoming increasingly common in the market, mainly due to its proven contribution to
reducing production expenses and efficiency [3].

There are several definitions for the concept of logistics and supply chains. Regarding
Ballou [4], the supply chain is a set of functional activities (transport, stock control, etc.) that
are repeated countless times along the channel through which raw materials are converted
into finished products, which add value to the final consumer product. Concerning Steven-
son’s work [5], the area of logistics is part of a supply chain involved in the flow of goods,
services, money, and information, and for Rushton et al. [6], logistics is the positioning of
the resource at the right time, place, cost, and quality.
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When thinking of the supply chain as a global service, there is a consensus among
several authors who say that it is the set of stakeholders involved, directly or indirectly, in
fulfilling a customer order. Thus, the supply chain includes not only manufacturers and
suppliers but also freight forwarders, warehouses, resellers, and customers themselves [7].
From this, it can be said that one of the goals of the supply chain is to achieve a sustainable
competitive advantage [8]. For example, Bozart et al. [9] consider the supply chain as a
network of manufacturers and service providers that work together to convert and move
goods from the raw material state to the final consumer.

Thus, comparing the definitions of logistics and supply chain, it can be said that
logistics refers to activities that occur within the limits of a single organization, while
the supply chain concerns networks of companies that work and coordinate their actions
to deliver a product to the market [10]. In other words, while logistics focuses on the
company’s own operations, the supply chain looks from the beginning to the final links in
the chain of suppliers and customers [11]. Thus, it can be said that logistics is an area in
which the physical movement and the storage of materials are observed. For example, in
the work of Anca [12], logistics is defined as the coordination of material and information
flows through the integration of the entire company so that a strategic management process
can occur in a profitable way. Therefore, according to the author, logistics management
can be referred to as part of supply chain management, from the moment supply chain
management was placed in the logistics life cycle. Thus, this work is mainly focused on
logistics, as these two concepts are also put together in some works.

Since this is a comprehensive area, multiple works have been developed in logistics
and supply chain; however, there are a lot of works in the literature when it comes to
pallet optimization and mathematical modeling, but many of them are difficult to apply
in companies, where time is money. The works found range in topic, from storage and
transport, to supply, among others. Therefore, the objective of this work was to improve
the transport area of the companies facing the problems of several weekly incomplete
shipments to the same customer due to delivery and production restrictions. The problem
of urgent transport causes companies to incur extra and unnecessary costs in order to fulfill
their commercial commitments to their customers. This type of cost represents around
33% of total transport costs, proving to have a major economic impact. Therefore, this
work arises from the need to analyze the transport carried out by the company under
study, aiming to reduce costs and organize its shipping planning. To validate the model
developed, an example of the characterization of current transport carried out between
weeks 22 and 39 of 2023 in an automotive components’ producer was considered, with
the determination of the pallets’ occupancy and its optimization. The mathematical model
developed in this work is simpler than the models found in the previous literature, which
makes its use easier. Furthermore, it is reliable and shows flexibility when it comes to
introducing constraints. In addition, it is emphasized that the model can be easily replicated
in other areas of the company, as well as being an insight for future work in this field.

2. Literature Review
2.1. Logistics and Operational Research

Since logistics is a very comprehensive area, multiple works have been developed in
this field, such as storage, transport, and supply, among other approaches. For example,
Freitas et al. [13] applied Lean tools to improve hybrid warehouse efficiency (storage
and preparation) to redefine internal logistics’ spaces and flows. The authors observed a
reduction in the selection and picking process time, a reduction in employee movement
times, and a gain in space in the raw materials’ reception area. In turn, Garza-Reyes
et al. [14] carried out an approach for the study of the road transport operations of a
manufacturer of paper packaging solutions; using Lean concepts and tools, the authors
identified six wastes, and using the indicator OEE (overall equipment effectiveness), an
efficiency of 54% of the process was determined.
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Another aspect that must be taken into consideration is operational research, which is
considered the science of decision-making. However, in the scientific community, several
definitions emerge and each one concerns one or another characteristic of operational re-
search, but none of them explains or gives a complete picture of the subject. Blumenfeld [15]
considers that this area encompasses various scientific disciplines, such as mathematics,
statistics, computing, physics, engineering, economics, and social sciences, which provides
a systematic approach to making complex decisions in manufacturing operations, for
example. More recently, there is the definition by Rardin [16], who defines operational
research as the study of how to form mathematical models from complex engineering and
management problems and then analyze them to obtain plausible solutions.

In this way, it can be said that operational research is interconnected with the resolution
of decision-making through mathematical models. According to Murthy [17], several steps
must be followed for the problem to be solved through operational investigation: problem
formulation; identification of variables and restrictions; establishing relationships between
variables and restrictions; formulation of a mathematical model consistent with the problem;
determination of the relevant solution; evaluation of results; and decision-making.

2.2. Pallet Optimization Problems

Optimization models are a part of mathematical programming models, which in
turn allow for determining under what conditions a given objective can be maximized or
minimized, given the existence of a set of limitations or restrictions. Thus, the problem to
be solved here concerns a linear programming problem, and this type of problem is the
simplest and constitutes the fundamental basis of operational research [18]. Furthermore,
the wide application of linear programming is due to its practical nature [19], as it allows
obtaining results that can be realistically implemented, as long as they are complemented
with qualitative information and subjective assessments.

Some applications of operational research can be seen in the literature, namely pallet
optimization problems, which are related to the practical problem that will be addressed
in this work. Beasley [20] carried out a heuristic study on the exact cut in two dimensions
using the “Tree search procedure” method. This study resulted from the need to reduce
material waste when cutting raw materials to exact measurements. The author concluded
that his optimization model could solve average problems for non-guillotined cutting,
where in some numerical tests, it reduced waste by 100%, with the average of all tests
being 60%. In turn, Tsai et al. [21] presented a transformation procedure to convert the
three-dimensional pallet loading problem into an exact mixed-integer programming model.
This made it possible to allocate boxes of different sizes on the same pallet.

Considering MPL (manufacturer’s pallet loading), Morabito et al. [22] presented a
simple and effective heuristic to solve the problem of packing the maximum number of
boxes on a pallet, without overlapping. With this procedure, the authors were able to
find the optimal solution in 99.9% of more than 20 thousand examples analyzed. In turn,
Letchford et al. [23] considered the upper limits for the pallet loading problem (PLP—pallet
loading problem). It was found that a limit due to Nelissen and a limit obtained from
the linear programming relaxation of a packing formulation dominate all others, with the
latter being almost always ideal. Wäscher et al. [24] focused on IIPP (identical item packing
problem), which consists of optimizing as much as possible the number of small items in a
limited number of larger items to minimize the number of necessary transports, reducing
costs of transport, and thus obtain a maximum level of efficiency. Another approach was
used by Martins et al. [25], who considered new limits, heuristics, and an exact algorithm
for the pallet loading problem (PLP), which maximizes the number of boxes placed on
a rectangular pallet, with the boxes having similar dimensions. Table 1 shows recent
works that fit into the PLP issue, and how the authors achieved the respective results
and improvements.
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Table 1. Recent works about PLP and their solutions.

Author Specific Problem Solution

Zhu et al. [26] Manual handling of
heterogeneous carton boxes

The work proposes an automated robotic packaging system,
with the limitation of dynamic heterogeneous robotic
palletizing (DHRP). Thus, an algorithm was developed that
would calculate the collision-free trajectories of the robotic arm,
as well as guarantee online decision-making. The authors
adopted the Monte Carlo simulation strategy. It was possible to
verify that the algorithm was functional with effective decisions
regarding box packaging, as well as selecting the most
appropriate configuration.

Alvarez-Valdes et al. [27] PLP with up to 100 boxes

Aiming at optimization with up to 100 boxes, the authors
developed a branch-and-cut algorithm, in which they adapted
Beasley’s 0–1 formulation to the PLP. It was possible to
approach 40,609 equivalences based on the algorithm.

Lu et al. [28] Minimum size instance (MSI)

The authors presented an algorithm that identified the
minimum size instance (MSI), which was equivalent to the
pallet loading problem (PLP), since in both cases, the
equivalence indicates that the proportions of their items are
within a range open of real numbers. Furthermore, the explored
method can also be useful for transforming a non-integer PLP
instance into an integer MSI. The resulting algorithm is simpler
when compared to previous algorithms and has decreased the
time complexity by two polynomial orders.

Sheng et al. [29] Container loading problem at
furniture factories

In this work, the authors aimed to maximize the volume of
products that was placed in containers, and these products,
before being organized in the containers, are arranged on
pallets. Pallets must be complete before shipping. Thus, a
heuristic algorithm was developed, which encompasses a tree
search sub-algorithm, which aims to organize the pallets in the
container, and a greedy sub-algorithm, which aims to fill
smaller spaces.

Singh et al. [30]
Three-dimensional PLP while
considering humidity and storage
time

In this work, a two-phase algorithm was proposed: (1) boxes
must fill the pallet in its entirety, and (2) calculation of
horizontal layers that must be placed on the pallet based on
maximum height, maximum weight, and dynamic compression
resistance. The result was viable by maximizing the number of
boxes per pallet.

Terno et al. [31] Multi-pallet loading problem

In this work, the authors developed a heuristic through the
three-dimensional (3D) solution approach, using the
two-dimensional (2D) loading strategy, which considers loading
in layers. Computational analyses were carried out to confirm
the method.

Ahn et al. [32] Maximize the number of identical
boxes

In this work, an algorithm was proposed that generated a
ladder structure, which proved to be highly efficient through
demonstrated computational results, since the layout generated
through the ladder structure removes patterns that are not
necessary, as well as defining a limit for standards.

Chan et al. [33] Air-cargo loading problem
(ACLP)

In this work, a decision support system (DSS) was used, which
consisted of two phases: (1) linear programming (LP) model to
define the limits of both cost and maximum load, and (2) a
heuristic that generates the loading configuration plan and
confirms whether it is the most appropriate. A total of
54 different classes were analyzed from a total of 671 cargo
boxes, which shows the high efficiency of the method in its full
complexity.
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Table 1. Cont.

Author Specific Problem Solution

Prasad et al. [34] Maximum allowable number of
input box types is 4

As the restriction of this PLP is the maximum number of input
boxes, the authors focused on how the block should be
configured using non-guillotine block heuristics. In addition,
higher-order block heuristics (more than four non-guillotine
cuts—second order) with input from single box to multiple
boxes were considered. Thus, the possibility of obtaining an
arrangement of patterns with more than four different types of
boxes was verified. On the other hand, in the second order, no
differentiated solution was found.

Ribeiro et al. [35] Lagrangian relaxation with
clusters

In this work, the authors considered the manufacturer’s pallet
loading problem (MPLP), approaching this problem through a
new Lagrangian relaxation with clusters, in which it was
possible to verify with computational tests that the approach is
successful and can reach the optimum point.

Martins et al. [25]
PLP while maximizing the
number of boxes placed on a
rectangular pallet

In the work in question, new limits, heuristics, and an
algorithm for the PLP were presented. Based on the area ratio
and considering the set of all instances, 3,080,730 classes were
possible. Through the G5-heuristic, the ideal solutions were
found for 3,073,724, another three heuristics found another
54 instances, and with the developed algorithm, the remaining
ones were found.

Gzara et al. [36] Three-dimensional bin packing
problem (3DBPP)

In their work, the authors addressed a three-dimensional
packaging problem (3DBPP), considering vertical support, load
support, planogram sequencing and weight limits, through a
layered column generation method, second-order cone
programming, and graphical representation to track load
distribution. The computational tests resulted in a high quality
of the methodology developed.

Mascarenhas [37] Classical combinatorial
optimization problem

Focusing on new ideas for PLP, the author used elementary
number theory and duality limits to propose an algorithm
capable of solving the standard and classic pallet loading
problem.

The works listed above show solutions to the pallet optimization problem, leaving as a
gap the existence of a model that is simpler to use, that is effectively reliable, and that is as
universal as possible. This universality can be easily observed and adjusted by modifying
the conditions that govern the model.

For the development of the optimization model, the models that best suit what will be
presented in this work are those proposed by Beasley [20] and Tsai et al. [21].

3. Development
3.1. Company Framework

This work considered a sample of the external logistics area of one of the production
units of the Ficosa Group to develop and validate the proposed model. The company
exports most of its products, which makes transport a fundamental part of its logistics
chain. Therefore, it is necessary to determine their efficiency and, supported by operational
research, optimize the corresponding shipments. Therefore, the period under analysis was
considered from week 22 to week 39 of 2018.

In the first phase of analysis, a study was carried out to verify which countries the
company transported most frequently to. Furthermore, transport efficiency was verified in
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terms of pallet occupancy, with the percentage of occupancy given by the formula presented
in Equation (1):

% o f pallet occupancy =
Qsent

Qpallete
(1)

The quantity sent (Qsent) is obtained through the data entered by the MOM (Manu-
facturing Operations Management) platform, and the quantity per pallet (Qpallete) is given
through the packaging instructions for each product reference. In addition, the costs in-
volved in transportation were analyzed due to the pallets not being complete, i.e., the cost
paid in excess.

3.2. Optimization Model

It is known that the geometric characteristics of products and packaging units used in
their distribution directly affect packaging and handling costs, as well as the efficiency of
transport and storage operations. By optimizing pallets sent by normal transport, the cost
of urgent transport will be lower. In this sense, a mathematical optimization model was
developed, optimizing the placement of packages per pallet and customer.

In order to evaluate the concept, two critical company projects were taken into consid-
eration: A1 (KIEV408XL1) and B1 (23XX520XL1). These projects present specific packaging
instructions for each reference. Thus, Table 2 shows the type of packages and pallets used
for delivery to the customer. The dimensions shown refer to the length (l), width (w), and
height (h) of the packages and the length (L), width (W), and height (H) of the pallets.

Table 2. Characteristics of packages and pallets.

Project Customer Pallet Dimension
(L × W × H) [mm]

Package Dimension
(l × w × h) [mm]

B1 (23XX520XL1)

12226 1200 × 800 × 800 600 × 400 × 200

12259

1200 × 800 × 800 600 × 400 × 200

1200 × 800 × 1000 600 × 400 × 200

1200 × 1000 × 1000
600 × 400 × 200

1000 × 190 × 200

A1 (KIEV408XL1) 14701

800 × 600 × 240 400 × 300 × 120

1200 × 800 × 900 800 × 400 × 150

1200 × 800 × 750
600 × 400 × 150
800 × 400 × 150

1200 × 800 × 735 800 × 600 × 245

1200 × 800 × 600
600 × 400 × 150
400 × 300 × 120

1200 × 800 × 1000 1200 × 190 × 200

The truck used for transport must have the following characteristics:

• Typology: 100 m3;
• Payload: 25 tons;
• Capacity: 33 Europallets;
• Inner capacity: 13.6 m long and 2.45 m wide.

Therefore, to formulate the mathematical model, it is necessary to define and restrict
the problem based on the following premises, if the mathematical model represented is per
pallet, i.e., it is the optimization of the position of the different packages on the pallet:

• The use of mixed pallets is allowed, i.e., pallets with different products and, conse-
quently, with packages of different sizes.
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• A package can have six different orientations when placed on a pallet, as it can be
rotated around all the X, Y, and Z axes. However, only two are considered due to the
type of product transported.

• The maximum pallet volume is 1.152 m3 (maximum truck height of 3 m, overlapping
two pallets, a height of 1.5 m per pallet, and includes the height of the euro pallet
(0.144 m) with a margin for the handling of the parts inside the truck; a useful height
of 1.2 m is assumed).

• A package cannot coincide (overlap) in the same space as another, and each package
must be contained entirely within the pallet, with its sides parallel to the sides of
the pallet.

• The proportion of the number of packages of a given size to the total number of pack-
ages on a complete pallet should be as close as possible to the customer’s specifications
(proportion ratio).

• The adopted model only covers the case in which the packages must be placed on the
pallet in a single orientation. However, in this case, the packages can rotate, and both
orientations should be considered so that it is possible to adopt the model and allow
the packages to have different orientations, and therefore be positioned on the pallet
with more than one orientation.

• Moreover, it is decided to consider a type of package with a different orientation as a
different package. The developed algorithm differs from what is already found in the
literature due to its simplicity of use, reliability in application, as well as flexibility in
introducing constraints.

3.2.1. Formulation of the Problem According to Beasley [20]

To model the pallet loading problem, the 0–1 integer linear programming model
proposed by Beasley [20] has been adopted. Thus, the first step was to define the indices
and parameters to be used to formulate the model. Table 3 presents the indices, parameters,
and decision variable.

Table 3. Indices, parameters, and decision variable, according to Beasley [20].

Indices

i → Index for different types of package;
p, s → Index for positions on the X-axis;
q, t → Index for positions on the Y-axis;
r, u → Index for positions on the Z-axis.

Parameters

S → A set of n packages to be considered;
m → Total number of package types;
Vi → Volume of package i;
Qi → Maximum number of replicas of the box i that can be packed;
(li, wi, hi) → Dimensions of package i;
(L, W, H) → Pallet dimensions;
aipqrstu → It is a binary function that takes the value 1 to indicate that the
position (s, t, u) is occupied by the package of type i when the
lower-left–front corner is positioned in the position (p, q, r) in the pallet. It
takes the value 0 if that position is not occupied by the package.

Decision
Variable xipqr =


1

If box i, with bottom left corner
front is in position(p, q, r), where

0 ≤ p ≤ L − li
0 ≤ q ≤ W − wi
0 ≤ r ≤ H − hi

i = 1, . . . , m

0 Otherwise

Through a Cartesian coordinate system, L, W, and H can be defined through the
following sets:
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X = {p|0 ≤ p ≤ L − mini(li) and integer, i = 1, . . . , m} (2)

Y = {q|0 ≤ q ≤ W − mini(wi) and integer, i = 1, . . . , m} (3)

Z = {r|0 ≤ r ≤ H − mini(hi) and integer, i = 1, . . . , m} (4)

Therefore, aipqrstu is a function calculated as follows (Equation (5)):

aipqrstu =


1

0 ≤ p ≤ s ≤ p + li − 1 ≤ L − 1
0 ≤ q ≤ t ≤ q + wi − 1 ≤ W − 1
0 ≤ r ≤ u ≤ r + hi − 1 ≤ H − 1

0 Otherwise

(5)

Considering

Xi = {p ∈ X | 0 ≤ p ≤ L − li} i = 1, . . . , m (6)

Yi = {q ∈ Y | 0 ≤ q ≤ W − wi} i = 1, . . . , m (7)

Zi = {r ∈ Z | 0 ≤ r ≤ H − hi} i = 1, . . . , m (8)

Therefore, all the conditions for formulating the problem are met, and since the aim
is to maximize the total volume of the packages inserted in the pallet, the following is
considered as a mathematical model (Equation (9)):

max
m

∑
i=1

∑
p∈Xi

∑
q∈Yi

∑
r∈Zi

Vi × xipqr, where, Vi = li × wi × hi (9)

Subject to (Equations (10)–(12))

m

∑
i=1

∑
p∈Xi

∑
q∈Yi

∑
r∈ Zi

aipqrstu × xipqr ≤ 1 s ∈ X, t ∈ Y, u ∈ Z (10)

∑
p∈Xi

∑
q∈Yi

∑
r∈Zi

xipqr ≤ Qi i = 1, . . . , m (11)

xipqr ∈ (0, 1), i = 1, . . . , m
p ∈ Xi
q ∈ Yi
r ∈ Zi

(12)

Therefore, the restriction in Equation (10) prevents packages from overlapping on
the pallet, and the restrictions in Equation (11) prevent the number of packages of each
type within the pallet from being lower or higher than the stipulated values. In turn, the
restrictions imposed in Equation (12) guarantee the proportion of packages according to
the ratio of each customer, and define the domain of the decision variables.

3.2.2. Formulation of the Problem According to Tsai et al. [21]

On the other hand, another model can be used for this problem, namely the 0–1 mixed-
integer linear programming model presented by Tsai et al. [21], for the three-dimensional
pallet loading problem.

A collection of m packages, expressed by set S = {b1, b2, . . ., bm}, needs to be considered.
Each package bi has a length li, width wi, and heigh hi.

Therefore, in this approach, the indices, parameters, and decision variable are pre-
sented in Table 4.
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Table 4. Indices, parameters, and decision variable, according to Tsai et al. [21].

Indices i, j → Index for packages.

Parameters

m → Total number of packages available;
Vk → Volume of package k;
(li, wi, hi) → Dimension of package i;
(L, W, H) → Maximum pallet dimensions;
(X◦, Y◦, Z◦) → Position of the lower-front–left corner of the pallet in space.
Note: These values must be large enough so that packages that do not fit
on the pallet fit on the fictitious pallet (X◦, Y◦, Z◦).

Decision Variable

Pk is a binary decision variable associated with the k-th package in the set S

Pk =


1 package k is placed on the pallet

0 Otherwise
k = 1, . . . , m

(xi, yi, zi) → Variables indicating the position of the lower-front–left corner
of package i to the X, Y, and Z axes, i = 1, . . ., m.

Therefore, Equation (13) is used to maximize the total pallet volume occupied by
packages to be loaded, according to the model adapted from Tsai et al. [21]:

max
m

∑
k=1

Vk × Pk (13)

The previous Equation (13) needs to be parametrized by taking into account the
restrictions of the problem. Thus, the restrictions pointed out by Equations (14)–(16) prevent
the overlapping of packages that must be linearized and considered. The restrictions
pointed out by Equations (17)–(22) prevent the packages from violating the dimensions of
the pallet, and Equations (23) and (24) impose restrictions that define the domain of the
decision variables:

xj − xi ≤ − l j ∨ xi − xj ≤ − li ∀i,j (14)

yj − yi ≤ −wj ∨ yi − yj ≤ −wi ∀i,j (15)

zj − zi ≤ −hj ∨ zi − zj ≤ −hi ∀i,j (16)

xk ≥ X◦ × Pk ∀k (17)

yk ≥ Y◦ × Pk ∀k (18)

zk ≥ Z◦ × Pk ∀k (19)

xk ≤ (X◦ + L)− lk ∀k (20)

yk ≤ (Y◦ + W)− wk ∀k (21)

zk ≤ (Z◦ + H)− hk ∀k (22)

Pk ∈ {0, 1} (23)

xk, yk, zk ≥ 0 (24)

4. Results and Discussion
4.1. Characterization of Normal Transport

As transport is an area of utmost importance for companies that need to deliver their
products to other companies or markets, to define its efficiency, it was necessary to identify
the countries through which transport was most frequent. Figure 1 illustrates the analysis
with the percentage of usual transport by destination country, in terms of the cost, taking
into account the markets served by the company collaborating in this study.



Mathematics 2024, 12, 984 10 of 17

Mathematics 2024, 12, x FOR PEER REVIEW 10 of 17 
 

 

𝑥௞, 𝑦௞, 𝑧௞ ≥ 0 (24)

4. Results and Discussion 
4.1. Characterization of Normal Transport 

As transport is an area of utmost importance for companies that need to deliver their 
products to other companies or markets, to define its efficiency, it was necessary to iden-
tify the countries through which transport was most frequent. Figure 1 illustrates the anal-
ysis with the percentage of usual transport by destination country, in terms of the cost, 
taking into account the markets served by the company collaborating in this study. 

 
Figure 1. Percentage of usual transport costs by destination country. 

Based on this, it seems that around 80% of transport costs are spent in countries such 
as Germany, Romania, the United States of America, Spain, Italy, Poland, and the Czech 
Republic. On the other hand, analyzing transport efficiency in terms of pallet occupancy, 
it is generally seen that most pallets sent are not fully optimized. This issue can be seen in 
Figure 2, which illustrates the percentage of complete and incomplete pallets. 

 
Figure 2. Percentage of incomplete versus complete pallets. 

Thus, it is observed that 62% of pallets are incomplete, which results in excessive 
costs through urgent transport. In the graph in Figure 3, based on client code, the differ-
ence in costs can be observed, in percentage, i.e., the cost paid in excess because the pallets 

Germany
20%

Romania
13%

USA
12%Spain

12%

Italy
11%

Poland
8%

Czech republic
7%

France
5%

Sweden
3%

Slovenia
3% Brazil

3%

Belgium
1%

Portugal
1%

Morocco
1%

38%
62%

Complete pallets Incomplete pallets

Figure 1. Percentage of usual transport costs by destination country.

Based on this, it seems that around 80% of transport costs are spent in countries such
as Germany, Romania, the United States of America, Spain, Italy, Poland, and the Czech
Republic. On the other hand, analyzing transport efficiency in terms of pallet occupancy, it
is generally seen that most pallets sent are not fully optimized. This issue can be seen in
Figure 2, which illustrates the percentage of complete and incomplete pallets.
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Thus, it is observed that 62% of pallets are incomplete, which results in excessive costs
through urgent transport. In the graph in Figure 3, based on client code, the difference in
costs can be observed, in percentage, i.e., the cost paid in excess because the pallets were
incomplete. In this analysis, the real cost refers to the actual cost paid for transportation and
the optimized cost refers to the cost that should be charged for shipping the components
on complete pallets (optimized pallets).

What can be observed is that of the 41 customers for which the company is responsible
for transport, only 14 (around 34%) shipped with fully complete pallets. In other words, in
terms of costs, if the pallets were sent at full capacity, the company would obtain savings of
around EUR 47 thousand during the period in which the study was carried out. Extrapo-
lating to annual values, the savings would reach EUR 338 thousand. Figure 4 illustrates
the missing quantity in shipments to the customer, which, in the period, 4,855,094 units
remained to be sent. Thus, it appears that 30% of customers receive pallets with less than
50% of the components they were supposed to receive, and 10% of customers receive
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pallets with a missing quantity percentage greater than 80%. Therefore, an intervention
was necessary to improve this process through the optimization of pallets.
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Figure 3. Difference between current cost and optimized cost per customer (codified to preserve the
confidentiality required by the company).
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Figure 4. Missing quantity in shipments.

4.2. Pallet Optimization

As previously mentioned, there is a large inefficiency, where pallets are loaded per
customer and order, but in 60% of cases, the pallets remain incomplete. To optimize pallets,
reduce costs, and generate greater efficiency, shipments made to customer 14701, from the
A1 (KIEV408XL1) product, which is the most complex in terms of diversity of packages
and volume of orders, were used. Furthermore, the tool used was the “CLP Spreadsheet
Solver”, an open-source tool for representing, solving, and visualizing the results of CLPs
(container loading problems) developed by Gunes Erdogan from the University of Bath.

Regarding CLPs, in the work of Alonso et al. [38], the problem of loading pallets on
trucks was analyzed and solved using integer linear models. Thus, the authors considered
three restrictions for the case: geometric restrictions, weight restrictions, and dynamic
stability restrictions. It was observed that the models met the optimization in most cases,
with around 44 loading trucks analyzed. Furthermore, Kurpel et al. [39], in their work,
analyzed pallet loading problems based on rectangular boxes positioned orthogonally and
without overlapping, with an aim in optimization, i.e., maximizing the value of packages
or minimizing the number of pallets required. Thus, the authors evaluated mathematical
models on five different sets of benchmarks, with the result of the analysis being beneficial
in terms of obtaining optimal solutions for the respective problem.
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For optimization, the customer’s weekly order was considered to make a single
shipment, with only two types of pallets. Currently, the company uses six different types
of pallets for this project, with differences essentially related to height, a situation that is
corrected by the optimization model. Therefore, Table 5 presents data relating to the type of
pallets available, the type of packages, and the weekly demand corresponding to each box.
It should be noted that for the pallets accepted by the selected customer, a maximum height
for both dimensions of 1200 mm was considered to maximize the volume of the pallets.

Table 5. Types of pallets and packages used in the mathematical model.

Pallet Designation
Available Pallets

Dimensions
(l × w × h) [mm]

Package Designation
Available Package

Dimensions
(l × w × h)

Weekly Search

Pallet 1 800 × 600 × 1200 Box A or Item type 1 400 × 300 × 120 24
Pallet 2 1200 × 800 × 1200 Box B or Item type 2 800 × 400 × 150 19

Box C or Item type 3 600 × 400 × 150 20
Box D or Item type 4 800 × 600 × 245 18
Box F or Item type 5 1200 × 190 × 200 12

The solution provided by the “CLP Spreadsheet Solver” tool revealed that one pallet
of type 1 and four pallets of type 2 were necessary. In Table 6, it is possible to check the
distribution of packages across the selected pallets. The problem studied is not a large size
problem, so, the computational time of the “CLP Spreadsheet Solver” was small, spanning
just a few seconds, depending on the complexity of the problem introduced (the number of
different size packages to optimize).

Table 6. Solution provided by the “CLP Spreadsheet Solver” tool for optimizing pallets with corre-
sponding packages.

Quantity of Pallets Type of Pallets Type of Box Quantity of Packages

1 Pallet 1
Package A 23
Package C 4

2 Pallet 2
Package B 3
Package D 8

1 Pallet 2
Package C 14
Package E 12

1 Pallet 2

Package A 1
Package B 13
Package C 2
Package D 2

Figures 5–8 show the distribution of packages in all configurations determined by
the “CLP Spreadsheet Solver” tool. Figure 5 illustrates the distribution of packages on
the type 1 pallet, which is only used once, whereas Figure 6 shows the distribution of
packages on the type 2 pallet, whereby this configuration is used twice and designated as
configuration 1. In turn, Figure 7 shows the distribution of packages on the type 2 pallet
designated as configuration 2, and Figure 8 illustrates configuration 3 of the type 2 pallet.
Therefore, to optimize the problem, in relation to customer 14701, five pallets must be
sent weekly, corresponding to their needs. Thus, the software counts the packages that
need to be sent, which means that the volume of packages on a pallet is maximized, thus
minimizing the number of pallets needed for shipping.
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The results obtained show that it is possible to optimize logistical operations with
adequate programming using models that allow the work to be systematized, leading to
significant monetary savings without this translating into additional effort for the entity that
makes up the pallets, in this case, a manufacturer of components for the automotive industry.
In the field of logistics and supply chain, the challenges are enormous in terms of reducing
waste as much as possible, not only for economic reasons, which are very important for the
economic sustainability of the business, but also for environmental sustainability reasons,
as less transport implies a lower volume of emissions, which translates into a benefit for
the environment [40]. Given that packaging is responsible for benefits or waste in the way
goods are packaged and grouped for subsequent transport, numerous studies have been
developed in this area, almost all involving mathematical optimization models of varying
complexity. Ronzoni et al.’s research [41], with the main concerns of cost reduction and
environmental impact, studied the use of reusable plastic containers in the Food Catering
Supply Chain sector using a model capable of virtualizing the logistic and operational
costs as well as the transportation and disposal impact of reusable and recyclable plastic
containers. To this end, it used a multi-objective optimization model, which is based on
two objective functions: cost optimization and optimization of emissions generated by
transport. The model was successfully applied in an Italian catering industry, but given its
generic scope, it could be applied in another sector, like the one presented as case study in
this work.

However, the model is more complex than that one used in this work, leading to the
preferable adoption of the latter one. Complexity is quite common in these optimization
models, which are commonly carried out in two stages. Resat and Unsal [42] presented a
model for supply chain optimization based on two steps: first, they applied the Analytic
Hierarchy Process (AHP) to select the suppliers with the best performance, and then they
used a mixed-integer linear multi-objective mathematical model to optimize the supply
chain, with the main factors of concern in optimization being cost, time, and social factors.
Vitale et al. [43] sought to optimize the flow of raw materials in the wood pellet industry.
To achieve this, a standard decomposition technique was used, which initially consisted
of designing routes, and then, products and raw material flows were computed, solving
in this way the optimization problem. Once again, a two-step solution was employed to
solve a logistics problem. Sharifi et al. [44] also used a two-step multi-objective model to
optimize the soybean supply chain under uncertain conditions. The model combines a
multi-criteria decision-making technique with a new multi-objective optimization model.
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The combination of these techniques also provides good results, but it is a more complex
system than the one developed in this work and is not as widely applicable.

However, studies aimed at optimizing the occupancy of containers and pallets have
been little studied. Jiao et al. [45] studied the robotic loading of containers, but subject to
multiple restrictions, such as load balancing, orientations, stability, and multi-drop, as well
as constraints related to pallet continuity and robot position. Given the restrictions that
the algorithm would have to overcome, the solution is much more complex than the one
presented here.

5. Conclusions

Following the objectives proposed for this work, and using a case study proposed
by a company of Ficosa Group, it was possible to characterize the current transport used
by that company, as well as visualize existing problems based on incomplete loading of
pallets. It was found that most of the company’s products are exported, with most of the
pallets being sent incomplete, which generates excessive and unnecessary costs for the
company. Because this problem is common to several small and medium enterprises, this
study intended to find a cheap and flexible solution to overcome this problem and make
the companies more competitive in terms of external logistics costs.

In this context, it was also possible to use two existing mathematical models, allowing
for the optimization of the pallets sent, i.e., greater use of the space for each shipment by the
company. With the help of the “CLP Spreadsheet Solver V1.60” software (Gunes Erdogan,
University of Bath, Bath, UK), it was verified that it is necessary to send five pallets weekly
to satisfy the customer’s needs in different configurations that allow the pallets to be sent
completely. The constraints used in this work are common to a lot of problems usually
faced by several small and medium companies and can be adjusted punctually regarding
specific needs.

As a proposal for future work, it is proposed to improve the mathematical models
in order to consider the characteristics of the trucks used and analyze the need for urgent
transportation, which lead to an increase in freight costs for the company.
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