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Featured Application: Digital twin applied to non-stacking warehouse management by a combi-
nation of RFID technology and spatial-operational multivariate simulation.

Abstract: Through the construction of parametric simulation models in which possible storage space
distributions and positioning logics are also considered as variables, it is possible to build scenarios
that allow analyzing the changing reality of storage needs in order to minimize material movements in
each case, optimize internal transportation, and increase the efficiency of production processes. This
article shows a particular analysis of a restricted storage space in height, typical to when it comes to
logistics associated with raw material in a “big bag” format made of recycled and easily deteriorated
material. In conjunction, a location management solution based on passive RFID (radio-frequency
identification) tags has been chosen. The process is carried out through simulations with object-
oriented discrete event software, where the optimization of the internal transport associated with
the layout is carried out considering network theory to define the shortest path between warehouse
nodes. The combination of both approaches allows, on the one hand, the evaluation of alternatives in
terms of distribution and positioning logics, while the implemented system enables the possibility of
making agile changes in the physical configuration of this type of storage space.

Keywords: multivariate simulation; RFID; digital twin; warehouse; internal transport

1. Introduction

Digital twins are an innovative solution that, with low investment, allows determining
the behavior of a product, equipment, or facility in a realistic environment. Their transver-
sality means that they can be used in numerous applications, in particular, in the Industry
4.0 context [1]. Studies focused on production environments point out how these tools
could be implemented on cyber-physical systems, as clearly identified by Cimino et al. [2]
in their literature review or in plants with a demand for a high variety of products [3];
in production lines, efficiency and manufacturing improvements are achieved after the
construction and analysis of digital twins [4].

Storage, as one of the production support systems, received special attention because
of its high asset investment [5]. A current trend is to provide companies with structured
warehousing solutions, in which the layout of the locations will remain constant throughout
the life cycle of the warehouse. This approach is also transferred to the choice of one or
more positioning logics that optimize internal transport based on fixed working condi-
tions, obtained, at the best of times, by historical analysis of storage needs and different
approaches as to improve the space through warehouse management [6]; to determine
the best alternative for warehouse storage location assignment through a multi-criteria
evaluation [7]; to define a systematic methodology of storage selecting assignments and a
picking order system [8]; to analyze order picking strategies finding their relationship with
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productivity [9]; and to analyze the alternatives of storage location assignment through
a Pareto-optimal method considering the efficiency of a warehouse, the required space,
and the picking order distance [10]. All these approaches provide solutions to particular
problems. However, these static methods and their solutions applied to storage problems
restrict the ability to adapt to environments where conditions are or may be changing.
Sadowski et al. [11] have already expressed the need to provide warehouses with flexibility
as a way to face environmental changes.

There is currently a growing demand for recycled and by-products, among other
reasons, due to a higher concern for environmental issues [12]. These types of resources,
and also the raw materials produced by other production methods, are and probably will
be increasingly scarce. The difficulties in terms of regularity of supply and the homogeneity
of the formats in which this material is supplied make it necessary for certain types of
companies to propose storage and logistics solutions that are adaptable to these new
conditions. All this is accentuated when the stored material deteriorates easily, which
requires particular inventory management [13] and a definition of the strategy during
storage [14], including when these materials are used as packaging. Unlike raw materials,
recycled materials are not always presented in a stackable or even homogeneous form.

The use of digital twins as a management tool, both when assessing the operational
variables of the process or redefining strategies according to the evolution of reality, makes
it necessary to use increasingly complex simulation models, which consider not only
variations in the operating conditions of the scenarios but also the possibility of physical
redistribution of the locations and/or their storage logics.

In the business world, especially within small and medium-sized companies, this
ability to adapt to the environment will be essential for their survival, with alternatives in
logistics such as green packaging [15] or internal transport and warehouse management
with RFID (Radio Frequency Identification) tags and optimization of picking activities [16].
The choice of technologies associated with Industry 4.0, combined with other types of
established and affordable technologies, form the proposed path to cover the storage
needs of a small polyethylene wax production company that uses low molecular weight
polyethylene that has been obtained as a by-product of ethylene manufacturing.

The academic literature associated with block stacking in warehouses is mainly focused
on the design of optimal layouts and generally takes into consideration shared storage
policies, avoiding the relocation of pallets [17] either due to a drive-in-pallet racking type
storage system [18] or due to other planning-dependent factors [19]. This type of analysis
is associated with storage spaces in which pallets located in the same lane belong to the
same typology. Under these premises, it is possible to determine the number of aisles that
maximize space utilization while minimizing handling costs [20]. These particular cases
can be seen in Derhami et al. [21] or Öztürkoğlu and Hoser [22]. Some later approaches
have considered that the inflow of products does not follow a perfect staggering, finding a
reduction in waiting times and space costs [23].

The use of block stacking, and therefore the required pallet relocations needed for
picking, has not been deeply studied in warehouses handling pallets that have unique
characteristics. For certain types of “stock keeping units” (SKUs), as in this case, it is one
of the few existing storage options. It requires low investment and, above all, allows a
high degree of layout flexibility and correct and reliable localization inside warehouses,
for example, using RFID-equipped forklifts capable of recognizing loaded pallets and
self-locating [24] or advanced methods of monitoring forklifts [25]. In this sense, internal
transport becomes a possibility to improve warehouse management.

The real possibilities of implementing machine learning in industries that use recycled
raw materials, in which each of the SKUs involved is unique, forces the study of the behavior
of this type of warehouse under another perspective and individualized management.
In this context, mature technologies such as RFID, capable of facilitating logistics time
savings, can still extend their capabilities and be useful in big data environments [26],
among other reasons, because the capabilities of the tags associated with them are also
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expanding [27] and the signal acquisition systems skills [28]. This option is compatible
with the technological advances in indoor assets location [29] and allows the initiation of
practical steps towards a digital warehouse in an immediate operation way.

Simulations aimed at aspects such as product flow [30], the efficiency of robotized
operations [31], the efficiency of flexible manufacturing systems [32], or sustainability [33]
have already shown their results and can be transferred to the industry later. Moreover,
a system or platform that allows extension and personalization of the behavior of objects
would allow the creation of a data library with possibilities of previous analysis in less
time [34]. These aspects are important because the tools developed in different modeling
elements are separated from each other and without connection between them [35], and
this could hinder decision-making at all levels of the company [36]. For these reasons,
software that facilitates its use on several platforms facilitates its subsequent integration
with the physical system. A mathematical support for simulations can be the network flow
that allows defining nodes and arcs and finding optimal flows of products and vehicles,
among others [37]. This versatile method has been used in warehouse design considering
the routing of order pickers and certain peculiarities in the storage facility or product; for
example, it is used to find the shortest order picking tour in a warehouse with a middle
aisle [38].

As is seen, the digital twins are a tool that still has a wide study scope and where an
appropriate simulation offers possibilities of linking a virtual system with a physical one.
On the other hand, warehouses still have options for improvement in their management
due to new products and new existing technologies.

In this research, simulation, as a previous step in the implementation of digital twins,
can be considered one of the most promising tools for process improvement. The proposed
analysis shows how it is possible to jointly treat the spatial parameters (layouts) and
operational parameters to adapt a floor stocking type storage space to the opportunities
offered by Industry 4.0. The main objective is to find a system that contains the warehouse
layout based on the optimization of internal transport routes using a network of nodes and
arcs as a first step toward a digital twin.

The remainder of the paper is organized as follows: Section 2 explains the methodology
used, including warehouse features, logics implemented, the definition of nodes and paths,
RFID used, relocation criteria, and simulation model. Section 3 shows the results obtained
and their analysis. Finally, the conclusions are provided in Section 4.

2. Materials and Methods

The analysis has been developed within the action research approach established by
Lewin [39], where the researcher is present and participates in the company and implemen-
tation of process modifications and improvements [40]. A combination of RFID technology
and spatial-operational multivariate simulation applied to a non-stacking warehouse is
used as methodology; both are part of intelligent production management based on digital
twins [41]. The SKU is a big bag made of natural fiber containing recycled material used to
manufacture polyethylene waxes based on low molecular weight polyethylene obtained
from ethylene production. SKUs are changed every year due to their easy deterioration. The
warehouse consists of a single open-plant, rectangular warehouse measuring 60 × 40 m
and with a useful height of 3.5 m. It has two entrances that communicate with the raw
material unloading area and the manufacturing area, respectively.

The simulation model used was built with FlexSim software [42,43], version 21.1.4.
This simulation tool allows the study of complex situations, and it is software with object-
oriented discrete events. The modules used were Engine, Content, Astar, AGV, Conveyor,
Process Flow, Emulation, and People. C++ codes were used to define simulations; with
the aim of enabling their use in possible real-time data communications in the future. This
software allows the creation of a system capable of studying operations in different fields
by simulations and reflecting actual situations [44]. Additionally, it is capable of extending
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and customizing the behavior of objects; thus, it has been used in many fields, including
warehouse management, showing its reliability.

2.1. Warehouse Features

The additional conditions for the construction of the model were the physical di-
mensions of the raw material bag–pallet assembly. An ISO 2 pallet of 1200 × 1000 mm,
standardized in ISO 6780 [45] and a height of 1.9 m (sum of the height of the pallet and
the bags). The average occupancy space, allowing safe handling of the bags, is established
with a margin of +100 mm in width and +100 mm in depth.

On the other hand, the bags received do not reach 900 kg in any case, so the width
of the aisles required is based on the choice of a conventional forklift truck of restrained
dimensions and suitable for handling the indicated load with a reduced turning radius.
The technical characteristics of the chosen forklift truck require a minimum aisle width
of 3327 mm. The aisle width considered in this study is set at 3500 mm, which slightly
increases the maneuvering capacity (see Figure 1a).
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Figure 1. Warehouse: (a) physical bags; (b) virtual layout—maximum capacity layout (2 × 3) and
layout (3 × 3).

Therefore, the space of each of the plant locations will be defined as a rectangular
area of 1300 × 1100 mm, with an aisle width of 3.5 m (necessary for the transport of raw
materials). Figure 1b shows the warehouse layout with the highest storage capacity. The two
transverse aisles (accesses and connections) are necessary to access the longitudinal aisles
(in the case of maximum capacity, a single aisle), which allow the loading and unloading of
pallets. In this maximum capacity situation, the warehouse can hold 1392 bags, with the
number of bags capacity decreasing depending on the chosen layout. For a layout with
2 central aisles (Figure 1b), the storage capacity is reduced to 1265 storage bins.

The different warehouse layouts used will be associated with a nomenclature that
refers to the number of zones provided across the width (transverse) and lengthwise.
Figure 1b corresponds to a 2 × 3 layout, and Figure 2 corresponds to a 3 × 3 layout.
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The different distributions are parameterized according to the following criteria and
restrictions:

• Number of zones across [2, 3, 4, 5, 6];
• Number of zones lengthwise [3, 4, 5, 6];
• Width zones shall be evenly distributed. Since the central zones have two access

corridors, these will have the number of locations per column that would correspond
to two zones since, in practice, they are considered two adjoining zones, each of which
is accessed only from one corridor;

• The zones adjacent to the longitudinal walls of the warehouse do not need to be
crossed by transversal aisles since they do not serve as communication with any
longitudinal aisle;

• A variable associated with the storage logic has additionally been defined.

2.2. Logics Implemented

Different logics can be implemented in the model, considering, for the analysis, the two
most representative ones. The first of these, which is called “row storage-S1”, logic S1 (see
Figure 2a), tries to fill the different zones in such a way that the number of locations occupied
in each of their rows is as small as possible. This logic achieves a uniform distribution of the
material in rows. Under normal operating conditions, following this type of logic requires
that the forklift operator should be provided with precise information about where to place
a bag since the field of vision will normally be restricted in configurations with more than
one longitudinal aisle by the bags that already have been stored.

The second logic used, logic S2 (see Figure 2b), is based on filling complete zones
so that each of the columns enabled in that zone is completed before continuing with
the adjacent one. This storage system does not necessarily require one to indicate to the
operator the location in which to place a bag coming from the raw material unloading zone
since there is better visual control of the filled/unfilled zones.

The operating conditions of the forklift are set for the analysis at the following values:

• Lifting/lowering speed of blades: 0.1 m/s;
• Maximum speed on travel paths: 2.00 m/s;
• Maximum speed in loading/unloading travel: 1.00 m/s;
• Acceleration: 1.00 m/s2.

The operating conditions, the dimensions of the warehouse, the space occupied by the
sack–pallet assembly, and the width of the aisles have not been the subject of analysis in
this study, focusing on identifying which storage logic and which warehouse configuration
may be the most appropriate depending on the storage needs.

The model allows, as is obvious, the alteration of those conditions that remain constant
while providing information on occupancy times and, fundamentally, on the number of
relocations produced in the process of extracting batches of bags for their subsequent use
in the production process.

The unloading of raw material is integrated into the simulation based on the schedule
agreed with the supplier, with delivery batches of 15–20 bags per truck.

2.3. Definition of Nodes and Paths

The “N” nodes (see Figure 3) are dynamically defined (depending on the chosen
warehouse layout) at the aisle intersections. To model a behavior close to reality, the
trajectories that the forklift will follow when attacking a column are complemented by
two additional nodes. The first (D1 or A1) is located in front of the column in the furthest
position, and the second (D2 or A2) is the end point where the forklift is positioned for
loading or unloading. Note that D1–D2 is considered in loads/unloads in right-hand
positions and A1–A2 in loads/unloads in left-hand positions.
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The paths that interconnect the nodes, as well as their restrictions and circulation
directions, are dynamically modified in each warehouse layout, as well as according to the
optimal path calculated.

The maximum speed on the loading/unloading paths, i.e., between nodes D1 and
D2 (or between A1 and A2), is limited to the value set for this variable at the beginning of
the simulation.

2.4. RFID Used

Each of the bags has been characterized and identified individually by means of a
passive RFID tag during the unloading process (prior to the storage process). This type of
tag allows the reflection and modulation of a carrier signal [46].

The system used for the management of the storage bins is configured as a beacon
system. The beacons are passive RFID tags located in the aisles in front of each of the
storage bin columns. The “beacon” tags are installed in floor cavities and protected with
epoxy resin to prevent deterioration and to form a completely flat surface that does not
hinder transit. The forklift incorporates two short-range RFID readers (Figure 4). One of
them is located at the bottom of the forklift, which will detect the beacons, and the other at
the front, which will detect whether the forklift is loaded or not, as well as which particular
bag is being moved.

This low-cost system, through the sequencing (Figure 5) of the readings of both RFID
readers, makes it possible to know the position of each of the bags in the warehouse
at any given moment, making it relatively easy to readapt the beacon system to a new
warehouse layout.
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The particular process under analysis requires processing a quantity of raw material
that generally involves about 10 bags (previously selected). Each combination of bags will
determine manufacturing times, quantities of additives, and energy inputs. The choice of a
given combination is made on the basis of criteria of optimization of the available resources.
The way to transfer this choice to the simulation model is by means of a random process in
which 10 bags are selected randomly.
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The location of these bags may correspond to interior positions (Figure 6) within each
of the storage zones.
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2.5. Relocation Criteria

In the case that the selected bag is located in a position that is not directly accessible,
the bags located in previous positions must be removed and relocated according to the
storage logic that was initially defined.

The number of relocations required for the execution of an overall production plan
determines the suitability of the chosen system. A higher number of relocations associated
with the same global production plan requires more transport and handling time; it should
be understood as the number of relocations to be carried out over an extended period. In
this particular case, the possible damage caused to the bags by excessive handling must
also be taken into account. The number of relocations (Figure 7) can be considered the key
indicator when comparatively analyzing different scenarios.
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The storage logic is studied for each layout and its different degrees of occupancy.
Once the most favorable storage logic has been determined, it is fixed, and the different
physical layouts that the warehouse can take will be comparatively analyzed.

As each arrangement allows a different storage capacity, the criteria for the compara-
tive analysis must be based on the same SKU and referenced to the equivalent occupancy
rate in a 3 × 3 layout. Thus, for example, a 3 × 3 layout (capacity of 1266 locations) with an
occupancy rate of 50% (633 occupied locations) would be equivalent to a 3 × 6 layout with
an occupancy rate of 65%. Thus, the scenarios compared will be those having the same
initial occupancy.

2.6. Simulation Model

The simulation model is able to generate layouts of the storage area according to the
number of zones in width and length defined by the user. This zone specification directly
determines the number of aisles required to access the different zones and the storage
capacity of each one of them.

It is necessary to define the nodes and the paths that link them in order to calculate at
each moment which is the optimal route (minimum distance traveled). This is supported
by a network of nodes and arcs, G (N, A), where N is a set of n nodes, and A is a set
of m directed arcs; each arc is defined by (i, j) ∈ A, and has an associated length cij that
represents the distance between nodes i and j, according to notation given by Ahuja
et al. [37]. Equation (1) shows the objective function, minimizing the distance traveled,
where xij is a nonnegative decision variable. Equations (2) and (3) represent the constraints
of the problem.

Minimize∑(i, j) ∈ A cij × xij, (1)

subject to,
∑{j:(i, j) ∈ A} xij −∑{j:(j, i) ∈ A} xj, i = b(i), ∀i ∈ N, (2)

d(j) ≤ d(i) + cij, ∀(i, j) ∈ A, (3)

where ∑n
i=1 b(i) = 0, b(s) = 1, b(t) = −1, and b(i) = 0, with s being the source node and

t the sink node, for each node i. Moreover, d(j) is a distance label for each node j ∈ N.
Equation (3) is the optimality condition, and it indicates that the shortest path length to
node j, d(j) is not greater than the arc length (i, j), cij, plus the shortest path length to node i,
d(i), all for each arc (i, j).

In any given scenario, two nodes are located at fixed positions outside the warehouse.
The first one corresponds to the previous storage area, and the second one to the final
unloading area. At the beginning of the simulation, the algorithm generates nodes at the
aisle crossings. To complete the number of nodes, it is necessary to generate a pair of nodes
that are dynamically located at the chosen row entry position and at the final position
within the row (loading or unloading process).

The algorithm used dynamically links these nodes in such a way that the possible
paths coincide with the defined aisles. This ensures that the optimal routes are always
followed (shortest distances traveled).

Solving is executed by FlexSim [42]. This software makes it possible to define speeds
and accelerations in different situations for the forklift truck. Thus, the speeds are different
for aisle travel, changes in direction, and even for positioning within the selected row. The
choice and configuration of these operating parameters have been chosen based on the
characteristics of the forklift truck. Figure 8 shows a scheme of the main elements of the
simulation model and the relationships between them.
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3. Results
3.1. Equivalent Layouts Occupancy

Results regarding equivalent layouts can be observed in Table 1. As the number of
aisles increases, the associated layouts reduce the overall storage capacity. In order to
eliminate scenarios that are not operational from the comparison, either because they do
not reach the reference capacity or because they are very close to their maximum storage
capacity, the combinations with an occupancy rate of more than 95% have been discarded
from the analysis. According to the determined criteria, there are no equivalent layouts for
occupancies greater than 85%, and in any case, the number of them decreases in parallel
with the growth of the occupancy rate, as expected.

3.2. S1 versus S2 Storage Logics

Logics S1 and S2 have been tested through simulations carried out in the 3 × 3, 3 × 4,
4 × 3, and 5× 5 layouts, with five repetitions per simulation, and in the occupancy range be-
tween 20 and 90%. The total simulation times range between 421,001 and 424,353; therefore,
there are no significant differences, although a high computation time is appreciated.

The average values of the five simulations referring to the reallocated bags and the
time of use of the forklift are shown in Figure 9. An increase in the number of reallocated
bags and a longer use time of the forklift is observed when logic S2 is applied in Figure 9.
As is expected, by increasing the number of rows or columns in the layout, the number of
reallocations is reduced, reaching zero in layouts such as 4 × 3 and 5 × 5 when the range
of warehouse occupancy is less than 20% for (see Figure 9c) and less than 30% for (see
Figure 9d).
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Table 1. Equivalent layouts occupancy.

Reference Layout (3 × 3) Occupancy

Occupancy
Layout (3 × 3) 50% 55% 60% 65% 70% 75% 80% 85% 90%

Available Slots
Layout (3 × 3) 633 696 759 822 886 949 1012 1075 1139

Equivalent Occupancy (%)

Layouts

3 × 4 56.6 62.2 67.8 73.5 79.2 84.8 90.4 >95% >95%
4 × 3 58.3 64.1 69.9 75.7 81.6 87.4 93.2 >95% >95%
3 × 5 62.1 68.2 74.4 80.6 86.9 93.0 >95% >95% >95%
5 × 3 63.4 69.7 76.0 82.3 88.7 95.0 >95% >95% >95%
4 × 4 64.9 71.3 77.8 84.2 90.8 >95% >95% >95% >95%
3 × 6 65.0 71.5 77.9 84.4 91.0 >95% >95% >95% >95%
5 × 4 70.1 77.1 84.1 91.0 >95% >95% >95% >95% >95%
4 × 5 71.6 78.7 85.9 93.0 >95% >95% >95% >95% >95%
4 × 6 75.4 82.9 90.4 >95% >95% >95% >95% >95% >95%
6 × 3 76.3 83.9 91.4 >95% >95% >95% >95% >95% >95%
5 × 5 77.6 85.3 93.0 >95% >95% >95% >95% >95% >95%
5 × 6 81.8 89.9 >95% >95% >95% >95% >95% >95% >95%
6 × 4 84.0 92.3 >95% >95% >95% >95% >95% >95% >95%
6 × 5 93.1 >95% >95% >95% >95% >95% >95% >95% >95%
6 × 6 >95% >95% >95% >95% >95% >95% >95% >95% >95%
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Finally, it is possible to affirm that the results of the simulations performed are clear
regarding the execution of the logics analyzed (Figure 9):

• Logic S1 performs better in all the arrangements analyzed, regardless of the degree
of occupancy.

• The differences between the two logics become smaller as the degree of occupancy
increases, in particular in the range close to 90%.

• The time that the forklift has been occupied also follows the same pattern, although the
percentage differences between the times occupied in each of the two logics compared
to the number of bags repositioned is smaller.

3.3. Analysis of Storage Configurations
3.3.1. Analysis

In Figure 10a, the layouts with a greater number of “transversal zones” can be observed,
layout 6 × 3 with a 76.3% occupancy rate and layout 3 × 3 with a 50% occupancy rate,
while in Figure 10b, the layouts with a greater number of “longitudinal zones”, layout 3 × 6
with 65.0% occupancy rate and layout 3 × 3 with a 50% occupancy rate can be seen. The
analysis of the configurations (Table 2) under different occupancy conditions shows diverse
results, although with an evident tendency towards a better performance of the layouts
with a greater number of “transversal zones” (Figure 10a), compared to those layouts with
a greater number of “longitudinal zones” (Figure 10b).
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For low storage requirements (less than 822 bags) and low occupancy rates (less than
65%), the 6 × 3 configuration performs best. As more storage capacity is needed, the
number of viable layouts decreases. Of those that are available, the layouts with the highest
number of “transverse zones” and the lowest number of “longitudinal zones” are the
most suitable.
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Table 2. Reallocated bags and time of forklift use in layouts with different equivalent occupancies.

Reallocated Bags (Units) Time of Forklift Use (s)

Occupancy
Layout 50% 55% 60% 65% 70% 75% 50% 55% 60% 65% 70% 75%

3 × 3 173 194 2206 233 258 285 41,236 42,805 44,292 46,026 47,184 48,815

Layouts

3 × 4 175 208 229 251 276 290 41,443 43,705 45,357 46,409 48,435 48,806
4 × 3 101 112 126 141 157 175 32,866 34,120 34,480 36,145 36,465 38,554
3 × 5 186 214 234 263 283 308 41,546 44,444 45,380 47,367 48,669 49,807
5 × 3 59 71 85 93 106 117 29,727 30,096 31,154 32,034 32,467 33,854
4 × 4 109 121 140 157 169 33,155 34,818 351,956 36,987 37,361
3 × 6 197 223 251 279 297 42,708 44,798 46,203 48,587 50,037
5 × 4 65 82 94 104 29,363 30,798 31,983 31,947
4 × 5 119 131 153 166 34,327 34,820 36,414 37,029
4 × 6 125 137 157 35,328 35,228 36,612
6 × 3 41 50 51 27,177 28,047 28,375
5 × 5 77 91 101 30,067 31,488 31,858
5 × 6 84 98 30,763 31,355
6 × 4 43 55 27,256 28,419
6 × 5 52 28,216

For high storage requirements (more than 80%), the number of available alternatives
is so small that a comparison between layouts is meaningless. In these cases, the simulation
only provides information on occupancy times and the number of reallocations made.

3.3.2. Results of the Analysis

Table 2 shows the equivalent layout for 3× 3 with different percentages of occupancies,
presenting the maximum and the minimum quantity of relocations. This table shows that
the maximum number of relocations is achieved in the 3 × 6 layout for 50, 55, 60, 65, and
70% of occupancy and the maximum in the 3 × 5 layout for 75% of occupancy. Similar
results can be observed for the minimum number of relocations in the 5 × 3 layout for 65,
70, and 75% of occupancy and a minimum quantity in the 6 × 3 layout for 50, 55, and 60%
of occupancy.

Analogous results can be observed for the use of the forklift.
Considering the occupancy range, the differences between the reallocated bags can

vary between 156 and 198, depending on the selected layout. This could involve many
internal movements in case of a wrong choice that could cause wear in the bags due
to excessive handling. Note that these amounts are higher than relocations for some
configurations. In terms of time, the forklift could need up to almost an additional 18,000 s,
5 extra hours of operation, which could mean more maintenance tasks.

The integration of internal transport with warehouse management shows that the
maximum use of space does not necessarily lead to an improvement in the internal move-
ments of material and equipment. All these results are consistent with those shown in the
previous subsections. The results obtained may have, as their main application, the use of
these methods in warehouses without rigid structures, where work at full capacity is not
always required, with the flexibility to modify its layout, and where minimizing internal
transport time is a priority, such as bulk material storage.

4. Conclusions

A way to digital twin applied to non-stacking warehouse management by combination
of RFID technology and spatial-operational multivariate simulation has been carried out.
The warehouse is intended for the storage of recycled bags, and the variables analyzed are
the reallocated bags and the forklift time use. All the simulations have been repeated five
times, and their computing time is around 117 h. Two logics have been applied, finding
that logic S1 provides a more efficient solution with any degree of occupancy, although
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the differences with respect to logic S2 are reduced when this occupancy rate increases. In
addition, the time of use of the forklift follows a similar pattern.

The results of the simulations indicate that for occupancy rates below 65%, the 6 × 3
configuration is recommended. Moreover, this layout has provided fewer reallocated bags
and, consequently, shorter forklift usage times. However, its reverse configuration, 3 × 6,
is the least recommended. As storage capacity increases, the number of viable designs
decreases, being those with the greatest number of “transverse zones” and the least number
of “longitudinal zones” as the most suitable. With storage requirements greater than 80%,
the number of available alternatives is greatly reduced. The integration of internal transport
with warehouse management indicates that the maximum use of space does not lead to
an improvement in internal movements, which implies that a digital warehouse would
facilitate its management.

As future work, several immediate lines are open, completing the transition to the
digital twin in this particular warehouse by connecting to the physical system and integrat-
ing this system with the maintenance management and manufacturing execution systems
(MES), all of which could be studied to continue progressing towards Industry 4.0.

Author Contributions: Conceptualization, J.S.F.-C.; methodology, J.S.F.-C.; software, J.S.F.-C.; val-
idation, J.S.F.-C. and R.D.; formal analysis, J.S.F.-C. and R.D.; investigation, J.S.F.-C.; resources,
J.S.F.-C. and R.D; data curation, J.S.F.-C.; writing—original draft preparation, J.S.F.-C. and R.D.;
writing—review and editing, J.S.F.-C. and R.D.; supervision, R.D. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank the UNED Master’s Program in Advanced
Manufacturing Engineering for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Madni, A.M.; Madni, C.C.; Lucero, S.D. Leveraging Digital Twin Technology in Model-Based Systems Engineering. Systems 2019,

7, 7. [CrossRef]
2. Cimino, C.; Negri, E.; Fumagalli, L. Review of digital twin applications in manufacturing. Comput. Ind. 2019, 113, 103130.

[CrossRef]
3. Dos Santos, C.H.; Gabriel, G.T.; Soares do Amaral, J.V.; Barra Montevechi, J.A.; de Queiroz, J.A. Decision-making in a fast fashion

company in the Industry 4.0 era: A Digital Twin proposal to support operational planning. Int. J. Adv. Manuf. Technol. 2021, 116,
1653–1666. [CrossRef]

4. Mendi, A.F. A Digital Twin Case Study on Automotive Production Line. Sensors 2022, 22, 6963. [CrossRef] [PubMed]
5. Pilati, F.; Sbaragli, A.; Regattieri, A.; Cohen, Y. Real Time Locating System for a Learning Cross-Docking Warehouse. In

Proceedings of the Conference on Learning Factories CLF2021, Graz, Austria, 1–2 July 2021. [CrossRef]
6. Rebelo, C.G.S.; Pereira, M.T.; Silva, F.J.G.; Ferreira, L.P.; Sá, J.C. The relevance of space analysis in warehouse management.

Procedia Manuf. 2021, 55, 471–478. [CrossRef]
7. Fontana, M.E.; Cavalcante, C.A.V. Use of Promethee method to determine the best alternative for warehouse storage location

assignment. Int. J. Adv. Manuf. Technol. 2014, 70, 1615–1624. [CrossRef]
8. Manzini, R.; Accorsi, R.; Baruffaldi, G.; Santi, D.; Tufano, A. Performance assessment in order picking systems: A visual double

cross-analysis. Int. J. Adv. Manuf. Technol. 2019, 101, 1927. [CrossRef]
9. Contreras-Hernandez, L.; Jiménez-G, H.S.; Dantas, P.P.L.; Cavalcante, C.A.V. Using multi-criteria decision making for selecting

picking strategies. Oper. Res. Int. J. 2022, 22, 3265–3290. [CrossRef]
10. Fontana, M.E.; Cavalcante, C.A.V. Using the Efficient Frontier to Obtain the Best Solution for the Storage Location Assignment

Problem. Math. Probl. Eng. 2014, 2014, 745196. [CrossRef]
11. Sadowski, A.; Wojciechowski, P.; Engelseth, P. The contingent nature of warehouse flexibility. Int. J. Product. Perform. 2021, 17,

3417–3442. [CrossRef]

http://doi.org/10.3390/systems7010007
http://doi.org/10.1016/j.compind.2019.103130
http://doi.org/10.1007/s00170-021-07543-z
http://doi.org/10.3390/s22186963
http://www.ncbi.nlm.nih.gov/pubmed/36146313
http://doi.org/10.2139/ssrn.3861702
http://doi.org/10.1016/j.promfg.2021.10.064
http://doi.org/10.1007/s00170-013-5405-z
http://doi.org/10.1007/s00170-018-2967-9
http://doi.org/10.1007/s12351-020-00603-4
http://doi.org/10.1155/2014/745196
http://doi.org/10.1108/IJPPM-05-2020-0250


Appl. Sci. 2023, 13, 4652 15 of 16

12. Polyportis, A.; Mugge, R.; Magnier, L. Consumer acceptance of products made from recycled materials: A scoping review. Resour.
Conserv. Recycl. 2022, 186, 106533. [CrossRef]

13. Janssen, L.; Claus, T.; Sauer, J. Literature review of deteriorating inventory models by key topics from 2012 to 2015. Int. J. Prod.
Econ. 2016, 182, 86–112. [CrossRef]

14. Zhang, Y.; Chai, Y.; Ma, L. Research on Multi-Echelon Inventory Optimization for Fresh Products in Supply Chains. Sustainability
2021, 13, 6309. [CrossRef]

15. Alonso, L.; Rubio, E.M.; de Agustina, B.; Domingo, R. Latest clean manufacturing trends applied to a world class manufacturing
management for improving logistics and environmental performance. Procedia Manuf. 2017, 13, 1151–1158. [CrossRef]

16. D’Orazio, L.; Messina, R.; Schiraldi, M.M. Industry 4.0 and World Class Manufacturing Integration: 100 Technologies for a
WCM-I4.0 Matrix. Appl. Sci. 2020, 10, 4942. [CrossRef]

17. Roodbergen, K.J.; Iris, I.F.A.; Taylor, G.D., Jr. Simultaneous determination of warehouse layout and control policies. Int. J. Prod.
Res. 2015, 53, 3306–3326. [CrossRef]

18. Revillot-Narváez, D.; Pérez-Galarce, F.; Álvarez-Miranda, E. Optimising the storage assignment and order-picking for the compact
drive-in storage system. Int. J. Prod. Res. 2020, 58, 6949–6969. [CrossRef]

19. Ahmadi Keshavarz, A.R.; Jaafari, D.; Khalaj, M.; Dokouhaki, P. A Survey of the Literature on Order-Picking Systems by Combining
Planning Problems. Appl. Sci. 2021, 11, 10641. [CrossRef]

20. Derhami, S.; Smith, J.S.; Kevin, R.; Gue, K.R. Optimising space utilisation in block stacking warehouses. Int. J. Prod. Res. 2017, 55,
6436–6452. [CrossRef]

21. Derhami, S.; Smith, J.S.; Gue, K.R. A simulation-based optimization approach to design optimal layouts for blocks stacking
warehouses. Int. J. Prod. Econ. 2020, 223, 107525. [CrossRef]
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